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Preface

It is a fascinating world, the world of intermetallics, and it is largely unexplored.
The big picture of intermetallics still has many white spots, more than regions
already painted. Imagine the sheer number of the roughly three thousand bi-
nary and eighty thousand ternary intermetallic systems, which can be formed
by the about eighty metallic chemical elements. While in some of them ten or
more intermetallic phases have been observed, in others not even a single com-
pound has been found. So far, only about twenty thousand different intermetallic
phases are known from the hundreds of thousands that may exist. It is not clear
whether this rather small number of intermetallics represents just the tip of the
iceberg or already the iceberg itself; whether the just six thousand ternary in-
termetallic phase diagrams studied so far, and which were probably selected by
chemical intuition, were already the most relevant and interesting ones or whether
the remaining seventy-four thousand will be as rich in intermetallic phases. Are
there more surprises to be unveiled, such as quasicrystals, the existence of which
nobody anticipated before 1982, or high-entropy alloys, which were introduced
twenty years later?

Furthermore, the parameter space has been only partially explored so far. In
particular, almost nothing is known about the structures and properties of binary
and ternary intermetallics as functions of pressure, or of pressure and tempera-
ture. In contrast, a great many of allotropes of the chemical elements have been
discovered under non-ambient conditions, some of them with very interesting and
unexpected properties. We also know that properties of materials can drastically
change when their dimensions are reduced down to the nanoscale. Only a few
intermetallic phases have been studied in this way so far.

Think of the exciting physical properties and important technological applica-
tions of intermetallics, from magnetism to superconductivity; perhaps many more
exciting materials might be waiting to be discovered. Keep in mind that not all
metals are intermetallic phases and not all intermetallic phases are metals. Chem-
ical bonding in intermetallics spans the full range between metallic, covalent, and
ionic, and in some cluster-based complex intermetallics all of themmay be present
at the same time, leading to potentially interesting properties.

This said, we want to emphasize that the most challenging problem in writing
this book was selecting the intermetallic crystal structure types to be discussed out
of the more than two thousand ones known so far, and identifying the examples
that are suitable for illustrating the most common structural building principles,
and interesting structure/property relationships. While we think that for the me-
tallic elements an encyclopedic discussion is feasible and appropriate, this would
not be possible and meaningful for all intermetallic compounds. Our goal was
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to demonstrate in characteristic examples the fundamental structural building
principles underlying the large variety of intermetallics. In particular, the most
common crystal structure types will be discussed as well as those that underlie and
govern the properties of intermetallic functional and structural materials, respec-
tively. Of course, this attempt, and a particular focus on complex intermetallics,
reflect the personal interests and views of the authors.

The focus of this book is clearly on the statistics, topology, and geometry of
crystal structures and crystal structure types. The extensive use of data mining
gives a fresh view on the relatively old topic of intermetallics. For the first time,
the structure discussions follow largely the frequency of structure types, which
themselves are analyzed from different points of view. This allows us to uncover
important structural relationships and to illustrate the relative simplicity of most
of the general structural building principles. It also allows us to show that a large
variety of actual structures can be related to a rather small number of aristotypes.

Our main concern was writing a book that is readable and beneficial in one
way or another for everyone interested in intermetallic phases—from graduate
students to experts in solid state chemistry/physics/materials science. For that pur-
pose we avoided using an enigmatic abstract terminology for the classification of
structures. Our focus on the statistical analysis of structures and structure types
should be seen as an attempt to draw the background of the big picture of inter-
metallics, and to point to the white spots in it, which could be worthwhile to be
explored. We also want to emphasize that this book was not planned as a text-
book; it should rather be a reference and guide through the incredibly rich world
of intermetallic phases.

Finally, we want to add our usual caveat. Structural subunits of intermetallic
phases (atomic environment types, coordination polyhedra, clusters, structure
modules, etc., however they may be named) must not be seen as entities that
could be stable outside their respective structures. The interactions between
atoms within such subunits can, but in most cases do not, differ from the
interactions between the atoms of the subunits and of their atomic environments.
Thus, in most cases, these structural subunits should be just considered as purely
geometrical objects, being quite useful for the description of complex structures
and/or for the illustration of structural relationships. Furthermore, ball-and-stick
structure models of intermetallics show the distribution of atomic sites and
shortest interatomic distances, but usually they do not indicate chemical bonds as
is the case for organic molecules. The choice of a particular crystallographic unit
cell, which is always a parallelepiped by definition, is based on conventions and
just allows a simple, lattice-based description of crystal structures.

Zurich Walter Steurer
November 2015 Julia Dshemuchadse



Contents

Part I Concepts and statistics

1 Introduction 3

1.1 General notation and terminology 3
1.1.1 The role of symmetry 5
1.1.2 Wyckoff sets and lattice complexes 9
1.1.3 Structures and structure types 10

2 Factors governing structure and stability of intermetallics 13

2.1 Quantum chemistry 14
2.1.1 Density functional theory 14
2.1.2 Extended Hückel method 15

2.2 Electronic structure 16
2.2.1 Electron density 16
2.2.2 Electron localization 17
2.2.3 Electron localizability 18

2.3 Crystal structure interpretation 18
2.3.1 Concept of electronegativity 19
2.3.2 Zintl-Klemm concept 20
2.3.3 Electron counting 21
2.3.4 Hume-Rothery electron concentration rule 22
2.3.5 μ3-acids and -bases 23
2.3.6 μ2-chemical pressure 24
2.3.7 Topological analysis 27

2.4 Crystal structure prediction (CSP) 29

3 Crystallographic description of crystal structures 31

3.1 Coordination polyhedra, atomic environment types, and clusters 31
3.2 Tilings (packings) and coverings 36

3.2.1 1D tilings: the quasiperiodic Fibonacci sequence
and its periodic approximants 37

3.2.2 2D Archimedean (Kepler) tilings 40
3.2.3 2D quasiperiodic Penrose tilings and the Gummelt

decagon covering 41
3.2.4 Sphere packings and polytypism 47

3.3 Polyhedra and packings 50
3.3.1 Platonic, Archimedean, and Catalan solids 50
3.3.2 Fullerenes and Frank-Kasper polyhedra 56



viii Contents

3.4 Complexity in intermetallics 57
3.4.1 Unary phases A 58
3.4.2 Binary phases A–B 59
3.4.3 Ternary phases A–B–C 59
3.4.4 Multinary phases 60
3.4.5 Definition and description of complex structures 60
3.4.6 Layers, clusters, and interfaces 64
3.4.7 Cluster decomposition of complex structures 67

4 Higher-dimensional approach 68

4.1 2D description of the 1D quasiperiodic Fibonacci sequence
by the strip-projection method 69

4.2 5D description of the quasiperiodic 2D Penrose tiling by
the strip-projection method 71

4.3 6D description of the quasiperiodic 3D Ammann tiling in
the strip-projection method 73

4.4 Example: Periodic complex intermetallics resulting in
projection from the 4D 600-cell polytope 74

4.5 Aperiodic crystal structures in the nD section method 75
4.6 What is the physics underlying the nD approach? 81

5 Statistical description and structural correlations 83

5.1 The Mendeleev numbers 83
5.2 Mining the database Pearson’s Crystal Data (PCD) 87
5.3 Stability maps and composition diagrams of intermetallics 91

5.3.1 Symmetry and size distributions, fractions
of unique structure types 91

5.3.2 Structure types with very low or very high
symmetry 101

5.3.3 Structures with one atom per primitive unit cell 106
5.3.4 Most common crystal structure types 108

5.4 Stability maps and composition diagrams of binary intermetallics 109
5.4.1 A2B/AB2 115
5.4.2 AB 117
5.4.3 A3B/AB3 122
5.4.4 A5B3/A3B5 123
5.4.5 A3B2/A2B3 125
5.4.6 A5B/AB5 128
5.4.7 A17B2/A2B17 128
5.4.8 A4B/AB4 133
5.4.9 A4B3/A3B4 133
5.4.10 A7B3/A3B7 134
5.4.11 A5B4/A4B5 134



Contents ix

5.5 Stability maps and composition diagrams of ternary intermetallics 137
5.5.1 Stoichiometries of ternary intermetallics 141
5.5.2 Quasicrystals 146
5.5.3 Four lines of ternary stoichiometries 151

5.6 Statistics of crystal structure types 155
5.6.1 Common stoichiometries of ternary intermetallics 157
5.6.2 Symmetry vs. composition 160
5.6.3 Statistics based on atomic distances

and environment types 178

Part II Structures and properties

6 Crystal structures of the metallic elements 183

6.1 Groups 1 and 2: Alkali and alkaline earth metals 189
6.1.1 Group 1: Alkali metals Li, Na, K, Rb, and Cs 189
6.1.2 Group 2: Alkaline earth metals Be, Mg, Ca, Sr, Ba,

and Ra 196
6.2 Groups 3 to 12: Transition metals (TM) 198

6.2.1 Group 3: Sc, Y, La, Ac and Group 4: Ti, Zr, Hf 198
6.2.2 Group 5: V, Nb, Ta and Group 6: Cr, Mo, W 202
6.2.3 Group 7: Mn, Tc, Re and Group 8: Fe, Ru, Os 203
6.2.4 Group 9: Co, Rh, Ir and Group 10: Ni, Pd, Pt 205
6.2.5 Group 11: Cu, Ag, Au and Group 12: Zn, Cd, Hg 206

6.3 Groups 13 to 16: (Semi)metallic main group elements 207
6.3.1 Group 13: Al, Ga, In, Tl and Group 14: Ge, Sn, Pb 207
6.3.2 Group 15 metallic pnictogens: Sb, Bi, and Group

16 metallic chalcogens: Po 212
6.4 Lanthanoids and actinoids 214

6.4.1 Lanthanoids La – Lu 217
6.4.2 Actinoids Ac – Lr 222

7 Crystal structures of intermetallic compounds 227

7.1 Statistics of structures derived from simple sphere packings 229
7.2 Close-packed structures and their derivatives 231
7.3 cI2-W based structures and their derivatives: Heusler and

Hume-Rothery phases 238
7.3.1 Hume-Rothery phases and the system Cu–Zn 240
7.3.2 Heusler phases 243

7.4 Frank-Kasper phases: σ -, M-, P-, R-phases, and Laves phases 245
7.4.1 Frank-Kasper polyhedra and their packings 246
7.4.2 σ -, M-, P-, and R-phases 250
7.4.3 Laves phases and related polytypes 252
7.4.4 Complex cluster-based superstructures: the

Al–Cu–Ta structure family 259



x Contents

7.5 Zintl phases 265
7.6 REME phases 266
7.7 hP3-AlB2 derivative structures 270
7.8 Topological layer structures 277
7.9 Long-period (columnar) structures 280

7.10 Hierarchical and modular structures 282
7.11 Structures with one dominating element 286
7.12 Alkali/alkaline earth metal compounds (groups 1 and 2 only) 289
7.13 Alkali/alkaline earth metal compounds with TM elements 291

7.13.1 Compounds of Li, Na, K, Rb, or Cs
with TM elements 291

7.13.2 Compounds of Be, Mg, Ca, Sr, or Ba
with TM elements 294

7.14 Transition metal (TM) compounds (groups 3–12 only) 298
7.14.1 Compounds of Sc, Y, or La with TM elements 304
7.14.2 Compounds of Ti, Zr, or Hf with TM elements 311
7.14.3 Compounds of V, Nb, or Ta with TM elements 314
7.14.4 Compounds of Cr, Mo, or W with TM elements 316
7.14.5 Compounds of Mn, Tc, or Re with TM elements 319
7.14.6 Compounds of Fe, Ru, or Os with TM elements 320
7.14.7 Compounds of Co, Rh, or Ir with TM elements 323
7.14.8 Compounds of Ni, Pd, or Pt with TM elements 325
7.14.9 Compounds of Cu, Ag, or Au with TM elements 328
7.14.10 Compounds of Zn, Cd, or Hg with TM elements 330

7.15 Intermetallic compounds with at least one (semi)metallic
element from groups 13–16 332
7.15.1 Aluminides 333
7.15.2 Gallides 348
7.15.3 Indides 359
7.15.4 Thallides 369
7.15.5 Germanides 375
7.15.6 Stannides 387
7.15.7 Plumbides 397
7.15.8 Antimonides 406
7.15.9 Bismuthides 414
7.15.10 Polonides 425

7.16 Lanthanoid/lanthanoid and actinoid/actinoid compounds 427
7.17 High-pressure phases of selected intermetallic compounds 430
7.18 High-entropy alloys 434

7.18.1 Introduction and definitions 434
7.18.2 Stability regions 435
7.18.3 Structures and properties 437



Contents xi

8 Complex intermetallics (CIMs) 439

8.1 Cluster structures of face-centered cubic CIMs 446
8.1.1 Face-centered cubic CIMs as superstructures 447
8.1.2 CIMs with space group symmetry 216 F 4̄3m 450
8.1.3 CIMs with space group symmetry 227 Fd3̄m 454
8.1.4 Some more face-centered cubic CIMs 456

8.2 Cluster structures of hexagonal CIMs 457
8.3 Fullerene-like three-shell clusters 465

9 Quasicrystals (QCs) 466

9.1 Quasicrystal structure analysis 467
9.2 Decagonal quasicrystals (DQCs) 469

9.2.1 Example: DQC (n = 1) in the system Al–Cu–Rh 472
9.2.2 Growth model for decagonal quasicrystals 474

9.3 Icosahedral quasicrystals (IQCs) 476
9.3.1 Mackay-cluster based IQCs (Type M) 477
9.3.2 Bergmann-cluster based IQCs (Type B) 477
9.3.3 Tsai-cluster based IQCs (Type T) 479
9.3.4 Atomic layers in icosahedral quasicrystals 484

9.4 Remarks on formation and stability of quasicrystals 484

10 Structures and properties of functional intermetallics 489

10.1 Ferromagnetic materials 489
10.2 Magnetostrictive materials 493
10.3 Magnetocaloric and magnetic barocaloric materials 494
10.4 Magnetooptic materials 498
10.5 Thermoelectric materials 499
10.6 Thermo- and magnetomechanical materials: shape memory alloys 502
10.7 Superconducting materials 504
10.8 Highly-correlated electron systems 507

Abbreviations and glossary 511

References 519

Index 555





Part I

Concepts and statistics

In this first part of the book, the basic concepts and tools are presented for the de-
scription of symmetry and structures of metallic elements and intermetallic phases
(short “intermetallics”), periodic, and quasiperiodic ones, while in the second part
the focus is on the discussion of their actual structures and properties. We pref-
erentially use the term “phase” rather than “compound”, in order to take into
account the sometimes very wide compositional stability ranges of intermetallics.
In Part I, we will also introduce the basic concepts explaining the stability of in-
termetallics such as electronic stabilization by the Hume-Rothery mechanism as
well as the role of entropy in the case of high-entropy alloys (HEAs), for instance.
Furthermore, we will discuss the distribution of intermetallics as a function of
composition, symmetry and unit-cell size, in order to get an overview of what is
possible, as well as what is more and what is less probable.

In Chapter 1, we introduce the general notation and terminology for the de-
scription of crystal structures as well as their graphical representation. We will
shortly sketch the crystallographic concept of symmetry, and how it can be used
for the comparative discussion of structures. In Chapter 2, we give an overview of
the most common methods for the calculation of the stability and chemical bond-
ing of crystal structures, and we discuss the most important factors that control
their formation. In Chapter 3, we introduce the concept of lattices, tilings, cover-
ings and packings, which are particularly important for the description of complex
intermetallics, quasiperiodic structures as well as their approximants. Chapter 4 is
dedicated to the higher-dimensional approach for the description of quasicrystals.
The last chapter of this first part of the book, Chapter 5, deals with data mining,
critically discussing the databases we use. It also presents a general statistics of
intermetallics as function of symmetry, stoichiometry, chemical composition, and
number of atoms per unit cell.
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Introduction

In this chapter we introduce the general crystallographic concepts, notation and
terminology we are using in this book.We also discuss the role symmetry is playing
in the self-assembly of crystal structures. Furthermore, we introduce the different
ways of describing crystal structures, and of illustrating their main features.

1.1 General notation and terminology

The information needed for uniquely describing a periodic 3D crystal structure
comprises its symmetry and metrics, i.e., space group type and lattice parameters
a, b, c,α,β, γ ; additionally, for each atom in the asymmetric unit the following
parameters have to be given: its Wyckoff position with the set of coordinates
x, y, z, the occupancy factor p, and the atomic displacement parameters (ADPs)
Uij , which describe the static and dynamic mean-square displacements of the
atoms from their average positions. The ADPs are not needed if one is interested
in just a geometrical structure model. However, in the case of thermoelectric ma-
terials with “rattling” atoms, for instance, the ADPs would be indicative of the
amount of space that atoms have for their movements.

There are conventions for the choice of the unit cell and its origin, which can
be found in the International Tables for Crystallography (IUCr, 2002), for instance.
By applying the symmetry operations of the respective space group on the atomic
positions within an asymmetric unit, the entire infinite crystal structure can be
generated. In the case of intrinsically structurally (partially) disordered phases,
disorder parameters are needed, describing the deviations from the respective
ordered structure.

In the case of aperiodic crystal structures, i.e., those of incommensurately mod-
ulated phases, composite (host-guest) crystals, or quasicrystals, the parameters to
be given depend on their respective ways of higher-dimensional (nD) embed-
ding, which allows us to describe such structures in terms of nD unit cells and
space group types (Janssen et al., 2007; van Smaalen, 2007; Steurer and Deloudi,
2009). Then the full periodic nD crystal structure can be generated analogously
by applying the symmetry operations of the respective nD space group on the

Intermetallics: Structures, Properties, and Statistics. First Edition. Walter Steurer and Julia Dshemuchadse.
© Walter Steurer and Julia Dshemuchadse 2016. Published in 2016 by Oxford University Press.



4 Introduction

“hyperatoms” (“atomic surfaces”, “occupation domains”) within an nD asym-
metric unit. The actual 3D structure follows as a special section of the nD crystal
structure (see Chapter 4). Aperiodic crystal structures differ from general non-
periodic structures, deterministic or non-deterministic ones, by their pure-point
Fourier spectrum (Bragg peaks only). If they are disordered they show, addi-
tionally, continuous contributions to the Fourier spectrum (diffuse diffraction
intensities) in the same way as disordered 3D periodic structures do.

For an illustrative and vivid description of a crystal structure, a list of atomic
coordinates is insufficient, a geometrical structure model is needed for its visual-
ization. The local atomic arrangements are reflected in the atomic environment
types (AETs), which are also called coordination polyhedra. The general struc-
tural building principles of more complex structures can be elucidated by
subdividing them into larger subunits (clusters, modules, etc.), which may or may
not have a crystal-chemical meaning.

For the shorthand notation of crystal structures, we will use the Pearson symbol
(Table 1.1) in combination with the chemical formula defining the structure type.
For instance, Na at ambient conditions has the structure type cI2-W. Above 65
GPa, it transforms into a structure of the type cF4-Cu. In the case of the element
structures, we will denote these two allotropes (modifications) in condensed form
as cI2-Na and cF4-Na and in the formula index as Na (cI2-W) and Na (cF4-Cu),
respectively.

Unfortunately, for the sequence of elements in the chemical formula of inter-
metallic compounds, there is no clear guidance by the IUPAC recommendations,
which do not even define the term “intermetallic compound” or “metallic

Table 1.1 Meaning of the letters in the Pearson symbol. It consists of one lower- and one
upper-case italic letter denoting the crystal family and the Bravais type of the lattice, respectively,
followed by the number of atoms per unit cell. In the case of a rhombohedral unit cell with n
atoms, we write hR3n, indicating the number of atoms in the structurally equivalent
rhombohedrally-centered hexagonal unit cell. It should be pointed out that some other authors
such as Villars and Calvert (1991), for instance, write hRn instead. However, they use our
notation in their database Pearson’s Crystal Data (PCD) (Villars and Cenzual, 2011a), the
basis of all our statistical analyses.

Crystal family Bravais lattice type

a triclinic (anorthic) P primitive

m monoclinic I body centered

o orthorhombic F all-face centered

t tetragonal S,C side- or base-face centered

h hexagonal, trigonal (rhombohedral) R rhombohedral

c cubic
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element”. The recommendations as of 2005 (Conelly et al., 2005) just refer to
those of 1990 (IUPAC, 1990), where either alphabetical ordering of the consti-
tuting elements or a sequence according to their electronegativity was suggested.
Consequently, every author may find good reasons for writing the chemical for-
mula of a new intermetallic compound in her/his preferred way. Alphabetical
ordering is used in the database Pearson’s Crystal Data (PCD) by Villars and
Cenzual (2011b), for instance, as well as for the index in our book. Arranging the
elements according to increasing electronegativity or to the closely related Men-
deleev numbers, (MA <MB <MC . . . ), makes more sense from a crystal-chemical
point of view, in particular, if one wants to compare different intermetallics with
the same structure type (see Section 5.1). This ordering scheme was employed by
Ferro and Saccone (2008) in their book on intermetallic phases, for instance. We
will adopt the usage found in the PCD, in order to be consistent with our funda-
mental database. The PCD is essentially taking over the sequence of elements as
given in the papers reporting the new structures and structure types. For instance,
in the text we write for the cubic and hexagonal Laves phases cF24-MgCu2 and
hP12-MgZn2, respectively, and Cu2Mg (cF24) andMgZn2 (hP12) in the formula
index. Based onMendeleev numbers, the formulae would read: cF24-Cu2Mg and
hP12-MgZn2.

1.1.1 The role of symmetry

The symmetry of all idealized crystal structures of intermetallic compounds in ther-
modynamic equilibrium can be described by nD space groups, where n=3 in the
case of periodic and n> 3 in the case of aperiodic crystal structures. By idealized
crystal structure we mean an averaged, defect-free structure that is thought to be
infinite, its atoms to be spherical, their thermal vibrations to be time-averaged and,
like structural disorder, spatially averaged modulo one unit cell. It is obvious, but
we want to emphasize that the space group symmetry of a structure is an output
parameter resulting from the self-assembly of atoms, and not an input parameter
as a kind of construction plan for the atoms. In the case of intermetallics that are
in thermodynamic equilibrium, self-assembly leads to that arrangement of atoms,
which gives the lowest Gibbs free energy, G=H – TS, with the enthalpy H , the
temperature T , and the entropy of the system S. In the case of isotropic atomic
interactions, proper atomic size ratios, and not too complex stoichiometries, the
self-assembly of atoms can lead to the maximization of the packing density. Oth-
erwise, less dense structures can be formed such as the simple cubic structure of
cP1-Po, for instance, with a packing density of only q=π /6 = 0.524 compared to
cubic-close packed (ccp) structures such as cF4-Cu, with q=π /

√
18=0.740. In

the case of covalent bonding the deviation from closest sphere packings can be
even more drastic. For instance, q=π

√
3/16=0.340 for diamond, cF8-C. It has

to be kept in mind that at temperatures T � 0 K, less dense structures may be
dynamically more stable than denser ones allowing for higher contributions to the
vibrational entropy.
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Crystal structures can be geometrically decomposed into small subunits, each
one centered by an atom, i. e., the atomic environment types (AETs) or coor-
dination polyhedra. The number n of atoms in such a coordination polyhedron
is called coordination number CNn. By definition, AETs always overlap one an-
other, because the central atom of an AET is at the same time part of the AETs
of each of its coordinating atoms. In the case of more complex structures, larger
structural subunits (clusters, modules, etc.) can frequently be identified, which
may give some insight into the way the structures are designed geometrically. In
this way it can be shown, for instance, that a particular structure type can be geo-
metrically constructed by fitting together subunits of two or more other structure
types (modular structures).

Only if a structure shows nD space group symmetry does it have a discrete
distribution of interatomic distances, a finite set of different AETs, and more or
less densely populated lattice planes (atomic layers), a low-energy subset of which
would be parallel to a crystal’s facets.

In the following, the correspondence between the local symmetry (point group
symmetry) of AETs or clusters and the space group symmetry of a structure
will be discussed using the example of the space group 216 F 4̄3m (Fig. 1.1 and
Table 1.2), which corresponds to the symmetry of many Frank-Kasper (FK)
phases. The local symmetry of a structure is reflected in the site symmetry of
the respective Wyckoff position. A Wyckoff position of a space group G consists
of all points X for which the site-symmetry groups are conjugate subgroups of
G. A Wyckoff position with variable parameters x, y, z forms a Wyckoff set. De-
pending on the values of the coordinates x, y, z, a variety of polyhedra, all with the
same minimum point group symmetry corresponding to the site symmetry, may
be generated within a given Wyckoff set.

If we choose special parameters for the coordinates, then we can obtain highly
regular polyhedra, which have higher symmetry than the site symmetry of the
Wyckoff position they are centered on. An example is shown in Fig. 1.2, with
x=1/8, y=0, z=1/4. The generated truncated octahedra (Kelvin polyhedra) are
centered on all four Wyckoff positions with special parameters, 4a-c, and fill space
completely. The resulting unit cell has symmetry Im3̄m, and half the lattice param-
eter. By varying the coordinates, the semi-regular truncated octahedra lose their
high symmetry by an increasing tetrahedral distortion, thereby maintaining only
the actual space group symmetry.

Each atom in the unit cell of a structure can be assigned to a Wyckoff posi-
tion with a particular site symmetry. In the case of our example, space group no.
216, F 4̄3m, it constitutes, together with its symmetrically equivalent atoms, one
of the polyhedra listed in Table 1.2. Some of them, generated by atoms occupying
Wyckoff positions from 16e to 96i, are of variable size, and can have alternative
centers depending on the values of the coordinates. Frequently, the polyhedra
around high-symmetry sites are considered as cluster shells in the purely geo-
metrical meaning of the word. However, cluster shells can also be centered on
low-symmetry sites, if they include symmetrically non-equivalent atoms from
different Wyckoff positions.
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No. 216 F 43m
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Fig. 1.1 Representation of the space group no. 216, F 4̄3m, in the International Tables for
Crystallography (2006), Vol. A, Space group 216, pp. 658–659. Reproduced with
permission of the International Union of Crystallography.
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Table 1.2 Polyhedra resulting from point configurations generated by occupying different
Wyckoff positions (first column) in space group no. 216, F 4̄3m. The polyhedra have the
symmetry of the site they are centered on, which is given in the last column. In the case of the
octahedra and just spherical atoms, the symmetry is even higher, m3̄m or ∞/mm. Which one of
the two Wyckoff positions given in the last column is centering a given polyhedron depends on the
values of the coordinates. Wyckoff positions are given by their multiplicities followed by the
respective Wyckoff letter. In the column “Edge length”, a is the lattice parameter of the cubic
unit cell.

Wyckoff Site Coordinates Type of Edge length Center of
position symmetry x y z polyhedron polyhedron

4 a 4̄3m 0 0 0 tetrahedron a
√
2/2 4c or 4d

4 a 4̄3m 0 0 0 octahedron a
√
2/2 4b

4 b 4̄3m 1/2 1/2 1/2 tetrahedron a
√
2/2 4c or 4d

4 b 4̄3m 1/2 1/2 1/2 octahedron a
√
2/2 4a

4 c 4̄3m 1/4 1/4 1/4 tetrahedron a
√
2/2 4a or 4b

4 c 4̄3m 1/4 1/4 1/4 octahedron a
√
2/2 4d

4 d 4̄3m 3/4 3/4 3/4 tetrahedron a
√
2/2 4a or 4b

4 d 4̄3m 3/4 3/4 3/4 octahedron a
√
2/2 4c

16 e .3m x x x tetrahedron 2xa
√
2 4c or 4d

24 f 2.mm x 0 0 octahedron xa
√
2 4a or 4b

24 g 2.mm x 1/4 1/4 octahedron (1/8 – x)a
√
2 4c or 4d

48 h ..m x x z truncated 4c or 4d
tetrahedron

96 i 1 x y z edge/vertex- 4c or 4d
truncated
tetrahedron

Let us shortly discuss, for instance, the endohedral clusters in the structure
of cF444-Ta36.4Al63.6 (Conrad et al., 2009) (see Subsection 7.4.4). The outer-
most Al76 fullerene-like cluster shell consists of the atoms Al(1–3), each one
of them in Wyckoff position 48h, Al(4) in 16e, and Al(5) in 24f . All hexagon
faces are part of either truncated tetrahedra (part of CN16 Friauf polyhedra) or
CN15 Frank-Kasper polyhedra (see Subsection 7.4.1). From a crystal-chemical
point of view, the fullerene-like shell can be considered as just the inside of a
framework of CN16 Friauf polyhedra and CN15 Frank-Kasper polyhedra. Since
Friauf polyhedra play a dominant role in this and the larger related structures,
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(a) (b) (c)

Fig. 1.2 Polyhedra generated in space group no. 216, F 4̄3m, general Wyckoff position
96i, x, y, z, for the special parameters (a) x=1/8, y=0, z=1/4, (b) x=0.1, y=0.05, z=0.3,
and (c) x=0.05, y=0.1, z=0.4. In (a), a packing of truncated octahedra (Kelvin polyhedra) is
created, with the actual symmetry increased to Im3̄m (space group no. 229), and at the same
time the unit cell parameters are halved. In (b) and (c), the polyhedra get increasingly
tetrahedrally distorted, thereby maintaining only the actual site symmetry corresponding to the
space group.

the symmetry of the Friauf polyhedron (4̄3m) will determine the symmetry of the
packing, i.e., F 4̄3m.

1.1.2 Wyckoff sets and lattice complexes

According to Fischer and Koch (2002), a “lattice complex” is defined as the
set of all point configurations that may be generated within one type of Wyck-
off set. A point configuration or crystallographic orbit is the infinite set of all
points X that are symmetrically equivalent to a given point with respect to a cer-
tain space group G. A Wyckoff set with respect to a space group G is the set
of all points X for which the site-symmetry groups are conjugate subgroups of
the normalizer N of G in the group of all affine mappings. For instance, the
Wyckoff positions 4a-d in space group no. 216, F 4̄3m (see Fig. 1.1), form a
Wyckoff set.

Example

The lattice complex F may be generated, among others, in the Wyckoff set Fm3̄m a

and F4̄3m a, respectively; this means either in Wyckoff position 4a 0, 0, 0 of space
group No. 225 Fm3̄m, or in Wyckoff position 4a 0, 0, 0 of No. 216 F4̄3m.

“Invariant lattice complexes” in their characteristic Wyckoff position, i.e., the
one with the highest site symmetry, are represented by a capital letter, in some
cases with a superscript in front of it, e.g., “+” or “–” for representatives of
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enantiomorphous pairs, or “∗” indicating that the lattice complex is derived by
combining two lattice complexes with the same symbol, but displaced from each
other. If necessary, the crystal family is indicated by a lower case letter preceding
the lattice-complex symbol.

Example

The lattice complex D may describe either the cubic diamond lattice complex 227
Fd3̄m a or the orthorhombic lattice complex 70 Fddd a. Therefore, we have to specify
additionally the crystal system cD or oD, respectively. oD may be generated by an
orthorhombic distortion of cD.

The carbon atoms in the diamond structure, oC8-C, occupy the sites of the cD
lattice complex, i.e., Wyckoff position 8a 1/8, 1/8, 1/8; 7/8, 3/8, 3/8, in space group
no. 227, Fd3̄m; so do the Mg atoms in the cubic Laves phase cF24-MgCu2, while
the Cu atoms constitute a cT lattice complex, resulting from Wyckoff position
16c 1/8, 1/8, 1/8; 7/8, 3/8, 5/8; 3/8, 5/8, 7/8; 5/8, 7/8, 3/8 in space group No. 227
Fd3̄m.

The lattice complex N , 191 P6/mmm f , describes a Kagomé net, and E2z,
194 P63/mmc f , the hexagonal diamond sites, Wyckoff position 4f 1/3, 2/3, z;
2/3, 1/3, z + 1/2; 2/3, 1/3, z̄; 1/3, 2/3, z̄ + 1/2 in space group No. 194 P63/mmc,
occupied by the Mg atoms in the hexagonal Laves phase hP12-MgZn2.

1.1.3 Structures and structure types

The atomic arrangement of any intermetallic compound can be described by its
nD crystal structure, which is usually determined by diffraction methods. If stand-
ard techniques are employed, a time- and space-averaged structure is obtained.
Models for the structural disorder, if any, can be derived by the evaluation of the
diffuse diffraction intensities. Consequently, by taking the actual structure mod-
ulo one unit cell and integrating over the measurement time, dynamic and static
atomic displacements, as well as all kinds of disorders and defects, are projected
into the atomic (electron) density distribution functions. This can lead to partially
occupied atomic sites, mixed positions, or split “atoms” in the averaged structure
model. In the case of not fully occupied Wyckoff positions, the Pearson symbol
is usually written as fB(n – x), with the symbols fB for the crystal family and the
Bravais-lattice type, respectively, the number of atoms per unit cell n in the case
of fully occupied Wyckoff positions, and the number of atoms missing there due
to partial occupancy, x.

If intermetallic phases have an extended compositional stability range, then this
automatically implies the existence of substitutional disorder (“mixed atomic po-
sitions”), which sometimes can be accompanied by displacive disorder. Although
the occupancy of particular atomic sites changes with the chemical composition,
the “structure type” remains the same by definition.
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The term “structure type” was originally defined by Pearson (1972), and re-
fined later on. In order to understand this definition, we need to define a few
additional terms:

Structure type Prototypic crystal structure representing a whole class of iso-
configurational structures. If there is no more than a single intermetallic
phase with a structure assigned to a particular structure type then this
structure type will be called unique.

Prototype Crystal structure of an element or compound used for the defi-
nition of a structure type, which represents the class of all materials with
isoconfigurational structures.

Isotypic Two structures are crystal-chemically isotypic if they are isoconfigur-
ational and the corresponding atoms and bonds (interactions) have similar
physical/chemical characteristics. For instance, cP2-CoAl and cP2-NiAl are
isotypic.

Isoconfigurational Two structures are configurationally isotypic if they are
isopointal and both the crystallographic point configurations (crystallo-
graphic orbits) and their geometrical interrelationships are similar; all ge-
ometrical properties, such as axial ratios, angles between crystallographic
axes, values of corresponding adjustable positional parameters (x, y, z),
and coordinations of corresponding atoms (AETs) are similar. Isoconfig-
urational structures belong to the same structure type. For instance, the
isoconfigurational metallic phase AlNi and the ionic compound CsCl are
both representatives of the cP2-CsCl structure type, although they strongly
differ in their atomic interactions, and are therefore not isotypic.

Isopointal Two structures are isopointal if they have the same space-group
type, and the atomic (Wyckoff) positions, occupied either fully or partially
at random, are the same in both structures; as there are no limitations on
the values of the adjustable parameters of the Wyckoff positions or on the
cell parameters, isopointal structures may have locally different geometric
arrangements and atomic coordinations (AETs) and may belong to different
structure types. An example for isopointal structure types are tI2-In and
tI2-Pa (Fig. 3.2).

Homeotypic Two structures are homeotypic if one or more of the following
conditions required for isotypism are relaxed:
(i) Identical or enatiomorphic space-group types, allowing for group/

subgroup or group/ supergroup relationships;

(ii) Limitations imposed on the similarity of geometric properties, i.e., axial
ratios, interaxial angles, values of adjustable positional parameters, and
the coordination of corresponding atoms (AETs);

(iii) Site occupancy limits, allowing given sites to be occupied by differ-
ent atomic species. For instance, cI2-W and cP2-NiAl are homeotypic
according to (i) and (ii).
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We find many examples where binary intermetallic phases are assigned to un-
ary structure types or ternary intermetallics to binary ones. How is this possible?
Nothing is said in the above definitions about the number of different constitu-
ents, whether this number has to be the same in a structure and the structure
type it is assigned to as long as they are isoconfigurational. However, we should
distinguish the following two cases:

(i) Ternary compounds are partially inherently disordered, if the binary struc-
ture types are described with only two occupied Wyckoff positions in the
respective space group, e.g., cF24-MgCu2, cP4-Cu3Au, cP2-CsCl, etc.

(ii) In the case of many binary structure types, however, three or more in-
dependent Wyckoff positions are occupied by the two different atomic
species. This allows an ordered substitution of the two by three differ-
ent atomic species, giving a homeotypic structure. Strictly speaking, this
ordered structure variant could be seen as a new structure type, or, at least,
named an ordered variant of a structure type. However, for that purpose,
the above generally used definition would have to be modified. In the lit-
erature, such structures are sometimes assigned to a new structure type,
sometimes not. For the sake of consistency, we follow the assignment of
structures to structure types as it is handled in the PCD.



2

Factors governing structure
and stability of intermetallics

Which factors are the most important ones governing formation and stability of
the crystal structures of metallic elements and intermetallic phases? Why does
an element or intermetallic compound adopt exactly this and not another crystal
structure for a given chemical composition, temperature, and pressure?What kind
of local interactions are responsible for the stability of the respective structure, and
what is the influence of the global electronic band structure? How can it be that a
slight change in chemical composition can turn a simple structure with just a few
atoms per unit cell into a complex one with more than twenty thousand per unit
cell or even into a quasiperiodic structure without any 3D unit cell, for instance?

Which approaches can be used to predict and identify binary, ternary, or mul-
tinary intermetallic systems that feature stable crystal structures, and not only
to predict the systems but also the crystal structures themselves together with
their stability range? In which cases are quantum-mechanical calculations neces-
sary, and when can empirical approaches be useful such as quantum structure
diagrams or M/M-plots (see Section 5.1)? How can statistical methods based
on data mining contribute to our understanding of intermetallics? How can the
structure determining factors, once identified, be described best, qualitatively and
quantitatively, and used for structure prediction?

The determination of a (quasi)crystal structure, i.e., its geometrical description,
is just the first step. It allows understanding of the packing principles, but not why
the structure forms at all. This first step, however, is crucial for the second step:
the study of the chemical bonding. While the first step is more or less routine
for periodic crystals, nowadays, the second step needs more effort. In the case
of quasicrystals, all approaches needing periodic boundary conditions are not di-
rectly applicable. For that purpose, periodic approximants are used. It has to be
kept in mind, however, that the essence of what makes a structure quasiperiodic
cannot then be captured in this way.

To get a full description of a crystal structure with regard to chemical bonding
and stability, the Schrödinger equation has to be solved. This eigenvalue equation
contains one wave function for both nuclear and electronic components. If one
neglects the time dependence, it can be separated into these two parts based on

Intermetallics: Structures, Properties, and Statistics. First Edition. Walter Steurer and Julia Dshemuchadse.
© Walter Steurer and Julia Dshemuchadse 2016. Published in 2016 by Oxford University Press.
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the Born-Oppenheimer approximation: due to the high mass of the nuclei, the
electronic part of the equation can be solved for a fixed configuration of nuclei.
The assumption makes use of the fact that the state of the nuclei cannot follow a
change in electronic configuration on the time scale relevant to the motion of the
much lighter electrons.

This approximation is also responsible for one of the main restrictions of such
electronic structure calculations: they almost exclusively refer to the state of matter
at a temperature of zero Kelvin. This is due to the fact that, usually, the state of
the nuclei that is presumed for these calculations is the equilibrium configuration.

Chemical bonding on the local scale is commonly described employing ei-
ther the valence-bond (VB) theory or the molecular orbital (MO) theory. In the
former, the atomic orbitals of separate atoms are assumed to combine in a way
that can be described as chemical bonds – valence bonds. The latter, however,
regards electrons as being under the influence of the entire molecule and not as
assigned to a specific atom. Consequently, all electrons are redistributed into com-
mon molecular orbitals. This redistribution refers mainly to the valence electrons,
which play a role in the bonding state of a molecule.

The MO theory can be easily extended from single molecules to the whole
crystal leading to dense (continuous) bands of electronic eigenstates, i.e., the elec-
tronic band structure. The size of the band gaps plays an important role for the
physical properties of the crystals. For a more recent review on chemical bond-
ing see, e.g., the review article by Gatti (2005) or the book by Frenking and
Shaik (2014).

2.1 Quantum chemistry

In this section, we briefly review some basic approaches used for the calculation of
the stability of crystal structures, and the understanding of the chemical bonding.
In the case of intermetallic phases, the knowledge of the electronic band struc-
ture is crucial for understanding the role of its chemical composition and electron
concentration.

2.1.1 Density functional theory

The density functional theory (DFT) is the standard approach for quantum-
mechanical calculations of the electronic states of crystal structures. It is an
ab-initio method, meaning that it does not require empirical information in ad-
dition to the structural parameters (type of atom and its coordinates). The DFT
is based on the Hohenberg-Kohn theorem, whose corollary is that the electron
density of the ground state uniquely determines a many-electron system. This re-
duces the N-electron problem with 3N spatial coordinates to a problem with just
three coordinates. The defined energy functional has to be minimized in order to
determine the correct ground-state electron density.
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The Schrödinger equation is replaced by the Kohn-Sham equation for non-
interacting electrons in an effective potential. The energy functional is now re-
garded as the sum of the kinetic energy of a system of non-interacting particles, the
Coulomb interactions of the system, as well as the so-called exchange-correlation
energy. The latter contains “the residual part of the true kinetic energy” and “non-
classical electrostatic contributions”. This means it contains all unknown terms
and its approximation constitutes the challenge of employing DFT.

The exchange-correlation energy is separated into the sum of exchange and
correlation energies. The most common approximation of exchange and correla-
tion is the local-density approximation (LDA): it depends only on the electronic
density at a given set of spatial coordinates and not on derivatives of the density or
on orbitals. The generalized gradient approximations (GGAs) are also local, but
additionally depend on the gradient of the electron density at a given point.

The non-interacting system that the Kohn-Sham equation models yields or-
bitals that, strictly speaking, carry no physical meaning. However, by choosing a
suitable effective potential, the ground-state density of the system of interacting
electrons can be reproduced. In order to perform DFT calculations, proper basis
sets have to be chosen, upon which the Kohn-Sham orbitals can be expanded.

The DFT is not only used in order to calculate the (relative) stability of a spe-
cific geometric configuration—although this is the main purpose within structure
science. Electric or magnetic properties and chemical reactivity are only a few of
the applications that DFT has successfully been applied to. For further reading
see Koch and Holthausen (2001), for instance.

2.1.2 Extended Hückel method

The extended Hückel method is a semi-empirical approach used for the de-
scription of molecular orbitals and their occupancy. It is also well-suited for
the determination of relative energies of different structures (see, e.g., Berger
et al. (2011)). The original Hückel molecular orbital (HMO) method (Hückel,
1931), based on a simple linear combination of atomic orbitals (LCAO-MO)
only takes π-bonding in conjugated hydrocarbon systems such as benzene into
account, while the extended Hückel method additionally includes σ-bonding as
well (Hoffmann, 1963).

(Extended) Hückel calculations remain a powerful tool for analyzing the elec-
tronic state of solid compounds, which can be tuned to DFT data to utilize
ab-initio results (Stacey and Fredrickson, 2012b) in order to better describe chem-
ical bonding phenomena. They take advantage of the concept of valence atomic
orbitals in order to provide a “shortcut” compared with highly complex DFT
calculations.

If the Hückel method is combined with parameters refined against results
from corresponding DFT calculations, it can be similarly accurate. In addi-
tion, it enables a direct connection between geometrical and electronic structure
through the “method of moments”—hence, the DOS can be reconstructed from
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its moments using different moments inversion schemes (Gaspard and Cyrot-
Lackmann, 1973; Burdett and Lee, 1985). If a short-range interatomic repulsion
potential is added to the Hückel method, the expected dependence of bonding in-
teractions on the interatomic distance can be reproduced. The μ2-Hückel model
uses the second moment of the DOS, μ2, to approximate the repulsion energy of
the system (Lee, 1991).

2.2 Electronic structure

Single-crystal X-ray diffraction is the method of choice for quantitative crystal
structure analysis. Conveniently, it can be done in-house on automated diffracto-
meters, not only at ambient conditions but also in a wide temperature range. Only
in the case of very complex structures and/or structural disorder synchrotron ra-
diation may be necessary, as well as in the case of high-pressure studies employing
diamond anvil cells. The observable thereby is the electron density distribution,
which is a probability distribution function that describes how the electrons are ar-
ranged on average. This is an indicator for the kind of chemical bonding present
in a crystal. For a full analysis of the chemical bonding and the electronic density
of states (eDOS), quantum mechanical calculations are necessary.

2.2.1 Electron density

Within the Quantum Theory of Atoms In Molecules (QTAIM), the electron den-
sity is used for analyzing the localized density at/around atoms and the chemical
bonds within a structure. The stationary points of the electron density distribu-
tion, as well as their gradient paths, are interpreted for this purpose. As a first
step, the space is divided into volumes that contain one atomic nucleus each – the
attractors. Neighboring atomic basins are connected by ridges in electron den-
sity; the emerging interatomic surface can be quantified. Within each interatomic
surface, a maximum is found, demarcating the saddle point in electron density
that emerges between two atoms. This is the bond critical point, which lies at
the minimum of the ridge of electron density between two atoms. The ridges
themselves—the connecting lines between both attractors and the common bond
critical point—constitute the bond path.

The complete, non-overlapping partitioning of space into atomic basins, which
are linked by zero-flux surfaces in the gradient vector field of the electron density,
allows for the rigorous calculation of several atomic properties. The volume and
the electronic charge assigned to each atom, for example, are easily accessible.
The connectivity can be analyzed, as well, by determining which atomic basins
are connected by common interatomic surfaces and how large the solid angles
covered by different connections are. For more on the synaptic order of bonds and
multicenter bonding, see Silvi (2002). Consequently, physical properties like ionic
charges and relative bond strengths become accessible through the topological
analysis of the electron density—calculated or measured.
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For a detailed account by a pioneer of QTAIM, see Bader (1994), for an elabo-
rate treatise from a chemist’s point of view, see Gillespie and Popelier (2001), and
for an alternative way of space partitioning, see Pendás et al. (2012).

2.2.2 Electron localization

The Electron Localization Function (ELF) measures the probability of a second
electron with the same spin being present in the neighborhood of a reference
electron. Already upon its introduction, it revealed the atomic shell structure,
as well as core, binding, and lone electron pairs for molecules (Becke and
Edgecombe, 1990), with the first application to solids following shortly after
(Savin et al., 1992). In this context, the ELF was also generalized to electron
densities obtained from DFT calculations, while the original derivation was based
on a Hartree-Fock pair density. Subsequently, the equivalency of the ELF deter-
mined from semi-empirical Extended-Hückel calculations was also demonstrated
(Burkhardt et al., 1993).

The ELF is dimensionless and normalized with values between 0 and 1. Large
values (ELF> 0.5) correspond to a high localization, meaning that for an electron
located there, no second, same-spin electron can be found in its vicinity; in con-
trast, electron pairs with opposite spins in the same region indicate localization. If
ELF = 0.5, the respective region resembles the homogeneous electron gas, which
serves as a reference to the ELF.

In the past, the ELF was extensively used to characterize the chemical bond-
ing situation, in particular the occurrence of covalent bonding in intermetallics
(Kohout et al., 2002). It represents paired-electron densities as they are observed
in electron shells, bonding pairs, and non-bonding lone pairs (Silvi and Savin,
1994). For more on ELF topology see Savin et al. (1996); for more on ELF
applied to delocalized bonds and basins see Savin (2005).

The calculation of the ELF was implemented as an option in many DFT
software packages, most relevant for intermetallics is the Tight-Binding Linear
Muffin-Tin Orbital Atomic Sphere Approximation (TB-LMTO-ASA) (Jepsen
et al., 2000). If the crystal structure of a compound is fully known and the elec-
tron density can be calculated using DFT, a subsequent calculation of the ELF
can be easily performed.

The ELF topology holds information about the connectivity of covalent inter-
actions in a compound, and can serve as a basis to generate bifurcation diagrams
(Marx and Savin, 1997) (e.g., see Armbrüster et al. (2007)). Details and the ex-
act shape of the ELF basins can be visualized in the same manner as the electron
density, displaying the ELF values on planes as slices through a 3D structure or
in a 3D manner in the form of isosurfaces.

ELF attractors can be found wherever covalent bonding plays a role. Their elec-
tron count, calculated from the integration of the electron density over the volume
of the ELF basin, illustrates the interaction between the atoms. Their connectiv-
ity, calculated from the solid angles enclosed by this and the neighboring atomic
basins, characterizes the interaction as two- or multi-center. If all interactions are
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taken into account, the dimensionality of the covalently bonded network can be
determined, also. For 3D representations of the ELF see, for instance, the stud-
ies on TiSb2 and VSb2 by Armbrüster et al. (2007), on the series Al → CaAI2
→ SrAI2 → BaAI4 → CaAI2Si2 → Si by Häussermann et al. (1994), and on
CuAl2 (Grin et al., 2006). For reviews on the ELF see Savin et al. (1997) and
Grin et al. (2014).

2.2.3 Electron localizability

As an improved measure for the electron localizability, the Electron Localizability
Indicator (ELI) was introduced about a decade ago (Kohout, 2004). It can be
related to the ELF in the Hartree-Fock approximation, but differs from it for
correlated wave functions (Kohout et al., 2004; Kohout et al., 2005; Kohout et al.,
2007). However, even where it is similar to the ELF, the ELI does not rely on the
use of the uniform electron gas as a reference.

In the years following its initial formulation, the ELI was investigated with re-
spect to its representation of atomic shells (Kohout et al., 2006) and bonding
(Kohout, 2007) (in both, direct and momentum space). On cursory inspection,
ELI and ELF topologies can be regarded as largely equivalent. However, contrary
to the ELF, the ELI can be decomposed into partial orbital contributions in an ex-
act manner (Wagner et al., 2007). The topological analysis of the ELI-D, in direct
space, can therefore be interpreted on the level of electron pair formation and can
help analyze chemical bonding on a more fundamental level (Wagner et al., 2008).

The ELI was applied to both molecular and crystal structures during the last
few years. In intermetallics, the ELI of specific compounds was analyzed, for in-
stance, for antiferromagnetic EuTM2Ga8 (TM=Co, Rh, Ir) (Sichevych et al.,
2009), the stannides TMSn2 (TM=Mn, Fe, Co) (Armbrüster et al., 2010), the
quasicrystal approximant Al5Co2 (Ormeci and Grin, 2011), and the clathrate
Rb8–x–tKx�tAuyGe46–y (Zhang et al., 2013). More extensive studies cover entire
structure classes, such as hcp element structures (Baranov and Kohout, 2008),
intermetallic Laves phases (Ormeci et al., 2010), or diborides crystallizing in the
AlB2 structure type (Wagner et al., 2013).

Today, localization and delocalization indices for solids are the subject of ongo-
ing studies (Baranov and Kohout, 2011) in order to help elucidate the chemical
bonding from quantities that can be derived from the electron density of crystal
structures.

2.3 Crystal structure interpretation

The methods described in the Section 2.2 all heavily rely on computational
resources. This means that they not only became more and more generally appli-
cable in recent years, but also that they require quite time-consuming calculations
for each compound separately. Furthermore, quantum-mechanical calculations
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require some experience and background that not everybody has who is suc-
cessfully performing standard single-crystal X-ray diffraction structure analyses.
There are many pitfalls, because it needs some experience to correctly interpret
details in the calculated electron density on one hand; on the other hand, artifacts
can result from not properly chosen basis sets, k-mesh sizes, etc., which may lead
to misinterpretations.

The classical concepts of chemical bonding, with the idealized limiting cases
of ionic, covalent, metallic, van der Waals, and hydrogen bonding, can still be
useful for a qualitative interpretation and understanding of crystal structures.
The chemical bonding in intermetallics cannot be understood through the sim-
ple assumption of metallic bonding, only. Covalent and/or ionic interactions are
frequently present to a differing extent as well. A prominent example for such
heterodesmic compounds are the Zintl phases, which are dealt with in the next
subsection. For general reviews on the structural chemistry of intermetallics see,
for instance, Corbett (1996), Corbett (1997), Corbett (2000a), Corbett (2000b).

2.3.1 Concept of electronegativity

Frequently, the electronegativities, χ , of the constituents of an intermetallic com-
pound are used for estimating the polarity of the chemical bonds between them.
Electronegativity can be seen as a measure to attract valence electrons from more
electropositive atoms. In contrast, electropositivity is related to the ability of an
atom to donate its valence electron(s) to a more electronegative atom. The elec-
tronegativity of an atom depends on its position in the periodic table and on the
distance of the shell of valence electrons from the atomic nucleus. This gives a
general trend for increasing electronegativities along the rows of the periodic table,
and decreasing values down the columns. One has to keep in mind that electro-
negativity is a classical concept with its limits, although it proves quite useful in
many cases.

To some extent the electronegativity parameters are transferable to atoms in
different atomic environments. Unfortunately, there are several electronegativity
scales in use, which not only differ in their absolute values but also in some of
their relative values within the respective scale. The most common scales are that
of Pauling (1932) and Allred and Rochow (1958), but also those of Mulliken
(1934), Pearson (1985), and Pearson (1988) are used sometimes.

Pauling electronegativity Pauling (1932) based his semiempiric parameters
on the concept of the additivity of the energies of covalent chemical bonds,
EA–B =1/2(EA–A+EB–B), derived from the known experimental formation en-
thalpies of binary molecules and compounds. He assigned any additional
stabilization energy to ionic contributions due to different electronegativities,
�A–B = (χA – χB)2. Due to the lack of an absolute scale, the electronegativity
of H was first fixed to 2.1 and later to 2.20. This gives a range from 0.7 for
Fr to 3.98 for F (see Section 6.2).
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Mulliken electronegativity After the usefulness of Pauling’s electronegativity
parameter became obvious, Mulliken (1934) tried to put these values on an
absolute scale. His electronegativity values are just proportional to the arith-
metic mean of the first ionization energy, I , and the electron affinity, A, of
an atom, χ =1/2(I +A)/2. All these parameters can be determined quantita-
tively on an absolute scale for free atoms. However, this approach does not
take into account the influence of the respective atomic environments. There
is a good but not perfect linear correlation between Mulliken and Pauling
electronegativities. Not so many electronegativities have been determined in
this manner thus far.

Allred and Rochow electronegativity Allred and Rochow (1958) tried to
improve the concept of electronegativity by basing it on the force of electro-
static attraction between the nucleus and an electron from a bonded atom,
both approximated by point charges. By choosing proper constants, an even
closer linear relationship can be found between this scale and Pauling’s scale.
The values range here from 0.9 for Fr to 4.1 for F.

Pearson absolute electronegativity and absolute hardness Based on the
MO-theory, Pearson (1985) defined the absolute electronegativity in the
same way as Mulliken (1934), but now for general chemical systems (atoms,
ions, molecules, ...), χ =1/2(I + A) = – μ, with the chemical potential μ. He
also uses the concept of chemical hardness, η=1/2(I – A). While the direc-
tion of the net flow of valence electrons between two atoms is determined by
the electronegativity difference, the magnitude of the total electron transfer
is given by the hardness. The smaller it is, the larger the covalency of a bond.
In a chemical system with two constituents B and C, there will be a flow of
valence electrons from the system with larger χ to that with smaller χ un-
til the chemical potential becomes equal everywhere. The fractional number
�N of electrons being transferred thereby is given by

�N =
χC – χB

2(ηC – ηB)
. (2.1)

In contrast to the local electronegativity, the local hardness can differ from
the average global one, η = 1/2(I – A). The electronegativity values are only
given for some elements, and range from 2.0 eV for Sr to 10.41 eV for F
(see Section 6.2).

2.3.2 Zintl-Klemm concept

The Zintl-Klemm concept describes a category of binary and ternary intermetal-
lic line compounds with an appearance spanning the full range between metallic
and ionic. Originally, this class comprised compounds between electropositive
s-block metals on one side, and electronegative p-block metals and semimetals
around the Zintl-line on the other side. Later on, the rare earth elements also
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were included as electropositive bonding partners, and, to some extent, also late
TM elements as electronegative ones originally. In this concept, a complete charge
transfer was assumed from the electropositive to the electronegative elements lead-
ing to full valence shells for both of them. Depending on the number of transferred
electrons, either isolated anions or polyanions are formed. The atoms in the poly-
anions are bonded covalently. In this concept, the electron acceptors are thought
to behave similarly to the isoelectronic elements—isoelectronic regarding the va-
lence electrons, only. Of course, in spite of its usefulness, this is a rather simplistic
assumption neglecting the complex electronic structure of these compounds.

A classical example of a Zintl phase is cF16-NaTl (Zintl and Dullenkopf,
1932), where, according to the Zintl-Klemm concept, Na donates one electron to
Tl, a group 13 element, which consequently increases its valence electron number
from 3 to 4. This makes Tl isoelectronic to a group 14 element, i.e., from a triel
to a pseudo-tetrel element, which then adopts an anionic diamond network with
covalently bonded Tl-atoms. The Na+ cations fill the space in-between, forming
a double-diamond structure (two mutually interpenetrating diamond networks).
In spite of the character of the polar/covalent chemical bonding, NaTl still has
metallic character, however. It has been shown by quantum mechanical calcula-
tions that besides considering just the effects of the covalent interactions in the
polyanions, also the competition among metallic, ionic, and covalent interactions
has to be taken into account (Wang and Miller, 2011).

An early review on intermetallics was published by Zintl (1939) where he
presented his view of (polar) metallic bonding on several examples and, twenty
years later, a summary on compounds made up of metalloids and alkali metals by
Klemm (1958), following a number of manuscripts on this class of materials (e.g.,
(Klemm, 1950a; Klemm, 1950b; Klemm, 1950c)). A considerable number of re-
views and new interpretations of the Zintl-Klemm concept have been published
within the last few years (Sevov, 2002; Miller et al., 2011; Nesper, 2014).

2.3.3 Electron counting

The Wade-Mingos rules were successively developed by Wade (1971), Wade
(1976), Mingos (1972) and Mingos (1984), and allow the prediction of struc-
tures made up of clusters of atoms. The chemistry behind the rules is also called
“polyhedral skeletal electron pair theory” and is based on the MO-description
of bonding. This is an advanced way of counting electrons compared with the
octet rule and the 18-electron rule for transition metals that are employed in the
Zintl-Klemm approach described in Section 2.3.2.

The 4n-rules apply to deltahedra, i.e., polyhedra with only triangular faces,
that have 4–12 vertices. Examples are the tetrahedron, octahedron, and icosahe-
dron, but also the trigonal bipyramid, pentagonal bipyramid, tricapped trigonal
prism, bicapped square prism, etc. As “4n” indicates, 4 electrons are assigned to
each vertex, as is the case for Bn- or BnCm-clusters. The clusters can be complete
(closo-), or might be missing 1, 2, or 3 vertices (nido-, arachno-, and hypho-clusters,
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respectively). A closo-cluster has a total of 4n + 2 electrons, while each missing
vertex adds +2 to this balance and each additional capping vertex deducts –2.

The 5n-rules apply to polyhedra with only 3-connected vertices such as the
tetrahedron, trigonal prism, cube, dodecahedron, etc. These polyhedra are also
necessarily duals of the deltahedra. They become relevant if around five electrons
can be assigned to each structure. Then, a cluster is assigned 5n electrons in total,
with each missing vertex deducting –1 from this number.

The 6n-rules finally apply to rings, which can accommodate around six elec-
trons per vertex. The number of electrons is 6n in total; +2 have to be added
per broken bond and –2 have to be subtracted for each trans-annular bond that
“shortcuts” the ring.

The work of Jemmis and Balakrishnarajan (2001) and Jemmis and Jayasree
(2003) further improved the understanding of (car)boranes. A generalization of
theWade-Mingos rules are the Jemmismno rules (m is the number of sub-clusters,
n is the number of vertices, and o is the number of single-vertex shared condens-
ations) that also contain the concept behind the Hückel rules for two-dimensional
assemblies; see Balakrishnarajan and Jemmis (2000) and Jemmis et al. (2001).

2.3.4 Hume-Rothery electron concentration rule

The concept generally termed the “Hume-Rothery rule” describes which require-
ments have to be met for the formation of solid solutions instead of intermetallic
compounds or just phase separation. That is, which requirement must another
element meet in order to be incorporated into the structure of a chemical ele-
ment without changing the structure type. In order for this to happen, the rule
says that both elements in their pure form have to adopt the same structure type.
Additionally, their radii should not differ by more than 15%. Similar values in
electronegativity are also necessary to prevent compound formation, and com-
plete mutual solubility can only be reached for elements that display the same
valency as well.

If solid solutions cannot be formed by a mixture of elements, they may form
a superstructure of a simple structure type (Hume-Rothery and Powell, 1935).
Hume-Rothery himself found that the number of valence electrons per atom also
affects the structure of the formed compound (Hume-Rothery et al., 1940; Zintl
and Brauer, 1933). The parameter he used to assess the electron concentration,
e/a, was the number, e, of itinerant electrons per unit cell divided by the number
of atoms, a.

This behavior can be illustrated by the two γ -brass-type compounds cI52-
Cu5Zn8 and cP52-Cu9Al4, which crystallize in virtually the same structure type
despite having significantly different compositions (compare with Subsection
7.3.1). Consequently, one structure can not simply be created through a replace-
ment of one element by another, but a redecoration of the atomic sites has to take
place, which also results in a change of the lattice symmetry from cI to cP. De-
spite this difference, however, the approximate geometry of the structures is very
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similar, and this was ascribed to their identical values of e/a=1.60 (Mizutani et al.,
2010), also cocorroborated by ab-initio calculations (Asahi et al., 2005).

The stabilization of complex structures of intermetallics obeying the Hume-
Rothery electron concentration rule originates from the optimal nesting of the
Fermi sphere in a near-spherical Brillouin zone. In such a case, the electronic
density of states (eDOS) at the Fermi level is forming a pseudo-gap. Later, com-
pounds that were thought to be stabilized in this way were named Hume-Rothery
alloys or phases, and their structure and stabilization mechanism were investig-
ated in greater detail (Massalski and Mizutani, 1978). In later studies, Mizutani
et al. (2010) found the valence electron concentration (VEC) to be a more
meaningful parameter if determined by the number of all valence electrons—
including those assigned to d-orbitals—divided by the number of atoms. The
difference would be in the case of cF4-Cu, for instance, e/a=1 and VEC=11.
More on the Hume-Rothery electron concentration rule applied to complex peri-
odic and quasiperiodic intermetallics can be found in Mizutani et al. (2010) and
Mizutani et al. (2014).

2.3.5 μ3-acids and -bases

In recent years, another theory to rationalize the formation of specific structures
of intermetallic compounds was developed by Fredrickson and co-workers: an
extension of the Lewis theory of acids and bases to intermetallics (Stacey and
Fredrickson, 2012c). Therein, metallic elements are termed as acidic or basic,
respectively, if they are prone to accept or donate electrons. The basis of this
approximation is the third moment of the eDOS, μ3. Electron-poor and -rich sys-
tems relative to the ideal μ3-value are then identified as μ3-acidic and μ3-basic,
respectively, and can neutralize each other upon compound formation. The par-
allel to Lewis acids and bases is the quantification of the reactivity of transition
metals, i.e., their tendency to form intermetallic phases.

The first three moments of the eDOS correspond to the area under the eDOS
curve (μ0), the average energy value of the eDOS (μ1), and the variance around
E =0 (μ2), respectively. The third moment of the eDOS (μ3) is responsible for
the (a)symmetry of the eDOS around E =0: the eDOS is symmetrically distrib-
uted around its average value for μ3 = 0, and tends to shift towards below-average
values for μ3 > 0 and to values above average for μ3 < 0. The kurtosis, defined
by the third and fourth moments via κ =μ4 – μ2

3 – 1 for standardized values
of μ0, μ1, and μ2, is related to the broadness of the eDOS peaks: the peaks
correspond to δ-functions for κ =0 and are increasingly broadened for higher
values. This also means that smaller κ-values enable the formation of a deeper
(pseudo-)gap.

A clear separation of filled and empty states is favorable for the energy balance
of a phase. Therefore, the position of the energy minimum shifts in sync with
the μ3-values, depending on the number of available electrons, i.e., the amount
of band-filling: μ3 = 0 is an ideal value for half-filled bands, while lower/higher
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fillings have ideal μ3-values below/above zero. The preference for the ideal
electron count is sharpened with lower κ-values, leading to the largest possible
gap between filled and empty states.

The first such view on intermetallic phases was illustrated on examples of cP2-
CsCl-type binary intermetallic compounds such as cP2-ScCu and cP2-TiFe, as
well as on the system Ti–Ni (Stacey and Fredrickson, 2012c). Also the stabil-
ity of tP4-TiCu and hR276-Ti21Mn25 can be explained by this method: in these
systems, the formation of cP2-CsCl-type structures would lead to an imbalance
of the acid/base pairing and therefore to an unstable configuration (Stacey and
Fredrickson, 2013). Instead, the neutralization is accompanied by more com-
plex structural features, partly forming regions of different compositions within
a structure. Even a system containing very complex structures can be viewed in
this light: the Mackay-type icosahedral clusters in Sc–Ir intermetallics emerge due
to the maximization of Sc–Ir contacts in the Ir-poor region of the phase diagram
(Guo et al., 2014).

2.3.6 μ2-chemical pressure

Factors that inhibit or promote the stability of a phase can be identified by investig-
ating the “chemical pressure” that occurs at different locations within a structure.
This method was devised in detail by Fredrickson et al. in the last few years. It
can help to analyze the electronic packing frustration that occurs in intermetallic
compounds, and arises from competing bonding mechanisms, and demands on
the packing in a structure.

The basis for this approach are Hückel tight-binding calculations supplemented
with short-range interatomic repulsion forces that are proportional to the second
moment of the eDOS (i.e., μ2-Hückel calculations). These are calibrated against
values from DFT calculation—in the Fredrickson group by using their program
eHtuner (Stacey and Fredrickson, 2012a)—to result in “an effective orbital-based
rendition of the DFT electronic structure” (Harris et al., 2011). The resulting
model is not only accurate—due to it being based on ab-initio calculations—but its
total energy can also be decomposed into a sum of onsite and pairwise interaction
energies. This leads to the possibility of extracting pressure contributions from
individual orbital interactions, which can be interpreted as chemical pressures.
The overall pressure, however, is zero after energy minimization, balancing the
competing terms.

Chemical pressures are usually illustrated as spheres around the respective
atomic positions. Their radii represent the magnitude of the respective values and
their color—white or black—the sign of the local pressure, which can be positive
or negative, in analogy to the astronomic phenomena of white-hot stars radiating
outward and black holes pulling in their surroundings (Fredrickson, 2011). The
anisotropy of the chemical pressure can be illustrated by projecting the differ-
ent chemical pressure contributions acting on an atom onto spherical harmonics,
representing magnitude and sign in the same way as described above.
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A first example was the occurrence of the oS36-Ca2Ag7-phase in the oS36-
Yb2Ag7 structure type, which is a derivative of the hP6-CaCu5 structure type
(Fredrickson, 2012). By comparing the hP6-CaCu5-type phase in the related Sr–
Ag-system with a hypothetical hP6-CaAg5-structure, the influence of the size
of the atom occupying the Ca-site becomes apparent and the resulting alter-
ation of the structure has to be the logical consequence (Fredrickson, 2011).
The structural response to the increased chemical pressure that triggers the
insertion of defect planes to form the oS36-Ca2Ag7-structure can also be sup-
pressed or exacerbated by tuning the valence electron count: fewer valence
electrons in the Ca–Pd-system lead to the hP6-CaCu5-type structure hP6-CaPd5,
whereas a higher number in the Ca–Cd-system leads to the formation of a
hP68-Gd14Ag51-type phase (Fredrickson, 2011).

The Ca–Ag-system also served as an example for demonstrating the applica-
bility of the density-functional-theory chemical-pressure analysis (DFT-CP) as a
means to gain direct insight into the local (in)stability of a structure. The CP-
distribution is obtained from the comparison of electronic structure calculations
at equilibrium volume, as well as at slightly expanded and slightly contracted unit
cell volumes (Fredrickson, 2012). The space of numerically approximated voxel
pressures then has to be divided between the atoms of the unit cell; the parti-
tioning into Voronoi cells (assigning all points in space to the atom that they lie
closest to) or volumes according to Bader’s quantum theory of atoms in molecules,
QTAIM, (Bader, 1994) have been deemed as the most useful methods (Fredrick-
son, 2012). Fredrickson (2012) also demonstrated that the CP anisotropy surfaces
behave very similarly in the case of μ2-Hückel- and DFT-CP analyses, as well as
for different partitionings of space in the latter case (according to Voronoi cells
or Bader volumes). Differences do occur and the values of net atomic chemical
pressures depend highly on the way that space is partitioned.

In the Ca–Cu–Cd system (Harris et al., 2011), the analysis of the chemical
pressure μ2 helped rationalize the stabilization of binary structure types in this ter-
nary system by examining the corresponding—hypothetical—binary compounds.
Therein, high values of positive and negative chemical pressure indicated locations
within the structure, which stand in the way of these binaries to be stabilized. By
replacing atoms in the respective positions by a different chemical element, se-
lected according to the sign of the chemical pressures, these structures could be
stabilized in their ternary versions.

The compounds tI32-Ca5Cu2Cd and cP39-Ca2Cu2Cd9 adopt the binary
structure types tI32-Cr5B3 and cP39-Mg2Zn11, respectively, without occurring in
any of the respective binary systems (although the former can be found in a similar
system as tI32-Ca5Zn3). This indicates that the ternary combination of elements
is crucial to the phase stability. Structural fragments of unary and binary struc-
tures of the subsystems of Ca–Cu–Cd can be recognized in these ternary phases:
tI32-Ca5Cu2Cd contains structural motifs from cI2-Ca (bcc), tP20-Ca3Cd2, and
oP12-Ca2Cu ofmP20-CaCu, whereas cP39-Ca2Cu2Cd9 contains motifs that also
occur in cF4-Cd (ccp), hP68-Ca14Cd51, and cI52-Cu5Cd8 (Harris et al., 2011).
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The hypothetical structures Ca5Cu3 and Ca5Cd3 illustrate how Cu- and Cd-
atoms occupying the same positions can have opposite effects on the structure
(Harris et al., 2011). It also becomes clear that the ternary compound is stable, as
opposed to the rather unbalanced hypothetical binary variants. The distribution
of the different elements over the structure type can be explained by evaluat-
ing the specific features of the chemical pressure. Similarly, the binary version
Ca2Cd11 of cP39-Ca2Cu2Cd9 exhibits strong packing frustrations that can be
relieved by substituting the smaller Cu-atoms on select Cd-positions. The inter-
mediate composition Ca2CuxCd11–x (x=1/3) illustrates the tendency towards the
Cu-substituted variant and how the change of one atom out of 39, from Cd to
Cu, can have a decisively stabilizing effect on the structure.

An important aspect of the structural response to chemical pressure is the in-
terplay between coordination numbers and bond lengths (Fredrickson, 2011):
the usually high coordination of atoms in high-pressure phases and the higher
number of bonds per atom results in weaker individual bonds and therefore
larger bond lengths. This is true for pressure of physical, as well as chemical,
nature. Therefore, if the chemical pressure in an intermetallic system with typi-
cally high coordination numbers is released through a structural rearrangement,
the resulting phase—which is under lower chemical pressure now—will have
lower coordination numbers and at the same time shorter, individually stronger,
interatomic bonds.

The comparison of the compound hP6-CaZn5 (hP6-CaCu5 structure type)
with the 1/1-Tsai-type approximant cI184-CaCd6 reveals another mechanism
to relieve chemical pressure (Berns and Fredrickson, 2013)—different from the
introduction of a defect plane into the hP6-CaCu5 structure type to form the
oS36-Ca2Ag7-phase. The structure responds to the increasingly negative CP on
the too-small Ca-atoms by replacing the hexagonal Zn-rings that surround them
in hP6-CaZn5 by pentagonal Cd-rings in cI184-CaCd6. The tiling of space that
is achieved by honeycomb and kagome nets in hexagonal hP6-CaZn5 conse-
quently changes from a stacking of these periodic planes to a curved arrangement
in the quasicrystal approximant. The Zn-honeycomb network is replaced by a
Cd-pentagonal dodecahedron and the hexagonal Ca-net is curled into a Ca-
icosahedron around it. Instead of stacked layers, the resulting structure exhibits
concentrically nested polyhedra (Berns and Fredrickson, 2013).

Another structure found in the Ca–Cd-phase diagram—hP65-Ca14Cd51—
responds to the negative CPs that occur in this system close to the 1:5-composition
by forming a more complex structure that exhibits three different Ca-sites with co-
ordination numbers as low as 13 (Berns and Fredrickson, 2014). The structural
motif from the hP6-CaCu5-type is yet again adapted and distorted so that CPs
are lowered.

Two recent methodological developments helped improve the interpretabil-
ity of the DFT-CP analysis (Berns et al., 2014). 1. Artifacts in the form of
large, isotropic contributions to the CP values could be removed by adapting the
voxel grid of DFT calculations for the equilibrated, as well as slightly contracted
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and expanded, versions of the structure under consideration, so that the rel-
ative positions of atoms and voxels remain connected. 2. The assignment of
voxels to different interatomic contacts was improved by changing the scheme
from a purely geometrical one (i. e., based on Voronoi contact volumes) to a
Hirshfeld-inspired weighting of contact volumes that relates the local geomet-
ries in a compound to the respective free atom electron densities of the different
elements, taking into account varying radii and—in combination with the first
improvement—rendering CP results that corroborate experimental findings of
stable intermetallic phases. The usefulness and applicability of the DFT-CP
analysis following these amendments were demonstrated on cF24-MgCu2-type
Laves phases, as well as a comparison of the stabilities of the cF24-AuBe5-
and hP6-CaCu5 structure types, which compete for intermetallic phases with
1:5-compositions but different relative radii (Berns et al., 2014).

Additional studies were performed on tP118-Ca36Sn23—a superstructure of the
tI32-W5Si3 structure type—in combination with a methodological survey of the
developments of DFT-CP (Engelkemier et al., 2013).

2.3.7 Topological analysis

The analysis of crystal structures through their decomposition into larger struc-
tural building blocks (clusters, modules, etc.) has a long tradition in structure
research. Molecules form units that can be easily defined as being separate from
one another: the intramolecular bonding is much stronger and the interatomic
distances therefore much shorter than in the intermolecular case. Intermetal-
lic structures, however, do not offer such an obvious and intuitive division into
subunits.

One started early with the description of structures based on their local atomic
environments (AETs). This kind of description does justice not only to the trans-
lational order that arises from the atomic arrangement, but also to the local motifs
that occur in the structure. These could possibly hold clues as to how the neigh-
boring atoms interact. Sometimes the shapes of AETs are clearly defined, and it
is obvious when the nearest neighbor shell is complete and where the next shell
starts. However, there are also more ambiguous cases.

The ccp packing of spheres is an example of a clear case of 12-fold coordinated
atoms with cuboctahedral geometry. In contrast, a bcc packing is far more am-
biguous. The closest neighbors—if strictly defined—are located on the vertices
of a cube with respect to the centering atom. This would render a coordina-
tion number of eight, which is very small for a metal, and would produce even
more issues when trying to track the next surrounding shells. The next-nearest
neighbors are located in the centers of the neighboring cubic unit cells, forming
an octahedron. There are six of them and their distance to the central atom is
not much larger than the one of the nearest neighbors. Usually, the coordination
polyhedron of bcc-structures is now regarded as being a rhombic dodecahedron,
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which is the compound shape of a cube and an octahedron, having a
coordination number of CN =14.

This concept can be transferred to outer shells of metallic and intermetallic
structures, of course. The shapes emerging from this analysis of a compound’s
geometry are generally termed “clusters” if they are close to spherical. It is im-
portant to distinguish these geometrical constructs frommolecular clusters, which
can normally be unambiguously justified through the analysis of chemical bond-
ing and interatomic distances. In intermetallics, clusters are usually just structural
subunits, and only in some cases does this also coincide with a specific kind of
chemical bonding (see above).

It becomes increasingly difficult and ambiguous to separate higher and higher
cluster shells from one another and to define them in a rigorous manner. The
“maximum-gap rule” (Brunner and Schwarzenbach, 1971), developed for the
identification of AETs, can be used for the derivation of higher-order cluster shells
to a limited extent only, as the shells become larger and usually less spherical. A
deformation of the shells away from a spherical envelope leads to a broadening
of their footprints in a distances histogram, leading to an overlap in the distances
histogram.

Whereas it is often possible to identify suitable clusters and separate their shells
just by visual inspection (see, e.g., Dshemuchadse et al., 2011; Dshemuchadse
and Steurer, 2014), a rigorous method seems to be necessary to investigate struc-
tures in a objective, comparable way. This is now possible owing to the software
ToposPro (Blatov et al., 2014; Blatov and Shevchenko, 2015) (formerly TOPOS
(Blatov et al., 2000; Blatov, 2014)). The program package was designed to an-
alyze structures topologically and can also be used, for example, for identifying
nets in metal-organic frameworks. If applied to intermetallics, it can describe any
structure as being composed of rather large “nanoclusters” that are basically ex-
tensions of the cluster-shell concept to additional shells. The software calculates
the “adjacency matrix” that determines the coordination shells for each atomic
position in the unit cell. Consequently, the compound of all coordination shells of
the atoms in the first shell are thought of as a two-shell nanocluster. The next shell
then consists of the coordination shells of the atoms of the previous shell put to-
gether. For an in-depth discussion of the application of the “nanocluster analysis”
to intermetallic structures, see Blatov (2012).

This algorithm has been applied to various intermetallic structures of differ-
ent levels of complexity: in addition to a general piece on nanoclusters with
Frank-Kasper polyhedral cores (Blatov et al., 2011), the group around Blatov
also covered cF184-ZrZn22-type structures and their superstructures (Ilyushin
and Blatov, 2009), cF1192-NaCd2-type structures (Shevchenko et al., 2009), the
Mg–Al system (Blatov and Ilyushin, 2010; Blatov et al., 2010; Blatov and Ilyushin,
2011; Blatov and Ilyushin, 2012), as well as studies, where specific cluster types
are searched within a database of intermetallic compounds (Pankova et al., 2012;
Pankova et al., 2013; Shevchenko et al., 2013).
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2.4 Crystal structure prediction (CSP)

The prediction of crystal structures just from the basic “ingredients” that con-
stitute a compound has been keeping materials scientists busy for decades at this
point (Maddox, 1988; Cohen, 1989; Hawthorne, 1990; Lommerse et al., 2000;
Motherwell et al., 2002; Day et al., 2005; Day et al., 2009; Bardwell et al., 2011;
Kazantsev et al., 2011). The process of crystal structure prediction involves the
solution of two entangled problems. One is the exploration of the energy land-
scape of a system to determine possible structures. The other is weighing up
these different arrangements and geometries against one another by ranking them
with respect to their energies. Depending on the type of system one investig-
ates, the former or latter part of the problem proves to be more challenging
(Oganov et al., 2011). In the case of molecular crystals, the determination of
possible arrangements within a structure may be relatively simple, as there of-
ten are strong interactions competing with very weak ones, resulting in a rather
straightforward outcome. There, the calculation of accurate energies of each pos-
sible state is still difficult. A project organized by the Cambridge Crystallographic
Data Centre (CCDC), called the “Blind Test of Organic Crystal Structure Predic-
tion Methods” (CCDC, 2015) has made increasingly striking improvements on
predicting organic crystal structures, especially with the most recent, sixth blind
test (Gibney, 2015). Inorganic systems—and among them, perhaps even more
so, intermetallics—can be ranked more easily due to quite accurate relative ener-
gies. However, due to the multitude of interactions with comparable interaction
strengths, the search for possible or probable structural arrangements is the major
difficulty in this case.

Most methods for crystal structure prediction rely on the following approaches:
simulated annealing (Kirkpatrick et al., 1983; Pannetier et al., 1990; Schön and
Jansen, 1996; Salamon et al., 2002), metadynamics (Laio and Parrinello, 2002;
Martoňák et al., 2003; Martoňák et al., 2005), random sampling (Pickard and
Needs, 2011), basin hopping (Wales and Doye, 1997; Doye and Wales, 1998;
Wales and Scheraga, 1999; Wales, 2004), minima hopping (Goedecker, 2004;
Amsler and Goedecker, 2010), data mining (Fischer et al., 2006), evolutionary
algorithms (Goldberg, 1989; Bush et al., 1995; Woodley et al., 1999; Woodley,
2004; Abraham and Probert, 2006; Trimarchi and Zunger, 2007), and particle-
swarm optimization (Wang et al., 2010).

Quite promising results in the case of inorganic materials (elements, minerals)
have been obtained by the application program USPEX (“Universal Structure
Predictor: Evolutionary Xtallography"), which is mainly based on evolutionary
algorithms (Glass et al., 2006; Oganov and Glass, 2006; Oganov et al., 2007;
Lyakhov et al., 2010; Lyakhov et al., 2013). Several reviews provide an overview
of the applied methods and give examples for systems that have been studied
successfully (Oganov et al., 2010a; Oganov et al., 2010b; Oganov et al., 2011;
Zhu et al., 2014; Zhu et al., 2015).
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“Evolution” takes place by applying different variations to “parent structures”,
i.e., previous generations, during the execution of the evolutionary algorithm in
order to produce “children”, i. e., the new generation of structures. These are
(Oganov et al., 2011): heredity (combination of planar slabs of different parent
structures), mutation (random deformation of the unit cell), permutation (swap-
ping of chemically different atoms), special coordinate mutation (displacement of
atoms along eigenvectors of the lowest-frequency phonon modes (Lyakhov et al.,
2010). The population that is being produced during the execution of the evolu-
tionary algorithm is kept diverse, which is even more challenging for structures
with larger unit cells (Oganov and Valle, 2009). Larger systems, indeed, lead to
a narrower, more Gaussian-like maximum in the density of states (DOS) that is
shifted towards higher energies.
USPEX was used, for example, to investigate high-pressure structures of me-

tallic elements, such as Li, K, Rb (Ma et al., 2008), Ca (Errea et al., 2008; Oganov
et al., 2010c), Na (Ma et al., 2009), and Mg (Li et al., 2014), as well as intermetal-
lic compounds such as CaLi2 (Xie et al., 2010) and others in the Zr–Ni system
(Mukherjee et al., 2015).

Other codes and packages were applied to the investigation of the high-pressure
structures of Li (Lv et al., 2011), Ca (Ishikawa et al., 2008; Yao et al., 2009;
Ishikawa et al., 2010), Fe (Cottenier et al., 2011), Ta (Liu et al., 2013), or the
structure of the compounds NaAl (Feng et al., 2010) and BaGe3 (Zurek and
Yao, 2015).

Other promising approaches to crystal structure prediction have been described
in recent years, among them the Parrinello-RahmanMethod (Laio and Parrinello,
2002; Martoňák et al., 2003), CALYPSO (Wang et al., 2010; Wang et al., 2012b),
EVO (Bahmann and Kortus, 2013), MUSE (Liu, 2014), etc. (Abraham and
Probert, 2008; Fadda and Fadda, 2010).

Incorporating databases into the study and comparison of predicted structures
can make use of data-mining and big-data approaches into the quest for reliably
predicted structures (Le Bail, 2010). One approach to handle symmetry in struc-
ture prediction is, for example, Monte-Carlo-based symmetry building (Michel
and Wolverton, 2014). Exploring the composition space will open the door to
another world of possible findings (d’Avezac and Zunger, 2008; Meredig et al.,
2014). More reviews on structure prediction are available (Woodley and Catlow,
2008; Wang and Ma, 2014; Zurek and Grochala, 2015). Extensive overviews on
recent developments in structure prediction can also be found in the books by
Oganov (2011) and Atahan-Evrenk and Aspuru-Guzik (2014).
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Crystallographic description
of crystal structures

Crystal structures, be they periodic or aperiodic, can be described in many
different ways: as lattices, tilings, or coverings decorated by atoms or clusters
on the one hand, or as packings of structural subunits (AETs, clusters, mod-
ules, etc.) on the other hand. In the following, we start with the decomposition
of crystal structures into AETs and clusters, then we move on to a discussion of
tilings, from the 1D quasiperiodic Fibonacci sequence to examples of 2D and 3D
periodic, as well as quasiperiodic, tilings. The standard unit cell description of pe-
riodic crystal structures corresponds to a specific tiling approach with just a single
prototile with the shape of a parallelepiped, i.e., the crystallographic unit cell.

We will not discuss the well-known 2D and 3D crystallographic standard
concepts and the familiar crystallographic nomenclature and conventions. For
detailed information on these topics see either any crystallographic textbook, the
International Tables For Crystallography (IUCr, 2002), or the educational website
of the International Union of Crystallography (IUCr) http://www.iucr.org/education.
In contrast, we will discuss in greater detail periodic and quasiperiodic tilings
and packings, which can be quite helpful in understanding structural building
principles of all kinds of intermetallics, periodic as well as quasiperiodic ones.

3.1 Coordination polyhedra, atomic environment
types, and clusters

A crystal structure can be regarded as resulting as a compromise between the
energetically most favorable local atomic arrangements and their most efficient
packing on the global scale, thereby minimizing the Gibbs free energy. At non-
zero temperatures, not only the energy but also the configurational and vibrational
entropy can play a decisive role for the formation and stabilization of a particular
structure (low- vs. high-temperature phases, for instance).

One has to keep in mind that every atom B belonging to AET(A), i.e., the co-
ordination polyhedron (atomic environment type, AET) around atom A, also has
its own AET, AET(B), with the atom A being part of it (Fig. 3.1). AETs overlap

Intermetallics: Structures, Properties, and Statistics. First Edition. Walter Steurer and Julia Dshemuchadse.
© Walter Steurer and Julia Dshemuchadse 2016. Published in 2016 by Oxford University Press.
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A B

(a) (b)

AET(A) AET(B)

Fig. 3.1 (a) Schematic representation of overlapping
rhombic-dodecahedral AETs around atoms A and B,
respectively, in the cI2-W structure. AET(A) is
marked by black spheres, AET(B) is marked by gray
ones, and atoms shared by both AETs are depicted
half black/half white. The overlapping region is a
distorted octahedron in this case, which can be
decomposed into four Sommerville tetrahedra (space-
filling distorted tetrahedra). (b) Unit cell with its
central Voronoi polyhedron, a truncated octahedron.

each other; therefore, each atom of an AET itself centers another AET. If the
AET around an atom A contains n atoms, then the coordination number (CN) of
atom A equals n, and the AET may be called a CNn coordination polyhedron. In
most cases, atoms in intermetallic phases do not only interact with their nearest
neighbors in the first coordination shell, but also with atoms of the second coor-
dination shell, or even higher ones. This is reflected in atomic pair potentials in
so-called Friedel oscillations, i.e., minima at specific interatomic distances, which
favor particular local atomic arrangements.

In more complex structures it is not always clear which atom belongs to which
AET. There are some conventions for the definition of atomic environment types
(AETs), for instance, the maximum-gap rule (Brunner and Schwarzenbach,
1971), which says that all those atoms belong to a particular AET whose dis-
tances from the central atom fall into the range before the first large gap in the
distance histogram. Its application is shown in Fig. 3.2 on the example of the
structures of tI2-In and tI2-Pa. Both structures are isopointal, but show differ-
ent AETs with coordination numbers 14 (CN14) and 12 (CN12), respectively.
They belong to different structure types, consequently. Another approach would
be to assign those atoms to a particular AET, which defines the Voronoi cell of its
central atom (Fig. 3.1). In other words, these are those atoms whose Voronoi cells
touch the Voronoi cell of the central atom of the desired AET. The Voronoi cell is
dual to the related AET and vice versa.

The shape of an AET around a central atom depends on the directionality of
the atomic interactions, if any, and on the size ratios of the central atom to the
coordinating atoms. In the case of hard spheres touching each other, the ideal
size ratios are 2

√
3/3 – 1=0.155 in the case of triangular coordination (CN3),√

3/2 – 1=0.225 for a tetrahedral or square planar AET (CN4),
√
2 – 1=0.414
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Fig. 3.2 Crystal structures and AETs of tI2-Pa (a,b) and tI2-In (c,d) together with the
respective distance histograms (e,f) with the maximum gaps marked by arrows. The distorted
rhombic-dodecahedral AET (CN14) of tI2-Pa and the distorted cuboctahedral AET (CN12) of
tI2-In are closely related to the respective undistorted AETs of cI2-W and cF4-Cu.

for an octahedral AET (CN6),
√
3 – 1=0.732 for a hexahedral AET (CN8),

sin 2π /5 = 0.902 for icosahedral coordination (CN12), 1 for cuboctahedral or
disheptahedral (anticuboctahedral) AETs (CN12), and

√
3/2(1+

√
5) –1=1.803

for dodecahedral coordination (CN20).
There are no general rules for the visualization of a crystal structure in terms of

structural building blocks (structure motifs, fundamental building units, clusters,
etc.). To some extent, the maximum-gap rule can be applied also to larger
structural units such as clusters. If the cluster shells were close to spherical
then distinct gaps would separate them in the distance histogram. An attempt
to identify “nanoclusters” in an unbiased way, just based on a set of geomet-
rical input parameters, was put forward by the computer program ToposPro
(Blatov et al., 2014; Blatov and Shevchenko, 2015) (formerly TOPOS (Blatov
et al., 2000; Blatov, 2014)). However, even if one finds a neat-looking cluster-
based description, this does not mean that it makes sense from a crystal-chemical
point of view, i.e., that the intra-cluster atomic interactions differ from the
inter-cluster ones.

Let us discuss the problem of cluster identification on the simple example of
a cubic close packing (ccp) of hard spheres, as realized in the structure of face-
centered cubic ( fcc) aluminum (cF4-Al). It is usually described as a packing of
hexagonal close-packed (hcp) layers with layer sequence ABC (Fig. 3.3(a)). Of
course, an fcc packing of hard spheres is by no means a layer structure in the
crystal-chemical meaning of the word, just in one of its geometrical descriptions.



34 Crystallographic description of crystal structures
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Fig. 3.3 Structure of fcc aluminium (cF4-Al): (a) as
composed from hexagonal close-packed (hcp) layers, and
(b) built from edge-sharing octahedra and gap-filling
tetrahedra (atoms are shown as non-space filling).
Horizontal hexagonal close packed layers are marked A,
B, and C, depending on their positions relative to one
another.

According to the cubic symmetry, the layer sequence ABC is realized in each
of the four symmetrically equivalent [111]-directions. This means that the layers
perpendicular to the four three-fold axes completely interpenetrate each other.

Another way to describe this simple fcc structure in terms of subunits would
be a packing of non-overlapping uniform polyhedra, i.e., tetrahedra and octa-
hedra (Fig. 3.3(b)). The gaps left in an edge-connected framework of octahedra
are filled by tetrahedra or, vice versa, the gaps left in a corner-connected frame-
work of tetrahedra are filled by octahedra. This description may be useful and
crystal-chemically reasonable if the tetrahedral and/or the octahedral voids are
filled by other, smaller, atoms. However, the then resulting octahedral and tet-
rahedral AETs are just a part of the story, because each atom of these AETs
is also the center of other, less regular AETs, which also have to be taken into
account.

The AET around each atom of fcc aluminum is a cuboctahedron (Fig. 3.4).
The next larger AET (second coordination polyhedron) is an octahedron, and
so on. These “cluster shells” look quite convincing. However, the crucial point
is that every single Al atom in the structure is surrounded by exactly the same
coordination polyhedron and that the distances between neighboring atoms are
always exactly the same. Consequently, there is no crystal-chemical meaning at
all in these kinds of “cluster shells”. Perhaps, they could be seen as geometri-
cal growth models of Al nanocrystals, which does not reflect reality as we know,
however.

Another way of breaking down a crystal structure into its structural subunits
is based on Voronoi cells, which are convex polyhedra containing just a single
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Fig. 3.4 The first five coordination polyhedra (“cluster shells”) around any Al atom in fcc
aluminum. Their radii, listed below each polyhedron, have ratios of 1 :

√
2 :

√
3 :

√
4 :

√
5

(Steurer, 2006b). A part or all of the atomic distances in each higher coordination shell are larger
than in the first one, a cuboctahedron (CN12), which is the AET common to all atoms in the
structure.

atom each. Every point inside a Voronoi cell is closer to its centering atom than
to any other atom outside of it. The Voronoi polyhedron around an atom is dual
to its coordination polyhedron. This means that every face of the Voronoi cell is
capped by an atom of the corresponding AET, and vice versa. The Voronoi-cell
decomposition is a unique way of subdividing a structure.

A generalized cluster-Voronoi cell can be obtained if instead of single atoms
only cluster centers are considered. In contrast to the determination of an AET
around an atom by the maximum-gap method, the derivation of the Voronoi poly-
hedra is unique. The packing of all Voronoi polyhedra of a structure is called
Voronoi tessellation or diagram, while the dual triangulated structure itself is called
Delauney tessellation or triangulation (Fig. 3.5).

Fig. 3.5 Triangulated arbitrary
point set (Delauney tiling, black
lines) and the dual Voronoi tiling
(dotted lines). Each point inside
a Voronoi cell around a vertex is
closer to this vertex than to any
other vertex.
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The geometrical analysis of a complex crystal structure may be performed in
the following way:

(i) Identify the content of subunit cells that are defined around the high-
symmetry points of the unit cell. Useful subunit cells can be (semi)regular
polyhedra, which can be packed without gaps and overlaps. For instance,
for cubic structures the truncated octahedron (Kelvin polyhedron) has
been frequently suggested as subunit cell (Chieh, 1979; Chieh, 1980;
Chieh, 1982; Chieh et al., 1982) (see Fig. 3.15). In the case where a struc-
ture can be described as an fcc packing of one type of cluster, and the
tetrahedral and octahedral voids are filled by other clusters or “glue atoms”,
a packing of truncated octahedra, cuboctahedra, and truncated tetrahedra
may be a useful subunit-cell description as well.

(ii) Identify recurrent structural subunits (AETs, clusters, modules, etc.) and
the way they are linked. Choose those clusters that are closest to units
(e.g., polyanions), which can be distinguished crystal-chemically from their
environment (matrix atoms or other clusters).

(iii) Analyze the packing of the subunit cells and clusters, respectively. A
good starting point can be the well-known packing principles of uniform
polyhedra or of tilings.

(iv) The structure of clusters and/or their packing principles as well as struc-
tural relationships can sometimes be well-described based on the higher-
dimensional approach for aperiodic structures, even if the structure itself is
periodic (Berger et al., 2008).

3.2 Tilings (packings) and coverings

Tilings (tessellations) are infinite arrangements (packings) of copies of unit tiles
(prototiles) without gaps and overlaps (for an exhaustive presentation of 2D
tilings, see Grünbaum and Shephard (1986)). 2D tilings share the edges of the
unit tiles; 3D tilings share the edges and faces. In contrast, coverings fill the space
without gaps but with partial, well-defined overlaps. There is always a one-to-one
correspondence between coverings and tilings, and each covering can be repres-
ented by a tiling decorated at its vertices with the center of a covering cluster.
However, not every tiling can be represented by a covering based on a finite num-
ber of covering clusters, which usually consist of a patch (subset) of tiles on a
smaller scale.

Euler’s equation reformulated for tilings can be written in the form v+ f – e=0,
with v, f , and e the normalized number of vertices, faces, and edges. In the case
of a hexagon tiling, v=2 (6 vertices/hexagon, each shared by 3 hexagons), f =1,
and e=3 (6 edges/hexagon, each shared by two hexagons), yielding v+ f – e=2 +
1 – 3=0 (O’Keeffe and Hyde, 1996). It can also be shown that this equation
holds: 1/〈n〉 + 1/〈i〉=1/2, with 〈n〉= ∑

nφn the average ring size of the polygons,
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and 〈i〉= ∑
ifi the average connectivity i of the vertices in the net. If we have,

for instance, a 3-connected (〈i〉=3) pentagon/hexagon/heptagon tiling with φ5,
φ6, and φ7 now the fraction of the respective n-gons (φ5 + φ6 + φ7 = 1), we obtain
5φ5 + 6(1 – φ5 – φ7) + 7φ7 = 6. This leads to φ5 =φ7 and φ6 = 1 – 2φ5.

Euler’s equation for 3D tilings reads p – f + e – v=0, with p the number of
polyhedra, f of faces, e of edges, and v of vertices (O’Keeffe and Hyde, 1996). For
instance, for dense sphere packings, there are two tetrahedra and one octahedron
per vertex. Each vertex is connected to 12 others (the AET is a cuboctahedron),
giving e=12/2=6, and we have three face-sharing polyhedra ( p=3), f = (8+ 2×
4)/2= 8: p – f + e – v=3 – 8 + 6 – 1=0.

In the case of a topologically close-packed (tcp) structure, which is constituted
from distorted face-sharing tetrahedra, only, we get f =2p and so p= e – v. If there
are Nn vertices that are n-coordinated, then e is half the sum of Nn

p =
∑
n

nNn/2 – v (3.1)

and dividing both sides by p and rearranging leads to

p/v =
∑
n

nNn/2v – 1. (3.2)

This means that the number of tetrahedra per vertex is half the average coordina-
tion number minus one.

Crystallographically relevant tilings can be periodic or aperiodic. nD periodic
tilings can always be reduced to a packing of copies of a decorated single unit
cell, an nD parallelotope (parallelepiped in 3D, parallelogram in 2D). In the case
of quasiperiodic tilings at least two different prototiles are needed (with some
exceptions not relevant here).

While periodic tilings can be generated by simple translation operations, the
generation of quasiperiodic tilings is more complex. There are several methods
in use: (i) the substitution method, (ii) tile assembly guided by matching rules,
(iii) the generalized dual-grid method, and (iv) the higher-dimensional (nD)
approach.

We start with a simple example of a 1D quasiperiodic tiling, the Fibonacci
sequence (FS), which can be found in some quasiperiodic, incommensurately
modulated and host/guest structures. For examples of 2D tilings, related to the
structure of layers, we will first discuss the Archimedean tilings and their duals,
the Laves tilings, followed by a short introduction into quasiperiodic tilings, in
particular the Penrose tiling.

3.2.1 1D tilings: the quasiperiodic Fibonacci sequence
and its periodic approximants

The Fibonacci sequence (FS), a 1D quasiperiodic substitutional sequence (see,
e.g., Luck et al. (1997)), can be obtained by iterative application of the substitution
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rule σ : L 	→ LS, S 	→ L on the two-letter alphabet {L, S}. The substitution rule
can be alternatively written employing the substitution matrix S

σ :

(
S
L

)
	→

(
0 1
1 1

)
︸ ︷︷ ︸

=S

(
S
L

)
=

(
L
LS

)
. (3.3)

The substitution matrix also gives the relative frequencies of the letters L and
S in the resulting words wn, which are finite strings of these letters. Longer words
can be created by multiple action of the substitution rule. Thus, wn = σ n(L) means
the word resulting from the n-th iteration of σ (L): L 	→ LS. The action of the
substitution rule is also called inflation operation as the number of letters is inflated
by each step. The FS can as well be created by recursive concatenation of shorter
words according to the concatenation rule, wn+2 =wn+1wn. The generation of the
first few words is shown in Table 3.1.

The substitution rule applied to a word wn leaves this word invariant and
adds a word wn–1 to it. This means that the FS is self-similar and shows scal-
ing symmetry by factors of τ n, with the irrational algebraic number τ = (1 +√
5)/2= 2 cos(π /5) = 1.618. . . , the golden mean or golden ratio. The frequencies

νL
n =Fn+1, ν

S
n =Fn of letters L, S in the word wn = σ n(L), with n≥ 1, result from the

(n – 1)th power of the transposed substitution matrix to(
νL
n

νS
n

)
=

(
ST

)n–1 (1
1

)
. (3.4)

Table 3.1 Generation of words wn = σ n(L) of the quasiperiodic Fibonacci sequence by repeated
action of the substitution rule σ (L)=LS, σ (S)=L. νLn and νSn denote the frequencies of L and
S in the words wn; Fn are the Fibonacci numbers.

n wn+2 = wn+1wn νLn νSn

0 L 1 0

1 LS 1 1

2 LSL 2 1

3 LSLLS 3 2

4 LSLLSLSL 5 3

5 LSLLSLSLLSLLS 8 5

6 LSLLSLSLLSLLS︸ ︷︷ ︸LSLLSLSL︸ ︷︷ ︸ 13 8

w5 w4

...
...

...
...

n Fn+1 Fn
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The Fibonacci numbers Fn+2 =Fn+1 + Fn, with n ≥ 0 and F0 = 0,F1 = 1, form a
series with limn→∞ Fn/Fn–1 = τ =1.618. . . . Arbitrary Fibonacci numbers can be
calculated directly by Binet’s formula

Fn =
(1 +

√
5)n – (1 –

√
5)n

2n
√
5

. (3.5)

If we assign a long and a short line segment to L and S, respectively, with L= τS,
then we get a 1D quasiperiodic tiling (Fig. 3.6). Decorating the vertices of the
tiling, and/or the line segments with atoms, yields a model of a 1D quasiperiodic
structure. It is self-similar and shows scaling symmetry by factors of τ or 1/τ .

The FS has a periodic average structure (PAS) with a mean vertex distance, dav,
which results in

dav = lim
n→∞

Fn+1L + FnS
Fn+1 + Fn

=
{
Fn+1
Fn+2

τ +
Fn
Fn+2

}
S = (3 – τ)S, (3.6)

yielding a vertex point density Dp =1/dav. There is a one-to-one relationship be-
tween the vertices of the FS and its PAS. The total length of a finite subset of the
FS for n line segments reads (in units of S)

xn = (n + 1)(3 – τ) – 1 –
1
τ

{[
n + 1

τ

]
(mod 1)

}
. (3.7)

It should be mentioned here that the FS can be equally well described as a
modulated structure, with an incommensurate saw-tooth modulation wave due to
the one-to-one relationship between the vertices of the FS and its PAS.

τ−1L

τ−2L

τ−3L τ−3L τ−3L τ−3Sτ−3S

τ−2L

τ−1S

τ−2S

L

Fig. 3.6 Graphical representation of the substitution rule σ of
the Fibonacci sequence. Rescaling by a factor of 1/τ at each step
keeps the total length constant. Shown is a deflation of the line
segment lengths corresponding to an inflation of letters. At the
bottom of the figure, the decomposition of the FS into covering
clusters of the type (LS) is indicated.
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Approximants are periodic structures, which have basic building elements
(clusters) in common with quasiperiodic structures. An example would be, for
instance, the sequence (LSSLSSL)n. If approximants can be derived employing
the nD approach, which is not the case in the previous example, then they are
called rational approximants. As is illustrated in Fig. 4.8, a rational approximant
of the FS can be obtained by a rational cut of the 2D structure, while the FS itself
results along an irrational cut with a slope related to τ . Examples are, for instance:
(L)n, (LS)n, (LSL)n, (LSLLS)n, etc. with n → ∞.

3.2.2 2D Archimedean (Kepler) tilings

Structural subunits of particular classes of intermetallic phases can be described
as decorated Archimedean tilings. Examples are the σ -phase, tP30-Cr46Fe54, the
Laves phase cF24-MgCu2, and other Frank-Kasper phases. The 11 Archimedean
tilings (also called Kepler tilings) were derived a long time ago by Kepler (1619)
in analogy to the Archimedean solids. Three of them are regular, i.e., they consist
of congruent regular (equilateral and equiangular) polygons of one kind (mono-
hedral) with just one type of vertex configuration: the triangle tiling 36, the square
tiling 44, and the hexagon tiling 63. A vertex configuration can be described either
by the Cundy-and-Rollet symbol nm (Cundy and Rollet, 1952) or by the Schläfli
symbol {n,m}, meaning that m n-gons meet at a vertex. The Archimedean tilings
can be colored (decorated) uniformly in exactly 32 different ways. A coloring is
uniform if it maintains the vertex transitivity, i.e., symmetry equivalence between
the vertices.

The eight semi-regular Archimedean tilings (see Fig. 3.7 and Table 3.2) are uni-
form (symmetrically equivalent) like the regular ones, i.e., they have only one type
of vertex configuration (vertex transitive), but consist of two or more different
regular polygons as prototiles (di- or trihedral).

In the case of structures that can be geometrically described as stackings of lay-
ers, subsequent layers are frequently dual to each other. A tiling dual to another
one can be obtained by putting vertices in the centers of the unit tiles and con-
necting them properly by lines. If a tiling is regular, so will be its dual tiling. The
dual to a square tiling is a square tiling again, so it is called self-dual, while the
dual to the hexagon tiling is the triangle tiling and vice versa. A tiling and its dual
can be seen analogous to a lattice and its reciprocal lattice; both have the same
point group symmetry. The unit tiles of the dual tiling correspond to the Voronoi
cells of the tiling.

The duals to the Archimedean tilings are the Catalan or Laves tilings, which are
isohedral (monohedral, face transitive with just one type of unit tile) but which
have more than one vertex configuration. These tilings are, therefore, described
by their face configuration. It can be given by the Cundy-and-Rollet symbol
Vm1.m2 . . . , which lists the number of tiles meeting at each vertex along a circuit
around a unit tile. For example, the Cairo pentagon tiling V32.4.3.4, consisting of
smashed pentagons, is the dual of the Archimedean snub square tiling 32.4.3.4.
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(a) (b) (c) (d) (e)

(f) (g) (h)

Fig. 3.7 The eight semi-regular Archimedean tilings: (a) snub hexagonal tiling 34.6,
(b) elongated triangular tiling 33.42, (c) snub square tiling 32.4.3.4, (d) trihexagonal tiling
3.6.3.6 (Kagomé tiling), (e) small rhombitrihexagonal tiling 3.4.6.4, (f) truncated square tiling
4.82, (g) truncated hexagonal tiling 3.122, and (h) great rhombitrihexagonal tiling 4.6.12. The
unit cells are outlined by dashed lines.

Its face configuration means that each unit tile has five vertices where 3, 3, 4, 3, 4
tiles of the same kind meet. The symbols for face and vertex configuration of dual
tilings are the same except that the former is preceded by the letter V .

3.2.3 2D quasiperiodic Penrose tilings and the Gummelt
decagon covering

The Penrose tiling (PT) is named after its discoverer, Roger Penrose, a British
mathematician, theoretical physicist, and philosopher (Penrose, 1974). It became
well-known through Martin Gardner’s article in the popular scientific journal Sci-
entific American (Gardner, 1977). In the book Tilings and Patterns by Grünbaum
and Shephard (1986), three different versions of the PT are presented: one based
on pentagons (P1 tiling, PPT), one on kites and darts (P2 tiling), and one on thick
and thin rhombs (P3 tiling, RPT) (Fig. 3.8).

All three of them belong to the Penrose local isomorphism (PLI) class, i.e., they
are mutually locally derivable. All PLI-class tilings have matching rules forcing
quasiperiodicity. It should be kept in mind that matching rules are no growth rules
in contrast to the substitution (inflation) rules. This means it is not possible to
construct a PT just by obeying the matching rules, because one would always run
into situations where the PT could not be continued. In contrast, if one encounters
a tiling obeying the matching rules, it belongs to the PLI class for sure. Relaxing
the matching rules leads to random tilings or even periodic tilings.
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Table 3.2 Characteristic data for the eight semi-regular Archimedean tilings. The number of
vertices nV per unit cell is given; the density is calculated for a close packing of equal circles at the
vertices. In the second lines, the lattice parameter a is given for a tile edge length of 1 and the
Wyckoff positions of the plane group occupied for generating the tiling are listed (O’Keeffe and
Hyde, 1980).

Names of the Archimedean tiling and its dual, the respective Catalan tiling

Vertex nV Plane group Density
configuration a Wyckoff position

Snub hexagonal tilinga – Floret pentagonal tiling

34.6 6 p6 π
√
3/7 = 0.7773

a =
√
7 6d x = 3/7, y = 1/7

Elongated triangular tiling – Prismatic pentagonal tiling

33.42 4 c2mm π /(2 +
√
3) = 0.8418

a = 1, b = 2 +
√
3 4e y = (1 +

√
3)/(4 + 2

√
3)

Snub square tiling – Cairo pentagonal tiling

32.4.3.4 4 p4gm π /(2 +
√
3) = 0.8418

a = (2 +
√
3)1/2 4c x = 1 – 1/4[(2 –

√
3)(2 +

√
3)]1/2

Trihexagonal tilingb – Rhombille tiling

3.6.3.6 3 p6mm π
√
3/8 = 0.6802

a = 2 3c

Small rhombitrihexagonal tiling – Deltoid trihexagonal tiling

3.4.6.4 6 p6mm π
√
3/(4 + 2

√
3) = 0.7290

a = 1 +
√
3 6e 4x = 1/(3 +

√
3)

Truncated square tiling – Tetrakis square tiling

4.82 4 p4mm π /(3 + 2
√
2) = 0.5390

a = 1 +
√
2 4e x = 1/(2 + 2

√
2)

Truncated hexagonal tiling – Triakis triangular tiling

3.122 6 p6mm π
√
3/(7 + 4

√
3) = 0.3907

a = 2 +
√
2 6e x = (1 – 1/

√
3)

Great rhombitrihexagonal tiling – Kisrhombille tiling

4.6.12 12 p6mm π /(3 + 2
√
3) = 0.4860

a = 3 +
√
3 12f x = 1/(3

√
3 + 3), y = x + 1/3

a Two enantiomorphs. b Kagomé net; quasiregular tiling because all edges are shared by equal polygons.
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Fig. 3.8 Penrose pentagon tiling (PPT) (thick black lines) with
underlying rhomb Penrose tiling (RPT) (thin black lines). At the bottom,
the decoration of the rhomb prototiles is shown that produces the PPT.
Hexagon, boat, and star (HBS) supertiles are outlined by thick white lines
( from Steurer and Deloudi (2009), Fig. 1.10. With kind permission from
Springer Science+Business Media.)

The rhomb PT (RPT) is based on a set of two unit tiles: a skinny rhomb (acute
angle αs =π /5) and a fat rhomb (acute angle αf =2π /5) with equal edge lengths ar ,
and with areas As = a2r sinπ /5 and Af = a2r sin 2π /5 = τAs. The total area they are
covering and their frequencies in the RPT both have the ratio 1 : τ . An inflation
rule exists, which replaces each rhomb tile with a set of four τ times smaller tiles
(Fig. 3.9). By iterative application of this rule, an infinite RPT can be generated.
The number of unit tiles is inflated by this substitution, but the size of the unit tiles
is deflated by τ . The RPT has a scaling symmetry, which can be represented by
the matrix S. Applying the scaling matrix to the set of vertices MRPT of the RPT
yields an RPT dual to the original RPT, but blown up by a factor τ .
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(a) (b) (c)

A

A’

Fig. 3.9 Scaling properties of the rhomb Penrose tiling (RPT). (a) The
substitution (inflation) rule for the rhomb prototiles. In (b) a RPT (thin lines) is
superimposed with another RPT (thick lines) scaled by S, and in (c) scaling by
S2 is shown. A subset of the vertices of the scaled tilings coincide with the vertices
of the original tiling. The rotoscaling operation S2 is also a symmetry operation
of a pentagram (white lines), mapping each vertex of a pentagram onto another
one. This is demonstrated in (c) on the example of the vertex A which is mapped
onto A’ by S2 ( from Steurer and Deloudi (2009), Fig. 1.6. With kind
permission from Springer Science+Business Media.)

The set of vertices of the RPT,MRPT , is a subset of the vector module

M =

{
r

4∑
i=0

niarei
∣∣∣ei = (cos 2π i/5, sin 2π i/5, 0)

}
. (3.8)

MRPT consists of five subsets

MRPT = ∪4
k=0Mk withMk =

{
π‖(rk)

∣∣∣π⊥(rk) ∈ Tik, i = 0, . . . , 4
}

(3.9)

and rk =
∑4

j=0 dj
(
nj + k

5

)
, nj ∈ Z. The i-th triangular subdomain Tik of the k-th

pentagonal occupation domain corresponds to

Tik =
{
t = xiei + xi+1ei+1

∣∣∣xi ∈ [0, λk], xi+1 ∈ [0, λk – xi]
}

(3.10)

with λk the radius of a pentagonally shaped occupation domain: λ0 = 0, for
λ1,4 = ar/τ 4 and λ2,3 = ar /τ 3, with ar the rhomb unit tile edge length.

S =

⎛
⎜⎜⎜⎝
0 1 0 1̄

0 1 1 1̄

1̄ 1 1 0

1̄ 0 1 0

⎞
⎟⎟⎟⎠
D

=

⎛
⎜⎜⎜⎝

τ 0 0 0
0 τ 0 0

0 0 – 1
τ

0
0 0 0 –1

τ

⎞
⎟⎟⎟⎠

V

=

(
S‖ 0

0 S⊥

)
V

(3.11)
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The matrix-subscript D refers to the 4D crystallographic basis (D-basis), while
subscript V indicates that the vector components refer to a Cartesian coordinate
system (V -basis) (see Section 4.5). Only scaling by S4n results in an identical RPT
(with unit-tile edge-lengths increased by a factor τ 4n) of original orientation. Then
the relationship S4nMRPT = τ 4nMRPT holds. S2 maps the vertices of an inverted, and
by a factor τ 2 enlarged, PT upon the vertices of the original RPT. The rotoscaling
operation �(10)S2 leaves the subset of vertices forming a pentagram invariant
(Fig. 3.9).

By a particular decoration of the unit tiles with line segments, infinite lines
(Ammann lines) are created forming a Fibonacci penta-grid (5-grid, “Ammann
quasilattice” (Levine and Steinhardt, 1986)) (Fig. 3.10). The dual of the Am-
mann quasilattice is the deflation of the original RPT. The line segments can act
as matching rules forcing strict quasiperiodicity. In the case of simpleton flips
(phason flips and hexagon flips), the Ammann lines are broken. A simpleton flip
is a jump between two positions of the inner vertex in a hexagon-arrangement

Fig. 3.10 The rhomb Penrose tiling with Ammann lines drawn in. The
decoration of the unit tiles by Ammann line segments and the action of
simpleton (phason) flips are shown at the bottom (from Steurer and
Deloudi (2009), Fig. 1.8. With kind permission from Springer
Science+Business Media.)
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of two skinny and one fat rhomb or two fat rhombs and one skinny rhomb. In a
quasicrystal, such flips are low energy excitations.

Particular quasiperiodic tilings, including some with 8-, 10-, and 12-fold sym-
metry that are relevant for real QCs, can be fully covered by one or more covering
clusters. By covering cluster we mean a patch of tiles of the respective tiling,
which is called Gummelt decagon in the case of the PT. In Fig. 3.11(h) and (i),
the decoration of the Gummelt decagon with patches of the RPT and the PPT,
respectively, are shown. The Gummelt decagon is a single, mirror-symmetrical,
decagonal cluster with overlap rules that force perfectly ordered structures of the
PLI class (Gummelt, 1996) (Fig. 3.11(a)). There are different ways of marking
the overlap rules. In 3.11(a)–(e), the rocket decoration is used, where the colors
of the overlap areas of two Gummelt decagons must match. There are nine
different allowed coordinations of a central Gummelt decagon by other decagons
so that all decagon edges are fully covered. The coordination numbers are 4, 4,
4, 4, 5, 5, 5, 5, 6.

The centers of the Gummelt decagons form a PPT when the overlap rules are
obeyed. Its dual is the so-called τ 2-HBS supertiling. The H(hexagon) tiles contain
4 Gummelt decagon centers, the B(oat) tiles 7, and the S(tar) tiles 10. The HBS
tile edge length is τ 2 times that of the decagon, which itself is equal to τ times the
edge length of the underlying RPT (Fig. 3.10).

For periodic tilings the number of different vertex surroundings within a coor-
dination sphere of any size is limited. This is not the case for quasiperiodic tilings.
In the RPT, for instance, one finds eight different vertex configurations in the

(a) (b) (c) (d) (e)

(f) (g) (h) (i)

C D B A

Fig. 3.11 Gummelt-decagon (a) and its overlap rules for the construction of perfect tilings of the
PLI class (b)–(e). With relaxed (unoriented) overlap rules, random decagonal coverings can be
obtained (f)–(g). The relationship of the Gummelt decagon to the rhomb and the pentagon
Penrose tiling is shown in (h) and (i), respectively (from Steurer and Deloudi (2009), Fig. 1.13.
With kind permission from Springer Science+Business Media.)
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first coordination sphere, which includes the nearest neighbors (NN). This num-
ber increases to 23, if one increases the coordination sphere to include also the
next-nearest neighbors (NNN), and to approximately 280 if the NNNN vertices
are included as well (Peng and Fu, 2015). The range of the frequencies of the dif-
ferent vertex environments widens with the coordination sphere. The eight NN
vertex frequencies range from 1/5(τ –6 + τ –8) = 0.01540 to τ –2 = 0.38197, and the
NNN frequencies from 1/5(τ –8 + τ –10) = 0.00588 to 2τ –6 = 0.11146.

This kind of complexity can be put into perspective taking into account the
self-similarity of the RPT as well as its repetitivity. The self-similarity symmetry
operation maps the vertices of a RPT onto the vertices of a copy of the RPT
scaled by powers of τ –1. Repetitivity means that any bounded patch of the RPT (a
Gummelt decagon, for instance) can be found again in the RPT within a distance
of less than two diameters of that patch. Decorating such a patch of the RPT with
atoms, we can get a structural building block (cluster) of a quasiperiodic structure.

3.2.4 Sphere packings and polytypism

Atoms with isotropic interaction potentials will preferentially form structures re-
lated to closest packings of hard spheres. A good example would be the noble
gases, which all crystallize either in ccp or hcp structures. However, really isotropic
interaction potentials are rare in the case of metallic elements although a signif-
icant number of them crystallizes in close-packed structures, at least at ambient
conditions. And these are not the simple s-metals such as the alkali metals, which
show bcc structures at ambient pressure, and a large variety of rather complex
structures at higher pressures.

In a close sphere packing, any pair of spheres is connected via a chain of
spheres with mutual contact. If all spheres are symmetrically equivalent, it is
called a homogenous sphere packing, otherwise a heterogeneous one (Koch and
Fischer, 1992). In the latter case, the non-symmetrically-equivalent spheres can
have different radii and can occupy different crystallographic orbits. In Table 3.3,
examples of different sphere packings are listed with the highest and lowest dens-
ities and contact numbers. The number k of contacts per sphere is in the range
3 ≤ k ≤ 12.

The packing densities, i.e., the fraction of space occupied by the spheres,
with q=π /

√
18=0.74048 . . . , are the highest for the well-known cubic (ccp) and

hexagonal close(st) packings (hcp) (Fig. 3.12). In both cases, the coordination
numbers CN are 12 and the distances to the nearest neighbors equal. They start
to differ not before the third coordination shell. The two closest packings, ccp and
hcp, can be seen as stackings of hcp layers (36 tilings decorated by spheres), with
the sequence ABC along [111] in the cubic case, and AB along [001] in the hex-
agonal case (Fig. 3.12). The hcp layers are named A, B, and C depending on their
relative positioning to each other: A (0, 0), B (1/3, 2/3), and C (2/3, 1/3).

Theoretically, an infinite number of structures exists with other stacking se-
quences of the hcp layers, called polytypes, which all have exactly the same packing
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Table 3.3 Characteristics of some homogenous sphere packings with high (low) contact numbers
k and high (low) fractional packing densities q; a, b, and c are lattice parameters, d is the
distance between the centers of neighboring spheres (Wilson and Prince, 1999).

k Space group Wyckoff position Parameters d q

12 194 P63/mmc 2c
1
3
,
2
3
,
1
4

c
a
=

2
3

√
6 = 1.6330 a 0.7405

12 225 Fm3̄m 4a 0, 0, 0
a
2

√
2 0.7405

11 12 C2/m 4i x, 0, z x =
1
2

(√
2 – 1

)
, b 0.7187

z = 3
√
2 – 4,

b
a
=

1
3

√
3,

c
a
=

1
6

(√
6 + 2

√
3
)

cosβ =
1
6

(√
6 – 2

√
3
)

10 139 I4/mmm 2a 0, 0, 0
c
a
=

√
6/3 = 0.81650 c 0.6981

3 214 I4132 24h
1
8
, y,

1
4
– y y =

1
8

(
2
√
3 – 3

) a
4

(
2
√
6 – 3

√
2
)

0.0555

(a) (b) (c) (d)

A

A

A
A

A

A

A

B
B

B B

(e) (f) (g) (h)

A
A

C

B

B

A

B

C C C

CCC

C

C

Fig. 3.12 Characteristics of the (a)–(d) hexagonal close (hcp) and (e)–(h) the cubic close (ccp)
sphere packing. In the case of the hcp structure, the hcp layers are packed with the sequence AB
along the [001]-direction. For the ccp structure, the sequence is ABC along [111]. The AET
corresponds to a non-centrosymmetric disheptahedron (anticuboctahedron) in the case of the
hexagonal structure (c), and to a centrosymmetric cuboctahedron in the case of the cubic
structure (g). The respective unit cells are shown in (d) and (h).
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density, and either rhombohedral or hexagonal symmetry. Actually, experimen-
tally observed examples are the structures of hP4-La (ACAB) and hR9-Sm
(ABABCBCAC). For the description of polytypic structures, different notations
have been used. Frequently employed is the one introduced by Jagodzinski (1954),
which characterizes the layer sequence by the either c(ubic) or h(exagonal) sur-
rounding of each layer. For instance, in the stacking sequence ABC, B would be
characterized as c as well as A and B, because A is surrounded by C and B, and
C by B and A. hR9-Sm, ABABCBCAC would then be written as chhchhchh. Its
degree of hexagonality, i.e., the relative number of the letter h, results to 2/3. In
the less common Ramsdell notation, just the number of layers per period and the
Bravais type lattice type are given. For instance, for hP4-La, ACAB, and hR9-Sm,
ABABCBCAC, we would get 4H and 9R.

It is remarkable that the monoclinic sphere packing with space group 12 C2/m
and k = 11 exhibits a packing density only ≈ 3% lower than the highly symmet-
ric cubic and hexagonal close packings. Among the low-symmetry structures, this
space group shows, with 300, by far the most representatives, indeed (see Sub-
section 5.3.1). Table 3.4 shows space filling values for the structures of a number
of elements, ranging from the values known from close sphere packings, 0.74, to
ones as low as 0.285. Very low packing densities like that for cF8-C (diamond), for
instance, indicate that a hard-sphere packing model is not an adequate description
of such a structure. The hard constraints of directional covalent bonding dominate
the structure formation overriding the maximization of packing density. As we
will see in Chapter 6, most of the metallic elements show structures correspond-
ing to quite simple sphere packings. At elevated pressures, in many cases, the

Table 3.4 Fractional packing densities q of elemental structures under the assumption of hard
spherical atoms (Pearson, 1972).

Element Pearson symbol Space-filling Element Pearson symbol Space-filling
c/a value q c/a value q

Cu cF4 0.740 Po cP1 0.523

Mg hP2, 1.63 0.740 Bi hR2, 2.60 0.446

Zn hP2, 1.86 0.650 Sb hR2, 2.62 0.410

Pa tI2 0.696 As hR2, 2.80 0.385

In tI2 0.686 Ga oC8 0.391

W cI2 0.680 Te hP3 0.364

Hg hR1 0.609 C cF8 0.340

Sn tI4 0.535 P oC8 0.285

U oC4 0.534



50 Crystallographic description of crystal structures

isotropic atomic interactions governing structure formation at ambient pressures
are replaced by more anisotropic ones leading to low-symmetry structures.

3.3 Polyhedra and packings

The representation of crystal structures as packings of polyhedra is quite common
(wherever it is possible), because in this way the building principles of a com-
plex crystal structure can often be better illustrated. There are infinitely many
different polyhedra possible. Since we want to show the principles of this kind
of representation only, we restrict our discussion to convex regular and semi-
regular polyhedra. They are called regular if their faces are all equal and regular
(equilateral and equiangular), and surround each vertex (corner) in the same way,
with the same solid angles. Consequently, regular polyhedra are vertex-transitive
and face-transitive. Furthermore, we discuss also their space-filling packings (3D
tilings or tessellations) with cubic symmetry, and we demonstrate on one example
how quasiperiodic packings can be arranged.

We have to add again the caveat that a polyhedral description of a structure
generally does not mean that the polyhedra have any crystal-chemical meaning.
Even if nested polyhedra are sometimes termed clusters, they are, at least in most
cases, purely geometrical entities, structural subunits. Only for certain classes of
intermetallics such as the Zintl phases, for instance, they may bear some physical
relevance as polyanions, for instance, or for quasicrystals with covalent bonding
contributions.

3.3.1 Platonic, Archimedean, and Catalan solids

There are five regular polyhedra in 3D space, the Platonic solids: the tetrahe-
dron, with point symmetry 4̄3m, and Schläfli symbol1 {3,3}, the octahedron,
m3̄m: {3,4}, the hexahedron (cube), m3̄m: {4,3}, the icosahedron, m3̄5̄: {3,5},
and the dodecahedron, m3̄5̄: {5,3}. The orientational relationship to the cubic
symmetry in each case is indicated by a circumscribed cubic unit cell (Fig. 3.13).
The dual to a Platonic solid {p, q} is again a Platonic solid {q, p}. The tetrahedron
is its own dual, that of the cube is the octahedron, and the icosahedron is the dual
of the dodecahedron (and vice versa).

If polyhedra are only vertex-transitive such as the 13 semi-regular Archime-
dean solids (Fig. 3.5(a)–(m) and Table 3.5), they are called uniform. Semi-regular
polyhedra are characterized by faces that are all regular polygons but of at least
two different kinds. There is also an infinite number of prisms and antiprisms
with n-fold symmetry that belong in this class. The prisms consist of two congru-
ent n-gons plus n squares, 42.n, and have point symmetry N /mmm (N denotes an
n-fold rotation axis). The antiprisms consist of two twisted congruent n-gons plus

1 For a polyhedron, the Schläfli symbol {n,m} means that m n-gons meet at each vertex.
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(a) (b) (c) (d) (e)

Fig. 3.13 The five Platonic solids with their vertex configuration
inscribed in cubic unit cells to show their orientational relationships
to the 2-, 3-, and 4-fold axes of the cube: tetrahedron, {3, 3} 33,
octahedron, {3, 4}34, hexahedron (cube), {4, 3}43, icosahedron,
{3, 5}35, and dodecahedron, {5, 3}53.

n equilateral triangles, 33.n, with point symmetry (2N)m2. Consequently, the only
antiprism with crystallographic symmetry is the octahedron, 34. The square an-
tiprism, 33.4, has point symmetry 8̄m2 and the hexagonal antiprism, 33.6, 12m2,
both “non-crystallographic” symmetries.

Most of the Archimedean polyhedra can be related by duality (see above,
Platonic solids) or by truncation. For instance, by successive truncation of the
cube, first the truncated cube results (Fig. 3.14(c)), then the cuboctahedron
(Fig. 3.14(b)), followed by the truncated octahedron (Fig. 3.14(d)), and finally,
the octahedron.

The Archimedean solids can all be inscribed in a sphere and one of the Platonic
solids. Their duals are called Catalan solids, which have in-spheres. In contrast to
the Archimedean solids, they are face-transitive and non-uniform. Examples are
the rhombic dodecahedron, V(3.4)2, the dual of the cuboctahedron, (3.4)2, and
the rhombic triacontahedron, V(3.5)2, which is dual to the icosidodecahedron,
(3.5)2 (Fig. 3.14(n) and (o), respectively). The number of faces, edges, and ver-
tices of the Archimedean solids corresponds to the number of vertices, edges, and
faces of the dual Catalan solids. The rhombic dodecahedron is the AET of the
atoms in a cI2-W- or cP2-CsCl-type structure, and the triacontahedron is part of
the fundamental structural subunits of icosahedral quasicrystals. It should also be
mentioned here that endohedral clusters frequently consist of cluster shells that
are mutually dual to one another.

Space filling packings of regular and semi-regular polyhedra always require at
least two kinds of polyhedra except in the case of the cube and the truncated octa-
hedron (Kelvin polyhedron, Voronoi cell of the bcc lattice) (Fig. 3.15(a)). Euler’s
formula can be reformulated for polyhedra packings: p – f + e – v=0, with p, f , e,
and v the number of polyhedra, faces, edges, and vertices, respectively (O’Keeffe
and Hyde, 1996). For instance, a ccp packing of atoms can be described as a pack-
ing of octahedra and tetrahedra, with eight and four faces, respectively. There are
one octahedron and two tetrahedra per atom (vertex, v=1, p=3). Taking face-
sharing into account, we get eight faces per vertex ( f =8). Since the coordination
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Table 3.5 Characteristic data for the 13 Archimedean solids and of two of their duals (below the
horizontal dashed line). Faces are abbreviated tri(angle), squ(are), pen(tagon), hex(agon),
oct(agon), dec(agon), and rho(mb). In the last column, the ratio of the edge length as of the faces to
the edge length of the circumscribed polyhedron (Platonic solid) ap is given, where p = c(ube),
t(etrahedron), o(ctahedron), i(cosahedron), d(odecahedron), and m(idsphere radius).

Name Typical
Vertex
configuration

Faces Edges Vertices Point
group

ratios
p : as/ap

Truncated tetrahedron

3.62 8: 4 tri, 4 hex 18 12 4̄3m t : 1/3

Cuboctahedron

(3.4)2 14: 8 tri, 6 squ 24 12 m3̄m c : 1/
√
2

Truncated cube

3.82 14: 8 tri, 6 oct 36 24 m3̄m c :
√
2 – 1

Rhombicuboctahedron

3.43 26: 8 tri, 18 squ 48 24 m3̄m c :
√
2 – 1

Truncated cuboctahedron

4.6.8 26: 12 squ, 8 hex, 6 oct 72 48 m3̄m c : 2/7(
√
2 – 1)

Truncated octahedron

4.62 14: 8 hex, 6 oct 36 24 m3̄m c : 1/2
√
2

Snub cubea

34.4 38: 32 tri, 6 squ 60 24 432 c : 0.438

Icosidodecahedron

(3.5)2 32: 20 tri, 12 pen 60 30 m3̄5̄ i : 1/2

Truncated dodecahedron

3.102 32: 20 tri, 12 dec 90 60 m3̄5̄ d : 1/
√
5

Truncated icosahedron

5.62 32: 12 pen, 20 hex 90 60 m3̄5̄ i : 1/3

Rhombicosidodecahedron

3.4.5.4 62: 20 tri, 30 squ, 12 pen 120 60 m3̄5̄ d :
√
5 + 1/6

Truncated icosidodecahedron

4.6.10 62: 30 squ, 20 hex, 12 dec 180 120 m3̄5̄ d :
√
5 + 1/10

Snub dodecahedrona

34.5 92: 80 tri,12 pen 150 60 235 i : 0.562

Rhombic dodecahedron

V(3.4)2 12 rho 24 14 m3̄m m : 3
√
2/4

Rhombic triacontahedron

V(3.5)2 30 rho 60 32 m3̄5̄ m : (5 –
√
5)/4

aTwo enantiomorphs each
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(a) (b) (c) (d) (e)

(f) (g) (h) (i) (j)

(k) (l) (m) (n) (o)

Fig. 3.14 The 13 vertex-transitive Archimedean solids (a)–(m) and two of their duals (n)–(o)
with their vertex configuration: (a) truncated tetrahedron (Friauf polyhedron), 3.62,
(b) cuboctahedron, (3.4)2, (c) truncated cube, 3.82, (d) truncated octahedron, 4.62, (e) (small)
rhombicuboctahedron, 3.43, (f) truncated cuboctahedron (great rhombicuboctahedron), 4.6.8,
(g) snub cube, 34.4, only one enantiomorph shown, (h) icosidodecahedron, (3.5)2, (i) truncated
dodecahedron, (3.10)2, (j) truncated icosahedron, 5.62, (k) (small) rhombicosidodecahedron,
3.4.5.4, (l) truncated icosidodecahedron (great rhombicosidodecahedron), 4.6.10, and (m) snub
dodecahedron, 34.5, only one enantiomorph shown. The rhombic dodecahedron, V(3.4)2

(n), and the rhombic triacontahedron, V(3.5)2 (o), are duals of the cuboctahedron (b) and the
icosidodecahedron (h), and belong to the face-transitive Catalan solids.

number of each atom equals twelve, the number of edges per vertex res-
ults to e=6. In summary, we get p–f +e–v=3–8+6–1=0. This allows us to derive
all space-filling packings of the Archimedean solids (Table 3.6 and Fig. 3.15).

Packings of truncated cubes sharing their octagon faces leave voids, which have
to be filled by octahedra (Fig. 3.15(b)). Octahedra are also needed to fill the
empty spaces in packings of square-sharing cuboctahedra (Fig. 3.15(c)); how-
ever, the gaps can also be filled with truncated octahedra and truncated tetrahedra
3.15(j)); those left in packings of edge-connected octahedra have to be closed by
tetrahedra (Fig. 3.15(d)). The same is true for truncated tetrahedra connected via
their hexagon faces (Fig. 3.15(e)).

The following packings need three or four different Archimedean solids, re-
spectively: rhombicuboctahedra plus cubes combined with cuboctahedra lead to
a primitive cubic packing (Fig. 3.15(g)), while with tetrahedra an fcc packing res-
ults (Fig. 3.15(h)); together with truncated cubes and octagonal prisms a primitive
lattice is obtained again (Fig. 3.15(l)).



54 Crystallographic description of crystal structures

Table 3.6 Space-filling packings of regular and semi-regular polyhedra with resulting cubic
symmetry. The trivial packing of cubes is not listed.

Polyhedra Fig. 3.15 Space group: Vertex symbols

Truncated octahedra (a) 229 Im3̄m : 4.62

Truncated cubes + octahedra (b) 221 Pm3̄m : 3.82 + 34

Cuboctahedra + octahedra (c) 221 Pm3̄m : 3.4.3.4 + 34

Octahedra + tetrahedra (d) 225 Fm3̄m : 33 + 34

Truncated tetrahedra +
tetrahedra

(e) 227 Fd3̄m : 3.62 + 33

Truncated cuboctahedra +
octagonal prisms

(f) 229 Im3̄m : 4.6.8 + 42.8

Rhombicuboctahedra +
cuboctahedra + cubes

(g) 229 Pm3̄m : 3.43 + 3.4.3.4 + 43

Rhombicuboctahedra +
cubes + tetrahedra

(h) 225 Fm3̄m : 3.43 + 43 + 33

Truncated cuboctahedra +
truncated octahedra + cubes

(i) 221 Pm3̄m : 4.6.8 + 4.62 + 43

Truncated octahedra +
cuboctahedra + truncated
(Friauf) tetrahedra

(j) 225 Fm3̄m : 4.62 + 3.4.3.4 + 3.62

Truncated cuboctahedra +
truncated cubes + truncated
(Friauf) tetrahedra

(k) 225 Fm3̄m : 4.6.8 + 3.82 + 3.62

Rhombicuboctahedra +
truncated cubes + octagonal
prisms + cubes

(l) 221 Pm3̄m : 3.43 + 3.82 + 42.8 + 43

The gaps in tilings based on truncated cuboctahedra can be filled by octag-
onal prisms leading to a bcc lattice (Fig. 3.15(f )), by truncated octahedra and
cubes given a primitive cubic packing (Fig. 3.15(i)), or by truncated cubes and
truncated tetrahedra yielding an fcc structure (Fig. 3.15(k)).

The structures of icosahedral quasiperiodic structures and their approximants
are essentially based on the packing of triacontahedra. In Fig. 3.16, a few examples
are shown. Characteristic for quasiperiodic structures is that the unit clusters have
to partially overlap. Depending on the overlap direction, different overlaps of the
triacontahedra are allowed (Fig. 3.16(a)–(c)). In the simple rational approxim-
ant shown in Fig. 3.16(d), the triacontahedra just share faces along the two-fold
directions.
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(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (j) (k) (l)

Fig. 3.15 Packings of regular and semi-regular polyhedra with resulting cubic symmetry (see
also Table 3.6). (a) Truncated octahedra, (b) truncated cubes + octahedra, (c) cuboctahedra +
octahedra, (d) octahedra + tetrahedra, (e) truncated tetrahedra + tetrahedra, (f) truncated
cuboctahedra + octagonal prisms, (g) rhombicuboctahedra + cuboctahedra + cubes,
(h) rhombicuboctahedra + cubes + tetrahedra, (i) truncated cuboctahedra + truncated
octahedra + cubes, (j) truncated octahedra + cuboctahedra + truncated tetrahedra, (k) truncated
cuboctahedra + truncated cubes + truncated tetrahedra, and (l) rhombicuboctahedra +
truncated cubes + octagonal prisms + cubes. The trivial packing of cubes is not shown.

(a) (c)(b) (d) (f)(e)

Fig. 3.16 Triacontahedra overlapping along the (a) 5-, (b) 3-, and (c) 2-fold directions. The
shared volumes, a rhombic icosahedron (a), an oblate golden rhombohedron and a rhombic
dodecahedron (c), respectively, are marked. (d) Packing of triacontahedra by sharing a face along
each of the eight 2-fold directions. (e) The remaining empty space has the shape of a dimpled
triacontahdron, i.e., a triacontahedron with eight oblate rhombohedra removed. (f) Packing of a
triacontahedron into one of the twelve pentagonal dimples of a rhombic hexecontahedron.



56 Crystallographic description of crystal structures

3.3.2 Fullerenes and Frank-Kasper polyhedra

There are many intermetallic phases known, which can be described (geometri-
cally) by endohedral clusters, which are constituted from alternating fullerene and
Frank-Kasper (FK) polyhedra. Fullerenes2 are polyhedra with twelve regular pen-
tagon faces and a variable number h> 1 of regular hexagon faces. They are usually
described by their number of vertices v=2h+20. We will use a description, which
additionally gives the total number f =12+ h of faces, Ff

v . Frank-Kasper polyhedra
are bounded by (not necessarily regular) triangular faces, only. Since they are dual
to the fullerenes, their number of vertices and faces corresponds to the number of
faces and vertices of the fullerenes: FKv

f ↔ Ff
v . With the application of the Euler

characteristic, f + v= e+2, i.e., the number of faces and vertices is equal to the
number of edges plus two, one finds that a fullerene and its dual FK-polyhedron
have the same number of edges e=30+3h.

The well-known C60 molecule (F32
60 ), the smallest fullerene with isolated

pentagons, has icosahedral symmetry. However, this is not the only possible point
group symmetry for fullenes in general. Fullerenes can have 28 different point
group symmetries, 6 non-crystallographic ones and 22 crystallographic ones
(Fowler et al., 1993): 1, 1̄, 2, m, 2/m, 222, mm2, mmm, 4̄, 4̄2m, 3, 3̄, 32, 3m,
3̄m, 6̄, 622, 6̄2m, 6/mmm, 23, m3̄, 4̄3m; 52, 5̄m, 235, m3̄5̄, 102m, 122m. One has
to keep in mind that isomers exist for all fullerenes with h> 3. There are, for in-
stance, 1812 hypothetical isomers known for F32

60 , spanning 15 of the 28 possible
point groups, but most of them (1508) are chiral with point symmetry 1. Gener-
ally, isolated pentagons can be found in isomers of fullerenes with v=60, 70, and
all even values v> 70.

The three-connected vertices of the fullerenes are located opposite the triangu-
lar faces of the dual FK-polyhedra. On the other hand, the five- and six-connected
vertices of the FK-polyhedra sit across the pentagonal and hexagonal faces of
the dual fullerene. The nesting of FK/fullerene shells constituting an endohed-
ral cluster can be described in a rather straightforward way. Let us start with the
innermost polyhedron, one of the common FK-polyhedra (see Table 3.7), FKf

v

with v vertices, e= [12× 5 + (v – 12)× 6]/2 edges, and f = e + 2v faces. Then,
the next polyhedral shell corresponds to its dual fullerene, with v(F) = f (FK),
e(F) = e(FK), and f (F) = v(FK). In the case of intermetallic phases, this fuller-
ene cluster shell is only a half-shell (not all atoms on the vertices have bonding
distances) and will often be complemented by additional atoms capping the
pentagonal and hexagonal faces, resulting in yet another—now larger—FK-
polyhedron with v(FK) = v(F) + f (F) (see also Alvarez (2006)). The sequences
of cluster shells arising according to these rules are given for the four basic FK-
polyhedra in Table 3.7. The fullerenes dual to them are the only ones with only
pentagons, F12

20 (m3̄5̄), and with isolated hexagons, F14
24 (122m), F15

26 (6̄2m), and
F 16

28 (4̄3m), respectively (Fig. 3.17).

2 We use the term “fullerene” as a generic term for clusters that have a similar shape as the carbon-
based fullerenes.
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Table 3.7 Sequences of typical nested FK- and fullerene-like polyhedra, starting with the
innermost cluster being one of the common small FK-polyhedra. Given are the number of the
cluster shell in the left superscript, the type of polyhedron (FK or F), as well as the numbers of
vertices (v) and faces (f ).

1FK 2F 2FK 3F 3FK
v f v f v f v f v f

12 20 20 12 32 60 60 32 92 180

14 24 24 14 38 72 72 38 110 216

15 26 26 15 41 78 78 41 119 234

16 28 28 16 44 84 84 44 128 252

(a)

(e)

(d)(c)(b)

(f) (g) (h)

Fig. 3.17 (a) – (d) Frank-Kasper polyhedra and (e) – (f) their dual fullerenes:
(a) FK12

20, (b) FK
14
24, (c) FK

15
26, (d) FK

16
28, (e) F

20
12 , (f) F

24
14 , (g) F

26
15 , (h) F

28
16 .

3.4 Complexity in intermetallics

As we will see in Chapter 5, the number of atoms per unit cell of the known
intermetallic compounds can range between one and more than twenty thousand.
And there may even not be a unit cell in the structure as in quasicrystals or in the
incommensurate host/guest structures of some chemical elements or intermetallic
compounds. So, the question is: what governs the complexity of a structure?

The driving force for the formation of a crystal structure is always the
minimization of the Gibbs free enthalpy. This requires:

• Maximum space filling for a given stoichiometry under the constraint of the
optimization of attractive and repulsive interactions. The contribution of the
electrons is reflected in the electronic band structure; a (pseudo)gap at the
Fermi energy, for instance, can result from energy minimization either by
structural optimization (Hume-Rothery) or by cluster hybridization.
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• Entropy maximization by creation of the structural basis for phonon-based
atomic vibrations and structural disorder. In most cases, entropy maximi-
zation is counteracting energy minimization. However, at sufficiently high
temperature, the entropic contribution can be crucial for the stability of a
structure.

In more crystallographic terms, a crystal structure is always a compromise be-
tween the energetically most favorable short-range order (AETs and higher
coordination shells) and the long-range order resulting from the energetically most
favorable packing of the overlapping AETs. The packing optimization usually
requires a modification of the AETs, which may lower their symmetry. If the
chemical composition (stoichiometry, atomic size ratios, electronegativity differ-
ences, directionality of bonding, etc.) requires a larger number of different AETs,
their optimum packing may become quite complex. It is not necessarily the num-
ber of different chemical elements that is decisive for the formation of complex
structures, as is demonstrated by the existence of high-entropy alloys with up to
ten different constituting elements. This is discussed below for the case of unary
and binary structures. Decisive are mainly the kinds of local atomic interactions
and globally the electronic band structure. One of the driving forces for long-range
ordering is the formation of narrow distance distribution functions (histograms),
which are usually related to a more efficient packing of the atoms and, thereby, to
low-energy configurations. Periodicity and quasiperiodicity are just a consequence
of keeping the distance distribution function discrete.

What is characteristic for the structures of complex intermetallics is the exist-
ence of a kind of substructure or of subunits. These may be clusters, or subunits
separated by atomic layers, which may be flat or slightly puckered (thick atomic
layers, TALs). The latter can be seen as forming interfaces between structural
subunits and the crystal facets.

3.4.1 Unary phases A

As we will see in Chapter 6, at ambient conditions the structures of the ele-
ments are mostly simple, but quite a few are also rather complex. In the case
of non-directional bonding, each atom can be equally densely coordinated by the
other atoms in the first coordination shell—close sphere packings are the con-
sequence. Small energy differences decide between ccp (ABC) and hcp (AB) or
dhcp (ACAB) packings. The resulting AETs can be cuboctahedra (ccp) or dishep-
tahedra (anticuboctahedra) (hcp), with CN=12 in both cases. In the case where
the AETs are all equal but the constituting atoms are not all in close contact to
each other due to some directional bonding contributions, structures can result,
which can be described by either vertex-decorated Bravais type lattices (cI2-W,
cP1-Po, etc.) or by structures such as, for instance, the diamond structure, cF8-C.

More complex element structures can result in the case of interactions resulting
from different kinds of chemical bonding and/or magnetic interactions present
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in a phase (cI58-Mn, mP16-Pu, etc.). Under pressure, even disproportionation
can take place leading to ionic interactions (hP4-Na, e.g.). The largest number of
structural changes (six) as a function of temperature have been found for Pu with
its almost half-filled 5f–orbitals. The most complex structures under compression
have been observed for some of the alkali and alkaline earth metals, respectively.
There, incommensurate host/guest structures form, e.g., tI19.3-Nainc, where the
periodicity of the Na (guest) atoms inside the channels is different from that
of the host structure. Consequently, no common unit cell exists for the two
substructures. The most complex structures of unary phases, i.e., of the ele-
ments, are high-pressure phases such as oC84-Cs, in the periodic case, or the
incommensurate host/guest structures of the alkali metals, for instance.

3.4.2 Binary phases A–B

In a binary intermetallic phase AxBy, each atom or cluster of atoms (e.g., tet-
rahedra or even icosahedra) of one kind has to be surrounded by as many
atoms as possible of the other kind in order to maximize the number of attrac-
tive interactions, otherwise the pure element phases would separate. The most
extreme stoichiometry of an intermetallic compound known so far is that of
cF184-ZrZn22, i.e., with 95.7% Zn content (see Section 7.11 and Fig. 7.30).
This structure can be described as packing of Zn-centered Zn-icosahedra and
Zr-centered CN16-FK-polyhedra.

Atomic size ratios and stoichiometry determine the coordination number and
shape of AETs. If each of the two kinds of atoms has several different AETs,
then more complex structures are likely to be formed. If the first coordination
shells of each atom A and each atom B, respectively, are always the same, then
periodicity and simple structures result. This can be generalized to the condition
that the environment (coordination) of clusters or unit cells always have to be
the same.

The structures of binary compounds can be simple superstructures of unary
ones, such as cP2-CsCl and tP2-AuCu, to name just two of the most frequent
simple binary structure types. Many representatives also have the structure type
cF96-Ti2Ni, which is quite complex in spite of its simple stoichiometry. Close
to simple stoichiometries, but only close, are the structures of the complex
intermetallics cF1832-Mg28Al45 and cF1456-Eu4Cd25, for instance. Aperiodic
complex binary intermetallics are known for a couple of binary compounds such
as incommensurately modulated LiZn3.175 and NiBi, respectively, or for binary
icosahedral quasicrystals such as i-Cd84Yb16, for instance.

3.4.3 Ternary phases A–B–C

In the case of ordered ternary intermetallics, the unit cells get larger in or-
der to account for the packing of at least three different AETs around A, B,
and C atoms, respectively. The most frequent simple structure types are those
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of hP9-ZrNiAl and oP12-TiNiSi. There are many more complex ternary than
binary intermetallics, with cF23 256-Ta39.1Cu5.4Al55.4 featuring by far the largest
number of atoms per unit cell.

To our knowledge, there are no ternary incommensurately modulated or
host/guest structures of intermetallics known. Incommensurabilities between sub-
structures can be compensated more easily if more degrees of freedom exist in
their packing, as it is the case for ternary compounds. In contrast, there are
much more ternary than binary decagonal and icosahedral quasiperiodic struc-
tures known, such as those in the systems Al–Mn–Pd, Mg–Zn–RE (RE...rare
earth elements), and Cd–Mg–RE, for instance. However, in these cases the third
element might be just necessary for the electronic stabilization of metastable
binary QCs.

One way to avoid frustration in packing is the formation of an endohedral
cluster, which then can be packed very efficiently either periodically or quasiperi-
odically. In the latter case, the clusters have to overlap in a systematic way. Another
way for efficient packing is to organize the structure in flat or puckered layers.

3.4.4 Multinary phases

The larger the number of constituting elements, the more difficult the formation
of a low-energy structure. Due to the increasing number of different AETs, their
packing gets more and more difficult. On the other hand, the configurational en-
tropy increases if structural disorder is present, leading to a more or less statistical
distribution of the different elements on the sites of relatively simple structures
leading, finally, to high-entropy alloys (HEAs). Ordered structures of intermetal-
lic phases with more than three elements are rare, with more than five we are not
aware of any examples. Sometimes, clusters existing in the binary phases are also
used as fundamental structural units in multinary phases (Dong et al., 2007).

Examples of ordered quaternary phases are cF16-LiPdMgSn, an fcc (2×2×2)-
fold superstructure of the cI2-W structure type, and tP14-Ce2CoGa9Ge2, with
a somewhat more complex, modular structure. HEAs are, by definition, solid
solutions of five or more metallic elements, most of them with simple bcc or fcc
average structures, respectively. It seems that the easiest way of obtaining mul-
tinary structures is to substitute atoms in flexible simple structures such as the
Heusler phases.

3.4.5 Definition and description of complex structures

How can we define or characterize structural complexity? Complexity is re-
flected in:

• broad distance distribution functions (histograms)

• a large number of different AETs for each of the constituting elements

• a large number of independent parameters for the description of a structure.
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Complexity can result from:

• unfavorable size ratios of atoms geometrically hindering optimum
interactions

• a preference of specific first shell coordinations (AETs) hindering optimum
packings (e.g. 5-fold symmetry)

• parameters that are close to, but not quite, optimum (pseudosymmetry).

Complexity can frequently be described as a modulation or superstructure of a
rather simple basic structure. There are two classes of modulations:

• simple modulation, i.e., just a correlated displacement or substitution
leading to a comparatively small deviation from a basic structure

• complex modulation, i.e., a displacement or substitution leading to the local
formation of clusters.

Complexity can sometimes result in a hierarchical structure (atom → cluster →
cluster of clusters, . . . ), which may, additionally, show self-similarity of structure
motifs.

Description of complex structures

There are two steps in the description of a structure. First, the derivation of an
idealized (topologically equivalent) model structure, second the description of the
difference structure (model structure minus actual structure). The second step is
rarely done in standard structure analysis.

Periodic average structures (PAS), with bases defined by the sets of strongest
Bragg reflections, allow for the identification of substructures (basic structures).
If such basic structures are well defined, then complex structures can be described
as superstructures (modulated structures). In other cases, complex structures can
be described as composite structures or approximants of quasicrystals.

For studying the way of packing, the derivation of Voronoi cells of individual
atoms and/or of clusters may be useful. The symmetry of a structure results from
the way of packing of atoms or AETs. The more isotropic the structural building
units are the higher the resulting symmetry can be.

Information necessary to describe a structure in a unique way includes:

• In the case of a structure with a 3D space group, the set of generating sym-
metry operators as well as the coordinates x, y, and z of the N unique atoms
per unit cell. It is not simpler to say, for instance, the structure corresponds
to a ccp packing with half of the tetrahedral interstices filled in an ordered
way, because one would have to explain what a ccp packing is and what
tetrahedral voids are. However, packings may better characterize the crystal-
chemical origin of a structure and structural relationships than the purely
geometrical description does.
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• In the case of a QC structure with an nD space group, the set of generating
symmetry operators as well as the coordinates and shapes of the N unique
occupation domains per nDunit cell. In the 3D tiling decoration description,
tiling generation rules and atomic decoration have to be given, if the 3D
approach is feasible.

Periodicity and quasiperiodicity:

• If each atom of an A-type structure has exactly the same coordination then
the structure is periodic; this is also true if we replace the term atom by
cluster or unit cell (set of points).

• If the structure has a finite number (> 1) of different local arrangements of
atoms within a radius R then it can be quasiperiodic as well.

For quickly comparing the structures of complex intermetallics with similar
unit cell dimensions, projections along different directions can be quite useful
(Fig. 3.18). If the 2D-projected structures are closely related to each other, this
does not mean that the 3D structures are always similar also. If they are different,
the actual 3D structures can be seen as differently “expanded” versions of the 2D
projected structures (average structures).

Measures of complexity

A measure of complexity of a structure can be the amount of information needed
for its description. It comprises the:

• lattice parameters

• space group symmetry operators in their action on the atoms of just one
unit cell

• coordinates of the N atoms in the asymmetric unit.

Additional degrees of freedom to be considered are the vibrational degrees of free-
dom (Debye-Waller factors) and the chemical flexibility (substitutional disorder
related to the phase width). Other indicators for complexity are the:

• distribution of atomic distances (distance histograms; number of maxima
and their FWHM)

• number of topologically different AETs or Voronoi domains and degree of
their deviation from idealized polyhedra

• configurational entropy of the system.

How to compare the complexity of different structures, for instance, that of a
complex intermetallic with a giant unit cell with that of a quasicrystal? One way
could be to make the comparison in reciprocal space. A measure of complexity
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cF408–Mg44Rh7 cF444–Al63.6Ta36.4
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Fig. 3.18 Projections of the structures of cF408-Mg44Rh7 (a, c, e) and cF444-Al63.6Ta36.4
(b, d, f) along [001] (a, b), [110] (c, d), and [111] (e, f). The seemingly small differences in the
projected structures lead to quite different coordination polyhedra. cF408-Mg44Rh7: the Rh
atoms, forming a network of octahedra and stellated tetrahedra, center interpenetrating
icosahedral clusters ofMg atoms; cF444-Al63.6Ta36.4: cubic close packing of large fullerene
clusters with the voids filled by truncated tetrahedra. One of the reasons for the different cluster
formation may be the different ratios of atomic radii: rMg/rRh =1.599/1.345=1.19,
rAl/rTa =1.432/1.430=1.00. The structures are shown on 2/3 of the usual scale.
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could be the Bragg reflection density above given threshold values, as well as the
Bragg intensity variation as a function of the reciprocal space vector (diffraction
vector) |H|. For instance, a Penrose tiling (PT) decorated by one type of atom
at each vertex has the same infinite reflection density as one that is decorated by a
complex large cluster, at least theoretically. However, the intensity distribution will
be different as well as the reciprocal basis. The complexity of a structure increases
if atoms are substituted by larger units such as clusters or if a uniform atom type
is replaced by several kinds of atoms.

A similar approach, but now in direct space, would be to compare the Patter-
son functions (autocorrelation functions, vector maps) of structures. One could
count, for instance, the number of Patterson maxima within a sphere of radius R.
Additionally, the variation of the heights of the maxima could be included in the
comparison. For the above example, the Patterson functions would considerably
differ.

Another measure of complexity would be the number of parameters and the
algorithms needed for a full description of a structure. This would allow even to
compare the complexities of periodic and quasiperiodic structures.

Factors governing complexity

There are many factors governing complexity, the most important being:

• packing problems of 1D (chains), 2D (layers), or 3D (AETs and/or clusters)
structural units; in order to efficiently pack, AETs or other structural build-
ing units may have to be modified (e. g., adopt higher or lower symmetries)
compared to their isolated form.

• chemical order due to different attractive and repulsive interactions between
atoms of different types

• electronic band structure (pseudo-gap formation due to Fermi-surface/
Brillouin-zone interactions or due to spd-hybridization in clusters, for
instance).

Consequently, the formation of a complex intermetallic with a particular structure
is a complex interplay between stoichiometry, optimization of atomic interactions,
and efficient packing under the constraint of minimum free enthalpy.

3.4.6 Layers, clusters, and interfaces

From a purely geometrical point of view, a complex cluster-based intermetallic
structure can be seen as having interfaces between the clusters and their sur-
rounding. To some extent it can be seen as a packing of nanoparticles (i.e., the
clusters) embedded in a matrix (i.e., “glue” atoms between clusters). One has to
keep in mind that the properties of embedded nanoparticles can differ consid-
erably from that of free-standing ones (see, e.g., Mei and Lu (2007)). How can
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we understand this cluster/nanoparticle comparison? The following hypothetical
scenario should illustrate it.

Scenario: Nucleation of cF444-Al63.6Ta36.4 from a melt of same composition.

In the melt, close to the solidification temperature, Ta atoms are always surroun-
ded by more Al than Ta atoms, simply due to the given stoichiometry. Although the
cohesion energy of Ta–Ta is much higher than that of Ta–Al and Al–Al, phase separa-
tion does not take place and elementary Ta does not solidify first (Ta: Tm =3020◦C,
Al: Tm =660.5◦C, cF444-Al63.6Ta36.4: Tm =1548◦C), as it is the case for Ta com-
positions larger than 63.2%. This is due to the fact that the total free energy of
the two-phase system Al–Ta with the given composition is higher than that of
the compound cF444-Al63.6Ta36.4. The formation of small Ta-clusters (hexagonal
bipyramids) and Ta-cluster shells (bifrusta and Ta28 polyhedra), which are linked to
a Ta framework, is the compromise. The porous Ta substructure allows for strong
Ta–Ta interactions and at the same time it includes Al atoms and cluster shells max-
imizing the number of Al–Ta bonds and minimizing that of Al–Al bonds for the given
composition.

An example how this can be understood is shown in Fig. 3.19. Each flat atomic
layer in a structure can be seen as an (intra-unit-cell) interface between two parts
of a structure (Fig. 3.19(a)). Similarly, cluster shells can be seen as (intra-cluster)
interfaces between the interior and exterior of clusters (see also Subsection 2.3.6).
In light of this, the surface energy of a smaller inner cluster shell must be higher
than that of an outer shell with a larger radius of curvature. Even if one considers
the larger surface area of cluster shells with larger radii, clusters would be forced to

(a) (b)

(c)

Fig. 3.19 Schematic representation of
atomic layers inside a structure as interfaces:
(a) flat layers, (b) curved layers (cluster
shells), and (c) aggregation of clusters with net
planes (flat atomic layers) indicated.
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grow to reduce their surface energy (mechanism I). Once the first cluster reaches
its full size, it grows further in the conventional way via flat atomic layers (mech-
anism II) (Fig. 3.19(c)) and faceting already takes place. Once the next cluster
core is formed, the growth of the cluster follows mechanism I again.

(c)

(d)

(a)

(b)

cF444–Al63.6Ta36.4

Al

Ta

Al

Al

Ta

Al

Ta

(e)

Al

Fig. 3.20 The structure of cF444-Al63.6Ta36.4 (Conrad et al., 2009) shown in projection as
(a) cluster packing (fullerenes plus truncated tetrahedra) and (d) projected along [001]. A single
fullerene cluster with space-filling atoms is shown in (b). In (c) one half-cluster is shown with its
surface parallel to (110). (e) Architecture of the endohedral fullerene cluster, which is embedded in
the shell of bifrusta, and centered by a rhombicdodecahedron. For more details, see
Subsection 7.4.4.
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A realistic example of a cluster and the flat atomic (110) layer cutting it in half
is shown on the example of cF444-Al63.6Ta36.4 in Fig. 3.20. It is also an example
for how clusters can be seen as resulting from a packing of polyhedra, which is
not equally possible with flat layers.

3.4.7 Cluster decomposition of complex structures

For intermetallics, there is no general rule as to how to decompose a crystal struc-
ture into structural subunits. Of course, an obvious but trivial structural subunit
is the unit cell itself, which usually is not very illustrative for understanding the
architecture of a crystal structure. Depending on the complexity of a structure,
one or several of the following actions can be helpful:

• Look at different projections of the unit cell to identify any kind of layer or
columnar structure, or other characteristic features.

• In a (geometrically) layered structure, characterize the layers and their
mutual relationships.

• In the case of other characteristic features in the projected structures,
identify the underlying atomic arrangements.

• Check all AETs and how they are linked.

• Check the coordination polyhedra around high-symmetry Wyckoff posi-
tions from the first coordination shell to higher ones.

• The atoms on each coordination shell should be in bonding distance (dA-B =
rA + rB +�) to one another and to the atoms in the neighboring lower/higher
shell.

• In the case of a polyhedra packing, ensure that there are no gaps left.

• Choose structural subunits that differ from their environment by chemical
bonding, if there are differences anyway.
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Higher-dimensional approach

For the understanding of the structural ordering of aperiodic crystals, i.e.,
incommensurately modulated phases (IMS), composite crystals (CS), quasicrys-
tals (QCs), and their structurally closely related rational approximants, the
higher-dimensional (nD) approach is essential. The rationale behind this ap-
proach is that in a properly selected nD space, aperiodic crystal structures can
be described as 3D sections/projections of nD periodic “hypercrystal” struc-
tures. Furthermore, “non-crystallographic” symmetries of QCs can become
compatible with nD lattice symmetry. For instance, 5-, 8-, 10-, and 12-fold
rotational symmetries are proper symmetry operations in 5D and icosahedral
point group symmetries in 6D hypercubic lattices. This permits a description
of structures that are quasiperiodic in dD physical or par(allel) space (par-
space) as sections, or window-bounded projections of lattice-periodic structures
in nD space (n> d). We will first use the so-called “strip-projection” (or “cut-
and-project”) method for introducing the nD approach, because it allows a
more intuitive understanding of when and how clusters order quasiperiodic-
ally. Thereby, we follow closely the description by Steurer and Deloudi (2012).
Then we introduce the nD section method, which allows us to nicely illustrate
the different kinds of aperiodic crystal structures in comparison. The latter is
also the method of choice for nD structure analysis, because it can make use of
the reciprocal space information experimentally accessible by diffraction meth-
ods. This discussion essentially follows the respective chapter in the book by
Steurer and Deloudi (2009).

The projection of nD polytopes and hyperlattices, respectively, can be valua-
ble in describing 3D endohedral clusters and how they can be packed best for
given stoichiometries, not only for quasiperiodic but also for periodic structures
(Coxeter, 1973; Berger et al., 2008). For instance, every 3D zonohedron with oc-
tahedral or icosahedral symmetry can be described as an orthogonal projection of
an nD hypercube (Coxeter, 1973), and its packing by the projection of a subset
of an nD hypercubic lattice. The dimension n is defined by the number of edge
directions of the respective zonohedron. For the triacontahedron, the most im-
portant cluster for icosahedral QCs, n=6. The assembly of such zonohedra with
optimum density (i.e., frequency in a given volume) for a given stoichiometry is
a non-trivial problem that can be tackled much more easily in higher dimensions,

Intermetallics: Structures, Properties, and Statistics. First Edition. Walter Steurer and Julia Dshemuchadse.
© Walter Steurer and Julia Dshemuchadse 2016. Published in 2016 by Oxford University Press.
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where the packing of partially overlapping clusters is reduced to selecting a strip
out of a hypercubic lattice. Columnar clusters with, in projection, octagonal, de-
cagonal, or dodecagonal shape can be related to 2D projections of nD (n=4, 5, 6)
hypercubes.

In the following, we will demonstrate the basic concepts of the nD approach,
first on the simple example of the 1D Fibonacci sequence, followed by applica-
tions based on this approach for the 2D PT and the 3D PT. For a more detailed
discussion see Steurer and Deloudi (2009) and Steurer and Deloudi (2012).

4.1 2D description of the 1D quasiperiodic Fibonacci
sequence by the strip-projection method

For the description of the Fibonacci sequence (FS) by the strip-projection
method, we need a properly oriented 2D hypercubic (square) lattice. It can be
defined by the basis vectors d1 = a(τ , –1)V and d2 = a(1, τ)V . The “golden mean”
is defined as τ =2 cosπ /5 = (1 +

√
5)/2= 1.618 . . . . The vectors d1 and d2 form

the D-basis, while the index V refers to the Cartesian V -basis. The parameter xV1
is the V -basis coordinate in the 1D physical or par(allel)-space, V || and xV2 refers
to the 1D perp(endicular)-space, V⊥ (Fig. 4.1).

Since the 2D square lattice has an irrational slope relative to the 1D par-space,
projecting all the vertices of the lattice onto it would give a dense distribution of
points. If only those vertices are projected onto par-space that are inside a strip
of width W (the acceptance window), then the FS is obtained. The projection of
the vector d1 = a(τ , –1)V onto par-space gives an interval L of length aτ ; that of
d2 = a(1, τ)V gives an interval S of length a. The ratio L/S then amounts to τ /1,
which is typical for the FS.

The projection onto par-space of just the part of a single unit cell, which is
inside the strip, gives the covering cluster (LS). Going along the strip and pro-
jecting all the vertices that are within it leads to a covering without any gaps, but
with overlapping S intervals allowed. Depending on the slope of the strip, we end
up with different overall compositions, LxS (Fig. 4.2). If x is a rational number,
then a rational approximant results.

The slope of the strip not only defines the sequence of the intervals (letters) L
and S as well as the overall stoichiometry, it also constrains the respective local
compositions to stay as close as possible to the overall one. Consequently, the
strip-projection method mimics the experimental method of preparing quasicrys-
tals and their approximants by choosing the respective chemical compositions.
If we want to create a periodic (rational) approximant, we just have to adjust
the slope of the strip to the respective rational number. Since the sequences are
created by selective projection of lattice vertices, and lattices are the densest pos-
sible arrangements of their unit cells, the projected, edge- or vertex-connected,
unit cells give the densest possible arrangement of the clusters for a given
stoichiometry.
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Fig. 4.1 Fibonacci sequence in the 2D description. (a) Projection of a sequence of
vertex- and edge-connected gray-shaded squares gives the FS (black dots) plus
some additional vertices (gray dots) at flip positions in a double-well potential (b).
The size W of the strip (acceptance window) defines the minimum distance
between projected lattice points as well as the unit tile sequence; in our case, W is
chosen so that the topmost vertex of the first gray-shaded square is outside the
strip. Decreasing the acceptance window by a factor τ –1 leads to a scaling of the
intervals L and S by a factor τ yielding the sequence L’S’L’S’L’L’S’, with
L′ =L + S and S′ =L (c) (from Steurer and Deloudi (2012), Fig. 2. With kind
permission from Springer Science+Business Media).
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x = mS + nL with m, n ∈
x
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Fig. 4.2 Sequences with overall compositions LS (top), L2S
(middle), and LτS, i.e., the Fibonacci sequence (bottom), with
the decomposition into covering clusters of the type (LS) in both
orientations. The upper two sequences are rational
approximants of the Fibonacci sequence (after Steurer and
Deloudi (2012), Fig. 1. With kind permission from Springer
Science+Business Media).



5D description of the quasiperiodic 2D Penrose tiling by the strip-projection method 71

Generally, the vertices of quasiperiodic tilings correspond to a subset of a Z-
module (vector module with integer coefficients) of rank n, depending on the
number n of basis vectors needed to index the vertices with integers. Any Z-
module can be seen as a proper projection of an nD lattice onto the dD par-space.
The minimum distance between the tiling vertices defines the width W of the strip
that selects the lattice nodes to be projected. The acceptance windowW is defined
in the (n – d)D perp-space. A change in the strip width W always entails a change
in the unit cell shape without changing the unit cell volume. This results in a
scaling of the quasiperiodic structure as shown in Fig. 4.1(c).

4.2 5D description of the quasiperiodic 2D Penrose
tiling by the strip-projection method

The 2D Penrose tiling (PT) can be covered by partially overlapping decagonal
clusters—copies of the Gummelt cluster (Gummelt, 1996). It can be seen as the
projection along its periodic axis of the decaprismatic clusters building decago-
nal QCs. Such a 2D decagonal cluster can be obtained as a projection of a 5D
hypercube along one of its fivefold axes. Thereby, 22 out of its altogether 25 = 32
vertices are projected into the interior of the decagon formed by the 10 remaining
vertices (Fig. 4.3).
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Fig. 4.3 5D hypercubic unit cell projected along its body diagonal [11111]
onto 2D par-space. The vertices are indexed based on the five-star of basis
vectors. The thick outlined polygon in (a) corresponds to the projection of the
4D hyperface (subcube) of the 5D hypercube with the last index equal to zero.
When applying the minimum distance criterion by adjusting the acceptance
window, we obtain a vertex distribution related to a decorated RPT, for
instance (b). The light- and dark-gray-shaded regions in (b) mark the overlap
regions of the Gummelt decagon, a covering cluster of the PT (after Steurer
and Deloudi (2012), Fig. 3. With kind permission from Springer
Science+Business Media).
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Fig. 4.4 (top) 5D hypercubic unit cells, separated by
the vector (101̄00)D, in combined par-/perp-space
projections giving elongated rhombic icosahedra and
overlapping decagons A and B in the subspaces spanned
by vectors (10000)V , (01000)V , and (00001)V and
by vectors (10000)V , and (01000)V , respectively.
(bottom) Three Gummelt decagons A, B, and C, with
two different types of permitted overlaps. The centers of
the decagons are separated by the vectors between A and
B, (1001̄0)D, A and C, (101̄00)D, and the τ –1 times
smaller one for the vector between B and C, (001̄10)D.
The corresponding 5D hypercubes share 3D faces
containing eight lattice points each. Gray dots mark the
shared vertices of the hypercubes related to the decagons
A and B, while black circles mark those of B and C
(from Steurer and Deloudi (2012), Fig. 5. With kind
permission from Springer Science+Business Media).



6D description of the quasiperiodic 3D Ammann tiling in the strip-projection method 73

The D-basis of the 5D hyperlattice can be written in the form

di = a
(
cos 2π i/5, sin 2π i/5, cos 4π i/5, sin 4π i/5, 1/

√
2
)
V
, 1 ≤ i ≤ 5. (4.1)

The parameters xVi with i =1, 2 are Cartesian coordinates in par-space, and
those with i =3, 4, 5 are perp-space coordinates. Again, the projection of the nD
unit cell onto perp-space gives the acceptance window W for the generation of
the 2D PT. It corresponds to a rhombic icosahedron, which is elongated along
its fivefold axis compared to the zonohedron with the same name. Furthermore,
its faces with a vertex on the fivefold axis are not congruent to the other ones.
All hyperlattice points that fall into this 3D acceptance window if projected onto
perp-space, are located inside the strip and generate the 2D PT by par-space
projection.

The 5D hypercubes can be connected within the strip in the following five
ways: they can share 4D, 3D, or 2D faces (subcubes) with 16, 8, or 4 joint vertices,
respectively, as well as 1D edges or 0D vertices. The overlap rules of the decagons
resulting in projection depend on the connectivity of the neighboring hypercubes.
The rocket decoration shown in dark gray indicates the allowed overlap regions
for the PT. They all result from the projection of hypercubes sharing 3D faces.
A higher decagon-cluster density would result from the projection of hypercubic
unit cells sharing 4D faces (16 lattice nodes), which are shifted against each other
by one lattice translation of the type (10000)D. Such a shared area is shown in
Fig. 4.4. It is not allowed in the ideal PT, but it can be observed as a defect in
decagonal quasicrystals.

4.3 6D description of the quasiperiodic 3D Ammann
tiling in the strip-projection method

The 3D Ammann tiling (AT), also called 3D Penrose tiling, can be generated
from the projection of a 6D hypercubic lattice with the 3D acceptance window
W corresponding to a triacontahedron. The projection of a 6D hypercube along
a five-fold axis onto 3D par-space gives three nested polyhedra: 32 of its 26 = 64
vertices project onto the vertices of a triacontahedron, next to it a smaller dodeca-
hedron is formed by 20 vertices, and the innermost icosahedron by the remaining
12 vertices of the projected 6D hypercube (Fig. 4.5(a)).

The projection of two unit cells – neighboring cells in the 6D hyperlattice –
indicates the way the triacontahedra can overlap. There are different overlapping
volumes, depending on the axis parallel to which the overlap takes place. The
projection along a five-fold axis of two 6D hypercubes sharing a 5D face with
32 vertices, the origins of which are separated by a translation vector of the type
(100000)D, leads to a rhombic icosahedron (22 vertices, plus vertices inside) as
shared volume (Fig. 4.5(b)). The vectors (001101̄)D and (00101̄0)D connect 6D
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(b) (c) (d)(a)

Fig. 4.5 (a) 6D hypercube projected onto 3D par-space. Its 64 vertices project onto the 32
vertices of the third shell, a triacontahedron, to the 20 vertices of the second shell, a
dodecahedron, and to the 12 vertices of the innermost shell, an icosahedron. (b)–(d) Shared
regions of triacontahedra overlapping along a fivefold, threefold, and twofold axis, respectively:
(b) rhombic icosahedron, (c) oblate rhombohedron, and (d) rhombic dodecahedron (after Steurer
and Deloudi (2012), Fig. 7. With kind permission from Springer Science+Business Media).

hypercubes along three- and two-fold axes, sharing 3D faces with 8 vertices, and
4D faces with 16 vertices, respectively. This leads to an oblate rhombohedron
(8 vertices) (Fig. 4.5(c)) and a rhombic dodecahedron (14 vertices, plus vertices
inside) (Fig. 4.5(d)), respectively, as shared volumes.

4.4 Example: Periodic complex intermetallics resulting
in projection from the 4D 600-cell polytope

Some complex periodic structures can be described employing the higher-
dimensional approach in the one form or another. On the one hand, they can
be rational QC approximants, on the other hand these can be the structures of
particular complex intermetallics, which are not directly related to QCs. One ex-
ample of the latter category, are some complex, γ -brass related structures (see also
Section 7.3) crystallizing in the space group 216 F 4̄3m (Berger et al., 2008), all
of which exhibit around 400 atoms per unit cell, among them cF444-Ta36.4Al63.6.
The diffraction patterns of these compounds show pseudo-decagonal symmetry,
and their structures feature three pairs of perpendicular pseudo-fivefold rotation
axes. Since no 3D point group contains such pairs of fivefold rotation axes, this
suggests their description as projections from 4D space, where orthogonal five-
fold symmetry axes are allowed in some point groups. Indeed, one of the six 4D
Platonic solids, the 600-cell shows this kind of point symmetry, and, if properly
projected, reproduces many features of the above-listed structures. The 600-cell
3,3,5 is a polytope with 120 vertices, 720 edges, 1200 faces, and 600 name-giving
tetrahedra.
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4.5 Aperiodic crystal structures in the nD section
method

The nD section method considers the dD diffraction pattern (with the dimen-
sion of par-space d) of an aperiodic crystal structure as a proper projection of an
nD diffraction pattern (n > d). The dimensionality n of the embedding space is
given by the number of reciprocal basis vectors a∗

i necessary to index the diffrac-
tion pattern with integer indices. In other words, the Fourier spectrum M∗ of an
aperiodic crystal structure consists of δ-peaks supported by a Z-module:

M∗ =

{
H=

n∑
i =1

hia∗
i

∣∣∣hi ∈ Z

}
(4.2)

of rank n (n > d) with basis vectors a∗
i , i =1, . . . , n, and reciprocal space (diffrac-

tion) vectorsH. The nD embedding spaceV consists of two orthogonal subspaces
both preserving the point group symmetry according to the nD space group

V =V ‖ ⊕ V⊥, (4.3)

with the dD par-space V ‖ = span(v1, . . . , vd) and the (n – d)D perp-space
V⊥ = span(vd+1, . . . , vn). If not indicated explicitly, the basis defined by the vec-
tors vi (V -basis) will refer to a Cartesian coordinate system. The n-star of
rationally independent vectors defining the Z-moduleM∗ can be considered as an
appropriate projection a∗

i =π ‖ (d∗
i

)
(i =1, . . . , n) of the basis vectors d∗

i (D-basis)
of an nD reciprocal lattice �∗ with

M∗ =π ‖ (�∗) . (4.4)

As a simple example, the relationship between the 1D reciprocal space of the
Fibonacci sequence and its 2D embedding space is shown in Fig. 4.6(c). For
comparison, embedding of a 1D incommensurately modulated structure (IMS)
(Fig. 4.6(a)) and a 1D composite (host/guest) structure (CS) (Fig. 4.6(b)) are
shown as well. Additionally, beside the standard way of embedding a quasiperi-
odic structure (QC-setting), an alternative way, the IMS-setting, is demonstrated
(Fig. 4.6(d)). The latter one can be particularly useful for the study of struc-
tural phase transitions of QCs. In direct space, the aperiodic crystal structure
results from a cut of a periodic nD hypercrystal structure with dD par-space V ‖

(Fig. 4.7). An nD hypercrystal structure corresponds to an nD lattice � decorated
with nD hyperatoms (atomic surfaces, occupation domains), which correspond
to the windows W in the strip-projection approach. The basis vectors of � are
obtained via the orthogonality condition of direct and reciprocal space

di · d∗
j = δij . (4.5)
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Fig. 4.6 2D reciprocal space embedding of the aperiodic structures
shown in Fig. 4.7. (a) Incommensurately modulated structure (IMS),
(b) mutually modulated composite structure (CS), and (c) Fibonacci
sequence in the standard QC-setting and in the (d) IMS-setting. The
par-space diffraction patterns result from the projection of the 2D
reciprocal space along the perp-space. Dashed lines indicate the projection
directions, vectors d∗

i refer to the nD reciprocal basis (D-basis), a∗ and a∗
i

are the lattice parameters in reciprocal par-space, q=αa∗ is the modulus
of the wave vector of an incommensurate modulation (after Steurer and
Deloudi (2009), Fig. 3.1. With kind permission from Springer
Science+Business Media).

The various types of aperiodic crystal structures differ from one another by the
shape of their atomic surfaces AS (occupation domains). QCs show discrete
atomic surfaces while those of IMS and CS are essentially continuous. With the
amplitudes of the modulation function going to zero, a continuous transition to
a periodic structure (basis structure) can be performed in the case of IMSs. CSs
consist of two or more substructures, which themselves may be mutually modu-
lated as in our example (Figs. 4.6(b) and 4.7(b)). If the substructures were not
modulated, then only reflections of the types h1h2h30 and 000h4 would be present,
and none of the general type h1h2h3h4.

In reciprocal space, the characteristics of IMS and CS are the crystallographic
point symmetry of their Fourier modules M∗ and the existence of large Fourier
coefficients on a distinct subset �∗ ⊂ M∗ related to the reciprocal lattice of their
periodic average structures (PASs). There is a one-to-one relationship between
each atom of an IMS or the FS and its PAS in contrast to what is the case for 2D
or 3D QCs with non-crystallographic symmetry.
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Fig. 4.7 2D direct-space embedding of the three fundamental types of
aperiodic structures: (a) IMS, (b) CS with modulated subsystems (marked
1 and 2), the FS in the (c) QC-setting, and (d) IMS-setting. The atomic
surfaces (hyperatoms) are indicated by thick gray lines. The 1D aperiodic
crystal structures result at the intersection of atomic surfaces with the
par-space. Vectors di mark the nD basis vectors while a and aPAS refer to
the lattice parameters of the periodic average structures. L and S denote
the long and short unit tiles of the Fibonacci sequence (after Steurer and
Deloudi (2009), Fig. 3.2. With kind permission from Springer
Science+Business Media).

In the section method, the relationship of rational approximants of quasicrystals
also can be nicely visualized. While a general periodic approximant of a QC just
contains structural building units that can also be found in the structure of the
QC, a rational (periodic) approximant shows a much closer relationship. Their
structure directly results from shearing the nD QC structure properly along perp-
space (Fig. 4.8). The term “rational” means that an irrational number such as τ ,
which is related to five-fold symmetry, is replaced by one of its approximations
such as 2/1, 3/2, 5/3, 8/5, . . . , etc.

In the nD description, the hyperatoms decorate the Wyckoff positions in the
nD unit cell. By hyperatom, we denote the nD entity consisting of the (n – d)D
atomic surface AS (occupation domain) defined in perp-space and the dD atom
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Fig. 4.8 Embedded Fibonacci chain . . .

LSLSLL. . . (semi-opaque in the background)
and its rational (LSL) approximant (black in
the foreground). The encircled lattice node is
shifted to par-space by shearing the 2D lattice
along perp-space. Thereby, one par-space cut
disappears in the drawing and a new one
appears, locally changing SL into LS (a
so-called phason flip marked by a horizontal
arrow). After Steurer and Deloudi (2009),
Fig. 3.4. With kind permission from Springer
Science+Business Media.

existing in dD par-space. Generally, Wyckoff positions correspond to equivalence
classes of points within a unit cell (modulo lattice translations). The orbit of such
symmetrically equivalent points is the set of points generated by the action of the
nD space group. All sites belonging to an orbit are occupied by the same type of
hyperatom. In the case of the FS, the hyperatom is centered at the origin (0, 0)
of the unit cell. All atomic positions generated by its AS belong to the same orbit
and are symmetrically equivalent.

In the case of a more complex structure consisting of different types of atoms,
either the nD unit cell will be occupied by different hyperatoms or the AS is par-
titioned in some way, with the different partitions decorated by different atoms.
This is shown schematically in Fig. 4.9. The partitions marked a, b, and c mark
different vertex coordinations: a: L|S, b: L|L, c: S|L. If we decorate the light
gray areas of the AS with A atoms and the dark gray ones with B atoms, we obtain
a structure where the short intervals S always correspond to A–A neighbors, while
the long ones can have A–B and A–A ones.
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Fig. 4.9 By projecting all nearest
neighbors onto one AS (marked by
arrows), it gets partitioned in a way that
the different line segments (light and
dark gray) correspond to different vertex
coordinations: a: L|S, b: L|L, c: S|L.
Their frequencies exhibit a ratio of
1:1/τ :1. The nearest neighbors show the
closeness condition (cc), i.e., that by
shifting the par-space along perp-space,
the type of atoms does not change during
a phason flip (after Steurer and Deloudi
(2009), Fig. 3.6. With kind permission
from Springer Science+Business Media).

In the case of the RPT in the irreducible 4D description, the two unique
ASs correspond to one small and one τ -times larger pentagon parallel to
perp-space (Fig. 4.10). Fortunately for the visualization of the content of the
4D hyperrhombohedral unit cell, four of its vertices as well as its long body
diagonal, with the centers of the AS, lie on the same hyperplane. The small
pentagons occupy the Wyckoff position (1/5, 1/5, 1/5, 1/5)D and the inversion
related one (4/5, 4/5, 4/5, 4/5)D; the τ -times larger pentagons are centered on
(2/5, 2/5, 2/5, 2/5)D and on inversion related (3/5, 3/5, 3/5, 3/5)D. The site symme-
try is in both cases 5m, while the symmetry at the origin (0, 0, 0, 0)D corresponds
to 10mm. If only this special site is occupied by a decagonal AS of proper size,
the PPT results. The projections of the 4D unit cell onto par- and perp-space
are equal. However, since the AS only have an extension in perp-space, they
are only visible in the perp-space projection, yielding points when projected onto
par-space.
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The RPT shows eight different vertex coordinations, each one corresponding
to a different partition of the AS (Fig. 4.11). Consequently, only those atoms
in a quasiperiodic structure are symmetrically equivalent, which not only belong
to symmetrically equivalent hyperatoms but also to the same partition on them.
The area of the partitions corresponds to the frequency of the respective vertex
coordinations. If occupied by different atomic species, the chemical composition
(stoichiometry) is also related to these areas. There exists, also, a kind of gen-
eralization of the RPT, which consists of the same kind of rhomb unit tiles but
with different matching rules and more different vertex coordinations (Pavlovich
and Klèman, 1987). Depending on the kind of tiling, not only the shape and size
of the then five ASs changes but also their partitioning. Consequently, the task
of a QC structure analysis is the determination of the Wyckoff positions of the
hyperatoms, their shape, and their partition and chemical decoration.
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Fig. 4.11 Partitioning of the AS of the RPT corresponding to
the eight different vertex coordination of the RPT. The ASs in
(1/5, 1/5, 1/5, 1/5)D and (2/5, 2/5, 2/5, 2/5)D are depicted, the
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4.6 What is the physics underlying the nD approach?

In quasiperiodic structures, the position vectors of the atoms and/or the cluster
centers form a Z-module. A Z-module of rank n can be seen as projection of an nD
hyperlattice. QCs are 3D objects consisting of atoms interacting in the same way
as they do in periodic crystals. Any structure can be described as a vector map of
atomic distances. In the special case that only one A–B and one A|A–B|B distance
exist (e.g., resulting in a rhomb or pentagon tiling), the vector map corresponds to
a restricted Z-module. A hard constraint is the existence of a minimum distance
(A–B). Other constraints are chemical composition and packing density, as well
as the formation of clusters, netplanes, and PASs.

The nD approach allows an elegant, self-contained description of a quasiperi-
odic structure based on an nD lattice-periodic hypercrystal structure. One has to
keep in mind that the nD “hyperatoms” are by no means physical objects inter-
acting in a way that 3D atoms do. Consequently, their perp-space components
are called “atomic surfaces” or “occupation domains”, with the meaning of a ge-
ometrical selection rule determining which points of a Z-module of rank n are
occupied by atoms.

Conversely, reciprocal space images (Fourier transforms) of quasiperiodic
structures are purely point diffractive, i.e., they show Bragg reflections only. Re-
ciprocal space vectors pointing to Bragg peaks are perpendicular to the related
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netplanes in direct space. These sets of netplanes are lattice planes of the nD hy-
perlattice and their intersections with par-space are the netplanes of one of the
periodic average structures (PASs). For each set of Bragg reflections (harmon-
ics) a different PAS and corresponding set of netplanes exists. These netplanes
are relevant for the propagation of electrons and phonons analogous to those of
periodic crystals. The waves can form interference patterns (i.e., standing waves)
with maxima/minima at the netplanes (contrary to amorphous structures).

Thus, it is more likely that a structure is energetically favorable if Bragg reflec-
tions exist. Periodicity is a prerequisite of Bragg reflections, be it in 3D or nD.
Consequently, quasiperiodic structures are in the intersection of an infinite num-
ber of PAS with their sets of netplanes. The “thickness” of the netplanes of the
PASs leads to a rapid decrease of the intensities of higher harmonics. The smaller
the AS, the simpler the nD unit cell, the better the PAS and the more and stronger
higher harmonics (disfavoring random tiling-based structures), the more distinct
the band gaps.

Physics is in the short-range order of the atomic arrangements (clusters), their
packing and the electron wave interference (band structure) that result from the
long-range order. The origin of quasiperiodicity lies in:

• the existence of two incompatibilities: non-crystallographic cluster symme-
try vs. periodic packing

• the existence of two different length scales, i.e., that of interatomic distances
and of the cluster diameters

• the difference between the local chemical composition of the clusters and the
average composition of the intermetallic phase, which can only be achieved
by particular kinds and frequencies of cluster overlaps

• a particular, favorable valence-electron concentration resulting in an incom-
mensurate stoichiometry.

The strip/projection approach reflects the way clusters have to be packed in order
to achieve an arrangement with minimum deviation of the local chemical compo-
sition from the global one. It also shows that this constraint produces the densest
packing of clusters (see Steurer and Deloudi (2012) and Steurer (2012)).

Finally, what is the difference between a quasicrystal and its high-order approx-
imants from a physical point of view? Why have only low-order approximants
been experimentally observed so far, although a “devil’s staircase” of rational ap-
proximants of arbitrary order would be theoretically possible? The main reasons
may be the following ones: (i) the non-crystallographic symmetry of the QCs is
broken in approximants, however high its order may be; (ii) the cohesion energies
of a QC and its high approximant are almost the same; (iii) since the chemical
compositions of a QC and its approximant differ, also their valence-electron con-
centrations differs, and the electronic stabilization via pseudo-gaps, for instance,
can be maximum just for one composition; (iv) the configurational entropies of
both complex intermetallics are different.



5

Statistical description
and structural correlations

The following chapter presents a statistical analysis of all structures and structure
types of the intermetallic compounds contained in the reduced database Pear-
son’s Crystal Data (PCD) (Villars and Cenzual, 2011a). The goal is to identify,
analyze, and discuss structural regularities and relationships for improving our
understanding of the formation and stability of intermetallics, in order to get a
flavor of the big picture. The most important ordering parameters used in our
analysis are the Mendeleev numbers, introduced here. Their assignment to the
different chemical elements is based on an empirical chemical scale χ , introduced
by Pettifor (1984) (Fig. 5.1). Based on the Mendeleev numbers, we will analyze
the distributions of chemical compositions, stoichiometries, and symmetries of
the binary and ternary intermetallic compounds separately, and discuss the oc-
currence and characteristics of the most common structure types. Also of interest
is the distribution of the number of representatives of the structure types, which
varies in a wide range.

5.1 The Mendeleev numbers

For revealing structural relationships and predicting the stability of crystal struc-
tures, the atomic numbers are not very helpful as an ordering parameter.
Therefore, many other indicators such as atomic radii, valence electron concen-
trations, electronegativities, Zunger’s pseudopotential radii, etc. have been used
frequently in quantum structure diagrams and structure stability maps (see, e.g.,
Daams and Villars (2000), and references therein). Unfortunately, atomic para-
meters such as radii or electronegativities are not structure-invariant quantities
but, to some extent, depend on atomic environment and chemical bonding. An
alternative simple phenomenological approach was introduced by Pettifor (1984)
with the Mendeleev numbers, M, which proved quite successful in identifying
stability fields of binary intermetallic compounds, AaBb, inM(A)/M(B) plots (for
short: M/M-plots) (Pettifor, 1986; Pettifor and Podloucky, 1986; Pettifor, 1988;
Pettifor, 1995).

Intermetallics: Structures, Properties, and Statistics. First Edition. Walter Steurer and Julia Dshemuchadse.
© Walter Steurer and Julia Dshemuchadse 2016. Published in 2016 by Oxford University Press.
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Fig. 5.1 Assignment of the Mendeleev numbers to the chemical elements in the periodic table
(Pettifor, 1984). Note the position of Be and Mg in the column together with Zn, Cd, and Hg,
as well as the numbering of Yb and Eu, which are placed between Ca and Sc, because they are
frequently divalent in contrast to the predominantly trivalent other lanthanoids. Of the 103
elements shown here, 81 are considered metallic and 22 non-metallic (shaded gray) according to
our definition.

The Mendeleev numbers start with the least electronegative element, He,
M(He)= 1, χ =0.00, and end with one of the most electronegative ones, H,
M(H)=103, χ =5.00, in this way establishing an empirical chemical scale χ ,
with 0.00≤ χ ≤ 5.00. On this a posteriori scale, elements from the same homol-
ogous group (column) in the periodic table of the chemical elements, which are
known to have similar chemical properties, are assigned values close to one an-
other, in contrast to the sequence of atomic numbers, which jumps from row to
row. By employing this approach, a good structural separation could be achieved
in M(A)/M(B) plots for stoichiometries AB, AB2, AB3, AB4, AB5, AB6, AB11,
AB12, AB13, A2B3, A2B5, A2B17, A3B4, A3B5, A3B7, A4B5, and A6B23 (Pettifor and
Podloucky, 1985; Pettifor, 1986). The Mendeleev numbers have also proven use-
ful for the identification of stability fields of quasicrystals and their approximants
(Ranganathan and Inoue, 2006).

In order to explain this phenomenological observation, a microscopic theory
was developed (Pettifor and Podloucky, 1984; Pettifor and Podloucky, 1986)
based on the reasoning “that the angular momentum character of the valence
orbitals is of prime importance as the relative stability of different building blocks
is determined by whether we have sp-sp, p-d, d-d, [. . . ] bonding” (Pettifor and
Podloucky, 1985).

Originally, the scale was closely related to Pauling’s electronegativities (Pauling,
1960), but it was subsequently refined and developed to its final form of inte-
ger values M (Pettifor, 1988, 1995), ordering the elements in a crystal-chemical
useful way instead of proposing a questionable quantitative scale (Fig. 5.2).
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As an example for an M/M-plot, a general map, M(A) vs. M(B), for all bi-
nary intermetallics AaBb (a≥ b) in the database is depicted in Fig. 5.3, with the
stability fields of complex intermetallics (CIMs) marked by gray dots. It clearly
shows which element combinations do not form binary compounds (in the case
they were studied experimentally at all). At first glance, the diagram looks mirror-
symmetric with respect to the diagonal; however, usually AaBb �=AbBa, as we will
see later. One has to keep in mind that each dot in the plot just refers to a binary
intermetallic system representing an arbitrary number of different binary phases
therein (≥ 1).

There are relatively few compounds in the range where both constituents
have Mendeleev numbers smaller than M =58. If the majority constituent has
M(A)< 58 then the minority component mostly has M(B)> 58. In contrast, if
the majority component hasM(A)> 58, the minority component can have more
or less any Mendeleev number. The small gaps atM(A) orM(B)= 13, 29, or 48
just indicate that the database does not contain binary compounds of radioactive
Ra, Pm, and Ac. Those at M(A) or M(B)= 85, 86, 89, and 90 correspond to
compounds with the non-metallic elements Si, B, and As, respectively, and which
have been excluded from our analysis. The diagonal M(A)=M(B) corresponds
to unary phases (chemical elements), which are not included in this plot.

There is a more extended gap in the range 34≤M≤ 38, indicating that there
are no binary compounds of the late actinoids in the database. This does not mean
that they could not form, it rather reflects the difficulty to experimentally study
binary systems with actinoids as components. The early and intermediate actin-
oids, with 39≤M≤ 48, however, form quite a few compounds with most element
classes except the alkali and alkaline earth metals. Also significant are the white
regions with M(A)=52–66 and M(B)= 71–75, 78, and 79, i. e., compounds of
A = transition metal as majority components with B = Ag, Cu, Mg, Hg, Cd, Tl,
and In as minority constituents, as well as the other way around.

The largest, almost contiguous blocks in the diagram refer to systems where one
constituent is either an alkali, alkaline earth metal, or a lanthanoid (Ln) element,
and the other a late TM or main group (M) element. This can be understood
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by taking into account the chemical similarity of the rare earth elements. These
elements can largely substitute each other in the structures of the binary phases
without changing the structure type. This may be the main reason for the large
extension along theM(B)-axis of the complex intermetallics withM(A)=75 and
76, i. e., the elements Cd and Zn.

Due to their chemical similarity, the binary Ln–Ln phases are all solid solutions
crystallizing in unary structure types. In most cases, these are just the structure
types of the allotropes of the constituting elements, in some cases they correspond
to that of hR9-Sm. The few binary An–An compounds marked in the M/M-plot
also refer to either solid solutions or to still unidentified compounds with larger
unit cells.

Complex intermetallics (CIMs) have been observed in the regions with Mende-
leev numbers for the majority componentM(A)= 12, 15–19, 22–28, 70, 72–76,
and 78–84, i.e., the elements Li, (Sr, Ca, Yb, Eu, Sc), (Er, Ho, Dy, Y, Tb, Gd, Sm),
Au, (Cu, Mg, Hg, Cd, Zn), (Tl, In, Al, Ga, Pb, and Sn, Ge). Elements that can
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occur in CIMs as both majority and minority components are written here in ital-
ics. The distribution of minority elements differs significantly withM(B)= 8–12,
14, 15, 17–28, 30–33, 43, 45, 49–52, 54, 56, 57, 60–70, 73, 75, 78, 82–84, and
88, i.e., the elements (Cs, Rb, K, Na, Li), Ba, Sr, (Yb, Eu, Sc, (Lu, Tm, Er, Ho,
Dy, Y, Tb, Gd, Sm), (Nd, Pr, Ce, La), Pu, U, (Zr, Hf, Ti, Ta), V, Mo, Cr, (Mn,
Fe, Ru, Os, Co, Rh, Ir, Ni, Pt, Pd, Au),Mg, Cd, Tl, (Pb, Sn, Ge), and Sb.

One has to keep in mind, however, that not all binary intermetallic phase dia-
grams have been reliably explored so far, so that quite a few more data points
may have to be added in the future. This refers, in particular, to phase diagrams
including not only temperature but also pressure as a parameter. In the case of the
chemical elements, for instance, there are much more high-pressure allotropes
known than modifications that are stable at ambient pressure. It is not clear, how-
ever, how Pettifor’s chemical scale would have to be modified for high-pressure
phases since not only atomic radii but also electronegativities can significantly vary
with pressure.

5.2 Mining the database Pearson’s Crystal Data (PCD)

We extracted a complete dataset of all fully described structures of intermetallics
from the database Pearson’s Crystal Data (PCD) (Villars and Cenzual, 2011a).
Of the 227 145 entries for structures of inorganic compounds, 47 192 (≈ 20.7%)
can be regarded as being structures of intermetallics (for our definition of metallic
elements see Fig. 5.1) and in turn 46 071 of these are completely described, i.e.,
with all atomic coordinates (Dshemuchadse and Steurer, 2015). We filtered this
dataset once more by excluding duplicates and most of the entries just represent-
ing solid solutions. For this purpose, we correlated the items for the intermetallic
system and the structure type: if these two features were identical for a number
of entries, only one of them was kept in the dataset. This reduced the number of
structures of intermetallics to 20 829, belonging to 2166 structure types, in total.
This means that there are on average ≈ 9.6 intermetallic phases per structure type
(Table 5.1). Among them, solid solutions will still be present to some extent. This
is due to the fact that, for example, in the case of the solution of Al in cF4-Cu,
two entries will be found: both with structure type cF4-Cu, but one in the binary
system Al–Cu, and the other one in the “unary system” Cu.

It is important to understand how in the PCD crystal structure types are as-
signed to crystal structures. Thereby, the so-called “entry prototype” is assigned
to a crystal structure by comparison of the space groups, cell parameter ratios,
and occupied Wyckoff positions, including their atomic coordinates (Villars and
Cenzual, 2011a). This is usually a sufficient definition of a structure prototype,
but gets more complicated if different numbers of components are involved. For
instance, the cF4-Cu structure type has been assigned to some binary compounds
AaBb. Consequently, the structure must be inherently disordered, since the struc-
ture type features only one atomic position (4a 0, 0, 0 in space group 225 Fm3̄m).
Such a binary phase is a solid solution, therefore, and should be termed phase
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Table 5.1 Classification of intermetallic compounds in the PCD with respect to the number of
their constituting elements (Nc). The numbers for quaternary and higher systems are not
representative at all since these systems have not been studied to a similar extent as the binary
and ternary ones. Duplicates and – for the most part – solid solutions were excluded from this
dataset. Given are the numbers of theoretically possible systems (Ntheo

sys ), of the experimentally
studied ones listed in the ASM Alloy Phase Diagram Database (NASM

sys ) (of the 6499 ternary
systems in the database, 4438 also contain non-metallic elements and were omitted (Fleming,
2014)) and of those listed in the PCD (NPCD

sys ), as well as the number of different structures (Ns)
and structure types (Nst) in the PCD. The number of structure types (Nst), 2611, obtained by
summarizing the entries in the table, contains double counts, the true number in the PCD being
2166. The number Nc of constituents of an intermetallic compound is not necessarily equal to the
number of constituents of the respective structure type; it can be higher.

Nc Ntheo
sys NASM

sys NPCD
sys Ns Nst Ns/Nst Ns/Nsys

1
(
81
1

)
=81 75 277 86 3.2 3.42

2
(
81
2

)
=3240 1401 6441 943 6.8 1.99

3
(
81
3

)
=85320 2061 5109 13 026 1391 9.4 0.15

4
(
81
4

)
=1663 740 973 212 4.6

5
(
81
5

)
65 22 3.0

6
(
81
6

)
24 10 2.4

7
(
81
7

)
13 4 3.3

8
(
81
8

)
8 2 4.0

9
(
81
9

)
2 1 2.0

Total 20 829 2166 9.6
(2611)

rather than compound. We consequently marked the respective structure types in
the following tables (with flag “s”) and excluded them altogether in the treatment
of binary intermetallics in Section 5.4.

Matters are more complicated for the analogous discussion of those compounds
among the ternaries, which are described in binary structure types. Here, two
cases are possible. In analogy to the unary-binary relationship, a ternary struc-
ture could be assigned to the cF24-MgCu2 structure type, for instance. In this
structure type, only two symmetrically independent atomic sites are occupied
(227 Fd3̄m, Mg in 8a 0, 0, 0 and Cu in 16d 5/8, 5/8, 5/8), which would lead to
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intrinsic disorder if three elements were to be distributed on these two sites. In
this case, the marker refers to a supposed solid solution again (flag “s”). Another
case can be illustrated based on the hP24-MgNi2 structure type, for instance. It
features five symmetrically independent atomic positions (194 P63/mmc, Mg1 in
4e 0, 0, z, Mg2 in 4f 1/3, 2/3, z, Ni1 in 4f 1/3, 2/3, z, Ni2 in 6g 1/2, 0, 0, and Ni3
in 6h x, 2x, 1/4), which theoretically allows three (or up to five) elements to oc-
cupy separate sites in an ordered way. However, strictly speaking, the resulting
structure would represent a substitutional derivative structure type, due to the
different atomic decoration of the sites. As a result, these cases are marked as
derivatives of the structure type (flag “d”). It should be noted, however, that all
these structures – similar to most structures in the database – can show substitu-
tional disorder, which cannot be extracted from the database in an automated and
consistent way.

One main problem for the reliability of the assignment of structure types are
older sources that are based just on the visual inspection and comparison of
Debye-Scherrer X-ray diffraction (XRD) patterns. Superstructures can easily be
overlooked in this case, in particular if elements are substituted, which differ by
only a few atomic numbers, which leads to a weak scattering contrast for X-rays.
This can even pose a problem for state-of-the-art single-crystal XRD structure
analyses. Another problem is that the given stoichiometry and that of the as-
signed structure type often significantly differ. This is so because, particularly
in older studies, frequently just the nominal composition of a sample is given and
not that of the single crystal taken from it. Another reason may be a very broad
compositional stability range of the structure type.
Caveat: Although we did our best to identify a unique subset of intermetallic

phases in the PCD, it will still contain some unreliable entries due to the above
mentioned problems. Consequently, the number of intermetallic compounds and
their assignment to structure types will show some uncertainties. We think, how-
ever, that the number of structure types listed in our reduced subset of the PCD is
less questionable, and that the trend in the data would not change once unreliable
data sets are replaced by reliable ones.

The 20 829 entries of crystal structures in our reduced PCD include those of
unary (pure chemical elements) and multinary compounds as listed in Table 5.1
(Dshemuchadse and Steurer, 2015). The number of structure types, 2611, result-
ing in this table by just summing up the entries is larger than the actual number,
2166, given above, because one and the same structure type can refer to com-
pounds with different numbers of constituents (solid solutions and derivative
structure types included). This is also the reason for the fact that the average
number of representatives per structure type for all intermetallics is, with 9.6, lar-
ger than any such number for the individual n-constituents systems. Of the 2166
(1087 unique) structure types there are 80 (46) unary, 902 (436) binary, 1095
(547) ternary, 87 (56) quaternary, and 2 (2) quinary compounds.

While the number of structures for unary systems (allotropes of the chemical
elements) is, with 277, 3.4 times larger than the number 81 of metallic elements,
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and almost two times larger than the number of binary systems in the case of bi-
nary intermetallics, it is, with a factor of 0.15, much smaller than the number of
ternary systems in the case of ternary intermetallic compounds. The gap between
the number of intermetallic systems and the number of known compounds dras-
tically widens with the increasing number Nc of constituents. However, ternary
and higher systems have only been studied to a very small extent, probably not
reflecting the true trend.

We have to take into account that, according to the PCD, only for 1401 out of
the theoretically possible 3240 binary intermetallic systems has at least one binary
compound been observed so far. In the case of ternary systems, this amounts
to 5109 out of 85 320. Consequently, for each binary and ternary intermetallic
system with at least one intermetallic compound, there are on average 4.7 and 2.6
representatives, respectively. These numbers do not differ much from the factor
3 for the element structures.

For 4041 out of the 5109 ternary phases included in the PCD, at least one bi-
nary phase has been reported for each of the three binary subsystems. For 1053
systems, one binary subsystem did not exhibit any binary phases, while in the
15 remaining ternary systems two of their three binary subsystems are not ex-
hibiting any intermetallic phases. These are the systems Al–Cs–Tl, Bi–Fe–Zn,
Bi–Li–V, Ca–Co–Pb, Ca–Cr–Pb, Ca–Pb–Ru, Cr–La–Pb, Cu–Ta–V, Ge–Np–Tc,
Ge–Tc–U, Hf–V–Y, K–Tc–Tl, La–Mn–Pb, Mn–Rh–Tl, and Mn–Sn–W. None of
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the 5109 ternary systems exhibiting at least one ternary compound only featured
elements that did not form any binary phases in their binary subsystems.

The number of representatives per structure type is illustrated in Fig. 5.4. The
average numbers increase from 3.2 for unary structure types to 6.8 for binary
and 9.4 for ternary ones (Table 5.1). The distribution of the actual numbers of
representatives per structure type, however, spans a much wider range between
≈ 800 and 1. Consequently, quite a few structure types are substitutionally very
flexible, being able to accommodate many different elements in their structures,
while approximately half of all structure types are not flexible at all (unique struc-
ture types). Remarkably, 1087 structure types out of the 2166 ones known so far
have just one representative, i.e., they are unique. The percentage of complex in-
termetallics in each bin of the histogram (equal to the number of representatives
per structure type) is approximately constant, except in the case of unique struc-
ture types. There, the fraction of complex intermetallics is—with approximately
16%—significantly higher.

5.3 Stability maps and composition diagrams
of intermetallics

As we will show in the following, the frequency distributions of the structure types
of intermetallics and their representatives are very heterogeneous, and can vary
significantly. The distribution of CIMs is similar to the general one. Somehow
surprising is the prevalence of the rather low-symmetric monoclinic and ortho-
rhombic structure types. Amazingly, the number of intermetallics with structures
and structure types with an even number of atoms per primitive unit cell seems to
be significantly larger than those where the number is odd.

In the following, we will discuss first the symmetry and size distributions of
structure types, respectively, then some special cases of structure types such as
with very low or very high symmetry or with just one atom per primitive unit cell.
Finally, we will look into the most frequent stoichiometries of intermetallics and
their chemical compositions (M/M-plots).

5.3.1 Symmetry and size distributions, fractions
of unique structure types

As shown in Fig. 5.4, approximately half of all 2166 structure types (1087) are
represented by just a single intermetallic compound each, which consequently
makes them unique. Partly, this can be explained by the lack of sufficient relia-
ble data, i.e., the fact that not all phase diagrams, especially the ternary ones, have
been studied thoroughly or at all so far; and only a few of them have been explored
as a function of both temperature and pressure. However, this does not necessarily
bias the general trend too much. Therefore, the questions arise-how can the exist-
ence of such a large fraction of unique structure types be understood? What is so
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special about them that their structures cannot be realized in more than a single
intermetallic phase, and only for one particular chemical composition? Why are
they so compositionally inflexible in contrast to the Laves or Heusler phases, for
instance, with each of them showing hundreds of representatives?

For a given stoichiometry, the possibility of the formation of an intermetallic
compound and its stability range primarily depend on the complex interplay of
atomic size ratios, electronegativity differences, valence electron concentrations
and the kind of chemical bonding emerging therefrom. The symmetry of the
resulting structure is easily accessible experimentally, and it is indicative of di-
rectional bonding and structural distortions of other origin such as the Peierl’s
distortion. Consequently, we will first explore the occurrence and distribution of
unique structure types based on symmetry (Table 5.2, Figs. 5.5 and 5.6) and
composition statistics (Figs. 5.9 and 5.24), respectively. This may give some hints
as to why some structure types are less compositionally flexible than others.

Table 5.2 Distribution over the 14 Bravais type lattices of all structure types and their
representatives contained in the PCD. In addition to the number of representatives and structure
types, also their ratio is given.

Bravais lattice No. of representatives No. of structure
types

Av. no. of
representatives per
structure type

aP 62 31 2.0

mP 231 108 2.1

mS 448 171 2.6

oP 1849 295 6.3

oS 1440 247 5.8

oI 899 99 9.1

oF 79 33 2.4

tP 1434 174 8.2

tI 2165 183 11.8

hP 5154 401 12.9

hR 940 141 6.7

cP 1713 91 18.8

cI 972 81 12.0

cF 3443 111 31.0

All 20 829 2166 9.6
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Fig. 5.6 Symmetry of the intermetallic structure types listed in the PCD:
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The distribution of the structure types and, to a lesser amount, of their rep-
resentatives over the 14 Bravais type lattices is close to bimodal, peaking around
primitive and one-face-centered orthorhombic Bravais type lattices, oP and oS, on
one hand, and at hexagonal primitive lattices, hP, on the other hand (Table 5.2 and
Fig. 5.6(a)). Remarkable is the very small number of intermetallics with structures
with Bravais type lattice type oF , while this is expected for the lowest Bravais type
lattice symmetry aP. The structures of only 5008 out of the 20 829 compounds
(24.0%) have the low symmetries a, m, o. This matches our intuitive assumption
of intermetallics being generally “highly-symmetric” due to the isotropy of the
(idealized) metallic bonding. However, not even all high-symmetry structures, let
alone the low-symmetric ones, can be regarded as being “simple”, as will be de-
tailed below. In contrast, the number of low-symmetry (a, m, o) structure types is
with 984 (45.4%) similar to that of high-symmetry (t, h, c) structure types, 1184
(54.6%). This means that the low-symmetry structure types have much less rep-
resentatives than the high-symmetry ones, i.e., they are less flexible with respect
to substitution on particular atomic sites. Indeed, the fraction of unique structure
types is significantly higher for the Bravais type lattice types aP, mP, mS, and oF
than for the other ones. The numbers overlaid on the Bravais type lattice distribu-
tion histogram in Fig. 5.6(a) refer to the actually observed number of atoms per
primitive unit cell in the range 1 and 20. Only in the cases of tI , hP, and hR, have
all numbers between 1 and 20 been observed so far.

For the distribution of the structure types and their representatives over the
32 crystallographic point groups, one finds that the unique structure types ac-
cumulate in those point groups that have only a few structure types anyway
(Fig. 5.6(b)). A similar trend can be found for the distribution over the 230 space
groups (Fig. 5.6(c)). The most frequent point groups are the holohedral ones, in
particular 2/m, mmm (remarkably frequent), 4/mmm, and 6/mmm. In comparison
with the large fraction of intermetallics in cubic point groups, the fraction of their
structure types in cubic point groups is remarkably small, if we take into account
that we are discussing intermetallic phases, with – in the ideal case – isotropic
metallic bonds. The distribution clearly shows that in most cases the chemical
bonding will not be isotropic but will contain significant covalent and/or ionic
contributions or distortions of electronic origin.

There is also a clear preference for a few lower-symmetry centrosymmetric
space groups such as 12 C2/m, 62 Pnma, 63 Cmcm, 65 Cmmm, and 71 Immm.
The prevalence of mirror and glide planes in the structures can be seen as a kind
of structure-inherent local twinning, which can help minimizing local strains. The
maximum site symmetries are, with the order k=2, lowest for 62 Pnma (1̄, m),
then follow with k=4, 12 C2/m (2/m), and 63 Cmcm (2/m, mm2), with k=8,
65 Cmmm (mmm) and 71 Immm (mmm), with k=12, 166 R3̄m (3̄m), and 194
P63/mmc (3̄m, 6̄2m), with k=16, 139 I4/mmm (4/mmm), and, with k=24, 191,
P6/mmm (6/mmm). Although low-symmetric AETs (e.g., with site symmetry 1)
can be accommodated in any of the 230 space groups, the arrangement of these
AETs will be least constrained if the maximum site symmetry is low.
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The most common space groups (representing more than 100 structure types
or more than 500 compounds) are 12 C2/m, 62 Pnma, 63 Cmcm, 139 I4/mmm,
166 R3̄m, 189 P6̄2m, 191 P6/mmm, 193 P63/mcm, 194 P63/mmc, 216 F 4̄3m,
221 Pm3̄m, 225 Fm3̄m, and 227 Fd3̄m. Among them, only the two space
groups 189 P6̄2m and 216 F 4̄3m are non-centrosymmetric, which may be of
interest in the search for materials with specific physical properties requiring non-
centrosymmetry. Furthermore, 8 of the 13 space groups are symmorphic (contain
only point group symmetry operators besides the translational ones creating the
lattice) and only five non-symmorphic. In general, symmorphic space groups can
have the lowest multiplicities of special Wyckoff positions of one (normalized to
a primitive unit cell, i.e., the multiplicity of the equipoint position divided by the
multiplicity of the type of lattice centering), i.e., an odd number. In contrast, the
five non-symmorphic ones, 62 Pnma, 63 Cmcm, 193 P63/mcm, 194 P63/mmc, and
227 Fd3̄m have minimum multiplicities of 4, 2, 2, 2, and 2, respectively-all even
numbers.

In Fig. 5.7, the frequency of intermetallics as a function of the number of atoms
per primitive unit cell is given. The black histogram bars indicate the number of
structure types (2166 in total) in each bin (bin size 4, i.e., from 1 to 4 atoms per
unit cell, from 5–8, etc.), while the gray ones mark the fraction of unique structure
types (1087 in total) among them. The fraction of unique structure types in each
histogram bar is roughly the same as the overall average (≈ 50%). Histogram bars
related to unique or non-unique structure types only are rare. The number of
structure types as a function of unit cell size rapidly decays from the peak value of
more than 200 in the second bin (5 to 8 atoms per primitive unit cell), and gets one
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Fig. 5.7 Frequency of intermetallics as a function of the number of atoms per primitive unit
cell. The black histogram bars indicate the number of structure types (2166 in total) in each bin
(of size 4), while the gray ones mark the fraction of unique structure types (1087 in total) thereof.
Histogram bars related to unique structure types only are rare. The four of them representing
more than five structure types are marked by arrows. Note the logarithmic y-axis.
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order of magnitude smaller for unit cell sizes above 100 atoms per primitive unit
cell, and one more magnitude smaller beyond 300 atoms per primitive unit cell.

It is worthwhile to have a closer look at this distribution. In Fig. 5.8, only
the range up to 100 atoms per primitive unit cell (bin size 1) is shown. With
bin size 1, we do not average over odd and even numbers of atoms per primi-
tive unit cell, which uncovers new features. One clearly sees that structure types
and their representatives show both significantly higher frequencies in the case
of unit cells containing an even number of atoms compared to those with an
odd number of atoms per unit cell. Keep in mind that we always refer here to
primitive unit cells. This means that cF4-Cu would be represented by its rhombo-
hedral subcell containing just one atom. Consequently, there is no bias from lattice
centering.

An odd number of atoms in a unit cell can only result from Wyckoff positions
with odd multiplicities, if we assume that all atomic sites are fully occupied. Such
odd equipoint positions only exist for special sites in the 73 symmorphic space
groups. All non-symmorphic space groups, except the six containing 31 or 32

screw axes, and the four with 62 or 64 screw axes, have only equipoint positions
with even multiplicities, i.e., 147 out of 157. For an equal distribution of structure
types on the 230 space groups (which is not at all the case), the ratio of their fre-
quencies for odd to even primitive unit cell contents would be 83/147 ≈ 0.56, if
we assume that all structures with symmorphic space groups have an odd number
of atoms per unit cell, which is not the case, of course. If we compare this num-
ber with that resulting for the 20 most frequent structure types (Table 5.3), then
we find a very good agreement with a ratio of 2693/4718 ≈ 0.57. Of the space
groups of the 20 most frequent structure types, 12 are symmorphic and 8 non-
symmorphic. Of the 12 structures with symmorphic space groups only 8 have an
odd number of atoms per primitive unit cell.

If we compare the total number of intermetallics with structures with an odd
number of atoms per primitive unit cell with that with an even number of atoms
per primitive unit cell, then we get an even more distinct ratio, 5532/15297≈ 0.36.
For the respective ratio of the structure types we obtain 401/1765≈ 0.23. This
means that, in the case of structures with symmorphic space groups if any, there
must be an even number of odd-numbered Wyckoff positions occupied, in order
to show an even number of atoms per unit cell. Examples are cP4-Cu3Au and cP2-
CsCl crystallizing in the space group Pm3̄m with occupied Wyckoff positions 1a
& 3c and 1a & 1b, respectively (Table 5.3).

So why does it make such a difference for the frequency of structure types
and their representatives whether we have an even or an odd number of atoms?
Why does an intermetallic compound prefer forming a structure with an even
number of atoms per unit cell? Why would it be so difficult to accommodate one
atom more or less in a structure? Do non-symmorphic space groups, centered
Bravais type lattices, or centrosymmetric structure types allow better local strain
compensation, a higher degree of chemical homogeneity? This has to remain an
open question for now.
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Fig. 5.8 Frequency of intermetallics as a function of the number of atoms per
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Table 5.3 The 20 most common structure types among the 2166 structure types of
intermetallics in the PCD (Dshemuchadse and Steurer, 2015). Each one represents at least 200
compounds and, therewith, 1.0% of all intermetallics, altogether 7411 compounds (35.6%).

Rank Structure type Space group Wyckoff
positions

No. of
representatives

% of all
representatives

1. cF24-MgCu2 227 Fd3̄m 8a 16d 806 3.9%

2. cF4-Cu 225Fm3̄m 4a 581 2.8%

3. cP4-Cu3Au 221 Pm3̄m 1a 3c 544 2.6%

4. cP2-CsCl 221 Pm3̄m 1ab 512 2.5%

5. hP9-ZrNiAl 189 P6̄2m 1a 2d 3fg 490 2.4%

6. hP12-MgZn2 194 P63/mmc 2a 4f 6h 456 2.2%

7. cF16-Cu2MnAl 225 Fm3̄m 4abcd 414 2.0%

8. oP12-TiNiSi 62 Pnma 4c3 403 1.9%

9. cI2-W 229 Im3̄m 2a 375 1.8%

10. hP6-CaCu5 191 P6/mmm 1a 2c 3g 366 1.8%

11. tI10-CeAl2Ga2 139 I4/mmm 2a 4de 338 1.6%

12. hP2-Mg 194 P63/mmc 2c 338 1.6%

13. tI26-ThMn12 139 I4/mmm 2a 8fij 294 1.4%

14. oI12-KHg2 74 Imma 4e 8i 252 1.2%

15. hP6-CaIn2 194 P63/mmc 2b 4f 215 1.0%

16. hP16-Mn5Si3 193 P63/mcm 4d 6g2 209 1.0%

17. hR57-Zn17Th2 166 R3̄m 6c2 9d 18fh 209 1.0%

18. cF12-MgAgAs 216 F 4̄3m 4abc 206 1.0%

19. tP10-Mo2FeB2 127 P4/mbm 2a 4gh 203 1.0%

20. hP3-AlB2 191 P6/mmm 1a 2d 200 1.0%

Total 7411 35.6%

Then, with regard to the number of atoms per primitive unit cell, most flexible
Bravais type lattice types appear to bemS, tI , hP, and hR (see Fig. 5.6(a)). For the
triclinic Bravais type lattice, aP, the trend is strongest to an even number of atoms
per unit cell (at least for the range from one to twenty atoms per unit cell). This
may just be due to the fact that only centrosymmetric structures (space group 2
P1̄) have been observed so far for these low-symmetry compounds. Of course,
centrosymmetric structures can also have an odd number of atoms per primitive
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unit cell if an odd number of atoms occupy a special Wyckoff position on an
inversion center. For instance, in space group 2 P1̄, these are the eight Wyckoff
positions 1a-1h with site symmetry 1̄.

Is there any characteristic trend in the distribution of the unique structure types
with regard to the chemical composition? Let’s have a look at that on the exam-
ple of binary intermetallics. Although the number of binary intermetallics with
unique structure types, 523, is even slightly larger than that with non-unique
ones, 420, their distribution in Fig. 5.9 appears to be much less dense. This is
clear, however, because the 420 non-unique structure types have 5918 represent-
atives distributed over much more binary systems than the 523 representatives of
the 523 unique structure types. This leads to an approximately 5918/523=11.3
times larger number of dots, which, however, overlap with one another to a large
extent (representing several different intermetallics in one and the same binary
system).

The M/M-plot of the 6441 binary intermetallics just indicates that for Ln–
Ln, An–An, and Ln–An compounds no unique structure types are known so
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Fig. 5.9 Chemical compositions of the 6441 binary
intermetallics, which crystallize in 943 structure types, 523
(55.5%) of them unique ones. These are shown in gray with
(M(A)>M(B)), while the distribution of the remaining 5918
intermetallics with non-unique structure types is shown in black
(with M(A)<M(B)). Areas containing alkali metals, alkaline
earth metals, actinoids, and (semi)metallic main group elements
are shaded gray.
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far, except for those in the systems U–Np and U–Pu (Fig. 5.9). This can be ex-
plained largely by the similar properties of lanthanoids and actinoids, respectively,
which just form solid solutions instead of compounds. The densest distribution
of unique structure types can be found for compounds of alkali and alkaline
earth metals (8≤M(B)≤ 18) with main group elements (74≤M(A)≤ 84 and
87), i.e., mostly Zintl phases, as well as for compounds of late transition elements
(60≤M(B)≤ 72) and main group elements (74≤M(A)≤ 84 and 87).

5.3.2 Structure types with very low or very high
symmetry

As we have seen in Table 5.2 and Fig. 5.5, a significant number of structure types
(31) and their representatives (69) shows triclinic symmetry (space group P1̄).
Why do intermetallics adopt such low-symmetry structures, and what do these
structures look like? Is there a general principle that allows us to understand the
origin of this low symmetry? We will discuss this aspect on several examples of
triclinic intermetallic phases:

• aP8-KHg (P1̄, 2i4; isotypic to CsHg and EuGa) (Biehl andDeiseroth, 1996;
Deiseroth and Strunck, 1987): the structure consists of square-planar Hg4
units forming with ten K atoms a distorted fcc-unit-cell-like structural sub-
unit (Fig. 5.10 (a)–(c)). These subunits are linked by edges and vertices,
respectively. The formation of the Hg4 clusters together with the large dif-
ference in atomic radii (rK =2.27 Å, rHg = 1.50 Å) seems to be the main
reason for the distortion of the structure leading to the low symmetry.

• aP12-RhBi2 (P1̄, 2i6) (Ruck, 1996): the structure consists of almost flat
Bi-decorated triangle/square (33.42) nets, which are shifted parallel to each
other in a way so that the triangles and squares are forming the opposite
faces of polyhedra, which are each centered by one Rh atom each (Fig. 5.10
(d)–(f)). The Rh atoms (rRh = 1.35 Å) form pairs along the [010] direction,
with their distances alternating between 3.114 Å and 3.916 Å, compared
to 2.70 Å in the element. The Bi layer is modulated in order to accommo-
date these varying distances. The chains of Bi atoms (rBi = 1.55 Å) in this
direction show alternating distances of 3.565 Å and 3.503 Å, which are lar-
ger than Bi–Bi single bonds in the element (3.10 Å), and shifts (±0.3 Å)
out of the layer. Rh and Bi chains with ideal atomic distances would be
incommensurate to each other.

• aP15-Re4Al11 (2 P1̄, 1a2i7; isotypic for Cr, Mn instead of Re) (Kontio et al.,
1980): the structure can be described as a layer structure, consisting of dis-
torted triangle/square (32.4.3.4) nets (Fig. 5.11 (d)–(f)). It consists of two
layers per asymmetric unit, one almost flat and one strongly puckered, but
both of the 32.4.3.4 type. These layers are shifted relative to each other
forming more or less distorted tetrahedra, octahedra, and trigonal prisms.
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Fig. 5.10 Structures of (a)–(c) aP8-KHg, (d)–(f) aP12-RhBi2, and (g)–(i) aP22-Ca8Al3. In
addition to one (expanded) unit cell (a, d, g), some characteristic structural features are shown.
(b) Packing of pseudo fcc unit cells, centered by a K2Hg4 octahedron (c). (e) Bi-decorated
triangle/square (33.42) net, with the squares capped by Rh atoms. (f) Another triangle/square
net added so that now the triangles are capped by the underlying Rh atoms. In the unit cell of
Ca8Al3 (g), pentagonal bipyramids are shown, which are oriented differently than the
pentagons in the pentagon/triangle tiling shown in (i). (h) The Al atoms form a triangle tiling
with every other triangle capped by Ca atoms leading to a vertex-sharing 2D 3-connected
network of tetrahedra. The structures shown in (h) and (i) are on half the usual scale.
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It should be mentioned here that the 32.4.3.4 tiling is particularly well-suited
for accommodating strains by a kind of origami-like folding (Silverberg et al.,
2015). It should also be mentioned that the distortions of the unit tiles lead to
almost regular decagonal structural units resembling the Gummelt decagon
(see Subsection 3.2.3). Pairs of decagons share either the smashed hexagon
(H) units (i.e., the allowed overlap in the PT) or a rhomb. Similar layers
are found in the eight-layer structure of mC30-WAl4. However, of the four
layers in the asymmetric unit of mC30-WAl4, there is one, containing only
Al atoms, which shows a different kind of triangle/square tiling, namely one
of the 33.42 type like those in the structure of aP12-RhBi2. Furthermore,
the squares are much more distorted into rhombs, in this way increasing the
in-plane coordination number from five to six, and thereby approaching an
hcp arrangement in the layer. This additional Al-layer accounts for the larger
Al content of mC30-WAl4 compared to aP15-Re4Al11 (ReAl2.75). It acts as
a kind of buffer between the two strongly puckered 33.42-like layers which it
is sandwiched in-between.

• aP19-Fe6.41Al12.59 (FeAl2) (2 P1̄, 1a2i9) (Chumak et al., 2010): the struc-
ture can be described with Fe sitting in the origin plus an arrangement of
distorted trigonal prisms. It has several icosahedral AETs. The structure
can be derived from the oP16-YPd2Si structure type by adding three more
atoms and rotating the trigonal prisms. The stability of the structure was
confirmed by first-principles calculations and explained by the contribution
of vibrational entropy at sufficiently high temperatures (> 360 K). This was
attributed to the enhanced density of low-frequency phonons due to the
comparatively large mean atomic volume (Mihalkovic and Widom, 2012).
At lower temperature, this compound was shown to adopt a structure of the
tI6-MoSi2 type, which can be described as a cP2-CsCl type derivative.

• aP20-RESn3 (RE=La–Nd, Sm) (2 P1̄, 2i10) (Fornasini et al., 2003): these
structures are all of the aP20-Nd2Sn3 type, which has been described to
have similarities with the oS12-ZrSi2 structure type. As is illustrated in
Fig. 7.77 in Subsection 7.15.6, the structure can be described as a stacking
of equal layers that are shifted parallel to each other. The layers correspond
to triangle/square/pentagon tilings with decagonal structural subunits.

• aP20-Ce3Pt5Al2 (2 P1̄, 2i10) (Tursina et al., 2014): the structure has been
described as packing of Ce-centered irregular polyhedra. The shortest Ce–
Ce distances with 3.68 Å are comparable to the sum of their radii (3.65 Å).

• aP22-Ca8In3 (2 P1̄, 2i11; isotypic to Ca8Al3, Yb8Tl3) (Fornasini, 1987;
Marsh and Slagle, 1988): the structure can be derived by distorting the
cF16-BiF3 structure type, with In in the Bi positions and Ca being more
or less displaced from the F sites, in this way allowing for a different
stoichiometry (Fig. 5.10 (g)–(i)).

• aP37-RE4TM9Al24 (TM:Pd, RE: Gd-Tm; TM: Pt, RE: Y, Gd–Lu) (P1̄,
1a2i18) (Thiede et al., 1999): the structure has pseudo-trigonal symmetry
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and can be described by a stacking of layers A, A’, and B. While the layers
A and A’ can be described as puckered triangle tilings, layer B alludes to a
pentagon triangle tiling.

• aP41-Re8Al33–x (2 P1̄, 1a2i21) (Grin and Schuster, 2007): the structure of
this low-temperature phase (Fig. 5.11(g)–(h)) is closely related to aP71-
Re14Al57–x.

• aP71-Re14Al57–x (2 P1̄, 1a2i35) (Schuster and Parthé, 1987): the rather com-
plex structure can be described as a stacking of two mC30-WAl4 units along
[001], one cut to a slab parallel to (110) and another one parallel to (1̄10).

It is remarkable that a significant fraction of these triclinic structure types can be
found among Mn and Re aluminides. In the case of the latter one, as many as
three phases have triclinic structures. The pseudo-decagonal arrangements in the
layers of these structures indicate that these intermetallics are quasicrystal approx-
imants. In the case of the system Al–Mn, metastable decagonal and icosahedral
quasicrystals have been observed, indeed, which can be stabilized by adding Pd.
In the case of Al–Pd–Re only stable icosahedral quasicrystals have been identified
so far.

After the discussion of structures with very low symmetry, we move now to
that of structures with very high symmetry. By very high-symmetry structures,
we mean cubic structures in which at least one Wyckoff position with the highest
multiplicity is occupied, i.e., its orbit centered on a site with symmetry m3̄m and
order k=48. Such Wyckoff positions exist in ten space groups, only, i.e., those
from no. 221 to no. 230. However, a kind of cluster shell with the highest point
symmetry (a truncated cuboctahedron, see Fig. 3.14 (f)) is only generated in the
symmorphic space groups 221 Pm3̄m, 225 Fm3̄m, and 229 Im3̄m.

Amazingly, intermetallics with such very high point-group-symmetry struc-
tures seem to be even rarer than those with very low symmetry. We could not
identify any intermetallic compound with the symmetry of one of the three space
groups mentioned above, where the Wyckoff position with the highest symme-
try is occupied. The reason may be that large cluster shells need some degrees
of freedom, which are not compatible with a single high-symmetry orbit. This
can be due to chemical composition (more than one kind of atom forming such
a cluster shell) or small distortions due to the symmetry of underlying shells. See,
for instance, the Al76 fullerene cluster shell identified in the structure of cF444-
Al63.6Ta36.4 (Fig. 7.17(d)). This cluster shell is centered at 4d 3/4, 3/4, 34, and
constituted by five symmetrically independent Al atoms: Al(1)–Al(3), each in
48h x, x, z, Al(4) in 16e x, x, x, and Al(5) in 24f x, 0, 0. The cluster center has
only site symmetry 4̄3m, with k=24.

Furthermore, the truncated cuboctahedron is bounded by squares, hexagons,
and octagons of equal edge lengths. If the edge length is dedge, then the squares
have to be decorated with atoms A of equal size at the vertices, the hexagons at
the vertices and the center, in order for all atoms to touch each other. The void in
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the center of the octagons amounts to 1.307dedge, and had to be occupied by 30%
larger atoms B. If A corresponds to TM atoms, for instance, then B could be a
RE, an alkali, or alkaline earth element. A cluster shell consisting, for instance, of
48 + 8 A atoms and 6 B atoms, or 48 A atoms, 8 B atoms, and 6 C atoms is not
very likely.

The low symmetry appears to mainly originate from the preferred formation of
specific AETs and structural subunits together with size incompatibilities and/or
odd stoichiometries requiring degrees of freedom only available in triclinic lattices.
Caveat: one has to check carefully the quality of the low-symmetry structures

listed in the PCD, in particular that of the non-centrosymmetric ones deter-
mined by powder diffraction. In quite a few cases it was found later that the
actual symmetry is higher (see, e.g., Fornasini, 1987; Marsh and Slagle, 1988).
This particularly refers to all non-centrosymmetric low-symmetry structures in
the PCD.

5.3.3 Structures with one atom per primitive unit cell

As we can see from Fig. 5.8, there are 14 structure types listed in the PCD,
three of them unique ones, with just one atom per primitive unit cell: nine of
them are element structures oF4-In, tI2-In, tI2-Pa, hR3-Hg, hR3-Te (unique),
hR3-Po, cP1-Po, cI2-W, and cF4-Cu, and one is a disordered binary inter-
metallic, hP1-HgSn9. There are four more structure types in the PCD, which
are either incommensurately modulated (R3̄m (00γ ), hR3-SnSb), metastable
(hR3-Zn0.29Al0.71; mS2-Ce, unique), or not confirmed (oS2-Sn, unique).

It is worthwhile to have a closer look at the ten confirmed structure types, which
are the simplest observed ones, in order to see what kinds of structures can form
with just one atom per unit cell, and how they differ from one another. In the
following, the space group number and space group symbol, occupied Wyckoff
position, invariant lattice complex, first and second coordination shells, AET-1
and AET-2, and the histograms of interatomic distances of all these structure types
are given (Fig. 5.12):

oF4-In (69 Fmmm, 4a, oF): AET-1: distorted cuboctahedron, AET-2: dis-
torted octahedron.

tI2-In (139 I4/mmm, 2a, tI): AET-1: tetragonally distorted cuboctahedron,
AET-2: tetragonally distorted octahedron; c/a=1.521.

tI2-Pa (139 I4/mmm, 2a, tI): AET-1: tetragonally distorted rhombicdodeca-
hedron, AET-2: tetragonally distorted cube; c/a=0.825.

hR3-Hg (166 R3̄m, 1a, hR): AET-1: along [001] distorted cuboctahedron,
AET-2: along [001] distorted octahedron; c/a=1.928.

hR3-Po (166 R3̄m, 1a, hR): AET-1: along [001] distorted octahedron, AET-2:
along [001] distorted bicapped disheptahedron; c/a=0.967.

hR3-Te (166 R3̄m, 1a, hR): AET-1: along [001] distorted rhombicdodecahed-
ron, AET-2: along [001] distorted cuboctahedron; c/a=0.757.
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hP1-HgSn9 (191 P6/mmm, 1a, hP): AET-1: hexagonal bipyramid (hbp), AET-
2: hexagonal prism; c/a=0.931.

cP1-Po (221 Pm3̄m, 1a, cP): AET-1: octahedron, AET-2: cuboctahedron.

cI2-W (229 Im3̄m, 2a, cI): AET-1: rhombicdodecahedron, AET-2:
cuboctahedron.

cF4-Cu (225 Fm3̄m, 4a, cF): AET-1: cuboctahedron, AET-2: octahedron.
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AET-1 in cF4-Cu corresponds to a cuboctahedron, characteristic for all atoms in
a cubic close packing. The same is the case for AET-1 of tI2-In, oF4-In, and for
hR3-Hg in an increasingly distorted manner. AET-2 is of octahedral shape in all
these cases, more or less distorted except in the case of cF4-Cu. The atoms on
the vertices of these octahedra cap the quadrangular faces of the cuboctahedra,
forming edge-centered octahedra and thereby resulting in close packings. In the
case of cP1-Po, the reverse scenario is the case: AET-1 is an octahedron and AET-
2 a cuboctahedron. The octahedron centers the square faces of the cuboctahedron
in this case, which leads to a cubic primitive structure in the end.

In the case of cI2-W and hR3-Te, AET-1 corresponds to a rhombicdodecahed-
ron, AET-2 is of cuboctahedral shape, and both AETs are distorted in the case of
hR3-Te. The rhombicdodecahedron and the cuboctahedron are dual polyhedra,
i.e., each face of the one polyhedron is centered by a vertex of the other. Although
AET-1 of tI2-Pa corresponds to a distorted rhombicdodecahedron, AET-2 is not
a cuboctahedron but just a tetragonally distorted cube. The vertices of the cube
center the upper and lower four rhomb faces of the rhombicdodecahedron, which
finally results in a body-centered structure.

The AET-1 of hR3-Po is a distorted octahedron (or trigonal antiprism), which
is surrounded by a bicapped disheptahedron (anticuboctahedron) for AET-2.
From another point of view, the 14 atoms closest to the central atom form,
together with the central atom, two rhombohedral unit cells sharing one vertex.

All these changes resulting in different AETs for these smallest possible struc-
ture types are reflected in the distance histograms shown in Fig. 5.12. The
question remains, why no other structure type with just one atom per unit cell
has been experimentally observed so far. These could have lattice complexes P
(2 P1̄, 1a), mP (10 P2/m, 1a), mC (12 C2/m, 2a), oP (47 Pmmm, 1a), oC (65
Cmmm, 2a), oI (71 Immm, 2a), and tP (123 P4/mmm, 1a).

5.3.4 Most common crystal structure types

The 20 most common structure types, altogether representing more than 35%
of all intermetallics in the PCD, are given in Table 5.3. Each of them represents
at least 1% of all the structures of intermetallics examined thus far. Among the
top 20 structure types, there are 2 unary ones, 11 binary ones, and 6 ternary
ones. Their symmetries are mostly cubic (4× cF , 1× cI , 2× cP) or hexagonal
(7× hP), a few are tetragonal (2× tI , 1× tP), orthorhombic (1× oI , 1× oP), or
trigonal (1× hR). None of the 310 triclinic or monoclinic structure types listed
in the PCD are among the top 20. The number of atoms per unit cell for the 20
most common structure types ranges from 2 to 57. Five of the 11 binary struc-
ture types have more than two occupied Wyckoff positions, and can be used as
ternary derivative structure types (ordered structures), which has been observed,
indeed, 12 of the 20 structure type have an even number of atoms per primi-
tive unit cell (2, 4, 6, 10, 12, 16 atoms), and 8 an odd number (1, 3, 5, 9, 13,
19 atoms).
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The most common structure types are those of the Laves phases (see Subsec-
tion 7.4.3), with the cubic one, cF24-MgCu2 (806 representatives, 3.9%), in the
first place, and the hexagonal ones in the sixth place, hP12-MgZn2 (456 repres-
entatives, 2.2%), and in the 66th place, hP24-MgNi2 (63 representatives, 0.3%),
respectively. The structures of the Laves phases can be described as topologically
close-packings (tcp) of spheres of two different sizes with a well-defined size ratio
or, alternatively, as packings of Friauf polyhedra.

Many of the most common structure types, however, correspond to simpler
close sphere packings, for instance cF4-Cu on rank 2 (581 representatives, 2.8%)
and some of its derivatives such as cP4-Cu3Au on rank 3 (544 representatives,
2.6%), a substitutional superstructure. The next ranked, less-dense, sphere pack-
ing is the cI2-W structure type on rank 9 (375 representatives, 1.8%), with its
derivative structures, cP2-CsCl on rank 4 (512 representatives, 2.5%), the Heusler
phase cF16-Cu2MnAl on rank 7 (414 representatives, 2.0%), and the half-Heusler
phase cF12-MgAgAs on rank 18 (206 representatives, 1.0%). The hexagonal
close sphere packing, hP2-Mg, only ranks as the 12th most common structure
type (338 representatives, 1.6%) among intermetallics.

5.4 Stability maps and composition diagrams
of binary intermetallics

Taking into account the 6441 binary intermetallics only – out of the in total
20 829 – the ranking of the most common structure types changes a little bit com-
pared to that for all intermetallics shown before (Table 5.3). All in all, 943 unary
and binary structure types can be found among binary intermetallics, and the 20
most common ones are listed below in Table 5.4 representing, in total, 43.1% of
all binary compounds.

Obviously, no ternary structure types are contained in this list. In addition,
the importance of sphere-packings compared with that of the Laves phases is
enhanced: cF4-Cu on rank 1 (385 representatives, 6.0%) is now the most com-
mon structure type. Of course, a unary structure type for a binary compound
implies a statistical distribution of the constituting elements. cP2-CsCl has now
rank 2 (290 representatives, 4.5%), and cP4-Cu3Au keeps rank 3 (263 repres-
entatives, 4.1%), while cI2-W, again a structure type leading to a solid solution
for a binary intermetallic phase, climbed to rank 6 (210 representatives, 3.3%).
One more unary structure type, hP2-Mg ranks now fourth (248 representatives,
3.9%). The smaller number of representatives for the structure types compared
to Table 5.3 indicates that a number of ternary compounds have been assigned
to binary structure types, again indicating solid solutions or not properly defined
derivative structures.

It is striking that the number of Laves phases in binary systems amounts to
just 223 for cF24-MgCu2 and 154 for hP12-MgZn2 compared to 806 and 456,
respectively, when including ternary and higher systems as well. This means that
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Table 5.4 Most common structure types among binary intermetallics (Dshemuchadse and
Steurer, 2015). The top 20 structure types – representing more than 50 intermetallics each – out
of 943 are given. Note, that the structure types cF4-Cu, hP2-Mg, and cI2-W are included in
this list, although they represent mainly solid solution phases or – more generally – inherently
disordered and pseudo-binary phases. They are marked by an “s”-entry (solid solution) in the
flag column.

Rank Structure
type

Space group Wyckoff
positions

No. of
structures

% of all
structures

Flag

1. cF4-Cu 225 Fm3̄m 4a 385 6.0% s

2. cP2-CsCl 221 Pm3̄m 1ab 290 4.5%

3. cP4-Cu3Au 221 Pm3̄m 1a 3c 263 4.1%

4. hP2-Mg 194 P63/mmc 2c 248 3.9% s

5. cF24-MgCu2 227 Fd3̄m 8a 16d 223 3.5%

6. cI2-W 229 Im3̄m 2a 210 3.3% s

7. hP12-MgZn2 194 P63/mmc 2a 4f 6h 154 2.4%

8. hP16-Mn5Si3 193 P63/mcm 4d 6g2 153 2.4%

9. hP6-CaCu5 191 P6/mmm 1a 2c 3g 109 1.7%

10. oS8-TlI 221 Pm3̄m 1ab 99 1.5%

11. oP16-Fe3C 62 Pnma 4c2 8d 90 1.4%

12. oP12-Co2Si 62 Pmna 4c3 67 1.0%

13. hP38-Th2Ni17 194 P63/mmc 2bc 4f 6g 12jk 67 1.0%

14. cP8-Cr3Si 223 Pm3̄n 2a 6c 66 1.0%

15. oI12-KHg2 74 Imma 4e 8i 64 1.0%

16. hP8-Mg3Cd 194 P63/mmc 2d 6h 64 1.0%

17. cF8-NaCl 225 Fm3̄m 4ab 61 0.9%

18. oP36-Sm5Ge4 62 Pnma 4c3 8d3 58 0.9%

19. tP2-CuAu 123 P4/mmm 1ad 53 0.8%

20. hP6-Co1.75Ge 194 P63/mmc 2acd 52 0.8%

Total 2776 43.1%

the structure of these ternary phases are disordered, at least in the case of cF24-
MgCu2. In the case of hP12-MgZn2 an ordered distribution of three different
atomic species is possible. Also, large discrepancies are found for cP4-Cu3Au with
263 representatives in binary systems vs. 544 overall, and some other structure
types. In this case, three different constituents can occupy the atomic sites of this
structure type in a disordered way, only.
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The number of binary phases assigned to the three unary structure types,
which, of course, are solid solutions, amounts to a remarkable 843 (30.4%) in
total. The symmetries of the 17 true binary ones out of the top 20 structure
types are either hexagonal (6× hP), cubic (2× cF , 3× cP), orthorhombic (1× oS,
1× oI , 3× oP), or tetragonal (1× tP). No triclinic, monoclinic, or trigonal struc-
ture types are among these top 17 binary structure types. The number of atoms
per prmitive unit cell ranges from 1 to 38.

The composition histograms of the binary intermetallics are given in Fig. 5.13
for (a) all 6441 binary phases, for (b) only those 385 assigned to the unary struc-
ture type cF4-Cu, and for (c) the subset of the 5505 compounds without those,
which were assigned to unary structure types; these are mainly solid solutions
with structure types such as cF4-Cu, cI2-W, hP2-Mg, or, e.g., HT-phases of bi-
nary element mixtures, where the constituting elements have a different structure
such as cI2-(Ag, Al) (β-phase) and many others. The frequencies of the 43 most
frequently occurring compositions are listed in Table 5.5. They each feature a
minimum of ten representatives and, in total, represent already 5041 binary inter-
metallics and therefore more than 90% of the here-examined 5598 compounds.

It is obvious from Fig. 5.13(c) that the frequency distribution is not symmetric
around the composition AB. Compounds with the compositions A2B and AB2,
A3B and AB3 show similar frequencies in contrast to those with stoichiometries
A4B and AB4, A6B and AB6, A9B and AB9, for instance (note the logarithmic
scale). This means that the elements A and B, withM(A)<M(B), cannot simply
swap their sites in a given structure type or that they form different structure types
with lesser probability. Typical examples are the Laves phases with more than 200
representatives of the type AB2 and less than ten of the type A2B. However, not
only the frequencies of structures for intermetallics with stoichiometries AmBn and
AnBm differ but so does the overall distribution density of different compositions.
It is also obvious from Fig. 5.13(c) that the density of the distribution on the left-
hand side of the figure is smaller than that on the right-hand side. Compare, for
instance, the densities in the range A6B–A4B with that in the range AB4–AB6. The
distribution of binary phases with the unary cF4-Cu structure type (Fig. 5.13(b))
could be symmetric, basically. These asymmetries most probably originate from
the arbitrary distribution of nominal compositions of the samples studied experi-
mentally. The solid solubility of an element B in a phase A with cF4-Cu structure
type can strongly differ from the solid solubility of an element A in a phase B with
cF4-Cu structure type.

In Fig. 5.13(d), those intermetallic phases are marked in gray that are repres-
entatives of unique structure types. The histogram shows that there are only a
few stoichiometries where no unique structure types are present. These are to
a large extent concentrated in the regions with very high contents of one or the
other of the constituents. Furthermore, most unique structure types are found to
have rather simple stoichiometries. The histogram in Fig. 5.13(e) illustrates the
distribution of unique structure types in comparison with the general structure
types as a function of stoichiometry. On one hand, there are quite a few composi-
tions that feature just one structure type, which is not necessarily unique, however.
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Fig. 5.13 Frequency of binary intermetallic phases with compositions AmBn and
M(A)<M(B): (a) all 6441 binary intermetallic phases, (b) only those 385 binary phases
assigned to the unary structure type cF4-Cu. In (c), the same data are shown as in (a), with just
those binary phases (solid solutions) excluded that were assigned to unary structure types, with
5505 binary intermetallics remaining. (d) Intermetallic representatives of the unique structure
types are marked in gray on the same type of histogram as shown in (c). (e) Frequency of unique
structure types marked on the distribution histogram of structure types in general as a function
of stoichiometry. Since the prototype structures of these structure types are not all intermetallics,
the histogram was merged into the range A–AB, not differentiating between M(A) and M(B).
Note the logarithmic vertical scale.

On the other hand, there are quite a few stoichiometries as well, which only feature
unique structure types.

The frequency distribution of the number of unique structure types over the
number of the non-unique structure types of the 43 most frequently occurring bi-
nary chemical compositions listed in Table 5.5 is shown in Fig. 5.14. The ratio
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Table 5.5 The top 43 compositions of binary intermetallics, each representing 10 or more IMs
for each pair AmBn | AnBm. Excluded are structure types cF4-Cu, cI2-W, and hP2-Mg, as
well as all other intrinsically unary structure types, resulting in 5505 binary IMs. The number
of different structure types (STs) and their representatives is given for each composition m, n
(M(A)<M(B)). In addition, the total number of representatives, different STs, and unique STs
(uSTs) is given for all pairs AmBn | AnBm.

Rank AmBn No. of
repr.

No. of
STs

AnBm No. of
repr.

No. of
STs

No. of
repr.

No. of
STs

No. of
uSTs

1. A2B 268 38 AB2 794 81 1062 106 49

2. AB 872 120 872 120 69

3. A3B 332 46 AB3 493 54 825 80 34

4. A5B3 294 17 A3B5 96 26 390 40 18

5. A3B2 153 43 A2B3 87 39 240 73 42

6. A5B 8 6 AB5 174 28 182 33 23

7. A17B2 0 0 A2B17 140 15 140 15 6

8. A4B 19 13 AB4 91 36 110 47 33

9. A4B3 49 10 A3B4 68 13 117 22 14

10. A7B3 74 16 A3B7 39 19 113 31 21

11. A5B4 98 13 A4B5 6 5 104 17 9

12. A5B2 50 10 A2B5 34 9 84 19 9

13. A7B2 6 5 A2B7 67 9 73 13 7

14. A6B 7 1 AB6 61 13 68 14 6

15. A13B 4 1 AB13 45 2 49 2 0

16. A23B6 1 1 A6B23 43 1 44 1 0

17. A12B 0 0 AB12 43 3 43 3 1

18. A51B14 0 0 A14B51 35 1 35 1 0

19. A11B10 34 4 A10B11 0 0 34 4 3

20. A58B13 0 0 A13B58 28 5 28 5 3

21. A9B4 19 9 A4B9 7 7 26 12 5

22. A11B 1 1 AB11 23 2 24 2 0

23. A8B3 13 7 A3B8 11 8 24 15 10

24. A7B 9 6 AB7 14 7 23 11 7

25. A45B11 0 0 A11B45 21 4 21 4 3

26. A11B9 5 5 A9B11 16 10 21 14 10

27. A11B3 1 1 A3B11 19 4 20 5 4

continued



114 Statistical description and structural correlations

Table 5.5 continued

Rank AmBn No. of
repr.

No. of
STs

AnBm No. of
repr.

No. of
STs

No. of
repr.

No. of
STs

No. of
uSTs

28. A8B5 4 4 A5B8 16 7 20 11 8

29. A10B7 4 4 A7B10 14 5 18 9 7

30. A6B5 17 10 A5B6 1 1 18 11 7

31. A24B5 2 2 A5B24 13 2 15 3 2

32. A7B6 8 4 A6B7 7 3 15 6 4

33. A7B4 6 2 A4B7 8 5 14 7 5

34. A9B 6 6 AB9 6 5 12 9 6

35. A16B11 11 2 A11B16 1 1 12 3 2

36. A12B7 8 4 A7B12 3 3 11 7 6

37. A23B4 1 1 A4B23 9 4 10 4 2

38. A17B3 2 2 A3B17 8 4 10 6 4

39. A11B2 3 3 A2B11 7 4 10 6 3

40. A17B4 8 5 A4B17 2 2 10 7 5

41. A19B5 2 1 A5B19 8 2 10 3 0

42. A10B3 5 4 A3B10 5 5 10 9 8

43. A13B7 4 3 A7B13 6 6 10 9 8
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Fig. 5.14 Frequency distribution of the numbers of unique structure
types/numbers of non-unique structure types over the 43 compositions
listed in Table 5.5.
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of unique structure types to all 2166 unique and non-unique structure types
amounts to ≈ 0.5. There are five stoichiometries that do not feature unique struc-
ture types at all (No. 15, 16, 18, 22, and 41), and two compositions that feature
≈ 90% unique structure types (No. 42 and 43). Since 28 stoichiometries out of
the 43 most frequently occurring binary ones (≈ 65%) show ratios > 0.5, they
contain a disproportionately large number of unique structure types.

It is remarkable in how many different structure types binary intermetallic com-
pounds with the same stoichiometry can crystallize, thereby adopting unit cell
sizes from very small to very large. For the simple stoichiometry AB, 120 differ-
ent structure types are listed in the PCD – an impressive number. 57.5% of them
are unique structure types, i.e., seemingly specifically designed for a particular
element combination. Regarding the number of atoms per unit cell, in the case
of A2B and AB2, for instance, unit cells have been observed containing from 3
up to 96 atoms (hP3-AlB2 and cF96-Ti2Ni, respectively). This means that the
energetically best AETs cannot be simply realized and packed, but the structure
needs more different AETs than atomic types in order to compensate for sterical
mismatches. But even when the number of atoms per unit cell is the same as well
as the stoichiometry, completely different structure types can result.

In the following, certain interesting regions of the frequency diagrams in
Fig. 5.13, as well as the most frequent stoichiometries, will be discussed in greater
detail. Keep in mind that the nominal stoichiometry of the intermetallic phases
studied and of the structure type do not necessarily agree for reasons mentioned
in Section 5.2.

5.4.1 A2B/AB2

The 1062 intermetallics with compositions A2B/AB2 crystallize in 106 different
structure types, i.e., with on average 10.0 representatives per structure type. The
ten most common structure types together comprise 711 (66%) out of these,
which corresponds to 71.1 representatives per structure type on average. The
number of atoms per unit cell ranges from 3 up to 96 (hP3-AlB2 and cF96-Ti2Ni,
respectively).

As shown in the following list, the two most frequent structure types are the
cubic and the two hexagonal Laves phases, respectively. Five other structure types
can be considered derivatives of the hP3-AlB2 structure type, which itself can be
found on rank ten.

cF24-MgCu2 (227 Fd3̄m, 8a 16d; 223 representatives): ccp packing of Mg-
centered Friauf polyhedra (FK28

16) with composition Mg@Cu12Mg4. Cu is
coordinated by icosahedra FK 20

12 with composition Cu@Cu6Mg6. The Mg
atoms form an expanded ccp structure with half of the tetrahedral voids oc-
cupied by the large Mg atoms and half by Cu tetrahedra. Mg atoms and Cu
atoms form mutually interpenetrating networks with the shortest distances
between like atoms. See Fig. 7.15.
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hP12-MgZn2 (194 P63/mmc, 2a 4f 6h; 154 representatives): hcp packing of
Mg-centered Friauf polyhedra (FK28

16) with composition Mg@Zn12Mg4. Zn
is coordinated by icosahedra (FK 20

12) with composition Zn@Zn6Mg6. The
Mg atoms form an expanded hcp structure with half of the tetrahedral voids
occupied by the largeMg atoms and half by Zn tetrahedra. Mg atoms and Zn
atoms form mutually interpenetrating networks with the shortest distances
between like atoms. See Fig. 7.15.

oP12-Co2Si (62 Pnma, 4c3; 67 representatives): packing of self-dual nets con-
sisting of pentagons, quadrangles, and triangles in equal numbers. It can also
be seen as a distorted hP6-Ni2In type structure, which itself is considered an
hP3-AlB2-derivative structure. See Fig. 7.48.

oI12-KHg2 (74 Imma, 4e 8i; 64 representatives): 4-fold superstructure of hP3-
AlB2, with layers of edge-connected hexagonal bipyramids (hbps), as basic
building units. See Fig. 7.23.

tI12-CuAl2 (140 I4/mcm, 4a 8h; 46 representatives): stacking of π /4 rotated
32.4.3.4 triangle/square nets, with the vertices decorated by Al and the
squares capped by Cu atoms. It contains Al-centered Frank-Kasper poly-
hedra FK26

15, and FK16
10 around Cu, with compositions Cu@Cu4Al11 and

Cu@Cu2Al8, respectively. See Fig. 7.26.

tI6-MoSi2 (139 I4/mmm, 2a 4e; 38 representatives): 3-fold superstructure of
the cI2-W type, compressed along [001], resulting in CN10 coordination
(top- and bottom-capped square prism) of Mo by Si with composition
Mo8Si2.

tI6-Zr2Cu (139 I4/mmm, 2a 4e; 33 representatives): 3-fold superstructure of
the cI2-W structure type with two differently decorated rhombicdodeca-
hedra for AETs, i.e., Cu@Cu5Zr9 and Zr@Zr9Cu5. See Fig. 7.7.

hP6-Co1.75Ge (194 P63/mmc, 2acd; 31 representatives): 2-fold superstructure
of the hP3-AlB2 type with Co sitting on all Al- and half of the B-sites, and Ge
occupying the remaining half of the B-sites. Ge centers pentacapped trigonal
prisms of eleven Co atoms, Ge@Co11, half of Co shows a topologically
identical coordination with composition Co@Co6Ge5, while the other half
is coordinated by bicapped hexagonal prisms Co@Co8Ge6. See Fig. 7.60.

cF96-Ti2Ni (227 Fd3̄m, 16c 32e 48f ; 28 representatives): icosahedral coordina-
tion of all 32 Ni, Ni@Ti9Ni3 and of 16 Ti atoms, Ti@Ti6Ni6. The remaining
48 Ti atoms show 14-fold coordination in a hybrid form between a bicapped
pentagonal prism and an icosahedron, Ti@Ti10Ni4. See Fig. 7.38.

hP3-AlB2 (191 P6/mmm, 1a 2d; 27 representatives): layers of edge-connected
hexagonal bipyramids (hbps) sharing the apical vertices with the hbps of
the adjacent layers as basic building units. Primitive hexagonal structure,
decorated by Al at the vertices and by B in the trigonal Al-prisms. It can also
be described as a hP2-Mg-type derivative structure with Al replacing Mg at
the unit cell vertices, and B replacing Mg in the resulting Al-trigonal prisms
and also occupying the empty ones. See Fig. 7.23.



Stability maps and composition diagrams of binary intermetallics 117

M(A)/M(B) plots of all intermetallics with composition A2B/AB2, and those with
the six most common structure types highlighted in gray, are depicted in Fig. 5.15.
The stability fields of these six structure types are clearly separated from one
another, with cF24-MgCu2, hP12-MgZn2, oI12-KHg2, and tI6-MoSi2 being ad-
jacent to one another. Only the stability fields of cF24-MgCu2 and hP12-MgZn2

coincide partially for 60≤M(A) ≤ 62.
In comparison with theM(A)/M(B) plot of all binary intermetallics (Fig. 5.3),

the distribution of the compounds with stoichiometry A2B/AB2 is significantly dif-
ferent, with the exception of the lower right part defined by 58≤M(A)≤ 88 and
8≤M(B)≤ 50. This means, that most compounds of the type A2B/AB2 have for
the majority component a late transition metal or main group element, and for the
minority component an alkali or alkaline earth element or one of the lanthanoids.

The stability field of intermetallics with the cF24-MgCu2-type (cubic Laves
phase) structures ranges fromM(A)=54–73 toM(B)= 11–33, 40–53, as well as
M(A)=80 and M(B)= 14–33. Compounds with hP12-MgZn2-type (hexagonal
Laves phase) structures are concentrated in the area defined by M(A)=57–63
and M(B)= 17–33, 41–56, as well as, e.g., M(A)=73 and M(B)= 14–26. Most
intermetallics with oP12-Co2Si-type structures can be found withM(B)= 68–88
and M(A)=14–33, 64–69. With one exception, compounds with oI12-KHg2-
type structures only occur in systems with M(A)=70–81 and M(B)= 8–33.
Those with tI12-CuAl2-type structures are rather spread out, but mostly occur
within M(A)=47–52 and M(B)= 61–84 or M(A)= 78–88 and M(B)= 51–72.
Phases with tI6-MoSi2-type structures are concentrated within M(A)=67–74
and M(B)= 17–27, 49–52. Also, intermetallics with most other structure types
occur in connected M/M areas, but usually also have a few representatives with
other element combinations.

There are 106 different structure types with composition A2B/AB2

(M(A)<M(B)). The existence of stability fields for representatives of the more
common ones illustrates the strong correlation between chemical composition,
atomic properties, and structure type. The question is to what extent structure
types with a specific stoichiometry are structurally related, e.g., have structural
building units in common as the Laves phases do, which can be described as
different packings of Friauf polyhedra. No other obvious structural similarit-
ies can be identified, except that the three structure types mainly appearing
in the lower right of the M(A)/M(B) plot – cF24-MgCu2, hP12-MgZn2, and
oI12-KHg2 – exhibit 12-coordinated A- and 16-coordinated B-atoms, albeit with
different polyhedral shapes.

5.4.2 AB

The 888 intermetallics with compositions AB crystallize in 127 different structure
types, i.e., with on average 7.0 representatives per structure type. The ten most
common ones comprise 646 (73%) out of these, this corresponds to 64.6 repres-
entatives per structure type on average. The number of atoms per unit cell ranges
from 3 up to 304 (cP2-CsCl and oS304-IrMg, respectively). M(A)/M(B) plots
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Fig. 5.15 M(A)/M(B) plots of the 1062 binary intermetallic compounds with composition
A2B/AB2 (M(A)<M(B)). In the plots, however, M(A) always refers to the majority
component. The six most common structure types (in total 711 representatives) are highlighted
in gray. Areas containing alkali metals, alkaline earth metals, actinoids, and (semi)metallic
main group elements are shaded gray.
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(M(A)<M(B)), with the six most common structure types highlighted in gray,
are given in Fig. 5.16. The stability fields are well-separated and adjacent to one
another with only a few overlapping parts.

cP2-CsCl (221 Pm3̄m, 1ab; 278 representatives): primitive cubic plus hex-
ahedral voids occupied; packing density 0.72901 for rs/rl = (

√
3 – 1)/2;

superstructure of the cP2-W type. See Fig. 7.7.

oS8-TlI (63 Cmcm, 4c2; 99 representatives): orthorhombically distorted cF8-
NaCl structure type. See Fig. 7.54.

cF8-NaCl (225 Fm3̄m, 4ab; 61 representatives): ccp plus octahedral voids
occupied; packing density 0.79308 for rs/rl = (

√
2 – 1). See Fig. 7.87.

oP8-FeB (62 Pnma, 4c2; 50 representatives): distorted cF8-NaCl structure
type.

tP2-CuTi (123 P4/mmm, 1ad; 48 representatives): more commonly called
tP2-MnHg structure type, since tP2-CuTi is just a metastable phase; te-
tragonally distorted cP2-CsCl structure type, for c/a ≈ √

2 it is also related
to the cF4-Cu structure type (Bain transformation). See Fig. 7.65.

tP2-CuAu (123 P4/mmm, 1ad; 39 representatives): tetragonally distorted cP2-
CsCl structure type, for c/a ≈ √

2 it is also related to the cF4-Cu structure
type (Bain transformation). See Fig. 7.60.

hP4-NiAs (194 P63/mmc, 2ac; 27 representatives): hcp plus octahedral voids
occupied; packing density 0.79308 for rs/rl = (

√
2 – 1). See Fig. 7.87.

oP4-AuCd (51 Pmma, 2ef ; 17 representatives): distorted hP2-Mg derivative
structure.

cP8-FeSi (198 P213, 4a2; 16 representatives): distorted cF8-NaCl structure.

tI64-NaPb (142 I41/acd, 16ef 32g; 11 representatives): polyanionic Zintl phase
featuring Pb-tetrahedra.

Nine of the top ten structure types with 1:1 stoichiometry can be considered
rather simple close packed structures or distorted derivative structures. The origin
of the distortions is in most cases electronic (Peierls distortion). Number ten, the
tI64-NaPb structure type, is a Zintl phase, and all of its 32 representatives are
Zintl phases as well.

Representatives of the cP2-CsCl structure type are rather broadly distributed
over the occurrence region of all AB-compounds, but are especially dominant
in the region M(B)= 70–80. oS8-TlI, on the other hand, dominates for values
M(A)= 67–70 and M(B)= 81–84. cF8-NaCl is – apart from one outlier – re-
stricted to valuesM(B)= 87, 88, and 91. Most phases with oP8-FeB-type among
AB-structures are found in a similar M(B)-range as those with oS8-TlI-type
structures, but for a big part with smallerM(A)-values. Intermetallics with struc-
tures belonging to types tP2-CuTi and tP2-CuAu, on the other hand, occur in a
more scattered manner than the above-mentioned ones.
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Fig. 5.16 M(A)/M(B) plots (M(A)<M(B)) of the binary intermetallic compounds with
composition AB. The six most common structure types are highlighted. Areas containing alkali
metals, alkaline earth metals, actinoids, and (semi)metallic main group elements are shaded gray.
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An interesting series is formed by the Zintl-phases cP2-LiTl, cF16-NaTl, oS48-
KTl, and oF96-CsTl (Fig. 5.17) (Dong and Corbett, 1996). Depending on the
cation size, structures with different Tl-networks/clusters are formed. In cF16-
NaTl, we have a diamond-type Tl-network, in oS48-KTl the distorted naked
Tl6– clusters form an approximate ccp arrangement, while in oF96-CsTl the

(a) a

c

b

Tl

Na

cP2-LiTl cF16-NaTl

oS48-KTl

oF96-CsTl

(b)

(c)

(f)

(d)
(g)

b + c

a

c

b

a
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b
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a+b
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Tl

Tl

Tl

Tl

Tl

K

K

CsLi

Cs

(e)

(h)

Tl
Cs

Tl

K

Fig. 5.17 The structures of the Zintl-phases (a) cP2-LiTl, (b) cF16-NaTl, (c)–(e) oS48-KTl
and (f)–(h) oF96-CsTl in different projections. The Tl6– clusters in oS48-KTl and
oF96-CsTl are shown as distorted octahedra. The Tl6– cluster in oS48-KTl is coordinated by
20 Cs (e), that in oF96-CsTl by 16 Cs and 4 Tl from the edge-sharing adjacent octahedra.
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Tl6– clusters are even more deformed building a network by sharing two opposite
edges in each case.

To summarize, AB-type structures have been observed with 2, 4, 6, 8, 12, 16,
24, 32, 40, 48, 64, 78, 96, and 304 atoms per unit cell. Those with two atoms per
unit cell, for instance, can be described as distorted variants of either the cP2-CsCl
or the hP2-LiPt structure type. In contrast, those with 96 or 304 atoms per unit
cell are defect structures, probably of electronic origin (pseudogap at the Fermi
edge). For instance, the unit cell of cF96-CdNi (227 Fd3̄m) contains 48 Cd, 44
Ni, and 4 vacancies (Critchley and Jeffery, 1965). In the case of oS304-MgIr
(Cmca), one Mg site (16g) is not fully occupied, and two Ir sites (16g) contain a
fraction of Mg (Cerny et al., 2004).

5.4.3 A3B/AB3

The 830 intermetallics with compositions A3B/AB3 crystallize in 82 different
structure types, i.e., with on average 10.1 representatives per structure type.
The number of atoms per unit cell ranges from 4 up to 320 (cP4-Cu3Au and
oS320-Cu3Pd, respectively). The ten most common structure types, with 611
representatives (61.1%), are the following:

cP4-Cu3Au (221 Pm3̄m, 1a 3c; 249 representatives): cF4-Cu derivative struc-
ture. See Fig. 7.3.

oP16-Fe3C (62 Pnma, 4c2 8d; 88 representatives): 9-fold coordination based
on a tricapped prism; hP2-Mg derivative structure.

hP8-Mg3Cd (194 P63/mmc, 2d 6h; 61 representatives): the system Mg–Cd
forms a continuous solid solution with strongly varying c/a ratio. At temper-
atures below 200◦C, hP8-Mg3Cd, a hP2-Mg superstructure, orders from
the solid solution. See Fig. 7.41.

cP8-Cr3Si (223 Pm3̄n, 2a 6c; 54 representatives): the A atoms (Si) form a cI
lattice through which chains of B atoms (Cr) are running parallel to the
edges of the cubic cell; A atoms are icosahedrally coordinated by B atoms.
See Fig. 7.28.

hR36-PuNi3 (166 R3̄m, 3ab 6c2 18h; 50 representatives): a combination of
structure motifs of the hP6-CaCu5 type and the cF24-MgCu2 type.

cF16-BiF3 (225 Fm3̄m, 4c2 8d; 32 representatives): (2×2×2)-fold superstruc-
ture of cI2-W. See Fig. 7.7.

oP8-Cu3Ti (59 Pmmn, 2ab 4e26 representatives): hP2-Mg superstructure with
close packed layers parallel to (010), and no Ti–Ti nearest neighbors.

tI8-TiAl3 (139 I4/mmm, 2ab 4e; 20 representatives): 2-fold superstructure of
cF4-Cu with no Ti–Ti nearest neighbors. See Fig. 7.3.

tP4-SrPb3 (123 P4/mmm, 1ac 2e; 16 representatives): cF4-Cu derivative
structure.
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hP16-TiNi3 (194 P63/mmc, 2ad 6gh; 15 representatives): hP2-Mg super-
structure, double-hexagonal packing with sequence ABAC along [001].

While the representatives of the cP4-Cu3Au structure type are distributed over
nearly the entire range of A3B-compounds, the region occupied by oP16-Fe3C-
type structures is restricted to the area ofM(A)=15–33 andM(B)= 62–74, with
only three exceptions and only one compound falling in the same area and be-
longing to a different structure type. Phases with hP8-Mg3Cd-type structures
are again rather widely spread over the range of elements. The cP8-Cr3Si-type
representatives are all located within M(A)=49–57 and M(B)=49–88. Most
hR36-PuNi3-type structures have values of M(A)=61–67 and M(B)= 16–33 or
43–47. Intermetallics with structures of the cF16-BiF3 type, again, are spread over
disparate regions of M/M space. M(A)/M(B) plots of all structures at this com-
positions and highlights of the respective most common structure types, are given
in Fig. 5.18. The stability fields are well-separated and partially adjacent to one
another.

5.4.4 A5B3/A3B5

The 391 intermetallics with compositions A5B3/A3B5 exhibit 41 different struc-
ture types, i.e., with on average 9.5 representatives per structure type. The number
of atoms per unit cell ranges from 16 up to 128 (hP16-Mn5Si3 and oI128-Au5Zn3,
respectively). The ten most common structure types, with 330 representatives
(84%), are the following:

hP16-Mn5Si3 (193 P63/mcm, 4d 6g2; 148 representatives). One of the No-
wotny phases; it can be described as a packing of face-sharing CN16 FK-
polyhedra, leaving empty spaces corresponding to columns of face-sharing
octahedra running along [001]. See Fig. 7.54.

oS32-Pu3Pd5 (63 Cmcm, 4c2 8efg; 39 representatives). A puckered layer, with
non-bonding distances between the atoms, is sandwiched between two sym-
metrically equivalent flat layers stacked along [001]. The puckering is caused
by fitting this layer in the best way between the flat triangle/square/hexagon
layers. See Fig. 7.65.

tI32-W5Si3 (140 I4/mcm, 4ab 8h 16k; 35 representatives). Two symmetrically
equivalent layers of the type 32.6.3.4+32 are stacked in anti-orientation along
[001]. In-between the layers, W and Si atoms center the resulting hexagonal
and square antiprisms, respectively.

tI32-Cr5B3 (140 I4/mcm, 4ac 8h 16l; 33 representatives). Cr-centered Cr
cubes are edge-connected so that their base and top squares form a 32.4.3.4
triangle/square tiling. The B atoms cap the sides of the cubes, and center
the square antiprisms formed by the top and bottom squares of along [001]
neighboring Cr cubes.
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Fig. 5.18 M(A)/M(B) plot of the binary intermetallic compounds with composition A3B/AB3

(M(A)<M(B)). In the plots, however, M(A) always refers to the majority component. The six
most common structure types are highlighted. Areas containing alkali metals, alkaline earth
metals, actinoids, and (semi)metallic main group elements are shaded gray.
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tP32-Pu5Rh3 (130 P4/ncc, 4bc 8f 16g; 16 representatives). This structure type
is related to that of tI32-W5Si3, and can be obtained from the other by
cutting the structures into slices and shifting these along [001].

oP32-Yb5Sb3 (62 Pnma, 4c4 8d2; 16 representatives). This structure type is
closely related to that of oP32-Y5Bi3, listed below.

oP32-Y5Bi3 (62 Pnma, 4c4 8d2; 14 representatives). This structure type is
closely related to that of oP32-Yb5Sb3, listed above. The structure shows
similar pseudo-cubic units, centered by octahedra. Along [010], in the
corners of the unit cell, there are columns of trigonal Y-prisms centered by
Bi atoms, which share edges forming deformed hexagonal channels. The oc-
tahedra share two of their vertices forming chains along [010]. At the same
time the pseudo-cubes, which enclose them, share faces.

oP32-Tm3Ga5 (62 Pnma, 4c4 8d2; 11 representatives). The structure type is
related to that of oS32-Pu3Pd5, listed above. The structure motifs are similar,
just the packing principle differs. There is also a close structural relationship
to oP32-Yb5Sb3 and oP32-Y5Bi3, also listed above (Yatsenko et al., 1983).

oF64-Y3Ge5 (43 Fdd2, 8a2 16b3; 10 representatives). The structure can be
described as a defect tI12-ThSi2 derivative structure (Venturini et al., 1999).

tP32-Ba5Si3 (130 P4/ncc, 4c2 8f 16g; 8 representatives). The structure is
related to the above-listed tI32-Cr5B3 structure type.

The 148 intermetallics with the hP16-Mn5Si3 structure type dominate the
main region with values M(A)=14–33 or 43–56 and M(B)= 60–88. Phases
with oS32-Pu3Pd5-type structures are concentrated within M(A)=78–84 and
M(B)= 14–33 or 45–49 with only two exceptions. Intermetallics belonging to
the types tI32-W5Si3 and tI32-Cr5B3 are spread over the general hP16-Mn5Si3-
region specified above. Compounds with tP32-Pu5Rh3-type structures can only
be found within M(A)=17–33 or 43 and M(B)= 65–66. Those with the type
oP32-Yb5Sb3 are concentrated within M(A)=15–27 (with only one outlier at
M(A)= 51) and M(B)= 87–88. M(A)/M(B) plots of all structures at this com-
position and highlights of the respective most common structure types, are given
in Fig. 5.19.

5.4.5 A3B2/A2B3

The 247 intermetallics with composition A3B2/A2B3 exhibit 78 different structure
types, i.e., with on average 3.2 representatives per structure type. The number
of atoms per unit cell ranges from 5 up to 140 (hP5-Ni2Al3 and tI140-Y3Rh2,
respectively). The eight most common structure types, with 110 representatives
(44.5%), two of them with different stoichiometry of the structure type, are the
following:

hR45-Er3Ni2 (148 R3̄, 3a 6c 18f 2; 24 representatives). The structure can be
described as a stacking of polyhedra along [001] in the hexagonal setting: an
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Fig. 5.19 M(A)/M(B) plot of the binary intermetallic compounds with composition
A5B3/A3B5 (M(A)<M(B)). In the plots, however, M(A) always refers to the majority
component. The six most common structure types are highlighted. Areas containing alkali
metals, alkaline earth metals, actinoids, and (semi)metallic main group elements are shaded gray.
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octahedron shares one face with a CN16 polyhedron, which is interpenet-
rated by a CN14 polyhedron, then, symmetrically equivalent by an inversion
center, the CN16 polyhedron and the octahedron (Moreau et al., 1974).

tP10-U3Si2 (127 P4/mbm, 2a 4gh; 17 representatives). Stacking variant of
32.4.3.4 triangle/square nets. The net in z=0 is decorated on its vertices by Si
and in the centers of the squares by the much larger U atoms, while the one in
z=1/2 is decorated by U atoms only, which leads to almost regular triangles.
The structure can also be seen as a framework of vertex-sharing U-octahedra
sandwiched between the dual triangle square nets. See Fig. 7.26.

tP30-Cr0.49Fe0.51 (136 P42/mnm, 2a 4f 8i2j; 13 representatives). Frank-Kasper
σ -phase. See Fig. 7.13. The stoichiometry of the prototype structure type
differs from the representative structures discussed here, A3B2/A2B3.

hP5-Ni2Al3 (162 P3̄m1, 1a 2d2; 12 representatives). Defect derivative struc-
ture of the cP2-CsCl type.

tI140-Y3Rh2 (140 I4/mcm, 4abc 8fgh2 16l2 32m2; 12 representatives). This
complex structure is related to the tI32-W5Si3, which was discussed above
(Moreau et al., 1976).

hP3-AlB2 (191 P6/mmm, 1a 2d; 11 representatives). Stacking of honeycomb
nets with Al at the vertices, and B in the centers of the hexagonal prisms
formed by the Al atoms of adjacent layers. See Fig. 7.23. The stoichiom-
etry of the prototype structure differs from the representative structures
discussed here, A3B2/A2B3.

tI80-Gd3Ga2 (140 I4/mcm, 4ac 8gh2 16l 32m; 11 representatives). The struc-
ture can be described by a stacking of parts of the tI32-W5Si3 structure and
tI140-Y3Rh2 (Yatsenko et al., 1986).

tP20-Zr3Al2 (136 P42/mnm, 4dfg 8j; 10 representatives). The structure is re-
lated to that of tI12-CuAl2, which can be described as stackings of 32.4.3.4
triangle/square nets located in z=0 and 1/2, with the squares capped by Cu
in z=1/4 and 3/4 (see Fig. 7.26(a)–(d)).

The A3B2-structures are generally spread over a large space of element-
combinations. The ones belonging to different structure types often occur in
rather small areas, on the other hand. A good example are those in structure
type hR45-Er3Ni2 bearing valuesM(A)=14–33 andM(B)=65–71. tP10-U3Si2-
type structures occur in two small regions: either within M(A)=15–27 and
M(B)= 69–74 or inM(A)= 47–53 andM(B)= 77–84. tP30-Cr0.49Fe0.51 domin-
ates the rather central area withM(A)=52–61 andM(B)= 56–69. The region of
hP5-Ni2Al3-type structures is also quite compact:M(A)=70–81 andM(B)=59–
79. tI140-Y3Rh2-type structures cover an even smaller and exclusive area with
M(A)=22–27 and M(B)= 65–66. All hP3-AlB2-type representatives of struc-
tures with composition A3B2 have the same major element M(A)=84 (Ge) and
M(B)= 17–28 and 44. AnM(A)/M(B) plot of all structures at this compositions
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is shown in Fig. 5.20, where the mostly non-overlapping regions occupied by the
first six structure types are highlighted.

5.4.6 A5B/AB5

The 182 phases with composition A5B/AB5 crystallize in 33 different struc-
ture types, i.e., with on average 5.5 representatives per structure type. The
number of atoms per unit cell ranges from 5 up to 140 (hP6-CaCu5 and
cF448-Mg5Gd, respectively). The five most common ones – hP6-CaCu5 (107
structures) (Fig. 7.31), cF24-Be5Au (22 structures), hP8-Cu5.44Tb0.78 (7 struc-
tures), oI12-LaGe5 (6 structures), and hP36-Zn5Er (6 structures) – comprise 148
out of these, i.e., 81%. hP6-CaCu5 itself makes up 59% of all A5B-structures and
is spread over almost all of its compositional space, while especially oI12-LaGe5-
and hP36-Zn5Er-type structures are found in extremely narrow regions only. An
M(A)/M(B) plot of all structures at these compositions is shown in Fig. 5.21.

5.4.7 A17B2/A2B17

The 140 compounds with composition A17B2/A2B17 crystallize in 15 differ-
ent structure types, i.e., with on average 9.3 representatives per structure type.
The number of atoms per unit cell ranges from 38 up to 72 (mS38-Th2Fe17
and hR72-Sm2Fe17, respectively). The three most common ones – hP38-
Th2Ni17 (66 structures), hR57-Zn17Th2 (43 structures), and hP80-Lu1.82Fe17.35
(6 structures) – comprise 109 out of these, i.e., 78%. The first two are both spread
over nearly all element combinations in the stability field, and also the distribution
of the few hP80-Lu1.82Fe17.35-type structures is broad. AnM(A)/M(B) plot of all
structures at this compositions is shown in Fig. 5.21.

How different can structures be with such a specific complex composition?
This will be explored using the example of A17B2/A2B17 type structures. As we
can see from Table 5.5, we have 0 structure types/representatives for the compo-
sition A17B2, withM(A)<M(B), and 17 structure types with 140 representatives
for the composition A2B17. This means that for these stoichiometries only struc-
ture types are possible, which do not allow an exchange of atom types A and B.
In the following, the ten structure types are discussed that appear to be closest
to structure types with the required stoichiometry for full occupancy of the re-
spective Wyckoff positions. However, not all of them have been confirmed. We
list these structure types anyway, because this is also characteristic for some of the
data in the PCD. There are several more entries for this composition in the PCD,
however, which are assigned to the structure types hP6-CaCu5 or cI58-Mn, etc.,
which do not have the required stoichiometry.

hP38-Th2Ni17 194 P63/mmc 2bc 4f 6g 12jk, 66 representatives: Al–(Dy, Er,
Gd), Be–(Hf, Sc, Ti), Cd–(Ce–La), Ce–(Co, Fe, Mg, Zn), Co–(Dy, Er, Gd,
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Fig. 5.20 M(A)/M(B) plot of the binary intermetallic compounds with composition
A3B2/A2B3 (M(A)<M(B)). In the plots, however, M(A) always refers to the majority
component. The six most common structure types are highlighted.
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Fig. 5.21 M(A)/M(B) plot of the binary intermetallic compounds with compositions A5B,
A17B2, A4B, A4B3, A7B3, and A5B4. In the plots, M(A) always refers to the majority
component. Areas containing alkali metals, alkaline earth metals, actinoids, and (semi)metallic
main group elements are shaded gray.
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Ho, Lu, Pu, Sm, Tb, Tm, Y, Yb), (Dy, Er)–(Fe, Ni, Zn), Eu–(Mg, Ni), Fe–
(Gd, Ho, Lu, Tb, Tm, Y, Yb), (Gd, Ho, Lu. Nd)–(Ni, Zn), La–(Mg, Zn),
Mg–Sr, Mn–Yb, Ni–(Pu, Sm, Tb, Th, Tm, Y, Yb), (Pr, Pu, Sm, Tb, Th,
Tm, U, Y, Yb)–Zn. The structure (Fig. 5.22(a,b)) can be described as two-
fold superstructure of hP6-CaCu5 (Fig. 5.22(e,f)). hP6-CaCu5 is a stacking
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Fig. 5.22 Most common structures of compounds with stoichiometry A17B2/A2B17:
(a, b) hP38-Th2Ni17, (c, d) hR57-Zn17Th2, (e, f) hP6-CaCu5, and (g, h)
hP19-Rh2Be17. All compounds can be described as variants of stackings of honeycomb
and Kagomé layers, and are related to the structures of hP6-CaCu5 and hP7-Al3Zr4.
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of Cu-honeycomb layers, with the hexagon centers occupied by Ca, and of
Cu-Kagomé layers. hP38-Th2Ni17, a Ni-Kagomé layer in z=0 is capped by
Ni atoms in x=1/3, y=2/3, i.e., in one third of the hexagons. Then a Ni-
honeycomb layer follows in z=1/4, with one third of the hexagons centered
by Th atoms in x=0, y=0. Now, again, one third of the hexagons is capped
by Ni atoms, which form dumbbells with the other capping Ni atoms below
this layer. The Ni–Ni distances in these dumbbells are rather short, 2.279 Å,
compared with the Ni–Ni distances in the hexagons of 2.790 Å and 2.417
Å in the honeycomb and the Kagomé layers, respectively (rNi = 1.246 Å).
The next layer is again a Kagomé layer, etc. Each of the two sandwiches of
Kagomé and honeycomb layers contribute 19 atoms to the structure within
one unit cell, in total 38.

hR57-Zn17Th2 166 R3̄m 6c2 9d 18fh, 43 representatives: Ba–Mg, Be–(Hf, Nb,
Ta, Ti, Zr), (Ce, Dy)–(Co, Fe), Co–(Gd, Ho, La, Nd, Pr, Sm, Tb, Th,Y),
Fe–(Gd, Nd, Pr, Sm, Tb, Th, Y), (Ce, Dy, Er, Gd, Ho, La, Lu, Nd, Pr,
Pu, Sm, Tb, Th, Tm, U, Y, Yb)–Zn. The structure (Fig. 5.22(c, d)) can be
described as threefold superstructure of hP6-CaCu5. The Zn–Zn distances
in the dumbbells are short, 2.561 Å, but comparable to other Zn–Zn dis-
tances in the hexagon layers of 2.607 Å (rZn = 1.335 Å). Each of the three
sandwiches of Kagomé and honeycomb layers contribute 19 atoms to the
structure within one unit cell, in total 57.

hP19-Rh2Be17 (hP19-Rh2.36Be15.34) 187 P6̄m2 1ac 2ghi2 3k 6n, 5 represent-
atives: Be–(Co, Fe, Ir, Os, Ru). The structure (Fig. 5.22(g, h)) can be
described as a stacking of three Kagomé layers per unit cell, shifted so that
each hexagon of one layer is capped by a triangle of the other one, with a Rh
atom in between. The Rh atoms capping from both sides the triangles of the
Kagomé layer in z=1/2 are centering the Be-hexagons in the puckered hon-
eycomb layer, and capping the hexagons of the Kagomé layer in z=0.183.
These are capped by Be atoms from the other side, which also cap the Be/Rh
honeycomb tiling in z=0. The shortest Be–Be distances, in the triangles
bicapped by Rh, amount to 2.038 Å (rBe = 1.113 Å), indicating covalent
bonding contributions.

hP38-Lu2Fe17 (hP38-Lu1.82Fe17.35) 194 P63/mmc 2bcd 4ef 6g 12j3k2, 6 repres-
entatives: Co–Er, Fe–(Lu, Y, Yb), Ni–(Th, Y). This is a rather disordered
derivative of the hP38-Th2Ni17 structure type.

hP44-Mg17Ce2 (hP38-Mg17.58Ce1.71) 194 P63/mmc 2bcd 4ef 6g 12jk disordered
hP38-Th2Ni17 structure type with additional, partially occupied sites.

hP114-Zn17U2 has not been confirmed as hP114. The RT structure type of
Zn17U2 is a representative of the hR57-Zn17Th2 structure type, and the HT
phase of the hP38-Th2Ni17 type.

hR60-Pr2Fe17 (Pr2.33Fe16.33) has not been confirmed as hR60. The structure is
a partially disordered variant of the hR57-Zn17Th2 type.
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hP56-Y2Fe17 has not been confirmed as hP60. There have been reported an
RT structure of the hR57-Zn17Th2 type and a HT structure of the hP38-
Th2Ni17 type.

hR72-Sm2Fe17 (hR57-Sm1.97Fe17.06) hR72 just reflects the sum of the site mul-
tiplicities not taking into account their partial occupancies. The structure is
a partially disordered variant of the hR57-Zn17Th2 type.

mS38-Th2Fe17 has not been confirmed as mS38. Actually, this structure is of
the hR57-Zn17Th2 structure type.

5.4.8 A4B/AB4

The 121 intermetallics with composition A4B/AB4 exhibit 55 different structure
types, on average 2.2 representatives per structure type. The number of atoms
per unit cell ranges from 10 up to 102 (tI10-BaAl4 and hP102-PtAl4, respec-
tively). The three most common structure types – tI10-BaAl4 (19 structures),
tI10-MoNi4 (14 structures) (Fig. 7.3), and oI20-UAl4 (6 structures) – comprise
only 39 out of these, i.e., 32%, while 33 structures with composition A4B are
assigned to structure types unique for this composition, and 22, 15, and 12 struc-
tures belong to structure types with 2, 3, or 4 representatives, respectively. All
three most common structure types occur over very narrow ranges with respect
to the majority element, while the minority elements come from a larger range. An
M(A)/M(B) plot of all structures at these compositions are shown in Fig. 5.21.

5.4.9 A4B3/A3B4

The 117 phases with composition A4B3/A3B4 exhibit 22 different structure types
i.e., on average 5.3 representatives per structure type. The number of atoms per
unit cell ranges from 7 up to 276 (hP7-Zr4Al3 and mP276-Cd4Sb3, respectively).
The five most common ones – hR42-Pu3Pd4 (38 structures), a cI2-W derivative
structure, cI28-Th3P4 (35 structures) (Fig. 7.87), hP22-Ho6Co4.5 (9 structures),
oS28-Er3Ge4 (8 structures), and oS32-Gd3Ge4 (7 structures) – comprise 97 out
of these, i.e., 83%. The first four are very well-separated in an M/M-plot: both
hR42-Pu3Pd4- and oS28-Er3Ge4-type structures are formed by majority elements
with largeM-values (65–70 and 84, respectively) and rather low minority element
M-values (16–51 and 20–27, respectively). cI28-Th3P4- and hP22-Ho6Co4.5-type
structures, on the other hand, mostly exhibit highM-values for their minority ele-
ments (83–88 and 60–64, respectively) and lower ones for the majority elements
(14–43 and 17–27, respectively). In both cases, the range of lowM-values is large
and the one of high values is narrow, independent of the proportion of the respec-
tive element in the compound. (Four structures with structure type cI28-Th3P4

have a reverse combination of elements compared with the above-noted trend –
M(A)= 87–88 and M(B)= 45–47 – and another one falls outside those ranges
altogether withM(A)=33 andM(B)= 65.) AnM(A)/M(B) plot of all structures
at this compositions is shown in Fig. 5.21.
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5.4.10 A7B3/A3B7

The 115 intermetallics with composition A7B3 exhibit 33 different structure types
i.e., on average 3.5 representatives per structure type. The number of atoms per
unit cell ranges from 20 up to 80 (hP20-Th7Fe3 and oP80-Ca7Au3, respectively).
The five most common ones – hP20-Th7Fe3 (45 structures), cI40-Ru3Sn7 (11
structures), tP30-Cr0.49Fe0.51 (8 structures) (Fig. 7.13), oS28-Tb3Sn4 (6 struc-
tures), and hR9-Sm (5 structures) – comprise 75 out of these, i.e., 65%. They are
well-separated and occur in quite compact regions: hP20-Th7Fe3 –M(A)=15–47
and M(B)= 61–70, cI40-Ru3Sn7 –M(A)=73–88 and M(B)=56–69, tP30-
Cr0.49Fe0.51 –M(A)=52–59 and M(B)= 55–67, oS28-Tb3Sn4 –M(A)=83 and
M(B)=24–33, and hR9-Sm –M(A)=27–33 and M(B)= 21–33. M(A)/M(B)
plots of all structures at these compositions are shown in Fig. 5.21.

5.4.11 A5B4/A4B5

The 104 phases with composition A5B4/A4B5 exhibit 17 different structure types
i.e., on average 6.1 representatives per structure type. Most of them are Zintl
phases. The number of atoms per unit cell ranges from 9 up to 72 (hP9-Li5Ga4
and oF72-Rh4Pb5, respectively). The three most common ones—oP36-Sm5Ge4
(58 structures) (Fig. 7.71), hP18-Ti5Ga4 (17 structures), and hP16-Mn5Si3 (5
structures) (Fig. 7.54)—comprise 80 out of these, i.e., 77%.While the first two are
mostly separated, the few hP16-Mn5Si3-type compounds (a structure type, which
does not have the required stoichiometry, anyway) at this composition are spread
out over the A5B4 compositional range. oP36-Sm5Ge4 is mostly concentrated
at M(A)=15–33 and M(B)= 65–68 and M(A)=15–33 and M(B)= 82–84.
hP18-Ti5Ga4 occurs nearly only within M(A)=43–53 and M(B)= 80–88. An
M(A)/M(B) plot of all structures at these compositions are shown in Fig. 5.21.

How diverse can structures with such a specific complex composition be? This
will also be explored here on the example of A5B4/A4B5 type structures. As we can
see from Table 5.5, we have 98/13 structure types/representatives for the compo-
sition A5B4, with M(A)<M(B), and 6/5 structure types/representatives for the
composition A4B5. This means that for these stoichiometries mainly structure
types are possible that do not allow an exchange of atom types A and B. In the
following, the 14 structure types are discussed that appear to be closest to struc-
ture types with the required stoichiometry for full occupancy of the respective
Wyckoff positions.

oP36-Sm5Ge4 62 Pnma 4c3 8d3, 58 representatives: Au–Yb, Ba–Sb, Ir–(Ce,
Pu), Rh–(Ce, Gd, La, Nd, Pu, Sm), Ge–(Ce, Dy, Er, Gd, Hf, Ho, La, Lu,
Nd, Pr, Sc, Sm, Tb, Tm, Y, Yb), Pb–(Ce, Dy, Er, Gd, Ho, La, Nd, Pr, Sm,
Sr, Tb, Tm), Pt–(Dy, Er, Eu, Ho, Lu, Sr, Tb, Tm, Y, Yb), Sn–(Ce, Dy, Gd,
La, Nd, Pr, Sm, Tb, Y, Yb). The structure can be described as stacking of
slabs that are shifted against each other (Fig. 5.23(a, b)). The slabs consist of
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Fig. 5.23 The structure types of intermetallics with composition A5B4/A4B5: (a, b)
oP36-Sm5Ge4, with the all-side-Ge-capped bcc Sm8-cubes shaded gray; (c, d)
hP18-Ti5Ga4, with the all-side Ti-capped Ga8-cubes shaded gray; (e) mS18-K5Bi4: note the
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(g) oF72-Rh4Pb5; (h) tP36-Zr5Si4: the Si-capped bcc Zr-cubes are shaded gray;
(i) hP18-Ba4Al5.
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face-sharing all-side-Ge-capped bcc Sm8-cubes. The top and bottom faces
of the cubes form a 4.3.42 triangle-square tiling.

hP18-Ti5Ga4 193 P63/mcm 2b 4d 6g2, 17 representatives: Ga–(Nb, Ti),
Ge–Np, Hf–Sn, In–(Lu, Tm), Pb–(Pu, Th), Sn–Th, U–(Ge, Sb, Sn),
Zr–(Al, Ga, Pb, Sb, Sn). hP6-AlB2 derivative structure that can also be
considered a packing of all-side Ti-capped Ga8-cubes (shaded gray) and
Ti-chains running along [001], with a period of 2.726 Å (Fig. 5.23(c, d)).
Alternatively, the structure could be seen as a packing of stellae octangulae,
with all-side Ga-capped Ti-octahedra face-sharing along [001].

mS18-K5Bi4 12 C2/m 2a 4i4, 6 representatives: (K, Rb, Cs)–(Bi, Sb). The
structure can be described as two interpenetrating stackings of K-hexagon-
square tilings with the Bi4–4 polyanions crossing through the centers of the
elongated hexagons (Fig. 5.23(e)).

oP36-Gd5Si4 62 Pnma 4c3 8d3, 4 representatives: Ge–(Gd, Ho, Yb), Pb–Y.
This structure is closely related to the oP36-Sm5Ge4 structure type.

tI18-Ti5Te4 87 I4/m 2a 8h2, 3 representatives: Sb–(Nb, Ta, V). The struc-
ture can be described as vertex-sharing Ti-octahedra running along [001]
(Fig. 5.23(f)). All octahedra faces are capped by Te atoms forming a stella
octangula, which link these units to the neighboring ones. The Ti–Te dis-
tances are with 2.772 Å significantly shorter than the sum of atomic radii
2.880 Å (rTe = 1.432 Å, rTi = 1.448 Å) indicating covalent bonding contribu-
tions. Te–Te distances are, with 3.782 Å, significantly larger. The structure
could also be interpreted as a packing of all-side capped cubes.

hP9-Li5Ga4 162 P3̄m 1a2cd3, 2 representatives: Li–(Ga, In). The structure
can be derived from the cI2-W structure type. The AETs of all atoms are
cubes.

mS20-Rb5As4 12 C2/m 4i5, 2 representatives: Cs–Bi, K–Sb. Identical to the
mS18-K5Bi4 structure type, just showing a K split-position.

oF72-Rh4Pb5 69 Fmmm 8fhi3 16jm, 1 representative, Rh–Pb. Rh is arranged
in six equidistant Kagomé layers, four complete ones and two with every
other column of atoms missing (Fig. 5.23(g)). There are six equidistant Pb-
honeycomb layers in-between the Rh-layers. Each Pb-hexagon is bicapped
by Pb atoms. On one side, the capping atoms center the hexagons of a Rh-
Kagomé layer, on the other hand, they form square-antiprismatic channels
for a column of Rh atoms. The next layer is a Rh-Kagomé layer again, with
the Rh-hexagons centered by Pb. Between this sandwich and an equivalent
one, one Pb-honeycomb layer is inserted. Another way to look at the struc-
ture identifies patches of a 4.3.4.32 triangle-square-tiling of Pb atoms parallel
to the (101) plane.

tP36-Zr5Si4 92 P41212 4a 8b4, 2 representatives: (Ge, Si)–Zr. In the struc-
ture, there are Si-capped bcc Zr-cubes, which form face-sharing infinite
units along the 41 screw axis, and are connected otherwise via tetrahedra
(Fig. 5.23(h)).
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mP18-Ca5Au4 14 P21/c 2a 4e4, 1 representative: Au–Ca. The structure is
closely related to that of oP36-Sm5Ge4.

oS36-Eu5As4 64Cmce 4a 8df 16g, 2 representatives: As–Eu, Ba–Sb. The struc-
ture is a more symmetrical, but closely related, derivative of oP36-Sm5Ge4.

hP18-Ba4Al5 194 P63/mmc 4ef 2 6h, 1 representative: Al–Ba. Chair structure of
Ba atoms in puckered layers connected by Al. Al forms Kagomé nets, where
half of the triangles are bicapped with Al and half with Ba (Fig. 5.23(i)). The
Al hexagons are bicapped with Ba atoms.

tP36-Ir4Ge5 194 P63/mmc 4ef 2 6h, 1 representative: Ir–Ge. This is a Nowotny
chimney ladder structure (see Section 7.9).

tI18-V4Zn5 139 I4/mmm 2a 8hj, 3 representatives: V–Zn. (3× 3× 1) cI2-W
superstructure with a kind of distorted sublattice (see Fig 7.7).

The 14 structure types discussed here can be classified into five groups. The top
group already contains 50% of the structure types and more than 80% of all in-
termetallics with stoichiometry A5B4/A4B5. The structures belonging to a group
have common structural subunits: (i) the B-capped bcc A-cubes can be found
in the structures of oP36-Sm5Ge4, oP36-Gd5Si4, mP18-Ca5Au4, oS36-Eu5As4,
tI18-Ti5Te4, tP36-Zr5Si4, and A-capped bcc B-cubes in hP18-Ti5Ga4; (ii) stack-
ing of B-Kagomé nets in hP18-Ba4Al5 and oF72-Rh4Pb5; (iii) cI2-W derivative
structures in hP9-Li5Ga4 and tI18-V4Zn5; (iv) hexagon/square tilings in mS18-
K5Bi4 and mS20-Rb5As4; and (v) quite singular is tP36-Ir4Ge5 with a Nowotny
chimney ladder structure.

5.5 Stability maps and composition diagrams
of ternary intermetallics

Only a few ternary intermetallic systems, compared to the large number of pos-
sible ones, have been studied thoroughly so far. Indeed, although the 13 026
ternary compounds in the PCD originate from 5109 different ternary systems
(see Table 5.6 and Fig. 5.24), phase diagrams of only 2061 of the 85 320 possi-
ble different ternary systems have been studied well enough to be included in the
ASM Alloy Phase Diagram Database1 (Fleming, 2014). Furthermore, until now
only the chemical elements have been studied systematically as a function of tem-
perature as well as a function of pressure, also, only a few of them as a function
of pressure and temperature at the same time. High-pressure studies have rarely
been done for binary or ternary intermetallic compounds.

Looking at Fig. 5.24, one has to keep in mind that most of the volume spanned
by the three coordinates M(A), M(B), and M(C) is empty, because it contains

1 Altogether, the ASM database contains 6499 different systems, 4438 of which also contain non-
metallic elements.
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Table 5.6 Number N of elements out of specific Mendeleev-number ranges that constitute the
13 026 ternary intermetallics, which have been observed in 5109 intermetallic systems so far.
The numbers are given also for compounds with unique structure types for both truly ternary
ones and including binary and unary ones. Mendeleev numbers M = 7–16 correspond to alkali
and alkaline earth metals, 17–33 to rare-earth elements, 34–48 to actinoids, 49–77 to transition
metals as well as Mg and Be with M = 73 and 77, respectively, and 78–91 to metallic main
group elements.

N M =7 – 16 17 – 33 34 – 48 49 – 77 78 – 91

Non-unique structure types (ternary & binary & unary)

0 4361 2083 4819 574 1367

1 673 2755 283 2693 3326

2 73 269 7 1480 407

3 2 2 0 362 9

Unique structure types (ternary & binary & unary)

0 432 423 646 150 67

1 192 238 21 334 471

2 42 6 0 162 128

3 1 0 0 21 1

Unique truly ternary structure types, only

0 352 343 543 132 46

1 175 217 19 294 408

2 34 2 0 126 108

3 1 0 0 10 0

only 5109 data points out of the 85 320 possible ones. The projected M/M-plots
of the 13 026 ternary compounds (Fig. 5.24) differ only marginally from that of
the 6441 binary intermetallics (Fig. 5.9). The main difference is that the gap from
M(A) = 17 (Yb) toM(A) = 33 (La) andM(B) = 51 (Ti) toM(B) = 58 (Re)
is closed now in the projection along M(C). There are also significantly more
unique structure types for compounds with 8≤M(A,B)≤ 33 in this projection.
The big gap in the distribution for 34≤M≤ 48 results from the small number of
ternary intermetallics with actinoids as constituents (except M =43 Pu, M =45
U, and M =47 Th), which is larger in the case of binary intermetallics. The
small gaps atM =13, 29, and 59 mark the locations of the not-yet-studied ternary
intermetallics containing radioactive Ra, Pm, and Tc, respectively. In contrast to
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Fig. 5.24 Chemical compositions of ternary intermetallics. Among the 13 026 ternary
intermetallics crystallizing in 1391 structure types, 667 (48.0%) structure types occur only once.
In the projected M/M-plots, the compounds with unique structures are shown in gray with
M(A)>M(B)>M(C), while the remaining 12 359—not unique—ones are shown in black
with M(A)<M(B)<M(C). Each 2D M/M-plot is projected along the third coordinate.
Areas containing alkali metals, alkaline earth metals, actinoids, and (semi)metallic main group
elements are shaded gray. The total asymmetric volume (one sixth of the volume of the cube) is
marked by bold lines in the cube of the M-parameter space (upper right).

binary intermetallics, no ternary intermetallics are known with Po (M =91) as one
of the constituents. It is remarkable that there are compounds for mere four sys-
tems with 7 ≤ M(A),M(B),M(C)≤ 33. If 7≤M(A),M(B)≤ 33, i.e., the alkali
and alkaline earth metals and the RE elements. It seems to be necessary to have
60≤M(C)≤ 88, i.e., the late TM elements as well as the main group elements, to
find stable ternary compounds in this case.
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The distribution of intermetallics with unique structure types (marked gray
in Fig. 5.24) is significantly less dense than expected from their overall fraction.
There are 13 026 ternary intermetallic phases known in 5109 different ternary
systems crystallizing in 1391 structure types (1095 ternary prototypes) out of
which 667 types are unique (562 unique ternary prototypes) and their repres-
entatives occur in 489 different systems. Although more than half of all ternary
structure types are unique (562/1095≈ 0.51), this is not true for the number of
ternary systems featuring ternary intermetallic compounds with unique structure
types compared to the number of ternary systems featuring ternary compounds
in general (489/5109≈ 0.10). Furthermore, there are on average about two ter-
nary intermetallic compounds with non-unique structure types per system studied
(12 359/5014≈ 2.46) compared to, on average, approximately one intermetallic
with unique structure type per system (667/489≈ 1.36).

As is obvious from Fig. 5.24, in most cases ternary compounds with unique
structure types are observed in the same systems as those with non-unique struc-
ture types. So, it seems that it is mainly the stoichiometry that makes a structure
unique. From the chemical point of view, most compounds with unique structure
types contain any element except actinoids for A, a few alkali and alkaline earth
metals plus a few rare earth (RE) elements, but mainly late TM elements for B
and late TM and main group elements for C.

It is remarkable that RE elements (17/81=0.210) provide one of the three
constituents in as much as 2755 of the 5109 ternary intermetallic systems
(2755/5109=0.539) (see Table 5.6), slightly more often than the 29 transi-
tion metals (TMs) (including Be and Mg) (29/81=0.358) with 2693 cases
(2693/5109=0.527), but both significantly less frequently than the 10 main group
elements (10/81=0.123) with 3326 cases (3326/5109=0.651). That all three
constituents come out of the same class of elements is rare except for TMs with
362 cases. Only 574 ternary intermetallic systems (11.2%) do not contain TM ele-
ments. The distribution for intermetallic compounds with unique structure types
is similar.

Increasing the number of constituents can make the formation of intermetal-
lic compounds more and more difficult. Depending on atomic size ratios and
stoichiometry, complex structures may be necessary to maximize attractive and
minimize repulsive atomic interactions. Furthermore, it is less likely that a ternary
compound is formed by adding a third element to a binary system if it does not
form any binary compounds with either of the two other elements. The situation
is even more unfavorable if none of the three binary subsystems form a binary
compound. Indeed, no ternary intermetallics are known for this case, as we will
see in Subsection 5.5.1.

Out of the 3240 theoretically possible binary intermetallic systems, there are
1401 (43.2%) known forming at least one intermetallic compound. Ternary
intermetallics have been found so far in only 5109 (6%) out of the 85 320 possible
ones. For 4041 of these ternary systems, binary phases have been reported in all
three binary subsystems, for 1053 only in two subsystems, and for the remaining
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15 only in one subsystem. An example for the second case with three ternary
intermetallics known is the system Al–Cu–Ta, where Cu and Ta are immiscible
(Conrad et al., 2009; Weber et al., 2009; Dshemuchadse et al., 2013). In the
following 15 systems, ternary compounds have been observed although two of the
three binary subsystems do not form any intermetallic phase: Al–Cs–Tl, Bi–Fe–
Zn, Bi–Li–V, Ca–Co–Pb, Ca–Cr–Pb, Ca–Pb–Ru, Cr–La–Pb, Cu–Ta–V, Ge–Np–
Tc, Ge–Tc–U, Hf–V–Y, K–Tc–Tl, La–Mn–Pb, Mn–Rh–Tl, and Mn–Sn–W.

5.5.1 Stoichiometries of ternary intermetallics

In Fig. 5.25, a concentration diagram is shown reflecting the stoichiometries of
the 13 026 ternary intermetallic phases listed in the PCD. Each dot corresponds
to a particular intermetallic compound with composition AaBbCc, where A, B, and
C denote elements with Mendeleev numbers M(A)<M(B)<M(C). Of course
most dots coincide exactly, representing all compounds of the same structure type
and those of other structure types but with the same stoichiometry. For instance,
the dot at ABC represents 462 intermetallics with structures of the hP9-ZrNiAl
type, 388 of the oP12-TiNiSi type, 166 of the cF12-MgAgAs type, etc. In the
lower figure, the concentration triangle is merged into one asymmetric unit apply-
ing point group symmetry 3m. Now each dot again corresponds to one particular
compound, however, only reflecting its stoichiometry and no longer the chemical
composition.

It should be kept in mind that symmetry 3m does apply approximately only.
For a given stoichiometry AaBbCc and withM(A)<M(B)<M(C), the sequence
of elements cannot be arbitrarily exchanged against one another in the for-
mula. While an intermetallic compound AaBbCc may exist, one with composition
BaAbCc may not, for instance (also, see Table 5.7). This is quite obvious if one
compares tie lines parallel to the sides of the triangles. The dots are rather densely
distributed on tie lines parallel to A–B and B–C in contrast to those parallel
to A–C.

It is remarkable that most ternary intermetallic phases have stoichiometries pla-
cing them onto tie lines between particular binaries with end points such as AB
(888 different structures), A3B2 (247), A2B (1064), and A3B (830). The ter-
nary stoichiometries on these tie lines peak at ABC (< 1000), A2BC (< 500),
A2B2C (< 300), and A4BC (< 100). The accumulation of stoichiometries along
the tie lines give the impression that these ternary compounds are actually a kind
of pseudobinary. The tie lines are mostly parallel to the edges of the concentration
triangle, indicating that along the tie line the concentration of one component re-
mains constant while the other two vary at mutual cost, i.e., replacing each other
in the structure.

There are a few tie lines connecting a binary composition with the opposite
corner, such as AB–C or AC2–B, marked by gray lines in Fig. 5.25. The latter,
however, already ends at the ternary composition ABC2. But what are the implica-
tions of this finding? For instance, the tie line AC2–B can be written as (AC2)xB1–x.
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Table 5.7 Most common structure types among ternary intermetallic phases. The top 20
structure types out of 1391 are given. Note, that the inherently disordered and pseudo-ternary
structure types are again marked by entries in the flag column. Those with less atomic sites than
components (i.e. max. 2) are marked “s” (solid solution) and those with more components than
the structure type are marked “d” (derivative).

Rank Structure type Space
group

Wyckoff
positions

No. of
repr.

% of all
repr.

Flag

1. cF24-MgCu2 227 Fd3̄m 8a 16d 523 4.0% s

2. hP9-ZrNiAl 189 P6̄2m 1a 2d 3fg 462 3.5%

3. oP12-TiNiSi 62 Pnma 4c3 388 3.0%

4. cF16-Cu2MnAl 225 Fm3̄m 4abcd 333 2.6%

5. tI10-CeAl2Ga2 139 I4/mmm 2a 4de 289 2.2%

6. cP4-Cu3Au 221 Pm3̄m 1a 3c 274 2.1% s

7. hP12-MgZn2 194 P63/mmc 2a 4f 6h 265 2.0% d

8. cP2-CsCl 221 Pm3̄m 1ab 212 1.6% s

9. tI26-ThMn12 139 I4/mmm 2a 8fij 210 1.6% d

10. hP6-CaIn2 194 P63/mmc 2b 4f 203 1.6% s

11. tP10-Mo2FeB2 127 P4/mbm 2a 4gh 193 1.5%

12. hP6-CaCu5 191 P6/mmm 1a 2c 3g 192 1.5% d

13. oS16-CeNiSi2 63 Cmcm 4c4 187 1.4%

14. oI12-KHg2 74 Imma 4e 8i 187 1.4% s

15. cF12-MgAgAs 216 F 4̄3m 4abc 166 1.3%

16. hP3-AlB2 191 P6/mmm 1a 2d 153 1.2% s

17. hR57-Zn17Th2 166 R3̄m 6c2 9d 18fh 151 1.2% d

18. cF184-CeCr2Al20 227 Fd3̄m 8a 16cd 48f 96g 143 1.1%

19. cF96-Gd4RhIn 216 F 4̄3m 16e3 24f 2 138 1.1%

20. hP18-CuHf5Sn3 193 P63/mcm 2b 4d 6g2 135 1.0%

Total 4804 36.9%

For the point ABC2, we get x=0.5, for AC2B2 x=1/3. We may have any ratio be-
tween x and 1 – x, but the ratio A/C must always equal 2. It is remarkable that in
the range 1≤ x≤ 0.5 the stoichiometries are quite densely populated while they are
rather sparse for x> 0.5. This is quite exceptional since for the tie lines parallel to
the edges of the concentration triangle the distribution is rather homogenous over
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Fig. 5.25 (top) Concentration diagram reflecting the stoichiometries AaBbCc of the 13 026
ternary intermetallic compounds (M(A)<M(B)<M(C)). (bottom) Enlarged triangular
section (generic asymmetric unit) out of the concentration diagram above (shaded region) after
merging under point group 3m. The gray line marks the stoichiometry band (AC2)xB1–x in
the upper drawing and its symmetrically equivalent one in the lower.
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the full range. What is the origin of this limitation? It seems to be mainly a kind
of solid solubility of a third element in one of the binary structure types (Laves
phases, AlB2, etc., see, also, Fig. 5.29), since 310 ternary intermetallic phases
listed in the PCD have been assigned to unary and 4543 to binary structure types.
This means, for instance, that although we have an almost continuous distribu-
tion of stoichiometries for binary intermetallics, only very few of the most frequent
ones can be almost continuously extended into another parameter dimension: AB,
A3B2, A2B, and A3B.

In order to find out whether there are preferred chemical compositions along
different tie lines as marked in Fig. 5.25, the respective M/M maps have been
plotted and are depicted on the following pages: the 3382 intermetallic com-
pounds along the line A–BC in Fig. 5.26, the 486 intermetallic compounds along
the line AB–AC in Fig. 5.27, the 2814 intermetallic compounds along the line
AB2–AC2 in Fig. 5.28, and the 645 intermetallic compounds along the line B–AC2

in Fig. 5.29.
The plots in Figs. 5.26 and 5.28 representing a comparable number of inter-

metallics are almost indistinguishable. In comparison, the distribution of dots in
Figs. 5.27 and 5.29 is much sparser because their numbers are much smaller,
but they significantly differ from one another. While the M(B)/M(C) plots are
very similar, there are clear differences in the region 19<M(A)< 33 (Sc and RE
elements),M(A)=69 (Pd), 70 (Au), 72 (Cu), andM(A)=73 (Mg), 75 (Cd), 77
(Be), 79 (In), 82 (Pb), and 83 (Sn).

The distribution of the compounds with the 667 unique structure types among
the 13 026 ternary intermetallic phases is reflected in Fig. 5.30. There is no ob-
vious difference between these two distributions; also, their density on the tie
lines shows a similar trend. The only clearly visible difference is on the tie line
AC2–ABC2, where the unique structure types are quite sparsely distributed. This
indicates that the dense distribution of intermetallics is just an artifact resulting
from the broad stability range of some structure types as will be confirmed below.

If we exclude ternary compounds, which have been assigned to unary (310) or
binary (4543) structure types then we get the distribution shown in Fig 5.31. It
decreases the density of structure types on some specific concentration lines. In
particular, the dots on the line A–B, representing binary compounds, disappear
completely, naturally.

However, there is still a significant accumulation along directions such as
AC2–B, AB–ABC, AB–A2BC, A2B–A2BC, and AB–A3BC. Superimposing the
compounds with unique structure types on top of the non-unique ones leads to
Fig. 5.32. One sees that most stoichiometries featuring unique structure types also
feature non-unique ones. So, the stoichiometry is certainly not the most important
factor controlling the compositional flexibility of a structure type.

However, if only the stoichiometries of the structure types are considered, the
density of points along the tie lines AC2–B and AC–B (marked gray in Figs. 5.31
and 5.32) is drastically reduced. This means that the stoichiometry of many in-
termetallic phases with given structure type scatters around its ideal composition.
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Fig. 5.26 (top) Characteristic projections of the ternary M(A)/M(B)/M(C) plot of the 3382
intermetallic compounds along the line A–BC of the ternary concentration diagram depicted in
Fig. 5.25 (M(A)<M(B)<M(C)). Areas containing alkali metals, alkaline earth metals,
actinoids, and (semi)metallic main group elements are shaded gray.

This may result from a broad compositional stability range of the intermetallic
phase or just from an experimental nominal composition, which differs from the
equilibrium composition of the structure type. In contrast, the densities on the tie
lines AC–AB, AC–BC, and AB–C are still significantly higher than elsewhere, for
both unique- and non-unique structure types. The very short distances between
the data points may be due to stoichiometries, which differ from simple rational
numbers due to partial occupancy of some atomic sites.

To summarize, the concentration diagram taking into account all intermetallic
phases (Fig. 5.25) just reflects their experimental stability ranges. It is more in-
formative, therefore, to look at the concentration diagram of the structure types
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Fig. 5.27 (top) Characteristic projections of the ternary M(A)/M(B)/M(C) plot of the 486
intermetallic compounds along the line AB–AC of the ternary concentration diagram depicted
in Fig. 5.25 (M(A)<M(B)<M(C)). Areas containing alkali metals, alkaline earth metals,
actinoids, and (semi)metallic main group elements are shaded gray.

instead (Fig. 5.32), if one wants to get an idea about which stoichiometries
intermetallic compounds can have.

5.5.2 Quasicrystals

Quasicrystals (QCs) constitute a special class of intermetallics (for more infor-
mation see Chapter 9). They are not covered by common databases such as the
PCD, as their structural information cannot be represented by a unit cell in three
dimensions. Most quasicrystals are ternary compounds—but quite a few binary
icosahedral phases are known in the systems Cd–(Ca, RE) and Zn–Sc. One may
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Fig. 5.28 (top) Characteristic projections of the ternary M(A)/M(B)/M(C) plot of the 2814
intermetallic compounds along the line AB2–AC2 of the ternary concentration diagram depicted
in Fig. 5.25 (M(A)<M(B)<M(C)). Areas containing alkali metals, alkaline earth metals,
actinoids, and (semi)metallic main group elements are shaded gray.

ask now, where the compositional stability fields of QCs are located relative to
those of periodic intermetallics. In some more recent reviews, such composition
diagrams have been presented (Steurer and Deloudi, 2008; Steurer and Deloudi,
2009). Fig. 5.33 is based on the same data, updated with some quasicrystalline
phases discovered over the past few years. Therein, the compositions of ternary
quasicrystals are shown analogous to Fig. 5.24. The rather few different structure
types are marked by symbols as described in the figure. Decagonal quasicrystals
(DQCs) are classified according to the number of quasiperiodic atomic layers per
translation period along the tenfold axis, which can amount to 2, 4, 6, or 8. In
the case of icosahedral quasicrystals (IQCs), the structure type is defined by the
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Fig. 5.29 (top) Characteristic projections of the ternary M(A)/M(B)/M(C) plot of the 645
intermetallic compounds along the line B–AC2 of the ternary concentration diagram depicted in
Fig. 5.25 (M(A)<M(B)<M(C)). Areas containing alkali metals, alkaline earth metals,
actinoids, and (semi)metallic main group elements are shaded gray.

kind of fundamental building cluster, which can be of the Mackay-, Bergman-,
or Tsai-type. There are more systems exhibiting IQCs than DQCs, and a few
systems contain both of them. These are mainly the Al- and Zn-Mg-based ones,
respectively.

The distribution of QCs on the M/M-plots is very sparse. However, what is
significant is that there are “lines” of elements, indicating that in a structure
type elements can be substituted by other elements with slightly larger or smaller
Mendeleev numbers. For instance, for DQCs, element A can be an RE element
(20≤M≤ 25), then B corresponds to Mg (M =73), and C to Zn (M =76).
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Fig. 5.30 Concentration diagram reflecting the stoichiometries AaBbCc of the 667
intermetallics with unique structure types (large gray dots) among the 13 026 ternary
intermetallic phases (M(A)<M(B)<M(C)). The compounds with unique structure
types show a similar distribution as those with non-unique ones. However, their density
on some tie lines such as AC2–B and AC–B, for instance, is much lower.

The diagrams for DQCs and IQCs are quite mirror-symmetric with respect to
the diagonal, which means that both classes of QCs have a similar distribution in
the projected M/M-plots. The main differences are the Sc- and Cd-based IQCs,
which do not have counterparts in the case of DQCs.

There are four classes of DQCs named after their period along the tenfold axis
(for detailed information see Chapter 9). Their preferred compositions are:

2-layer: Al–Ni–Co, Zn–Mg–Dy, etc.

4-layer: Al–(Ni, Cu)–(Co, Fe, Ir, Rh), etc.

6-layer: Al–(Mn, Re)–Pd

8-layer: Al–Os–(Pd, Ir), Al–Ni–Ru



150 Statistical description and structural correlations

BC2AC2

AC BC

AC3 BC3

AB AB2 AB3A3B

A3C B3C

A B

C

Fig. 5.31 Concentration diagram reflecting the stoichiometries AaBbCc of the 8173
ternary intermetallic compounds remaining after the elimination of all ternary
intermetallics assigned to unary (310) or binary (4543) structure types
(M(A)<M(B)<M(C)). The array of dots on the tie line AC2–ABC2 (marked by gray
lines) is still very dense, indicating intermetallic phases with broad stability ranges.

There are three classes of IQCs named after the constituting clusters (for
detailed information see Chapter 9). Their preferred compositions are:

Mackay-cluster: Al–TM(1)–TM(2), etc.

Bergman cluster: Zn–Mg–(Y, Zr, Hf, RE, Al, Ga), Ti–Zr–Ni, Al–Cu–Li,
Mg–Al–Pd, etc.

Tsai cluster: Zn–(Sc, Mg)–TM, (Ag, Au)–(Al, In)–(Yb, TM), Cd–Mg–(Ca,
RE), etc.

It is not surprising that quasicrystals occur in the same systems as periodic
crystals, because frequently periodic rational and non-rational approximants,
respectively, exist with similar chemical compositions as their quasiperiodic
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Fig. 5.32 Concentration diagram reflecting the stoichiometries AaBbCc of the 1095
ternary structure types (M(A)<M(B)<M(C)) (keep in mind that the prototype
structures are not all intermetallics). The unique structure types, which are all
intermetallics in our case, are marked by open circles. A dot in a circle means that at this
specific stoichiometry both unique and non-unique structure types exist. The gray lines
mark the tie lines AC2–B and AC–B.

counterparts. However, in most cases several other periodic phases are observed
in the respective systems, which have no structural relationship at all to
quasicrystals.

5.5.3 Four lines of ternary stoichiometries

Fig. 5.34 shows cuts through the composition diagram of the 1095 ternary
intermetallic structure types (see, also, Fig. 5.32). In Fig. 5.34(a)–(d), their
frequencies are shown along the four main lines: AB–A2BC, A2B–ABC, A2B–
A2BC–A2B2C–A, as well as A–ABC–AB, which runs along two edges of the
triangle. Their location in the full ternary composition diagram, as well as the
resulting trajectories in the reduced plot, are depicted in Fig. 5.34(e). This graph
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Fig. 5.33 Projected M/M-plots illustrating the chemical compositions of ternary intermetallic
quasicrystals: 21 decagonal and 53 icosahedral ones. The components of all compounds have
been assigned to elements A, B, and C according to M(A)<M(B)<M(C), but for better
illustration, the plots are shown with reversed axes for the icosahedral phases. Decagonal phases
with 2 or 4 layers are shown as full black circles, those with 6 or 8 layers as open circles or gray
dots, respectively. Icosahedral phases that are based on Bergman-, Mackay-, and Tsai-type
clusters are shown as full black circles, as open circles, or gray dots, respectively. Each 2D
M/M-plot results from a projection along the third coordinate. Mendeleev numbers 7–16 mark
alkali and alkaline earth metals, 17–33 rare earth elements, 34–48 actinoides, 49–77 transition
metals plus Be (77) and Mg (73), and 78–91 metallic main group elements.

illustrates, for instance, the path along the line A2B–A2BC–A2B2C–A. For all tie
lines in the reduced concentration diagram the law of reflection applies when they
touch the two boundaries A–ABC and ABC–AB.

The horizontal axes in Fig. 5.34(a)–(d) display the content of the respective
varying element(s). The compositions AB–A2BC all contain 50% of element A,
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Fig. 5.34 Cuts through the concentration diagram of the 1095 ternary structure types of the
13 026 ternary intermetallic compounds. Shown are the lines (a) AB–A2BC, (b) A2B–ABC,
(c) A2B–A2BC–A2B2C–A, and (d) A–ABC–AB, as well as (e) a schematic view of where the
respective lines lie in the full and reduced (shaded gray) ternary composition diagrams. Please
note the logarithmic scale of the y-axes in (a–d) and the differently dashed lines.

while the C-content increases from 0% to 25% and the B-content decreases from
50% to 25%. The compositions A2B–ABC all contain 33.3% of element B, while
the C-content increases from 0% to 33.3% and the A-content decreases from
66.7% to 33.3%. The compositions A2B–A2BC all have A- and B-contents that
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correspond to the ratio a/b=2/1, while the C-content increases from 0% to 25%.
The compositions on the consecutive line segment A2BC–A2B2C all have A- and
C-contents that correspond to the ratio a/c=2/1, while the B-content increases
from 25% to 40%. The third and last line segment A2B2C–A contains composi-
tions with B- and C-contents in a ratio of b/c=2/1 and A-contents increasing from
40% to 100%. For the fourth line, the ratio of elements B and C is b/c=1 in the
range A–ABC, where the B- and C-contents increase from 0% to 33.3%. The
second part of the plot contains the same amount of the A- and B-components
(a/b=1) with values ranging from 33.3% to 50%.

Along the line AB–A2BC, 172 ternary structure types can be found at 30 dif-
ferent stoichiometries, representing a total of 1570 ternary intermetallics. The
maximum value in Fig. 5.34(a) corresponds to 68 structure types (STs) at com-
position A2BC. Additional high values are found at A3B2C (27 STs), A4B3C (15
STs), and A5B3C2 (13 STs). Smaller numbers of structure types are reported at
the following compositions: A10B9C and A5B4C (both 5 STs), A10B7C3 (4 STs),
A7B5C2, A21B13C8, and A7B4C3 (all 3 STs), with six compositions being featured
in 2 STs each, and 14 in one ST each, only. This means 14 out of the total 30
different stoichiometries along this line refer to unique structure types.

Along the line A2B–ABC, 153 ternary structure types are found at 28 different
stoichiometries, which represent 2162 ternary intermetallics. The maximum value
in Fig. 5.34(b) corresponds to 60 structure types at composition ABC. Additional
high values are found at A3B2C (27 STs–where this line, A2B–ABC, intersects
with line AB–A2BC), A4B3C2 (19 STs), and A5B3C (15 STs). Composition
A12B7C2 is still featured in three structure types, while six more compositions
are adopted by 2 STs each, and 17 compositions occur only in one structure type
each. This means 17 out of the altogether 28 different stoichiometries along this
line refer to unique structure types.

The line A2B–A2BC–A2B2C–A consists of three segments coinciding with a
total of 291 ternary structure types at 51 different stoichiometries, representing
altogether 3539 ternary intermetallic compounds (referring to Fig. 4(c)). The
turning points at A2BC and A2B2C, which are also the two highest maxima in
Fig. 5.34(c), correspond to groups of 68 and 38 structure types, respectively. The
intermediate segments contain the following numbers of structure types: 50 in
A2B–A2BC (excluding A2BC), 36 in A2BC–A2B2C (excluding both, A2BC and
A2B2C), and 99 in A2B2C–A (excluding A2B2C). Additional significant values are
found at A3B2C (27 STs—where the respective line segment, A2B2C–A, inter-
sects with both lines, AB–A2BC and A2B–ABC), A4B2C (20 STs—where the two
line segments A2B–A2BC and A2B2C–A intersect), A4B3C2 (18 STs), A5B4C2

(12 STs), A5B2C (11 STs), A6B3C2 (9 STs), A6B2C (8 STs), A6B4C3 (7 STs),
A7B2C (6 STs), A8B4C (5 STs), A9B2C (5 STs), A10B2C (5 STs), A6B3C (4
STs), A8B4C3 (4 STs), A6B5C3 (4 STs), and A7B4C2 (3 STs), with five more
compositions being adopted by 2 STs and another 27 by one structure type each.
This means 27 out of the 51 different stoichiometries along this line correspond
to unique structure types.
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The fourth and last line A–ABC–AB contains a total of 307 ternary structure
types, which occur at 45 different stoichiometries and represent 4882 ternary
intermetallic compounds. The first segment, A–ABC, contains 140 structure
types, excluding ABC itself, which occurs in 60 structure types, while the sec-
ond segment, ABC–AB, contains 107 structure types. The maximum values in
Fig. 5.34(d) correspond to the following compositions: A2BC (68 STs), ABC
(60 STs), A2B2C (38 STs), A3BC (19 STs), A3B3C (17 STs), A6B6C (15 STs),
A3B3C (12 STs), A4BC (11 STs), A3B2C2 (10 STs), A4B4C3 (8 STs), and
A5B2C2 (5 STs). Of the remaining compositions, three occur in 3 STs, three
in 2 STs, and 29 in only one structure type each.

It is remarkable how many unique structure types (≈ 50%) are located on these
relatively densely occupied lines in the concentration triangle. It is also amazing
how many different structure types can be found for a given stoichiometry. A2BC
and ABC top the list with 68 and 60 structure types, respectively, which is less
than the values for the binary structure types, which are almost twice that much.

5.6 Statistics of crystal structure types

Ternary intermetallics are usually described based on their ternary prototype
structures. However, according to the usual definition of a structure type, it is also
possible that a well-ordered ternary intermetallic compound is assigned to a bi-
nary structure type, if both structures, that of the ternary structure and the binary
structure type, are isoconfigurational (see Table 5.7). This means that they are iso-
pointal and both the crystallographic point configurations and their geometrical
interrelationships are similar. The definition does not mean that isoconfigurational
compounds have to have the same number of different constituting elements. In-
deed, a considerable number of structure types that ternary intermetallics have
been assigned to are binary. However, these ternary compounds are, at least par-
tially, inherently disordered, if the binary structure types can be described with
only two independent Wyckoff positions in the respective space group, e.g., cF24-
MgCu2, cP4-Cu3Au, cP2-CsCl, etc. Many binary structure types, however, have
their atoms occupying three or more independent atomic sites, making them not
inherently binary. In a ternary representative structure crystallizing in such a bi-
nary structure type exactly the sameWyckoff positions are occupied in an ordered
way, but now by three instead of two elements. We think, however, that this
is a shortcoming of the current definition of a “structure type”. Strictly speak-
ing, a chemically ordered variant of a structure is a derivative structure (ordered
structure variant), even if the symmetry does not change.

To conclude, the majority of the representative ternary compounds of the most
common binary structure types with threeWyckoff positions feature a high degree
of disorder with respect to the distribution of the three chemical elements on the
different positions. Some can be considered pseudo-binary compounds, with two
of the three constituents occupying the site(s) of one of the binary components
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in a purely statistical manner or by slightly different mixing ratios of the same
elements. However, a few structures that are ordered derivatives of binary proto-
type structures are also known. One example is that of two ternary representatives
of the hP12-MgZn2 structure type exhibiting fully ordered occupancies of the
Wyckoff positions (2a, 4f , 6h—occupied by Zn, Mg, and Zn, respectively, in the
prototype structure): hP12-Lu2CoAl3 and hP12-Er2CoAl3 (Oesterreicher, 1973).
Also, four ordered variants of the cF24-Be5Au structure type (4a, 4c, 16e—Au,
Be, Be, in the prototype structure) were found among ternary intermetallics:
REMgNi4 with RE=Y, Ce, Pr, and Nd (Kadir et al., 2002) (RE on 4a, Mg on
4c, Ni on 16e).

Of the 20 829 intermetallics, 13 026 are ternary compounds crystallizing in
1391 different structure types. The twenty most common structure types are
given in Table 5.7. They represent more than 130 intermetallics each, in total
36.9% of all ternary intermetallics covered in this study. Contrary to the binary
compounds, no pseudo-unary sphere-packings are found among the most com-
mon structure types. However, the ten binary structure types among the top
twenty, which already comprise 49.4% of the structures, have to be considered
as solid solutions or derivative structures. There are also quite a few ternary
compounds that crystallize in binary structure types although none of the three
subsystems feature this structure type. This means that a meta- or unstable binary
compound crystallizing in a binary structure type can be stabilized by the addition
of a third component, changing the electron concentration decisively, for instance.
There are several known examples of ternary compounds crystallizing in the bi-
nary Laves phase prototype hP12-MgZn2, with three occupied Wyckoff positions
(Stein, Palm, and Sauthoff, 2005), for instance. The binary structure types tI26-
ThMn12, hP6-CaCu5, and hR57-Zn17Th2 also feature more than two occupied
Wyckoff positions, which can be substituted by the three different atomic species
of ternary intermetallic phases.

The symmetries of the ten ternary ones out of the top 20 structure types are
mostly cubic (cF : 4), a few are hexagonal (hP: 2), tetragonal (tI : 1, tP: 1), or
orthorhombic (oS: 1, oP: 1). No triclinic, monoclinic, or trigonal structure types
are among these ten ternary structure types. The number of atoms per unit cell
ranges from 9 to 184 (hP9-ZrNiAl and cF184-CeCr2Al20, respectively).

The distribution of unit cell sizes of all 13 026 ternary compounds, as well as of
all 8145 ternary compounds crystallizing in truly ternary structure types, and the
1095 ternary structure types themselves, are shown in Fig. 5.35. The histograms
for all 13 026 ternary compounds and that for the only 8145 ternary compounds
crystallizing in ternary structure types differ only marginally. With a few excep-
tions, there are hardly more than ten compounds for given unit cell sizes larger
than 100 atoms per primitive unit cell. The distribution of structure types with
given unit cell sizes peaks at around 14 atoms per primitive unit cell with a value
of ca. 50 and falls off to less than 10 beyond ≈ 50 atoms per primitive unit cell.
Remarkably, almost all structure types become unique ones beyond ≈ 170 atoms
per primitive unit cell.
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Fig. 5.35 Unit cell size distributions of the 13 026 ternary compounds (top), 8145 ternary
compounds crystallizing in ternary structure types (middle), and 1095 ternary structure types
(bottom). All plots have been truncated at a maximum of 770 atoms per primitive unit cell,
excluding four intermetallics: hP1164-Cr10.7Fe8.6Al80.8, hP1192-Cr10.7Fe8.7Al80.6,
cF5908-Ta39.5Cu3.9Al56.6, cF23 134-Ta39.1Cu5.4Al55.4.

5.6.1 Common stoichiometries of ternary intermetallics

If the compositions of all 8145 ternary intermetallics with ternary structure types
are normalized and rounded off to three digits after the decimal point, 998
different stoichiometries result. 671 occur exactly once, 327 more than once:
253 occur 2–9 times, 29 occur 10–19 times, and 25 occur 20–70 times. The
671 unique stoichiometries are not equivalent to the 562 unique ternary struc-
ture types. In other words, a unique structure type can have a stoichiometry that
is also adopted by a non-unique one, and a single non-unique structure type can
have representatives with different stoichiometries.
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The top 45 of all compositions are given in Table 5.8. The asymme-
try is remarkable, i.e., the assignment of a, b, and c in the formula AaBbCc

(M(A)<M(B)<M(C)). For instance, there are 159 compounds crystallizing in
22 structure types with the composition 3:1:1; for 153 of them AB3C applies, and
for the other 6 compounds ABC3 does. This also means that no compound A3BC
withM(A)<M(B,C) is present in the database.

Some of the compounds with compositions A4BC (rank 4), A20B2C (rank 9),
A6B6C (rank 10), A9B3C2 (rank 13), A43B6C4 (rank 15), and A8B4C (rank 20)
have structure types and structures with interesting magnetic properties (Thiede,
Jeitschko, Niemann, and Ebel, 1998; Wolff, Niemann, Ebel, and Jeitschko,
2001), all of them aluminides containing RE and early TM elements. For in-
stance, A43B6C4 exists in just one structure type with compositions A6B4C43

(M(A)<M(B)<M(C)), the hP106-Ho6Mo4Al43 type. In the 86 different rep-
resentatives, Ho can be replaced by other RE elements, and Mo by other early
TM elements.

There are 1495 compounds with composition ABC that are known. Since
the PCD contains ternary intermetallics out of 5109 ternary systems, this
means that for only slightly less than every third intermetallic system a phase
is known with the equiatomic stoichiometry 1:1:1. The most frequent structure
types for this composition are hP9-ZrNiAl with 462 representatives, oP12-
TiNiSi with 388, and cF12-MgAgAs, the structure type of the half-Heusler
phases, with 166 compounds. Of these, 161 are reported as stoichiomet-
ric, with M(A)=12–72, M(B)=54–80, and M(C)=80–88. A large subset
of the ABC intermetallics has been named REME phases, with RE a rare
earth metal (in most cases), an actinoid, or a group 1–4 element. M is a
late transition metal from groups 8–12, and E is an element of groups 13–
15 (Bojin and Hoffmann, 2003a; Bojin and Hoffmann, 2003b). Some of the
REME phases are insulators, semiconductors, or semimetals, others have unu-
sual magnetic and electronic properties. For instance, some representatives of
the most common oP12-TiNiSi, as well as of the hP9-ZrNiAl structure types
are heavy-fermion compounds. A large subclass of the REME phases belongs to
structural derivatives of the hP3-AlB2 structure type, such as oP12-TiNiSi, for
instance.

The largest group of compounds with composition A2BC is formed by the
Heusler phases, cF16-Cu2MnAl, with 333 representatives, some of them with in-
teresting magnetic, thermoelectric, or superconducting properties. Of these, 309
are reported to be stoichiometric with 50% of element A with M(A)=10–81
and 25% for each of elements B and C with M(B, C)=8–88 (or M(B)=8–77
and M(C)=62–88 with M(B)<M(C)). Since most of their structures show
great compositional flexibility, partial substitution of elements allows for fine-
tuning of the valence electron concentration and therewith of specific physical
properties. For reviews see, for instance, Trudel et al. (2010) or Graf et al.
(2009). Heusler and half-Heusler phases are superstructures of the cI2-W
structure type.
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Table 5.8 The top 45 compositions of ternary intermetallics, AaBbCc (with a> b> c),
representing 20 or more IMs each. The number of IMs and of different structure types (STs) is
given for the general stoichiometry and the number of IMs for each permutation of a, b, c with
M(A)<M(B)<M(C) for AaBbCc: a≥ b≥ c (I), a≥ c≥ b (II), b≥ a≥ c (III), c≥ a≥ b (IV),
b≥ c≥ a (V), c≥ b≥ a (VI). Values in italics represent the cases where the compounds are
counted twice or six times due to equalities a= b, a= c, b= c, or a= b= c, respectively. For
instance, the values for composition ABC are equal in columns I to VI.

Rank AaBbCc
(a>b> c)

No. of
IMs

No. of
STs

I II III IV V VI Comment

1. ABC 1495 62 1495 1495 1495 1495 1495 1495 a= b= c

2. A2BC 841 80 119 119 334 388 334 388 a> b= c

3. A2B2C 677 41 257 70 257 70 350 350 a= b> c

4. A4BC 324 14 130 130 95 99 95 99 a> b= c

5. A6B2C 186 9 40 56 0 88 0 2 –

6. A5B3C 161 18 2 96 1 37 18 7 –

7. A3B2C 160 32 3 23 14 17 62 41 –

8. A3BC 159 22 0 0 6 153 6 153 a> b= c

9. A20B2C 141 3 0 0 0 1 0 140 –

10. A6B6C 131 17 0 4 0 4 127 127 a= b> c

11. A5B2C 108 13 64 29 2 1 5 7 –

12. A13B4C3 106 6 0 0 0 3 0 103 –

13. A9B3C2 104 7 1 0 0 2 10 91 –

14. A5BC 94 6 0 0 29 65 29 65 a> b= c

15. A43B6C4 86 1 0 0 0 86 0 0 –

16. A4B2C 86 22 0 6 0 19 29 32 –

17. A5B3C2 82 17 6 1 1 1 0 73 –

18. A4B3C2 82 22 0 7 4 23 0 48 –

19. A4B4C3 76 9 1 6 1 6 69 69 a= b> c

20. A8B4C 75 7 0 2 1 8 0 64 –

21. A10B2C 67 7 0 0 0 4 0 63 –

22. A12B4C 66 4 0 0 0 32 0 34 –

23. A4B3C3 64 3 4 4 0 60 0 60 a> b= c

24. A16B7C6 60 1 0 1 0 0 18 41 –

continued
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Table 5.8 continued

Rank AaBbCc
(a>b> c)

No. of
IMs

No. of
STs

I II III IV V VI Comment

25. A9B2C 58 7 0 0 1 3 40 14 –

26. A14B3C2 58 4 0 8 0 0 0 50 –

27. A8B2C 56 2 0 0 0 32 0 24 –

28. A3B2C2 56 12 31 31 2 23 2 23 a> b= c

29. A23B7C4 49 2 49 0 0 0 0 0 –

30. A5B4C2 49 15 0 35 0 5 1 8 –

31. A13B6C 48 2 0 0 48 0 0 0 –

32. A3B3C2 47 20 8 21 8 21 18 18 a= b> c

33. A6B3C2 42 10 0 1 18 7 6 10 –

34. A10B5C4 37 3 0 0 0 37 0 0 –

35. A7B6C4 36 3 0 3 0 0 33 0 –

36. A8B4C3 31 6 0 0 0 6 24 1 –

37. A12B6C 29 1 29 0 0 0 0 0 –

38. A12B4C3 27 2 0 0 0 0 0 27 –

39. A4B3C 27 17 0 5 5 10 3 4 –

40. A9B4C 22 4 12 0 0 0 10 0 –

41. A6B4C 22 10 0 3 0 3 5 11 –

42. A7B3C2 21 8 0 0 0 13 7 1 –

43. A3B3C 21 12 7 8 7 8 6 6 a= b> c

44. A8B3C 20 2 0 9 11 0 0 0 –

45. A21B10C4 20 2 0 0 0 0 0 20 –

5.6.2 Symmetry vs. composition

Is there any correlation between the symmetry group of a structure type and its
stoichiometry? Before we focus on this discussion let us first have a look on the
general distribution of binary and ternary intermetallics over the 14 Bravais type
lattices, which is quite heterogeneous (Table 5.9 and Figs. 5.36 and 5.37). There
are only minor differences between the distributions of binary and ternary in-
termetallic compounds: the frequencies of ternary intermetallics with symmetries
aP, oF , and cI are only half of that of binary compounds, small numbers anyway.
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Table 5.9 Binary and ternary intermetallics (IMs) and their distribution over the 14 Bravais
type lattices.

Bravais type lattice Binary IMs Ternary IMs Total

aP 33 0.5% 27 0.2% 0.3%

mP 93 1.4% 128 1.0% 1.1%

mS 155 2.4% 249 1.9% 2.1%

oP 567 8.8% 1225 9.4% 9.2%

oS 397 6.2% 974 7.5% 7.0%

oI 152 2.4% 724 5.6% 4.5%

oF 44 0.7% 30 0.2% 0.4%

hP 1538 23.9% 3280 25.2% 24.8%

hR 346 5.3% 532 4.1% 4.5%

tP 383 6.0% 981 7.5% 7.0%

tI 593 9.2% 1397 10.7% 10.2%

cP 738 11.5% 891 6.8% 8.4%

cI 391 6.1% 471 3.6% 4.4%

cF 1011 15.7% 2117 16.7% 16.1%

All 6441 100% 13026 100% 100%

It is amazing that just ≈ 0.3% of all structures have triclinic and ≈ 3.2% mon-
oclinic crystal symmetry compared to the ≈ 21.1%, which show orthorhombic
symmetry, for instance. This means, getting rid of two of the three oblique angles
of the unit cell, allowing not just inversion but also for rotation and screw axes as
well as mirror and glide planes, increases the frequency of intermetallics with such
a symmetry by one order of magnitude. Losing the third oblique angle, and allow-
ing for symmetry elements in all three space dimensions, increases the frequency
of intermetallics with such a symmetry by another order of magnitude. It is also
remarkable that F-centering is with 16.1% quite beneficial in the case of cubic
structures; however, with only 0.4% detrimental in the case of orthorhomic ones.

The most frequent symmetries are cubic with ≈ 28.9% and hexagonal with
≈ 24.8%. Why are such high-symmetry crystal structures so much more frequent
than low-symmetry ones? The symmetry adopted by a crystal structure depends
on the symmetry of its AETs, the number of different AETs, and the way they
pack. One has to keep in mind that all AETs overlap with all neighboring ones,
since each atom of the coordination polyhedron, is at the same time the center of
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Fig. 5.36 Distribution of binary compositions AmBn, with M(A)<M(B), within the Bravais
type lattices aP, mP, mS, oP, oS, oI , and oF. Note the logarithmic scale for the number of
representatives.
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another AET. A small number of different high-symmetry AETs leads to high-
symmetry structures. For instance, if the preferred coordination polyhedron of
each atom of a structure is mirror-symmetric then there will be a high probability
that the structure itself is mirror-symmetric as well. However, the symmetry of
the AETs may be lower than that of their packing. The simplest examples are the
AETs of the structure type hP2-Mg, which are disheptahedra (anticuboctahedra)
and therefore non-centrosymmetric in contrast to the crystal structure itself.

The compositions of the binary intermetallics, as they are distributed over the
Bravais type lattices, are illustrated in Figs. 5.36 and 5.37. From the underlying
data, the entries belonging to the sphere packings cF4-Cu, cI2-W, and hP2-Mg
were excluded in order to get rid of their bias on the distribution. The histograms
for the lattices hP, cI , and cF—including the structure types cF4-Cu, cI2-W,
and hP2-Mg—are shown in Fig. 5.37. The distributions clearly differ from one
another; however, a more detailed interpretation is difficult.

The histograms for the Bravais type lattices oP, hP, tI , cP, and cF are quite
symmetric around 1/2 B-content, while the others are rather asymmetric, in par-
ticular the centered ones oS, oI , oF , and cI . In the latter case, this means that if
intermetallic compounds AmBn, with M(A)<M(B), crystallize with these sym-
metries, compounds with composition AnBm cannot. It is also remarkable that the
composition 1/2 is very unfavorable in the case of the centered Bravais type lattices
oI , oF , and cI .

The compositions of the ternary intermetallics, as they are distributed over the
Bravais type lattices, are illustrated in Figs. 5.38, 5.39, and 5.40. In contrast to
the distribution of binary intermetallics, that of ternary ones shows significant
differences as functions of lattice symmetry. In the case of the rarely occurring
Bravais symmetry aP, most compositions appear to be pseudobinary since the
datapoints are close to the edges of the concentration triangle, probably indicating
that a few percent of a third component stabilize the compound.

In the case of the concentration triangles for symmetriesmP, oP, oS, cP, and cF ,
the tie lines AC–AB and AC–BC stand out clearly. This means that intermetallics
with compositions ABxC1–x (0≤ x≤ 1) and AxB1–xC (0≤ x ≤ 1), respectively, have
some prevalence for these types of Bravais type lattices. Also, in the case of oS, the
line AC2–ABC2 is very densely populated, which is the signature of intermetallic
phases with compositions differing in a broad range from that of their structure
types. One prominent example is the binary structure type oS8-TlI, which has
been assigned to many (disordered) ternary phases with compositions varying in
this range. Another example is the structure type oS16-CeNiSi2 with a similarly
broad stability range in many ternary systems.

In the case of oI , the lines AB2–AC2 stand out clearly as well as two additional
lines with A contents around ≈ 24% and ≈ 22%, respectively. Due to the lack of
data, not much can be said about oF except that there is also a similar trend as in
oS. For Bravais symmetry hP, the densest populated lines are AB2–AC2 and AC2–
BC2 as well as AB3–AC3 and AC3–BC3, while for hR mainly the lines AB3–AC3

and AC3–BC3 as well as those with ≈ 10% A or C play a role.
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Fig. 5.38 Occurrence of ternary compounds with compositions ABC within the Bravais type
lattices aP, mP, mS, oP, oS, and oI . The elements are assigned to A, B, and C by
M(A)<M(B)<M(C).
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Fig. 5.39 Occurrence of ternary compounds with compositions ABC within the Bravais type
lattices oF, hP, hR, tP, tI , and cP. The elements are assigned to A, B, and C by
M(A)<M(B)<M(C).
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Fig. 5.40 Occurrence of ternary compounds with compositions ABC within the Bravais type
lattices cI and cF. The elements are assigned to A, B, and C by M(A)<M(B)<M(C).

In the case of tP, a part of the line AC2–ABC2 is densely occupied as was the
case for oS. The most significant features for tI are the lines with A ≈ 20% and
≈ 9%, respectively. The population of the lines is clearly distinct for cP and cF ,
while for cI the distribution is completely different and does not follow lines. The
diagram of cP shows quite a regular line structure every 25 at.%, while that for
cF features mainly the lines AB2–AC2 and AC2–BC2. What is also remarkable is
that the distributions in the ternary concentration diagrams do not show threefold
symmetry. Closest to it are the diagrams for cP and cI .

Overall, one can conclude that for most Bravais symmetries, the concentration
of the element with the lowest Mendeleev number, A, remains constant while B
and C can vary via mutual cost. In many less cases, the element B can take over
the role of A. Only for symmetry cP, all three elements, A, B, and C, can play this
role equivalently. In the diagram of cP, some tie lines are very densely occupied,
mainly due to the assignment of cP4-Cu3Au and cP8-Cr3Si to ternary phases.
Furthermore, it seems that particular compositions are not equally likely in the
different Bravais type lattices:

aP Most phases are close to the edges of the concentration triangle, indicating
that the ternary phases are just binary phases stabilized by a small amount
of a third element.

mP Most phases are located on the tie lines AC–AB and AC–BC; there are no
phases with more than 70–80% of A or B. The few dots close to the corner
of A seem to be solid solutions of two elements in A.

mS No phases contain more than 75% A. Most phases have a high B and
medium to high C content.

oP Most phases are located on the tie lines AC–AB and AC–BC; there are no
phases with more than 75% A.
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oS Most phases are located on the tie lines AC–AB and AC–BC; very densely
populated tie line AC2–ABC2 due to disordered phases. Almost no phases
beyond the densely occupied tie line AC–AB towards a higher A content.

oI Most phases are located on tie lines with constant A ratio. Most phases have
a low concentration of A.

oF Very few ternary phases, just one system with more than 40% A.

hP Most phases on tie lines with constant A or C, less significant with con-
stant B. The tie line AC2–BC2 seems to include many (disordered) phases
with broad stability ranges. Phases with more than 75% A seem to be solid
solutions of one or two elements in binary or unary phases, respectively.

hR Similar to the hP diagram with a relatively higher importance of the tie line
AC3–BC3.

tP Rather scattered distribution with some point agglomerations and a part of
the tie line AC2–ABC2 densely occupied, indicating disordered phases.

tI Some similarities to oI , but much less data points.

cP Almost all data points on the tie lines A3C–B3C, AC–BC, AC3–BC3 and
symmetrically equivalent ones.

cI Almost homogeneous distribution over all compositions.

cF Similar to hP, but less data points.

The distributions of binary and ternary intermetallics over the point groups are
given in Table 5.10. One clearly sees an extremely heterogeneous distribution of
the frequencies of intermetallic compounds with these symmetries. There are only
a few significant differences between the distributions of the binary and ternary
intermetallics; one is found for point group 6̄m2 with 40 (0.6%) and 622 (4.8%)
representatives, respectively. Amazingly, the most and second most frequent point
groups for binary (ternary) intermetallics are m3̄m (mmm) with 28.0% (21.0%),
and 6/mmm (m3̄m) with 19.7% (19.4%), respectively. The by far most frequent
non-centrosymmetric point group is 4̄3m with 3.5% (5.6%).

There are only ten point groups, each containing more than 1% of intermetallic
compounds. Within the crystal systems the by far highest frequencies are found
for the respective holohedral groups 1̄, 2/m,mmm, 4/mmm, 3̄m, 6/mmm, andm3̄m.
Furthermore, the 11 centrosymmetric point groups (Laue groups) have higher
frequencies than their respective non-centrosymmetric subgroups, and already
apply to 16 586 (85.1%) of all intermetallics.

The distributions of binary and ternary intermetallics over the space groups
are given in Tables 5.11, 5.12, and 5.13. They are extremely heterogeneous with-
out too many disparities between them. The largest ones are for the tetragonal
space groups 127 P4/mbm, with 34 binary and 306 ternary representatives, and
129 P4/nmm, with 29 binary and 329 ternary representatives, respectively, and
the cubic space group 216 F 4̄3m, with 97 binary and 595 ternary representatives.
The 22 chiral space groups, which are part of the 65 Sohncke groups, are marked.
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Table 5.10 Binary and ternary intermetallics (IMs) and their distribution over the 32 point
groups (PGs).

PG Binary IMs Ternary IMs PG Binary IMs Ternary IMs

1 3 0.05% 2 0.02% 3̄ 77 1.2% 28 0.2%

1̄ 30 0.5% 25 0.2% 32 12 0.2% 9 0.1%

2 11 0.2% 19 0.2% 3m 19 0.3% 19 0.2%

m 11 0.2% 7 0.1% 3̄m 319 5.0% 584 4.5%

2/m 226 3.5% 351 2.7% 6 3 0.1% 2 0.0%

222 21 0.3% 22 0.2% 6̄ 2 0.0% 12 0.1%

mm2 64 1.0% 202 1.6% 6/m 62 1.0% 39 0.3%

mmm 1075 16.7% 2729 21.0% 622 12 0.2% 18 0.1%

4 3 0.1% 5 0.1% 6mm 65 1.0% 207 1.6%

4̄ 8 0.1% 1 0.0% 6̄m2 40 0.6% 622 4.8%

4/m 54 0.8% 18 0.1% 6/mmm 1267 19.7% 2265 17.4%

422 2 0.0% 7 0.1% 23 31 0.5% 39 0.3%

4mm 10 0.2% 77 0.6% m3̄ 53 0.8% 159 1.2%

4̄2m 43 0.7% 29 0.2% 432 28 0.4% 27 0.2%

4/mmm 856 13.3% 2241 17.2% 4̄3m 227 3.5% 733 5.6%

3 6 0.1% 7 0.1% m3̄m 1801 28.0% 2521 19.4%

All 6441 100.0% 13026 100.0%

The Sohncke groups contain only symmetry operations of the first kind (transla-
tions, rotation, and screw axes, respectively). A chiral space group is a space group
whose group structure is chiral. Every chiral space group type occurs in pairs of
the two enantiomorphic variants. Chiral (enantiomorphic) crystal structures can
occur not only in the chiral space groups but in any of the Sohncke groups.

For comparison, the number of structures in the Cambridge Structural Data-
base (CSD) (Cambridge Crystallographic Data Centre, 2015) in the respective
space groups is listed as well. The CSD contains 754 897 entries (16 February
2015) of small-molecule organic and metal-organic crystal structures. There, we
can see large differences in the frequency distribution compared to that of the
intermetallics listed in the PCD. The largest differences are in the space groups 2
P1̄, 14 P21/c, and some other low-symmetry space groups. As was demonstrated
by Kitaigorodsky (1973), these two and a few other low-symmetry groups allow
the best close packings of molecules of rather arbitrary shapes and point group
symmetry 1, while for intermetallics the relevant symmetries are those of close
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Table 5.11 Distribution of the binary and ternary intermetallics over the 230 space groups
(SGs). For comparison, in columns “CSD”, the number of compounds in the Cambridge
Structural Database (Cambridge Crystallographic Data Centre, 2015) in the respective SGs is
listed, showing large differences in the frequency distribution. The CSD contains in total
754 897 entries (16 February 2015) of small-molecule organic and metal-organic crystal
structures. The asterisk, ∗, marks structures that are listed in the PCD, but not confirmed by
later structure analyses. The 65 Sohncke groups are marked by No.S, the 22 chiral space groups
among them by No.c.

No. SG Binary Ternary CSD No. SG Binary Ternary CSD

1S P1 3∗ 2∗ 7136 41 Aea2 6 3 815

2 P1̄ 30 25 184 087 42 Fmm2 2 9 68

3S P2 0 1 134 43 Fdd2 20 1 2570

4S P21 3 18 39 092 44 Imm2 6 29 69

5S C2 8 0 6352 45 Iba2 0 9 445

6 Pm 1 1 21 46 Ima2 0 28 110

7 Pc 3 0 3212 47 Pmmm 5 6 30

8 Cm 7 6 281 48 Pnnn 0 0 56

9 Cc 0 0 7910 49 Pccm 0 0 17

10 P2/m 6 8 102 50 Pban 0 0 73

11 P21/m 30 48 3817 51 Pmma 29 33 51

12 C2/m 90 197 3883 52 Pnna 9 3 795

13 P2/c 2 0 4897 53 Pmna 1 0 101

14 P21/c 48 52 261 358 54 Pcca 0 0 362

15 C2/c 50 46 63 007 55 Pbam 15 115 213

16S P222 0 4 35 56 Pccn 1 0 2680

17S P2221 0 3 76 57 Pbcm 18 69 758

18S P21212 0 0 3096 58 Pnnm 15 30 537

19S P212121 6 9 55 146 59 Pmmn 40 76 237

20S C2221 8 4 1332 60 Pbcn 2 3 6461

21S C222 7 2 57 61 Pbca 7 2 25 376

22S F222 0 0 25 62 Pnma 409 853 8276

23S I222 0 0 173 63 Cmcm 266 691 741

24S I212121 0 0 57 64 Cmce 35 36 936

25 Pmm2 3 3 11 65 Cmmm 49 125 100
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Table 5.11 continued

No. SG Binary Ternary CSD No. SG Binary Ternary CSD

26 Pmc21 1 0 126 66 Cccm 2 1 85

27 Pcc2 0 0 15 67 Cmme 0 6 56

28 Pma2 0 0 13 68 Ccce 4 2 354

29 Pca21 0 0 5575 69 Fmmm 5 5 56

30 Pnc2 0 0 104 70 Fddd 17 15 815

31 Pmn21 1 8 481 71 Immm 53 415 85

32 Pba2 0 0 144 72 Ibam 11 40 305

33 Pna21 4 8 10 438 73 Ibca 0 0 215

34 Pnn2 1 0 244 74 Imma 82 203 148

35 Cmm2 0 0 6 75S P4 0 0 42

36 Cmc21 8 18 1071 76c P41 2 2 700

37 Ccc2 0 0 97 77S P42 0 0 80

38 Amm2 11 22 84 78c P43 0 0 578

39 Aem2 1 0 48 79S I4 0 3 212

40 Ama2 0 2 133 80S I41 1 0 192

Table 5.12 Binary and ternary intermetallics and their distribution over the 230 space groups
(continued).

No. SG Binary Ternary CSD No. SG Binary Ternary CSD

81 P4̄ 0 0 171 121 I 4̄2m 3 9 143

82 I 4̄ 8 1 1018 122 I 4̄2d 3 5 494

83 P4/m 4 3 38 123 P4/mmm 136 110 118

84 P42/m 1 2 90 124 P4/mcc 0 2 70

85 P4/n 0 0 661 125 P4/nbm 16 9 20

86 P42/n 9 2 1005 126 P4/nnc 0 2 161

87 I4/m 34 9 499 127 P4/mbm 34 306 62

88 I41/a 6 2 2718 128 P4/mnc 0 5 79

89S P422 0 0 7 129 P4/nmm 29 329 167

90S P4212 0 0 56 130 P4/ncc 25 1 342

91c P4122 0 0 59 131 P42/mmc 0 0 31

92c P41212 2 4 1502 132 P42/mcm 0 0 13

continued
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Table 5.12 continued

No. SG Binary Ternary CSD No. SG Binary Ternary CSD

93S P4222 0 0 8 133 P42/nbc 0 0 31

94S P42212 0 0 136 134 P42/nnm 0 1 43

95c P4322 0 0 54 135 P42/mbc 1 0 76

96c P43212 0 0 1290 136 P42/mnm 79 89 131

97S I422 0 1 46 137 P42/nmc 2 40 95

98S I4122 0 2 81 138 P42/ncm 5 1 89

99 P4mm 1 3 3 139 I4/mmm 280 891 140

100 P4bm 0 0 3 140 I4/mcm 161 298 64

101 P42cm 0 1 6 141 I41/amd 66 65 141

102 P42nm 6 0 23 142 I41/acd 22 29 383

103 P4cc 0 0 21 143S P3 2 1 177

104 P4nc 0 1 90 144c P31 1 0 558

105 P42mc 0 0 2 145c P32 0 0 532

106 P42bc 0 0 79 146S R3 3 6 952

107 I4mm 3 59 13 147 P3̄ 7 7 891

108 I4cm 0 3 28 148 R3̄ 70 21 4850

109 I41md 0 10 35 149S P312 1 0 9

110 I41cd 0 0 278 150S P321 1 0 73

111 P4̄2m 1 0 6 151c P3112 1 1 23

112 P4̄2c 0 0 27 152c P3121 6 4 680

113 P4̄21m 11 0 207 153c P3212 0 0 15

114 P4̄21c 0 0 951 154c P3221 0 0 499

115 P4̄m2 0 4 4 155S R32 3 4 344

116 P4̄c2 8 1 27 156 P3m1 0 6 8

117 P4̄b2 0 0 53 157 P31m 3 6 13

118 P4̄n2 10 0 147 158 P3c1 3 0 70

119 I 4̄m2 7 4 27 159 P31c 1 1 254

120 I 4̄c2 0 6 73 160 R3m 9 5 229
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Table 5.13 Binary and ternary intermetallics and their distribution over the 230 space groups
(continued).

No. SG Binary Ternary CSD No. SG Binary Ternary CSD

161 R3c 3 1 739 196S F23 0 0 70

162 P3̄1m 0 0 17 197S I23 3 12 133

163 P3̄1c 0 2 290 198S P213 23 21 428

164 P3̄m1 61 86 82 199S I213 3 2 51

165 P3̄c1 0 1 516 200 Pm3̄ 8 11 14

166 R3̄m 238 469 314 201 Pn3̄ 1 0 27

167 R3̄c 20 26 1172 202 Fm3̄ 1 5 37

168S P6 0 0 22 203 Fd3̄ 1 0 81

169c P61 0 0 471 204 Im3̄ 36 132 91

170c P65 0 0 414 205 Pa3̄ 5 10 682

171c P62 1 0 58 206 Ia3̄ 1 1 88

172c P64 0 0 44 207S P432 0 0 5

173S P63 2 2 498 208S P4232 0 5

174 P6̄ 2 12 22 209S F432 0 0 29

175 P6/m 40 16 30 210S F4132 0 0 36

176 P63/m 22 23 890 211S I432 0 0 22

177S P622 0 0 7 212c P4332 0 0 29

178c P6122 2 0 213 213c P4132 28 26 39

179c P6522 0 0 165 214S I4132 0 1 23

180c P6222 7 18 53 215 P4̄3m 15 12 49

181c P6422 0 0 33 216 F 4̄3m 97 595 49

182S P6322 3 0 96 217 I 4̄3m 71 36 258

183 P6mm 0 0 4 218 P4̄3n 4 8 115

184 P6cc 0 0 9 219 F 4̄3c 0 0 80

185 P63cm 9 2 25 220 I 4̄3d 40 82 234

186 P63mc 56 205 105 221 Pm3̄m 574 524 108

187 P6̄m2 16 47 15 222 Pn3̄n 0 0 100

188 P6̄c2 1 0 11 223 Pm3̄n 78 275 45

continued
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Table 5.13 continued.

No. SG Binary Ternary CSD No. SG Binary Ternary CSD

189 P6̄2m 14 563 23 224 Pn3̄m 0 0 23

190 P6̄2c 9 12 121 225 Fm3̄m 554 740 437

191 P6/mmm 248 666 43 226 Fm3̄c 45 44 44

192 P6/mcc 0 0 91 227 Fd3̄m 313 733 116

193 P63/mcm 176 335 50 228 Fd3̄c 0 0 107

194 P63/mmc 843 1264 166 229 Im3̄m 229 201 120

195S P23 2 4 14 230 Ia3̄d 8 4 73

All 6441 13026 682 999

sphere packings, and their derivative structures. For some higher-symmetric space
groups, the number of representatives of intermetallics is significantly higher, for
instance, for 191 P6/mmm, 194 P63/mmc, 216 F 4̄3m, 221 Pm3̄m, 225 Fm3̄m, and
227 Fd3̄m.

On average, there are 84.6 intermetallics assigned to each space group; how-
ever, there are remarkably 63 space groups (27.4%), to which not a single
intermetallic compound is assigned: triclinic 0 out of 2 (0%), monoclinic 1 out of
13 (7.6%), orthorhombic 15 out of 59 (25.4%), tetragonal 23 out of 67 (34.3%),
trigonal 4 out of 25 (16%), hexagonal 9 out of 27 (33.3%), and cubic 11 out of
36 (30.5%).

There are only six space groups each representing more than 5% (973) of all
binary and ternary intermetallics (62 Pnma, 139 I4/mmm, 194 P63/mmc, 221
Pm3̄m, 225 Fm3̄m, and 227 Fd3̄m), and out of them just a single one, 194,
P63/mmc, with more than 10% (1947) assigned intermetallics (843 binary and
1264 ternary representatives, in total 10.8%).

The above-mentioned most frequent space groups also describe the symmetry
of some of the stable homogenous packings of symmetrically equivalent spheres
(O’Keeffe and Hyde, 1996; Wilson and Prince, 1999) (see, also, Table 3.3). They
are called stable if each sphere is in contact with four others. In the following
examples of homogenous sphere packings for these space groups are described
according to Wilson and Prince (1999). Additionally, for each of these space
groups the number of representatives in the PCD are given and up to five of
the most frequent structure types with more than 50 representatives. This shows
that a few very common structure types are responsible for the peaks in the space
group symmetries:

62 Pnma: Wyckoff position 4c x, 1/4, z; x=7/20, z=7/8, b/a=4/5, c/a=
2
√
15/15; inter-sphere distance c, contact number k=10, net (010) 44,

stacking 3 (contacts to the one neighboring layer), 3 (contacts to the other
neighboring layer), 2 (layers per translation period), density 0.6981. For the
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Fig. 5.41 A single flat layer of the structures of (a) the close sphere packing (oP4)
in the space group 62 Pnma, (b) oP12-Co2Si, and (c) oP12-TiNiSi. In (d)–(f)
the respective second layer is shown as well. In (d) the framework is shown of the
symmetry elements of space group 62 Pnma. The a glide plane acts within each
layer, the n glide plane and the 21 screw axis connect the self-dual layers, which
are flat and lying on mirror planes. The quadrangles (shaded gray) are quite
regular in (a) and (b), and strongly distorted in (c), in order to account for the
larger ratio of atomic radii.

structure, see Fig. 5.41(a, d). There are 1262 binary and ternary intermetal-
lic phases, listed in the PCD.
oP12-TiNiSi: 403 representatives: 289 contain a RE element, the others

alkali metals or alkaline earth metals or early TM elements as first com-
ponent; most of them a TM element as second constituent, and all of
them either Au, Mg, Cd, Zn, Tl, In, Ga, Al, Pb, Sn, Ge, Bi, or Sb
as the third constituent), hP3-AlB2 derivative structure; stacking along
[010] of distorted pentagon nets (Fig. 5.41(c, f); tetrahedral coordina-
tion of Ni by Si; the structure is very flexible and is closely related to
oP12-Co2Si (Landrum et al., 1998).

oP16-Fe3C: 97 representatives: most contain a RE element and a late TM
element; see, also, Fig. 5.18.

oP8-FeB: 79 representatives: most contain a RE element and a late TM
element; see, also, Fig. 5.16.

oP36-Sm5Ge4: 75 representatives: most contain a RE element and a late
TM element, some also a main group element.
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oP12-Co2Si: 73 representatives: most contain a RE element and a late
TM element, some also Ge, Sn, or Pb; see Fig. 5.41(b, e) and also
Fig. 5.15.

139 I4/mmm: Wyckoff position 2a 0, 0, 0; c/a=
√
6/3, inter-sphere distance c,

contact number k=10, net {110} 36, stacking 2, 2 2, density 0.6981. There
are 1171 binary and ternary intermetallic phases, listed in the PCD.
tI10-CeAl2Ga2: 338 representatives (most contain a RE or TM element

and two main group elements).

tI26-ThMn12: 294 representatives.

tI26-CeMn4Al8: 87 representatives (most contain Al or In, a TM and a
RE element).

tI10-BaAl4: 70 representatives (most contain Al or Ga, a TM and a RE
element).

tI28-TiAl3: 56 representatives (most contain Al, Ga or In, one or two
TM, and one RE element).

194 P63/mmc: Wyckoff position 4f 1/3, 2/3, z; z=3/4–
√
6/4, c/a=2

√
6/3+2,

inter-sphere distance a, contact number k=10, net (001) 36, stacking 3, 1
4, density 0.6657. There are 2107 binary and ternary intermetallic phases,
listed in the PCD.
hP12-MgZn2: 456 representatives (see distribution of Laves phases,

Fig. 7.16).

hP2-Mg: 338 representatives.

hP6-CaIn2: 215 representatives (most contain a main group element a
TM or a RE element).

hP38-Th2Ni17: 185 representatives (most contain a TM and a RE
element).

hP8-Mg3Cd: 123 representatives (most contain a main group and a TM
and a RE element; see, also, Fig. 5.18).

221 Pm3̄m: Wyckoff position 3c 0, 1/2, 1/2, inter-sphere distance a
√
2/2,

contact number k=8, . . . , density 0.5554. There are 1098 binary and
ternary intermetallic phases, listed in the PCD.
cP2-CsCl: 512 representatives (see distribution of cP2-CsCl type phases,

Figs. 7.1) and 5.16.

cP4-Cu3Au: 544 representatives (see distribution of cP4-Cu3Au type
phases, Fig. 5.18).

No 225 Fm3̄m: Wyckoff position 4a 0, 0, 0, inter-sphere distance a
√
2/2,

contact number k=12, net {111} 36 and {001} 44, stacking 4, 4 2, den-
sity 0.7405. There are 1294 binary and ternary intermetallic phases, listed
in the PCD.
cF4-Cu: 581 representatives.

cF16-Cu2MnAl: 414 representatives (see distribution of Heusler phases,
Fig. 7.9).
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cF116-Th6Mn23: 92 representatives (most contain a TM and RE ele-
ment, the ternary phases, and also Al or Ga).

cF16-BiF3: 86 representatives (most are Zintl phases, the ternary repres-
entatives also contain TM or RE elements; see also Fig. 5.18).

cF16-Mg6Cu16Si7: 71 representatives.

227 Fd3̄m: Wyckoff position 32e x, x, x; x= (3 –
√
6)/8, inter-sphere dis-

tance (3
√
2–2

√
3)a/4, contact number k=4, density 0.1235. There are 1046

binary and ternary intermetallic phases, listed in the PCD.
cF24-MgCu2: 806 representatives (see distribution of Laves phases,

Fig. 7.16).

cF184-CeCr2Al20: 143 representatives (most contain Al or Zn, a TM, and
a RE element).
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Fig. 5.42 Distance histograms of tI6-MoSi2 and tI6-Zr2Cu illustrating their relationships to
the cI2-W and cF4-Cu structure types. The two columns show the atomic environments of the
different atomic positions in tI6-MoSi2 and tI6-Zr2Cu, while equivalent plots are displayed for
cI2-W and cF4-Cu. The number of coordinating atoms is plotted over the relative distance from
the respective central atom, i.e., the distance between two atoms divided by the minimum
distance between the respective central atom and the closest atom of the AET. The binning of the
histograms is 0.1.
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5.6.3 Statistics based on atomic distances
and environment types

It can be quite difficult to derive AETs or larger structural subunits that make
sense from a crystal-chemical point of view without taking into account chemi-
cal bonding. Furthermore, it is not clear in all cases what we can learn from the
coordination number and shape of AETs, which both can vary considerably for
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the representatives of a given structure type (see Fig. 5.43). In cases such as the
Frank-Kasper phases, however, the number of different AETs is small despite the
complexity of many of these structures, and easier to interpret. In the following we
restrict ourselves to the analysis of a few distance histograms in order to illustrate
some examples of structural relationships.

In the simplest case, the symmetry of an AET corresponds to the site symmetry
of the Wyckoff position the central atom is sitting in. The resulting coordination
polyhedra for one and the same coordination number may look quite different.
For instance, even if generated from a single Wyckoff position, CN6 can mean a
trigonal prism in point group 6̄2m, a twisted trigonal antiprism in 32, or a regular
trigonal antiprism (octahedron) in 3̄m.

In periodic crystal structures, regular icosahedral (CN12) coordination can
only be achieved based on lower site symmetries such as mm2.., e.g., on Wyckoff
position 6f in space group Pm3̄ choosing a special value for the freely variable x
coordinate. Regular dodecahedral coordination (CN20) needs the occupancy of
two Wyckoff positions, e.g., 6f mm2.. and 8i .3. in space group Pm3̄ choosing
special values for the freely variable x coordinates.

The coordination number mainly depends on the atomic size ratios if no dir-
ected bonds come into play. In the case of hard spheres, the optimum size ratios
of the central sphere to the surrounding spheres amount to (

√
6 – 2)/2= 0.22474

for tetrahedral AETs,
√
2 – 1=0.41421 for octahedral AETs,

√
3 – 1=0.73205

for hexahedral AETs, (
√
2(5 +

√
5) – 2)/2= 0.90211 for icosahedral AETs, and

(
√
3(1 +

√
5) – 2)/2= 1.43649 for dodecahedral AETs.

While AETs only provide information about the first coordination shell, dis-
tance histograms also illustrate sizes, thicknesses, and occupancies of higher
coordination polyhedra although in a 1D projection only. As an example, Fig. 5.42
shows the transition from a bcc- to an fcc-type structure. The two intermediate
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structure types—between cI2-W and cF4-Cu—are both 3-fold superstructures of
the cI2-W structure type. The increasing distortion via tI6-MoSi2 and tI6-Zr2Cu
can be regarded as a deformation of the AETs from a rhombic dodecahedral
(CN14) coordination towards the cuboctahedral (CN12) one.

Fig. 5.43 shows the development of the distance histograms of hP3-AlB2-type
structures with varying c/a-values with the unit cell volume kept constant. The
displayed c/a-range reflects the values found for the structures assigned to this
structural prototype within the Pearson’s Crystal Data (PCD) database. It varies
in the range from 0.75 to 1.19 (see Fig. 5.44).

If we consider the hP3-AlB2-type structure of a compound AB2 as close ...AA...
packing of hcp A-atom layers with B atoms in the trigonal prismatic voids, then
the ideal lattice parameters would correspond to a= c=2rA, with rA the radius of
an A atom. The radius ratio of the B atom ideally fitting in the void would have
to be rB/rA = (

√
7/3 – 1)= 0.52753. The c/a ratio would be just one. This is almost

exactly the case for hP3-SrPtSn (P6̄m2, a=4.504 Å, c=4.507 Å, Sr in 1a 0, 0, 0,
Pt in 1d 1/3, 2/3, 1/2, Sn in 1f 2/3, 1/3, 1/2).

A c/a ratio greater than one means that the A atoms no longer touch each other
along [001], while a c/a ratio less than one means that they are no more in contact
with each other in the (001) plane. The B atoms, forming a honeycomb structure,
touch each other in the (001) plane if their radius has the value rB = a

√
3/6. An

example for this case is hP3-BaAlGe (P6̄m2, a=4.349 Å, c=5.136 Å, Ba in 1a
0, 0, 0, Al in 1d 1/3, 2/3, 1/2, Ge in 1f 2/3, 1/3, 1/2), an ordered hP3-AlB2 deriv-
ative structure of the hP3-SrPtSn type. The c/a=1.18 indicates hcp layers of Ba
atoms (rBa = 2.174 ≈ a/2) expanded along [001]. This is due to the rather large Al
(rAl = 1.432 Å) and Ge (rGe = 1.225 Å) atoms compared to the size of the trigo-
nal prism void (rvoid =1.147 Å). Furthermore, the Ge and Al atoms, alternatingly
occupying a honeycomb structure, are in close contact in the (001) plane as well.

In contrast, hP3-LuMn0.67In1.33 (191 P6/mmm, a=4.841 Å, c=3.375 Å) with
a disordered hP3-AlB2-type structure, is with a c/a ratio of 0.697 an example
for the opposite extreme. Based on the radii rLu = 1.718 Å, rMn =1.367 Å, and
rIn = 1.626 Å, we can conclude that the Lu atoms touch each other along [001]
forming isolated chains, and have much larger distances in the (001) layer, no
longer forming an hcp arrangement. The In andMn atoms, statistically distributed
over the honeycomb structure, on the other hand are in close contact with one
another.

The distribution of c/a-ratios of hP3-AlB2-type structures is depicted in
Fig. 5.44. It shows a large maximum around c/a=1, and a smaller peak centered
at c/a=0.8. Only a few structures show c/a ratios significantly larger than 1. This
means that structures where the A layers do not touch each other are energetically
unfavorable.



Part II

Structures and properties

In this second part of the book, Part II, we discuss crystal structures and
their variation as a function of pressure/temperature or of chemical compo-
sition/stoichiometry. While in the first case the interatomic potentials or the
continuously changing band structures are probed, in the latter case it is the influ-
ence of geometrical parameters (atomic size ratios) and chemical bonding on the
structure. The simplest model systems to study the influence of temperature and
pressure on the structures are metallic elements, which are discussed in Chapter 6.
Their compositional simplicity does not necessarily imply structural simplicity. In
particular as a function of pressure, quite a few elements develop very complex
structures. However, since we have to deal with only one kind of atoms in each
case, the origin of their structure and complexity is easier to understand.

In the case of binary and ternary intermetallic compounds (Chapter 7), we fo-
cus on some typical classes of structures, which are either of interest due to their
abundance or because they allow us to illustrate important principles of structure
formation. The influence of the chemical composition on the evolution of particu-
lar crystal structures is discussed systematically in this chapter as well as in Part I,
Chapter 5, on the statistics of crystal structures. High-entropy alloys (HEAs), i.e.,
solid solutions of five or more metallic elements and their interesting properties,
are discussed at the end of this chapter. Cluster-based complex structures are the
main topic of Chapter 8, and quasiperiodic structures with decagonal and icosa-
hedral symmetry, respectively, as well as their approximants are in the focus of
Chapter 9.

Finally, in Chapter 10, we discuss structure/property relationships of some
selected functional intermetallics. We start with the discussion of magnetic
properties, continue with electrical ones, and conclude with superconducting
intermetallics. Since intermetallic compounds are, with a few exceptions such
as high-entropy alloys, poor structural materials, we do not include a discus-
sion of structural materials in this part of the book. The few of them that may
have some technologically important mechanical properties have been discussed
already under their structure class.

All crystal structures are shown on the same scale if not indicated otherwise.





6

Crystal structures of the metallic
elements

In this chapter, the crystal structures of the metallic elements (for our defini-
tion see Figs. 6.1 and 6.2) will be discussed in an almost encyclopedic manner.
Conceptually, it is based on one of the authors’ contribution to the Fifth Edi-
tion of Physical Metallurgy, Vol. I (Steurer, 2014b). There is no clear definition as
to which element is metallic and which is not. We know that at very high pres-
sures, typical metals such as sodium can become ionic crystals (electrides), or
non-metallic elements such as hydrogen or the noble gases can become metals.
Also as a function of temperature, the metallicity may change. An example is
metallic gray tin which transforms at below 286.2 K to non-metallic white tin.
Also, the electrical conductivity cannot be a clear measure of metallicity, otherwise
graphite could be classified as metallic. Since no clear dividing line is possible be-
tween metallic and non-metallic elements, we decided to choose the Zintl line for
that purpose.

All modifications (allotropes) will be treated exemplarily, either as a function
of temperature at ambient pressure (RP) or as a function of pressure at ambient
temperature (RT). If not otherwise indicated, the data have been extracted from
Massalski (1990), Tonkov (1996), Tonkov and Ponyatovsky (2005), Villars and
Calvert (1991), Young (1991), or Pearson’s Crystal Data (Villars and Cenzual,
2011b). In the case of strongly scattering data, we tried to identify the most reli-
able ones. If we could not find trustworthy data, we marked this with a question
mark. Some of the high-pressure data are based on low-quality X-ray diffraction
data, and may be revised in the future. The focus of our discussion is on the re-
lationships between the structures of the different allotropes of an element, trying
to understand what they have in common, what they do not have in common,
and why.

In many cases, the high-pressure modifications of lighter elements in a col-
umn of the periodic table show structures of low-pressure polymorphs of the
heavier elements (corresponding states rule) (Young, 1991). Under pressure, the
atomic distances get shorter, the energy of electronic states and the widths of en-
ergy bands are altered and so are the interatomic interactions; the character of
the chemical bonding can change as well as its degree of anisotropy. Metals may

Intermetallics: Structures, Properties, and Statistics. First Edition. Walter Steurer and Julia Dshemuchadse.
© Walter Steurer and Julia Dshemuchadse 2016. Published in 2016 by Oxford University Press.
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Fig. 6.1 Metallic elements (according to our definition) with their structure types at ambient
conditions (atomic number on top in each box). Most of the elements have close-packed (ccp, hcp,
or dhcp) or body-centered (bcc) structures. Even the huge-unit-cell structure cI58-Mn, for
instance, can be seen as just a (3× 3× 3) superstructure of the cI2-W type with four atoms
added.
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Fig. 6.2 Mendeleev numbers (on top in each box), element symbol, Pearson absolute
electronegativity [eV] (Pearson, 1985) next to the element symbol, Pauling electronegativities χ

(relative to χF = 4.0) (bottom left in each box) (Pauling, 1932), and atomic radii (half of the
shortest distance between atoms in the crystal structure at ambient conditions) (bottom right in
each box) of the metallic elements.
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Table 6.1 Schematic representation of the structure types that metallic elements adopt at
ambient pressure as a function of temperature, which increases from left to right. In the first
column, the Mendeleev number and element symbol are given and in the black-outlined column
the structure at ambient temperature (RT) is given; LT and HT mean low and high
temperatures, respectively; inc denotes an incommensurate phase (Table continued on the next
page.)

Element LT allotropes RT HT allotropes
8 Cs cI2-W
9 Rb cI2-W

10 K cI2-W
11 Na hR9-Sm cI2-W
12 Li hR9-Sm cI2-W
13 Ra cI2-W
14 Ba cI2-W
15 Sr cF4-Cu hP2-Mg cI2-W
16 Ca cF4-Cu cI2-W
17 Yb hP2-Mg cF4-Cu cI2-W
18 Eu cI2-W
19 Sc hP2-Mg cI2-W
20 Lu hP2-Mg
21 Tm hP2-Mg cI2-W
22 Er hP2-Mg
23 Ho hP2-Mg cI2-W
24 Dy hP2-Mg
25 Y hP2-Mg cI2-W
26 Tb oC4-Dy hP2-Mg cI2-W
27 Gd hP2-Mg
28 Sm hR9-Sm cI2-W
29 Pm hP4-La cI2-W
30 Nd hP4-La cI2-W
31 Pr hP4-La cI2-W
32 Ce cF4-Cu hP4-La cF4-Cu cI2-W
33 La hP4-La cF4-Cu cI2-W
35 No
36 Md
37 Fm
38 Es
39 Cf hP4-La
40 Bk hP4-La cF4-Cu
41 Cm hP4-La cF4-Cu
42 Am hP4-La cF4-Cu cI2-W
43 Pu mP16-Pu mC34-Pu oF8-Pu cF4-Cu tI2-In cI2-W
44 Np oP8-Np tP4-Np cI2-W
45 U mP4-inc oC4-U tP30-CrFe cI2-W
46 Pa tI2-Pa cI2-W
47 Th cF4-Cu cI2-W
48 Ac cF4-Cu
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Table 6.2 (Table continued from the previous page.) Schematic representation of the structure
types that metallic elements adopt at ambient pressure as a function of temperature, which
increases from left to right. In the first column, the Mendeleev number and element symbol are
given and in the black-outlined column the structure at ambient temperature (RT) is given; LT
and HT mean low and high temperatures, respectively.

Element LT allotropes RT HT allotropes
49 Zr hP2-Mg cI2-W
50 Hf hP2-Mg cI2-W
51 Ti hP2-Mg cI2-W
52 Ta cI2-W
53 Nb cI2-W
54 V cI2-W
55 W cI2-W
56 Mo cI2-W
57 Cr cI2-W
58 Re hP2-Mg
59 Tc hP2-Mg
60 Mn cI58-Mn cP20 –Mn cF4-Cu cI2-W
61 Fe cI2-W cF4-Cu cI2-W
62 Ru hP2-Mg
63 Os hP2-Mg
64 Co hP2-Mg cF4-Cu
66 Ir cF4-Cu
67 Ni cF4-Cu
68 Pt cF4-Cu
69 Pd cF4-Cu
70 Au cF4-Cu
71 Ag cF4-Cu
72 Cu cF4-Cu
73 Mg hP2-Mg
74 Hg hR3-Hg liquid
75 Cd hP2-Mg
76 Zn hP2-Mg
77 Be hP2-Mg cI2-W
78 Tl hP2-Mg cI2-W
79 Mg tI2-In
80 Al cF4-Cu
81 Ga oC8-Ga
82 Pb cF4-Cu
83 Sn cF8-C cF4-Cu
84 Ge cF8-C
87 Bi hR6-As
88 Sb hR6-As
91 Po cP1-Po
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Table 6.3 Schematic representation of the structure types that metallic elements adopt at
ambient temperature as a function of pressure, which increases from left to right. In the first
column, the Mendeleev number and element symbol are given and in the black-outlined column
the structure at ambient pressure (RP) is given; HP means high pressure and inc denotes an
incommensurate phase. (Table continued on the next page.)

Element RP HP allotropes
8 Cs cI2-W cF4-Cu oC84-Cs tI4-Sn oC16-Cs hP4-La
9 Rb cI2-W cF4-Cu oC52-Rb tI19.3-inc oC16-Cs hP4-La

10 K cI2-W cF4-Cu tI19.2-inc oP8-MnP tI4-Sn oC16-Cs
11 Na cI2-W cF4-Cu cI16-Li oP8-MnP tI19.3-inc hP4-La
12 Li cI2-W cF4-Cu liquid oC40-Li oC24-Li cP4-Li
13 Ra cI2-W
14 Ba cI2-W hP2-Mg tI10.8-inc hP2-Mg
15 Sr cF4-Cu cI2-W tI4-Sn mC12-? tI10.8-inc
16 Ca cF4-Cu cI2-W cP1-Po tP8-? oC8-? oP4-?
17 Yb hP2-Mg cI2-W hP2-Mg cF4-Cu hP3-Nd
18 Eu cI2-W hP2-Mg hR24-Pr
19 Sc hP2-Mg tI10.6-inc
20 Lu hP2-Mg hR9-Sm hP4-La hP8-Pr
21 Tm hP2-Mg hR9-Sm hP4-La
22 Er hP2-Mg hR9-Sm hP4-La cF4-Cu
23 Ho hP2-Mg hR9-Sm hP4-La cF4-Cu hR24-Pr
24 Dy hP2-Mg hR9-Sm hP4-La cF4-Cu oS8-Dy
25 Y hP2-Mg hR9-Sm hP4-La hP6-Sc
26 Tb hP2-Mg hR9-Sm hP4-La hR24-Pr mC4-Ce
27 Gd hP2-Mg hR9-Sm hP4-La cF4-Cu hR24-Pr mC4-Ce
28 Sm hR9-Sm hP4-La hR24-Pr hP3-Nd mC4-Ce
29 Pm hP4-La cF4-Cu hR24-Pr
30 Nd hP4-La cF4-Cu hR24-Pr hP3-Nd mC4-Ce oC4-U
31 Pr hP4-La cF4-Cu hR24-Pr oI16-? oC4-U oP4-?
32 Ce cF4-Cu mC4-Ce tI2-In
33 La hP4-La cF4-Cu hR24-Pr cF4-Cu
35 No
36 Md
37 Fm
38 Es
39 Cf hP4-La cF4-Cu oC4-U
40 Bk hP4-La cF4-Cu oC4-U
41 Cm hP4-La cF4-Cu mC4-? oF8-Am oP4-Am
42 Am hP4-La cF4-Cu oF8-Pu oP4-Am
43 Pu mP16-Pu oP4-Pu
44 Np oP8-Np
45 U oC4-U
46 Pa tI2-Pa oC4-U
47 Th cF4-Cu tI2-In
48 Ac cF4-Cu
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Table 6.4 (Table continued from the previous page.) Schematic representation of the structure
types that metallic elements adopt at ambient temperature as a function of pressure, which
increases from left to right. In the first column, the Mendeleev number and element symbol are
given and in the black-outlined column the structure at ambient pressure (RP) is given; HP
means high pressure and inc denotes an incommensurate phase, respectively.

Element RP HP allotropes
49 Zr hP2-Mg hP3-AlB2 cI2-W
50 Zr hP2-Mg hP3-AlB2 cI2-W
51 Ti hP2-Mg hP3-AlB2 oC4-Ti oP4-Ti
52 Ta cI2-W
53 Nb cI2-W
54 V cI2-W hR3-Hg
55 W cI2-W
56 Mo cI2-W
58 Re hP2-Mg
59 Tc hP2-Mg
60 Mn cI58-Mn cI2-W
61 Fe cI2-W hP2-Mg
62 Ru hP2-Mg
63 Os hP2-Mg
64 Co hP2-Mg
65 Rh cF4-Cu
66 Ir cF4-Cu hP14-Ir
67 Ni cF4-Cu
68 Pt cF4-Cu
69 Pd cF4-Cu
70 Au cF4-Cu
71 Ag cF4-Cu
72 Cu cF4-Cu
73 Mg hP2-Mg cI2-W
74 Hg liquid tI2-Pa mC6-Hg
75 Cd hP2-Mg
76 Zn hP2-Mg
77 Be hP2-Mg oP4-?
78 Tl hP2-Mg cF4-Cu
79 In tI2-In oF4-In
80 Al cF4-Cu hP2-Mg
81 Ga oC8-Ga oC104-Ga hR18-Ga tI2-In cF4-Cu
82 Pb cF4-Cu hP2-Mg cI2-W
83 Sn tI4-Sn tI2-Pa cI2-W
84 Ge cF8-C tI4-Sn oI4-Sn hP1-BiIn oC16-Si hP2-Mg
87 Bi hR6-As mC4-Bi tI?-inc cI2-W
88 Sb hR6-As mI?-inc tI?-inc cI2-W
91 Po cP1-Po hR3-Hg
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become semiconducting or insulators and non-metals semi-metallic or metallic.
The change in free energy (

∫
dVp) resulting from a compression to 100 GPa

can reach hundreds of meV per atom, while that obtained by cooling to low
temperature (

∫
dTS) may amount to ≈ 25 meV, only (Hamlin, 2015).

While atomic potentials are changed under pressure, they are just probed by
increasing the temperature. The hardening or softening of phonons can play a
role for the evolution of particular crystal structures as a function of temperature
as well as entropic contributions in general. While under pressure, structures in
most cases get lower symmetric, the opposite is true going to higher temperat-
ures, because orbital symmetries become less important with increasing atomic
distances. While with increasing temperature phase transformations involving dif-
fusion becomes possible, this is hardly the mechanism for structural transitions at
high pressures.

The different structures (modifications and allotropes) that the elements adopt
as a function of temperature are shown in Tables 6.1 and 6.2, and as a function of
pressure in Tables 6.3 and 6.4. There appear to be much less allotropes between
zero K and the melting point than as a function of pressure. This is due to the fact
that changes as a function of temperature are less dramatic. While as a function
of pressure the atomic volumes of some elements can be easily decreased by 50%
and more, their increase as a function of temperature will hardly exceed 6–7% up
to the melting temperature. The nonmagnetic transition metals are most resistant
to changes of their modifications.

6.1 Groups 1 and 2: Alkali and alkaline earth metals

6.1.1 Group 1: Alkali metals Li, Na, K, Rb, and Cs

At ambient conditions, the bcc alkali metals (AM) can be described as typical
metals, with their single valence electrons and almost spherical Fermi surface con-
forming closely to the free-electron-gas model of metals. This makes the large
number of allotropes they exhibit as a function of pressure even more surprising,
under which even some very complex structures form (see Table 6.5). Further-
more, at high pressures the melting temperatures run through deep minima and
even superconductivity can appear. Also quite remarkable is the drastic decrease
in atomic volume with pressure due to s-p orbital mixing for Li and Na or ns
to (n – 1)d electron transfer for the heavier alkali metals. In the case of lithium,
the atomic volume Vat =24.31 Å3 at ambient conditions decreases to 6.5 Å3 at
88 GPa, and, according to theoretical calculations, to 3.42 Å3 at 300 GPa, i.e.,
by 85% (Ma et al., 2008). In terms of atomic radii and interatomic distances, this
corresponds to a reduction by approximately 50% at 300 GPa. It has been shown
by quantum-mechanical calculations that at high pressures electron density can be
increasingly pushed away by Coulomb repulsion from the relatively incompress-
ible, each other closely approaching, atomic cores and accumulated at interstitial



Table 6.5 Structural data for the Group-1 elements, the alkali metals. First line: group, atomic
number Z, element abbreviation and full name, and electronic ground-state configuration.
Following lines: prototype structure (inc means incommensurate), trivial name of the allotrope
(if any), temperature T and pressure P limiting the stability range of this allotrope, and atomic
volumes Vat =Vuc/nat for the given T|P, with Vuc the unit cell volume and nat the number of
atoms therein. With some exceptions, only those phases are listed that are stable at either
RT or RP.

Prototype Allotrope T [K] P [GPa] Vat [Å3] T|P References

1 3 Li Lithium [He]2s1

hR9-Sm α-Li <74 RP 20.99 20|RP [1], [2]
cI2-W Li-I, β-Li RT RP 24.32 RT|RP
cF4-Cu Li-II RT >7.5 14.83 RT|8 [3]
liquid RT >40 RT|40 [4]
oC40-Li Li-VII RT >67 6.7 240|75 [4], [5]
oC24-Li Li-VIII RT >86 6.5 RT|88 [4], [5], [6]
cP4-Li IX RT >300 3.42 RT|400 [7]

1 11 Na Sodium [Ne]3s1

hR9-Sm α-Na <36 RP 37.74 20|RP [8]
cI2-W Na-I, β-Na RT < 65 39.50
cF4-Cu Na-II RT <105
cI16-Li Na-III RT <118 9.77 RT|115 [9]
oP8-MnP Na-IV RT <125 9.45 RT|119 [9]
tI19.3-Nainc Na-V RT <200 8.62 RT|147 [10]
hP4-La Na-VI RT >200 7.88 RT|200 [11]

1 19 K Potassium [Ar]4s1

cI2-W K-I RT <11.4 75.72 301|RP
cF4-Cu K-II RT <23 34.11 RT|12.4
tI9.2-Kinc K-III RT >20 23.48 RT|22.2 [12]
oP8-MnP K-IV RT >54 14.79 RT|58 [13]
tI4-Sn K-V RT >90 [13]
oC16-Cs K-VI RT >96 [13]

1 37 Rb Rubidium [Kr]5s1

cI2-W Rb-I RT <7 87.10 RT|RP
cF4-Cu Rb-II RT <13 37.63 RT|9.0 [14]
oC52-Rb Rb-III RT <16.6 31.42 RT|14.3 [15]
tI19.3-Nainc Rb-IV RT <20 28.85 RT|16.8 [16], [17]
tI4-Sn Rb-V RT <48 25.96 RT|20.2 [16]
oC16-Cs Rb-VI RT >48 17.97 RT|48.1 [18]

1 55 Cs Cesium [Xe]6s1

cI2-W Cs-I RT <2.3 110.45 RT|RP
cF4-Cu Cs-II RT >2.3 53.57 RT|4.1
oC84-Cs Cs-III RT >4.2 50.21 RT|4.3 [19]
tI4-Sn Cs-IV RT >4.3 35.01 RT|8
oC16-Cs Cs-V RT >10 26.09 RT|25.8 [20]
hP4-La Cs-VI RT >72 11.48 RT|92 [14]

[1] Ernst et al. (1986), [2] Berliner and Werner (1986), [3] Hanfland et al. (2000), [4] Guillaume et al.
(2011), [5] Marqués et al. (2011), [6] Rousseau et al. (2005), [7] Ma et al. (2008), [8] Berliner and
Werner (1986), [9] Gregoryanz et al. (2008), [10] Lundegaard et al. (2009a), [11] Ma et al. (2009),
[12] McMahon et al. (2006b), [13] Lundegaard et al. (2009b), [14] Takemura et al. (2000), [15] Nelmes
et al. (2002), [16] Schwarz et al. (1999a), [17] McMahon et al. (2006c), [18] Schwarz et al. (1999b),
[19] McMahon et al. (2001), and [20] Schwarz et al. (1998c).
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sites (electride formation) leading to a rather large band gap. This has been ex-
perimentally observed for Li and Na, as will be discussed below, and predicted
for Mg, Al, Si, Tl, In, and Pb for pressures in the range between approximately
one and five TPa (Miao and Hoffmann, 2014).

At RT and under compression, cI2-Li (Li-I) first transforms to a ccp phase
(Li-II) (tetragonal Bain path, Fig. 6.3) due to a pressure-induced instability of
the tetragonal shear elastic constant C′ and a softening of the transverse acous-
tic phonons along the [0ξξ ]-direction near the Brillouin zone center (Xie et al.,
2008). At above 39 GPa it becomes liquid until it solidifies again at 67 GPa to
semimetallic oC40-Li (Li-VII) (Guillaume et al., 2011; Marqués et al., 2011),
and transforms at 86 GPa into poorly metallic oC24-Li (Li-VIII). At pressures
around 50 GPa, lithium has with Tm ≈ 190 K the lowest melting temperature of
any known material, much lower even than helium or hydrogen. A metallic, cubic
modification, cP4-Li (Li-IX), was predicted to be formed beyond 300 GPa, with
a structure characterized by six-fold coordinated Li (Ma et al., 2008).

At low temperatures, Li adopts the structure of the hR9-Sm type, i.e., a nine-
layer stacking of hcp atomic layers with the sequence ABCBCACAB and, at 20 K,
a c/a ratio of 1.631, close to the ideal one of 1.633 for hcp structures (Berli-
ner and Werner, 1986). Non-superconducting Li becomes superconducting at
above 20.3 GPa with Tc = 5.47 K, probably correlated with the transition of
hR9-Li to cF4-Li (Li-I) (Deemyad and Schilling, 2003). The critical temperature
changes discontinuously with the structural phase transitions taking place at low
temperatures. It reaches its maximum with Tc ≈ 14 K at 30 GPa, where another
transition takes place to cI16-Li (Li-V), a low-temperature, high-pressure phase.

c

a

b

20% expansion

15.2% contraction 15.2% contraction

Fig. 6.3 The ccp to bcc phase transition via a
continuous change in the c/a ratio from 1 to

√
2

(tetragonal Bain path). The orientational
relationship between the two structures is
schematically shown, with the changes in the lattice
parameters necessary. On twice the usual scale.
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No superconductivity was found beyond 63 GPa, after the phase transformation
to oC88-Li (Li-VI) (Guillaume et al., 2011). It is remarkable that the tempera-
ture difference �T = Tm – Tc ≈ 175 K, with Tm the melting temperature around
40 GPa, is the smallest known in any system (Guillaume et al., 2011). From this
point of view, lithium could be seen as an HT-superconductor.

Up to 125 GPa, sodium shows a similar sequence of allotropes as Li (if the
LT/HP allotropes are taken into account as well). Beyond this pressure, cI16-Na
(Na-III), which can be seen as a (2 × 2 × 2)-fold superstructure of cI2-Na (Na-
I), transforms, via semimetallic oP8-Na (Na-IV), which is closely related to the
hP4-NiAs type (Degtyareva and Degtyareva, 2009), to tI19.3-Na (Na-V), an in-
commensurate host-guest structure (Lundegaard et al., 2009a). In contrast to the
bct host lattice, the sublattice of guest chains is monoclinic, and the interchain cor-
relation length is, with approximately six interchain spacings, rather short (≈ 28 Å
at 147 GPa). Around ≈ 200 GPa, Na becomes an optically transparent wide-
band-gap dielectric (electride) (Ma et al., 2009) due to p-d hybridization of the
valence electrons and their repulsion by core electrons into interstitial sites of
the strongly compressed hP4-La type structure (Na-VI). The value c/a=1.391
at 320 GPa corresponds to less than one half of the ideal value 2

√
8/3= 3.266,

leading to only 6-fold instead of 12-fold coordinated atoms. The hP4-La type
structure (Na-VI) can also be seen as related to the hP6-Ni2In structure type:
the ionic cores correspond to the Ni sublattices and the interstital electron density
maxima to that of In (Rousseau et al., 2011).

The phase sequence of potassium looks largely different from that of so-
dium. Here, s-d electron transfer takes place under high pressure, which is
typical for the heavier alkali metals. At ≈ 20 GPa, cF4-K (K-II) transforms
into a bct incommensurately modulated host-guest structure, tI19.2-K (K-III).
The square anti-prismatic host framework contains linear chains of K atoms re-
lated by C-centering (K-IIIa). The guest atoms undergo intraphase transitions
at 30 GPa to an A-centered orthorhombic structure (K-IIIb) and back to the C-
centered one (K-IIIa) at 39.7 GPa (reentrant phase transition) (Lundegaard et al.,
2013). Although the chost/cguest ratio of both host/guest-structures passes through
commensurate values, such as 8/5 at 22.0 GPa, or is close to 5/3 at 54 GPa
where the transformation to oP8-K (K-IV) takes place (McMahon and Nelmes,
2006), no lock-in transition has been observed. The ratios 8/5 and 5/3 corre-
spond to approximants of the golden mean, τ = (1 +

√
5)/2. This means that

at ≈ 19 GPa and at ≈ 44 GPa, the ratio chost/cguest equals τ . τ is also called the
“most irrational” number, since it has the slowest converging chain fraction ex-
pansion, which consists of ones only. This could be interpreted in the way that
this host/guest structure tends to avoid a lock-in transition to a simple rational
ratio.

Apart from oP8-K (K-IV) (oP8-MnP type), two other high-pressure modifica-
tions have been observed (K-V and K-VI). The oP8-MnP type structure (K-IV),
which is also present in the phase sequence of sodium, can be seen as a distorted
version of an hP4-La-type structure.
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Fig. 6.4 The structure of oC52-Rb (Rb-III) in different views: projections along a (a), b
(b), and c (d), respectively. The puckered 8- and 10-layer sections shown in (e) and (f),
respectively, correspond to the respective gray-shaded areas depicted in (a)–(c). One of the
corrugated layers perpendicular to the b direction, with 0.3< y< 0.5, is shown in (c) (marked
by an arrow in (d)). The atoms in this layer are only slightly shifted away from the vertices of
the dashed oblique lattice overlaid with the structure.

Rubidium shows a similar series of phase transformations as potassium. The
transition from cF4-Rb (Rb-II) to tI19.3-Nainc (Rb-IV), however, runs via
oC52-Rb (Rb-III), with a complex structure that can be described as a six-layer
stacking of 8- and 10-atom layers with a sequence 8-10-8-8-10-8 (Nelmes et al.,
2002) (Fig. 6.4). Since oC84-Cs has a ten-layer sequence 8-8-10-8-8-8-8-10-8-8
(Nelmes et al., 2002), these different stacking sequences can be seen as polytypic
structural variants.

This phase transforms at ≈ 17 GPa into the bct incommensurate host/guest
structure tI19.3-Rb (Rb-IV) (McMahon et al., 2006c) (Fig. 6.5). While Na, K,
and Rb all have the same type of host structures, they differ in their guest
structures, which are monoclinic, C-centered, A-centered, and body-centered, re-
spectively. Close to the pressure for the transition to tI4-Rb (Rb-V), the ratio of
host and guest periods along the c-direction approaches the commensurate value
cH /cG =5/3, which is also a τ -approximant. The highest-pressure modification
known so far is oC16-Rb (Rb-VI), which can be obtained by small atomic
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Fig. 6.5 The structure of the incommensurate composite structure tI19.3-Rbinc (Rb-IV).
(a) Projection along the [001]-direction of the bct host-unit-cell (host substructure . . . gray
spheres, guest substructure . . . black spheres). (b) Perspective view with the bct host substructure
in polyhedral representation with both subunit cells (both are bct) drawn in (c, d). The atomic
layers of the bct host substructure with z = 0 and z = 1/2; the positions of the guest atoms at
arbitrary z values are marked by black spheres.

shifts from tI4-Rb (Rb-V) or from cF4-Rb (Rb-II) (Fig. 6.6). Its structure is
characterized by layers of corner-sharing and rather regular empty octahedra.

The structural relationships and mechanisms of the displacive phase trans-
itions between all six Rb modifications were discussed by Katzke and Toledano
(2005) by associating particular critical instabilities of the ambient-pressure phase
cI2-Rb (Rb-I). Accordingly, oC52-Rb (Rb-III) can be described as a modulated
structure with a modulation period of ≈ 13a along the initial [100] direction of
cI2-Rb (Rb-I), and tI4-Rb (Rb-V) can be considered a lock-in phase of tI19.3-
Rb (Rb-IV). It is also shown that the assumed deformation of the atomic shells
due to hybridization of s- and d-electron wave functions allows a closer packing
within the tI19.3-Rb (Rb-IV) and the tI4-Rb (Rb-V) structures.

Cesium runs through quite a similar phase sequence as K and Rb. The main
difference is that cF4-Cs (Cs-II) transforms into an even more complex structure
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Fig. 6.6 The structure of tI4-Rb (Rb-V) (a)–(d) in comparison with that of oC16-Rb (Rb-VI)
(e)–(h). (a) One unit cell of tI4-Rb in perspective view; projection of unit cells along (b) [010]
and (c) [001]; (d) one puckered section around the (101)-plane (marked by a rectangle in (b)).
The structure of oC16-Rb (e) consists of octahedra, the apices of which form a puckered square
tiling (g). In (f) and (g) cuts are depicted through the arrangement of octahedra.
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than oC52-Rb (Rb-III), namely oC84-Cs (Cs-III). The 8- and 10-atom layers
are ordered now in the ten-layer sequence 8-8-10-8-8-8-8-10-8-8 (Nelmes et al.,
2002). Cs shows by far the strongest dependence of the atomic volume on pres-
sure of all elements. With increasing compression, the valence electrons move
from the 6s to the unfilled 5d band, i.e., Cs becomes a “transition metal”, until the
s-d electron transfer is complete at about 10 GPa. This corresponds to a reduced
volume V /V0 ≈ 0.235, with V0 the volume of Cs at ambient conditions, when the
bottom of the 6s band rises above the Fermi energy EF (McMahan, 1985). The
d-character of the valence band changes when it merges with the broadening 5p
core below V /V0 ≈ 0.13. Due to the unique 5d (or 5d–5p hybridized) monova-
lent electronic states, directional bonding leads to the rather complex structures
observed (Takemura et al., 1991). At even higher pressures, 5p core repulsion
dominates over 5d bonding resulting in the hcp structure of hP4-Cs (Cs-VI).

6.1.2 Group 2: Alkaline earth metals Be, Mg, Ca, Sr, Ba,
and Ra

The alkaline earth metals (AEM) partly show similar phase sequences as the alkali
metals (compare Tables 6.5 and 6.6). With the exception of bcc Ba and Ra, the
modifications at ambient conditions are either ccp or hcp. At higher pressures, Sr
and Ba adopt the same incommensurate structure type, tI10.8-Srinc. While the
alkali elements are good metals, the smaller than ideal c/a ratio of 1.56 indicates
covalent bonding contributions for Be at ambient conditions. This value increases
to 1.60 at 180 GPa (Evans et al., 2005). Close to the melting point of 1560 K,
hP2-Be transforms into cI2-Be. Such a transition was also predicted at 506 GPa
at room temperature (Cheng et al., 2013).

According to theoretical calculations, Mg is expected to transform from bcc
to simple hexagonal at ≈ 750 GPa, then to simple cubic at ≈ 1 TPa, and finally
to an orthorhombic structure at ≈ 30 TPa (Pickard and Needs, 2010). All these
theoretically predicted modifications would be electrides, i.e., charge would be
shifted from the Mg atoms into interstitial sites. Experimentally observed so far
was merely the transformation from hcp to bcc at ≈ 50 GPa.

There has been a long-lasting discussion about the structure that cI2-Ca (Ca-II)
transforms into above 32 GPa, which was experimentally clearly observed to be
of the cP1-Po type (Ca-III) (Gu et al. (2009) and references therein). Its dy-
namical stability at 300 K was confirmed recently by several independent DFT
calculations (DiGennaro et al., 2013; Yao et al., 2010), and a study by Tse et al.
(2012). Accordingly, cP1-Ca is only on average cubic, featuring large dynamic
Jahn-Teller lattice distortions. The transition to tP8-Ca (Ca-IV) is driven by s-d
electron transfer and the resulting static Jahn-Teller distortion. After several more
steps, Ca transforms into tP128-Ca (Ca-VII), a (2× 2× 1)-fold supercell of a
tetragonal basic structure of the host/guest kind with a commensurate host/guest
ratio of 4/3 along the c-axis (Fujihisa et al., 2013). This Ca allotrope has with
Tc =29 K the highest superconducting transition temperature of all elements.
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Table 6.6 Structural data for the Group-2 elements, the alkaline earth metals. First line:
group, atomic number Z, element abbreviation and full name, and electronic ground-state
configuration. Following lines: prototype structure (inc means incommensurate), temperature T
and pressure P limiting the stability range of this allotrope, and atomic volumes Vat =Vuc/nat
for the given T|P, with Vuc the unit cell volume and nat the number of atoms therein. With
some exceptions, only those phases are listed that are stable at either RT or RP.

Prototype Allotrope T [K] P [GPa] Vat [Å3] T|P References

2 4 Be Beryllium [He]2s2

hP2-Mg α-Be <1523 RP 8.11 RT|RP
cI2-W β-Be >1523 RP 8.30 1528|RP

2 12 Mg Magnesium [Ne]3s2

hP2-Mg Mg-I RT <50 23.24 RT|RP
cI2-W Mg-II RT >50 12.88 RT|58

2 20 Ca Calcium [Ar]4s2

cF4-Cu Ca-I <721 RP 43.63 RT|RP
cI2-W Ca-II >721 or > 20 44.95 740|58
cP1-Po Ca-III RT >32 18.99 RT|42 [1], [2]
tP8 Ca-IV RT >119 11.62 RT|130 [3]
oC8 Ca-V RT >143 10.50 RT|154 [3]
oP4 Ca-VI RT >158 9.94 RT|172 [4]
tP128-Ca Ca-VII RT >210 8.96 RT|212 [5]

2 38 Sr Strontium [Kr]5s2

cF4-Cu Sr-I <504 or <3.5 56.08 RT|RP
cI2-W Sr-II >820 or >3.5 57.75 901|58
tI4-Sn Sr-III RT >24.4 22.42 RT|34.8 [6]
mC12 Sr-IV RT >37.7 20.53 RT|41.7 [7]
tI10.8-Srinc Sr-V RT >46.3 17.74 RT|56 [8]

2 56 Ba Barium [Xe]6s2

cI2-W Ba-I RT <5.5 62.99 RT|RP
hP2-Mg Ba-II RT <12.6 38.44 RT|6.9 [9]
tI10.8-Srinc Ba-IV RT <45 31.17 RT|12.0 [8]
hP2-Mg Ba-V RT >45 20.34 RT|53 [10]

2 88 Ra Radium [Rn]7s2

cI2-W RT RP 68.22 RT|RP

[1] Mao et al. (2010), [2] Yao et al. (2010), [3] Fujihisa et al. (2008), [4] Nakamoto et al. (2010),
[5] Fujihisa et al. (2013), [6] Allan et al. (1998), [7] Bovornratanaraks et al. (2006), [8] McMahon et al.
(2000), [9] Takemura (1994), and [10] Nelmes et al. (1999).

At 3.5 GPa, Sr transforms from a ccp into a bcc structure via a reverse Bain
path. At higher pressures, it goes through the phase sequence tI4-Sr→mC12-Sr
→ tI10.8-Srinc. The allotrope mC12-Sr (or in another setting mI12-Sr) can be
described as a monoclinic superstructure (helical distortion) of tI4-Sr (Fig. 6.7),
while tI10.8-Srinc corresponds to an incommensurate bct host/guest structure, with
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tI4-Sr (Sr-III) mI12-Sr (Sr-IV)

Fig. 6.7 The structure of tI4-Sr (Sr-III) (a) and (c) in comparison with that of mI12-Sr
(Sr-IV) (b) and (d). One unit cell of (a) tI4-Sr (Sr-III) and (b) mI12-Sr (Sr-IV) in perspective
view, and their respective projections along [001] and [101̄]. In these projections the structure of
mI12-Sr (Sr-IV) (d) results from a helical distortion of tI4-Sr (Sr-III) (c).

the guest being C-centered. Ba shows the same type of self-hosting structure as an
intermediate phase between two stability regions of hP2-Ba, which exists at below
12.6 GPa and at above 45 GPa (Reed and Ackland, 2000). At a closer look, three
related complex structures exist in this pressure range. For instance, at 19 GPa
a commensurate host/guest structure with 768 atoms/asymmetric unit has been
identified (Loa et al., 2012), which can be seen as a kind of modulated structure.

Low-pressure hP2-Ba shows a strong decrease in the c/a ratio from 1.58 to
1.50 due to the s-d electron transfer. In contrast, that of the isostructural high-
pressure is with a value of 1.575 (similar to hP2-Be at ambient conditions)
pressure-independent up to 90 GPa. This observation has been explained by the
s-d transfer being finished already at about 40 GPa (Takemura, 1994).

6.2 Groups 3 to 12: Transition metals (TM)

The transition elements are all good metals, and their nonmagnetic representatives
show a structural trend from hcp → bcc → hcp → fcc, going from left to right in
the periodic table (Skriver, 1989). They have in common that their d-orbitals are
filled up more and more going from Group 3 to Group 12. Since they are only
slightly screened by the outer filled s-orbitals, their chemical properties vary with
increasing occupancy of the d-orbitals. The atomic volumes decrease when filling
the bonding d-orbitals and increase again when occupying the antibonding ones
(“parabolic behavior”, see Fig. 6.15 in Subsection 6.4.1). This parabolic behavior
results from the participation of the itinerant d-electrons in the metallic bonding.
Under pressure, the sp-orbitals rise faster in energy than the d bands, resulting in
an sp- to d-band electron transfer.

6.2.1 Group 3: Sc, Y, La, Ac and Group 4: Ti, Zr, Hf

Scandium, yttrium, lanthanum, and actinium (see Table 6.7) show similar phase
sequences to some extent, where the high-pressure phases of the light elements



Table 6.7 Structural data for the Group-3 and Group-4 elements. First line: group, atomic
number Z, element abbreviation and full name, and electronic ground-state configuration.
Following lines: prototype structure (inc means incommensurate), temperature T and pressure P
limiting the stability range of this allotrope, and atomic volumes Vat =Vuc/nat for the given
T|P, with Vuc the unit cell volume and nat the number of atoms therein. Only those phases are
listed that are stable at either RT or RP.

Prototype Allotrope T [K] P [GPa] Vat [Å3] T|P References

3 21 Sc Scandium [Ar]3d14s2

hP2-Mg Sc-I, α-Sc RT RP 24.96 RT|RP [1]
cI2-W β-Sc >1610 RP 26.41 1623|RP [1]
tI10.6-Scinc Sc-II RT >20.5 18.65 RT|23 [2]
? Sc-III >104 RT [3]
? Sc-IV >140 RT [3]
hP6-Sc Sc-V RT >240 7.96 RT|297 [3]

3 39 Y Yttrium [Kr]4d15s2

hP2-Mg Y-II, α-Y RT RP 33.01 RT|RP
cI2-W Y-I, β-Y >1755 RP
hR9-Sm Y-III RT >12
hP4-La Y-IV RT >25
hR24-Pr Y-V RT >50 [4]
mC4-Ce Y-VI RT >99 27.84 RT|120 [4]

3 57 La Lanthanum [Xe]5d16s2

hP4-La La-III, α-La RT RP 37.17 RT|RP
cF4-Cu La-II, β-La >533 or >2.3 34.55 RT|2.3
cI2-W La-I, γ -La >1153 RP 38.65 1160|RP
hR24-La La-IV RT >7 [5], [6]
cF4-Cu La-V RT >60 [5]

3 89 Ac Actinium [Rn]6d17s2

cF4-Cu RT RP 37.45 RT|RP [7]

4 22 Ti Titanium [Ar]3d24s2

hP2-Mg Ti-II, α-Ti RT RP 17.65 RT|RP
cI2-W Ti-I, β-Ti >1155 RP 18.15 1193|RP
hP3-AlB2 Ti-III, ω-Ti RT >2 17.23 RT|4
oC4-Ti? Ti-IV, γ -Ti RT >116 10.30 RT|130 [8]
oP4-Ti? Ti-V, δ-Ti RT >145 9.22 RT|178 [8]

4 40 Zr Zirconium [Kr]4d25s2

hP2-Mg Zr-II, α-Zr RT RP 23.28 RT|RP
cI2-W Zr-I, β-Zr >1136 RP
hP3-AlB2 Zr-III, ω-Zr RT >2.2
cI2-W Zr-IV RT >35

4 72 Hf Hafnium [Xe]4f145d26s2

hP2-Mg Hf-II, α-Hf RT RP 22.31 RT|RP
cI2-W Hf-I, β-Hf >2013 RP
hP3-AlB2 Hf-III RT >38
cI2-W Hf-IV RT >71

[1] Kammler et al. (2008), [2] McMahon et al. (2006a), [3] Akahama et al. (2005a), [4] Samudrala et al.
(2012), [5] Porsch and Holzapfel (1993), [6] Seipel et al. (1997), [7] Farr et al. (1961), and [8] Akahama
et al. (2005b).
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occur as ambient pressure phases of the heavy homologues. Sc is the only element
in Group 3 to show an incommensurate host/guest structure, tI10.6-Scinc. The
bct host structure accommodates a C-centered guest structure (McMahon et al.,
2006a). It can be described by the superspace group I4/mcm(00γ ) and is isostruc-
tural to the high-pressure modification of strontium, tI10.8-Srinc (see Table 6.6 in
Subsection 6.1.2). Between 23 and 101 GPa, the modulation wavevector compo-
nent γ varies between 1.28 and 1.36, passing through the commensurate value of
4/3 at 72 GPa.

Sc, which is non-superconducting at ambient pressure, becomes superconduct-
ing when transforming into tI10.8-Srinc. Upon further compression, it reaches its
highest critical temperature, Tc =8.2 K, at 74 GPa. In contrast, Tc of Y con-
tinues from the onset of superconductivity at ≈ 10 GPa to increase until the
highest pressures investigated, Tc ≈ 20 K at 120 GPa (Hamlin and Shilling,
2007). The emergence of superconductivity under pressure has been explained
by the pressure-increased d-electron concentration due to (partial) 4s-3d electron
transfer.

The hcp to bcc phase transitions for Sc, Y, Ti, Zr, and Hf at elevated tem-
perature has been described as martensitic, with the orientation relationships
(110)bcc‖(0001)hcp and [1̄11]bcc‖[2̄110]hcp (Sanati et al., 2001).

At the highest pressures applied, at above 240 GPa, hP6-Sc forms with a struc-
ture showing 61-screw helical chains (Akahama et al., 2005a) (Fig. 6.8). It can be

(a)
(b)
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c
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c

a

b

2.051 Å

2.353 Å

hP6-Sc (Sc-V)

Fig. 6.8 The structure of the high-pressure phase
hP6-Sc (Sc-V) at 242 GPa. (a) Considering the
shortest Sc–Sc distances only, the structure can be
described as a packing of helical chains around the
61-screw axes along [001]. The projection along [001] is
shown in (b). The scale is twice the usual one.
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explained as resulting from a modulation of the stacking sequence of the (111)-
planes in an ccp sequence due to 3d-orbital interactions along the helical chains;
the 3d-orbital is considered to be hybridized with the 4s-orbital. Due to the s-d
electron transfer, the compressibility of Sc is rather high; at 297 GPa, the atomic
volume is squeezed down to only 32% of its value at ambient conditions.

In contrast to Sc, with increasing pressure Y shows largely the typical
rare-earth sequence of close-packed structures hP2-Mg→ hR9-Sm→ hP4-La→
hR24-Pr→mC4-Ce (Samudrala et al., 2012). Thereby, hR24-Pr can be con-
sidered a distorted ccp structure as well as mC4-Ce. At ultrahigh pressures,
yttrium becomes quite incompressible, similar to the heavier lanthanoids where
this effect has been related to f-electron delocalization. This may indicate electron
transfer from s- and d-bands into the f-band at ultrahigh pressures.
hP4-La, with the sequence of hcp layers ACAB, represents one of the simpler

polytypic hcp structures common for the lanthanoids compared to more complex
hR9-Sm with stacking sequence ABABCBCAC. The second order transition at
7 GPa from cF4-La to hR24-La, is driven by a pressure-induced softening of a
transverse acoustic phonon mode at the L-point of the Brillouin zone, trigonally
distorting the ccp phase (Gao et al., 2007). At 60 GPa the structure transforms
back to cF4-La (Porsch and Holzapfel, 1993).

At ambient conditions, titanium, zirconium, and hafnium (see Table 6.7) all
crystallize in slightly compressed hcp structures, which transform martensitically
to bcc at higher temperatures. Thereby, the (0001)-plane of the LT phase becomes
equivalent to one of the (110)-planes of the HT phase, and 〈112̄0〉hP2‖〈11̄1〉cI2.
For the also martensitic hP2 → hP3 transformation, an orientation relationship
(0001)hP2‖(112̄0)hP3 was identified for Ti and Zr (Wenk et al., 2013).

Under pressure, first a modification with a structure of the hP3-AlB2 type,
hP3-Ti (ω-Ti), is obtained by a martensitic transformation (Fig. 6.9). Its
packing density is with ≈ 0.57 only slightly larger than that for simple-cubic
cP1-Po (≈ 0.52), but significantly lower than for cI2-W (≈ 0.68) or ccp and

(a) (b)b ca

c
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b

2.656 Å

2.820 Å

hP3-Ti

Fig. 6.9 The structure of the high-pressure phase hP3-Ti (ω-Ti).
Considering the shortest Ti–Ti distances with covalent bonding
contributions only, a hexagon net can be seen at z=1/2 with each
hexagon centered by a rod of Ti atoms perpendicular to it.
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hcp (≈ 0.74) structures. The stability of hP3-Ti mainly results from covalent
bonding contributions due to electron transfer from the broad sp-band to the
narrow d-band. This is reflected in the c/a ratio, which amounts to ≈ 1.587 for
hP2-Ti, and ≈ 0.613 for hP3-Ti, all over the pressure range from 0 to 8.1 GPa
(Zhang et al., 2008).

Zr and Hf show the same phase sequence at all pressures and temperatures
studied so far. The modification at highest pressure shows the cI2-W type struc-
tures, while Ti first transforms to oC4-Ti and finally to oP4-Ti (Akahama et al.,
2005b). oC4-Ti can be seen as a distorted hcp structure, while oP4-Ti rather
corresponds to a modified bcc structure; however, these transitions are still con-
troversially discussed (Verma et al., 2007), and a path-dependent direct transition
hP3-Ti → cI2-W has been proposed (Ahuja et al., 2004).

6.2.2 Group 5: V, Nb, Ta and Group 6: Cr, Mo, W

At ambient pressure and all temperatures, vanadium, niobium, tantalum, molyb-
denum, and tungsten have simple cI2-W type structures (see Table 6.8). Only for
V has a phase transformation as a function of pressure been observed so far (Ding
et al., 2007). The structural transition to the high-pressure phase of the hR3-Hg

Table 6.8 Structural data for the Group-5 and Group-6 elements. First line: group, atomic
number Z, element abbreviation and full name, and electronic ground-state configuration.
Following lines: prototype structure (inc means incommensurate), temperature T and pressure P
limiting the stability range of this allotrope, and atomic volumes Vat =Vuc/nat for the given
T|P, with Vuc the unit cell volume and nat the number of atoms therein. Only those phases are
listed that are stable at either RT or RP.

Prototype T [K] P [GPa] Vat [Å3] T|P References

5 23 V Vanadium [Ar]3d34s2

cI2-W RT RP 13.82 RT|RP
hR3-Hg RT >69 10.46 RT|90

5 41 Nb Niobium [Kr]4d45s1

cI2-W RT RP 17.98 RT|RP

5 73 Ta Tantalum [Xe]4f145d36s2

cI2-W RT RP 18.02 RT|RP

6 24 Cr Chromium [Ar]3d54s1

cI2-W RT RP 11.99 RT|RP

6 42 Mo Molybdenum [Kr]4d55s1

cI2-W RT RP 15.58 RT|RP

6 74 W Tungsten [Xe]4f145d46s2

cI2-W RT RP 15.85 RT|RP



Groups 3 to 12: Transition metals (TM) 203

type was explained by a band Jahn–Teller mechanism (Verma and Modak, 2008).
Cr shows two antiferromagnetic phase transitions, which modify the structure
only slightly (Young, 1991).

6.2.3 Group 7: Mn, Tc, Re and Group 8: Fe, Ru, Os

Only two out of the six elements of these groups can adopt different modifica-
tions, Mn and Fe (see Table 6.9). The four others crystallize in the hP2-Mg type.
The at low temperatures antiferromagnetic modification, cI58-Mn, transforms
isostructurally into a paramagnetic phase at the Néel temperature TN =95 K. Its
structure can be described as a (3× 3× 3)-fold superstructure of cI2-W, with 20
atoms slightly shifted and four atoms added (Fig. 6.10(a),(b)). Further increas-
ing the temperature leads to a phase with a cI20-Mn type structure, which is

Table 6.9 Structural data for the Group-7 and Group-8 elements. First line: group, atomic
number Z, element abbreviation and full name, and electronic ground-state configuration.
Following lines: prototype structure (inc means incommensurate), temperature T and pressure P
limiting the stability range of this allotrope, and atomic volumes Vat = Vuc/nat for the given
T|P, with Vuc the unit cell volume and nat the number of atoms therein. Only those phases are
listed that are stable at either RT or RP.

Prototype Allotrope T [K] P [GPa] Vat [Å3] T|P References

7 25 Mn Manganese [Ar]3d54s2

cI58-Mn Mn-IV, α-Mn RT RP 12.21 RT|RP

cP20-Mn Mn-III, β-Mn >980 RP 13.61 1008|RP

cF4-Cu Mn-II, γ -Mn >1360 RP

cI2-W Mn-I, δ-Mn >1410 or >165 14.62 1422|RP

7 43 Tc Technetium [Kr]4d55s2

hP2-Mg RT RP 14.26 RT|RP

7 75 Re Rhenium [Xe]4f145d56s2

hP2-Mg RT RP 14.71 RT|RP

8 26 Fe Iron [Ar]3d64s2

cI2-W Fe-I, α-Fe RT or RP 11.78 RT|RP
cF4-Cu Fe-II, γ -Fe >1185 RP 12.13 1189|RP
cI2-W Fe-III, δ-Fe >1667 12.64 1712|RP
hP2-Mg Fe-IV, ε-Fe RT >13 10.66 RT|15

8 44 Ru Ruthenium [Kr]4d75s1

hP2-Mg RT RP 13.57 RT|RP

8 76 Os Osmium [Xe]4f145d66s2

hP2-Mg RT RP 13.99 RT|RP



204 Crystal structures of the metallic elements

(a) (b)

b c

a
c a

b

ac

b

ac

b

ac
(c)

(f)
(e)

(d)

b

cI58-Mn

cP20-Mn

Fig. 6.10 The complex structures of (a,b) cI58-Mn and (c)–(f) cP20-Mn. cI58-Mn can be
seen as a (3× 3× 3)-fold superstructure of the cI2-W type plus four atoms added. Its
projection is shown in (a), with a perspective view highlighting the innermost truncated
tetrahedron, which is surrounded by another by an ≈ τ -times distorted larger one. In (c) the
structure of cP20-Mn is shown in projection. In (d) and (e), a structural subunit in form of a
tetrahelix is shown in different projections. In (f), theMn atoms at Wyckoff position 8c generate
4- and 8-spirals, which form, in projection along the 4-fold screw axis, a tiling of squares and
squashed octagons. The “bonds” shown all have the length 2.365 Å.

electronically stabilized (Hume-Rothery mechanism). This structure can be seen
as a rod packing of Mn tetrahelices with the interstices filled by Mn zigzag chains
(Nyman and Hyde, 1991) (Fig. 6.10(c)–(f)). In contrast to a tetrahelix of regu-
lar tetrahedra, one of distorted tetrahedra can be periodic along the rod axis. In
the case of cI20-Mn, the repeat unit is eight tetrahedra. Increasing the temper-
ature further, cI20-Mn transforms to cI2-Mn. This phase can also be obtained
directly from cI58-Mn at pressures above 165 GPa due to the loss of the magnetic
moments (Fujihisa and Takemura, 1995).

The technically most important metallic element and the main constituent of
the earth’s core, iron, shows four allotropes (see Table 6.9): ferromagnetic cI2-Fe,
which transforms to a paramagnetic isostructural (β-)phase at the Curie tem-
perature Tc =1043 K; with further increasing temperature first cF4-Fe forms,
which is then transformed back into cI2-Fe. At ambient temperature, there is
only one high-pressure phase known so far, hP2-Fe, which conforms to a slightly
compressed hcp structure.

The most incompressible metal osmium has been studied up to static pres-
sures of 770 GPa (Dubrovinsky et al., 2015). No structural phase transition was
observed; however, anomalies in the c/a ratios of hP2-Os indicate electronic trans-
itions. One, at 150 GPa, originates from a topological change in the Fermi surface,
and at 440 GPa a core-level crossing (CLC) transition takes place.
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6.2.4 Group 9: Co, Rh, Ir and Group 10: Ni, Pd, Pt

All elements of Groups 9 and 10 are typical metals with hcp or ccp structures
or their superstructures (see Table 6.10). In contrast to ccp Rh and Ir, at ambient
conditions Co is hcp and ferromagnetic. It has been shown that the magnetism sta-
bilizes the hcp structure (Söderlind et al., 1994), which transforms martensitically,
without any apparent volume change, to likely nonmagnetic ccp at higher temper-
atures or pressures (Yoo et al., 2000). By a special thermal treatment, stacking
disorder can be created in the hcp phase. Thereby, the hcp sequence AB is sta-
tistically substituted by a ccp sequence ABC, with a frequency of at most one to
ten, giving rise to sequences of the kind ABABABABCBCBCBC (see Frey and
Boysen (1981), and references therein).

All other elements of these groups, Rh, Ir, Ni, Pd, and Pt, crystallize in the
cF4-Cu structure type. No phase transformations to other allotropes have been
observed so far except for Ir. The high-pressure modification hP14-Ir can be

Table 6.10 Structural data for the Group-9 and Group-10 elements. First line: group, atomic
number Z, element abbreviation and full name, and electronic ground-state configuration.
Following lines: prototype structure (inc means incommensurate), temperature T and pressure P
limiting the stability range of this allotrope, and atomic volumes Vat = Vuc/nat for the given
T|P, with Vuc the unit cell volume and nat the number of atoms therein. Only those phases are
listed that are stable at either RT or RP.

Prototype T [K] P [GPa] Vat [Å3] T|P References

9 27 Co Cobalt [Ar]3d74s2

hP2-Mg RT RP 11.08 RT|RP
cF4-Cu >673 RP 11.36 793|RP
cF4-Cu RT >105 7.40 RT|202 [1]

9 45 Rh Rhodium [Kr]4d85s1

cF4-Cu RT RP 13.75 RT|RP

9 77 Ir Iridium [Xe]4f145d76s2

cF4-Cu RT RP 14.15 RT|RP
hP14-Ir RT >59 12.42 RT|65 [2]

10 28 Ni Nickel [Ar]3d84s2

cF4-Cu RT RP 10.94 RT|RP

10 46 Pd Palladium [Kr]4d105s0

cF4-Cu RT RP 14.72 RT|RP

10 78 Pt Platinum [Xe]4f145d96s1

cF4-Cu RT RP 15.10 RT|RP

[1] Yoo et al. (2000) and [2] Cerenius and Dubrovinsky (2000).
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understood as a 14-layer close packed structure (Cerenius and Dubrovinsky,
2000), with so far unknown layer sequence.

6.2.5 Group 11: Cu, Ag, Au and Group 12: Zn, Cd, Hg

The ccp coinage metals Cu, Ag, and Au are typical metals like the alkali metals but
with a nobler character (see Table 6.11). Their single ns-electron is less screened
by the filled (n – 1)d-orbitals than the ns-electron by the filled noble gas shell
below, and their d-electrons also contribute to the metallic bonding. This gives
some similarities to the transition elements with which they are usually grouped.
No phase transformations have been observed so far. The color variation from
Cu to Ag results from the increasing width of the gap between the d band and the
sp conduction band, and the color of Au can be explained by relativistic effects
decreasing this band gap again.

Table 6.11 Structural data for the Group-11 and Group-12 elements. First line: group,
atomic number Z, element abbreviation and full name, and electronic ground-state
configuration. Following lines: prototype structure (inc means incommensurate), temperature T
and pressure P limiting the stability range of this allotrope, and atomic volumes Vat =Vuc/nat
for the given T|P, with Vuc the unit cell volume and nat the number of atoms therein. Only
those phases are listed that are stable at either RT or RP.

Prototype T [K] P [GPa] Vat [Å3] T|P References

11 29 Cu Copper [Ar]3d104s1

cF4-Cu RT RP 11.81 RT|RP

11 47 Ag Silver [Kr]4d105s1

cF4-Cu RT RP 17.05 RT|RP

11 79 Au Gold [Xe]4f145d106s1

cF4-Cu RT RP 16.96 RT|RP

12 30 Zn Zinc [Ar]3d104s2

hP2-Mg RT RP 15.20 RT|RP

12 48 Cd Cadmium [Kr]4d105s2

hP2-Mg RT RP 21.60 RT|RP

12 80 Hg Mercury [Xe]4f145d106s2

hR3-Hg <234.32 or >1.2 23.07 83|RP
tI2-Pa RT >3.4 19.04 RT|15
mC6-Hg RT >12 18.29 RT|20 [1]
hP2-Mg RT >37 16.91 RT|35.2

[1] Takemura et al. (2007).
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The deviations from the ideal value c/a =
√
8/3≈ 1.633 for highly anisotropic

hcp zinc, c/a = 1.856, and cadmium, c/a = 1.886, have been explained by covalent
bonding contributions, i.e., by the hybridization of the filled d-band with the con-
duction band (Takemura, 1997). With increasing pressure, this ratio continuously
decreases approaching the ideal value with c/a = 1.633 at ≈ 23 GPa for Zn, and
≈ 50 GPa for Cd (Schulte and Holzapfel, 1996), and c/a = 1.76 at 46.8 GPa for
Hg (Schulte and Holzapfel, 1993). A further increase of the pressure decreases c/a
below the ideal value, to ≈ 1.59 at the highest pressures applied. It should be men-
tioned that at c/a=

√
3≈ 1.732, an anomaly of the volume dependence of c/a was

observed. At this value, the unit cell in its base-face centered orthohexagonal rep-
resentation (aoh =2ah+bh, boh =bh, coh = ch) becomes pseudotetragonal (boh = coh),
which has implications for the shape of the Brillouin zone. In contrast to Hg, no
phase transformations have been observed for pressures up to 126 GPa for Zn
and 174 GPa for Cd (see Table 6.11).

Mercury is the only metallic element that is liquid at ambient conditions
(T > 234.32 K), caused by relativistic effects (Calvo et al., 2013). The structures
of all mercury modifications can be seen as distorted variants of ccp or hcp struc-
tures. hR3-Hg, for instance, can be obtained by compressing a ccp structure along
a threefold axis. Its c/a=1.457 is smaller than the ideal ratio, while that of the high-
pressure phase (stable at least up to 193 GPa) is with c/a=1.75 at 35.2 GPa larger
and comparable to that of zinc and cadmium (Takemura et al., 2007). The ideal
value was estimated to be reached at ≈ 90 GPa (Schulte and Holzapfel, 1996).

6.3 Groups 13 to 16: (Semi)metallic main group
elements

The heavier elements from the main Groups 13 to 16 differ from those of
Groups 1 and 2 mainly by filled d-bands. Thus, s-d electron transfer, which is
important for the high-pressure phases of the alkali and alkaline earth metals, is
not possible for these elements. Instead s-p orbital mixing may take place as it has
been shown for the light alkali metals. However, in the case of Ga the 3d-core
electrons may become delocalized, forming valence electrons by mixing the 3d-
band with the, under pressure widened, 4s- and 4p-bands. The critical pressure
has been calculated to 79 GPa (Takemura and Masao, 1998).

6.3.1 Group 13: Al, Ga, In, Tl and Group 14: Ge, Sn, Pb

Aluminum behaves like a typical sp-bonded metal and only close-packed struc-
tures have been identified experimentally so far, with an fcc to hcp phase
transformation at 217 GPa (see Table 6.12) (Akahama et al., 2006). Up to
333 GPa, the c/a-ratio is constant, and with 1.618 close to the ideal value of√
8/3 = 1.633. The partial filling of the empty 3d-band was assumed to play a

key role for the stability of the high-pressure structure.
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Table 6.12 Structural data for the Group-13 elements. First line: group, atomic number Z,
element abbreviation and full name, and electronic ground-state configuration. Following
lines: prototype structure (inc means incommensurate), temperature T and pressure P limiting
the stability range of this allotrope, and atomic volumes Vat = Vuc/nat for the given T|P,
with Vuc the unit cell volume and nat the number of atoms therein. Only those phases are
listed that are stable at either RT or RP.

Prototype Allotrope T [K] P [GPa] Vat [Å3] T|P References

13 13 Al Aluminium [Ne]3s23p1

cF4-Cu Al-I RT RP 16.60 RT|RP
hP2-Mg Al-II RT >217 8.31 RT|222 [1]

13 31 Ga Gallium [Ar]3d104s24p1

oC8-Ga Ga-I, α-Ga RT RP 19.58 RT|RP
oC104-Ga Ga-II RT >2 17.62 RT|2.8 [2]
hR18-Ga Ga-V RT >10.5 15.76 RT|12.2 [2]
tI2-In Ga-III RT >14 15.27 RT|15.6 [2]
cF4-Cu Ga-IV RT >120 [3]

13 49 In Indium [Kr]4d105s25p1

tI2-In In-I RT RP 26.16 RT|RP
oF4-In In-II RT >45 15.00 RT|93

13 81 Tl Thallium [Xe]4f145d106s26p1

hP2-Mg Tl-II, α-Tl RT RP 28.59 RT|RP
cI2-W Tl-I, β-Tl >503 29.00 523|RP
cF4-Cu Tl-III, γ -Tl RT >4 27.27 RT|6 [4]

[1] Akahama et al. (2006), [2] Degtyareva et al. (2004a), [3] Takemura and Masao (1998), and
[4] Staun-Olsen and Gerward, (1994).

However, at TPa pressures, phases with more open complex structures have
been predicted theoretically (Pickard and Needs, 2010). At 380 GPa a bcc phase
should form; then at 3.2 TPa a modification is formed, which is related to the
incommensurate host/guest structures of Ba-IV and Rb-IV, followed at 8.8 TPa by
a simple hexagonal structure, which transforms to an orthorhombic structure at
10 TPa. Further calculations showed that even at highest pressures up to 30 TPa
no close-packed structures are stable. This may be explained by the formation of
electrides, i.e., positively charged Al ions and interstitial “electron blobs” (a kind
of “anions”).

Gallium shows a much more complex phase diagram already at moderate pres-
sures. At ambient conditions, the structure of oC8-Ga (Ga-I) is characterized
by a stacking of layers, each consisting of a 63 (honeycomb) network of slightly
distorted hexagons parallel to (100) (Fig. 6.11). The interlayer bonds are signif-
icantly weaker than the partially covalent intralayer ones. Increasing the pressure
leads to a liquid phase at 0.5 GPa and ambient temperature, before it solidifies
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Fig. 6.11 The structure of oC8-Ga (Ga-I) in different views: (a) unit cell of
oC8-Ga in perspective view and projections along [100] of (b) the layer in
x=0, and (c) the layers in x = 0 and x = 1/2, respectively.
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Fig. 6.12 The structure of oC104-Ga (Ga-II) in different views: (a) unit cell of oC104-Ga
projected down [001], (b) one unit cell of its basic structure (oF8) in perspective view, and
(c) projected along [001] as well as (d) along [010]. Projections of structure slices (inside the
rectangles) of (a) and (c) are shown in (f) and (e), respectively.
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again into a tI2-In-type structure, which is metastable at this pressure and stable
above 14 GPa. The stable phase between 2 and 10.5 GPa is oC104-Ga (Ga-II)
(Degtyareva et al., 2004a), which can be described as a commensurately mod-
ulated 13-fold superstructure of a simple eight-atom basic structure (oF8), with
abasis = a, bbasis = b, and cbasis = a/13 (Fig. 6.12) (Perez-Mato et al., 2006). This struc-
ture is closely related to that of oC84-Cs (Cs-III), oC52-Rb (Rb-III), cI16-Li,
and cI16-Na (Na-III). The tI2-In-type structure (Ga-III), which can be seen
as a tetragonally distorted fcc structure, transforms to a ccp structure (Ga-IV) at
120 GPa. In the process, the c/a-value of the tetragonal modification changes con-
tinuously from 1.558 at 15.6 GPa, for instance, to

√
2=1.414 for the ccp structure

at 120 GPa, indicating a second order phase transition (Takemura and Masao,
1998).

The open tI2-In structure can be considered a distorted ccp one. This can be
seen more clearly if we compare c/a=1.076 of the fcc setting, tF4, with that of the

Table 6.13 Structural data for the Group-14 elements. First line: group, atomic number Z,
element abbreviation and full name, and electronic ground-state configuration. Following lines:
prototype structure (inc means incommensurate), temperature T and pressure P limiting the
stability range of this allotrope, and atomic volumes Vat =Vuc/nat for the given T|P, with Vuc
the unit cell volume and nat the number of atoms therein. Only those phases are listed that are
stable at either RT or RP.

Prototype Allotrope T [K] P [GPa] Vat [Å3] T|P References

14 32 Ge Germanium [Ar]3d104s24p2

cF8-C RT RP 22.63 RT|RP
tI4-Sn RT >9 16.71 RT|12
oI4-Sn RT >75 12.34 RT|81 [1]
hP1-BiIn RT >85 12.04 RT|83
oC16-Si RT >102 10.67 RT|135 [2]
hP2-Mg RT >160 9.73 RT|180 [2]

14 50 Sn Tin [Kr]4d105s25p2

cF8-C Sn-I, α-Sn <286.2 RP 34.16 285|RP
tI4-Sn Sn-II, β-Sn >286.2 RP 27.05 298|RP
tI2-Pa Sn-III, γ -Sn RT >9.4 20.25 RT|24.5
oI2-Sn? Sn-IV RT >32 19.64 RT|32.5 [3]
cI2-W Sn-V RT >40 17.76 RT|53 [3]
hP2-Mg Sn-VI RT >157 13.71 RT|167 [4]

14 82 Pb Lead [Xe]4f145d106s26p2

cF4-Cu RT RP 30.32 RT|RP
hP2-Mg RT >13.9 28.02 RT|15.2
cI2-W RT >110 16.11 RT|127

[1] Nelmes et al. (1996), [2] Takemura et al. (2001), [3] Salamat et al., (2013), and [4] Salamat et al.,
(2011).
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ccp one, c/a=1.000. At 45 GPa, tI2-In transforms by a simple deformation into
the densely packed high-pressure phase oF4-In. According to Simak et al. (2000),
the fcc structure of Al already results from an optimum s-p hybridization, whereas
for Ga and In this happens only under high pressure.

Thallium shows one HT and one HP phase. The HP transformation takes place
with a volume change of just 0.75%.

Germanium shows several different modifications (see Table 6.13). There are
some parallels with the high-pressure phases of Si; however, the influence of the
3d core states in Ge, which are absent in Si, leads to significant differences in
the expected transition pressures (Takemura et al., 2001). At ambient conditions,
semiconducting Ge adopts the diamond structure, cF8-C, due to strong covalent
bonding contributions. At elevated pressure, it first transforms into a phase with
the structure of metallic white tin, tI4-Sn. Its coordination number changes from 4
to 6 if the c/a-ratio approaches the value 0.528. Then, if the pressure is further
increased, oI4-Ge is formed by a slight distortion. However, this phase transfor-
mation is of first order as is the subsequent transformation to hP1-Ge. The atoms
in the latter structure, with c/a=0.930, are quasi-eightfold coordinated. The ideal
ratio for CN8 would be c/a=1. With increasing compression, hP1-Ge transforms
into oC16-Ge, with CN10.5 on average (Takemura et al., 2001). Finally, at the
highest pressure so far, hcpGe is formed, with CN12. Thus, with increasing pres-
sure, germanium runs through structures with coordination numbers 4, 6, 8, 10.5,
and 12.

Metallic white tin, cF8-Sn (α-Sn), transforms at below 286.2 K into semicon-
ducting gray tin (“tin pest” or “tin disease”), tI4-Sn (β-Sn) (Fig. 6.13) (see
Table 6.13). This transformation is accompanied by a volume increase of 26%.
Due to the incomplete ionization of the single ns-electron, the effective radii of tin
atoms in tI4-Sn and of lead atoms in cF4-Pb are large compared to those of other
typical metals with large atomic numbers. This has implications for the chem-
ical bonding. In the case of cF8-Sn, for instance, the electron configuration is
[Kr]4d105s15p3 allowing sp3 hybridization and covalent, tetrahedrally coordinated
bonding, whereas in the case of tI4-Sn, with [Kr]4d105s25p2, only two p-orbitals
are available for covalent bonding and the third one is used for metallic bonding.
With increasing pressure, at ambient conditions stable tI4-Sn transforms first into
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Fig. 6.13 The structure of (a,b) tI4-Sn (β-Sn) in relation to that of (c,d) cF8-Sn (α-Sn).
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tI2-Sn and then into a slightly orthorhombically distorted phase, oI2-Sn. From
about 40 GPa cI2-Sn starts forming, and up to 70 GPa both phases coexist, per-
haps due to some deviations from hydrostatic conditions (Salamat et al., 2013).
Finally, at 157 GPa, cI2-Sn transforms into hcp hP2-Sn by a first-order transi-
tion (Salamat et al., 2011). According to theoretical predictions, beyond 1.3 TPa
a reentrant phase transition to cI2-Sn should take place due to an electride-like
behavior similar to that predicted for Al (Pickard and Needs, 2010).

Lead shows just two phase transformations, both as a function of pressure. It is
remarkable that the ccp to hcp transition takes place with a larger volume reduction
(1.5%) than that from ccp to bcc (0.3%) (Mao et al., 1990).

6.3.2 Group 15 metallic pnictogens: Sb, Bi,
and Group 16 metallic chalcogens: Po

Both, antimony and bismuth have structures of the hR6-As type at ambient con-
ditions (see Table 6.14). This structure can be derived from a primitive cubic
structure such as cP1-Po, in which the atomic distance d1 within the covalently
bonded layers perpendicular to [111] equals the distance d2 between the layers.
The metallic character of the elements increases if the ratio d2/d1 approaches 1.

Table 6.14 Structural data for the Group-15 and -16 elements. First line: group, atomic
number Z, element abbreviation and full name, and electronic ground-state configuration.
Following lines: prototype structure (inc means incommensurate), temperature T and
pressure P limiting the stability range of this allotrope, and atomic volumes Vat = Vuc/nat
for the given T|P, with Vuc the unit cell volume and nat the number of atoms therein. Only
those phases are listed that are stable at either RT or RP.

Prototype Allotrope T [K] P [GPa] Vat [Å3] T|P References

15 51 Sb Antimony [Kr]4d105s25p3

hR6-As Sb-I RT RP 30.21 RT|RP
mI-Sbinc Sb-IV RT > 8.2 24.79 RT|6.9 [1]
tI-Sbinc Sb-II RT > 9.0 23.95 RT|10.3 [1]
cI2-W Sb-III RT > 28 20.45 RT|28.8 [1]

15 83 Bi Bismuth [Xe]4f145d106s26p3

hR6-As Bi-I RT RP 35.39 RT|RP [1]
mC4-Bi Bi-II RT > 2.60 31.37 RT|2.7 [1]
tI-Biinc Bi-III RT > 2.75 28.46 RT|6.8 [1]
cI2-W Bi-V RT > 8.5 27.43 RT|8.5

16 84 Po Polonium [Xe]4f145d106s26p4

cP1-Po α-Po RT RP 38.14 311|RP
hR3-Hg β-Po > 348 RP 36.61 ?|RP

[1] Degtyareva et al. (2004b).
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At 8.2 GPa hR6-Sb transforms into a body-centered monoclinic, incommensu-
rate host-guest structure, mI-Sbinc, with a volume change of 5.0%. This structure,
the most strongly modulated composite structure yet observed in the elements
(Degtyareva et al., 2004b), can be seen as a distorted version of the tetragonal
host-guest structure, tI-Sbinc, which is stable at pressures above 8.6 GPa (Degt-
yareva et al., 2004b). While the guest atoms are arranged in zigzag chains in the
former structure, they form linear chains modulated along the [001]-direction in
the latter (quasipairing of atoms). In contrast, the host framework structure is
modulated perpendicular to this direction. The mI-Sbinc to tI-Sbinc phase trans-
formation is of first order and shows a volume change of 0.5% while that to cI2-Sb
is related to a volume change of 3.3%.

Bismuth shows a similar phase sequence with one exception (see Table 6.14).
Instead of the monoclinic incommensurate phase, a monoclinic commensurate
one is formed, which can be seen as a distorted simple cubic structure (Fig. 6.14).
The tetragonal body-centered incommensurate structure is not only found in
high-pressure modifications of Sb and B, but also of K, Rb, Ba, Sr, Sc, and As
(McMahon et al., 2007). It is noteworthy that in both Sb and Bi, the transition to
the incommensurate phase is accompanied by either the onset or the enhancement
of superconductivity.

Radioactive polonium has—as the only element at ambient conditions—the
exceptionally simple cubic structure, cP1-Po. This structure type is adopted by
Ca and As only at elevated pressures. With increased temperature, cP1-Po trans-
forms by a slight compression along the [111]-direction into a modification with
the hR3-Hg structure, which can be seen as intermediate between simple cubic
and bcc. This unusual symmetry lowering with increasing temperature has been
explained by the growing influence of vibrational entropy (Verstrate, 2010).

The stability of cP1-Po has been shown to result from a relativistic spin-orbit
coupling leading to a hardening of most phonon frequencies and reducing the
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Fig. 6.14 The structure of mC4-Bi (Bi-II) in (a) perspective view and
(b) projected along [001] in relation to that of (c) cP1-Po (α-Po) and (d)
hR3-Po (β-Po). The structures of mC4-Bi and hR3-Po, respectively, can be
seen as differently distorted cubic-primitive structures.
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Fermi surface/Brillouin zone nesting (Verstrate, 2010). Qualitatively, this can be
explained in the way that the p-orbitals do not hybridize with the s-orbitals be-
cause of the strong relativistic repulsion of the s-orbitals, allowing orthogonal
bonding, forcing a primitive cubic structure. At elevated pressures (1–3 GPa),
Po is predicted to become trigonal (Legut et al., 2007).

6.4 Lanthanoids and actinoids

Lanthanoids (Ln) (Tables 6.15, 6.16, and 6.17), together with Sc and Y also
called rare earth metals (RE), although they are not so rare (Ce is similarly abun-
dant as Cu), and actinoids (An) (Tables 6.18 and 6.19), which all are radioactive,
are characterized by the fact that their valence electrons are increasingly filling the
f-orbitals in the fourth and fifth shell, respectively. The chemical properties of the
lanthanoids are rather uniform since their 4f-orbitals are largely screened from
atomic interactions by their 5s- and 5p-electrons. The lanthanoids are all trivalent
except for Eu and Yb, which are divalent at ambient conditions because half- or
completely-filled f-orbitals are energetically most favorable. The chemical behav-
ior of the actinoids is somewhere in-between that of the 3d transition metals and
that of the lanthanoids, since the 5f-orbitals are shielded from the surrounding
atoms to a much lesser extent by the 6s- and 6p-electrons. However, the heavier
actinoids following americium show quite a similar chemistry.

The atomic radii of the trivalent lanthanoids monotonically decrease slightly
with increasing occupancy of the f-orbitals (“lanthanoide contraction”) due to
only a partial screening of the f-electrons from the nuclear charge by themselves,
as well as by s- and p-orbitals (see Fig. 6.15). This leads to smaller than ex-
pected values for the subsequent Group 4 elements Hf and Rf, respectively. The
atomic volumes of divalent Eu and Yb are so anomalously large because these
two elements have only two (spd)-type electrons. There is no parabolic behav-
ior as is the case for transition elements due to largely localized d-electrons not
strongly participating in metallic bonding, which is mainly taking place via the
(spd)3-electrons.

The light actinoids from Th to Pu show a similar parabolic behavior as the 5d
transition metals indicating that the delocalized f-electrons are forming bands and
are participating in the metallic bonding. Relativistic effects additionally contrib-
ute to this contraction. Starting with Am, the f-electrons become localized, with
the high-temperature δ-phase of Pu (cF4-Cu) midways between localization and
delocalization. The localized f-electrons do not participate in metallic bonding an-
ymore, leaving it mainly to the (spd)3-electrons, thus reducing the cohesive energy
leading to larger interatomic distances and, correspondingly, Wigner-Seitz atomic
radii. Their slow decrease follows a similar monotonic decrease as in the case of
the transition metals.

It should be kept in mind that the electronic configurations given in the tables
refer to the ground state (isolated atoms), and that in the chemically bonded state
(solid state) the electron configuration can vary.



Table 6.15 Structural data for the lanthanoids Ce, Pr, Nd, Pm, and Sm. First line: atomic
number Z, element abbreviation and full name, and electronic ground-state configuration.
Following lines: prototype structure (inc means incommensurate), temperature T and pressure P
limiting the stability range of this allotrope, and atomic volumes Vat = Vuc/nat for the given
T|P, with Vuc the unit cell volume and nat the number of atoms therein. Only those phases are
listed that are stable at either RT or RP.

Prototype T [K] P [GPa] Vat [Å3] T|P References

58 Ce Cerium [Xe]4f15d16s2

cF4-Cu <96 RP 28.52 76|RP
hP4-La >96 RP 34.78 ?|RP
cF4-Cu >220 RP 34.37 ?|RP
cI2-W >999 RP 34.97 1030|RP
cF4-Cu RT >0.76 28.00 RT|1.05 [1]
mC4-Ce RT >5.1 23.59 RT|8.3 [2]
tI2-In RT >12.2 12.76 RT|208 [3]

59 Pr Praseodymium [Xe]4f36s2

hP4-La RT RP 34.56 RT|RP
cI2-W >1069 RP 35.22 1094|RP
cF4-Cu RT >4 29.05 RT|4
hR24-Pr RT >7.4 25.09 RT|12.5 [4]
oI16-Pr RT >13.7 21.99 RT|19 [4]
oC4-U RT >20.5 19.06 RT|21.8 [4]
oP4-Pr RT >147 11.82 RT|313 [5]

60 Nd Neodymium [Xe]4f46s2

hP4-La RT RP 34.15 RT|RP
cI2-W >1128 RP 35.22 1156|RP
cF4-Cu RT >5 27.65 RT|5 [6]
hR24-Pr RT >17 25.09 [4], [6]
hP3-Nd RT >35 [6]
mC4-Ce RT >75 14.61 RT|89 [6], [7]
oC4-U RT >113 12.58 RT|155 [6]

61 Pm Promethium [Xe]4f56s2

hP4-La RT RP 33.60 RT|RP
cI2-W >1163 RP
cF4-Cu RT >10
hR24?-Pr RT >18

62 Sm Samarium [Xe]4f66s2

hR9-Sm RT RP 33.23 RT|RP
hP2-Mg >1007 RP 33.79 980|RP
cI2-W >1195 RP
hP4-La RT >6
hR24?-Pr RT >11
hP3-Nd RT >37.4 15.11 RT|77
mC4-Ce RT >105 13.74 RT|132

[1] Franceschi and Olcese (1969), [2] McMahon and Nelmes (1997), [3] Vohra and Beaver (1999),
[4] Evans et al. (2009), [5] Velisavljevic and Vohra (2004), [6] Chesnut and Vohra (2000), and
[7] Akella et al. (1999).
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Table 6.16 Structural data for the lanthanoids Eu, Gd, Tb, Dy and Ho. First line: atomic
number Z, element abbreviation and full name, and electronic ground-state configuration.
Following lines: prototype structure (inc means incommensurate), temperature T and pressure
P limiting the stability range of this allotrope, and atomic volumes Vat = Vuc/nat for the given
T|P, with Vuc the unit cell volume and nat the number of atoms therein. Only those phases are
listed that are stable at either RT or RP.

Prototype T [K] P [GPa] Vat [Å3] T|P References

63 Eu Europium [Xe]4f76s2

cI2-W RT RP 48.07 RT|RP
hP2-Mg RT >12.5 27.39 RT|12.5 [1]
mC4-Euinc RT >31.5 19.30 RT|33.9 [1]
? RT >37 [1]

64 Gd Gadolinium [Xe]4f75d16s2

hP2-Mg RT RP 33.00 RT|RP
hR9-Sm RT >1.5 30.00 RT|3.5 [2]
hP4-La RT >6.5 27.43 RT|10 [2]
cF4-Cu RT >26 [3]
hR24-Pr RT >33 20.64 RT|39 [3]
mC4-Ce RT >60.5 17.28 RT|65 [3]

65 Tb Terbium [Xe]4f96s2

oC4-Dy <223 RP 32.11 195|RP
hP2-Mg >223 RP 31.97 RT|RP
cI2-W >1560
hR9-Sm RT >3 27.41 RT|6 [4]
hP4-La RT >10 [4]
hR24-Pr RT >30 18.61 RT|40.2 [4]
mC4-Ce RT >51 12.48 RT|155 [4]

66 Dy Dysprosium [Xe]4f106s2

hP2-Mg <1654 RP 31.60 RT|RP
cI2-W >1654 RP
hR9-Sm RT >7 27.34 RT|7 [5]
hP4-La RT >17 21.67 RT|26.3 [5]
hR24-Pr RT >42 16.09 RT|70 [6]
mC4-Ce RT >82 11.74 RT|167 [6]

67 Ho Holmium [Xe]4f116s2

hP2-Mg <1521 RP 31.09 RT|RP
cI2-W >1521
hR9-Sm RT >7 25.87 RT|8.5
hP4-La RT >19.5
cF4-Cu RT >54
hR24-Pr RT >58
mC4-Ce RT >102

[1] Husband et al., (2012), [2] Akella et al. (1988), [3] Errandonea et al. (2007), [4] Cunningham et al.
(2007), [5] Shen et al. (2007), and [6] Samudrala and Vohra (2012).
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Table 6.17 Structural data for the lanthanoids Er, Tm, Yb, and Lu. First line: atomic
number Z, element abbreviation and full name, and electronic ground-state configuration.
Following lines: prototype structure (inc means incommensurate), temperature T and
pressure P limiting the stability range of this allotrope, and atomic volumes Vat = Vuc/nat
for the given T|P, with Vuc the unit cell volume and nat the number of atoms therein. Only
those phases are listed that are stable at either RT or RP.

Prototype T [K] P [GPa] Vat [Å3] T|P References

68 Er Erbium [Xe]4f126s2

hP2-Mg RT RP 30.71 RT|RP
hR9-Sm RT >12.4
hP4-La RT >24
hR24-Pr RT >58 15.05 RT|80 [1]
mC4-Ce RT >118 12.67 RT|151 [1]

69 Tm Thulium [Xe]4f136s2

hP2-Mg RT RP 30.27 RT|RP
cI2-W >1800 RP
hR9-Sm RT >9 25.01 RT|11.6
hP4-La RT >32 19.34 RT|35 [2]
hR24-Pr RT >61 13.53 RT|102 [2]
mC4-Ce RT >124 11.54 RT|195 [2]

70 Yb Ytterbium [Xe]4f146s2

hP2-Mg RT RP 41.62 296|RP
cF4-Cu >310 RP 41.28 298|RP
cI2-W >1065 or >3.5 43.76 1047|RP
hP2-Mg RT >26 18.98 RT|34
cF4-Cu RT >53 16.36 RT|53 [3]
hP3-Nd RT >98 10.85 RT|202 [4]

71 Lu Lutetium [Xe]4f145d16s2

hP2-Mg RT RP 29.90 RT|RP
hR9-Sm RT >25 21.13 RT|23 [5]
hP4-La RT >45 [5]
hP8-Pr RT >88 12.52 RT|142 [5]

[1] Samudrala et al. (2011), [2] Montgomery et al. (2011), [3] Zhao et al. (1994), [4] Chesnut and
Vohra (1999), and [5] Chesnut and Vohra (1998).

6.4.1 Lanthanoids La – Lu

All lanthanoids, with the exception of Eu, exhibit close packed structures at
ambient conditions: either simple hcp (ccp in the case of Ce) with stacking se-
quence AB (n = 1) or double hcp (dhcp) with stacking sequence ACAB (n = 2)
(Fig. 6.16). The stacking sequence of Sm is even more complex with ABABCB-
CAC (n = 4.5). The ratio c/a is in all cases close to n times the ideal value of
1.633. The large volume decrease under slight compression can be explained by



Table 6.18 Structural data for the actinoids Th, Pa, U, Np, Pu, Am, and Cm. First line:
atomic number Z, element abbreviation and full name, and electronic ground-state
configuration. Following lines: prototype structure (inc means incommensurate), temperature
T and pressure P limiting the stability range of this allotrope, and atomic volumes
Vat = Vuc/nat for the given T|P, with Vuc the unit cell volume and nat the number of atoms
therein. Only those phases are listed that are stable at either RT or RP.

Prototype T [K] P [GPa] Vat [Å3] T|P References

90 Th Thorium [Rn]6d27s2

cF4-Cu RT RP 32.86 RT|RP
cI2-W >1673 RP 34.01 1720|RP
tI2-In RT >63 17.56 RT|102 [1]

91 Pa Protactinium [Rn]5f26d17s2

tI2-Pa RT RP 24.94 RT|RP [2]
cI2-W 1443 RP 27.65 1443|RP [3]
oC4-U RT >77 15.40 RT|130 [2]

92 U Uranium [Rn]5f36d17s2

mP4-Uinc <43 RP 20.58 4|RP [4]
oC4-U RT RP 20.75
tP30-CrFe >941 RP 21.81 955|RP
cI2-W >1048 RP 22.06 1060|RP

93 Np Neptunium [Rn]5f46d17s2

oP8-Np <554 RP 19.22 RT|RP
tP4-Np >554 RP 20.31 586|RP
cI2-W >850 RP 21.81 873|RP

94 Pu Plutonium [Rn]5f56d17s2

mP16-Pu <394 RP 20.43 RT|RP
mC34-Pu >394 RP 22.44 463|RP
oF8-Pu >478 RP 23.14 508|RP
cF4-Cu >588 RP 24.89 653|RP
tI2-In >741 RP 24.78 750|RP
cI2-W >754 RP 24.07 773|RP
oP4-Am RT >37 14.56 RT|37 [5]

95 Am Americium [Rn]5f66d17s2

hP4-La <1043 RP 29.27 RT|RP
cF4-Cu >1043 or >6.1 25.23 RT|7.8 [6]
cI2-W >1350 RP
oF8-Am RT >10 22.34 RT|10.9 [6]
oP4-Am RT >17 18.04 RT|17.6 [6]

96 Cm Curium [Rn]5f76d17s2

hP4-La <1550 RP 29.98 RT|RP
cF4-Cu >1550 or >17 [7]
mC4-Cm RT >37 [7]
oF8-Am RT >56 16.23 RT|81 [7]
oP4-Am RT >95 13.65 RT|100 [7]

[1] Ghandehari and Vohra (1992), [2] Haire et al. (2003), [3] Marples (1965), [4] van Smaalen and
George (1987), [5] Sikka (2005), [6] Heathman et al. (2000), and [7] Heathman et al. (2005).
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Table 6.19 Structural data for the actinoids Bk, Cf, Es, Fm,Md, No, and Lr. First line:
atomic number Z, element abbreviation and full name, and electronic ground-state
configuration. Following lines: prototype structure (inc means incommensurate), temperature T
and pressure P limiting the stability range of this allotrope, and atomic volumes Vat = Vuc/nat
for the given T|P, with Vuc the unit cell volume and nat the number of atoms therein. Only
those phases are listed that are stable at either RT or RP.

Prototype T [K] P [GPa] Vat [Å3] T|P References

97 Bk Berkelium [Rn]5f97s2

hP4-La RT RP 27.97 RT|RP
cF4-Cu >1203 or >7
oC4-U RT >25 14.49 RT|45.9

98 Cf Californium [Rn]5f107s2

hP4-La RT RP 27.27 RT|RP
cF4-Cu
oC4-U RT >41 14.29 RT|46.6

99 Es Einsteinium [Rn]5f117s2

cF4-Cu RT [1]

100 Fm Fermium [Rn]5f127s2

101 Md Mendelevium [Rn]5f137s2

102 No Nobelium [Rn]5f147s2

103 Lr Lawrencium [Rn]5f146d17s2

[1] Haire and Baybarz (1979).

sp-electron transfer into the d-band similar as to yttrium, which has no adjacent
f-states (Cunningham et al., 2007). At higher pressures, a sequence of low-
symmetry structures appears indicative of a transition of localized non-bonding
f-electrons to itinerant f-electrons contributing to the metallic bonding. At this
transition, a volume collapse was also observed in Ce (16% at 0.7 GPa), Pr (9.1%
at 21 GPa), Eu (3% at 12 GPa), Gd (5% at 59 GPa), Tb (5% at 53 GPa), Dy (6%
at 73 GPa), Ho (3% at 103 GPa), Tm (1.5% at 120 GPa), and Lu (5% at 90 GPa)
(Fabbris et al., 2013).

The phase sequence of La has already been discussed above (see Table 6.7
in Subsection 6.2.1). cF4-Ce performs an isostructural transition at 0.76 GPa
where a 4f–5d electron transfer gives rise to a drastic volume collapse of ≈ 15%.
As can be seen in Table 6.7, this collapsed ccp structure is also adopted by the
allotrope stable at ambient pressure and at below 96 K. Further compression leads
at 5.1 GPa to mC4-Ce, a superstructure of the ccp phase, and finally, beyond
12.2 GPa to tI2-Ce, which is stable at least up to the highest pressure applied,
208 GPa (Vohra and Beaver, 1999). This bct modification shows a rather constant
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c/a = 1.68 in the range between 90 GPa and, at least, 208 GPa, similar to Th,
which is isostructural at high pressure and temperature (see Table 6.18).

As already mentioned, the low-temperature modification cF4-Ce shows a col-
lapsed ccp structure. At 96 K, it first transforms into a dhcp one, and then
martensitically back into a ccp structure (McHargue and Yakel, 1960), but now
in uncollapsed form. Finally, at 999 K a bcc phase forms that has a lower density
than the melt (Tm = 1068 K).

Ce has one electron in the f-band, which is localized and does not directly
contribute to the metallic bonding in the way that the 5d16s2-electrons do. Since
the radius of the 4f-orbital is much smaller than that of the 5d- and 6s-electrons, it
is effectively shielded from its surroundings. However, there is some coupling with
the itinerant spd-electrons to decrease Coulomb repulsion. The volume collapse
has been explained by the above transition of localized non-bonding f-electrons to
itinerant, but still correlated, f-electrons. At low pressure, cF4-Ce behaves similar
to the other lanthanoids; at high pressure, after its isostructural transition, it is
chemically more similar to cF4-Th (Johansson et al., 2014).
cF4-Ce gets slightly distorted with further increasing pressure, thereby forming

mC4-Ce. The structural relationship is depicted in Fig. 6.17. Finally, it transforms
into the tI2-In structure type.

In the case of the other lanthanoids, the isostructural transition observed in
Ce is replaced by an almost isostructural one, namely from the ccp to the hR24-Pr
structure type, which is a kind of distorted ccp structure. Pr is the first of this series.
The subsequent transformations are connected with another volume collapse due
to the delocalization of f-electrons. Nd and Sm run through a largely similar phase

cF4-Ce

mF4-Ce

tI2-Ce

Fig. 6.17 Structural relationship between
the structures of the low-pressure
modification cF4-Ce, the intermediate-
pressure allotrope mC4-Ce (black thick
bonds), and the high-pressure phase tI2-Ce
(black/gray multiband bonds) (after
McMahon and Nelmes (1997)). On twice the
usual scale.
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sequence at slightly higher pressures; however, no such abrupt volume collapse
has been observed.

Divalent Eu shows quite a different behavior at ambient conditions due to the
stability of its half-filled 4f-orbitals. It has more similarities to the alkaline earth
metals than to the other lanthanoids, its phase diagram being closer to that of Ba.
This is also indicated by the existence of a monoclinic, incommensurately modu-
lated phase in the pressure range between 31.5 GPa and 37 GPa. The structure is
closely related to an hcp one. It is the only known incommensurate phase among
the lanthanoids so far.

A similar situation is observed for Yb, which is divalent due to the stability of
the completely filled 4f-orbitals, and whose phase diagram resembles that of Sr.
The anomalously large compressibility of both elements, Eu and Yb, is attributed
to a mixing between di- and trivalent 4f-configurations.

When Gd is cooled to below 298 K then its c lattice parameter shows an an-
omalous expansion due to a change in the magnetic properties. Several other
lanthanoids behave similarly. Tb behaves in a largely similar way to Ce, and Dy,
Ho, Er, and Tm show a similar phase sequence as Gd except that the ccp phase
could not be observed in the most recent studies (Samudrala and Vohra, 2012;
Samudrala et al., 2011; Montgomery et al., 2011). Basically, the structures of all
these phases are either close packed or at least related to close packing. The phase
transitions from the hP2-Mg structure type up to the hR24-Pr type are mainly
driven by s-d electron transfer, while the transformation to the mC4-Ce struc-
ture type is attributed to f-electron contributions to chemical bonding. f-electron
delocalization is thought to be the reason for the increased stiffness of this low-
symmetric modification. It is also noteworthy that the c/a-ratio for Ho increases
with pressure from 1.570 for hP2-Ho to almost the ideal value of n = 1.633 for
hR24-Ho, at about 60 GPa.

Divalent Yb has two ccp phases in its phase sequence, one at slightly elevated
temperatures (at above 310 K) and one in the pressure range between 53 and
98 GPa. At higher pressures, an allotrope with the hP3-Nd structure type was
found, which was also observed in trivalent Nd and Sm. It can be described as a
distorted ccp structure. The rather high compression by 74% at 202 GPa is attrib-
uted to 4f14-4f13 valence fluctuations and s-d electron rearrangements (Chesnut
and Vohra, 1999).

6.4.2 Actinoids Ac – Lr

The actinoids (Tables 6.18 and 6.19) can be divided into two subgroups: the light
actinoid elements from Th to Pu have itinerant 5f-electrons, contributing to the
metallic bonding, whereas in the elements from Am onwards the 5f-electrons are
more localized, similar to electrons in inner shells. This allows superconductiv-
ity for Th, Pa, and U, for instance, and magnetic ordering for Cm, Bk and Cf
(Dabos-Seignon et al., 1993). Furthermore, the atomic volume, which continu-
ously decreases from Th to Pu, shows a big jump upwards from Am onwards,
because the now localized 5f-electrons do not contribute to the bonding anymore
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(see Fig. 6.15). Consequently, from Th to Pu the melting temperatures decrease
continuously by more than 50% and increase again towards Am. The contribu-
tion of 5f-electrons to bonding not only leads to rather small atomic volumes and,
related therewith, to a high mass density but also to low structural symmetry. In
contrast, the heavier actinoids, as far as they have been studied until now, all show
highly symmetric hcp structures at ambient conditions, and become similar to the
light actinoids at high pressure with the increasing delocalization of the f-electrons
forming narrow bands, which are prone to more directional bonding (Söderlind
et al., 1995a).

Overall, the many crystal structure types of the actinoids can be derived
from a few simple prototype structures: cF4-Cu, hP2-Mg, and cI2-W. The
deviations from the high-symmetry structures mainly arise from Peierls distor-
tions originating from strong bonding interactions of the electrons in the narrow
f-bands.

With its, in contrast to the other light actinoids, highly symmetric structure at
ambient conditions, cF4-Th is behaving more like a transition metal element. It
partly shows a phase sequence similar to Ce pointing to a comparable electronic
structure at high pressures, which was confirmed by theoretical calculations (Hu
et al., 2010). Under pressure, accompanied by sd-f electron transfer, the popu-
lation of the f-band approaches that of the following element Pa, which already
shows features of the tI2-Pa structure at ambient conditions (Ce: > 12.2 GPa;
Th: > 90 GPa). The transition from cF4-Th (c/a =

√
2 = 1.414 at 61 GPa) to

tI2-Th (c/a = 1.572 at 86 GPa) can be achieved just by a Bain-type distortion of
the structure.

Pa is the first actinoid element with f bonding character already at ambient
conditions. Compared to the tI2-In structure, which can be seen as a uniaxially
expanded bcc structure (c/a = 1.66 for Ce and 1.57 for Th), tI2-Pa is a strongly
compressed one (c/a = 0.825 for Pa) (see Fig. 3.2 in Section 3.1). The AET
is a rhombic dodecahedron (CN14) in the case of tI2-Pa and a cuboctahedron
(CN12) in the case of tI2-In. The transformation from tI2-Pa to oC4-Pa trig-
gers the promotion of spd- to 5f-states. Therewith, Pa approaches the electron
configuration of U with one more 5f-electron than Pa at ambient conditions.

No phase transformation as a function of pressure at ambient temperature has
been found so far for U (< 100 GPa), which is indicative of the fully deloc-
alized and strongly bonding f-electrons. However, several transitions have been
observed as a function of temperature. In the case of U, an incommensurately
modulated structure was observed at below 43 K, which was found to originate
from a charge-density wave state due to a Peierls-type transition (van Smaalen
and George, 1987). The modification stable at ambient conditions, oC4-U, can
be described as an hcp structure with a reduced displacement vector between
neighboring layers, and being contracted by covalent bonding in the orthorhombic
[100]- and [001]-directions (see Fig. 6.18). In a packing model, the non-spherical
shape due to covalent bonding leaves approximately 20% less interstitial space
than in an hcp structure of perfectly spherical atoms, explaining the missing
primary solubilities for C, N, and O in oC4-U (Blank, 1998).
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Fig. 6.18 The crystal structure of oC4-U in different views: (a) unit cell, (b) disheptahedral
AET; perspective views emphasizing (c) the distorted hcp layers perpendicular to the
c-direction and (d) just showing bonds for interatomic distances ≤ 2.854 Å. On 3/2 of the
usual scale.

Np is the first light actinoid element showing f-electron localization at ambient
conditions. No phase transformations under compression (< 50 GPa) have been
observed so far, but they have been predicted for much higher pressures (Söder-
lind et al., 1995b). oP8-Np transforms first to tP4-Np and finally to cI2-Np as
a function of temperature. oP8-Np and tP4-Np can be seen as distorted cI2-Np
structures.

The position of Pu at the border of itinerant and localized 5f-states (and itin-
erant 6d-band) causes its unusually complex phase diagram as a function of
temperature, with structures typical for both cases. The energy differences be-
tween the allotropes are small due to the narrow width of the partially filled
5f-bands with a high density of states at the Fermi energy in combination with
a broader 6d-band, which is close in energy and also incompletely filled (Moore
and van der Laan, 2009).

Monoclinic mP16-Pu can be considered as a distorted hcp structure with a
more than 20% higher packing density than cF4-Pu due to covalent bonding con-
tributions from 5f-electrons (Ek et al., 1993). This ratio is quite similar to the
aforementioned one of the isostructural transition in ccp Ce. Pu runs through a
sequence of phase transitions between allotropes, which are characterized by in-
creasing f-electron localization and partly large volume changes (see Fig. 6.19).
Their decreasing contribution to metallic bonding and cohesion leads to the low
melting temperature of Pu, Tm = 913 K, where the deep minimum in the melting
temperatures of the actinoids in general is centered. The only high-pressure al-
lotrope known has the oP4-Am structure type and transforms diffusionless from
mP16-Pu.

Finally, the phase diagram of Am is very similar to those of La, Pr, and Nd.
Due to the localization of 5f-electrons, it is the first lanthanoid-like actinoid ele-
ment. The f-electron localization also leads to an approximately 50% larger atomic
volume for Am compared to the preceding element Pu. However, with increas-
ing pressure, a fraction of the f-electrons becomes delocalized again. This is also
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(a) (b)

oC4-U tI2-Pa

Fig. 6.20 The closely related structures of (a) oC4-U and
(b) tI2-Pa. The arrows indicate the shifts necessary to transform
one structure type into the other. On twice the usual scale.

indicated by volume jumps of 2% and 7% during the transitions at 10 GPa and
17 GPa, respectively.

The structures of oP4-Am, oC4-U (oC4-Pa), and tI2-Pa are topologically
equivalent (see Fig. 6.20), while oF8-Am is closely related to the hP4-Am struc-
ture. According to Lindbaum et al. (2003), the different allotropes—except for
the high-temperature bcc one—can be seen as different packings of hcp layers,
with some distortions of the layers to oF8-Am and some buckling of the layers in
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the case of oP4-Am (see Fig. 6.21). oF8-Am is structurally equivalent to oF8-Pu,
indicating that at this pressure f-electrons participate in chemical bonding. The
same is true for Am at highest pressures where it adopts the oP4-Am-type struc-
ture, a lower-symmetric variant (62 Pnma) of the oC4-U structure (63 Cmcm)
(Heathman et al., 2000).

Cm, with its half-filled 5f-band, shows a similar phase sequence as Am. How-
ever, the phase transitions are shifted to higher pressures, which are necessary
to force the 5f-electrons to take part in the metallic bonding, in addition to the
already itinerant 6d- and 7s-electrons. The modification mC4-Cm, which does
not occur in Am, has f-electrons that are still not fully delocalized. It has an ABA
stacking of distorted and shifted hcp layers, and is stabilized by antiferromagnetic
interactions (Heathman et al., 2005).



7

Crystal structures of intermetallic
compounds

Our immodest ambition is to give a representative picture of the overwhelmingly
rich world of intermetallic compounds. Unfortunately, this will not and cannot be
the “big picture” explaining everything related to intermetallics, although for a few
classes of intermetallics “little pictures” already exist. With the “big picture” al-
ready in place, we would be able not only to predict the existence of intermetallics
in any binary, ternary, or multinary system but also their structures and proper-
ties. Unfortunately, we are far away from this ultimate goal. Our more descriptive
approach is suited only to increase our knowledge base.

We will show the distribution of intermetallics as a function of chemical com-
position, stoichiometry, and structure types. In some cases it may go beyond,
providing an explanation of the principles underlying their formation and stability.
And what do we mean by “representative”? Within the scope of this book, there
is no such encyclopedic approach possible as we used for the metallic elements.
We have to restrict ourselves to an exemplary discussion of typical representatives
of structure types we consider important or illustrative from one point of view or
another. It is an attempt to gain more insight into the structural ordering prin-
ciples of intermetallics, a better understanding in what way intermetallic phases
adopt their structures from simple periodic to complex quasiperiodic ones. It is
also an attempt to present a broad overview of which structures are more or less
common, which are the simplest possible and the most complex ones known so
far, from one atom per unit cell to more than twenty thousand, or even without a
3D unit cell.

Which structure types do we consider important and/or illustrative? Certainly,
these are the most frequently occurring ones and also those that are helping us
to understand fundamental structural formation principles, or those that show
structural similarities reducing the large number of structure types to a few
basic (prototypic) and many derivative ones, and, of course, those structure
types that have representatives with interesting physical properties and (poten-
tial) technological applications, and which allow us to illustrate structure/property
relationships.

Intermetallics: Structures, Properties, and Statistics. First Edition. Walter Steurer and Julia Dshemuchadse.
© Walter Steurer and Julia Dshemuchadse 2016. Published in 2016 by Oxford University Press.
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According to Pearson (1972), a powerful way for classifying and discussing
the structures of intermetallics is by describing them as stackings of atomic lay-
ers, whenever this is possible. He found that this works well for 590 of the then
known ≈ 650 structure types. We follow his suggestion wherever it proves useful,
but employ a cluster-based approach where it is more illustrative. For particular
symmetries, cluster-based structures also show distinct layer structures anyway.
We will also show characteristic projections of crystal structures, which can be
especially useful for comparing structures of complex intermetallics. In properly
chosen projections, layer packings or substructures may also become visible. In
the cases where complex intermetallics can be described as superstructures of un-
derlying basic structures we will also depict their average structures. Of course,
we will also employ the approach of derivative structures, i.e., either by formally
filling specific interstitial sites or by selectively substituting atoms in prototype
structures, for instance.

In the reduced database Pearson’s Crystal Data (PCD) (Villars and Cenzual,
2011a), there are altogether 2166 different structure types listed. However, sum-
ming up just the 86 structure types given for the elements, the 943 for binary and
the 1391 for ternary phases one gets 2420 structure types altogether. This means
that a significant number of binary or ternary compounds are just considered to be
pseudo-binaries or pseudo-ternaries, respectively, because their structures can be
(or have been, at least) described by unary or binary structure types, respectively
(see discussion in Chapter 5).

It has to be kept in mind that our discussion of crystal structures is purely ge-
ometrical in most cases. The description in terms of structural subunits (layers,
clusters, . . . ) can, but does not necessarily need to, reflect the relevant atomic
short-range interactions (chemical bonding); also not taken into account are long-
range interactions such as the electronic and dynamic structure as reflected in
the electronic and vibrational density of states, respectively. There is simply not
enough reliable information of this kind in the literature except in the more recent
literature. For us, a feasible way to include a minimum amount of chemical in-
formation was the use of M/M-plots, showing which elements are prone to form
particular structure types, thus indicating at least some of the factors controlling
their formation (electronegativity differences, atomic radii ratios, etc.).

The validity of our approach to focus on a geometrical discussion is corrob-
orated by the recent experimental and theoretical studies of mesoscopic model
systems (colloids, nanoparticles, polyhedra, etc.) (see, e.g., Lifshitz (2014)).
Those can adopt rather complex long-range-ordered structures, even quasiperi-
odic ones, based on interactions that can be described in computer simulations by
rather simple isotropic pair potentials with or without Friedel oscillations. Conse-
quently, we will discuss crystal structures mainly by packing principles for given
structural subunits. The prevalence of particular atomic configurations is assumed
to be controlled by chemical bonding within the boundary conditions of chemical
composition, stoichiometry, and atomic size ratios.
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This chapter will start with three sections on the statistics of structures and
structure types as well as with a detailed discussion of structure types that can be
derived from simple sphere packings by selective occupation of interstitial sites or
by the substitution of specific atoms with another kind of atom. The subsequent
section is devoted to topologically close-packed (tcp) (Frank-Kasper, FK) phases,
which have only tetrahedral voids.

Three more sections are devoted to large subclasses of intermetallics, the Zintl
phases, the equiatomic REME phases, and the hP3-AlB3 derivative structures.
The section on topological layer structures deals with partly more complex struc-
tures, which can be nicely decomposed (geometrically) into layer stackings. The
following section on long-period structures illustrates their alternative descriptions
as superstructures, modulated or host/guest structures. In the section on hierar-
chical and modular structures, it is demonstrated how complex structures can be
derived by replacing atoms in simple structures by groups of atoms (clusters),
i.e., applying the same packing principles on different length scales. The section
on structures with one dominating element shows the complexity of structures
resulting from extremely unbalanced stoichiometries.

Finally, a systematic overview will be given about different classes of intermetal-
lic compounds. First, alkali/alkaline earth metal compounds (groups 1 and 2,
only) are discussed, then alkali/alkaline earth metal compounds with transition
metals (groups 1 and 2 with groups 3–12), followed by transition metal/transition
metal compounds (groups 3–12, only). These sections are followed by a dis-
cussion of intermetallic compounds with at least one (semi)metallic element
from groups 13–16, i.e., the trielides (Al, Ga, In, and Tl), tetrelides (Ge, Sn,
and Pb), pnictides (Sb, and Bi) and polonides (Po). The last two sections deal
with lanthanoid/lanthanoid and actinoid/actinoid compounds, and high-pressure
phases of selected intermetallic compounds, respectively.

7.1 Statistics of structures derived from simple
sphere packings

The database Pearson’s Crystal Data (PCD) (Villars and Cenzual, 2011a) was
searched for structures with cuboctahedral (co12), anticuboctahedral (ac12), also
called disheptahedral, and rhombic-dodecahedral (rd14) AETs, respectively, in
order to identify ccp, hcp, and bcc-based derivative structures, which have a lower
symmetry than their parent structures in most cases. Out of the 20 829 entries,
there are 4369 compounds (21%) crystallizing in 174 structure types, where such
AETs were identified: 83 for rd14, 82 for co12, and 19 for ac12. Of course, this does
not mean that these AETs are the only ones in these structure types. The overall
number of different structure types, 174, is smaller than the sum of the numbers
of structure types combined, 83 + 82 + 19 = 184. This is due to structure types
constituted from more than one type of these three AETs. Either only rd14 or only
co12 are found in compounds with structures assigned to the tP2-CuAu type (103



230 Crystal structures of intermetallic compounds

compounds), to the tI6-CuZr2 type (37), to the oF4-In type (2), tI2-In (44), to
the tI8-TiAl3 type (55), and to the tI8-VRh2Sn type (16); rd14 or ac12 in the oP4-
AuCd type (22) and the oP8-Cu3Ti type (51); and co12 or ac12 in the hP2-Mg
type (338) and the hP4-Nd type (52).

The distribution of binary intermetallics with such structures is illustrated in the
M/M-plots depicted in Fig. 7.1. The stability areas for compounds with bcc de-
rivative structures are well separated from those of the other ones. bcc structures
are mainly found for the element compositions with M(A)/M(B) in the ranges
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Fig. 7.1 Binary element combinations, AxBy (x ≥ y), forming compounds with derivative
structures based on bcc, ccp, and hcp sphere-packings. M(A) and M(B) denote the Mendeleev
numbers of the majority and minority elements, A and B, respectively. For AB-compounds,
both element combinations are plotted. The upper left subfigure shows all element combinations
of the 4369 structures (black dots). In the other subfigures, the element combinations referring to
bcc, ccp, or hcp derivative structures are marked by gray dots.
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(7–33)/(60–91) and (49–70)/(49–70). The distribution of compounds with ccp
and hcp structures is almost complementary to it, while both also differ quite sig-
nificantly from each other. The agglomeration of compounds with hcp structures
in the field of phases containing two lanthanoids may be due to the formation of
solid solutions between two hcp lanthanoids. Another accumulation of gray dots in
the hcp subfigure can be found for compositions (55–65)/(49–70). Compared to
theM(A)/M(B) plots for bcc and hcp structures, that for ccp structures is the least
symmetric one with respect to the majority component, AxBy �= AyBx (x ≥ y).
Caveat: One has to keep in mind that these AET-assignments are not always

without ambiguity. The atomic environments of the structures in the PCD are
automatically classified with the maximum-gap method (Brunner and Schwar-
zenbach, 1971; Daams and Villars, 1997). Most structures exhibit a clear gap
in interatomic distances after the first coordination sphere (Villars and Cenzual,
2011a), containing all positions considered for the determination of an AET.
However, a pure distance-based approach is not always successful and also does
not account for the completeness of a coordination shell. A more powerful ap-
proach relies on the Voronoi-Dirichlet polyhedra (Blatov, 2006), which basically
takes into account all neighbors of a central atom that represent a certain mini-
mum solid angle of its coordination sphere. This method, as well as alternative
approaches to determine an atom’s connectivity, are implemented in the program
package “TOPOS” (Blatov, 2012), for instance.

7.2 Close-packed structures and their derivatives

By selective substitution (also by vacancies) of subsets of atoms forming close-
packed structures and/or by the selective filling of tetrahedral or octahedral voids,
families of substitutionally ordered structures, as well as of other derivative struc-
tures, can be obtained (Fig. 7.2). It should be kept in mind that some of the
structures that can be described as derivatives of ccp structures may be equally
well considered as bcc superstructures. Usually, a derivative structure has a lower
symmetry and/or a larger unit cell than its reference (parent) structure and there
is always a dedicated group/subgroup relationship. The AETs in the case of
parent ccp and hcp structures are cuboctahedra and disheptahedra (anticuboc-
tahedra), respectively. Both AETs have an ideal ratio of the radius of the central
atom to the one of the surrounding atoms, rc/rs = 1. Ideal means in this case
that all spheres touch each other (“kissing spheres”). The parent structure types
cF4-Cu and hP2-Mg are centrosymmetric, and so is the cuboctahedron, while the
disheptahedron itself is non-centrosymmetric.

The schematics for selectively filling the tetrahedral and octahedral voids, re-
spectively, in the cF4-Cu structure type (225 Fm3̄m, Cu in 4a 0, 0, 0) in different
ways is illustrated in Fig. 7.2. If half of the tetrahedral voids are filled with the same
kind of atoms, the cF8-C (diamond) structure type is obtained (227 Fd3̄m, C in
8a 0, 0, 0); if another type of atom is used, the cF8-ZnS (sphalerite, zincblende)
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structure type results (216 F 4̄3m, Zn in 4a 0, 0, 0; S in 4c 1/4, 1/4, 1/4). With all
tetrahedral interstices occupied by another kind of atoms, we get the cF12-CaF2

(fluorite) structure type (225 Fm3̄m, Ca in 4a 0, 0, 0; F in 8c 1/4, 1/4, 1/4). If
we replace a subset of one kind of atoms in the cF4-Cu type by a subset of an-
other kind, we obtain either the tP4-CuAu type (123 P4/mmm, Au in 1a 0, 0, 0
and 1c 1/2, 1/2, 0; Cu in 2e 0, 1/2, 1/2) or the cP4-Cu3Au type (221 Pm3̄m, Au
in 1a 0, 0, 0; Cu in 3c 0, 1/2, 1/2) (Fig. 7.3). cP5-BaTiO3 (221 Pm3̄m, Ba in
1a 0, 0, 0; Ti in 1b 1/2, 1/2, 1/2; O in 3c 0, 1/2, 1/2), with the central position (oc-
tahedral void in the cF4-Cu type) occupied additionally, can be seen as a filled
cP4-Cu3Au type.

The binary system Au–Cu shows full miscibility of the two components above
683 K. Below this temperature, several ordered phases with broad stability ranges
form around the compositions Au3Cu, CuAu, and Cu3Au. The liquidus curve
shows a significant minimum (1183 K) at ≈ 44 at.% Cu, indicating that Au–Cu
interactions are weaker than those between Au–Au and Cu–Cu. The melting tem-
perature of Au, 1337.4 K, is slightly lower than that of Cu, 1357.9 K, respectively.
It is not surprising, therefore, that tP4-CuAu forms a structure with alternat-
ing Au and Cu layers along [001], with the Au–Au distance of 2.811 Å even
slightly shorter than in cF4-Au with 2.884 Å (Fig. 7.3(a–c)). The Cu–Cu dis-
tances are determined by the larger Au atoms, and lead to a shrinking of the unit
cell along [001] resulting in a ratio c/a = 0.927. tP4-CuAu can either be described
by a stacking of alternate 44 layers of Au and Cu atoms along [001] or as ABC-
stacking of hcp layers along [111]. In the case where the ratio c/a is around 1,
the description as a cF4-Cu superstructure is appropriate; if it is around

√
2/2,

a description based on a cI2-W-derivative structure is more favorable. In a de-
scription of the structures as a stackings of 36 layers, these are more regular in the
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Fig. 7.3 Substitutional derivative (super)structures of the cF4-Cu structure type. In each case,
the following is shown: the unit cell, AETs around each symmetrically independent atom (all are
cuboctahedra), one hexagonal close-packed layer in the ball-and-stick model (only bonds between
like atoms are drawn for clarity), as well as with space-filling atoms (the rectangle marks the
unit cell of the layer). The black spheres always correspond to the heavier atoms. In the cases
where the orientation of the hcp layer is not perpendicular to a lattice parameter, its orientation
is indicated by a gray plane. (a)–(c) tP4-CuAu, (d)–(f) cP4-Cu3Au, (g)–(i) tI8-TiAl3, (j)-(l)
tI10-MoNi4. For subfigures (b, c), (e, f), (h, i), and (k, l), the scale is one third the usual one.
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case of cF4-Cu derivatives and more distorted in the case of cI2-W derivatives,
where the stacking runs along [110].

In the case of cP4-Cu3Au, the only continuous monoatomic layers are 44 layers
constituting Cu along [001] (Fig. 7.3(d–f)). The Cu–Cu distances are smaller
than in tP4-CuAu, but with 2.647 Å in both the Cu-layers as well in the Kagomé
net layer they are still larger than in cF4-Cu (2.556 Å). This is a consequence of
the larger Au atoms expanding the lattice. The hcp layers in cP4-Cu3Au, stacked
along [111] with the sequence ABC, consist of Cu decorated 3.6.3.6 Kagomé nets,
while the Au atoms form a 36 triangle net centering the hexagons. The distance
histograms of these and other ccp derivative structures are shown in Fig. 7.5.
tI8-TiAl3 is an incongruently melting line-compound in the complex Al–Ti sys-

tem. The substitution of 25 at.% Al by Ti raises the melting temperature steeply
from 933.5 K, i.e., that of Al, to 1160 K for tI8-TiAl3. Its structure can be de-
scribed as a two-fold superstructure along [001] of cF4-Cu, with the hcp layers in
the same orientation as in the pseudo-cubic subcells (Fig. 7.3(g–i)). The sequence
of 44 layers along [001] is equal to that in two unit cells of cP4-Cu3Au, except that
the layer in the middle is shifted by 1/2, 1/2, 0. This leads to a smaller rectangular
unit cell of the hcp layer. The Al–Ti distances in the 44 layers with 2.712 Å are
shorter than the distance calculated from their atomic radii, 2.880 Å, and of those
in other directions (2.877 Å). This also shortens the Al–Al distances to 2.712 Å,
compared to those in cF4-Al (2.864 Å). The c/a ratio is with 1.120 (referred to
one subcell) significantly larger than that for cP4-Cu3Au, which is obviously equal
to 1. The doubling of the unit cell compared to cP4-Cu3Au replaces one vertex of
the pure Al octahedron by a Ti increasing the attractive forces along [001]. This
results in shorter Al–Al distances in the pure Al layers below and above the cell
center. Indeed, ab initio calculations revealed a strong hybridization of Al-p- and
Ti-d-states and a strong directionality in bonding (Hong et al., 1990) explaining
the stability of this structure.
tI10-MoNi4 (at = 3/2ac –1/2bc, bt = 3/2bc+1/2ac, ct = cc) is a low-temperature

ordering state in the system Mo–Ni, its phase field neighboring that of the solid
solution cF4-(Ni,Mo). There are no more layers with only Mo or Ni in bonding
distance as in the previous three cases, just bands of Ni atoms in the hcp lay-
ers. The rectangular unit cell of these layers is very large now. The larger unit
cell is needed to accommodate the stoichiometry, which is incompatible with the
cF4-Cu unit cell. Along [111], the repeat unit of the stacking sequence amounts
to 15 hcp layers (Fig. 7.3(j–l)).

More complex superstructures with larger unit cells are, tI16-ZrAl3 (4-fold
superstructure along [001]) (Fig. 7.4(a)–(c)), oP20-ZrAu4 (close packed lay-
ers along [010]) (Fig. 7.4(d)–(f)), hP12-WAl5 (close packed layers along [001])
(Fig. 7.4(g)–(i)) as well as oI6-MoPt2 (ao × 1/2(ac –bc), bo × 3/2(ac+bc), co × cc),
and hP8-Ni3Sn (2 × 2 × 1)-fold superstructure of hP2-Mg), for instance. hP8-
Ni3Sn is the hcp analogue to ccp cP4-Cu3Au, with the same kind of layers
stacked in the sequence AB along [001]. One principle underlying all these su-
perstructures is that direct contacts of like atoms are only allowed for one kind of
atoms.
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Fig. 7.4 Substitutional derivative (super)structures of the cF4-Cu structure type. In each case,
the following are shown: one unit cell, AETs around each symmetrically independent atom
(cuboctahedra in (a) and disheptahedra in (d) and (g), one hexagonal close-packed layer in the
ball-and-stick model (only bonds between like atoms are drawn for clarity), as well as with
space-filling atoms (the rectangle marks the unit cell of the layer). The black spheres always
correspond to the heavier atoms. In the cases where the orientation of the hcp layer is not
perpendicular to a lattice parameter, its orientation is indicated by a gray plane. (a)–(c)
tI16-ZrAl3, (d)–(f) oP20-ZrAu4, (g)–(i) hP12-WAl5. For subfigures (b, c), (e, f), and (h, i)), the
scale is one third the usual one.
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Fig. 7.5 Distance histograms of the substitutional derivative (super)structures of the cF4-Cu
structure type shown in Figs. 7.3 and 7.4: tP4-CuAu, cP4-Cu3Au, tI8-TiAl3,
oP20-ZrAu4, tI10-MoNi4, tI16-ZrAl3, and hP12-WAl5. In parentheses, the kind and
number of atoms involved in the histogram calculations are given. The last three structure
types exhibit varying coordinations for the different atomic sites, which are shown in separate
plots (tI10-MoNi4:Mo and Ni; tI16-ZrAl3: Al1,Al2, Al3, and Zr; hP12-WAl5:
Al1,Al2,W, and Al3). The applied binning does not allow us to see individual histogram
bars for differences < 0.1dmin.
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Fig. 7.6 Structures of the compounds in the homologous series (BaSn3)m[Ba(SnyBi1–y)3]n
(Sn. . . light gray, Ba. . . dark gray, Bi. . . black; Sn-octahedra. . . light gray, Sn/Bi-
octahedra. . . dark gray): (a)–(b) y=0, m=1, n=0, hh, 194 P63/mmc, 2H, and hP8,
projected along [010] and [001], respectively; the structure consists of columns of face-sharing
Sn-octahedra along [001] (c), while the Ba atoms are coordinated disheptahedrally (d); (e)–(f)
y=0.43, m=3, n=1, (hhhc)2, 194 P63/mmc, 8H, hP32; (g)–(h) y=0.39, m=3, n=2,
(hhhcc)2, 194 P63/mmc, 10H,HP40; and (i)-(j) y=0.33, m=2, n=2, (hhcc)3, 166 R3̄m,
12R, hR48 (Ponou et al., 2008). The layers of the structure shown in (e)–(f) are depicted in the
ball-and–stick as well as the space-filling model in (k) for z=0, in (l) for z=1/8 and in (m) for
z=1/4.
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The phase diagrams of the systems Al–Zr and Au–Zr are—with more than
ten phases each—quite complex. tI16-ZrAl3 and oP20-ZrAu4 are the Al- and
Au-richest (line) compounds with high melting temperatures indicating strong
Al-Zr- and Au-Zr-interactions. The latter is also true for the Al-W-interactions in
hP12-WAl5. hP8-Ni3Sn is the low-temperature ordering state for this stoichiom-
etry while at high temperature cF16-Ni3Sn (cF16-Li3Bi type) is the stable phase.
The latter can be described as a filled cF4-Cu structure type or as a (2 × 2 × 2)-
fold cI2-W superstructure. oI6-MoPt2 corresponds to a low-temperature ordering
state below the quite extended (Mo, Pt) solid solution stability field.
hP8-BaSn3 (hP8-Ni3Sn structure type) is a hcp derivative structure that be-

longs to the class of Zintl phases, which will be discussed in greater detail in
Section 7.5 (Fig. 7.6). By partial substitution of Sn by Bi in the quasibin-
ary system BaSn3–xBix (0.4 ≤ x ≤ 1), a series of polytypic superstructures is
formed, (BaSn3)m[Ba(SnyBi1–y)3]n, with periods along [001] of up to 39 atomic
layers (Ponou et al., 2008) (Fig. 7.6). The driving force behind the superstruc-
ture formation is its partition into polar (BaSn3) and non-polar (Ba(SnyBi1–y)3)
substructures.

The structures are characterized by columns of face-sharing octahedra with
12-coordinated Ba atoms in–between (Fig. 7.6(c)). If adjacent octahedra form
an h-layer (Jagodzinski notation), i.e., the face-sharing octahedra are related by
mirror symmetry, then the AET of Ba corresponds to a distorted disheptahedron
(Fig. 7.6(d)). Consequently, the whole layer can be considered as a local mirror
plane, just acting on the two neighboring layers. In the case of a c-layer, with
the edge-sharing octahedra being related by inversion symmetry, the Ba AET is
a distorted cuboctahedron. The inversion center is located in the middle of the
edge shared by the inner square faces of the two octahedra. The edge shared by
the two octahedra of a c link is also shared by two tetrahedra.

One description is by taking the Ba atoms as centers of disheptahedra or
cuboctahedra, another one by decomposing these large AETs into six half-
octahedra and six tetrahedra, i.e., to discuss the structure in terms of octahedra
and tetrahedra only.

7.3 cI2-W based structures and their derivatives:
Heusler and Hume-Rothery phases

A large number of crystal structures of intermetallics can be derived by substi-
tution from the cI2-W structure type (229 Im3̄m, W in 2a 0, 0, 0) (Fig. 7.7(a)).
Sticking to the same unit cell, just one derivative structure is possible: cP2-CsCl
(221 Pm3̄m, Cl in 1a 1/2, 1/2, 1/2, Cs in 1b 0, 0, 0) (Fig. 7.7(b)).

In the case of (2× 2× 2)-fold superstructures of the cI2-W type, four dif-
ferent stoichometries are possible—AB, AB3, ABC2, and ABCD: cF16-NaTl
(227 Fd3̄m, Tl in 8a 0, 0, 0, Na in 8b 1/2, 1/2, 1/2); cF16-BiF3 (225 Fm3̄m,
Bi in 4a 0, 0, 0, F in 4b 1/2, 1/2, 1/2, F in 8c 1/4, 1/4, 1/4); the Heusler phase
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Fig. 7.7 The cI2-W structure type together with several examples of its superstructures. In
each case, the unit cell is depicted in perspective view as well as a (110) section through it.
(a) cI2-W type; (b) cP2-TiFe (cP2-CsCl type); (c) cF16-Fe3Al (cF16-BiF3 type);
(d) cF16-Cu2MnAl type; (e) cF16-NaTl type; and (f) cF16-Li2AgSb type. The tetragonal
superstructures are shown with their unit cells and in projection along [010]: (g) tI18-V4Zn5
type; (h) tI6-Zr2Cu.

cF16-Cu2MnAl (225 Fm3̄m, Al in 4a 0, 0, 0, Mn in 4b 1/2, 1/2, 1/2, Cu in
8c 1/4, 1/4, 1/4); cF16-Li2CuSb (216 F 4̄3m, Li in 4a 0, 0, 0 and in 4d 3/4, 3/4, 3/4;
Sb in 4b 1/2, 1/2, 1/2; Ag in 4c 1/4, 1/4, 1/4) (Fig. 7.7(c)–(f)); cF16-LiPdMgSn
(216 F 4̄3m, Sn in 4a 0, 0, 0 andMg in 4b 1/2, 1/2, 1/2; Cu in; Pd in 4c 1/4, 1/4, 1/4;
Li in 4d 3/4, 3/4, 3/4) (Fig. 7.7).

The most common representative of (3 × 3 × 3)-fold superstructures is
bcc γ -brass, cI52-Cu5Zn8 (217 I 4̄3m, Cu in 8c 0.828, 0.828, 0.828; Zn in
8c 0.11, 0.11, 0.11; Cu in 12e 0.355, 0, 0; and Zn in 24g 0.313, 0.313, 0.036)
(Fig. 7.8).

Superstructures with other unit-cell sizes and symmetries are known as well.
Two examples are depicted in Fig. 7.7(g)–(h): the (3 × 3 × 1)-fold superstruc-
ture tI18-V4Zn5 (139 I4/mmm, Zn in 2a 0, 0, 0, and 8h 0.328, 0.328, 0; V in
8i 0.348, 0, 0), and the (1 × 1 × 3)-fold superstructure tI6-Zr2Cu, 139 I4/mmm,
Cu in 2a 0, 0, 0; Zr in 4e 0, 0, 0.319).
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Fig. 7.8 The I-cell γ -brass structure, cI52-Cu5Zn8, in different views (Cu. . . gray,
Zn. . . black spheres). The structure is usually described by a bcc arrangement of 26-atom
structural units (e, f), each one consisting of (a) an inner Zn tetrahedron (IT), surrounded first
by (b) an outer tetrahedron (OT), then by (c) a Cu octahedron (OH) and, finally, (d)–(e) a Zn
cuboctahedron (CO). All those polyhedra are distorted. The projection along [001] is shown
in (g), with the (3× 3× 3) unit cells of the underlying cI2-W structure marked. The black
spheres always correspond to the heavier atoms.

In the case of tI18-V4Zn5, one can see that the central unit cell, decorated
just by Zn, is larger than the surrounding ones. The melting temperature of this
line compound is much higher than that of pure Zn, indicating strong attractive
interactions between V and Zn, but is also much lower than that of elemental V.
The Zn–Zn distances in this part with 2.701 Å are slightly shorter than the sum
of their radii, those between V and V with 2.503 Å significantly shorter.
tI6-Cr2Al has a broad compositional stability range and corresponds to an or-

dering state of the high-temperature solid solution (Al,Cr). The Cr–Cr distances
with 2.439 Å are relatively short, while the shortest Al–Al distances are quite large
(3.006 Å). The Al–Cr distances, 2.641 Å, are somewhere in-between.

7.3.1 Hume-Rothery phases and the system Cu–Zn

A significant number of intermetallic phases is assumed to be mainly electroni-
cally stabilized (see Table 7.1). What does this mean? In contrast to covalently
bonded compounds or ionic crystals, where local interactions lead to stable struc-
tures, the electronic interaction typical for Hume-Rothery phases is of non-local



Table 7.1 Binary systems with Hume-Rothery phases (based on Cahn and Haasen (1996)). The number of valence electrons of an element is
determined by the group number in the periodic table of elements; for the transition metals it was set to zero here.

Phases with cubic symmetry Phases with hexagonal symmetry

Disordered bcc structure γ -brass structure β-Mn structure c/a = 1.633 c/a = 1.57
β γ μ ζ ε

1.36 ≤ e/a ≤ 1.59 1.54 ≤ e/a ≤ 1.70 1.40 ≤ e/a ≤ 1.54 1.22 ≤ e/a ≤ 1.83 1.65 ≤ e/a ≤ 1.89
cI2-W cI52-Cu5Zn8 cP20-Mn hP2-Mg hP2-Mg

Cu-Be Ag-Zn Au-Al Cu-Zn Mn-Zn Cu-Si Cu-Ga Cu-Zn

Cu-Zn Ag-Cd Cu-Cd Mn-In Ag-Al Cu-Si Ag-Zn

Cu-Al Ag-Al Cu-Hg Fe-Zn Au-Al Cu-Ge Ag-Cd

Cu-Ga Ag-In Cu-Al Co-Zn Co-Zn Cu-As Au-Sn

Cu-In Cu-Ga Ni-Zn Cu-Sb Au-Cd

Cu-Si Cu-In Ni-Cd Ag-Cd Li-Zn

Mn-Zn Cu-Sn Ni-In Ag-Al

Ag-Li Pd-Zn Ag-Ga

Ag-Zn Pt-Zn Ag-In

Ag-Cd Pt-Cd Ag-Sn

Ag-Hg Ag-As

Ag-In Ag-Sb

Au-Zn Au-Cd

Au-Cd Au-Hg

Au-Ga Au-In

Au-In Au-Sn

Mn-Zn
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origin. The underlying mechanism is usually illustrated by the picture of Fermi-
surface/Brillouin zone (FS/BZ) nesting leading to electron depletion (pseudo-gap)
at the Fermi energy, lowering the energy of the occupied electron states in this way.
In the case of a favorable valence-electron concentration (VEC), i.e., number of
valence electrons per atom, e/a, the crystal structure modifies and adjusts itself in
order to bring the almost spherical Fermi surface with radius |k|F in close con-
tact with the respective important Brillouin-zone planes, with diffraction vectorH.
A BZ plane is important if it is strongly scattering, i.e., if the respective diffracted
intensity I(H) is strong. The interference of electron waves will lead to standing
waves if the condition 2kF =H is fulfilled. This is the case for electron waves with
kF =1/λ, and the wavelength λ=2d, which are diffracted on atomic layers (Bragg
planes) with distance d =1/|H|. FS/BZ nesting is especially efficient if the BZ is
as spherical as possible, i.e., in high-symmetry structures. The closest to spher-
ical symmetry of a BZ can be obtained in icosahedral quasicrystals, which are
Hume-Rothery phases indeed.

In the following, we illustrate the role of the VEC on the binary system Cu–Zn
with several electronically stabilized structures. The VEC increases with increas-
ing Zn-content. The solid solution of hcp Zn in ccp Cu, called α-phase, has a
very wide compositional stability field (up to 38.3 at.% Zn) with e/a varying in
the range 1≤ e/a≤ 1.4. Around e/a≈ 3/2, the bcc β-phase follows, with an LT
and an HT modification, where the LT structure (cP2-CsCl type) corresponds
to an ordered variant of the substitutionally randomly disordered HT structure
(cI2-W type).

The γ -phase (cI52-Cu5Zn8 type) appears in a broad range around
e/a≈ 21/13≈ 1.62 (21 valence electrons for 13 atoms). As mentioned in Sec-
tion 7.3, its structure can be described as a (3× 3× 3)-fold superstructure of the
cI2-W structure type, with the corner atoms as well as the central atom removed,
and the other atoms relaxed (Fig. 7.8). Apart from this structure type with sym-
metry I 4̄3m (217), called I-cell γ -brass, related structure types also exist. If the
I-symmetry is broken by small differences in the structural units A and B, cen-
tered at the corners and the center of the unit cell, respectively, then the P-cell
γ -brasses are obtained: cP52-Cu9Al4 type (215 P4̄3m). This structure can be seen
as cluster-decorated cP2-CsCl type. F-cell γ -brasses also exist (cF416-Cu41Sn11

type (216 F 4̄3m)), which can be described as a (2× 2× 2)-fold superstructures of
the P-cell type, now with four slightly different 26-atom clusters A (in 4a 0, 0, 0),
B (in 4c 1/4, 1/4, 1/4), C (in 4b 1/2, 1/2, 1/2), and D (in 4d 3/4, 3/4, 3/4). By this
kind of ordering, energetically unfavorable close Sn-Sn contacts can be avoided,
which would not be possible in P- or I-cells at this composition (Booth et al.,
1977). Finally, there are also pseudo-cubic R-cell brasses known with the hR78-
Cr8Al5 structure type (R3m), featuring three symmetrically equivalent versions of
the same 26-atom cluster per unit cell.

In the broad stability field of γ -brass (up to 57–68 at.% Zn), the Cu and Zn
atoms show a specific site preference as a function of stoichiometry (Gourdon
et al., 2007). In all cases, the inner Cu4Zn4 tetrahedra star (i.e., the union of
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the inner and outer tetrahedra, IT+OT) remains unchanged (this includes the
two sites sitting in an icosahedral environment), while the outer octahedron and
cuboctahedron vary in their composition.

The ε-phase (hP2-Mg type) is observed around e/a ≈ 7/4, and finally, the
η-phase (hP2-Mg type) corresponds to a solid solution with a small compositional
stability range (up to 2.8 at.%). The c/a-ratio of pure Zn equals 1.856, far from the
ideal ratio 1.633 of a hcp sphere packing due to covalent bonding contributions
within the hcp layers. At the boundary of the solid solution, with 2.8 at.% Cu in
Zn, the c/a ratio decreases to 1.805. For the ε-phase, this ratio amounts to only
1.568, now much smaller than the ideal ratio 1.633.

7.3.2 Heusler phases

There are approximately 500 Heusler phases known so far, which are ternary or
quaternary (2× 2× 2)-fold superstructures of the cI2-W structure type. One dis-
tinguishes between full and half-Heusler phases, which belong to the structure
types cF16-Cu2MnAl (225 Fm3̄m, Al in 4a 0, 0, 0, Mn in 4b 1/2, 1/2, 1/2, Cu in
8c 1/4, 1/4, 1/4), and cF12-LiAlSi (216 F 4̄3m, Al in 4a 0, 0, 0, Li in 4b 1/2, 1/2, 1/2,
Si in 4c 1/4, 1/4, 1/4), respectively. cF16-Cu2MnAl can be considered to be a
superstructure of the cF16-BiF3 type (Fig. 7.7 (c)–(d)). Removing four of the
eight Cu atoms in the eighth-cubes leads to the cF12-LiAlSi structure type (also
called cF12-MgAgAs type) of the half-Heusler phases.

Heusler phases have the general composition A2BC, with A and B transition
elements. In some cases B can be a rare-earth or an alkali element, and C a main
group element. Heusler phases are mostly semi-metallic. Their structure can also
be described as four interpenetrating fcc sublattices, two of them occupied by the
A atoms, and it has two magnetic sublattices. Half-Heusler compounds have com-
position ABC. With 8 or 18 valence electrons they are mostly semiconductors;
with 27 valence electrons and if they are nonmagnetic, they can be superconduct-
ing. The structure can be described as consisting of two substructures, one of the
cF8-ZnS type (mainly covalent bonding contributions), and one of the cF8-NaCl
type (mainly ionic bonding contributions). They have only one magnetic sublat-
tice, with the magnetic atom (RE or Mn) on the cF8-NaCl-like sublattice (Graf
et al., 2011).

Heusler and half-Heusler phases are still intensely studied because of the inter-
esting (multifunctional) magnetic, thermoelectric, or superconducting properties
of some of them. Their number of valence electrons allows us, to some extent,
a prediction of the physical properties. Since most of their structures show great
compositional flexibility, partial substitution of elements allows a fine tuning of the
valence electron concentration and therewith of specific physical properties. For
instance, the band gap of the semiconducting half-Heusler phases can be easily
tuned in the range between 0 and 4 eV by varying the chemical composition. For
a more general review see Graf et al. (2011), for instance, and for a review on the
applications of half-Heusler phases see Casper et al. (2012).
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Fig. 7.9 Occurrence of the Heusler phases, i.e, in structure type cF16-Cu2MnAl. The
constituting elements are given for the model formula A2BC with M(B)<M(C). Only the
309 stoichiometric compounds are given.

Among ternary intermetallics, 333 compounds are found to exhibit the struc-
ture type of the Heusler alloys cF16-Cu2MnAl (Fig. 7.9) and 166 compounds
that of half-Heusler alloys, cF12-MgAgAs (also called cF12-MgCuSb type).

Of the 333 Heusler phases with cF16-Cu2MnAl-type structures, 309 are re-
ported to be stoichiometric with 50% of element A with M(A)=10–81 and 25%
of elements B and C withM(B)= 8–77 andM(C)=62–88 forM(B) < M(C).

Of the 166 half-Heusler phases with cF12-MgAgAs-type structures, 161 are
reported as stoichiometric with 33.3% of all three elements A, B, and C with
M(A)= 12–72,M(B) = 54–80, andM(C)= 80–88 forM(A) < M(B) < M(C)
(Fig. 7.10).
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Fig. 7.10 Occurrence of the half-Heusler phases, i.e., in structure type cF12-AgMgAs. The
constituting elements are given for the model formula ABC with M(A) < M(B) < M(C).
Only the 161 stoichiometric compounds are given.

7.4 Frank-Kasper phases: σ -, M-, P-, R-phases,
and Laves phases

Frank-Kasper (FK)-phases are topologically close packed (tcp) intermetallic com-
pounds with all of their atoms in 12-, 14-, 15-, or 16-coordination, respectively
(Frank and Kasper, 1958; Frank and Kasper, 1959) (Fig. 7.11). tcpmeans that the
structure has only tetrahedral interstices, i.e., that the structure can be described
purely as a packing (3D tiling) of distorted tetrahedra. Consequently, the respec-
tive AETs, the four basic FK-polyhedra CN12, CN14, CN15, and CN16, all have
triangular faces only, and 5- and 6-connected vertices such that no 6-connected
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vertices are linked by a common edge. Their duals are the pentagon dodecahe-
dron and the only fullerenes with isolated hexagons, respectively (see Fig. 3.17 in
Subsection 3.3.2).

7.4.1 Frank-Kasper polyhedra and their packings

This subsection is devoted to a more detailed discussion of the Frank-Kasper
(FK) polyhedra, since they belong to the most important structural subunits in
intermetallic phases. Their usual representation is shown in Fig. 7.11(a), (d), (g),
and (j). However, since in most structures these coordination polyhedra (AETs)
are partially overlapping, a different visualization may give a clearer picture. If the

(a) (d)(c)

(f)

(b)

(i) (j)(h)

(g)(e)

CN12 CN14

CN15

CN16

Fig. 7.11 The Frank-Kasper (FK) polyhedra in different views: (a) CN12, with icosahedral
shape; it can also be seen as pentagon-face-capped pentagonal antiprism; (b)–(d) CN14, a
hexagon-face-capped hexagonal antiprism (b), which can also be visualized as two
apex-sharing hexagonal bipyramids (hbps) (c);(e)–(g) CN15, the μ-phase polyhedron, a
hexagon-face-capped vertex-truncated trigonal prism (e), which can also be seen as a union of
three hbps (f); (h)–(j) CN16, also called Friauf polyhedron, a hexagon-face-capped
vertex-truncated tetrahedron (h), which can also be seen a union of four hbps (i).
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hexagon-capping atom of one FK-polyhedron corresponds to the central atom of
a neighboring one, then the unit tile representation as shown in Fig. 7.11(b), (e),
and (h) may be more useful. Then the AETs do not overlap anymore, they are
just sharing hexagon faces, constituting a 3D tiling. This representation also bet-
ter shows the major skeleton of the structure, which connects all six-coordinated
vertices via the major ligand lines. The visualizations in Fig. 7.11(c), (f), and
(i) emphasize other subunits, apex-sharing hexagonal bipyramids (hbps). This
representation as subunits, which are no AETs, however, because they are not
centered, can give a clearer illustration of the building principles of complex
intermetallics, as demonstrated later on.

Following Frank and Kasper (1958), we assume that the six-rings, decorated
with atoms of type B, are plane regular hexagons with edge length 2, and define
a1 as the distance from the center of the FK polyhedron, decorated with an atom of
type A, to the center of the hexagon; (a2+1) should be the distance from the center
of the FK polyhedron to the vertices of the hexagon, and 2b the distance between
neighboring vertices of different hexagons of a FK polyhedron. In a similar way,
we take the distance between the vertices of the icosahedron to be 2, and define
(a1 +1) as their distance from the icosahedron center. The deviation of all these a-
and b-values from unity is a measure of the degree of incompatibility of these
arrangements with contact packing of hard spheres with radius:

• CN12, icosahedron built from 20 distorted tetrahedra, FK 12
20; dual pol-

yhedron: pentagon dodecahedron F20
12 , with point group symmetry m3̄5̄;

a1 = [1/2(5 +
√
5)]1/2 – 1=0.902.

• CN14, hexagon-capped hexagonal antiprism built from 24 distorted tetra-
hedra, FK14

24; dual polyhedron: fullerene F
24
14 , with point group symmetry

122m; a2 = (a21 + 4)1/2 – 1, b= (a21 + 2 –
√
3)1/2. The central atom A can be

greater or smaller than B, but rA = a1 is always smaller than a2 and b. Con-
sequently, for the central atom there is less space along the 12-axis than in
the other directions. For b= rB =1, the distortion is rather large; it can be
reduced by increasing b significantly. Some corresponding values are listed
in Table 7.2.

• CN15, hexagon-capped vertex-truncated trigonal prism built from 26
distorted tetrahedra, FK 15

26; dual polyhedron: fullerene F26
15 , 6̄2m; a1 = 1,

a2 =
√
5 – 1=1.236, b=1/2

√
3=0.866. Consequently, b defines the size

of the B atoms, yielding rB = b=1/2
√
3=0.866, rA = a1 = 1, and the size

ratio rA =2/
√
3=1.155rB. The distance between A and B atoms is with

dA-B =
√
5=2.236 larger than rA + rB = (2 +

√
3)/2= 1.866.

• CN16, hexagon-capped vertex-truncated tetrahedron built from
28 distorted tetrahedra, FK16

28; dual polyhedron: fullerene F28
16 , 4̄3m;

a1 =
√
3/2= 1.225, a2 =

√
11/2 – 1=1.345, b does not exist. Consequently,

the size of the B atoms amounts to rB =1, rA = a1 =
√
3/2= 1.225, and the

size ratio rA =
√
3/2= 1.225rB. The distance between A and B atoms is with

dA-B =
√
11/2= 2.345 larger than rA + rB =

√
3/2 + 1=2.225.
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Table 7.2 The geometry of the CN14 FK-polyhedron: atomic
radii rA = a1 and rB = b of the central-atom A and the coordinating
atoms B, respectively, if all atoms should be in contact with one
another.

a1 = 0.8 0.856 0.9 1.0 1.1 1.2

a2 = 1.15 1.18 1.19 1.24 1.28 1.33

b = 0.953 1 1.04 1.13 1.22 1.31

Table 7.3 Examples of FK-phases with the relative frequencies of the structure constituting
FK-polyhedra (based on Shoemaker and Shoemaker (1969)).

Relative frequency of

Structure type Name CN12 CN14 CN15 CN16

cP8-Cr3Si 0.25 0.75 0 0

hP7-Zr4Al3 0.44 0.28 0.28 0

cF24-MgCu2 Laves phase 0.67 0 0 0.33

hP12-MgZn2 Laves phase 0.67 0 0 0.33

hP24-MgNi2 Laves phase 0.67 0 0.33 0

tP30-Cr46Fe54 σ -phase 0.33 0.54 0.13 0

hR13-W7Fe6 μ-phase 0.55 0.15 0.15 0. 15

oP52-Nb10Ni9Al3 M phase 0.55 0.15 0.15 0.15

oP56-Mo21Cr9Ni20 P phase 0.43 0.36 0.14 0.7

hRP53-Mo3Cr2Co5 R phase 0.51 0.23 0.11 0.15

cI162-Mg11Al6Zn11 Bergman phase 0.61 0.7 0.7 0.25

Examples of FK-phases with the relative frequencies of the their structure-
constituting FK-polyhedra are listed in Table 7.3.

Structures that are exclusively composed of FK-polyhedra can be decomposed
into flat atomic layers. The primary layers consist of triangles and pentagons
(Laves phases, μ-phase, and M-phase), or of triangles and hexagons (σ -phase,
hP7-Zr4Al3), or of triangles, pentagons, and hexagons (P phase). They are sand-
wiched by secondary layers of triangles and/or squares so that solely tetrahedral
voids are formed. This constraint allows only capping of pentagons and hexagons
of the primary layer by the vertices of the secondary layer, and not of triangles.
Consequently, secondary layers are incomplete dual layers to the primary layers.
While the primary layers are usually located on mirror planes, the secondary layers
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lie in-between. Pentagons/hexagons in subsequent primary layers form antiprisms
centered by a vertex of the secondary layer in between.

Another property of structures where each atom is part of at least one FK-
polyhedron is the existence of a major skeleton, the nodes of which, the major sites,
are connected by major ligands. Any site in such a structure that is 12-coordinated
is called minor, a (12 + n)-coordinated one, with n≥ 1, major. At a major site of
coordination number Z, (Z – 12) major ligands meet. Thus the central atoms of
CN14, CN15, and CN16 FK-polyhedra are the meeting points of 2, 3, or 4 major
ligands, which are (accurately or approximately) in line, 120◦ apart in a plane, or
pointing to the vertices of a tetrahedron, respectively. The major skeleton uniquely
defines an FK-structure.

The truncated tetrahedron has the vertex configuration 3.62 and corresponds
to one of the 13 Archimedean solids (Fig. 3.14 in Subsection 3.3.1). As given
in Table 3.6 and illustrated in Fig. 3.15 (both in Subsection 3.3.1), three dif-
ferent packings of uniform polyhedra with cubic symmetry are possible, where
truncated tetrahedra are part of: (i) truncated tetrahedra plus tetrahedra (227
Fd3̄m : 3.62 + 33), (ii) truncated tetrahedra plus truncated octahedra plus cuboc-
tahedra (225 Fm3̄m : 3.62 + 4.62 + 3.4.3.4), and (iii) truncated tetrahedra plus
truncated cuboctahedra plus truncated cubes (225 Fm3̄m : 3.62 + 4.6.8 + 3.82).

There are also many ways FK-polyhedra can be packed in combination with
other structural units. Examples are:

• cF24-MgCu2 and hP12-MgZn2 can be seen as cubic (sequence ABC) and
hexagonal (sequence AB) packings, respectively, of flat layers of Friauf
polyhedra with empty tetrahedral voids (Fig. 7.15).

• hR39-W6Fe7 (μ-phase): flat layers of densely packed W4Fe12 Friauf poly-
hedra with a sequence ABC (like the cubic Laves phase cF24-MgCu2) with
intercalated W-hbps sharing atoms with the neighboring layers of Friauf
polyhedra (Fig. 7.12). In a different view, the structure could be seen as a
packing with sequence AaBbCc, where upper (lower) case letters symbolize
properly shifted layers of CN16 (CN15) FK-polyhedra.

• Units of 1, 4, 34, and 146 Friauf polyhedra are found in the structures
of cF(5928 – x)-Al56.6Cu3.9Ta39.5 (x=20, ACT-45) and cF(23 256 – x)-
Al55.4Cu5.4Ta39.1 (x=122, ACT-71) (see Subsection 7.4.4).

• Curved superclusters can be formed if the Friauf polyhedra are properly
attached to each other. They can be arranged in a way that they form frame-
works leaving pores, the inside of which correspond to fullerenes (see also
Section 8.3).

• Spherical superclusters: The 104 atom Samson cluster is an example for the
smallest spherical cluster that consists of 20 Friauf polyhedra. The outer
shell corresponds to a 60-atom fullerene, the middle shell to a 32 atom
triacontahedron, and the inner shell to a 12 atom icosahedron.
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Fig. 7.12 μ-phase hR39-W6Fe7 in two different descriptions: (a)W-centered
Fe12 truncated tetrahedra,W@Fe12, alternating with layers of edge-sharing
hexagonalW8 bipyramids. (b) Layers ofW-centeredW4Fe12 Friauf polyhedra
(CN16),W@W4Fe12, intercalated byW8 hbps. The Friauf polyhedra are
interpenetrating (one example marked by arrows) since each of the fourW atoms
at the vertices of a Friauf polyhedron sits at the same time at the center of another
Friauf polyhedron.

7.4.2 σ-, M-, P-, and R-phases

The stability of the σ -phase, tP30-Cr46Fe54 (136 P42/mnm), is assumed to be due
to its favorable valence electron concentration, which is in the range 6.2≤ e/a≤ 7.
Its structure can be described in different ways: (i) as a packing of hexagonal
bipyramids (hbps), which are vertex-connected along [001] (Fig. 7.13 (a)); in the
(110)-layers, groups of four edge-connected hbps are vertex-connected with each
other, which is reflected in the section at z=0 (Fig. 7.13 (e)); (ii) as a pack-
ing of partially interpenetrating CN15 FK-polyhedra (Fig. 7.13 (b)); (iii) as a
packing of partially interpenetrating icosahedra (CN12 FK-polyhedra). So, the
structure contains all but CN16 FK-polyhedra, because the CN14 FK-polyhedra
can also be considered to contain pairs of hbps (Fig. 7.13 (c)–(d)). This set-
ting takes into account that the distances between atoms within each hbp are
smaller than those between atoms of different hbps along [001]. In the exam-
ple shown (tP30-Ta60Al40), these distances amount to 2.634 Å between the apical
atoms, to 2.508–2.873 Å between the equatorial atoms, and 2.849–3.241 Å be-
tween equitorial atoms between two different hbps along [001]. The primary
layers in z=0, 1/2 are two-uniform hexagon/triangle tilings of the type (62.32;
6.3.6.3) (Fig. 7.13 (e)), while the secondary layers in z=1/4, 3/4 are two-uniform
hexagon/triangle tilings of the type 32.4.3.4 (Fig. 7.13 (f)).



Frank-Kasper phases: σ -, M-, P-, R-phases, and Laves phases 251

Al

b

c

(a)

(b)

a

Ta

(c) (d)

Al

TaAl

Ta

Al
Ta

Al
Ta

Al

Ta

Al
Ta

(e)

(h) (i)

(f) (g)

z = 0 z = 1/4 

hP7-Zr4Al3

tP30-Al40Ta60 (σ−phase structure type)

Zr

Al
Zr

b

c a

b

c

a
b

c

a

b

c
a

b

c

a

b

a

b

a

Fig. 7.13 Structurally related FK phases in different descriptions: (a)–(g) The structure type of
the σ -phase, tP30-Cr46Fe54, on the example of tP30-Ta60Al40 (a) as a packing of hexagonal
bipyramids (hbps), (c) of CN15 FK-polyhedra, and (d) of icosahedra. The relationship between
hbps and the CN15 FK-polyhedron is shown in (b). The primary layer (z = 0) of the structure
is shown in (e), the secondary 33.4.3.4 layer (z = 1/4) in (f), and in (g) the projection of the
unit cell depicted in (a). The structure of hP7-Zr4Al3 in shown in (h)–(i). In our description,
there are alternatingly stacked layers of edge-sharing Zr8-hbps and Al-Kagomé layers.

The P-phase, oP56-Mo21Cr9Ni20, (62 Pnma), can be seen as a packing of edge-
connected chains of hbps with icosahedra in between (Fig. 7.14 (a)–(b)), or from a
different view, as a packing of CN12 and CN14 FK-polyhedra, respectively. The
M-phase, oP52-Nb10Ni9Al3, (62 Pnma), contains with hbps building blocks of the
σ -phase and with double Friauf-polyhedra modules of the Laves phase (Fig. 7.14



252 Crystal structures of intermetallic compounds

M

c

(a)

(b)

M

(c)

(d)

oP56-Cr9Mo21Ni20 (P-phase)

Al/Ni

Nb

(e)

c

b

c

a
c

a

b

a

b

a

b

c

b a

oP52-Al3Nb10Ni9 (M-phase)

hR53-Co5Cr2Mo3 (R-phase)

M

M

Fig. 7.14 Structurally related FK phases in different descriptions: the P-phase,
oP56-Mo21Cr9Ni20, is illustrated in (a)–(b), and the M-phase, oP52-Nb10Ni9Al3, in (c).
The R-phase, hR159-Mo3Cr2Co5, in a projection along [001] (d) and in perspective view (e).
The structure can be described as columnar stackings of CN16-(CN12)3-CN16
FK-polyhedra, which are linked by tetrahedra.

(c)). The R-phase, hR159-Mo3Cr2Co5, (148 R3̄), is built from close-packed
chains of face-sharing FK-polyhedra with the sequence CN16-(CN12)3-CN16
(Fig. 7.14 (d)–(e)). The R phase belongs to the FK-phases, which cannot be fully
described by stackings of primary and secondary layers (Komura et al., 1960).

7.4.3 Laves phases and related polytypes

Laves phases are binary or (pseudo)ternary intermetallic phases with more than
4000 entries and 1590 well-characterized structures in the PCD (Villars and
Cenzual, 2011a). For a comprehensive review see Stein et al. (2004), Stein et al.
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(2005). Their compositional stability fields range from very narrow (line com-
pounds) to rather extended phase regions. The crucial structure-determining
factors for these FK-phases are the atomic size ratios, the electronegativity
differences, and the valence electron concentrations.

Laves phases can be described as stackings of layers of hexagonal-close-packed
truncated tetrahedra (Fig. 7.15). Thereby, each truncated tetrahedron with one of
its hexagon faces pointing downwards is surrounded by six others with opposite
orientation. Neighboring truncated tetrahedra in adjacent layers can share these
hexagon faces, only.

Depending on the kind of layer stacking, a similar number of polytypic struc-
ture types can result as is the case for close sphere packings. Consequently, we can
use a similar notation for their classification, referring to the position of the center-
ing atom of the truncated tetrahedra. Then, for the cF24-MgCu2 structure type,
the stacking sequence would correspond to ABC, and for hP12-MgZn2 to AB.
However, this notation does not take into account the relative rotation of the trun-
cated tetrahedra, a problem that obviously does not exist in sphere packings: in
addition to both pointing upwards with a triangular face and being displaced with
respect to each other in an AB-manner, the layers are rotated against one another
by 180◦. This can be expressed by using a primed symbol like AB’ for hP12-
MgZn2. Alternatively, the local symmetry relationship can be used to denote the
stacking sequence, i.e., 1̄1̄1̄ for cF24-MgCu2-type and mm for hP12-MgZn2-type
structures.

The second notation is easy to transfer to any number of stacking sequences,
e.g., the slightly larger hP24-MgNi2 structure type follows a m1̄m1̄ sequence.
In the AB-notation, however, it is important to impose another rule to ensure
consistency: the stacking runs “backward” within the primed planes. Then it
corresponds to an AB’A’C sequence. It should be noted that the sequence of
prime and non-prime layers have to be consistent. For reasons of clarity, the
sequence of two m-related layers follows that of the first kind of layers, i.e., in
alphabetical order in the case of AB’, BC’, and CA’ and in reverse order in the
case of A’C, B’A, and C’B. The much more complex hR126-Mg(Ag0.1Zn0.9)2
structure type can thus be described by either m1̄mm1̄m1̄m1̄mm1̄m1̄m1̄mm1̄m1̄
or AB’A’CA’C’BCA’C’BC’A’CAB’A’CA’C’B. In the Jagodzinski notation, h cor-
responds to m, and c to 1̄. So, the layer sequence results to (hchhchc)3.

Table 7.4 lists the above-discussed Laves phases, as well as a number of ad-
ditional structures, which were identified to be Laves phase-type structures by
inspection of their AETs in the PCD (Villars and Cenzual, 2011a). The com-
positions observed for binary intermetallic Laves phases in the most common
structure types are illustrated byM/M-plots (Fig. 7.16).

In the following, the basic Laves phases and one large polytype are discussed
in greater detail. The fundamental layers, consisting of hcp truncated tetrahedra
(Friauf polyhedra) and tetrahedra, can be described as a Kagomé net (6.3.6.3)
of the smaller B-atoms (Fig. 7.15(a)), followed by a triangle net (36) of the larger
A atoms, which are centering half of the Friauf tetrahedra to be formed; then the
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hR42-Mg(Ag
0.1
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0.9

)
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Fig. 7.15 The structures of Laves phases in different representations: (a) The first three atomic
layers are building one layer of Friauf tetrahedra: Kagomé net of TM atoms, followed by a
triangle net ofMg atoms centering one half of the Friauf tetrahedra, and a triangle net of TM
atoms forming small tetrahedra. (b) CN16 (Friauf) Frank-Kasper polyhedron of composition
TM12Mg4 with truncated tetrahedron, TM12, atoms shown below. (c) Unit cell of cF24-
MgCu2 with one CN16 and one CN12 polyhedron drawn in. (d)–(g) cF24-MgCu2, (h)–(k)
hP12-MgZn2, and (l)–(o) hP24-MgNi2 in different views. In (g), (k), and (o) the different
stacking variants of double-Friauf polyhedra in these three Laves phases is shown schematically
(Mg atoms omitted as in (f), (j), and (n)). (p) The packing of Friauf tetrahedra for the structure
of hR42-Mg(Ag0.1Zn0.9).Mg. . . gray, TM. . . black. The scale is 3/4 of the usual scale.
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Table 7.4 Basic Laves phases as well as their polytypes and derivative structures. The number
of structure representatives refers to the PCD; the structural classification, where given, is either
based on the stacking sequence, given in both the above discussed symbols and the Jagodzinski
notation, or on superstructure parameters.

Structure type No. of representatives Structural classification

all binary ternary

Basic Laves phases

cF24-MgCu2 806 223 523 ABC; 1̄1̄1̄; ccc

hP12-MgZn2 456 154 265 AB’; mm; hh

hP24-MgNi2 63 20 43 AB’A’C; m1̄m1̄; hchc

Superstructures of basic Laves phases

cF24-MgSnCu4 119 0 113 (1 × 1 × 1)-MgCu2

cF24-Be5Au 66 23 43 (1 × 1 × 1)-MgCu2

oF24-NdCo2 1 1 0 (1 × 1 × 1)-MgCu2

cP24-TmNi2 1 1 0 (1 × 1 × 1)-MgCu2

tP24-TmNi2 1 1 0 (1 × 1 × 1)-MgCu2

cF24-Li0.5Ga0.5Sn0.5 1 0 1 (1 × 1 × 1)-MgCu2

cF192-TmNi2 20 14 6 (2 × 2 × 2)-MgCu2

hP12-LuMn5 1 1 0 (1 × 1 × 1)-MgZn2

hP12-Mg2Cu3Si 7 0 7 (1 × 1 × 1)-MgZn2

hP36-Nb6.4Ir4Al7.6 3 0 3 (
√
3 × √

3 × 1)-MgZn2

hP24-Ca2Mn0.32Al3.68 1 0 1 (1 × 1 × 1)-MgNi2

hP96-Li4Mg8Zn12 1 0 1 (2 × 2 × 1)-MgNi2

oI12-UMn2 4 4 0 MgCu2-derivative

tI12-YMn2 3 3 0 MgCu2-derivative

mS12-Be2.3FeAl2 1 0 1 MgCu2-derivative

hR18-TbFe2 8 7 1 MgCu2-derivative

hR18-Mg2Ni3Si 5 0 5 MgCu2-derivative

oS24-URe2 5 2 3 MgZn2-derivative

Laves phases with other stacking sequences

hP30-Mg(Cu0.5Al0.5)2 1 0 1 AB’A’C’B’; m1̄1̄1̄m; hccch

hP36-Mg(Cu0.54Al0.46)2 1 0 1 AB’A’CAB’; m1̄m1̄mm; hchchh

hP36-Mg(Cu0.55Ni0.45)2 1 0 1 ABC’B’A’C; 1̄m1̄1̄m1̄; chcchc

continued
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Table 7.4 continued

Structure type No. of representativesStructural classification

all binary ternary

hP48-Mg(Ag0.03Zn0.97)2 3 0 3 AB’AB’A’CA’C; mmm1̄mmm1̄; (hhhc)2

hR54-Mg(Cu0.5Al0.5)2 4 0 4 AB’A’CA’C’BC’B’;m1̄mm1̄mm1̄m; (hch)3

hP60-Mg(Ag0.1Zn0.9)2 3 0 3 AB’A’CAB’ABC’B’; m1̄m1̄mm1̄m1̄m;
(hchch)2

hP60-Mg(Cu0.5Al0.5)2 1 0 1 AB’A’C’B’ABCAB’; m1̄1̄1̄m1̄1̄1̄mm;
(hccc)2hh

hP84-LiMg7Zn13 1 0 1 AB’A’CA’CAB’ABC’BC’B’;

m1̄mmm1̄mm1̄mmm1̄m; (hchhhch)2

hP96-Mg(Cu0.54Al0.46)2 1 0 1 AB’ABC’B’AB’A’CA’C’BCA’C;

mm1̄m1̄mm1̄mm1̄m1̄mm1̄; (hhchchhc)2

hR126-Mg(Ag0.1Zn0.9)2 1 0 1 AB’A’CA’C’ABC’B’CA’C’ABC’A’BC’A’B;

m1̄mm1̄m1̄m1̄mm1̄m1̄m1̄mm1̄m1̄; (hchhchc)3

Total 1590 454 1033 (plus 103 phases with 4+ components)

A-atoms of a rotated triangle net cap all the triangles of the Kagomé net forming
small tetrahedra; the subsequent A triangle net centers the other half of the Friauf
tetrahedra; finally, the fundamental layer is finished by a rotated B-Kagomé net.
The frequencies of the FK-polyhedra CN12 and CN16 are with 2/3 and 1/3,
respectively, the same in the three types of basic Laves phases. Their prototype
structures are characterized as follows:

cF24-MgCu2 227 Fd3̄m, Mg in 8a 0, 0, 0; Cu in 16d 5/8, 5/8, 5/8. The major
skeleton is constituted from the larger Mg atoms occupying the sites of a dia-
mond structure (lattice complex D), while the smaller Cu atoms constitute a
3D tetrahedral network (lattice complex T) around the Mg atoms, consist-
ing of interpenetrating Kagomé nets connected via vertex-sharing tetrahedra
(Fig. 7.15(a) and (d)–(g)). cF24-MgCu2 can be described as a three-layer
stacking variant ABC along the [111]-direction (Ramsdell: 3C, Jagodz-
inski: ccc). Ordered derivative structure types are: cF24-MgCu4Sn and
cF24-Be5Au (216 F 4̄3m).

hP12-MgZn2 194 P63/mmc, Mg in 4f 1/3, 2/3, 0.063; Zn in 2a 0, 0, 0, and
6h 0.830, 0.660, 1/4. The major skeleton is constituted from the larger Mg
atoms occupying the sites of a lonsdaelite (“hexagonal diamond”) structure,
while the smaller Cu atoms constitute a 3D tetrahedral network around the
Mg atoms, consisting of interpenetrating Kagomé nets connected via vertex-
sharing double-tetrahedra (Fig. 7.15(h–k)). hP12-MgZn2 can be described
as two-layer stacking variant AB along the [001]-direction (Ramsdell: 2H,
Jagodzinski: hh). Ordered derivative structure type: hP12-U2OsAl3.
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Fig. 7.16 M/M composition plots of the binary intermetallic Laves phases. Depicted are all
binary Laves phases (gray) in comparison with all binary intermetallic compounds (upper left
subfigure), as well as the five most frequent structure types in comparison with all binary Laves
phases (other five subfigures): cF24-MgCu2, hP12-MgZn2, hP24-MgNi2, cF24-Be5Au,
and cF192-TmNi2. M(A) and M(B) denote the Mendeleev numbers of the majority and
minority elements, A and B, respectively. For AB-compounds, both element combinations are
plotted.
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hP24-MgNi2 194 P63/mmc, Mg in 4e 0, 0, 0.094, and 4f 1/3, 2/3, 0.094; Ni in
4f 1/3, 2/3, 0.844, 6g 1/2, 0, 0, and 6h 0.167, 0.334, 1/4. The major skeleton
is constituted from the larger Mg atoms occupying the sites of an intergrowth
of the diamond and lonsdaelite (“hexagonal diamond”) structures, while the
smaller Cu atoms constitute a 3D tetrahedral network around the Mg atoms,
consisting of interpenetrating Kagomé nets connected via vertex-sharing sin-
gle and double-tetrahedra (Fig. 7.15(l)–(o)), respectively. hP24-MgNi2 can
be described as a four-layer stacking variant ABAC along the [001]-direction
(Ramsdell: 4H, Jagodzinski: chch).

hR42-Mg(Ag0.1Zn0.9) 166 R3̄m. (Fig. 7.15(l-o)), respectively. The structure of
this example of a Laves polytype, ABC’B’ABC’BCA’C’BCA’CAB’A’CAB’,
can be described as a 21-layer stacking along the [001]-direction, with the
primed letters indicating a layer rotated by π (Ramsdell: 21R, Jagodzin-
ski: (hchchch)3). There are also several other known polytypes (Komura and
Kitano, 1977).

The crystal structure of the TM element influences whether a cubic or hexago-
nal Laves phase forms. If it is fcc, then the probability is high that the Laves phase
is fcc as well. If phase transformations as a function of temperature are observed,
then the LT structure is fcc, usually. There are several binary and ternary systems
known such as Co–Nb or Al–Cr–Ti, where two or even all three types of basic
Laves phases exist.

In the ideal prototype structures, only like atoms touch each other, and the two
interpenetrating subsets of homogenous sphere packings constitute a heterogene-
ous sphere packing. In the case of cF24-MgCu2, for instance, the Mg atoms of
the D lattice complex form a homogeneous sphere packing with contact distance
d1 = a/4

√
3, with the lattice parameter a, and contact number k=4. The Cu-atoms

of the T lattice complex constitute another sphere packing with shortest distance
d2 = a/4

√
2 and contact number k=6. The shortest Mg–Cu distance amounts to

d3 = a/8
√
11> (d1 + d2)/2 (Koch and Fischer, 1992). The ideal atomic size ra-

tios amount to rMg/rCu =
√
3/2= 1.225. These size relationships are equally valid

for the hexagonal Laves phases Stein et al. (2004). The experimentally observed
radii ratios range between 1.05–1.70 Å, indicating that the size ratio is only one
of the structure-determining factors. One should also keep in mind that atoms are
no hard spheres and that the atomic radius also depends on the kind of bonding
present in the respective compound.

Depending on their chemical composition, Laves phases can show a large
variety of interesting physical properties:

• Superconducting materials: cF24-(Zr,Hf)V2, hP12-ZrRe2, hP24-HfMo2, . . .

• Magnetostrictive materials: cF24-(Dy1–xTbx)Fe2, . . .

• Magnetocaloric materials: cF24-RECo2, cF24-RENi2, cF24-REAl2, . . .

• Hydrogen storage materials: cF24-Zr(V,Mn,Ni)2, . . .
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7.4.4 Complex cluster-based superstructures:
the Al–Cu–Ta structure family

Cluster-based structures are based on recurrent, relatively densely packed struc-
tural units that are larger than AETs, i.e., consist of at least two coordination
shells, and that allow a comparatively simple description. If the clusters are large
and dense enough, then two different length scales can exist for electron waves as
well as for phonons: the cluster diameters, and the period of the underlying lattice.
This may lead to interesting physical properties.

In contrast to the building elements of modular structures, those in cluster-
based structures are close to spherical, and the clusters may overlap. Clusters in
intermetallic phases, however, are rather a convenient way to describe the consti-
tution of crystal structures than crystal-chemically distinct objects. As we have
seen in Subsection 7.3.1, γ -brasses can be described as packings of 26-atom
clusters. In the following, we will use an alternative cluster description for the
(p × p × p) = p3-fold superstructures of the cF16-NaTl type, i.e., (2p)3-fold su-
perstructures of the basic cI2-W type. For the structures known so far, p can
adopt the values 3, 4, 7, and 11 (Dshemuchadse et al., 2011). We will discuss
the building principles of cluster structures on the example of the structures in
the system Al–Cu–Ta, based on the papers by Weber et al. (2009), Conrad et al.
(2009), and Dshemuchadse et al. (2013).

The structures of AT-19, cF444-Ta36.4Al63.6, and ACT-h,
hP386-Ta39.0Cu3.6Al57.4
AT-19 is the simplest representative of the family of complex cluster-based struc-
tures in the system Al–Cu–Ta, with p = 3. The fundamental Ta57Al102 fullerene
clusters occupyWyckoff position 4d 3/4, 3/4, 3/4 resulting in a cubic close packing
(Fig. 7.17). Each fullerene shell shares its pentagon faces with its 12 neighbors. All
voids left in the packing are filled by either CN15 or CN16 FK-polyhedra, with
their hexagon faces being part of the fullerene shells as well. The FK-polyhedra
framework has the topology of a D net.

The electron localization function (ELF) shows maxima between the Al atoms
forming the pentagons of the fullerene shell, i.e., the basal plane of the pentag-
onal bipyramids in the bifrusta, indicating covalent bonding contributions. The
Al–Al distances are calculated to 2.517–2.562 Å in the fully relaxed structure,
compared to 2.863 Å in the elemental structure. This gives the fullerene cluster
some physical relevance beyond its suitability for the geometrical description of
the structure.

ACT-h is also a structure that can be described as a close packing of fullerene
clusters with the gaps filled by FK-polyhedra (Dshemuchadse, 2013) (Fig. 7.18).
The main difference from ccp AT-19 is on one hand that ACT-h is hcp, and on the
other hand that it consists of two kinds of fullerene shells, F60

32 and F74
39 , in contrast

to AT-19 which shows F76
40 fullerene shells, only (the superscript gives the number

of faces, the subscript that of vertices). The stacking sequence along [001] is
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Fig. 7.17 (a–d) Mutually dual shells of the endohedral Ta57Al102 fullerene cluster and (g–h)
cluster structure of AT–19, cF444-Al63.6Ta36.4. (a) Ta@Al14 rhombic dodecahedron; the
distorted Al12 cuboctahedron shown in (b) merged with the Ta28 polyhedron depicted in (g)
yields the Al12Ta28 polyhedron shown in (c); (d) Al76 fullerene shell. (e) Pentagonal Ta15
bifrustum around an empty pentagonal Al7 bipyramid. (f) Partially open Ta57Al102 fullerene
cluster showing the shell of bifrusta surrounding the cluster shell depicted in (c). (h) One unit cell
of AT–19 illustrating the ccp packing of the endohedral fullerene clusters with the gaps filled
with CN15 (not shown) and CN16 FK-polyhedra. (g) Different representation of the cluster
packing based on the third fullerene cluster shells, Ta28; these are surrounded by a shell of
twelve bifrusta (e, f), shared with the other Ta28 polyhedra. The subfigures (g, h) are on half the
usual scale.

ABAC, with A corresponding to hcp layers of F60
32 polyhedra and B, C of F74

39

fullerene shells. The fullerenes share their twelve pentagon faces with each other.
In some cases, the structure of hP386-Al57.4Cu3.6Ta39.0 shows some stacking

disorder. Every other A layer is mirrored with respect to the ordered structure.
As a consequence, the clusters in the B and C layers have to be adapted to this
change. This leads to a different number and arrangement of atoms per cluster:
the F 39

74 -clusters turn into F40
76 -clusters, which are the kind of clusters building all

three cubic Al-(Cu)-Ta compounds, AT-19, ACT-45, and ACT-71.

The structure of ACT-45, cF(5928 – x)-Ta39.5Cu3.9Al56.6

The structure of ACT-45 can be described as a packing of super-
clusters consisting of a tetrahedral arrangement of pentagon-faces sharing
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hP386-Al57.4Cu3.6Ta39.0 cF444-Al63.6Ta36.4 along [111]
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CN16
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Fig. 7.18 Cluster packing in hP386-Al57.4Cu3.6Ta39.0 (ACT-h). The A-layers (c) consist
of edge-sharing F32

60 -fullerene clusters (light gray), and the B- and C-layers (d) of
pentagon-sharing F39

74 -clusters (dark gray). The structure results from an ABAC-stacking of
these layers along [001]. The space in-between is filled with CN15 (FK26

15) and CN16 (FK28
16)

FK-polyhedra. The close relationship between ACT-h and AT-19 is also reflected in the
projections of the two structures along [001] (e) and [111] (h), respectively. The average
structure of ACT-h (f) is related to the hP3-AlB2 type as shown in (g). The figures (a, b) are
on one third the usual scale, and (c, d) are on half the usual scale.

fullerenes (4-supercluster), of Friauf polyhedra, pentagonal dodecahedra, bi-
frusta, h-capped fullerenes, and Ta81Al36 superclusters. The tetrahedral void in
the center of the 4-supercluster is occupied by a tetrahedral unit of four CN15
polyhedra (Fig. 7.19).

We can distinguish between a framework built from pentagonal dodecahedra
and bifrusta, and the clusters filling the space in-between. This framework forms
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(c)

(b)

(e)

cF(5928-x)-Al56.6Cu3.9Ta39.5

Al

TaTaTa

Fig. 7.19 In ACT-45, (cF(5928 – x)-Al56.6Cu3.9Ta39.5), the endohedral fullerene clusters
form 4-superclusters, which share hexagon faces with the central 58-Laves block consisting of
58 Friauf polyhedra (a). All of them are enclosed in a framework of Ta21–xCuxAl10
dodecahedra and Ta15Al7 bifrusta (dark gray translucent). (c) The packing of dodecahedra,
bifrusta, and Ta35Al14 h-bicapped fullerenes (d) in the upper right part of the unit cell.
(e) Ta35Al14 supercluster of four interpenetrating Ta81Al36 h-bicapped fullerenes. The figures
(a)–(c) are on one third the usual scale.

two large interpenetrating tetrahedra related by inversion (which is not present in
the total structure), equivalent to a stellated octahedron (stella octangula). Half of
the outer star tetrahedra are occupied by Ta81Al36 superclusters, the other half by
fullerene 4-superclusters. Each of the fullerenes of such a 4-supercluster centers
one of the faces of the star tetrahedron and thereby also one face of the central
octahedron. The center of the octahedron and the symmetrically equivalent mid-
edge positions are occupied by a block of 58 Friauf polyhedra, later on called
“58-Laves block”, surrounded by four, hexagon-face sharing Ta57Al102 fullerenes.

The structure of ACT-71, cF(23 256 – x)-Al55.4Cu5.4Ta39.1

In this compound, we have again a framework, but now of Ta26Al2 fullerene shells
and bifrusta, and in the form of small- and medium-sized tetrahedra attached to
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large truncated tetrahedra. This arrangement corresponds to the network spanned
by the Cu atoms of the cubic Laves phase cF24-MgCu2. The space inside each
of the eight small tetrahedra is filled by a 146-Laves block, each consisting of 146
Friauf polyhedra, centered at the sites 4b 1/2, 1/2, 1/2 and 4d 3/4, 3/4, 3/4 in the
space group F 4̄3m. The central part of such a 146-Laves block consists of 30
Friauf polyhedra, tetrahedrally arranged like the cubic Laves phase. On top of
each tetrahedron face of this unit there are 29 Friauf polyhedra assembled in two
slabs like the hexagonal Laves phase. On the top faces of this 146-Laves block
there are hexagonal bipyramids (hbps) arranged as illustrated in Fig. 7.20 (b).

(a)

(d)

(c)

(b)

cF(23 256-x)-Al55.4Cu5.4Ta39.1

Al

Ta

Fig. 7.20 (a) One unit cell of ACT-71, cF(23 256 – x)-Ta39.1Cu5.4Al55.4 and the four
fullerene 10-superclusters centered on the inner nodes of one D-net (light gray). (b) Distribution
of the four 146-Laves blocks, with the hbps next to them, on the nodes of the other D-net
(black). All nodes of the D-nets are occupied either by the 10-superclusters or the 146-Laves
blocks. The Al76 fullerene shells share hexagon faces with the 146-Laves blocks. The positions
of the fullerene cluster centers are marked by spheres. (c) Framework of Ta28Al12 fullerene
shells (light gray) linked by bifrusta (dark gray). The triangles outlined in black in (a)–(c) mark
the position of a 10-supercluster. (d) hbp-net sandwiched by slabs of Friauf polyhedra from
adjacent 146-Laves blocks. The figures (a)–(c) are on one fifth the usual scale.
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Fig. 7.21 (a)–(c) The unit cells of the structures of AT-19, ACT-45, and ACT-71 in
projections along [001]. A clear organization of atoms into subcells as well as atomic layers is
obvious, as known for Frank-Kasper phases in general. The average structures are shown below
((e)–(g), (i)–(k), and (m)–(o)) in comparison with the structure of the cubic Laves phase
cF24-MgCu2 (d, h, and l). The first row depicts the projections of the full structures into one
subcell each giving the average structures. In the second and third row, the partial structures are
given as indicated next to each subfigure. For more information see Weber et al.., (2009). The
figures (a)–(c) are on one third the usual scale.



Zintl phases 265

10-superclusters of ten fullerenes each are centered at 4a 0, 0, 0 and
4c 1/4, 1/4, 1/4, the sites of a double-diamond type structure (cF16-NaTl type),
forming two interwoven D nets. The space inside the large truncated tetrahedra
are occupied each by one 146-Laves block and two fullerene superclusters.

Projected and average structures

The close relationships between the structures AT-19, ACT-45, and ACT-71 can
be illustrated nicely by comparing their projections and average structures. As
mentioned above, they can be described as (p× p× p) = p3-fold superstructures
of the cF24-MgCu2 or the cF16-NaTl types as basic structures. For the structures
known so far, p can adopt the values 3, 4, 7, and 11 (Dshemuchadse et al., 2011)
(Fig. 7.21).

7.5 Zintl phases

Intermetallic compounds that are constituted from more-electropositive elements
from groups 1 and 2 of the periodic table on the one hand, and of more-
electronegative elements of groups 13–15, on the other hand, are called Zintl
phases after their discoverer (Zintl and Dullenkopf, 1932). They combine prop-
erties of metals with those of polyanionic salts. In most cases, the polyanionic
part of the structure consists of larger subunits such as clusters, layers, or 3D
networks. Zintl and Dullenkopf (1932) introduced the original concept by means
of the simple example of cF16-NaTl. In this compound, Na donates its electron
to Tl, which then has an outermost shell isoelectronic to carbon. Consequently,
the polyanionic substructure of the larger Tl– anions should be that of diamond
(D-net), while the smaller Na+ cations occupy the voids, forming another D-net.
The Zintl-Klemm concept, a generalization of this example, says that the anions in
such compounds form the same kind of substructures that the neutral main group
elements with the same number of valence electrons form (pseudoatom concept).

The original Zintl concept has been modified and extended to also include tran-
sition metals (e.g., cP2-CsAu) or rare earth elements in the structure (Kauzlarich,
1996). This allows us to form large endohedral clusters, which can consist of
many cluster shells. Due to the condition of charge balance, Zintl phases are stoi-
chiometric line compounds. Skutterudites, AB3 (A . . . late TM, B . . . P, As,
Sb), with the cI32-CoAs3 structure type, can be considered TM Zintl phases, for
instance.

A more recent definition of Zintl phases says that they are compounds whose
bonding and nonbonding states are completely occupied and separated from the
antibonding states by no more than 2 eV (Miller, 1996). Accordingly, Zintl phases
are semiconductors but they can also be metallic if they have a few extra elec-
trons or holes relative to those needed for the 2-center-2-electron bonds. An
example for such a metallic Zintl phase is cP156-K29NaHg48, which is almost
isostructural to the true semiconducting Zintl phase cP154-K3Na26In48, but is
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not electron-balanced since In has three and Hg only two valence electrons (De-
iseroth and Biehl, 1999). The main structural building units are two Na-centered
icosahedral closo clusters, NaHg12 (n atoms on the n vertices of a polyhedron)
and six K-centered hexagonal-antiprismatic arachno clusters, KHg12 (n – 2 atoms
on the n vertices of a polyhedron), embedded in a matrix of alkali metal atoms.
The Hg atoms form a 3D network. Other examples of metallic Zintl phases are
hP8-BaSn3 and the series of polytypic superstructures in the homologous series
(BaSn3)m[Ba(SnyBi1–y)3]n (Fig. 7.6 in Section 7.2).

Closed-shell clusters in Zintl phases are assumed to have delocalized electrons.
According to Wade’s rule, 2n + 2 bonding electrons are needed for closo del-
tahedral clusters (all n vertices occupied), 2n + 4 for nido clusters (one vertex
unoccupied), and 2n + 6 for arachno clusters (two vertices unoccupied) (Wade,
1976). A deltahedron is a polyhedron with only equilateral triangles for faces, sim-
ilar to a Greek capital letter delta, �. The clusters can be isolated or connected;
the delocalized intracluster (endo-)bonds are longer than the 2-center-2-electron
(exo-)bonds between clusters.

For reviews on Zintl phases see, for instance, Fässler and Hoffmann (1999) and
Nesper (2014).

7.6 REME phases

REME phases are intermetallic compounds with composition RE:M:E = 1:1:1.
RE means a rare earth metal (in most cases), an actinoid, or a group 1–4 element,
M is a late transition metal from groups 8–12, and E is an element of groups 13–15
(Bojin and Hoffmann, 2003a; Bojin and Hoffmann, 2003b). In our discussion of
intermetallic compounds we additionally exclude compounds containing one of
the elements: B, C, N, Si, P, and As. In most cases, and depending on the ac-
tual structure type, a polyanionic substructure of the type [ME]n– exists balancing
the charge of the counteraction REn+. Some of the REME phases are insulat-
ors, semiconductors, or semimetals, others have unusual magnetic and electronic
properties. For instance, some representatives of the most common oP12-TiNiSi
structure type are heavy-Fermion compounds. For a comprehensive review on the
physical properties of REME phases see Gupta and Suresh (2015).

In their comprehensive review, Bojin and Hoffmann (2003a) listed a large num-
ber of structure types for REME phases with more than 2000 representatives.
However, in our optimized database search based on the more restrictive cri-
teria mentioned above, we found only 1074 intermetallic representatives among
the 20 829 intermetallic compounds contained in the Table 7.5 lists the 20 most
common structure types, which represent already 1013, i.e., 94% of all REME
phases.

The chemical compositions that REME phases can adopt are shown
in Fig. 7.22. Therein, the projected M(RE)/M(M)-, M(RE)/M(E)-, and
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Table 7.5 The twenty most common structure types of REME phases with the number of their
representatives, representing 94% of all REME phases. Not listed are the 36 different structure
types with only 3, 2, or 1 representatives, with altogether 61 representatives. Under
“Comments”, the rank of the space group of the respective structure type in the review article by
Bojin and Hoffmann (2003a) is given, if applicable. If structure types are named differently than
in this review, the corresponding structure types are given (= isopointal, ∼ similar). The star, ∗,
marks the 8 out of 20 structure types that belong to the hP3-AlB2 derivative structures.

Rank Structure
type

No. of
reps.

No. Space
group

Wyckoff
positions

Comments

1 oP12-TiNiSi 289 62 Pnma 2ad 6gh ∗1

2 hP9-ZrNiAl 268 189 P6̄2m 1a2d3fg 2, ∼ hP9-Fe2P

3 cF12-MgAgAs 118 216 F 4̄3m 4abc 4

4 oI12-KHg2 55 74 Imma 4e 8i ∗5, = oI12-CeCu2

5 hP12-MgZn2 50 194 P63/mmc 2a 4f 6h 3

6 hP6-CaIn2 48 194 P63/mmc 2b 4f ∗3

7 hP6-LiGaGe 40 186 P63mc 2ab2 ∗7

8 hP6-ZrBeSi 28 194 P63/mmc 2acd ∗3, ∼ hP6-Ni2In

9 hP6-NdPtSb 22 186 P63mc 2ab2 ∗7, ∼ hP6-LiGaGe

10 oP12-HoNiGa 21 62 Pnma 4c3 1, ∼ oP12-Co2Si

11 hP18-HfRhSn 11 190 P6̄2c 1s 2d 3fg –

12 oP36-AuYbGe 9 62 Pnma 4c9 1

13 oI36-AuYbSn 9 44 Imm2 ? –

14 tP6-PbClF 9 129 P4/nmm 2ac2 6, ∼ tP6-Cu2Sb

15 hP3-AlB2 8 191 P6/mmm 1a 2d ∗8/9

16 oP24-YPdSi 8 59 Pmmn 2ab 4e5 ∗17, = oP24-GdPdGe

17 oI36-TiFeSi 7 46 Ima2 4ab4 8c2 13

18 hP3-LiBaSi 5 187 P6̄m2 1ade –

19 cF12-CaF2 4 225 Fm3̄m 4a 8c 19

20 oP24-LaNiAl 4 62 Pnma 4c6 –

1013
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Fig. 7.22 2D projections of the 3D M(RE)/M(M)/M((E))-plot of the intermetallic REME
structures. The most common structure type, oP12-TiNiSi, is highlighted in gray.
M(RE) = 73 corresponds toMg.

M(M)/M(E)-plots for all identified 1074 structures are shown, with the most
common structure type, oP12-TiNiSi, highlighted.

oI12-TiNiSi, oI12-KHg2, and oI60-EuAuSn

A large subclass of the REME phases belongs to the hP3-AlB2 derivative struc-
tures, which are discussed in the next section. The corresponding structure types
have been marked in Table 7.5 by an asterisk, ∗. Those REME structures can
be described as a stackings of flat or puckered ME layers consisting of hexag-
onal rings. For instance, the structure of oP12-TiNiSi (Fig. 10.8(f)–(i)) can be
derived by symmetry reduction (I → P) from the oI12-KHg2 structure type
(Fig. 7.23(c)), which itself is an hP3-AlB2 (Fig. 7.23(d)) derivative structure. The
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Fig. 7.23 Structures of the REME phase oI60-AuEuSn (b)–(f), (i) and of the related phases
(a, h) oI12-KHg2 and (g) hP3-AlB2 in different representations (Al, Au, Hg. . . black, B,
Eu, K. . . gray, Sn. . . light gray). The structure of oI60-EuAuSn (b, d, f, i) can be seen as a
fivefold superstructure (a) of the oI12-KHg2 type (h). oI12-KHg2 itself is a fourfold
superstructure of the hP3-AlB2 type (g). (d) The edge-connected Au3Sn3-rings, capped by Eu
atoms, form puckered layers of hbps sharing the apical Eu atoms; (e) view of two hbps with
interatomic distances. The along [010] projected unit cells depicted in (b) and (d) are shown in
(f) and (i). The (011)-section of the structure for x=0 (c) shows the distance modulation that is
necessary to accommodate the large Eu cations, and which is also the reason for the fivefold
superstructure.
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structure can be described by a [NiSi] polyanionic 3D four-connected substruc-
ture, wherein Ni is tetrahedrally coordinated by Si (2.307 Å≤ dNi-Si ≤ 2.353 Å).
According to Landrum et al. (1998), Ti carries a charge of +1.88, and Ni
and Si almost evenly –0.91 and –0.97, respectively. The Ti–Si interactions
(2.571 Å≤ dTi-Si ≤ 2.633 Å) are quite strong, much stronger than the Ti–Ni
ones (2.749 Å≤ dTi-Ni ≤ 2.893 Å), while there are no indications of Ni–Ni bond
formation despite the relatively short Ni–Ni distance of 2.659 Å.

As another example, the structure of oI60-EuAuSn is illustrated in Fig. 7.23.
With the Eu2+ cations embedded in the polyanionic AuSn2– framework, it can be
seen as a fivefold superstructure of the oI12-KHg2 type, which itself is a fourfold
superstructure of the hP3-AlB2 type. The symmetry reduction goes first via a
translationengleiche transition of index two (t2) from space group 74 Imma of oI12-
KHg2 to 44 Imm2, and then via an isomorphic transition of index five (i5) to oI60-
EuAuSn, with a five times larger c lattice parameter.

While the edge-connected planar 6-rings form flat layers in the case of hP3-
AlB2, they are puckered and form puckered layers in the other cases shown.
The puckering leads to shorter distances between like atoms of neighboring
rings (compare Figs. 7.23(a) and (h)). The Eu atoms have shorter distances
(3.837 Å) to Eu atoms in [010] direction than to those in the (101) planes
(4.224 Å, 4.791 Å, 5.296 Å) forming zigzag chains along [010] rather than a
3D framework. The distance 3.837 Å is shorter than two times the atomic radius,
2× rEu = 2× 1.995=3.990 Å, but much larger than two times the ionic radius,
2× 1.176=2.352 Å, although the divalent character of Eu was determined by the
measurement of the magnetic susceptibility and by Mössbauer experiments (Pöt-
tgen and Johrendt, 2000). If the distance between the Eu atoms is determined
by the Eu atoms themselves, or by the Eu–Au and Eu–Sn distances under the
constraint of shortest possible intra-hbp Sn–Au distances, then the tilt of the hbps
allows shorter inter-hbp Sn–Sn and Au–Au contacts. The fivefold superstructure
along the [010] direction results from the Au/Sn ordering (see Fig. 7.23(i)).

The ideal size ratio of corner and center atoms decorating the vertices and the
center of an isometric hexagonal prism with equal edge lengths and height is rv :
rc =1 : (

√
5 – 1)= 1 : 1.236. Atomic and cationic radii of Eu and Eu2+ amount to

1.995 Å and 1.176 Å, respectively; the atomic radii of Au and Sn are 1.442 Å and
1.405 Å, respectively. Setting rv = rAu, we obtain 1.236 × rAu = 1.782 Å, a value
in-between the ionic and the atomic radius for Eu.

7.7 hP3-AlB2 derivative structures

The following discussion is largely based on the review by Hoffmann and Pöttgen
(2001), who identified 46 structure types with more than 1500 representatives as
hP3-AlB2 derivative structures. It is a good illustration of the variability of particu-
lar structure building principles in order to accommodate different realizations of
chemical composition and bonding. The relationships between these 46 structure



hP3-AlB2 derivative structures 271

types have been described in detail by these authors using the Bärnighausen tree for
the illustration of their group/subgroup relations (Fig. 7.24). The structure types
studied in this paper have stoichiometries such as RT2, RX2, and RTX (R. . .
alkaline earth, rare earth or actinoid metal; T. . . transition metal; X. . . main-
group element). T and X elements substitute the B atoms forming a honeycomb
network of 6-rings, while the R elements on the Al sites bicap them. Depending
on the substituents, the 6-rings remain flat or get puckered and the structures
show smaller or large distortions and lowering of the symmetry. For each space

Fig. 7.24 Bärnighausen tree of the group/subgroup relationships of the hP3-AlB2 structure
type and its distorted and/or ordered hexagonal/trigonal (upper part) and
orthorhombic/monoclinic derivative structures. The indices of the klassengleiche (k), the
translationengleiche (t), and the isomorphic (i) transitions, as well as the unit-cell
transformations and origin shifts, are given. The numbers after t, k, and i indicate the index of
the reduction in symmetry ( from Hoffmann and Pöttgen (2001). Reprinted courtesy of Walter
De Gruyter GmbH, Berlin, Germany.)
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group, there exists an infinite number of subgroups. Of course, only a few are
realized for the hP3-AlB2 derivative structures. We focus here on the two main
branches, the hexagonal/trigonal one and the orthorhombic/monoclinc one, re-
spectively (Table 7.6). The relationship between a hexagonal (h) lattice and an
orthorhombic o lattice becomes clear if one uses its orthohexagonal (oh) repre-
sentation (aoh = ah, boh = ah + 2bh, coh = ch; boh = aoh

√
3). In this setting, hP3-AlB2,

191 P6/mmm, would be described by oC6-AlB2, Cmmm.
A klassengleiche (k) subgroup of a space group belongs to the same point group

as the space group itself. For instance, the symmetry reduction may just be a de-
centering operation such as I → P or C → P. A translationengleiche (t) subgroup
has the same lattice, and only the point group changes. An example would be the
symmetry reduction from 6/mmm to 63/mmc. Isomorphic (i) subgroups are a spe-
cial case of the k-subgroups belonging to the same space group type; however, the
asymmetric unit is increased. For instance, the symmetry group of hP24-Er2RhSi3
is an i-subgroup of index 4 of the symmetry group of hP6-ZrBeSi. The unit cell
of hP24-Er2RhSi3 is 2× 2× 1 larger than the one of hP6-ZrBeSi (Fig. 7.25). The
index of a maximal subgroup is defined by the number of cosets of the subgroup
in the minimal supergroup, and it is always a prime number or its square.

Isopointal hP3-AlB2 and hP3-UHg2

The aristotype structure hP3-AlB2 can be described as a boron honeycomb
63-net, where each B-hexagon is bicapped by Al atoms. The distances between
B atoms amount to dB-B = 1.732 Å, between Al and B atoms dAl-B = 2.373 Å, while
with 3.245 Å they are much larger along [001], between the Al atoms and the
B-nets, respectively. Consequently, the characteristic structural building blocks
correspond to hbps (see Fig. 7.23(d)). The AETs are trigonal Al prisms for the
B atoms and hexagonal B prisms for the Al atoms.

In the case of isopointal hP3-UHg2, the Hg atoms form the 6-rings that are
bicapped now by the U atoms. The main difference between this structure and
that of hP3-AlB2 is the c/a ratio, which amounts to 1.080 for hP3-AlB2 and to
0.647 for hP3-UHg2. Consequently, in this case, the Hg–Hg distances in the (110)
plane and along [001] with 2.873 Å and 3.218 Å, respectively, are closer to each
other (rHg = 1.503 Å).

Isopointal hP3-EuGe2 and hP3-CeCd2; hP3-SrPtSb and hP12-U2RuSi3
The symmetry reduction leads to the trigonal translationengleiche subgroup of in-
dex 2, 162 P3̄m1, which allows puckering of the honeycomb net. The c/a ratios
of hP3-EuGe2 and hP3-CeCd2 with 1.218 and 0.680, respectively are again very
different. In the case of hP3-EuGe2, Eu is divalent and donates its two valence
electrons to Ge, which become isoelectronic with As and form a puckered network
as hR2-As does (valence electron concentration of the polyanion VEC=5). While
in hP3-EuGe2 the Eu atoms are separated 4.995 Å (rEu = 1.995 Å), the Ce–Ce
distances in hP3-CeCd2 with only 3.450 Å are even shorter than the distance of
3.650 Å in elemental Ce.
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Table 7.6 hP3-AlB2-derivative structures, with the space group and the number of
representatives in the PCD (adapted from Hoffmann and Pöttgen (2001), with kind permission
from Walter De Gruyter GmbH). The asterisk, ∗, indicates that only Si-, P-, or As-containing
representatives are known, n means that the representatives are listed according to the binary
structure type marked with the same number of atoms/unit cell.

Hexagonal/trigonal structures Orthorhombic/monoclinic structures

Compound No. Space
group

N Compound No. Space
group

N

hP3-AlB2 191 P6/mmm 200 oP8-Er3Si5 47 Pmmm 1∗

hP3-UHg2 191 P6/mmm 48 oI12-YAl1.4Si0.6 71 Immm ?

hP6-BaSn5 191 P6/mmm 1 oI12-KHg2 74 Imma 2522

hP6-ZrBeSi 194 P63/mmc 73 oI12-CeCu2 74 Imma 02

hP6-Ni2In 194 P63/mmc 89 oC12-UPt2 63 Cmcm 2

hP6-CaIn2 194 P63/mmc 215 oC12-YAlGe 63 Cmcm 10

hP3-SrPtSb 187 P6̄m2 11 oF40-K4P6 69 Fmmm 5∗

hP3-EuGe2 162 P3̄m1 7 oF48-Ca4Ag2Si6 69 Fmmm 1∗

hP3-CeCd2 162 P3̄m1 27 oI12-EuAuGe 44 Imm2 5

hP12-YPtAs 194 P63/mmc 34 oP12-TiNiSi 53 Pmna 4033

hP6-NdPtSb 186 P63mc 34 oP12-EuZnSn 53 Pmna 03

hP6-LiGaGe 186 P63mc 78 mC18-Tb3Co2Ge4 12 C2/m 10

hP6-ScAuSi 187 P6̄m2 2 oF80-K4P6 70 Fddd 1∗

hP12-U2RuSi3 191 P6/mmm 3∗ oF96-Ba4Li2Si6 70 Fddd 1

hP18-Ti5Ga4 193 P63/mcm 33 oP12-CaPtP 26 Pmc21 1∗

hP18-Hf5CuSn3 194 P63/mmc 135 oP24-YPdSi 59 Pmmn 8

hP8-Th3Pd5 189 P6̄2m 61 mP12-UFeGe 11 P21/m 1

hP9-Fe2P 189 P6̄2m 5 oP36-CaCuGe 62 Pmna 11

hP8-Ti3Rh2In3 189 P6̄2m 1 oP48-CaPdAs 62 Pnma 1∗

hP9-YbAgPb 187 P6̄m2 5 mP24-Ba2PdP3 14 P21/c 1∗

hP24-Er2RhSi3 186 P63mmc 9∗ oI60-EuAuSn 44 Imm2 1

hP9-CaLiSn 156 P3m1 4 oP60-CaAuSn 62 Pmna 1

hP24-YLiSn 186 P63mc 1

hP24-Pr8CoGa3 186 P63mc 9
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Fig. 7.25 Group/subgroup relations of the hP3-AlB2 structure type and its distorted and/or ordered hexagonal/trigonal derivative structures. The
indices of the klassengleiche (k), the translationengleiche (t), and the isomorphic (i) transitions, as well as the unit-cell transformations and origin
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In the case of hP3-SrPtSb, Sr replaces Al, and Pt and Sb alternatingly occupy
the B positions in the flat 6-rings. This lowers the symmetry to the translation-
engleiche subgroup of index 2, 187 P6̄m2. hP12-U2RuSi3 can be described as
a (2× 2× 1)-fold superstructure of hP3-AlB2, and its symmetry relation as an
isomorphic subgroup of index four. The structure consists of on average flat Si
6-rings, which are connected with each other by Ru atoms forming Ru2Si4 6-rings
again. All 6-rings are bicapped by U atoms. According to Pöttgen et al. (1994), Si
could only be refined as split positions indicating a puckering of the Si 6-rings
and a breaking of the mirror symmetry. The Si–Si distances dSi-Si = 2.342 Å,
rSi = 1.176 Å correspond to the sum of atomic radii while those between Ru and
Si with dRu-Si = 2.3612 Å, rRu = 1.325 Å are much shorter if puckering is not taken
into account.

hP6-BaSn5 and hP12-YPtAs

The isomorphic transition from hP3-AlB2 to a subgroup of index two leads to the
structure of hP6-BaSn5 with a doubled lattice parameter c, where the Sn atoms not
only decorate the flat 6-rings, but occupy alternatingly with Ba the capping sites
along [001]. This gives two different Sn AETs. In the 6-rings, the distance dSn-Sn =
3.102 Å is shorter than that to the capping Sn atom with dSn-Sn = 3.437 Å. Due to
the large diameters of the Ba atoms (rBa = 2.174 Å) the Sn-layers are shifted away
from the c/4 positions leading to hexagonal Sn prisms of 2.959 Å height (rSn =
1.405 Å) around a central Sn. The height of the Sn-prism around the central Ba
atom amounts to 4.138 Å. Of the same structure type as the superconductor hP3-
MgB2, hP6-BaSn5 is also superconducting with a critical temperature of 4.4 K
(Fässler et al., 2001).

By a klassengleiche transition of index two the rotation axis, 6, is replaced by a
screw axis, 63, leading to the doubled unit cell of the REME phase hP12-YPtAs.
Now, all capping sites are occupied by Y, the slightly puckered 6-rings alternat-
ingly with Pt and As. The short distance dPt-As = 2.466 Å indicates strong bonding
in the layers (rPt = 1.373 Å, and rAs = 1.245 Å). The distances between the layers
are also much larger than those between the Y (dY-Y = 3.791 Å, rY = 1.776 Å).
However, due to the puckering the distances dY-Pt = 2.997 Å and dY-As = 3.059 Å
can be rather short as well, at least to one Y atom in each case.

hP6-Ni2In, hP6-ZrBeSi, and hP6-CaIn2

Due to the klassengleiche symmetry reduction of index two to 186 P63/mmc, in all
these cases the c lattice parameter is doubled compared to hP3-AlB2. The honey-
comb layers are flat in the case of hP6-Ni2In and hP6-ZrBeSi, and puckered for
hP6-CaIn2. hP6-ZrBeSi is an ordered variant of the hP6-Ni2In structure type. Zr
and Be as well as Ni and In alternatingly occupy the 6-ring sites in their structure
types, with Si and Ni, respectively, as capping atoms.



276 Crystal structures of intermetallic compounds

The Zintl phase hP6-CaIn2 shows puckered 6-rings occupied by In atoms. The
Ca valence electrons are transferred to the In atoms, which form a lonsdaleite-
like “hexagonal diamond”) 4-connected network (valence electron concentration
of the polyanion VEC = 4).

Isopointal hP6-NdPtSb and hP6-LiGaGe; hP6-ScAuSi

All these compounds belong to the REME phases and result from a transla-
tionengleiche symmetry reduction of index two from the structure of hP6-CaIn2.
The puckered rings are alternatingly occupied by Pt/Sb, Ga/Ge, and Au/Si,
respectively, capped by the alkali and rare earth atoms.

In the Zintl phase hP6-LiGaGe, the strong puckering leads to an almost tet-
rahedral coordination of Ge by Ga (3× dY-Pt = 2.542 Å, 1× dY-Pt = 2.584 Å).
The polyanion [GaGe]– has a VEC=4, and forms a lonsdaleite-like substructure.
The distances dLi-Ga = 2.727 Å and dLi-Ge = 2.743 Å approximately correspond to
the sums of the atomic radii (rLi = 1.52 Å, rGa = 1.221 Å, and rGe = 1.225 Å). The
isopointal phase hP6-NdPtSb shows less puckered 6-rings leading to a more 2D-
like character of the AET around Sb (3× dSb-Pt = 2.647 Å, 1× dSb-Pt = 3.541 Å).
hP6-ScAuSi also can be derived from hP3-SrPtSb by an i2 transformation,

doubling the lattice parameter c and puckering the layers; Sr is replaced by Sc,
Pt by Si, and Sb by Au. Due to the puckering Si becomes almost tetrahedrally
coordinated forming a lonsdaleite-like substructure with rather short Au–Si dis-
tances (3 × dSi-Au = 2.494 Å, 1× dSi-Si = 2.762 Å; dAu-Au = 2.936 Å; rAu = 1.442 Å,
rSi = 1.176 Å).

hP9-YbAgPb, hP9-LiCaSn, hP8-Th3Pd5�

hP9-YbAgPb is a three-fold superstructure of hP3-SrPtSb and its symmetry is
reduced by an isomorphic transition of index three. The structure contains one
flat honeycomb layer sandwiched between two puckered ones, with all 6-rings
decorated alternatingly by Ag and Pb and bicapped by Yb. The Ag–Pb distances
are, with dAg-Pb = 2.813 Å, much smaller than the sum of the atomic radii, rAg +
rPb = 1.445 + 1.750 = 3.195 Å, indicating strong bonding. The Pb–Pb distances
between adjacent puckered layers with 3.354 Å are significantly shorter than 2 ×
rPb = 3.500 Å. The very short distance of 3.275 Å between the Yb, which is
sandwiched between adjacent puckered layers, and the four nearest Pb atoms, is
also a sign of the cationic character of Yb (rYb = 1.940 Å, rYb3+ = 1.042 Å).

A t2 symmetry reduction to a trigonal space group leads to the structure of
hP9-LiCaSn. Due to the loss of the mirror planes perpendicular to the [001]
direction, all three hexagon-layers can be puckered now. The shortest intralayer
Li–Sn distances correspond with 2.939 Å approximately to the sum of the atomic
radii, rLi + rSn = 1.520 + 1.405=2.925 Å, while the interlayer distances are sig-
nificantly larger. Ca-Li distances with 3.138 Å are shorter than the sum of radii,
rLi + rCa = 1.520 + 1.974=3.494 Å.

Another derivative structure of hP3-SrPtSb is hP8-Th3Pd5�, whose symmetry
is reduced by a k3 transition and a transformation to a three times larger unit cell.
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The � marks an empty position on a 6-ring, which leads to a strongly distorted
5-ring. Each layer can be described by a covering of patches, which consist of
a triangle edge- and vertex-connected with altogether six pentagons. All patches
have the same orientation and decorate the vertices of a hexagonal lattice in a way
that each patch overlaps with another patch by one pentagon. All Pd-pentagons
are bicapped by Th atoms. The intralayer Pd–Pd distances are between 2.724 and
2.875 Å, close to the sum of the radii of 2.752 Å. The shortest Th–Pd distances
with 2.933 Å are significantly shorter than the sum of radii, rTh + rPd = 1.798 +
1.376=3.174 Å.

hP18-Ti5Ga4; hP24-Er2RhSi3 and hP24-YLiSn

The structure of hP18-Ti5Ga4 can be obtained from hP6-ZrBeSi by a k3 transi-
tion coupled with a cell transformation, replacement of Be by Ga, as well as Zr and
Si by Ti and Ga, respectively. The 6-rings are planar but strongly trigonally dis-
torted. According to Hoffmann and Pöttgen (2001), this relates this structure to
the Nowotny chimney ladder phases (see, for instance, Fredrickson et al. (2004a);
Fredrickson et al. (2004b)).

Reducing the symmetry of hP6-ZrBeSi by an i4 transition as well as doubling
the lattice parameters b and c leads to the hP24-Er2RhSi3 structure type. Similar
to the case of hP12-U2RuSi3, the slightly puckered polyanionic [RhSi3] network
consists of Si- decorated 6-rings that are connected with each other via Rh atoms.
Consequently, each Si6-ring is surrounded by six Rh2Si4-rings. Intralayer Si–Si
distances are 2.345 Å, almost exactly those in the element (2.352 Å), those be-
tween Si and Rh with 2.351 Å are significantly shorter compared to the sum of
radii rSi + rRh = 1.176 + 1.345 = 2.521 Å. Er–Rh distances with 2.992 Å are also
slightly shorter than the sum of radii, 3.079 Å.

The noncentrosymmetric structure of hP24-YLiSn can be obtained from that
of centrosymmetric hP24-Er2RhSi3 by removal of the inversion center, a t2 sym-
metry reduction. The strongly puckered 6-rings are here alternatingly decorated
by Li and Sn, and bicapped by Y. The shortest intralayer Li–Sn distances with
2.581 Å are definitely shorter than the sum of the atomic radii 2.925 Å listed
above. The interlayer Li–Sn distances 2.990 Å are close to this value. The shortest
Y–Sn distance amounts to 3.153 Å, close to the sum of atomic radii, 3.181 Å.

For a detailed discussion of the orthorhombic/monoclinic tree shown in
Fig. 7.24, which allows a much stronger decoupling of atoms, see Hoffmann
and Pöttgen (2001). The only examples discussed here are the structures of
oI12-KHg2 and oI60-AuEuSn, already shown before (Fig. 7.23).

7.8 Topological layer structures

Many crystal structures can be topologically decribed as layer structures, i.e., as a
stacking of more or less flat atomic layers. However, this does not imply that these
structures are layer structures in the crystal-chemical meaning of the word, with
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intra- and inter-layer chemical bonding differing from one another. The descrip-
tion of a structure in terms of layers can be the best way to visualize a complex
structure and/or to reveal relationships to other structures. A few examples out of
the many structure types that could be described in this way will be discussed.

Atomic layers may be considered to act as a kind of interface between dif-
ferent structural parts of complex structures. If these regions are symmetrically
related, then only a few space groups can account for it. This has already been
recognized by Samson (1964), who pointed out that every special Wyckoff posi-
tion in the space groups 196 F23, 195 P213, 203 Fd3̄, 205 Pa3̄, 209 F432 (216
F 4̄3m), and 219 F 4̄3c, places a least one point on the set of {110} planes. Since
all these space groups belong to the cubic crystal system, which is characterized
by its threefold symmetry along the space diagonals of the unit cell, the atomic
layers interpenetrate each other forming 3D frameworks. This is illustrated on
the example of the complex cubic structures in the system Al–Cu–Ta, which all
crystallize in the space group F 4̄3m (Fig. 7.21). In this space group, there are
eight special positions, from 4 a 0, 0, 0 to 48 h x, x, z. However, in these complex
intermetallics, the atoms on layers represent only a subset of all atoms. There-
fore, they are structures with planar atomic layers as interfaces rather than layer
structures.

In the following, we discuss a few examples of such topological layer struc-
tures. However, there are many more structures that could be classified in this
way, but are described under different headings highlighting other characteristic
features. Prominent examples are the close-packed structures and their derivat-
ives (see Section 7.2), as well as the cI2-W derivative structures (see Section 7.3).
Furthermore, many structure types of the previously discussed REME phases
and hP3-AlB2 derivative structures can be considered to be topological layer
structures, besides many others not mentioned here.

The structure of tI12-CuAl2 (140 I4/mcm; Cu in 4a 0, 0, 1/4; Al in
8h 0.1541, 0.6541, 0) can be described as a stacking of 32.4.3.4 triangle/square
nets located in z=0 and 1/2, with the squares capped by Cu in z=1/4 and 3/4
(Fig. 7.26(a)–(d)). Alternatively, it can be seen as a packing of edge-connected
columns of face-sharing tetragonal antiprisms centered by Cu atoms, running
along the [001] direction. The remaining space in-between has the shape of
trigonal bipyramids.

Another stacking variant of 32.4.3.4 triangle/square nets is realized in the tP10-
U3Si2 structure type (100 P4/mbm; U in 2a 0, 0, 0 and 4h 0.181, 0.681, 1/2; Si in
4g 0.389, 0.889, 0). While in the case of tI12-CuAl2 the nets are equally decorated
with Al atoms and just related by the b-glide plane, the triangle/square nets are
differently decorated in tP10-U3Si2. The net in z=0 is decorated on its vertices
by Si and in the centers of the squares by the much larger U atoms, while the one in
z=1/2 is decorated by U atoms only, which leads to almost regular triangles. The
squares are regular anyway due to the fourfold rotation axis in both cases. From
another point of view, the structure can be seen as consisting of a framework of
vertex-sharing U-octahedra sandwiched between the dual triangle square nets.
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Fig. 7.26 The structure of tI12-CuAl2 in different views: (a) one unit cell (Cu. . . gray, Al. . .
black), (b) projection along [001], sections at (c) z = 0 and (d) z = 1/2, respectively. The closely
related structure of tP10-U3Si2 is shown in (e)–(h): (e) one unit cell (U. . . gray, Si. . . black),
(f) projection along [001], sections in (g) z = 0 and (h) z = 1/2, respectively. (i)–(k) Structures of
oC10-Fe2AlB2 (Fe. . . light gray, Al. . . medium gray, B. . . black) and (l)–(m) structures of
oC8-CrB (Cr. . . gray, B. . . black) in perspective as well as in the polyhedral view. The
polyhedral representations mark the slabs, which consist of trigonal prisms, and are the main
structural building elements of (l) oC8-CrB. The alternating stackings of these slabs with those
of the cP2-CsCl type are shown in (j).
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oC10-Fe2AlB2 (65 Cmmm; Al in 2a 0, 0, 0; B in 4i 0, 0, 0.2071, 0; Fe in
4j 0, 0.3540, 1/2) can be described in different ways: (i) as a stacking of 44 nets or
(ii) as a prismatic stacking of 33.42 triangle/square nets of Fe atoms, with B in the
trigonal prismatic voids and Al centering the Fe cubes that are constituted from
them (Fig. 7.26(i)–(k)). From another point of view, it can be seen as a combina-
tion of modules from the oC8-CrB and the cP2-FeAl (cP2-CsCl type) structures
(Jeitschko, 1969), as a stacking of cubic and hexagonal slabs (Fig. 7.26(l)–(m)).
In oC10-Fe2AlB2, the slabs of boron-centered trigonal prisms are arranged in a
sequence ABBA; those in oC8-CrB show a sequence ACCA. B means a shift of
the slab by half a triangle edge, C by half the trigonal prism height.

Layer structures like that of aP20-RESn3 (RE = La-Nd, Sm) (Fornasini et al.,
2003), consist of one single layer that runs through the unit cell at an odd angle,
so that it needs several unit cells until it enters another unit cell in the same way
as the first one. Consequently, it has a period of several unit cells and such layers
are stacked with shifted copies of themselves (also see Subsection 5.3.3).

7.9 Long-period (columnar) structures

We have already discussed several examples of long-period structures in Chap-
ter 6 for the elements Rb, C, Sr, Ba, Bi, Sm, etc. In all these cases, the
structures can be described either as modulated or as composite (host/guest)
structures. In the case of intermetallic compounds, examples of long-period
structures already discussed are the anti-phase domain structures in the system
Au–Cu such as oI40-CuAu, or polytypic structures such as the Laves phase
hR42-Mg(Ag0.1Zn0.9) (Fig. 7.15(l)–(o)), the Zintl compounds in the homologous
series (BaSn3)m[Ba(SnyBi1–y)3]n (Fig. 7.6) or the REME phase oI60-EuAuSn
(Fig. 7.23).

The origin of the long period in one lattice direction, which is a multiple of
the periods in the two other ones, can be a misfit between different parts of the
structure and/or it can be electronically determined. In the case of host/guest
structures, the dimensions of the host and the guest may be such that the peri-
ods of the two systems coincide only after mh periods of the host and ng of the
guest partial structure, defining in this way the period of the total system to
c=mh × ch = ngh× cg, with ch and cg the lattice parameter of the host and the guest
partial structure, respectively, and c that of the combined structure in the direc-
tion of the long period. If the ratio ch/cg is irrational then the composite structure
becomes incommensurate.

A modulated structure results from a modulation of a periodic basic
structure (period cb) with a displacive and/or substitutional modulation wave
(wavelength λ), which can be commensurate or incommensurate depending on
the ratio λ/cb of the periods of the modulation wave and that of the basic structure.
Commensurately modulated structures and superstructures differ only in the way
in which they are described. If the deviation of the superstructure from the basic
structure can be described more easily using a modulation wave, then this is the
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approach of choice. In all these cases, by a proper projection into the unit cell of
the basic structure an average structure can be derived with cav = cb.

Nowotny chimney ladder structures, for instance, can be described as helical
composite structures with composition-dependent periods (Fredrickson et al.,
2004a; Fredrickson et al., 2004b; Sun and Lin, 2007) (Fig. 7.27). The general

(a)

(i) (j)

(d)(b)

(h)

tI4-Sn

(c)

tP32-Ir3Ga5

ct

cm

tP20-Ru2Sn3

(f)(e) (g)

ct

cm

cm

ct

oF24-TiSi2

a
b

c

a
b

c

a

b

c

a
b

c

a
b

c

a

b

c

a

b

c

a

b

ca

b

c

a

b

c

a

b

c

Ir

Ga

Ti

Si

Ru
Sn

Ir

Sn

Ir

Ga

Ir

Ga

Ru

Sn

Ru

Sn

Ti
Si

Ti Si
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composition of this class of compounds is AtBm, with A a transition metal el-
ement from of groups 4–9, and B a main group element from groups 13–15,
and t and m are integers with 1.25≤m/t≤ 2. The host structure is formed by
the A atoms, the guest structure by the B atoms. The actual lattice parameter
results in c= (2t – m)cav, and may reach more than 300 Å; it can even become
incommensurate as observed in a few cases (Rohrer et al., 2000; Rohrer et al.,
2001). An example is (Mo,Rh)11Ge18, a mutually modulated composite struc-
ture, which has satellite vectors qh =0.364c∗ for the host and qg =0.389c∗ for the
guest substructure.

Examples of Nowotny chimney ladder phases are shown in Fig. 7.27:
tP32-Ir3Ga5 (118 P4̄n2), tP20-Ru2Sn3 (116 P4̄c2), and oF24-TiSi2 (70 Fddd)
exhibit t=3, 2, 1 host periods, ct, and at the same time m=5, 3, 2 guest periods,
cm, respectively, per unit cell. In Fig. 7.27(b), one sees the helical arrangement of
the Ga atoms in the Ir diamond-like host framework. The different periodicities
of the host/guest substructures are indicated. In each case, the host structure is
formed by the TM atoms arranged in the form of tetra-helices, with the guest
helices enclosed therein. The host substructure can be seen as constituting t mod-
ules of the tI4-Sn structure (see Fig. 7.27(b), (c)), while the guest appears as
chains that are modulated by the interactions with the host and give rise to a
superstructure of the host due to a size misfit.

Further examples are: tP36-Ir4Ge5 (116 P4̄c2), tP120-Mn11Si19 (118 P4̄n2),
tI56-Rh17Ge22 (122 I 4̄2d), and tP192-V17Ge31 (118 P4̄n2). The chemical com-
position and therewith the size of the unit cell is governed by the number
of valence electrons per TM atom, which should be 14 (Fredrickson et al.,
2004a; Fredrickson et al., 2004b). For instance, for tP20-Ru2Sn3, this reads
(2 × 8 + 3 × 4)/2 = 14) or for tP32-Ir3Ga5, (3 × 9 + 5 × 3)/3 = 14).

An example of another group of long-period structures is hP556-FeZn10 (194
P63/mmc) (Belin and Belin, 2000), a Hume-Rothery phase.

7.10 Hierarchical and modular structures

Formally, hierarchical structures can be derived from basic structures by replacing
single atoms by groups of atoms. In a next step, the single atoms of the so-obtained
structure can be substituted again by structural subunits (clusters) on a larger
scale. Consequently, the same packing principles apply to the smaller and the
larger scale(s). There are many examples known (see, e.g., Bodak et al. (2006),
Deiseroth and Biehl (1999)):

• cP8-Cr3Si → cP156-K29NaHg48 (see Fig. 7.28)

• cI2-W → cI44-Ce6Ni6Si2

• cP3-CaTiO3 → cP39-Mg2Zn11

• cF16-MCu2Al → cF116-Ce3Pd20Ge6

• cF116-Th6Mn23 → cF1124-Tb117Fe52Ge112

• quasiperiodic structures.
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Fig. 7.28 The structure of cP156-K29NaHg48 in relation to that of cP8-Cr3Si. In (a), the
icosahedral Na@Hg12 clusters at the corners and the center of the unit cell are shown, while in
(b) the second, pentagon-dodecahedral coordination shell consisting of 20 K atoms, is
highlighted (Hg atoms are not shown). The third coordination shell is a Hg12 icosahedron
again. These clusters formally replace the Si atoms of the cP8-Cr3Si unit cell, while the Cr
atoms are substituted by hexagonal antiprismatic K@Hg12 clusters. In (f), the fractal
generation of pentagon tilings is shown: in each step, all pentagons are replaced by a patch of
six pentagons, P5P, and rescaled to the original size of the pentagons. The scale of the structure
images is 80% of the usual one.

All self-similar structures, such as quasiperiodic or fractal ones, can be de-
scribed as hierarchical structures as well. Due to self-similarity, particular struc-
ture motifs appear in the structure over and over on a larger and larger scale. In
the case of the Penrose tiling, this can be realized by applying the substitution
rule, illustrated in Subsection 3.2.3, Fig. 3.9. A fractal substitution is shown in
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Fig. 7.28(f). There, each pentagon is replaced with a patch of six pentagons over
and over. This can also be described as a process of local twinning. Each pentagon
is reflected on each of its edges, arriving from P to P5P, and so on. The empty
space remaining in such a generation process can be filled again with pentagons,
yielding a structure model for a decagonal quasicrystal if done properly (Steurer,
2006a).

Modular structures are composed of parts (modules) of other structures. An
example was discussed in Section 7.8 with the structure of oC10-Fe2AlB2. It can
be seen as a combination of modules from the oC8-CrB and the cP2-FeAl (cP2-
CsCl type) structures (Jeitschko, 1969), as a stacking of cubic and hexagonal slabs
(Fig. 7.26(j)–(l)).

There are also many examples known for structures that can be described as
hybrids between hierarchical structures and modules of other structures. We illus-
trate such a case using the example of cP792-V11Cu9Ga46 (Lux et al., 2012) (see
Fig. 7.29).

This structure can be described by replacing all the atoms in the cP8-Cr3Si
structure by so-called supercubes, Ga@V8Ga68. Such a supercube consists of a
Ga-centered Ga-cuboctahedron, Ga@Ga12, surrounded by triangle-face-sharing
V@Ga10 centaur polyhedra. A centaur polyhedron is a hybrid between two dif-
ferent polyhedra, in our case by half a cube and half a icosahedron. The remaining
empty space between the supercubes is filled with cP2-CsCl-like structural units,
V@Ga8 and Cu@Ga8, respectively (Fig. 7.29 (a)–(c)). The lattice parameters of
cP792-V11Cu9Ga46 correspond to a (8× 8× 8)-fold superstructure of a simple
bcc unit cell. However, such a 512-fold superstructure of cI2-W would have 1024
atoms compared to the 792 in our case. Consequently, our structure cannot be
simply described as a superstructure.

The cuboctahedron, Ga@Ga12, represents a structural subunit of the cF4-Cu
structure, which is adopted by Ga under very high pressure. V has the cI2-W
type structure. The phase diagrams of Cu–Ga and Ga–V show many intermetallic
compounds, whereas that of Cu–V is empty. In the range between 19% and 27%
Ga, Cu and Ga form a phase with the cI2-W type structure. In the system Ga–V a
compound, hR147-V8Ga41, exists, which is closely related to cP792-V11Cu9Ga46
(Girgis et al., 1975).
hR147-V8Ga41 (Girgis et al., 1975) is the simplest example of a structure built

from these supercubes, Ga@V8Ga68. There, the supercubes occupy the Hg-sites
of the hR3-Hg structure type, corresponding to a hierarchical structure. The su-
percubes are linked via vertices of the V@Ga10 polyhedra. Adding Cu to this
intermetallic phase, which does not form any compounds with V in the binary
system, leads to the complex structure of cP792-V11Cu9Ga46. Indeed, for atomic
radii of Cu, Ga, and V of 1.28 Å, 1.22 Å, and 1.31 Å, respectively, the shortest
atomic distance between Cu and V is with 2.69 Å rather large. In contrast, the
shortest distances between Ga–V and Ga–Cu correspond with 2.50 Å and 2.53 Å
more or less to the sum of the atomic radii.
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7.11 Structures with one dominating element

In this section, structures will be discussed that contain at least 90% of one dom-
inating element. How common are such structures, in which binary and ternary
intermetallic systems do they occur? In the cases where each minority atom of
type A is surrounded by two shells of majority atoms of type B, interesting proper-
ties may emerge. Such a case could be seen as an ordered distribution of atoms of
type A in a matrix consisting just of B atoms, i.e., just as an ordered perturbation
of the structure of B. No A atom would have another A atom as nearest or next-
nearest neighbor. This is realized approximately in the structure of cF184-ZrZn22,
for instance (Fig. 7.30). Between two Zr atoms, there are, with four exceptions,
two or more Zn atoms. The minimum Zr–Zr distance is > 6 Å.

Examples are:

• 95.7% Zn: cF(420-18x)-MoZn22–x (216 F 4̄3m) (Nasch and Jeitschko,
1999): despite the different decoration with atomic species, the structure
is quite similar to those of Mg44Rh7, Fe22Zn78, Na6Tl, and Mg6Pd.

• 95.7% Zn: cF184-ZrZn22 (227 Fd3̄m): MoBe22; ReBe22; WBe22.

• 94.1% Zn: oC68-TiZn16 (63Cmcm) (Chen et al., 1995): the structure can be
described as a stacking of layers A and B in the sequence ABAB along [100].
The layers of type A are flat and contain both Ti and Zn atoms, while those
of type B are puckered and consist of Zn atoms only. The Ti atoms have
exclusively Zn neighbors; the AETs corresponds to CN15 FK-polyhedra.
Representative: NbZn16.

• 93.1% Hg: cI174-Cs2Hg27 (204 Im3̄): One Cs–TM intermetallic with this
structure type is known, with TM = Hg. The structure can be seen as a
hierarchical substitution of the AgI structure type (Hoch and Simon, 2008).

• 92.9% Zn: mC28-FeZn13 (12 C2/m) (Belin et al., 2000; Liu et al., 2008).
The Fe atoms center Zn12 icosahedra, which form chains along the [001]
direction by sharing vertices. Eight of such icosahedra surround Zn2 dumb-
bells filling the space between them. The stability region of this phase
reaches from the nominal Fe composition of 7.14% down to 5.9%, indicating
that Fe atoms can be replaced by Zn to some extent but not vice versa.

• 92.9% Zn: cF112-NaZn13 (226 Fm3̄c): LaCo13; BaBe13; BaCu13; HfBe13;
MgBe13; PuBe13; Be13Sb; ScBe13; ThBe13; UBe13; YBe13; ZrBe13; CaZn13;
RbCd13; EuZn13; LaZn13; Ba13In; Ba13Tl; BaZn13; CaBe13.

• 92.3% Mn: tI26-ThMn12 (139 I4/mmm) (Florio et al., 1952) (Fig. 7.31):
columns of square-face-sharing ThMn20 polyhedra linked via vertices; it
can be seen as intergrowth of CaCu5- and Zr4Al3-blocks, or that in the
CaCu5 structure one half of the Ca atoms are replaced by dumbbells of
TM atoms: 2RT5–R+2T=RT12 (R. . . RE or Ca, T. . . TM). The only
other binary representative is SmZn12, which is strongly magnetic; the struc-
ture can be stabilized by ternary substitutions; however, this decreases the
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Fig. 7.30 (a)–(d, (f) Different views of the structure of cF184-ZrZn22 in comparison with the
Laves phase cF24-MgCu2 (e, f). The structure can be described as a vertex-connected packing
of Zn-CN16 FK-polyhedra around the Zr atoms and Zn-CN12 icosahedra centered by the
Zn3 atoms. The Zr atoms occupy the positions ofMg in the Laves phase, and the Zn3 atoms
those of Cu. The projected structure of (a) cF184-ZrZn22 is very similar to that of (e) 2× 2× 2
block of unit cells of (f) the cubic Laves phase.

fraction of the major element to below 90%.: R12–xMx, with R a light RE,
and M=Ti, V, Cr, Mo, W, or Al (1< x< 2); CrBe12; TiBe12; WBe12;
CeMg12; DyMn12; DyZn12; ErMn12; ErZn12; GdMn12; GdZn12; HoZn12;
LuZn12; Mg12Pr; TmMn12; YMn12; ScZn12; SmZn12; TbZn12; TmZn12;
UZn12; YZn12; Mg12Ce.

• 92.3% Al: cI26-WAl12 (204 Im3̄): MoAl12; ReAl12; NbBe12; PdBe12; PtBe12;
RuBe12; TaBe12; VBe12.

• 91.7% Cd: tI48-BaCd11 (141 I41amd) (Sanderson and Baenziger, 1953):
packing of BaCd22 polyhedra, which share square faces within layers and
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hP6-CaCu5 and (f) hP7-Zr4Al3. The large Th atoms sit in half of the hexagons in a
honeycomb layer ofMn atoms (a), the other half of the hexagons is occupied by dumbbells of
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illustrated in (g). The honeycomb layers are sandwiched betweenMn Kagomé nets (c). This is
similar to the structure of (f) hP7-Zr4Al3, and also bears some resemblance to the structure of
(e) hP6-CaCu5. From another perspective, the structure of tI26-ThMn12 can also be
described as a bcc packing of columns of square-face-sharing ThMn20 polyhedra, which are
linked to each other via their vertices (d, h).

vertices in [001] direction; representatives: SrCd11, CaZn11; REZn11 with
RE=La, Ce, Pr, Nd, Yb;

• 91.7% Hg: cP36-BaHg11 (221 Pm3̄m): CeCd11; CaHg11; EuCd11; LaCd11;
NdCd11; PrCd11; PuCd11; SmCd11; SrCd11; ThCd11; UCd11; KHg11;
RbHg11; SrHg11.

• 90.9% Al: cF176-VAl10 (227 Fd3̄m): The V-centered Al-icosahedra form
a large tetrahedron with the icosahedra vertex-connected along the edges
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(four icosahedra/edge). Perpendicular to the threefold axes, the V atoms
form layers with Kagomé structures. Another representative: Ba10Ga.

• 90.7% Zn: hP556-Fe13Zn126 (194 P63/mmc) (Belin and Belin, 2000;
Okamoto et al., 2014). All 52 Fe atoms occupy exclusively the centers
of ordered as well as disordered Zn12 icosahedra. Furthermore, there are
also Zn-centered Zn12 icosahedra and Zn-centered Zn16 icosioctahedra,
as well as a few “glue” Zn-atoms. The ordered (regular) Fe-centered
icosahedra are connected with each other by sharing vertices and faces, re-
spectively, forming slabs perpendicular to the [001] direction in this way.
The slabs are linked to each other via face-sharing with Zn16 icosioctahedra.
Around z = 0 and z = 1/2, the atoms form a slightly puckered 3.4.6.4 Ar-
chimedean small-rhombitrihexagonal tiling. The structure indicates that the
chemical bonds between Fe and Zn are stronger than those between Zn and
Zn, similar as is the case for the other complex phases, cF408-Fe11Zn40 and
mC28-CoZn13, in the system Fe–Zn.

It is remarkable that Zn-compounds are the most common representatives for
this kind of structure. cF184-ZrZn22 (227 Fd3̄m, setting 2; Zr in 8a 1/8, 1/8, 1/8;
Zn1 in 96g 0.0617, 0.0167, 0.3192; Zn2 in 48f 0.4867, 1/8, 1/8; Zn3 in
16d 1/2, 1/2, 1/2; Zn4 in 16c 0, 0, 0) can be described as a cluster-decorated cubic
Laves phase (Fig. 7.30). The Zr atoms are surrounded by CN16 FK-polyhedra,
which decorate the vertices of a 4-connected D-net, and are linked to each other
via the Zn4 atoms. The Zn3-centered CN12 polyhedra (icosahedra) again form a
4-connected D-net, with smaller distances between the vertices, however. The
icosahedra are linked via Zn2 atoms to each other and via Zn1 atoms to the
CN16 polyhedra. A fraction of the Zn2 and Zn3 atoms is separated by more
than 5 Å from the closest Zr atoms, and has at least one Zn atom between itself
and Zr.

According to Ilyushin and Blatov (2009), two ternary superstructures to the
cF184-ZrZn22 structure type exist: the cF184-CeCr2Al20 structure type and the
cF184-Mg3Ti2Al18 structure type, with more than 100 representatives. Substitut-
ing the central atoms of the icosahedra, Zn3=B, gives the composition AB2X20 if
Zr is given the label A. Consequently, in the case of cF184-CeCr2Al20, Ce occu-
pies the centers of the CN16 polyhedra, and Cr those of the icosahedra. However,
in the case of these superstructures, the majority element does not contribute more
than 90% to the chemical composition anymore.

7.12 Alkali/alkaline earth metal compounds (groups 1
and 2 only)

The electronegativities and atomic radii of the group 1 and 2 elements range from
χ = 0.7 and r = 2.66 Å for Cs (M = 8) to 1.0 and 1.52 Å for Li (M = 12), respec-
tively (Fig. 7.32). The electronegativities vary in a small range only, in contrast to
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Fig. 7.32 Elements constituting the compounds discussed in Section 7.12 are shaded in gray
in the periodic table. Mendeleev numbers (top left in each box), Pauling electronegativities χ

(relative to χF = 4.0) (bottom left in each box), and atomic radii (half of the shortest distance
between atoms in the crystal structure at ambient conditions) (bottom right in each box) of the
metallic elements are given.

the larger variation of the atomic radii. From their Mendeleev numbers, the group
2 elements Be (χ =1.5, r =1.11 Å) and Mg (χ =1.2, r =1.60 Å) withM =77 and
M =73, respectively, are assigned to group 12. This is justified by their chemical
properties, which differ from the other alkaline earth (AE) metals. In particular,
Be, with its tendency to form covalent bonds, behaves quite differently. Within the
group 1 and 2 elements, it just forms compounds of the cF112-NaZn13 type. Be
occupies the Zn position and forms AE-centered AEBe24 snub cubes (AE = Ba,
Sr, Ca, Mg) and Be-centered Be12 icosahedra sharing triangle faces with the snub
cubes in-between. The radii ratios of Be and the AE atoms range from 0.51 to
0.69. As is mentioned later on (Section 10.8), the structure type cF112-NaZn13 is
frequently found in hard-sphere self-assembled colloidal systems with size ratios
around 0.49–0.63.

Among the 6441 binary and 13 026 ternary intermetallics, just 40 and 2 com-
pounds, respectively, are known, which are built from elements of groups 1
and 2 only. Of the binary structures, twelve feature the simple sphere-packing
structures:

• cI2-W: Cs50Rb50, Cs50K50, Li90Mg10, Ca60Ba40, Ba50Sr50, Ca50Sr50

• cF4-Cu: Li81Mg19, Ca70Ba30, Sr78Ba22, Ca50Sr50

• hP2-Mg: Mg82Li18

• cP2-CsCl: Sr50Mg50.
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Nine intermetallics exhibit the Laves-phase structure type:

• hP12-MgZn2: K66.7Cs33.3, Na66.7K33.3, Na80Ba20, Na66.7Cs33.3, Li66.7Ca33.3,
Mg66.7Ba33.3, Mg66.7Sr33.3, Mg66.7Ca33.3

• cF24-MgCu2: Li66.7Ca33.3.

Eleven more intermetallics have been reported with diverse other structure types
such as:

• tI16-Li90Mg10 in structure type tI16-Li3Mg5

• hR57-Mg89.5Ba10.5 in structure type hR57-Zn17Th2

• cF96-Ba50Na50 in structure type cF96-CdNi

• hP38-Mg89.5Sr10.5 in structure type hP38-Th2Ni17

• hP90-Mg80.9Sr19.1 in structure type hP90-SrMg4

as well as the eponymous compounds tP20-Li2Sr3, hP26-Cs6K7, hP30-Li4Ba,
hP46-SrMg5.2, hP94-Sr9Mg38, and tI252-Li44Ba19. The latter complex structure
shows Li19 polytetrahedral (anti-Mackay) clusters (Smetana et al., 2007a).

Two more structure types are slightly more frequent than the others: the struc-
ture type cF112-NaZn13 is featured in four compounds (Be92.9M7.1 withM =Ba,
Sr, Ca, and Mg), and structure type cF116-Th6Mn23 in three (Li79.3Sr20.7,
Mg79.3Ba20.7, and Mg79.3Sr20.7).

The two ternary compounds are both quite complex: hP(842-148)-
Na11.3Li49.0Ba39.8 and hR888-Li67.5Ba26.5Ca6.0. The main structural building
units of the latter phase are endohedral fullerene-like clusters of the type
FK12@F20/FK32@F60 (the subscripts give the number of atoms), which are loc-
ated in Wyckoff position 6b 0 0 1/2 of the space group R3̄c (hexagonal setting)
(Dshemuchadse and Steurer, 2014). Because Ba and Ca as well as Li and Na
are immiscible, direct contacts between these atoms are avoided by the partic-
ular cluster shell arrangements in the structures. For instance, in the structure
of hP(842-148)-Na11.3Li49.0Ba39.8, Li26 cluster shells are formed, which are sur-
rounded by a Ba28 cluster shell, in this way avoiding direct Li–Na contacts.

7.13 Alkali/alkaline earth metal compounds
with TM elements

7.13.1 Compounds of Li, Na, K, Rb, or Cs
with TM elements

The alkali metals have the largest atomic radii, ranging from rLi = 1.52 Å
to rCs = 2.66 Å and the smallest electronegativities (χCs = 0.7< χ < χLi = 1.0).
In contrast, the group 3–12 elements have much smaller atomic radii,
ranging from rFe = 1.24 to rLa = 1.87 Å and much larger electronegativities
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(χLa = 1.1< χ < χAu = 2.4), mainly caused by relativistic effects in the case of the
heavier elements. Consequently, compounds of the alkali metals with late TM
elements can show quite ionic bonding. Examples are platinides and aurides such
as Cs+Au–, for instance. The large atomic size differences favor layer structures
of the TM elements with the alkali metal atoms in-between. Examples for the
layer structures are Kagomé or honeycomb nets, which can accommodate very
large alkali metal atoms, or triangle/square nets for smaller ones. The most com-
mon structures, not already depicted elsewhere, are shown and discussed in the
following.

Compounds of Li with TM elements

In the PCD, there are 35 binary and 2 ternary compounds of Li with TM ele-
ments listed. The five most common binary structure types of the binary Li–TM
compounds are:

• hP2-LiRh (187 P6̄m2): Four representatives with this structure type are
known, with TM = Rh, Ir, Pt, and Pd. Ordering variant of the hP2-Mg type
with a ratio of c/a=1.646 for the LiRh compound.

• cF32-CuPt7 (225 Fm3̄m): Two representatives with this structure type are
known, with TM = Pt and Pd. The structure corresponds to a (2× 2× 2)-
fold superstructure of the cF4-Cu type.

• oI4-LiIr3 (44 Imm2): Two representatives with this structure type are
known, with TM = Rh and Ir. This structure type can be considered an
ordered, orthorhombically distorted variant of the hP2-Mg type.

• hP3-Hg2U (191 P6/mmm): Two representatives with this structure type are
known, with TM = Pt and Pd. The structure is isopointal to hP3-AlB2;
however, the c/a-ratio is much smaller with 0.647 compared to 1.080 for
hP3-AlB2.

• cF16-NaTl (227 Fd3̄m): Two representatives with this structure type are
known, with TM = Cd and Zn. For the close packed structure of this
classical Zintl phase, see Section 7.2.

To our knowledge, there is no structural information about ternary
Li–TM–TM’ phases available.

Compounds of Na with TM elements

In the PCD, there are 17 binary and no ternary compounds of Na with TM
elements listed. Nine of them are Na–Hg compounds. The five most common
binary structure types of the binary Na–TM compounds are:

• cF24-MgCu2 (227 Fd3̄m): Three representatives with this structure type
are known, with TM = Pt, Au, and Ag.

• hP18-Na3Hg (194 P63/mmc) (α-Na3Hg): One representative with this
structure type is known, with TM = Hg. This compound is the RT
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modification of Na3Hg. This low-temperature structure could only be de-
scribed with temperature-dependent triple-split positions of the Na atoms
in the Hg6 octahedral voids (Deiseroth and Rochnia, 1994).

• hR12-Na3Hg (166 R3̄m) (β-Na3Hg): One representative with this structure
type is known, with TM = Hg. The Hg atoms form a rhombohedrally dis-
torted ccp packing with the Na atoms in the tetrahedral and octahedral voids.
The Na atoms in the octahedral voids can only be described by multiple split
positions over the whole stability range (Deiseroth and Rochnia, 1993).

• hP3-Hg2U (191 P6/mmm): One representative with this structure type is
known, with TM = Hg.

• cF112-NaZn13 (226 Fm3̄c): One representative with this structure type is
known, with TM = Zn. The AET of the Na atoms corresponds to a snub
cube, Na@TM24. The TM atoms form TM@TM12 icosahedra sharing
faces with the snub cubes in-between, while the snub cubes are connected
via their square faces (see Fig. 10.8).

Compounds of K with TM elements

In the PCD, there are 15 binary and no ternary compounds of K with TM ele-
ments listed. Seven of them are K-Hg compounds. The five most common binary
structure types of the binary K–TM compounds are:

• cF24-MgZn2 (194 P63/mmc): Two representatives with this structure type
are known, with TM = Au and Ag.

• cF112-NaZn13 (226 Fm3̄c): Two representatives with this structure type are
known, with TM = Cd and Zn.

• oI10-K2Au3 (71 Immm): One representative with this structure type is
known, with TM = Au. The structure consists of flat hexagon/rhomb
layers occupied by the Au atoms with short distances (2.68–2.80 Å, com-
pared to 2.88 Å in the element). The K atoms are intercalated between
these Au-layers. Although the K–K and Au–K distances are within the
range of metallic interactions, due to the large difference in electroneg-
ativities it is assumed that K+ cations and (Au2–

3 ) polyanions are formed
(Krieger-Beck, et al., 1989).

• oP48-K5Hg7 (162 P3̄m): One representative with this structure type is
known, with TM = Hg. This structure can be derived from that of KHg2

(a distorted hP3-AlB2 structure) by replacing one-eighth of the Hg atoms
by K atoms (Duwell and Baenziger, 1960).

• aP8-KHg (2 P1̄): One representative with this structure type is known,
with TM = Hg. The structure can be described by square-planar Hg4 units
stacked along [111]. The distances between these units (3.32 Å) are only
slightly longer than those within (2.99 Å, compared to 3.01 Å in the element)
(Biehl and Deiseroth, 1996).
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Compounds of Rb with TM elements

In the PCD, there are 14 binary and no ternary compounds of Rb with TM ele-
ments listed. Six of them are Rb–Hg compounds. The five most common binary
structure types of the binary Rb–TM compounds are:

• cF112-NaZn13 (226 Fm3̄c): Two representatives with this structure type are
known, with TM=Cd and Zn.

• oS20-Rb3Au7 (65 Cmmm): One representative with this structure type is
known, with TM=Au (Range et al., 1994).

• hP6-CaCu5 (191 P6/mmm): One representative with this structure type is
known, with TM=Au.

• cP46-Rb3Hg20 (223 Pm3̄n): One representative with this structure type is
known, with TM=Hg. The structure is built of vertices sharing octacapped
centered icosahedra Hg@Hg12@Hg8 (Todorov and Sevov, 2000)

• tI48-Rb5Hg19 (87 I4/m): One representative with this structure type is
known, with TM=Hg. The structure can be described as an ordered defect
variant of the tI10-BaAl4 type (Biehl and Deiseroth, 1999).

Compounds of Cs with TM elements

In the PCD, there are eight binary and no ternary compounds of Cs with TM
elements listed. Five of them are Cs–Hg compounds. The five most common
binary structure types of the binary Cs–TM compounds are:

• oI20-Cs0.34Zn4 (74 Imma): One representative with this structure type is
known, with TM=Zn (Wendorff and Röhr, 2006).

• cI174-Cs2Hg27 (204 Im3̄): One representative with this structure type
is known, with TM=Hg. The structure can be seen as a hierarchical
substitution of the AgI structure type (Hoch and Simon, 2008).

• aP8-KHg (2 P1̄): One representative with this structure type is known, with
TM=Hg.

• cF112-NaZn13 (226 Fm3̄c): One representative with this structure type is
known, with TM=Cd.

• cP2-CsCl (221 Pm3̄m): One representative with this structure type is
known, with TM=Au.

7.13.2 Compounds of Be, Mg, Ca, Sr, or Ba
with TM elements

The structure-relevant chemical properties of the alkaline earth elements Be
(rBe = 1.11 Å, χBe = 1.5) and Mg (rMg =1.60 Å, χMg = 1.2) have more in com-
mon with the group 12 elements than with the other group 2 elements. This is
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accounted for by their Mendeleev numbers. The other alkaline earth metals be-
have similarly to the alkali metals. The most common structures, not already
depicted elsewhere, are shown and discussed in the following.

Compounds of Be with TM elements

In the PCD, there are 94 binary and 24 ternary compounds of Be with TM ele-
ments listed. The five most common binary structure types of the binary Be–TM
compounds are:

• tI26-ThMn12 (139 I4/mmm): Fourteen representatives with this structure
type are known, with TM = Ti, Ta, Nb, V, W, Mo, Cr, Mn, Fe, Co, Pt, Pd,
Au, and Ag (see Fig. 7.31).

• hP12-MgZn2 (194 P63/mmc): Eight representatives with this structure type
are known, with TM = V, W, Mo, Cr, Re, Mn, Fe, and Ru.

• hP19-Be15.34Rh2.36 (187 P6̄m2): Six representatives with this structure type
are known, with TM = Fe, Ru, Os, Co, Rh, and Ir. The structure has some
similarities with the hP6-CaCu5 type.

• cP2-CsCl (221 Pm3̄m): Seven representatives with this structure type are
known, with TM = Ti, Fe, Co, Rh, Ni, Pd, and Cu.

• cF24-Be5Au (216 F 4̄3m): Six representatives with this structure type are
known, with TM = Re, Fe, Co, Pt, Pd, and Au. The structure is a super-
structure of cF24-MgCu2, derived by occupying the 8 Mg sites by 4 Au and
4 Be atoms. The 16 Cu sites are all filled with 16 Be atoms.

The only two ternary structure types of the 24 ternary Be–TM–TM’ com-
pounds are:

• cF116-Be15Cu8Ta6 (225 Fm3̄m): Thirteen representatives with this struc-
ture type are known for Be–Cu–(Zr, Hf, Ti, Ta, Nb), Be–Ni–(Zr, Hf, Ta,
Nb), Be–Co–(Zr, Hf), and Be–Pd–(Zr, Hf). The structure (Fig. 7.33) can
be derived from the cF116-Th6Mn23 type.

• hR66-Pr2Mn17C1.77 (166 R3̄m): One representative with this structure type
is known, Pr2Co17Be1.77. It can be regarded as a filled version of the Th2Zn17

type (Block and Jeitschko, 1986).

Compounds of Mg with TM elements

In the PCD, there are 95 binary and 34 ternary compounds of Mg with TM ele-
ments listed. The five most common binary structure types of the binary Mg–TM
compounds are:

• cP2-CsCl (221 Pm3̄m): Seven representatives with this structure type are
known, with TM = Sc, Y, Rh, Pd, Au, Ag, and Hg.
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Fig. 7.33 Different views of the structure of cF116-Be15Cu8Ta6. (a) Projection along [010] of
the atomic structure, (b) the polyhedra representation, and (c) in perspective view. The Ta atoms
form octahedra, which are edge- and face-capped by Be atoms. Each vertex of the octahedra is
connected to a Cu-cube, which is centered and edge-capped by Be, and face-capped by Ta. Be1
is coordinated by the aforementioned Cu-cube, Be2 and Be3 have distorted icosahedral
coordination each, Be2@Be4Cu4Ta4 and Be3@Be6Cu3Ta3, respectively.

• hP24-Cu3P (163 P3̄c): Five representatives with this structure type are
known, with TM = Rh, Ir, Pt, Pd, and Au.

• cF24-MgZn2 (194 P63/mmc): Four representatives with this structure type
are known, with TM = Y, Co, Ir, and Zn.

• hP8-Na3As (194 P63/mmc): Four representatives with this structure type are
known, with TM = Ir, Pd, Au, and Hg.

• cP4-Cu3Au (221 Pm3̄m): Four representatives with this structure type are
known, with TM = Ni, Pt, Pd, and Ag.

The five most common ternary structure types of the 34 ternary Mg–TM–TM’
compounds are:

• cF16-Cu2MnAl (225 Fm3̄m): Three representatives with this structure type
are known for Mg–Zn–(Y, Ag) and Mg–Cd–Ag.

• cP208-Mg4.22Zn21.08Hf1.14 (200 Pm3̄): Two representatives with this struc-
ture type are known for Mg–Zn–(Zr, Hf), a 1/1 approximant (Gómez et al.,
2008)

• cP712-Mg2.5Zn73.6Sc11.18 (205 Pa3̄): One representative with this structure
type is known, Mg2.5Zn73.6Sc11.18, a 2/1-approximant (Lin and Corbett,
2006).

• hP36-Sc3Ni11Si4 (194 P63/mmc): One representative with this structure type
is known, Y3Zn11Mg4.

• hP9-ZrNiAl (189 P6̄2m): One representative with this structure type is
known, MgYZn.
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Compounds of Ca with TM elements

In the PCD, there are 68 binary and 31 ternary compounds of Ca with TM ele-
ments listed. The five most common binary structure types of the binary Ca–TM
compounds are:

• hP6-CaCu5 (191 P6/mmm): Five representatives with this structure type are
known, with TM = Ni, Pt, Pd, Cu, and Zn.

• cF24-MgCu2 (227 Fd3̄m): Five representatives with this structure type are
known, with TM = Rh, Ir, Ni, Pt, and Pd.

• oI12-KHg2 (74 Imma): Four representatives with this structure type are
known, with TM = Au, Ag, Cd, and Zn.

• tI32-Cr5B3 (140 I4/mcm): Four representatives with this structure type are
known, with TM = Au, Ag, Hg, and Zn.

• cP2-CsCl (221 Pm3̄m): Three representatives with this structure type are
known, with TM = Pd, Hg, and Cd.

The five most common ternary structure types of the 31 ternary Ca–TM–TM’
compounds are:

• cF472-Ca21Zn36Ni2 (227 Fd3̄m): One representative with this structure type
is known, Ca21Zn36Ni2.

• oS68-Ca4Au10In3 (64 Cmce): One representative with this structure type is
known, Ca4Au10Cd3.

• oP12-HoNiGa (62 Pnma): One representative with this structure type is
known, CaPdZn, which is related to the hP3-AlB2 type.

• oP12-TiNiSi (62 Pnma): One representative, AuCaCd, with this structure
type is known; it can be derived by symmetry reduction (I → P) from the
oI12-KHg2 structure type, which itself is an hP3-AlB2 derivative structure.

• hP18-YNi2Al3 (191 P6/mmm): One representative with this structure type
is known, CaNi2Zn3.

Compounds of Sr with TM elements

In the PCD, there are 46 binary and 9 ternary compounds of Sr with TM ele-
ments listed. The five most common binary structure types of the binary Sr–TM
compounds are:

• oI12-KHg2 (74 Imma): Five representatives with this structure type are
known, with TM = Au, Ag, Hg, Cd, and Zn.

• cF24-MgCu2 (227 Fd3̄m): Four representatives with this structure type are
known, with TM = Rh, Ir, Pt, and Pd.
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• hR45-Er3Ni2 (148 R3̄): Three representatives with this structure type are
known, with TM = Pt, Au, and Ag.

• hP20-Th7Fe3 (194 P63mc): Two representatives with this structure type are
known, with TM = Au, and Ag. Its structure is shown in Fig. 7.39 (a)–(e).

• tI48-BaCd11 (141 I41/amd): Two representatives with this structure type are
known, with TM = Cd, and Zn.

There is just one ternary structure type among the nine ternary Sr–TM–TM’
compounds:

• oP12-TiNiSi (62 Pnma): One representative, AuCdSr, with this structure
type; it can be derived by symmetry reduction (I → P) from the oI12-KHg2

structure type, which itself is an hP3-AlB2 derivative structure.

Compounds of Ba with TM elements

In the PCD, there are 36 binary and 1 ternary compound of Ba with TM ele-
ments listed. The five most common binary structure types of the binary Ba–TM
compounds:

• hP6-CaCu5 (191 P6/mmm): Four representatives with this structure type
are known, with TM = Pt, Pd, Au, and Ag.

• oI12-KHg2 (74 Imma): Four representatives with this structure type are
known, with TM = Ag, Hg, Cd, and Zn.

• cP2-CsCl (221 Pm3̄m): Three representatives with this structure type are
known, with TM = Hg, Cd, and Zn.

• tI6-CuZr2 (139 I4/mmm): Three representatives with this structure type are
known, with TM = Hg, Cd, and Zn. See Fig. 7.3.

• hR45-Er3Ni2 (148 R3̄): Three representatives with this structure type are
known, with Ba-(Pt, Au, and Ag).

There is no ternary structure type of the single (pseudo-) ternary Ba–TM–TM’
compounds.

7.14 Transition metal (TM) compounds
(groups 3–12 only)

In the following, with the term “transition metal elements” (TM) we mean all ele-
ments from groups 3–12, not including the lanthanoids or any of the radioactive
elements in the seventh period (Ac and following) (see Fig. 7.34). TheMendeleev
numbers of these elements are M =19, 25, 33, 49–72, and 74–76. The Pauling
electronegativities, which generally decrease from periods three to five, increase
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Fig. 7.34 Elements constituting the compounds discussed in this section are shaded gray in the
periodic table. Mendeleev numbers (top left in each box), Pauling electronegativities χ (relative
to χF = 4.0) (bottom left in each box), and atomic radii (half of the shortest distance between
atoms in the crystal structure at ambient conditions) (bottom right in each box) of the metallic
elements are given.

from group 3 to 11, with La the least (χ =1.1) and Au the most (χ =2.4) elec-
tronegative element (see Fig. 6.2). The atomic radii, which increase from periods
three to five, show a parabolic behavior. The atomic diameters have minimum val-
ues for each period for group 8 elements (Fe, Ru, Os) and maximum for group 3
elements.

Among the 6441 binary intermetallics, 1433 compounds (22.2%) are formed
solely from transition metal elements, featuring 249 (26.4%) different struc-
ture types out of the 943 ones of binary intermetallics. The most common
structure types are given in Table 7.7. Four out of the 18 most common
structure types are just single-element ones. The most complex ones are
the FK-phase tP30-Cr0.49Fe0.51 (σ -phase) and cF96-Ti2Ni, which is consti-
tuted from icosahedral AETs and other AETs with locally fivefold symmetry
(see Fig. 7.38).

The elements forming the binary transition metal intermetallics in the six most
common structure types are illustrated in Fig. 7.35. In the top three structure
types (cF4-Cu, cI2-W, and hP2-Mg), the major element constitutes up to 99.9%
of the compounds. This does not mean that these phases are just solid solu-
tions of element B in element A, keeping the structure of A. For instance, in
the system Ag–Cd (M =71 and M =75, respectively), the HT-phase β-AgxCd1–x

(0.4≤ x≤ 0.55) has a cI2-W-type structure. Another example is ε-CrxCo1–x

(0.62≤ x≤ 0.85), which has a structure of type hP2-Mg, while Co crystallizes
in the cF4-Cu type, and Cr in the cI2-W type.
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Table 7.7 Most common structure types of the 1433 binary intermetallic phases listed in the
PCD, which are formed exclusively from transition metal elements. The top 18 structure types
are given with the number of their representatives. Each structure type has at least 14
representatives and therefore represents at least 1.0% of all binary transition metal intermetallics.
Only 14 out of the 18 structure types are binary, 4 are just unary.

Rank Structure type No. Space
group

Wyckoff
positions

No. of
structures

% of all
structures

1. cF4-Cu 225 Fm3̄m 4a 157 11.0%

2. cI2-W 229 Im3̄m 2a 125 8.7%

3. hP2-Mg 194 P63/mmc 2c 114 8.0%

4. cP2-CsCl 221 Pm3̄m 1ab 79 5.5%

5. cP4-Cu3Au 221 Pm3̄m 1a 3c 61 4.3%

6. tP30-Cr0.49Fe0.51 136 P42/mnm 2a 4f 8i2j 47 3.3%

7. hP12-MgZn2 194 P63/mmc 2a 4f 6h 45 3.1%

8. cF24-MgCu2 227 Fd3̄m 8a 16d 43 3.0%

9. cP8-Cr3Si 223 Pm3̄n 2a 6c 37 2.6%

10. tP2-CuAu 123 P4/mmm 1ad 29 2.0%

11. cF96-Ti2Ni 227 Fd3̄m 16c 32e 48f 28 2.0%

12. tI6-CuZr2 139 I4/mmm 2a 4e 19 1.3%

13. cI58-Mn 217 I 4̄3m 2a 8c 24g2 19 1.3%

14. tP2-CuTi 123 P4/mmm 1ad 15 1.0%

15. hP24-MgNi2 194 P63/mmc 4ef 2 6gh 15 1.0%

16. tI6-MoSi2 123 I4/mmm 2a 4e 15 1.0%

17. hP6-CaCu5 191 P6/mmm 1a 2c 3g 14 1.0%

18. hP8-Mg3Cd 194 P63/mmc 2d 6h 14 1.0%

876 61.1%

The stability field of the cF4-Cu-type structures is essentially bounded by Co
(M =64) and Cu (M =72) for the majority element A. All TM elements within
these boundaries have the cF4-Cu structure type. The minority element B can
be any of the transition elements. The adjacent cI2-W stability field is bounded
by Zr (M =49) and Fe (M =61) for A elements. All TM elements within these
boundaries have either the hP2-Mg or the cI2-W structure type. B can be any
other TM element. Remarkable is the asymmetry for Re (M =58), which can
only form Re–TM compounds with Re as the minority element B. The majority



Transition metal (TM) compounds (groups 3–12 only) 301

7–16 17–33 34–48 49–77 78–91

7–16 17–33 34–48 49–77 78–91

7–16 17–33 34–48 49–77 78–91

10

20

30

40

50

60

70

80

 90

10

20

30

40

50

60

70

80

 90

10

20

30

40

50

60

70

80

 90

M
en

de
le

ev
 n

um
be

r 
M

(B
)

cF4-Cu phases (AaBb with a > b) cI2-W phases (AaBb with a > b)

M
en

de
le

ev
 n

um
be

r 
M

(B
)

hP2-Mg phases (AaBb with a > b) cP2-CsCl phases (AaBb with a > b)

 10  20  30  40  50  60  70  80  90

M
en

de
le

ev
 n

um
be

r 
M

(B
)

Mendeleev number M(A) 

cP4-Cu3Au phases (AaBb with a > b)

 10  20  30  40  50  60  70  80  90
Mendeleev number M(A) 

tP30-Cr0.49Fe0.51 phases (AaBb with a > b)

a b

7–16 17–33 34–48 49–77 78–91

7–16 17–33 34–48 49–77 78–91

7–16 17–33 34–48 49–77 78–91

64
Co

72
Cu

49 Zr

76 Zn

33 La

25 Y

19 Sc

61
Fe

49
Zr

49 Zr

76 Zn

25 Y

58 Re

58
Re

33 La

25 Y

19 Sc

58
Re

67
Ni

52
Ta

61
Fe

58
Re

70 Au

61 Fe

52 Ta

58 Re

64
Co

70
Au

61 Fe

49 Zr

68 Pt

49 Zr 49 Zr

54 V

Fig. 7.35 Occurrence of the six most common structure types among binary transition metal
intermetallics. The Mendeleev numbers M of both elements are shown, with the major
component A and the minor B. The depicted structure types are cF4-Cu, cI2-W, hP2-Mg,
cP2-CsCl, cP4-Cu3Au, and tP30-Cr0.49Fe0.51 (σ -phase).
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of phases with hP2-Mg-type structures are constituted from A elements from
groups 7 and 8, and B atoms of group 4 to group 10 elements.

The compounds with cP2-CsCl-type structures contain 50–60 % of the ma-
jority element. This structure type is mainly adopted by late TM elements for
A atoms and either the group three elements Sc (M =19), Y (M =25), and La
(M =33) or early TM elements for B atoms. In structure type cP4-Cu3Au, the
majority component makes up 66.7–82.5 % compared with 25% in the epony-
mous compound. The stability field encompasses groups 9 and 10 (all but one of
the cF4-Cu type) for A atoms, and groups 4 (hP2-Mg) and 5 (cI2-W), as well as
the bcc elements Mn (M =60) and Fe (M =61) for B atoms.

The structures of type tP30-Cr0.49Fe0.51 (σ -phase) on the other hand contain
50–80% of the majority component. There are two small stability fields. One
comprises groups 5 and 6 (all cI2-W type) for A elements, and 8 to 11 (mostly
cF4-Cu, and without Ag and Au) for B atoms. The other includes groups 7 and 8
(mostly hP2-Mg) for A atoms, and groups 5, 6 (all cI2-W type), and 7 (mostly
hP2-Mg) for B elements.

The stoichiometries of all the 1433 binary transition metal intermetallics are
visualized in the histogram depicted in Fig. 7.36. By far the most frequent com-
position is AB, followed by AB2/A2B and AB3/A3B. There are more than twenty
different stoichiometries with at least ten representatives.

Among the 13 026 ternary intermetallics, 797 compounds are formed solely
from transition metal elements, featuring 118 different structure types. The most
common structure types are given in Table 7.8. The Laves phases cF24-MgCu2

and hP12-MgZn2 belong to the top three structure types. According to Stein et al.
(2005), one distinguishes between pseudo-ternary Laves phases and true ternary
Laves phases. If the stability of a binary Laves phase extends into the ternary
region, then we can call this kind of ternary phase a solid solution, meaning it is
just a pseudo-ternary Laves phase. In the case where no binary Laves phase exists
in a ternary system, we call it a ternary Laves phase. However, this says nothing
about the kind of structural ordering present.

 1

 10

 100

0 1/10 1/6 1/5 1/4 1/3 3/8 2/5 1/2 3/5 5/8 2/3 3/4 4/5 5/6 9/10 1

N
o.

 o
f 

st
ru

ct
ur

es

B-content

A-B

A9B
A4B

A3B A2B

A7B3
A3B2

A5B3

AB

A9B11

A2B3
A3B5 A3B7

A2B7
A2B17

AB2 AB3

AB4 AB5 AB9 AB19
AB99

Fig. 7.36 M/M-plots illustrating the occurrence of binary compositions AmBn, with
M(A) < M(B) of all the 1433 binary transition metal (TM–TM) intermetallics. The most
frequent stoichiometries are labelled with the respective compositions. Note the logarithmic scale
for the number of structures (compounds).
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Table 7.8 Most common structure types of ternary intermetallic phases listed in the PCD,
which are constituted from transition metal elements. The top 23 structure types are given, all of
which have at least eight representative structures and therefore represent at least 1.0% of all
ternary transition metal intermetallics. Only four of them are ternary.

Rank Structure type No. Space
group

Wyckoff
positions

No. of
structures

% of all
structures

1. cF24-MgCu2 227 Fd3̄m 8a 16d 87 10.9%

2. cF4-Cu 225 Fm3̄m 4a 63 7.9%

3. hP12-MgZn2 194 P63/mmc 2a 4f 6h 61 7.7%

4. cI2-W 229 Im3̄m 2a 59 7.4%

5. cP2-CsCl 221 Pm3̄m 1ab 38 4.8%

6. cP4-Cu3Au 221 Pm3̄m 1a 3c 33 4.1%

7. cP8-Cr3Si 223 Pm3̄n 2a 6c 25 3.1%

8. cF184-CeCr2Al20 227 Fd3̄m 8a 16cd 48f 96g 22 2.8%

9. tP2-CuAu 123 P4/mmm 1ad 22 2.8%

10. hP6-CaCu5 191 P6/mmm 1a 2c 3g 19 2.4%

11. tP30-Cr0.49Fe0.51 136 P42/mnm 2a 4f 8i2j 18 2.3%

12. hP2-Mg 194 P63/mmc 2c 15 1.9%

13. cF96-Ti2Ni 227 Fd3̄m 16c 32e 48f 13 1.6%

14. tI26-ThMn12 139 I4/mmm 2a 8fij 12 1.5%

15. cF96-Gd4RhIn 216 F 4̄3m 16e3 24fg 11 1.4%

16. hR36-PuNi3 166 R3̄m 3ab 6c2 18h 11 1.4%

17. hR36-BaPb3 166 R3̄m 3a 6c 9e 18h 10 1.3%

18. tI12-CuAl2 140 I4/mcm 4a 8h 10 1.3%

19. hP28-Hf9Mo4B 194 P63/mmc 2ac 6h2 12k 9 1.1%

20. hP16-TiNi3 194 P63/mmc 2ad 6gh 9 1.1%

21. cP5-CaTiO3 221 Pm3̄m 4ac2 8d 8 1.0%

22. oP8-Cu3Ti 59 Pmmn 2ab 4e 8 1.0%

23. hR57-Zn17Th2 166 R3̄m 6c2 9d 18fh 8 1.0%

571 71.6%
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In contrast to the also very frequent structure types cF4-Cu, cI2-W, and
hP2-Mg, ternary Laves phases do not need to be chemically disordered. By lower-
ing the symmetry from Fd3̄m to F 4̄3m, the Mg site, i.e., Wyckoff position 8 a
0 0 0, splits into two sites 4a 0 0 0 and 4c 1/4 1/4 1/4. Consequently, they can be
occupied by two different kinds of atoms. Although this derivative structure cor-
responds to the cF24-AuBe5 type, one speaks of ternary Laves phases (see, e.g.,
Dogan and Pöttgen (2005), Tappe et al. (2012)). In the case of ordered ternary
Laves phases of the type hP12-MgZn2 (194 P63/mmc, Mg in 4f 1/3, 2/3, z; Zn in
2a 0, 0, 0 and 6h x, 2x, 1/4), such as U2OsAl3 (194 P63/mmc, Os in 2a 0, 0, 0; U in
4f 1/3, 2/3, z; Al in 6h x, 2x, 1/4), the symmetry remains unchanged, only the site
occupations change.

In the case of the rather frequent cP2-CsCl structure type, and for the case
of ternary compounds with stoichiometry 2:1:1, which have been studied just by
X-ray powder diffraction methods, the actual structure type may be that of the
Heusler phases, a derivative of the cP2-CsCl structure type (see, e.g., Dubenskyy
et al. (2000)). This may also apply to other assignments of structure types.

Among the 23 structure types listed in Table 7.8, only four (with altogether
50 representatives) consist of three constituents (see Fig. 7.37), two of them
are quite complex: the FK-phases cF184-CeCr2Al20 and cF96-Gd4RhIn. cF184-
CeCr2Al20 can be seen as superstructures of the cF184-ZrZn22 structure type
(see, e.g., Ilyushin and Blatov (2009)). The atomic layers typical for FK phases
are nicely visible in the projection (Fig. 7.37 (a), (c)). The cF96-RE4RhIn fam-
ily of compounds show a 3D network of edge-connected Rh@RE6 trigonal
prisms, with the voids filled by further RE atoms and In4 tetrahedra (Zaremba
et al., 2007). hP28-Hf9Mo4B can be described as a packing of tricapped trigonal
prisms, B@Hf9, which are vertex-sharing with columns of face-sharing icosa-
hedra, Mo@Mo6Hf6, along [001]. There is also another representation possible,
drawing the icosahedra, Mo@Mo4Hf8, around theMo atoms in the otherWyckoff
position.

7.14.1 Compounds of Sc, Y, or La with TM elements

There are many cases where the structures of ternary intermetallic phases are
assigned to binary structure types, for instance to the cF24-MgCu2 type. If
the structure type was just chosen based on the comparison of Debye-Scherer
photographs, which was quite common in the past, it is not clear whether the
ternary phase was really partially disordered or rather of the cF24-MgCu4Sn type
(Fig. 7.55). The ordering of TM elements can be difficult to identify by diffraction
experiments if the scattering powers of the constituting elements are too similar.
Therefore, in the following we omit binary structure types of ternary phases even
if they are the most frequent ones. The same applies to unary structure types
assigned to binary phases. The most frequent structures, not already depicted
elsewhere, are shown and discussed below.
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Compounds of Sc with TM elements

In the PCD, there are 78 binary and 20 ternary compounds listed with other TM
elements. The five most common binary structure types of the binary Sc–TM
compounds are:

• cP2-CsCl (221 Pm3̄m): Thirteen representatives with this structure type are
known, with TM = Ru, Co, Rh, Ir, Ni, Pt, Pd, Au, Ag, Cu, Hg, Cd, and Zn.

• hP12-MgZn2 (194 P63/mmc): Seven representatives with this structure type
are known, with TM = Re, Tc, Mn, Fe, Ru, Os, and Zn. Sc occupies the
Mg site.

• cF96-Ti2Ni (227 Fd3̄m): Five representatives with this structure type are
known, with TM = Ru, Co, Ir, Ni, and Pd. Sc occupies the Ni site. Its
structure (Fig. 7.38) can be described as a packing of icosahedral and pen-
tagonal prismatic structural subunits (Yurko et al., 1959; Yurko et al., 1962).
It should be mentioned here that an icosahedral quasicrystal also exists in
the system Ni–Ti–Zr. In cF96-Ti2Ni, the Ni atoms (32e) form regular tet-
rahedra (edge length 2.82 Å), completely surrounded by Ti atoms, the Ti
(48f ) regular octahedra. The icosahedra around the Ni atoms, Ni@Ti9Ni3
(distances 2.48–2.89 Å), interpenetrate each other along 3 of the 12 five-
fold axes, the shared volumes corresponding to pentagonal bipyramids in
each case. The face-sharing icosahedra around Ti in 16c, Ti@Ti6Ni6 (dis-
tances 2.48–2.90 Å), are arranged along the edges of large tetrahedra (see
Fig. 7.38 (b)). In the remaining space between the icosahedra, their atoms
form a framework of empty Ti octahedra and Ti and Ni tetrahedra, re-
spectively (see Fig. 7.38 (c)). The AET around Ti in 48f is less regular, a
distorted pentagonal prism, Ti@Ti10Ni2 (distance 2.61–3.03 Å), with two
sides capped by Ni (distance 2.89 Å). In the case of isostructural cF96-
Hf2Ni, it was shown that this AET has covalent bonding contributions
(Ivanovic et al., 2006).

• cF24-MgCu4Sn (216 F43̄m): Four representatives with this structure type
are known, with TM = Fe, Co, Ir, and Ni. Sc occupies the Mg site. See
Fig. 7.55.

• cP140-Rh13Sc57 (200 Pm3̄): Four representatives with this structure type
are known, with TM = Ru, Rh, Ir, and Pt. Sc occupies the Sc site. Its struc-
ture (Fig. 7.38) can be described as a packing of Rh@Sc12 icosahedra and
Rh@Sc11 defective icosahedra (Cenzual et al., 1985). Around a central al-
most regular icosahedron in the body center, twelve more vertex-sharing
Rh@Sc12 icosahedra are arranged icosahedrally, forming a kind of super-
cluster arrangement. The icosahedra of neighboring superclusters share
faces. The almost regular icosahedron in the origin is surrounded by vertex-
sharing Rh@Sc11 defective icosahedra. The Rh@Sc11 defective icosahedra
share edges with the Rh@Sc12 icosahedra.
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All the ternary structure types of the 20 ternary Sc–TM–TM’ compounds are:

• cF184-CeCr2Al20 (227 Fd3̄m): Compounds with this structure type are
known for Sc–Zn–(Co, Ru). Sc occupies the Ce position, Zn the Cr site,
and the other TM elements the Al sites. See Fig. 7.37.

• cI192-Cu2.19Sc3Zn16 (204 Im3̄): No additional compounds are known for
this unique structure type.

• cF24-MgCu4Sn (216 F43̄m): Compounds with this structure type are
known for Sc–Ni–Au, only. Sc occupies the Mg position, Ni and Au the
Cu and Sn sites, respectively. See Fig. 7.55.

Compounds of Y with TM elements

In the PCD, there are 122 binary and 113 ternary compounds listed with other
TM elements. The five most common binary structure types of the binary Y–TM
compounds are:

• cP2-CsCl (221 Pm3̄m): Eight representatives with this structure type are
known, with TM = Rh, Ir, Au, Ag, Cu, Hg, Cd, and Zn.

• oP16-Fe3C (62 Pnma): Eight representatives with this structure type are
known, with TM = Ru, Os, Co, Rh, Ir, Ni, Pt, and Pd. Y occupies the Fe
position.

• cF24-MgCu2 (227 Fd3̄m): Seven representatives with this structure type are
known, with TM = Mn, Fe, Co, Rh, Ir, Ni, and Pt. Y occupies the Mg site.

• hP6-CaCu5 (191 P6/mmm): Six representatives with this structure type are
known, with TM = Fe, Co, Rh, Ni, Cu, and Zn. Y occupies the Ca site.

• hP12-MgZn2 (194 P63/mmc): Five representatives with this structure type
are known, with TM = Re, Tc, Mn, Ru, and Os. Y occupies the Mg site.

The four most common ternary structure types of the 113 ternary Y–TM–TM’
compounds are:

• cF184-CeCr2Al20 (227 Fd3̄m): Six compounds with this structure type are
known for Y–Zn–(Fe, Ru, Os, Co, Rh, Ir). Y occupies the Ce position, Zn
the Al site and the other TM elements the Cr sites. See Fig. 7.37.

• cF96-Gd4RhIn (216 F43̄m): Five compounds with this structure type are
known for Y–Cd–(Ru, Ir, Ni, Pt, Pd). Y occupies the Gd position, Cd the
In site and the other TM elements the Rh sites. See Fig. 7.37.

• mS64-Nd3(Ti0.21Fe0.79)6Fe23 (12C2/m): Five compounds with this structure
type are known for Y–Fe–(Ti, Ta, V, Mo, Cr). Y occupies the Nd position,
Fe the Fe sites and, together with the other TM elements, the (Ti0.21Fe0.79)
sites.
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• tI26-Nd(Mo0.5Fe0.5)4Fe8 (139 I4/mmm): Three compounds with this struc-
ture type are known for Y–Fe–(V, Mo, Cr). Y occupies the Nd position, Fe
the Fe sites and, together with the other TM elements, the (Mo0.5Fe0.5) sites.

Compounds of La with TM elements

In the PCD, there are 112 binary and 98 ternary compounds listed with other TM
elements. The five most common binary structure types of the binary La–TM
compounds are:

• hP6-CaCu5 (191 P6/mmm): Seven representatives with this structure type
are known, with TM = Co, Ir, Ni, Pt, Pd, Cu, and Zn. La occupies the Ca
position.

• cF24-MgCu2 (227 Fd3̄m): Seven representatives with this structure type are
known, with TM = Ru, Os, Co, Rh, Ir, Ni, and Pt. La occupies the Mg site.

• hP20-Th7Fe3 (194 P63mc): Five representatives with this structure type are
known, with TM = Rh, Ir, Ni, Pt, and Pd. La occupies the Th site. Its
structure is shown in Fig. 7.39 (a)–(e). It can be described as a packing of
vertex-connected Fe@Th6 trigonal prisms. Three of such prisms, sharing
one vertex each (Fig. 7.39 (d)). The tetrahedral space between them and
that to the next such unit forms a Th8 stella quadrangula (Fig. 7.39 (e)).
Each trigonal prism shares its base face with an octahdron, which forms
columns along [001] (Fig. 7.39(b), (c)).

• oS8-TlI (63 Cmcm): Five representatives with this structure type are known,
with TM = Rh, Ni, Pt, Pd, and Au.

• oP16-Fe3C (62 Pnma): Five representatives with this structure type are
known, with TM = Ru, Os, Co, Ir, and Ni. La occupies the Fe position.

The five most frequent ternary structure types of the 98 ternary La–TM–TM’
compounds are:

• cF96-Gd4RhIn (216 F43̄m): Six compounds with this structure type are
known for La–Cd–(Ru, Co, Ir, Ni, Pt, Pd). La occupies the Gd position,
Cd the In site and the other TM elements the Rh sites. See Fig. 7.37.

• hP68-Mg4Pr23Ir7 (194 P63mc): Six compounds with this structure type are
known for La–Cd–(Ru, Co, Rh, Ir, Ni, Pt). La occupies the Pr position, Cd
the Mg site, and the other TM elements the Ir sites. In Fig. 7.39 (f)–(h), the
structure of isostructural Mg4Pr23Ni7 (Solokha et al., 2009) is illustrated.
In the projection along [001], one sees the close relationship to the above
mentioned structure of hP20-Th7Fe3 (Fig. 7.39 (a)–(e)). We find the same
kind of arrangement of three vertex-sharing Ni@Pr6 trigonal prisms around
a tetrahedron (T3-prism unit). There is also another one, sharing the faces
with an octahedron (O3-prism unit) (Fig. 7.39 (g), (h)). One T3-prism
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Both structures show trigonal prismatic, tetrahedral, and octahedral subunits; however, in
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unit can be connected via a trigonal prism with an O3-prism unit (Fig. 7.39
(g)). Two centrosymmetrically related T3-prism units enclose a unit of four
interpenetrating Mg@Th12 icosahedra (h).

• hP9-ZrNiAl (189 P6̄2m): Five compounds with this structure type are
known for La–Cd–(Pd, Au), La–Hg–Pd, La–Zn–Ni, and La–Cu–Pd.

• hR57-Zn14Gd2Co3 (166 R3̄m): Five compounds with this structure type are
known for La–Zn–(Fe, Co, Rh, Ni, Pd). La occupies the Gd position, Zn
the Zn site, and the other TM elements the Co sites.

• tP10-Mo2FeB2 (127 P4/mbm): Four compounds with this structure type are
known for La–Cd–(Rh, Ni, Pd, Au). La occupies the Mo position, Cd the
Fe site, and the other TM elements the B sites.

7.14.2 Compounds of Ti, Zr, or Hf with TM elements

Compounds of Ti with TM elements

In the PCD, there are 132 binary and 143 ternary compounds listed with other
TM elements. The five most common binary structure types of the binary Ti–TM
compounds are:

• cP2-CsCl (221 Pm3̄m): Thirteen representatives with this structure type are
known, with TM = Re, Tc, Fe, Ru, Os, Co, Rh, Ir, Ni, Pt, Pd, Au, and Zn.

• cP4-Cu3Au (221 Pm3̄m): Seven representatives with this structure type are
known, with TM = Co, Rh, Ir, Pd, Au, Hg, and Zn. Ti occupies the Au
position except in the case of Au and Hg.

• tI6-CuZr2 (139 I4/mmm): Six representatives with this structure type are
known, with TM = Rh, Pd, Ag, Cu, Cd, and Ti. Ti occupies the Zr po-
sition. See Fig. 7.7. The structure can be described as a (1× 1× 3)-fold
superstructure of the cI2-W type.

• cP8Cr3Si (223 Pm3̄n): Five representatives with this structure type are
known, with TM = Ir, Pt, Pd, Au, and Hg. Ti occupies the Cr position.

• cF96-Ti2Ni (227 Fd3̄m): Four representatives with this structure type are
known, with TM = Fe, Co, Ni, and Cu. Ti occupies the Ti position. See
Fig. 7.38.

All the ternary structure types of the 143 ternary Ti–TM–TM’ compounds are:

• cF16-Li2AgSb (216 F 4̄3m): Just one representative is known, Hg2CuTi.
The structure of this Zintl phase can be seen as a (2 × 2 × 2)-fold
superstructure of the cI2-W type (Fig. 7.40).

• cF32-LiCa6Ge (225 Fm3̄m): Just one representative is known, CuPt6Ti.
The structure of this Zintl phase can be seen as a (2 × 2 × 2)-fold
superstructure of the cF4-Cu type (Fig. 7.40).
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Fig. 7.40 The structures of the Zintl phases (a) cF16-Li2AgSb, (b) cF32-LiCa6Ge, and
the compound (c–d) tP24-YNi9In2. (a) cF16-Li2AgSb can be seen as a (2× 2× 2)-fold
superstructure of the cI2-W type. The indicated shortest atomic distances amount to 2.85 Å,
which is shorter than the sum of atomic radii (rLi = 1.52 Å, rAg = 1.45 Å, rSb = 1.45 Å).
(b) cF32-LiCa6Ge can also be described as a (2× 2× 2)-fold superstructure, but now one of
the cF4-Cu type. The indicated shortest atomic distance is 3.33 Å, which is much shorter
than the sum of atomic radii of Ca, rCa = 1.97 Å. The structure of tP24-YNi9In2 (c, d) can
be described as a packing of Y@Ni16In4 polyhedra, which share their square faces along
[001] and triangle faces along [110].

• mS64-Nd3(Ti0.21Fe0.79)6Fe23 (12 C2/m): Just one representative is known,
Y3(Ti0.21Fe0.79)6Fe23.

• tP24-YNi9In2 (127 P4/mbm): Just one representative is known, YFe9Ti2;
however, several more indides contain lanthanoids. The structure can be de-
scribed as a packing of Y@Ni16In4 polyhedra, which share their square Ni4
faces (dNi-Ni = 2.38 Å) along [001] and triangle faces along [110] (Fig. 7.40).
The Ni atoms in the gaps between polyhedra are icosahedrally coordin-
ated, Ni@Ni8In4, with Ni–Ni and Ni–In distances between 2.35 and 2.56 Å
(rNi = 1.25 Å) and of 2.74 Å, respectively.

Compounds of Zr with TM elements

In the PCD, there are 164 binary and 158 ternary compounds listed with other
TM elements. The five most common binary structure types of the binary Zr–TM
compounds are:

• cF24-MgCu2 (227 Fd3̄m): Ten representatives with this structure type are
known, with TM = V, W, Mo, Cr, Mn, Fe, Co, Ir, Ni, and Zn. Zr occupies
the Mg site.



Transition metal (TM) compounds (groups 3–12 only) 313

• cP2-CsCl (221 Pm3̄m): Nine representatives with this structure type are
known, with TM = Ru, Os, Co, Rh, Ir, Pt, Pd, Cu, and Zn.

• hP12-MgNi2 (194 P63/mmc): Eight representatives with this structure type
are known, with TM = V, Cr, Re, Tc, Mn, Fe, Ru, and Os. Zr occupies the
Mg site.

• tI6-CuZr2 (139 I4/mmm): Six representatives with this structure type are
known, with TM = Pd, Au, Ag, Cu, Cd, and Zn. Zr occupies the Zr
position. See Fig. 7.7.

• tI2-CuAl2 (140 I4/mcm): Five representatives with this structure type are
known, with TM = Fe, Co, Rh, Ir, Ni, and Hg. Zr occupies the Al position.

All the ternary structure types of the 158 ternary Zr–TM–TM’ compounds are:

• cF184-CeCr2Al20 (227 Fd3̄m): Six representatives with this structure type
are known for Zr–Zn–(Mn, Fe, Ru, Co, Rh, Ni). Zr occupies the Ce
position, Zn the Al site, and the other TM elements the Cr sites. See
Fig. 7.37.

• hP28-Hf9Mo4B (194 P63/mmc): Three representatives with this structure
type are known for Zr–Mo–(Fe, Co, Ni). Zr occupies the Hf position, Mo
the Mo site, and the other TM elements the B sites. See Fig. 7.37.

• cF16-Cu2MnAl (225 Fm3̄m): Two compounds with this structure type are
known, Cu2ZrCd and Cu2ZrZn.

• cF116-Mg6Cu16Si7 (225 Fm3̄m): Just one representative with this structure
type is known, Zr6Zn16Cu7.

• cF24-MgCu4Sn (216 F43̄m): Just one representative with this structure type
is known, ZrNi4Zn. See Fig. 7.55.

Compounds of Hf with TM elements

In the PCD, there are 102 binary and 44 ternary compounds listed with other TM
elements. The five most common binary structure types of the binary Hf–TM
compounds are:

• cF96-Ti2Ni (227 Fd3̄m): Four representatives with this structure type are
known, with TM = Mn, Fe, Os, Co, Rh, Ir, Ni, Pt, and Pd. Hf occupies the
Ti position. See Fig. 7.38.

• cF24-MgCu2 (227 Fd3̄m): Eight representatives with this structure type are
known, with TM = V, W, Mo, Cr, Fe, Co, Ni, and Zn. Hf occupies the Mg
site.

• tI6-CuZr2 (139 I4/mmm): Seven representatives with this structure type are
known, with TM = Pd, Au, Ag, Cu, Hg, Cd, and Zn. Hf occupies the Zr
position. See Fig. 7.7.



314 Crystal structures of intermetallic compounds

• cP2-CsCl (221 Pm3̄m): Six representatives with this structure type are
known, with TM = Tc, Ru, Os, Co, Rh, and Pt.

• hP12-MgZn2 (194 P63/mmc): Six representatives with this structure type
are known, with TM=Cr, Re, Tc, Mn, Fe, and Os. Hf occupies theMg site.

All the ternary structure types of the 44 ternary Hf–TM–TM’ compounds are:

• cF184-CeCr2Al20 (227 Fd3̄m): Five representatives with this structure type
are known for Hf–Zn–(Fe, Ru, Co, Rh, Ni). Hf occupies the Ce position,
Zn the Al site, and the other TM elements the Cr sites. See Fig. 7.37.

• hP28-Hf9Mo4B (194 P63/mmc): Six representatives with this structure type
are known for Zr–(Mo, W)–(Fe, Co, Ni). Zr occupies the Hf position, Mo
and W, respectively, the Mo site, and the other TM elements the B sites. See
Fig. 7.37.

• cF116-Mg6Cu16Si7 (225 Fm3̄m): One representative with this structure type
is known, Hf6Zn16Cu7.

7.14.3 Compounds of V, Nb, or Ta with TM elements

Compounds of V with TM elements

In the PCD, there are 92 binary and 90 ternary compounds listed with other
TM elements. The five most common binary structure types of the binary V–TM
compounds are:

• cP8-Cr3Si (223 Pm3̄n): Ten representatives with this structure type are
known, with TM = Re, Os, Co, Rh, Ir, Ni, Pt, Pd, Au, and Cd. V occupies
the Cr position except in the case of Re.

• cP2-CsCl (221 Pm3̄m): Five representatives with this structure type are
known, with TM = Tc, Mn, Fe, Ru, and Os.

• cP4-Cu3Au (221 Pm3̄m): Five representatives with this structure type are
known, with TM = Co, Rh, Ir, Pt, Au, and Zn. V occupies the Au position
except in the case of Pt and Au.

• tP2-CuAu (123 P4/mmm): Three representatives with this structure type
are known, with TM = Rh, Ir, and Pt.

• cF24-MgCu2 (227 Fd3̄m): Three representatives with this structure type
are known, with TM = Zr, Hf, and Ta. Hf occupies the Cu site.

All the ternary structure types of the 90 ternary V–TM–TM’ compounds are:

• cF32-LiCa6Ge (225 Fm3̄m): Just one representative is known, CuPt6V
(Fig. 7.40).
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• tI26-Nd(Mo0.5Fe0.5)4Fe8 (139 I4/mmm): Just one representative is known,
Y(V0.5Fe0.5)4Fe8.

• mS64-Nd3(Ti0.21Fe0.79)6Fe23 (12 C2/m): One representative is known,
Y3(V0.21Fe0.79)6Fe23.

Compounds of Nb with TM elements

In the PCD, there are 116 binary and 91 ternary compounds listed with other TM
elements. The five most common binary structure types of the binary Nb–TM
compounds are:

• tP30-Cr46Fe54 (σ phase) (136 P42/mnm): Six representatives with this
structure type are known, with TM = Re, Os, Rh, Ir, Pt, and Pd.

• cP8-Cr3Si (223 Pm3̄n): Five representatives with this structure type are
known, with TM = Os, Rh, Ir, Pt, and Au.

• cP4-Cu3Au (221 Pm3̄m): Four representatives with this structure type are
known, with TM = Ru, Rh, Ir, Cd, and Zn.

• hP12-MgZn2 (194 P63/mmc): Four representatives with this structure type
are known, with TM = Cr, Mn, Fe, and Co.

• hR39-W6Fe7 (166 R3̄m): Four representatives with this structure type are
known, with TM = Fe, Co, Ni, and Zn.

The only ternary structure type among of the 91 ternary Nb–TM–TM’
compounds is:

• cF184-CeCr2Al20 (227 Fd3̄m): Three representatives are known, for Nb–
Zn–(Fe, Co, Ni).

Compounds of Ta with TM elements

In the PCD, there are 83 binary and 62 ternary compounds listed with other TM
elements. The five most common binary structure types of the binary Ta–TM
compounds are:

• tP30-Cr46Fe54 (σ phase) (136 P42/mnm): Eight representatives with this
structure type are known, with TM = V, Re, Os, Rh, Ir, Pt, Pd, and Au.

• hP12-MgZn2 (194 P63/mmc): Six representatives with this structure type
are known, with TM = V, Cr, Mn, Fe, Co, and Zn.

• hR39-W6Fe7 (160 R3̄m): Four representatives with this structure type are
known, with TM = Fe, Co, Ni, and Zn.

• cP4-Cu3Au (221 Pm3̄m): Four representatives with this structure type are
known, with TM = Ru, Co, Rh, and Ir.
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• cF24-MgCu2 (227 Fd3̄m): Three representatives with this structure type
are known, with TM = V, Cr, and Co.

The only ternary structure type among of the 62 ternary Ta–TM–TM’ com-
pounds is:

• hP40-TaRhPd2 (194 P63/mmc): Three representatives are known, for Ta–
Zn–(Fe, Co, Ni). It has a polytypic close-packed structure with stacking
sequence ABCBCACBCB (Giessen and Grant, 1965).

7.14.4 Compounds of Cr, Mo, or W with TM elements

Compounds of Cr with TM elements

In the PCD, there are 70 binary and 97 ternary compounds listed with other TM
elements. The five most common binary structure types of the binary Cr–TM
compounds are:

• tP30-Cr46Fe54 (σ phase) (136 P42/mnm): Eight representatives with this
structure type are known, with TM = Re, Tc, Mn, Fe, Ru Os, Co, and Ni.

• cP8-Cr3Si (223 Pm3̄n): Seven representatives with this structure type are
known, with TM = Ru, Os, Co, Rh, Ir, Ni, and Pt.

• cF24-MgCu2 (227 Fd3̄m): Five representatives with this structure type are
known, with TM = Zr, Hf, Ti, Ta, and Nb.

• hP12-MgZn2 (194 P63/mmc): Five representatives with this structure type
are known, with TM = Zr, Hf, Ti, Ta, and Nb.

• hP24-MgNi2 (194 P63/mmc): Four representatives with this structure type
are known, with TM = Zr, Hf, Ti, and Ta.

All the ternary structure types of the 97 ternary Cr–TM–TM’ compounds are:

• hR159-(Cr0.16Mo0.38Co0.46 (R phase) (148 R3̄): Four representatives are
known, for Cr-(Fe, Co)-(Mo, W).

• cF32-LiCa6Ge (225 Fm3̄m): One representative is known, CrCu6Pt
(Fig. 7.40).

• tI26-NdFe10Mo2 (139 I4/mmm): One representative is known, YFe10Cr2.
Its structure can be described as ordering variant of the tI26-ThMn12 type
(see Fig. 7.31).

• mS64-Nd3(Ti0.21Fe0.79)6Fe23 (12 C2/m): One representative is known,
Y3(Cr0.21Fe0.79)6Fe23. The structure can be described as a packing of poly-
hedra with 20 vertices, bounded by two squares and 40 triangles (Fig. 7.41).
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Fig. 7.41 The structures of hP8-Mg3Cd and mS64-Nd3(Ti0.21
Fe0.79)6Fe23. (a)–(b) hP8-Mg3Cd represents an ordered variant of the
hP2-Mg structure type. The structure of mS64-Nd3(Ti0.21Fe0.79)6Fe23
can be described as a packing of polyhedra with 20 vertices, bounded by
2 squares and 32 triangles.

Compounds of Mo with TM elements

In the PCD, there are 80 binary and 83 ternary compounds listed with other TM
elements. The five most common binary structure types of the binary Mo–TM
compounds are:

• tP30-Cr46Fe54 (σ phase) (136 P42/mnm): Eight representatives with this
structure type are known, with TM = Re, Tc, Mn, Fe, Ru, Os, Co, and Ir.

• cP8-Cr3Si (223 Pm3̄n): Six representatives with this structure type are
known, with TM = Zr, Re, Tc, Os, Ir, and Pt.

• hP8-Mg3Cd (194 P63/mmc): Four representatives with this structure type
are known, with TM = Co, Rh, Ir, and Pt. The structure can be described
as a (2× 2× 1)-fold superstructure of the hP2-Mg type (Fig. 7.41).

• oP4-AuCd (62 Pmma): Three representatives with this structure type are
known, with TM = Rh, Ir, and Pt. The structure can be described as an
orthorhombically distorted hP2-Mg type.

• cF24-MgCu2 (227 Fd3̄m): Two representatives with this structure type are
known, with TM = Zr and Hf.
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All the ternary structure types of the 83 ternary Mo–TM–TM’ compounds are:

• hP28-Hf9Mo4B (194 P63/mmc): Six representatives with this structure type
are known, for Mo–(Fe, Co, Ni)-(Zr, Hf). See Fig. 7.37.

• hR159-Cr0.16Mo0.38Co0.46 (R phase) (148 R3̄): Four representatives are
known, for Mo–(Fe, Co)-(Cr, Mn). See Fig. 7.13.

• oP56-Cr0.18Mo0.42Ni0.40 (P phase) (148R3̄): Two representatives are known,
for Mo–(Ni)–(Cr, Fe). See Fig. 7.13.

• tI26-NdFe10Mo2 (139 I4/mmm): One ferromagnetic representative is
known, YFe10Mo2. Its structure can be described as ordering variant of the
tI26-ThMn12 type (see Fig. 7.31).

• mS64-Nd3(Ti0.21Fe0.79)6Fe23 (12 C2/m): One representative is known,
Y3(Mo0.21Fe0.79)6Fe23. The structure can be described as a packing of
polyhedra with 20 vertices, bounded by 2 squares and 40 triangles
(Fig. 7.41).

Compounds of W with TM elements

In the PCD, there are 54 binary and 33 ternary compounds listed with other TM
elements, respectively. The five most common binary structure types of the binary
W–TM compounds are:

• tP30-Cr46Fe54 (σ phase) (136 P42/mnm): Five representatives with this
structure type are known, with TM = Re, Tc, Ru Os, and Ir.

• hP8-Mg3Cd (194 P63/mmc): Three representatives with this structure type
are known, with TM = Co, Rh, and Ir.

• cF24-MgCu2 (227 Fd3̄m): Two representatives with this structure type are
known, with TM = Zr and Hf.

• hR39-W6Fe7 (166 R3̄m): Two representatives with this structure type are
known, with TM = Fe and Co.

• tI32-W5Si3 (140 I4/mcm): One representative with this structure type is
known, W5Zr3.

All the ternary structure types of the 83 ternary W–TM–TM’ compounds are:

• hP28-Hf9Mo4B (194 P63/mmc): Three intermetallics with this structure
type are known for W–Hf–(Fe, Co, Ni). See Fig. 7.37.

• hR159-Cr0.16Mo0.38Co0.46 (R phase) (148 R3̄): Two representatives are
known for W–Cr–(Fe, Co).
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7.14.5 Compounds of Mn, Tc, or Re with TM elements

Compounds of Mn with TM elements

In the PCD, there are 99 binary and 102 ternary compounds listed with other TM
elements. The five most common binary structure types of the binary Mn–TM
compounds are:

• cP2-CsCl (221 Pm3̄m): Seven representatives with this structure type are
known, with TM = V, Rh, Ni, Pd, Au, Hg, and Zn.

• hP12-MgZn2 (194 P63/mmc): Seven representatives with this structure type
are known, with TM = Sc, Y, Zr, Hf, Ti, Ta, and Nb.

• tP30-Cr46Fe54 (σ phase) (136 P42/mnm): Six representatives with this
structure type are known, with TM = Ti, V, Mo, Cr, Re, and Tc.

• cP4-Cu3Au (221 Pm3̄m): Six representatives with this structure type are
known, with TM = Rh, Ir, Ni, Pt, Pd, and Zn.

• tP2-CuAu (123 P4/mmm): Five representatives with this structure type are
known, with TM = Rh, Ir, Ni, Pt, and Pd.

All the ternary structure types of the 102 ternaryMn–TM–TM’ compounds are:

• hR159-Cr0.16Mo0.38Co0.46 (R phase) (148 R3̄): Two representatives are
known for Mn–Mo–(Fe, Co).

• tP24-Ce(Mn0.55Ni0.45)11 (127 P4/mbm): Two representatives are known for
Mn–La–(Ni, Cu).

• oP4-MnHg0.5Au0.25 (62 Pmma): One representative is known,
MnHg0.5Au0.25.

• cF184-CeCr2Al20 (227 Fd3̄m): One representative is known, ZrMn2Zn20

• cF32-LiCa6Ge (225 Fm3̄m): One representative is known, MnPt6Cu
(Fig. 7.40).

Compounds of Tc with TM elements

In the PCD, there are 42 binary and no ternary compounds listed with other TM
elements. The five most common binary structure types of the binary Tc–TM
compounds are:

• tP30-Cr46Fe54 (σ phase) (136 P42/mnm): Five representatives with this
structure type are known, with TM = W, Mo, Cr, Mn, and Fe.

• cP2-CsCl (221 Pm3̄m): Four representatives with this structure type are
known, with TM = Hf, Ti, Ta, and V.

• hP12-MgZn2 (194 P63/mmc): Four representatives with this structure type
are known, with TM = Sc, Y, Zr, and Hf.

• cP8-Cr3Si (223 Pm3̄n): One representative with this structure type is
known, Tc3Mo.
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• cF32-CuPt7 (225 Fm3̄m): One representative with this structure type is
known, TcZn7.

Compounds of Re with TM elements

In the PCD, there are 63 binary and 17 ternary compounds listed with other TM
elements. The five most common binary structure types of the binary Re–TM
compounds are:

• tP30-Cr46Fe54 (σ phase) (136 P42/mnm): Nine representatives with this
structure type are known, with TM=Zr, Ta, Nb, V, W,Mo, Cr, Mn, and Fe.

• cI58-Ti5Re24 (217 I 4̄3m) (χ phase) (Fig. 7.42): Five representatives with
this structure type are known, with TM = Sc, Zr, Hf, Ti, and Nb. This
structure corresponds to an ordering type of the cI58-Mn structure type.
It can also be described as a packing of face-sharing CN16 FK-polyhedra,
Ti1@Re15Ti2, centered on the Ti1 atoms in the 16f Wyckoff position. The
CN16 FK-polyhedra, Ti2@Re12Ti14, around the Ti2 in 2a, share faces
with half of the other set of CN16 FK-polyhedra, and hexagonal bipyram-
ids with the other half. However, the structure of cI58-Ti5Re24 can be fully
described by just a bcc packing of a supercluster of four face-sharing CN16
FK-polyhedra, Ti1@Re15Ti2, in a tetrahedral arrangement.

• hP12-MgZn2 (194 P63/mmc): Four representatives with this structure type
are known, with TM = Sc, Y, Zr, and Hf.

• cP8-Cr3Si (223 Pm3̄n): Three representatives with this structure type are
known, with TM = V, W, and Mo.

• hR276-Zr21Re25 (165 R3̄c) (Fig. 7.42): Two representatives with this struc-
ture type are known, with TM=Zr and Hf. All the Re atoms on six
different sites show icosahedral coordination, one of the four Zr atoms has a
CN16 FK coordination, Zr@Re12Zr4 (Cenzual and Parthé, 1986). Units of
three face-sharing CN16 FK-polyhedra form columns along [001] around
1/3, 2/3, 0 and 2/3, 1/3, 0.

There is not a single ternary structure type among the 17 ternary Re–TM–TM’
compounds in the PCD.

7.14.6 Compounds of Fe, Ru, or Os with TM elements

Compounds of Fe with TM elements

In the PCD, there are 113 binary and 182 ternary compounds listed with other
TM elements. The five most common binary structure types of the binary Fe–TM
compounds are:

• hP12-MgZn2 (194 P63/mmc): Eight representatives with this structure type
are known, with TM = Sc, Zr, Hf, Ti, Ta, Nb, W, and Mo.
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• tP30-Cr46Fe54 (σ phase) (136 P42/mnm): Five representatives with this
structure type are known, with TM = V, Mo, Cr, Re, and Tc.

• cP2-CsCl (221 Pm3̄m): Four representatives with this structure type are
known, with TM = Ti, V, Co, and Rh.

• cP4-Cu3Au (221 Pm3̄m): Four representatives with this structure type are
known, with TM = Ni, Pt, Pd, and Au.

• cF24-MgCu2 (227 Fd3̄m): Two representatives with this structure type are
known, with TM = Sc, Y, Zr, and Hf.

The ternary structure types of the 182 ternary Fe–TM–TM’ compounds are:

• mS64-Nd3(Ti0.21Fe0.79)6Fe23 (12 C2/m): Five representatives are known for
Fe–Y–(Ti, Ta, V, Mo, Cr).
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• cF184-CeCr2Al20 (227 Fd3̄m): Four compounds are known, for Fe–Zn–
(Y, Zr, Hf, Nb).

• hR159-Cr0.16Mo0.38Co0.46 (R phase) (148 R3̄): Three representatives are
known for Fe–Mo–(Cr, Mn) and Fe–Cr–W.

• hP28-Hf9Mo4B (194 P63/mmc): Three representatives with this structure
type are known for Fe–Mo–(Zr, Hf) and Fe–W–Hf. See Fig. 7.37.

• tI26-NdFe10Mo2 (139 I4/mmm): Three representatives with this structure
type are known for Fe–Y–(V, Mo, Cr). Its structure can be described as
ordering variant of the tI26-ThMn12 type (see Fig. 7.31).

Compounds of Ru with TM elements

In the PCD, there are 68 binary and 27 ternary compounds listed with other TM
elements. The five most common binary structure types of the binary Ru–TM
compounds are:

• cP2-CsCl (221 Pm3̄m): Seven representatives with this structure type are
known, with TM = Sc, Zr, Hf, Ti, Ta, Nb, and V.

• tP30-Cr46Fe54 (σ phase) (136 P42/mnm): Three representatives with this
structure type are known, with TM = W, Mo, and Cr.

• tP2-CuTi (123 P4/mmm): Three representatives with this structure type are
known, with TM = Ta, Nb, and V.

• cP4-Cu3Au (221 Pm3̄m): Two representatives with this structure type are
known, with TM = Ta and Nb.

• hP12-MgZn2 (194 P63/mmc): Two representatives with this structure type
are known, with TM = Sc and Zr.

All the ternary structure types of the 27 Ru–TM–TM’ compounds are:

• cF96-Gd4RhIn (216 F43̄m): One representative with this structure type is
known, La4RuCd. See Fig. 7.37.

• hP68-Mg4Pr23Ir7 (186 P63mc) (Fig. 7.39): One representative with this
structure type is known, Cd4La23Ru7.

Compounds of Os with TM elements

In the PCD, there are 59 binary and 12 ternary compounds listed with other TM
elements. The five most common binary structure types of the binary Os–TM
compounds are:

• tP30-Cr46Fe54 (σ phase) (136 P42/mnm): Five representatives with this
structure type are known, with TM = Ta, Nb, W, Mo, and Cr.
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• hP12-MgZn2 (194 P63/mmc): Five representatives with this structure type
are known, with TM = Sc,Y, Zr, Hf, and La.

• cP8-Cr3Si (223 Pm3̄n): Four representatives with this structure type are
known, with TM = Nb, V, Mo, and Cr.

• cP2-CsCl (221 Pm3̄m): Four representatives with this structure type are
known, with TM = Sc, Zr, Hf, Ti, and V.

• oI142-Hf54Os17 (71 Immm): Two representatives with this structure type
are known, with TM = Zr and Hf. This structure is closely related to the
cP140-Sc57Rh13 type discussed above (Cenzual et al., 1985).

There is just one ternary structure type among the the 12 ternary Os–TM–TM’
compounds are:

• cF184-CeCr2Al20 (227 Fd3̄m): One representative is known, YOs2Zn20

7.14.7 Compounds of Co, Rh, or Ir with TM elements

Compounds of Co with TM elements

In the PCD, there are 116 binary and 180 ternary compounds listed with other
TM elements. The five most common binary structure types of the binary Co–
TM compounds are:

• cF24-MgCu2 (227 Fd3̄m): Eight representatives with this structure type are
known, with TM = Sc, Y, Zr, Hf, Ti, Ta, Nb, and La.

• cP2-CsCl (221 Pm3̄m): Five representatives with this structure type are
known, with TM = Sc, Zr, Hf, Ti, and Fe.

• cP4-Cu3Au (221 Pm3̄m): Five representatives with this structure type are
known, with TM = Ti, Ta, V, Pt, and Au.

• cF96-Ti2Ni (227 Fd3̄m): Four representatives with this structure type are
known, with TM = Sc, Zr, Hf, and Ti. See Fig. 7.38.

• tP30-Cr46Fe54 (σ phase) (136 P42/mnm): Three representatives with this
structure type are known, with TM = V, Mo, and Cr.

The five most common ternary structure types of the 180 ternary Co–TM–TM’
compounds are:

• cF184-CeCr2Al20 (227 Fd3̄m): Five representatives are known for Co–Zn–
(Sc, Y, Zr, Hf, Nb).

• hR159-Cr0.16Mo0.38Co0.46 (R phase) (148 R3̄): Three representatives are
known for Co–Mo–(Cr, Mn) and Co–Cr–W.

• hP28-Hf9Mo4B (194 P63/mmc): Three representatives with this structure
type are known for Co–Mo–(Zr, Hf) and Co–W–Hf. See Fig. 7.37.
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• hR69-Y1.8(Fe0.7Co0.3)17.4 (166 R3̄m): Unique structure type.

• cF96-Gd4RhIn (216 F43̄m): One representative with this structure type is
known, La4CoCd. See Fig. 7.37.

Compounds of Rh with TM elements

In the PCD, there are 107 binary and 57 ternary compounds listed with other TM
elements. The five most common binary structure types of the binary Rh–TM
compounds are:

• cP4-Cu3Au (221 Pm3̄m): Nine representatives with this structure type are
known, with TM = Sc, Zr, Hf, Ti, Ta, Nb, V, Cr, and Mn.

• cP2-CsCl (221 Pm3̄m): Eight representatives with this structure type are
known, with TM = Sc, Y, Zr, Hf, Ti, Mn, Fe, and Zn.

• tP2-CuAu (123 P4/mmm): Three representatives with this structure type
are known, with TM = Nb, V, and Mn.

• tP30-Cr46Fe54 (σ phase) (136 P42/mnm): Two representatives with this
structure type are known, with TM = Ta and Nb.

• oP4-AuCd (62 Pmma): Two representatives with this structure type are
known, with TM = Nb and Mo.

The five most common ternary structure types of the 57 ternary Rh–TM–TM’
compounds are:

• cF184-CeCr2Al20 (227 Fd3̄m): Three representatives are known for
Rh–Zn–(Y, Zr, Hf).

• oP24-LaNiAl (62 Pnma): One representative is known, LaRhZn.

• hP40-Ta(Rh0.33Pd0.67)3 (194 P63/mmc): One representative is known,
Ta(Rh0.33Pd0.67)3.

• oP12-TiNiSi (62 Pnma): One compound is known, YRhZn.

• hP68-Mg4Pr23Ir7 (186 P63mc): One representative with this structure type
is known, Cd4La23Rh7.

Compounds of Ir with TM elements

In the PCD, there are 104 binary and 23 ternary compounds listed with other
TM elements. The five most common binary structure types of the binary Ir–TM
compounds are:

• cP4-Cu3Au (221 Pm3̄m): Eight representatives with this structure type are
known, with TM = Sc, Zr, Hf, Ti, Ta, Nb, V, and Mn.

• tP30-Cr46Fe54 (σ phase) (136 P42/mnm): Five representatives with this
structure type are known, with TM = Zr, Ta, Nb, W, and Mo.
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• cP8-Cr3Si (223 Pm3̄n): Five representatives with this structure type are
known, with TM = Ti, Nb, V, Mo, and Cr.

• tP2-CuAu (123 P4/mmm): Five representatives with this structure type are
known, with TM = Ti, Ta, Nb, V, and Mn.

• cP2-CsCl (221 Pm3̄m): Four representatives with this structure type are
known, with TM = Sc, Y, Zr, and T.

All the ternary structure types of the 23 ternary Ir–TM–TM’ compounds are:

• cF96-Gd4RhIn (216 F43̄m): Three representatives are known for Ir–Cd–
(Y, La). See Fig. 7.37.

• cF184-CeCr2Al20 (227 Fd3̄m): One representative is known, YIr2Zn20.

• hP68-Mg4Pr23Ir7 (186 P63mc): One representative with this structure type
is known, Cd4La23Ir7.

7.14.8 Compounds of Ni, Pd, or Pt with TM elements

Compounds of Ni with TM elements

In the PCD, there are 149 binary and 261 ternary compounds listed with other
TM elements, respectively. The five most common binary structure types of the
binary Ni–TM compounds are:

• cF24-MgCu2 (227 Fd3̄m): Five representatives with this structure type are
known, with TM = Sc, Y, Zr, Hf, and La.

• cP2-CsCl (221 Pm3̄m): Four representatives with this structure type are
known, with TM = Sc, Ti, Mn, and Zn.

• hP36-Ce2Ni7 (194 P63/mmc): Three representatives with this structure type
are known, with TM = Sc, Y, and La. The structure can be described by a
face-sharing packing of the two different Ce-AETs. The one is a truncated
tetrahedron Ce1@Ni12, the other a double hexagonal antiprism, Ce2@Ni18
(Fig. 7.43).

• cP4-Cu3Au (221 Pm3̄m): Three representatives with this structure type are
known, with TM = Mn, Fe, and Au.

• oP8-Cu3Ti (59 Pmmn): Three representatives with this structure type are
known, with TM = Ta, Nb, and Mo.

The five most common ternary structure types of the 261 ternary Ni–TM–TM’
compounds are:

• cF184-CeCr2Al20 (227 Fd3̄m): Three representatives are known, for Ni–
Zn–(Zr, Hf, Nb).

• hP28-Hf9Mo4B (194 P63/mmc): Three representatives with this structure
type are known for Ni–Mo–(Zr, Hf) and Ni–W–Hf. See Fig. 7.37.
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Fig. 7.43 The structure of hP36-Ce2Ni7 in different representations. It can be described by a
face-sharing packing along [001] of the two different Ce-AETs. One is a truncated
tetrahedron Ce1@Ni12 (centered at z = 0, 1/2), the other a double hexagonal antiprism,
Ce2@Ni18 (centered at z = ±1/6,±2/6).

• cF24-MgCu4Sn (216 F43̄m): Three representatives with this structure type
are known for Ni–Au–(Sc, Y) and Ni–Zn–Zr. Ni occupies the Cu site. See
Fig. 7.55.

• oP56-Cr0.18Mo0.42Ni0.40 (P phase) (148R3̄): Two representatives are known,
for Ni–Mo–(Cr, Fe).

• cF96-Gd4RhIn (216 F43̄m): Two representatives are known for Ni–Cd–
(Y, La). See Fig. 7.37.

Compounds of Pd with TM elements

In the PCD, there are 128 binary and 62 ternary compounds listed with other TM
elements. The five most common binary structure types of the binary Pd–TM
compounds are:

• cP4-Cu3Au (221 Pm3̄m): Nine representatives with this structure type are
known, with TM = Sc, Y, Hf, Ti, Cr, Mn, Fe, Cu, and La.

• cP2-CsCl (221 Pm3̄m): Seven representatives with this structure type are
known, with TM = Sc, Zr, Ti, Mn, Cu, Cd, and Zn.

• tP2-CuAu (123 P4/mmm): Five representatives with this structure type are
known, with TM = Mn, Fe, Cu, Hg, and Zn.
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• oI6-MoPt2 (71 Immm): Four representatives with this structure type are
known, with TM = Ta, Nb, V, and Mo. This is an othorhombically distorted
(3× 1× 1)-fold superstructure of the cI2-W type.

• tI6-CuZr2 (139 I4/mmm): Three representatives with this structure type are
known, with TM = Zr, Hf, and Ti. See Fig. 7.7.

The five most common ternary structure types of the 62 ternary Pd–TM–TM’
compounds are:

• cF96-Gd4RhIn (216 F43̄m): Two representatives are known for Pd–Cd–
(Y, La). See Fig. 7.37.

• hP9-ZrNiAl (59 Pmmn): Five compounds with this structure type are
known for Pd–La–(Cd, Cu, Hg).

• oS16-MgCuAl2 (63 Cmcm): One representative with this structure type is
known, LaPdCd2.

• tP10-Mo2FeB2 (127 P4/mbm): One representative with this structure type
is known, Pd2CdLa2

• hP40-Ta(Rh0.33Pd0.67) (194 P63/mmc): One representative with this struc-
ture type is known, Ta(Rh0.33Pd0.67).

Compounds of Pt with TM elements

In the PCD, there are 129 binary and 74 ternary compounds listed with other
TM elements. The five most common binary structure types of the binary Pt–TM
compounds are:

• cP4-Cu3Au (221 Pm3̄m): Thirteen representatives with this structure type
are known, with TM = Y, Zr, Hf, V, Cr, Mn, Fe, Co, Ag, Cu, Cd, Zn,
and La.

• tP2-CuAu (123 P4/mmm): Nine representatives with this structure type are
known, with TM = V, Cr, Mn, Fe, Co, Ni, Hg, Cd, and Zn.

• cP8-Cr3Si (223 Pm3̄n): Five representatives with this structure type are
known, with TM = Ti, Nb, V, Mo, and Cr.

• oP4-AuCd (62 Pmma): Four representatives with this structure type are
known, with TM = Ti, Nb, and V.

• oI6-MoPt2 (71 Immm): Four representatives with this structure type are
known, with TM = Nb, V, W, and Mo.

The five most frequent ternary structure types of the 74 ternary Pt–TM–TM’
compounds are:

• cF32-LiCa6Ge (225 Fm3̄m): Six representatives with this structure type are
known, with Pt–Cu–(Ti, V, Cr, Mn, Fe, Ni) (Fig. 7.40).
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• cF96-Gd4RhIn (216 F43̄m): Two representatives are known for Pt–Cd–
(Y, La). See Fig. 7.37.

• hP28-Ti(Ni0.11Pt0.89)3 (164 P3̄m): Two representatives are known for
Pt–Ti–(Ni, Pd).

• hP68-Mg4Pr23Ir7 (186 P63mc): One representative with this structure type
is known, Cd4La23Pt7.

• tP4-ZnCdPt2 (123 P4/mmm): One representative with this structure type is
known, tP4-ZnCdPt2.

7.14.9 Compounds of Cu, Ag, or Au with TM elements

Compounds of Cu with TM elements

In the PCD, there are 86 binary and 133 ternary compounds listed with other
TM elements, respectively. The five most common binary structure types of the
binary Cu–TM compounds are:

• cP2-CsCl (221 Pm3̄m): Five representatives with this structure type are
known, with TM = Sc, Y, Zr, Pd, and Zn.

• cP4-Cu3Au (221 Pm3̄m): Three representatives with this structure type are
known, with TM = Pt, Pd, and Au.

• hP68-Ag51Gd14 (175 P6/m): Three representatives with this structure type
are known, with TM = Y, Zr, and Hf.

• tI6-CuZr2 (139 I4/mmm): Three representatives with this structure type are
known, with TM = Zr, Hf, and Ti. See Fig. 7.7.

• hP6-CaCu5 (191 P6/mmm): Two representatives with this structure type are
known, with TM = Y and La.

The five most common ternary structure types of the 133 ternary Cu–TM–TM’
compounds are:

• cF32-LiCa6Ge (225 Fm3̄m): Six representatives are known for Cu–Pt–
(Ti, V, Cr, Mn, Fe, Ni) (Fig. 7.40).

• cF16-Cu2MnAl (225 Fm3̄m): Three representatives with this structure type
are known, Cu–Zr–(Cd, Zn) and Cu–Au–Zn.

• tP24-Ce(Mn0.55Ni0.45)11 (127 P4/mbm): Two representatives are known for
Cu–La–(Mn, Cd).

• cF16-Li2AgSb (216 F 4̄3m): Two representatives are known for Cu–Hg–Ti
and Cu–Cd–La.

• cF116-Mg6Cu16Si7 (225 Fm3̄m): Two representatives are known for
Cu–Zn–(Zr, Hf).
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Compounds of Ag with TM elements

In the PCD, there are 48 binary and 26 ternary compounds listed with other TM
elements. The five most common binary structure types of the binary Ag–TM
compounds are:

• cP2-CsCl (221 Pm3̄m): Five representatives with this structure type are
known, with TM = Sc, Y, Cd, Zn, and La.

• tI6-CuZr2 (139 I4/mmm): Three representatives with this structure type are
known, with TM = Zr, Hf, and Ti. See Fig. 7.7.

• hP68-Ag51Gd14 (175 P6/m): Two representatives with this structure type
are known, with TM = La and Hg.

• cI52-Cu5Zn8 (217 I 4̄3m): Two representatives with this structure type are
known, with TM = Cd and Zn. This compound is known as γ -brass.

• tP4-CuTi (128 P4/mnc): Two representatives with this structure type are
known, with TM = Zr and Hf.

The only known ternary structure type among the 26 ternary Ag–TM–TM’
compounds are:

• cF16-Cu2MnAl (225 Fm3̄m): Two representatives with this structure type
are known, Ag–Au–(Cd, Zn).

Compounds of Au with TM elements

In the PCD, there are 111 binary and 42 ternary compounds listed with other TM
elements. The five most common binary structure types of the binary Au–TM
compounds are:

• tI10-MoNi4 (87 I4/m): Six representatives with this structure type are
known, with TM = Hf, Ti, V, Cr, and Mn. This structure is an ordered
superstructure of the cF4-Cu type (see Fig. 7.3).

• tI6-MoSi2 (139 I4/mmm): Six representatives with this structure type are
known, with TM = Sc, Y, Zr, Hf, Ti, and Mn.

• cP2-CsCl (221 Pm3̄m): Six representatives with this structure type are
known, with TM = Sc, Y, Ti, Mn, Cd, and Zn.

• cP4-Cu3Au (221 Pm3̄m): Six representatives with this structure type are
known, with TM = Ti, V, Fe, Co, Ni, and Cu.

• oP8-Cu3Ti (59 Pmmn): Four representatives with this structure type are
known, with TM = Sc, Y, Zr, and Hf.

All the ternary structure types of the 42 ternary Au–TM–TM’ compounds are:

• cF16-Cu2MnAl (225 Fm3̄m): Three representatives with this structure type
are known, Au–Ag–(Cd, Zn) and Au–Cu–Zn.
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• cF24-MgCu4Sn (216 F43̄m): Two representatives with this structure type
are known for Au–Ni–(Sc, Y). See Fig. 7.55.

• hP9-ZrNiAl (59 Pmmn): Two representatives with this structure type are
known for Au–Cd–(Y, La).

• tP10-Mo2FeB2 (127 P4/mbm) (127 P4/mbm): One representative with this
structure type is known, Au2CdLa2

7.14.10 Compounds of Zn, Cd, or Hg with TM elements

Compounds of Zn with TM elements

In the PCD, there are 136 binary and 134 ternary compounds listed with other
TM elements. The five most common binary structure types of the binary Zn–
TM compounds are:

• cP2-CsCl (221 Pm3̄m): Twelve representatives with this structure type are
known, with TM = Sc, Y, Zr, Ti, Mn, Rh, Ni, Pd, Au, Ag, Cu, and La.

• cP4-Cu3Au (221 Pm3̄m): Six representatives with this structure type are
known, with TM = Zr, Ti, Nb, V, Mn, and Pt.

• cI52-Cu5Zn8 (217 I 4̄3m): Seven representatives with this structure type are
known, with TM = Fe, Rh, Ir, Ni, Pd, and Ag.

• mS28-Zn13Co (12 C2/m): Four representatives with this structure type are
known, with TM = Mn, Fe, Co, and Rh. See Section 7.11.

• tI6-CuZr2 (139 I4/mmm): Three representatives with this structure type are
known, with TM = Zr, Hf, and Ti. See Fig. 7.7.

The five most common ternary structure types of the 134 ternary Zn–TM–TM’
compounds are:

• cF184-CeCr2Al20 (227 Fd3̄m): Twenty-two representatives with this struc-
ture type are known for Zn with Fe–(Y, Zr, Hf, Nb), Ru–(Sc, Y, Zr, Hf),
Co–(Sc, Y, Zr, Hf, Nb), Rh–(Y, Zr, Hf), Y–(Os, Ir), Ni–(Zr, Hf, Nb), and
Zr–Mn. See Fig. 7.37.

• cF16-Cu2MnAl (225 Fm3̄m): Five representatives with this structure type
are known, for Zn with Ag–(Cd, Zn) and Cu–Zn.

• cF24-MgCu4Sn (216 F43̄m): Three representatives with this structure type
are known for Zn with Au–(Ag, Cu) and Cu–Zr. See Fig. 7.55.

• hR57-Ce2Co15Al2 (166 R3̄m): Two representatives with this structure type
are known for Zn–La–(Co, Ni).

• cF116-Mg6Cu16Si7 (225 Fm3̄m): Two representatives are known for
Zn–Cu–(Zr, Hf).
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Compounds of Cd with TM elements

In the PCD, there are 70 binary and 40 ternary compounds listed with other TM
elements. The five most common binary structure types of the binary Cd–TM
compounds are:

• cP2-CsCl (221 Pm3̄m): Six representatives with this structure type are
known, with TM = Sc, Y, Pd, Au, Ag, and La.

• cI52-Cu5Zn8 (217 I 4̄3m): Four representatives with this structure type are
known, with TM = Pd, Au, Ag, and Cu.

• tI6-CuZr2 (139 I4/mmm): Three representatives with this structure type are
known, with TM = Zr, Hf, and Ti. See Fig. 7.7.

• tP4-CdTi (129 P4/nmm): Three representatives with this structure type are
known, with TM = Zr, Hf, and Ti.

• tP2-CuTi (123 P4/mmm): Three representatives with this structure type are
known, with TM = Pd, Au, and La.

The five most common ternary structure types of the 40 ternary Cd–TM–TM’
compounds are:

• cF96-Gd4RhIn (216 F43̄m): Eleven representatives are known for Cd–Y–
(Ru, Ir, Ni, Pt, Pd) and Cd–La–(Co, Ir, Ni, Pd, Pt, Ru). See Fig. 7.37.

• hP68-Mg4Pr23Ir7 (186 P63mc): Six representatives with this structure type
are known, Cd–La–(Co, Ir, Ni, Pt, Rh, Ru).

• tP10-Mo2FeB2 (127 P4/mbm): Five representatives with this structure type
are known, Cd–La–(Au, Ni, Pd, Rh) and Cd–Cu–Y.

• hP9-ZrNiAl (59 Pmmn): Three representatives with this structure type are
known for Cd–Au–(Y, La) and Cd–La–Pd.

• cF16-Cu2MnAl (225 Fm3̄m): Two representatives with this structure type
are known, Cd–Ag–Au and Cd–Cu–Zr.

Compounds of Hg with TM elements

In the PCD, there are 45 binary and 10 ternary compounds listed with other TM
elements. The five most common binary structure types of the binary Hg–TM
compounds are:

• cP2-CsCl (221 Pm3̄m): Four representatives with this structure type are
known, with TM = Sc, Y, Mn, and La.

• tP2-CuAu (123 P4/mmm): Four representatives with this structure type are
known, with TM = Zr, Ti, Pt, and Pd.
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• hP8-Mg3Cd (194 P63/mmc): Three representatives with this structure type
are known, with TM = Sc, Y, and La.

• cP8-Cr3Si (223 Pm3̄n): Two representatives with this structure type are
known, with TM = Zr and Ti.

• cP4-Cu3Au (221 Pm3̄m): Six representatives with this structure type are
known, with TM = Zr and Ti.

All the ternary structure types of the 10 ternary Hg–TM–TM compounds are:

• cF16-Li2AgSb (216 F 4̄3m): One representative is known, Hg2CuTi.

• hP9-ZrNiAl (59 Pmmn): One representative is known, LaPdHg.

7.15 Intermetallic compounds with at least one
(semi)metallic element from groups 13–16

In the following, additional information is given for intermetallics with at least
one constituent from groups 13–16 (Fig. 7.44). In Table 7.9, the distribution is
shown separately for binary and ternary compounds. Remarkably, the ratio of the
total number of structure types to that of unique structure types ranges from 1.5
to 2.1 for this class of intermetallic compounds, and is therefore quite close to
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Fig. 7.44 Elements constituting the compounds discussed in Section 7.15 at least partly are
shaded gray in the periodic table. Mendeleev numbers (top left in each box), Pauling
electronegativities χ (relative to χF = 4.0) (bottom left in each box), and atomic radii (half of the
shortest distance between atoms in the crystal structure at ambient conditions) (bottom right in
each box) of the metallic elements are given.
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Table 7.9 The number of intermetallic compounds with at least one component out of
groups 13–16. For each subclass, the ratio of the total number of non-unique structure types
to the number of unique structure types is also given.

Group Binaries: No. of Ternaries: No. of
13–16

compounds
non-unique/unique

compounds
non-unique/unique

element structure types structure types
Al 423 174/110 = 1.6 2449 384/204 = 1.9
Ga 397 164/96 = 1.7 1842 374/197 = 1.9
In 279 106/63 = 1.7 1260 255/127 = 2.0
Tl 167 47/24 = 2.0 127 50/34 = 1.5
Ge 425 171/109 = 1.6 2434 420/198 = 2.1
Sn 381 144/89 = 1.6 1470 328/161 = 2.0
Pb 168 64/36 = 1.8 344 80/41 = 2.0
Sb 343 130/75 = 1.7 1176 257/124 = 2.1
Bi 187 74/44 = 1.7 365 89/45 = 2.0
Po 24 3/0 0 0/0

the ratio derived for all intermetallics, 2166/1087=1.99. The electronegativities
of the (semi)metallic elements of groups 13–16 range between 1.5 and 2.0, which
is comparable to those of the intermediate TM elements, while their atomic radii
show a larger variation (Fig. 7.44).

That the number of compounds decreases drastically going from top to bottom
of a group does not necessarily reflect a lower compound formation probability,
but the fact that fewer phase diagram studies have been performed to date. One
of the reasons for this may be the lack of technological applications due to the
toxicity (Po, Pb, and Tl), radioactivity (Po), or scarcity (Po) of these elements.

How strongly do the preferred structure types differ within a group and be-
tween groups? This is shown in Table 7.10 for binary and ternary structure
types.

7.15.1 Aluminides

The distribution of ternary aluminides in the ternary concentration diagram of all
intermetallics is depicted in Fig. 7.45 together with the frequencies of the subset
of binary aluminides as a function of their stoichiometries. Since the constitut-
ing elements A, B, and C stand for metallic elements with increasing Mendeleev
numbers, M(A) < M(B) < M(C), Al with M(Al) = 80, in most intermetallics
AxByCz will be represented by the letter C. Consequently, most compounds with
Al as the majority element will agglomerate in the concentration triangle close to
the upper corner marked C. With a few exceptions, the distribution of aluminides
does not differ much from the general one. Perhaps the most significant differ-
ence can be seen along the otherwise densely occupied tieline connecting AC2

with ABC2. This means that compounds of the type AxByAlz are rather rare for
x+ y+ z = 1, x = z/2, and y = 1 – 3z/2, i.e., Az/2B1–3z/2Alz and z ≥ 0.5. In contrast,



Table 7.10 Structure types of binary and ternary intermetallics, respectively, with one constituentM out of groups 13–16 in comparison. The
percentage of structures belonging to each particular structure type is given. Condition to be listed here is a minimum occurrence in three columns.
Binary and ternary structure types are listed above and below the dashed line, respectively.

Structure type No. Space group Sites occupied M=Al Ga In Tl Ge Sn Pb Sb Bi Po

hP16-Mn5Si3 193 P63/mcm 4d 6g2 – 3.0 1.8 5.4 5.6 5.0 10.1 5.2 7.5 –

cP4-Cu3Au 221 Pm3̄m 1a 3c 5.4 4.8 9.3 12 1.4 6.0 14.3 – – –

cP2-CsCl 221 Pm3̄m 1ab 4.3 2 6.5 12.6 – 1 – 2.0 2.1 –

oP12-Co2Si 62 Pnma 4c3 2.8 – 1.4 – 1.4 1.6 3.0 – – –

cP8-Cr3Si 223 Pm3̄n 2a 6c – 1.0 – 1.8 – 1.3 1.8 1.2 – –

hP6-Co1.75Ge 194 P63/mmc 2acd 6.8 3.6 – 2.4 – 1.5 1.6 – – –

tI32-W5Si3 140 I4/mcm 4ab 8h 16k – 1.5 1.4 3.6 1.6 – 1.8 – – –

hP4-NiAs 194 P63/mmc 2ac – – – – – 1.3 1.8 3.2 2.1 25

tI84-Ho11Ge10 139 I4/mmm 4de2 8h2j 16mn2 – – – – 2.4 2.6 – 1.2 2.1 –

tI12-CuAl2 140 I4/mcm 4a 8h 1.2 – – 2.4 – 1.3 2.4 – – –

hP8-Mg3Cd 194 P63/mmc 2d 6h 2.1 1.3 1.8 – – 1.6 – – –

tI32-Cr5B3 140 I4/mcm 4ac 8h 16l – 2.0 3.0 1.4 1.0 – – – – –

tP2-CuAu 123 P4/mmm 1ad – – 2.9 1.8 – – 2.4 – – –

oS32-Pu3Pd5 63 Cmcm 4c2 8efg – – 4.3 8.4 – 1.8 – – – –

hP6-CaIn2 194 P63/mmc 2b 4f – 1.0 1.4 1.8 – – – – –



tI10-BaAl4 139 I4/mmm 2a 4de 2.1 1.5 1.1 – – – – – – –

oP36-Sm5Ge4 62 Pnma 4c3 8d3 – – – – 3.8 2.6 7.1 – – –

cF8-NaCl 225 Fm3̄m 4ab – – – – – – – 7.6 10.2 62.5

hP9-ZrNiAl 189 P6̄2m 1a2d3fg 2.0 2.2 8.5 19.7 2.1 5.1 5.2 – 1.6 –

oP12-TiNiSi 62 Pnma 4c3 1.4 2.6 1.0 – 5.5 4 4.7 3.7 2.2 –

cF16-Cu2MnAl 225 Fm3̄m 4abcd 2.3 – 6.6 – 1.1 – 4.9 1.9 –

cF12-MgAgAs 216 F 4̄3m 4abc – – – – – 2.2 2.0 6.0 12.3 –

hP6-LiGaGe 186 P63mc 2ab2 – – – – – 1.6 6.7 1.0 1.4 –

hP18-CuHf5Sn3 193 P63/mcm 2b 4d 6g2 – – – – – 1.4 12.2 3.9 3.8 –

tI10-CeAl2Ga2 139 I4/mmm 2a 4de 1.3 3.1 – – 7.6 – – – – –

tP10-Mo2FeB2 127 P4/mbm 2a 4gh – – 6.0 – – 1.2 4.7 – –

tI80-La6Co11Ga3 140 I4/mcm 4ad 8f 16kl3 – – – 3.1 – – 1.5 – 1.1 –

tP10-CaBe2Ge2 129 P4/nmm 2abc3 – – – – – 1.3 – 2.4 2.7 –
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Fig. 7.45 (top) Concentration diagram of the 20 829 intermetallic compounds (black dots)
contained in Pearson’s Crystal Data (PCD) (Villars and Cenzual, 2011a). The aluminides are
marked by larger gray circles. A, B, and C stand for metallic elements with increasing
Mendeleev numbers, M(A) < M(B) < M(C). (bottom) Frequencies of the binary Al–B
compounds as a function of stoichiometry (note the logarithmic scale).

the lines AC–A(ByC1–y)–AB, AC2–A(ByC1–y)2–AB2, AC3–A(ByC1–y)3–AB3, and
AC2–(A1–yBy)2–BC2, AC3–(A1–yBy)3–BC3, all with 0 ≤ y ≤ 1, are rather densely
populated.

Furthermore, the distribution of aluminides on lines with the concentration be-
ing constant for one element is also not homogeneous. The Aconst. and, for high
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C-concentration, Cconst. =Alconst. lines are much more densely populated than the
Bconst. ones. Along Bconst., the A–C stoichiometry varies, i.e., the concentration of
a low-M element vs. the high-M element aluminum. This appears to be less fa-
vorable than the variation of the B/C ratio with the concentration of the low-M
element A being constant.

Binary aluminides

As mentioned previously, among the 20 829 IMs, there are 13 026 ternary and
6441 binary IMs. Among the binary IMs, 423 aluminides (6.6%) are listed in the
PCD, featuring 174 (8.0%) out of the altogether 2166 structure types. This gives
≈ 2.4 representatives per structure type. The compositions of all the 423 binary
Al-intermetallics are marked in Fig. 7.46, and their most common structure types
are listed in Table 7.11.

In contrast to the other triels forming binary compounds with all alkali metals,
the only known binary alkali-metal aluminides are those with Li (M = 12) as a
constituent. Their structures can be seen as derivatives of the cI2-W type, the
structure of which is also adopted by cI2-Li itself. These structures are that of
the Zintl phase cF16-LiAl (cF16-NaTl type), with a 3D network of Al atoms,
of hR15-Li3Al2 with puckered honeycomb layers of Al, and of mS26-Li9Al4 with
zigzag-chains of Al (Tebbe et al., 2007).

The alkaline earth elements Mg (M =73), Ca (M =14), Sr (M =15), and
Ba (M =16) form binary aluminides in contrast to Be (M =77) and Ra (M =13).
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Fig. 7.46 Stoichiometries of the 423 binary aluminides, AlaBb vs. the Mendeleev number
M(B) of the other element in the compound. The 47 disordered binary phases adopting unary
structure types cF4-Cu, cI2-W, and hP2-Mg are marked by gray dots. The chemical
compositions of the 14 remaining most common structure types (see Table 7.11) with 147
structures are marked. There remain 234 structures adopting structure types with less than five
representatives.
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Table 7.11 Most common structure types of the 423 binary aluminides listed in the PCD. The
top 17 structure types out of the 174 are given, all of which have at least five representative
structures and therefore represent more than 1% of all binary Al-intermetallics each. The
chemical compositions of their representatives are shown in Fig. 7.47.

Rank Structure
type

No. Space
group

Wyckoff
positions

No. of
reps.

% of all
reps.

1. cF4-Cu 225 Fm3̄m 4a 28 6.6%

2. cP4-Cu3Au 221 Pm3̄m 1a 3c 23 5.4%

3. cF24-MgCu2 227 Fd3̄m 8a 16d 23 5.4%

4. cP2-CsCl 221 Pm3̄m 1ab 18∗ 4.3%

5. oP12-Co2Si 62 Pnma 4c3 12 2.8%

6. cI2-W 229 Im3̄m 2a 11 2.6%

7. oP16-DyAl 57 Pbcm 4cd3 10∗ 2.4%

8. tI10-BaAl4 139 I4/mmm 2a 4de 9 2.1%

9. hP8-Mg3Cd 194 P63/mmc 2d 6h 9 2.1%

(hP8-Ni3Sn)

10. hP2-Mg 194 P63/mmc 2c 8 1.9%

11. hP5-Ni2Al3 164 P3̄m 1a 2d2 6 1.4%

12. oI20-UAl4 74 Imma 4ae2 8h 6 1.4%

13. tP20-Zr3Al2 136 P42/mnm 4dfg 8j 6 1.4%

14. tI12-CuAl2 140 I4/mcm 4a 8h 5 1.2%

15. oI28-La3Al11 71 Immm 2ad 4hi 8j2 5 1.2%

16. tI8-TiAl3 139 I4/mmm 2ab 4d 5 1.2%

17. cI26-WAl12 204 Im3̄ 2a 24g 5 1.2%

189 44.6%

∗ The number of representatives of the cP2-CsCl type is actually 12 instead of 18, since the aluminides of
the lanthanoids have been erroneously assigned to this instead to the oP16-DyAl type in older publications,
and the PCD contains both assignments.

The latter, however, may have just not been studied because of its radioactivity.
Be–Al alloys are technologically important light-weight materials for the aero-
space industry. There are a couple of rather complex cluster-based magnesium
aluminides such as the Samson phase cF1168-Mg2Al3, and its high-temperature
modification hR293-Mg2Al3 (Feuerbacher et al., 2007). Their structures can
be described as polytetrahedral with a preference of FK-polyhedra. Their large



Intermetallic compounds with at least one (semi)metallic element from groups 13–16 339

amount of partially occupied sites has been interpreted as necessary to adjust the
valence electron concentration.

There are four calcium aluminides known, the Al-richest one with the tI10-
BaAl4 structure type, one with the cubic Laves phase, cF24-MgCu2, type, and
two low symmetric ones: the metallic Zintl phases mS54-Ca13Al14 and aP22-
Ca8Al3. mS54-Ca13Al14 contains a 2D Al network of 6-, 4-, and 3-membered
rings with Ca in-between, while aP22-Ca8Al3 (aP22-Ca8In3 structure type)
shows isolated Ca and Al atoms. aP22-Ca8Al3 can be described as a derivative
of the cF16-BiF3 (or cF16-AlFe3) structure type with a cation deficiency (Huang
and Corbett, 1998).

For strontium, three aluminides exist at ambient conditions: tI10Sr-Al4, cP64-
SrAl, oI12-SrAl2, which transforms at high pressure to cF24-SrAl2, and cP60-
Sr8Al7. The latter structure shows isolated tetrahedral and triangular Al clusters
centered close to the Na and Cl sites in the cF8-NaCl structure type, while Sr
forms CN16 and CN13 polyhedra.

In the case of barium, there are the eponymous compounds tI10-BaAl4,
hP20-Ba21Al40 (hP61-Ba21Al40), and hP18-Ba4Al5. The latter two are structur-
ally closely related (Fornasini, 1975). The structures can be derived from the
Laves phase hP24-MgNi2. In summary, tI10-BaAl4 is the only structure type that
Ca, Sr, and Ba have in common.

Most of the aluminides of the group 3 elements and of the lanthanoids form
compounds at the same stoichiometries, but not always with the same structure
types:

• Al4B: Ce, Eu, La, Nd, Pr, and Sm on the Ba sites of the tI10-BaAl4 type

• Al3B: Ce, Gd, La, Nd, Pr, and Sm on the Cd sites of hP8-Mg3Cd type

• Al2B: Ce, Dy, Er, Eu, Gd, Ho, La, Lu, Nd, Pr, Sc, Sm, Tb, Tm, Y, and
Yb on the Mg sites of the cF24-MgCu2 type

• AlB: Ce, Gd, La, and Pr on the Ce sites of the oS16-CeAl type, and Dy, Er,
Gd, Ho, Lu, Nd, Pr, Sm, Tb, and Tm on the Dy sites of oP16-DyAl

• Al2B3: Dy, Gd, Ho, and Tb on the Gd sites of the tP20-Gd3Al2 type

• AlB2: Dy, Er, Gd, Ho, Lu, Nd, Pr, Sm, Tb, and Y on the Co sites of the
oP12-Co2Si type

• AlB3: Ce, Dy, Er, La, Lu, Pr, Sc, Sm, Tb, Tm, Y, and Yb on the Cu sites
of the cP4-Cu3Au type, and Dy, Er, Ho, and Tb on the Ho sites of the
hR16-HoAl3 type.

In the case of the aluminides of the few actinoids studied so far, a similar
distribution of stoichiometries has also been observed, for example:

• Al3B: Th on the Cd sites of hP8-Mg3Cd type, and Pu, U on the Au sites of
the cP4-Cu3Au type

• Al2B: Th on the Al sites of the hP3-AlB2 type, and Pu, U on the Mg site of
the cF24-MgCu2 type.



340 Crystal structures of intermetallic compounds

In the case of binary TM aluminides, the stoichometries show a more scattered
distribution, and there are more structure types for a given stoichiometry. This is
illustrated in Fig. 7.46. The structures of some binary TM aluminides are quite
complex; here we list the few of those with more than 100 atoms per primitive
unit cell:

• Ta (M = 52): cF444-Ta39Al69

• Cr (M = 57): mS732-Cr23Al77, hP574-Mn55Al226

• Mn (M = 60): cP564-Mn8Al39, hP574-Mn55Al226

• Co (M = 64): oP240-Co12.5Al37

• Rh (M = 65): oS884-Rh99Al343

• Ir (M = 66): oP236-Ir13Al45, hP236-Ir9Al28

• Pt (M = 68): cF416-Li21Si5.

All of them are unique structure types except for hP574-Mn55Al226, which
has two representatives. Finally, there are no ordered aluminides known of the
(semi)metallic main group elements with the exception of cF8-AlSb with the
cF8-ZnS structure type.

In the following, we discuss some characteristic features of the five most fre-
quent binary structure types of binary aluminides listed in Table 7.11. Their
chemical compositions are shown in Fig. 7.47, and their structures are depic-
ted in Fig. 7.48. The assignment of the unary structure types cF4-Cu, cI2-W,
and hP2-Mg to binary intermetallic phases indicates either disordered struc-
tures or constituting elements, which cannot be distinguished by the diffraction
method used for structure analysis. Nearly all of the remaining structure types
occur at their defined compositions. In some of them, Al always plays the role of
the majority element (cF24-MgCu2, tI10-BaAl4, hP5-Ni2Al3, oI20-UAl4, oI28-
La3Al11, tI8-TiAl3, and cI26-WAl12) or of the minority element (oP12-Co2Si, and
tP20-Zr3Al2). In others, it appears to switch between those roles (cP4-Cu3Au,
hP8-Mg3Cd, and tI12-CuAl2). Obviously, no such statement can be made for
1:1-stoichiometries, such as cP2-CsCl or oP16-DyAl. An overview over the re-
spective structure types and the compositions of their representatives is shown in
Fig. 7.47.

• cP4-Cu3Au (221 Pm3̄m): This structure can be considered as an ordering
variant of the cF4-Cu structure type (see also Section 7.2 and Fig. 7.3).

• cF24-MgCu2 (227 Fd3̄m): The structure type of this cubic Laves phase
can be described as a cubic packing (ABC) of flat layers of face-sharing
Friauf polyhedra with empty tetrahedral voids (see also Subsection 7.4.3
and Fig. 7.15).

• cP2-CsCl (221 Pm3̄m): This structure corresponds to an ordering variant
of the cP2-W structure type (see also Section 7.3 and Fig. 7.7).
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Fig. 7.47 Occurrence of the 17 most common structure types among binary aluminides. The
Mendeleev number M of the other element in the compound is shown over the rank of the
structure type, as given in Table 7.11. Structures with Al as their major component (≥ 50%) are
marked in black, those with minor Al-content are shown in gray color.

• oP12-Co2Si (62 Pnma): This structure type consists of symmetrically equiv-
alent flat atomic layers (distorted square/triangle net) stacked along [010] in
a way to form three different types of octahedra between the layers, with
the space between them filled by tetrahedra. The face-sharing octahedra of
type I form isolated chains running through the corners and center of the
unit cell along [010]. The type II octahedra form flat (110) layers by sharing
two opposite edges each and their apical vertices along [010]. Octahedra of
type I and II share faces with type I octahedra. Type III octahedra share part
of their edges with each other and form double-chains running along [100]
and connecting the layers of type II octahedra with each other. The remain-
ing channels are filled by the chains of type I octahedra. The structure is
also related to the hP6-Ni2In structure type, which itself is a derivative of
the hP6-AlB3 type (see Section 7.7).

• oP16-DyAl (57 Pbcm): There are flat pentagon/triangle nets decorated by
Dy and Al in z=0 and z=1/4. In-between, part of the Al atoms form
chains running along [001], centering columns of interpenetrating slightly
distorted icosahedra, which share edges with in each case four neighbor-
ing other columns. Four edge-connected columns of icosahedra enclose an
open space in the shape of a column of face-sharing octahedra running
along [001].



342 Crystal structures of intermetallic compounds

(a)

(b)

(c)

(d) (e) (f) (g)

(i) (j)

Au

Fe

Si

Mg

Cu

Co

Cu Ti

b
a

c

Dy
Al

a b

c

b
a

c

a

c

b

a

c

ba

b

c

(h)

I

c

b a

Si

Co

II

III

I

II

III

ab

c

I

II

III

Dy Al

a b

c

DyAl

a

bc

oct

oct

oct

cP4-Cu3Au
cF24-MgCu2 cP2-TiFe

(cP2-CsCl)
oP12-Co2Si

 oP16-DyAl

Fig. 7.48 The five most common binary structure types among binary aluminides (see
Table 7.11): one unit cell each of the structures of (a) cP4-Cu3Au with the (111) plane shaded
gray, (b) cF24-MgCu2, (c) cP2-TiFe (cP2-CsCl structure type), (d) oP12-Co2Si, and
(h) oP16-DyAl, respectively. In (e)–(f), the two flat layers in y = 1/4, 3/4 are given, which
constitute the structure of oP12-Co2Si. The number I, II, and III mark the type of the
octahedra centered at the respective symbols, and the packing of which is shown in (g). In (i) the
edge-connected distorted icosahedra are highlighted as well as the columns of face-sharing
octahedra, and in (j) the constituting pentagon/triangle layer in z = 1/4 is shown.

Ternary aluminides

The 2449 ternary Al-containing IMs feature 384 different structure types, res-
ulting in ≈ 6.4 representatives per structure type. This is much more than in the
case of binary aluminides with only ≈ 2.4 representatives per structure type. It
should be mentioned here that the most complex structure type known so far,
cF(23 256 – x)-Ta39.1Cu5.4Al55.4 as well as a large class of both decagonal and
icosahedral quasicrystals and their approximants are based on Al as their main
constituent. The most common structure types of ternary aluminides are listed in
Table 7.12.

In the following, we discuss some characteristic features of the five most fre-
quent ternary structure types of the ternary aluminides listed in Table 7.12. Their
chemical compositions are shown in Fig. 7.50, and their structures are depicted
in Fig. 7.49. Among the 28 structure types listed, there are 12 ternary, 14 binary,
and 2 unary ones.
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Table 7.12 Most common structure types of ternary aluminides. The top 28 structure types out
of a total of 384 are given, all of which have at least 24 representatives. In total, the 1388
representatives of these 28 structure types make up 56.5% of all 2449 ternary Al-intermetallics.

Rank Structure type No. Space
group

Wyckoff
positions

No. of
reps.

% of all
reps.

1. cF24-MgCu2 227 Fd3̄m 8a 16d 179 7.3%

2. hP12-MgZn2 194 P63/mmc 2a 4f 6h 104 4.2%

3. cP4-Cu3Au 221 Pm3̄m 1a 3c 98 4.0%

4. hP106-Ho6Mo4Al43 193 P63/mcm 2b 6g2 8h 12ijk3 24l 88 3.6%

5. tI26-CeMn4Al8 139 I4/mmm 2a 8fij 73 3.0%

6. cF184-CeCr2Al20 227 Fd3̄m 8a 16cd 48f 96g 72 2.9%

7. cP2-CsCl 221 Pm3̄m 1ab 70 2.9%

8. cF16-Cu2MnAl 225 Fm3̄m 4ab 8c 56 2.3%

9. hP9-ZrNiAl 189 P6̄2m 1a2d3fg 49 2.0%

10. hR57-Zn17Th2 166 R3̄m 6c2 9d 18fh 46 1.9%

11. hP6-CaCu5 191 P6/mmm 1a 2c 3g 40 1.6%

12. oS56-Y2Co3Ga9 63 Cmcm 4ac 8efg2 16h 39 1.6%

13. hP8-Mg3Cd 194 P63/mmc 2d 6h 37 1.5%

14. cF116-Mg6Cu16Si7 225 Fm3̄m 4a 24de 32f 2 35 1.4%

15. oP12-TiNiSi 62 Pnma 2ad 6gh 34 1.4%

16. tI10-CeAl2Ga2 139 I4/mmm 2a 4de 33 1.3%

17. oI12-KHg2 74 Imma 4e 8i 33 1.3%

18. hP6-PrNi2Al3 191 P6/mmm 1a 2c 3g 33 1.3%

19. tI26-ThMn12 139 I4/mmm 2a 8fij 33 1.3%

20. cF4-Cu 225 Fm3̄m 4a 30 1.2%

21. oS52-YbFe2Al10 63 Cmcm 4c 8def 2g2 30 1.2%

22. hP3-AlB2 191 P6/mmm 1a 2d 27 1.1%

23. hR36-BaPb3 166 R3̄m 3a 6c 9e 18h 26 1.1%

24. hP16-TiNi3 194 P63/mmc 2ad 6gh 26 1.1%

25. hP38-Gd3Ru4Al12 194 P63/mmc 2ab 4f 6gh2 12k 25 1.0%

26. oI28-La3Al11 71 Immm 2ad 4hi 8l2 24 1.0%

27. hP38-Th2Ni17 194 P63/mmc 2bc 4f 6g 12jk 24 1.0%

28. cI2-W 229 Im3̄m 2a 24 1.0%

1388 56.5%
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• hP106-Ho6Mo4Al43 (193 P63/mcm) represented by hP106-Ho6Cr4Al43: Cr1
and Cr2 in Al/Ho and Al icosahedra, respectively; Al either in distorted ico-
sahedra or bicapped pentagonal prisms; Ho in irregular CN17 polyhedron
(15 Al + Cr + Ho). The CN17 polyhedra form columns along [001] by
sharing triangle faces on one side and interpenetrating on the opposite side.
The icosahedra around Cr are vertex-connected in a way to form columns
along [001] with a sequence of 3-1-3-1 per period (3 denotes a cluster of
three vertex-connected icosahedra).

• tI26-CeMn4Al8 (139 I4/mmm): This structure type can be described as an
ordered tI26-ThMn12 type structure. Mn is coordinated by an icosahedron
that is distorted by two Ce atoms. These polyhedra interpenetrate each other
forming columns along [001]. Ce centers truncated octahedra that are Al-
capped on the hexagon faces, and form by square-face-sharing columns
along [001]. These columns are vertex-linked laterally.

• cF184-CeCr2Al20 (227 Fd3̄m): Complex structure type with Ce in CN16
FK-polyhedra of Al, Cr in Al-icosahedra, Al1 in hexagonal Al-prism, with
the hexagon faces capped by Ce, Al2 and Al3 in pentagonal Al-prisms, with
the pentagon faces capped by Cr and Cr/Ce, respectively. The icosahedra
are vertex-connected and form 6-rings centered by a vertex-sharing pair of
Al-CN16 FK-polyhedra each. See Fig. 7.49.

• cF16-Cu2MnAl (225 Fm3̄m): This structure type represents a (2 × 2 × 2)-
fold superstructure of the cI2-W type. Al forms an fcc unit cell, Mn occupies
the edge centers and the body center, and Cu centers the eight-cubes (see
also Fig. 7.9 in Section 7.3.2).

• hP9-ZrNiAl (189 P6̄2m): Ni atoms center trigonal Zr-prisms, which form
by edge-sharing trigonally distorted 6-rings. Three Al atoms cap the Zr-
prisms, thereby forming Ni-centered trigonal prisms (see also Fig. 10.8 in
Section 10.8).

The 14 ternary aluminides adopting the binary structure types listed in
Table 7.12 have broad stability ranges and are inherently, at least partially,
disordered: for cF24-MgCu2, hP12-MgZn2, cP2-CsCl, and cP4-Cu3Au the
Al-content varies in the ranges 1.7–66.7%, 6.7–66.7%, 5.0%–56.0%, and
2.5–75%, respectively. More pseudo-binary structure types with varying amounts
of Al among their representatives are hP8-Mg3Cd (2.5–75.0%), oI12-KHg2

(2.0–63.3%; 18 structures with 1:1:1 composition), tI26-ThMn12 (6.5–76.9%),
hP3-AlB2 (6.0–58.3%), hR36-BaPb3 (67.5–75%; 24 structures with 75% Al and
disorder on Ba-site withM ∈ [17, 28]; 2 structures with Ge and Al together adding
up to 75%), hP16-TiNi3 (24 structures with 75% Al and disorder on the Ti-site
withM ∈ [17, 28]; two structures with Ni as the major component and Al mixed
with Ti or Ta amounting to 25%), oI28-La3Al11 (39.3–78.6%), and hP38-Th2Ni17
(10.5–57.9%). The two most common unary structure types have very large
ranges for their Al-content, as well: cF4-Cu (0.1–99.5%), cI2-W (4.0–34.0%).
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In contrast, the 88 hP106-Ho6Mo4Al43-type structures, for instance, are line
compounds with well-defined stoichiometry (with two representatives being
subject to minor element exchange between the Al-deficit and excess of the Mo-
equivalent component: Ho6Mo4Al43 and Yb6Cr4Al43). The structures adopting
the cF184-CeCr2Al20 structure type are for the most part stoichiometric with four
compounds exhibiting disorder on the respective sites of at most 2.3 at.%. Most
cF16-Cu2MnAl-type representatives (49 out of 56) contain 25% Al, whereas
five contain 50% Al. The 49 hP9-ZrNiAl-type structures are all stoichiomet-
ric, as are the oS56-Y2Co3Ga9-type structures with Al taking the place of
Ga. The compositions are depicted in Fig. 7.50 with M/M-plots of the two
non-Al-elements.

The stability regions of all the six structure types shown in Fig. 7.50 ap-
pear well defined. Representatives of the hP106-Ho6Mo4Al43 structure type can
be found for most lanthanoids in combination with early TM elements. The
missing dot in the stability field refers to the not-observed compound hP106-
Y6V4Al43. Furthermore, there are also some U-containing representatives of this
type. In the case of the structure type tI26-CeMn4Al8, almost all lanthanoids
and Th can be constituents as well as the TM elements of the first row of the
periodic table, Cr, Fe, and Cu. This structure type can be seen as an ordered
tI26-ThMn12 type.

The cF184-CeCr2Al20 structure type is adopted by Sr, Ca and, mainly, the
early lanthanoids on one hand, and most of the early TM elements on the other
hand. The structure type of the Heusler phase, cF16-Cu2MnAl, has representat-
ives constituted from one of the early and one of the late TM elements in addition
to aluminum.

In the case of the structure type hP9-ZrNiAl, aluminides are known that contain
Ca, most of the lanthanoids, Pu, U, Th Zr, or Hf as one component and Ni, Pd,
or Cu as the other one. Finally, representatives of the oS56-Y2Co3Ga9 structure
type can have as one constituent Ca, most of the lanthanoids or U, and as the
other one Co, Rh, Ir, or Pd.

The compounds adopting structure type cF116-Mg6Cu16Si7 mostly exhibit
Al in the role of Cu in the eponymous compounds (21 structures with exact
stoichiometry and 8 slightly off-stoichiometric), but it also adopts the Si-role
in six representative compounds. As the previous 1:1:1-compounds, oP12-
TiNiSi-type structures all appear to be fully stoichiometric. Nearly half of the
tI10-CeAl2Ga2-type structures contain 40% of Al (16 structures), while the re-
maining 17 structures contain 34.0–76.0% of Al. In the hP6-PrNi2Al3 structure
type, 14 representatives have Al adopt the eponymous Al-role, 10 appear to have
it in the role of Ni, and the remaining 9 display disorder between the three ele-
ments in the structure formula. All oS52-YbFe2Al10-type structures have Al in
its eponymous role, as is also the case for the hP38-Gd3Ru4Al12-type structures
(with minor Co-Al-disorder in the U3Co4Al12-compound).



Intermetallic compounds with at least one (semi)metallic element from groups 13–16 347

7–16 17–33 34–48 49–77 78–91

7–16 17–33 34–48 49–77 78–91

7–16 17–33 34–48 49–77 78–91

7–16 17–33 34–48 49–77 78–91

7–16 17–33 34–48 49–77 78–91

7–16 17–33 34–48 49–77 78–91

tI26-AB4Al8 phases (A vs. B)

10

20

30

40

50

60

70

80

90

10

20

30

40

50

60

70

80

90

cF184-AB2Al20 phases (A vs. B) cF16-A2BAl phases (A vs. B)

10

20

30

40

50

60

70

80

90
hP106-A6B4Al43 phases (A vs. B)

10 20 30 40 50 60 70 80 90

M
en

de
le

ev
 n

um
be

r 
M

(B
)

M
en

de
le

ev
 n

um
be

r 
M

(B
)

M
en

de
le

ev
 n

um
be

r 
M

(B
)

Mendeleev number M(A)

10 20 30 40 50 60 70 80 90

Mendeleev number M(A)

hP9-ABAl phases (A vs. B) oS56-A2B3Al9 phases (A vs. B)

45
U

30
Nd

60 Mn

16
Ca

51 Ti

47
Th

33
La

15
Sr

72 Cu

57 Cr
61 Fe

47
Th

33
La

15
Sr

57 Cr

51 Ti

72
Cu

61
Fe

67
Ni

19 Sc

49 Zr

60 Mn

67 Ni

45
 U

32
Ce

72 Cu

16
Ca

67 Ni

61 Fe

50
Hf

16
Ca

33
La

45
U

64 Co
69 Pd

Fig. 7.50 Chemical compositions of the six most common ternary structure types of ternary
aluminides. The Mendeleev numbers M of the other two elements in the compound are shown.
The depicted structure types are hP106-Ho6Mo4Al43, tI26-CeMn4Al8, cF184-CeCr2Al20,
cF16-Cu2MnAl, hP9-ZrNiAl, and oS56-Y2Co3Ga9 (ranks 4, 5, 6, 8, 9, and 12,
respectively, in Table 7.12). Only seven structures were omitted for structure type
cF16-Cu2MnAl, where the chemical decoration of the structure changes.



348 Crystal structures of intermetallic compounds

7.15.2 Gallides

Gallium, oC8-Ga, has a smaller atomic radius than aluminum, cF4-Al,
(rAl = 1.43 Å, rGa = 1.22 Å) and a higher electronegativity (χAl = 1.5, χGa = 1.8).
The distribution of gallides in the ternary concentration diagram of intermetal-
lics is depicted in Fig. 7.51 together with the frequencies of the subset of binary
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Fig. 7.51 (top) Concentration diagram of the 20 829 intermetallic compounds (black dots)
contained in Pearson’s Crystal Data (PCD) (Villars and Cenzual, 2011a). The Ga-containing
compounds are marked by large gray circles. A, B, and C stand for metallic elements with
increasing Mendeleev numbers, M(A) < M(B) < M(C). (bottom) Frequencies of the binary
Ga–B compounds as a function of stoichiometry (note the logarithmic scale).



Intermetallic compounds with at least one (semi)metallic element from groups 13–16 349

gallides. Since the constituting elements A, B, and C stand for metallic ele-
ments with increasing Mendeleev numbers, M(A)<M(B)<M(C), Ga with
M(Ga) = 81, will in most intermetallics AxByCz be represented by the letter C.
Consequently, most compounds with Ga as majority element will agglomerate in
the concentration triangle close to the top corner marked C.

The distribution of ternary gallides in the concentration triangle (Fig. 7.51) is
less dense but otherwise similar to that of the aluminides (Fig. 7.45). The main
difference is along the tieline AC3–BC3, where gallides with 8 representatives are
rare in contrast to aluminides with 158. Taking a closer look at the structure types
featured at this tieline, one finds in the case of the ternary aluminides that only
9 structures belong to ternary structure types, the remaining 149 adopt binary
ones such as cP4-Cu3Au (39), hP16-TiNi3 (34), hR36-BaPb3 (24), hP8-Mg3Cd
(24), hR60-HoAl3 (22), etc. In the case of the ternary gallides, these binary struc-
ture types are not represented among the ternary gallides (only among the binary
ones), and five out of the eight compounds on this tieline adopt ternary structure
types. The scarcity of solid solutions in ternary gallides of the type AxB1–xGa3 may
originate from covalent bonding contributions of Ga. The frequency distribution
of binary gallides AxBy shows some differences to that of the aluminides, mainly
for large values of x or of y.

Binary gallides

As mentioned previously, among the 20 829 IMs there are 13 026 ternary
and 6441 binary IMs. Among the binary IMs, 397 gallides can be found
in the PCD, featuring 164 structure types this means ≈ 2.4 representatives
per structure type, similar to aluminides (≈ 2.4). The compositions of the
397 binary Ga-intermetallics are shown in Fig. 7.52, and their most common
structure types are listed in Table 7.13. In contrast to the situation for the alu-
minides, a significant number of alkali gallides exist for all alkali metals but
radioactive Fr.

The compositions of the cF4-Cu-, hP2-Mg-, and cI2-W-type structures are
rather diverse (containing 5–25%, 2–60%, and 3–50% Ga, respectively). Nearly
all of the remaining structure types occur at their defined compositions. In some
of them, Ga always plays the role of the majority element (hP3-AlB2, tP14-
PuGa6, oP32-Tm3Ga5, tP16-IrIn3, tI10-BaAl4, hP6-CaIn2, and oI12-KHg2) or
of the minority element (hP16-Mn5Si3, tI80-Gd3Ga2, tP32-Ba5Si3, tI32-Cr5B3,
tI32-W5Si3, mS32-Y5Ga3, cP8-Cr3Si, and tP10-U3Si2). In particular, for the
compositions A5B3 and A3B5 there is no significant number of aluminides known
in contrast to gallides. In others, it appears to switch between those roles (cP4-
Cu3Au, tI8-TiAl3, and hP8-Mg3Cd). Obviously, no such statement can be made
for 1:1-stoichiometries, such as oS8-TlI, and only small deviations are found
for cP2-CsCl. An overview of the respective intermetallic systems is shown in
Fig. 7.53.

The most common binary structure types of binary aluminides and gallides
differ considerably. With the exception of cP4-Cu3Au, the second most frequent
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Fig. 7.52 Stoichiometries of the 397 binary gallides, GaaBb vs. the Mendeleev number M(B) of
the other element in the compound. The 28 binary phases adopting unary structure types
cF4-Cu, cI2-W, and hP2-Mg are marked by gray dots.

structure type in both cases (short 2, 2), cP2-CsCl (4, 11), tI10-BaAl4 (8, 14),
hP8-Mg3Cd (9, 19), and tI8-TiAl3 (16, 15), there are no common binary
structure types with frequencies ≥ 1%.

In the following, we discuss some characteristic features of the five most fre-
quent binary gallide structure types listed in Table 7.13. Their structures are
shown in Fig. 7.54.

• hP3-AlB2 (191 P6/mmm): For a detailed discussion of this structure type see
Section 7.7. The structure can be considered as a stacking of honeycomb
nets with Al at the vertices. B sits in the center of the hexagonal prisms
constituted from the Al atoms of adjacent layers. From groups 1 and 2, only
Ba, Sr, and Ca adopt this structure type, however, almost all lanthanoids and
the actinoids Np, Pu, and U do. There are no TM or main group element
gallides with this structure type known so far. The only known aluminides
with this structure type contain La and Th, respectively.

• cP4-Cu3Au (221 Pm3̄m): For a detailed discussion of this structure type,
a substitutional derivative of the cF4-Cu type, see Section 7.2. Almost all
lanthanoids form gallides with this structure type, the early ones with stoi-
chometry RE3Ga, the late ones with REGa3. This structure type is also
known for the gallides of the actinoids Np, Pu, and U. Out of the groups
from 4 to 16, only Ti, Fe, Ni, and Pt adopt this structure type. This
distribution does not differ too much from that of the aluminides.
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Table 7.13 Most common structure types of Ga-containing binary intermetallics. The top 23
structure types are given, all of which have at least four representative structures and therefore
represent more than 1% of all binary Ga-intermetallics each.

Rank Structure type No. Space
group

Wyckoff
positions

No. of
reps.

% of all
reps.

1. hP3-AlB2 191 P6/mmm 1a 2d 19 4.8%

2. cP4-Cu3Au 221 Pm3̄m 1a 3c 19 4.8%

3. oS8-TlI 63 Cmcm 4c2 15 3.8%

4. tP14-PuGa6 125 P4/nbm 2c 4g 8m 14 3.5%

5. hP16-Mn5Si3 193 P63/mcm 4d 6g2 12 3.0%

6. cF4-Cu 225 Fm3̄m 4a 11 2.8%

7. tI80-Gd3Ga2 140 I4/mcm 4ac 8gh2 16l 32m 11 2.8%

8. hP2-Mg 194 P63/mmc 2c 11 2.8%

9. tP32-Ba5Si3 130 P4/ncc 4c2 8f 16g 8 2.0%

10. tI32-Cr5B3 140 I4/mcm 4ac 8h 16l 8 2.0%

11. cP2-CsCl 221 Pm3̄m 1ab 8 2.0%

12. oP32-Tm3Ga5 62 Pnma 4c4 8d2 8 2.0%

13. tP16-IrIn3 136 P42/mnm 4cf 8j 7 1.8%

14. tI10-BaAl4 139 I4/mmm 2a 4de 6 1.5%

15. tI8-TiAl3 139 I4/mmm 2ab 4d 6 1.5%

16. cI2-W 229 Im3̄m 2a 6 1.5%

17. tI32-W5Si3 140 I4/mcm 4ab 8h 16k 6 1.5%

18. mS32-Y5Ga3 12 C2/m 4d 6g2 6 1.5%

19. hP8-Mg3Cd 194 P63/mmc 2d 6h 5 1.3%

20. hP6-CaIn2 194 P63/mmc 2b 4f 4 1.0%

21. cP8-Cr3Si 223 Pm3̄n 2a 6c 4 1.0%

22. oI12-KHg2 74 Imma 4e 8i 4 1.0%

23. tP10-U3Si2 127 P4/mbm 2a 4gh 4 1.0%

202 50.9%

• oS8-TlI (63 Cmcm): This structure can be seen as a stacking along [001]
of two symmetrically equivalent distorted honeycomb layers, which are
shifted against each other; thereby, layers are formed of face-sharing oc-
tahedra alternating with layers of face-sharing trional prisms. Gallides with
this structure type are known with Ca and all lanthanoids but Yb and Eu,
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Fig. 7.53 Occurrence of the 23 most common structure types among binary Ga-intermetallics.
The Mendeleev number M of the other element in the compound is shown over the rank of the
structure type, as given in Table 7.13. Structures with Ga as their majority component (≥ 50%)
are marked in black, and those with minor Ga-content are shown in gray.

which have atomic radii of 1.94 and 2.00 Å, respectively, by far the largest
among the lanthanoids. For comparison, there are four aluminides known
with this structure type containing Y, Th, Zr, and Hf, respectively.

• tP14-PuGa6 (125 P4/nbm): The structure can be described as a packing
in layers of the face-sharing Pu-AETs, where the layers are connected via
short Ga–Ga bonds (2.52 Å). This structure type is known for gallides of all
lanthanoids but Eu, Sc, and Lu, as well as for Pu as the only actinoid. There
are no aluminides known with this structure type.

• hP16-Mn5Si3 (193 P63/mcm): This structure type, one of the Nowotny
phases, can be described as a packing of face-sharing CN16 FK-polyhedra,
leaving empty spaces corresponding to columns of face-sharing octahedra
running along [001] (see also Subsection 7.15.9). In the case of this
structure type, Ga is always the minority component (sitting on the Si site).
Majority constituents can be Sc, Lu, Tm, Ho, and Y on one hand, and Zr,
Hf, Ti, Ta, Nb, and V on the other hand. For comparison, there are four
aluminides known with this structure type containing Y, Zr, Hf, and Ta,
respectively.

Finally, an interesting binary transition metal gallide, TM4Ga5 (TM=Ta, Nb,
Ta/Mo), shall be discussed briefly (Fredrickson et al., 2015). It is character-
ized by quite an unusual homoatomic clustering of the TM elements and Ga,
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a detailed discussion of the structures of (a) hP3-AlB2 and (b) cP4-Cu3Au see Sections 7.7 and
7.2, respectively. In (c) the structure of oS8-TlI is shown with the layers of face-sharing
octahedra highlighted. The structure of one of the two symmetrically equivalent layers stacked
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representing one of the constituting layers (i) of the structure of (g)–(h) tP14-PuGa6. (g) The
packing in layers is illustrated of the face-sharing Pu-AETs located at the edge-centers of the
unit cell. The layers are connected by short Ga–Ga bonds (2.52 Å). In (e, f) the unit cell of
hP16-Mn5Si3 is shown containing two face-sharing CN16 FK-polyhedra. Around the corners
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FK-polyhedra.

respectively. The TM elements form bcc cubes, TM@TM8, which are linked
through face-capping Ga dumbbells, forming a primitive cubic framework in
this way. The resulting empty spaces are alternatingly filled by distorted TM-
pentagonal dodecahedra and dimers of bcc fragments. Ga tetrahedra and icosahe-
dral units fill the rest of the empty space. The compounds show a deep pseudogap
at the Fermi energy mainly caused by strong TM–TM and TM–Ga bonding,
which provides a local 18 electron configuration to the TM atoms, despite the
electron concentration being only 8.75 electrons per TM atom. The Ga atoms at
the periphery of these clusters have a supportive role in stabilizing them.
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Ternary gallides

The 1842 ternary Ga-containing IMs feature 374 different structure types,
i.e., ≈ 4.9 representatives per structure type. This is significantly less than in the
case of ternary aluminides (≈ 6.4). In Table 7.13, the most common structure
types among binary Ga-IMs are given. In Table 7.14, the most common struc-
ture types among ternary Ga-IMs are given, and the distribution of the chemical
compositions of six of the most common ones are shown in Fig. 7.56.

The most common ternary structure types (with frequencies ≥ 1%) of ter-
nary aluminides and gallides differ considerably. There are only six ternary
structure types common to both of them: tI10-CeAl2Ga2 (16, 3), oP12-TiNiSi
(15, 6), oS56-Y2Co3Ga9 (12, 7), hP9-ZrNiAl (9, 10), cF16-Cu2MnAl (8, 12),
and cF116-Mg6Cu16Si7 (14, 23).

In the following, we discuss some characteristic features of the five most fre-
quent ternary structure types of ternary gallides listed in Table 7.14. Their
structures are shown in Fig. 7.55.

• tI10-CeAl2Ga2 (139 I4/mmm): This structure type is an ordered deriva-
tive of the tI10-BaAl4 type (see also Fig. 10.8 in Section 10.8). Ce sits
in 4-capped hexagonal prisms (CeAl8Ga8), while Ga centers tricapped
trigonal prisms (GaAl4Ce4).

• oP12-TiNiSi (62 Pnma): The structure contains a 3D 4-connected network
of Ti atoms (dTi-Ti = 3.15–3.22 Å), where the large channels are filled with
zigzag-bands of edge-sharing Ni2Si2 rhomb units. It can be also described
as a distorted hP6-Ni2In type structure.

• oS56-Y2Co3Ga9 (64 Cmca): The Co and Ga atoms have distorted icosa-
hedral or defective icosahedral AETs, respectively; Y centers a strongly
distorted hexagonal prism of Co/Ga atoms, with three more Ga atoms
coordinating Y in the equatorial plane. The structure can be described
as a stacking along [001] of puckered Ga/Co-triangle nets and flat Ga/Y-
triangle/pentagon nets.

• hP9-ZrNiAl (189 P6̄2m): The structure can be subdivided into face-sharing
tricapped trigonal Ni@Zr6Al3 prisms (see also Fig. 10.8 in Section 10.8).

• cF16-Cu2MnAl (225 Fm3̄m): This structure type of the Heusler phases can
be described as (2× 2× 2)-fold superstructure of the cI2-W type, and is
discussed in Subsection 7.3.2.

The ternary gallides of the binary structure types oI12-KHg2 and hP6-CaIn2

have varying Ga-contents (23.3–58.7% and 16.7–66.7%, respectively). Similarly,
the tI10-CeAl2Ga2-type structures exhibit a high degree of disorder between the
elements on the Al- and Ga-positions of the prototype: while the Ga-content
of 16.0–75.0% is connected with the content in a second element in these
compounds (M =64–80 and content 5.0–64.0%), the third element always makes
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Table 7.14 Most common structure types of Ga-containing ternary intermetallics. The top 24
structure types are given, all of which have at least 18 representative structures and therefore
represent more than 1% of all ternary Ga-intermetallics.

Rank Structure type No. Space
group

Wyckoff
positions

No. of
reps.

% of all
reps.

1. oI12-KHg2 74 Imma 4e 8i 78 4.2%

2. hP6-CaIn2 194 P63/mmc 2b 4f 61 3.3%

3. tI10-CeAl2Ga2 139 I4/mmm 2a 4de 58 3.1%

4. oI28-La3Al11 71 Immm 2ad 4hi 8j2 57 3.1%

5. cP4-Cu3Au 221 Pm3̄m 1a 3c 54 2.9%

6. oP12-TiNiSi 62 Pnma 4ccc 48 2.6%

7. oS56-Y2Co3Ga9 64 Cmca 4ac 8efg2 16h 48 2.6%

8. tI26-ThMn12 139 I4/mmm 2a 8fij 41 2.2%

9. hR57-Zn17Th2 166 R3̄m 6c2 9d 18fh 41 2.2%

10. hP9-ZrNiAl 189 P6̄2m 1a 2d 3fg 40 2.2%

11. hP3-AlB2 191 P6/mmm 1a 2d 39 2.1%

12. cF16-Cu2MnAl 225 Fm3̄m 4abcd 37 2.0%

13. tP7-HoCoGa5 123 P4/mmm 1abc 4i 32 1.7%

14. cF24-MgCu2 227 Fd3̄m 8a 16d 32 1.7%

15. hP6-CaCu5 191 P6/mmm 1a 2c 3g 31 1.7%

16. hP12-MgZn2 194 P63/mmc 2a 4f 6h 31 1.7%

17. cI34-Y4PdGa12 229 Im3̄m 2a 8c 12de 29 1.6%

18. oI10-W2CoB2 71 Immm 2a 4hj 23 1.2%

19. cP8-Cr3Si 223 Pm3̄n 2a 6c 22 1.2%

20. hP38-Th2Ni17 194 P63/mmc 2bc 4f 6g 12jk 22 1.2%

21. hP18-YNi2Al3 191 P6/mmm 1a 2d 3f 6kl 22 1.2%

22. tI10-BaAl4 139 I4/mmm 2a 4de 21 1.1%

23. cF116-Mg6Cu16Si7 225 Fm3̄m 4a 24de 32f 2 21 1.1%

24. oI26-ScFe6Ga6 71 Immm 2a 4ghij 8k 18 1.0%

906 49.2%



356 Crystal structures of intermetallic compounds

ba

cAl

Mn

Cu

(a) (b) (c)

(d)

(e)
a

c

ba

(f)

Ce

a

c

b

c

Ga

Al

b

a
b

c a

b

c

Al

Al

Zr

Zr

Ni

Ni

Ti
Ti

Ni
Ni

Co

Si

Si

(g)

(h)

(i)

(j)

Co

Co

Y

Y

Y
Ga

Ga Ga

Ga

{

tI10-CeAl2Ga2 oP12-TiNiSi hP9-ZrNiAl

oF16-Cu2MnAl

oS56-Y2Co3Ga9

Fig. 7.55 The structures of the five most frequent ternary structure types of ternary gallides.
(a) tI10-CeAl2Ga2, with the edge-sharing Al2Ga2 rhomb units shaded gray. The structure of
oP12-TiNiSi is shown in two different projections (b)–(c). The bands of edge-sharing Ni2Si2
rhomb units are shaded gray. One unit cell of hP9-ZrNiAl in perspective view and projection
along [001] (d)–(e). The structure type of the Heusler phases cF16-Cu2MnAl is depicted in (f).
The structure of oS56-Y2Co3Ga9 (g)–(j) can be composed of two kinds of layers, a puckered
Ga/Co-triangle net (Co2Ga2 rhomb units shaded gray) and a flat Ga/Y-triangle/pentagon net.

up 20.0% of the formula and has M-values 10–33. While the oI28-La3Al11-type
ternary gallides always have an element with the smallest M-value (17–27) that
can be assigned the role of La in the prototype compound (with a content of
21.4%), the remaining elements are disordered (M(B)= 60–76) with Ga-contents
30.0–68.6%.
cP4-Cu3Au-type compounds again have varying Ga-contents (1.5–68.0%).

Only one oP12-TiNiSi-structure, on the other hand, deviates from the strict
1:1:1-composition with a slight exchange between Ga and the B-element
(M =64–73), with undisturbed A-elements in all cases (M =16–45).
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Fig. 7.56 Occurrence of six of the most common structure types among ternary Ga-
intermetallics. The Mendeleev numbers M of the other two elements in the compound are shown.
The depicted structure types are oP12-TiNiSi, oS56-Y2Co3Ga9, hP9-ZrNiAl,
tP7-HoCoGa5, cI34-Y4PdGa12, and oI10-W2CoB2 (ranks 6, 7, 10, 13, 17, and 18,
respectively, in Table 7.14). Where A and B have equal shares in the chemical formula, they are
assigned so that M(A) < M(B). These are the most common—inherently ternary—structure
types, whose sites are occupied in an ordered manner for the most part.
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All oS56-Y2Co3Ga9-type representatives among ternary Ga-intermetallics
have undisturbed compositions and are composed of elements M(A)=17–45,
M(B)=62–66, containing 64.3% of Ga. The tI26-ThMn12-type compounds have
Ga-components of 35.4–56.2%, which share the Mn-role with the B-element
(M(B)= 60–72), while the A-element on the Th-position remains stoichiometric
at 7.7% (M(A)=17–50). Similarly, the hR57-Zn17Th2-representatives have Ga
at contents 10.5–51.1% share the role of Zn in the prototype with the B-element
(M(B)= 60–72), while the Th-role is fulfilled by elements with M(A)=17–49
and only in one case deviates from the stoichiometric 10.5%. The 1:1:1-structure
type hP9-ZrNiAl, again, is always reported with the correct stoichiometry and
contains elementsM(A)=20–50 andM(B)= 60–73 in addition to Ga.

The hP3-AlB2-type structures exhibit large variations in their stoichiometries
with Ga-contents 9.9–66.7%. Most cF16-Cu2MnAl-type structures contain 25%
of Ga (29 out of 37 compounds), others contain 50% (6 compounds), and the
rest deviates from the basic stoichiometry. All tP7-HoCoGa5-type structures are
stoichiometric with Ga in its eponymous role and other elements M(A) =17–51
and M(B) =61–69. Both, the cF24-MgCu2- and hP12-MgZn2-type structures
have varying stoichiometries and the Ga-content ranges between 5.0–33.3% and
10–42.1%, respectively. The structures of type hP6-CaCu5 also have varying Ga-
contents (12.5–43.4%), but together with the B-elements with M(B) =64–72,
these add up to the Cu-content in the prototype composition, while all A-elements
have a 16.7%-content and have M-values 17–45. The cI34-Y4PdGa12-type
structures all have the strict composition of the prototype compound (with
one minor deviation in the Tb4AgGa12-compound with a small Ga-excess and
Ag-deficit) with 23.5% of elements M(A)=20–45, 5.9% of M(B)= 61–71,
and 70.6% of Ga.

The oI10-W2CoB2-type structures have 20% Ga and 40% each of ele-
ments M(A)=17–33 and M(B)= 64–67. Minor Ga-deficiencies in RE2GaNi2
(RE=La, Ce) are compensated by increased Ni-contents (45% and 43%, re-
spectively). The ternary cP8-Cr3Si-type representatives contain 5.0–25.0% Ga.
Of the 22 compounds, 15 can be directly identified with the 3:1-composition
with either the Cr- or the Si-positions being occupied by a mixture of two ele-
ments, withM =51–72 and 80–88 (incl. Ga), respectively. Three more structures
have reversed occupancies with 25% V/Nb and 75% mixed Ga-Co/Pt, while
the remaining four structures have stoichiometries that are incompatible with a
direct identification with the Cr- and Si-sites. The hP38-Th2Ni17 structures con-
tain 5.3–31.6% Ga, apparently adopting the role of Ni together with elements
M(B)=60–67, while the Th-content of 10.5% is contributed by M(A)=17–32.
Of the 22 hP18-YNi2Al3-representatives, only one is not fully stoichiometric,
with a small B-Ga-exchange, while generally the compounds consist of 16.7%
of M(A)=22–33, 50.0% of M(B)= 64–67, and 33.3% of Ga. Ga-contents in
tI10-BaAl4-type structures range between 40.0% and 75.0% and always amount
to 80% of the entire formula, when adding component B with M(B)= 68–
83 (or, as in one case M(B)= 12). The Ba-role is played by M(A)=14–33.
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Apart from one representative, all cF116-Mg6Cu16Si7-type compounds are fully
stoichiometric and composed of 20.7% M(A)=19–51 and 24.1% M(B)=62–
69; only Zr6Ga16Ni7 actually contains 27.6% of Ni and only 51.7% of Ga.
The oI26-ScFe6Ga6-type structures contain 46.2–53.8% Ga and 38.5–46.2%
of the B-element with M=61–64, so that the Sc-role is apparently filled by
M(A)=17–50, always with the stoichiometric content of 7.7%.

7.15.3 Indides

Indium, tI2-In, has a larger atomic radius than aluminum, cF4-Al, (rAl = 1.43 Å,
rIn = 1.63 Å) and the same electronegativity (χAl = 1.5, χIn = 1.5). The distribu-
tion of indides in the ternary concentration diagram of intermetallics is depicted
in Fig. 7.57 together with the frequencies of the subset of binary indides. Since
the constituting elements A, B, and C stand for metallic elements with increasing
Mendeleev numbers, M(A) < M(B) < M(C), In with M(In) = 79, will in most
intermetallics AxByCz be represented by the letter C. Consequently, most com-
pounds with In as majority element will agglomerate in the concentration triangle
close to the corner marked C. The distribution of ternary indides in the concen-
tration triangle (Fig. 7.57) is much sparser but otherwise similar to that of the
aluminides (Fig. 7.45). The main difference is in the In-rich part of the concen-
tration triangle. The frequency distribution of binary indides AxBy shows many
differences to that of the aluminides, mainly for large values of x.

Binary indides

Among the binary IMs, 279 In-containing IMs are listed in the PCD, featuring
106 structure types; these are ≈ 2.6 representatives per structure type, simi-
lar to aluminides (≈ 2.4). The compositions of the 279 binary In-intermetallics
are shown in Fig. 7.58, and their most common structure types are listed in
Table 7.15. In contrast to the situation for the aluminides, there exist a sig-
nificant number of alkali indides for all alkali metals but radioactive Fr. The
compositions of the cF4-Cu-, cI2-W-, and hP2-Mg-type structures are rather
diverse (containing 0.1–90%, 2–62%, and 2–25% In, respectively). The same
holds true for tI2-In-, hP1-Hg0.1Sn0.9-, and tI4-Sn-type structures (with 25–
98.2%, 20–70%, 5–50% In, respectively). Nearly all of the remaining structure
types occur at their defined compositions. In some of them, In always plays the
role of the majority element (oS32-Pu3Pd5, hP6-CaIn2, tP16-IrIn3, tI10-BaAl4,
oI12-KHg2, cI40-Ru3Sn7, and oP32-Tm3Ga5) or of the minority element (hP16-
Mn5Si3, oP12-Co2Si, cP52-Cu9Al4, tI32-W5Si3, and tP4-SrPb3). In others, it
appears to switch between those roles (cP4-Cu3Au, hP6-Co1.75Ge, tP2-CuAu,
hP8-Mg3Cd, and hP5-Ni2Al3). Obviously, no such statement can be made for
1:1-stoichiometries, as in cP2-CsCl. An overview over the respective intermetallic
systems is shown in Fig. 7.59. A lot of these structure types, however, have rep-
resentatives whose compositions differ from the prototypes and therefore have to
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Fig. 7.57 (top) Concentration diagram of the 20 829 intermetallic compounds (black dots)
contained in Pearson’s Crystal Data (PCD) (Villars and Cenzual, 2011a). The In-containing
compounds are marked by large gray circles. A, B, and C stand for metallic elements with
increasing Mendeleev numbers, M(A) < M(B) < M(C). (bottom) Frequencies of the binary
In–B compounds as a function of stoichiometry.

exhibit some disorder. This is true for 11 out of the 24 most common structure
types.

The most common binary structure types of binary aluminides and indides
differ considerably. With the exception of six structure types, cP4-Cu3Au, the sec-
ond most frequent structure type in the case of aluminides and the most frequent
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Fig. 7.58 Stoichiometries of the 279 binary indides, InaBb vs. the Mendeleev number M(B) of
the other element in the compound. The 27 binary phases adopting unary structure types
cF4-Cu, cI2-W, and hP2-Mg are marked by gray dots.

one among the indides (short 2, 1), cP2-CsCl (4, 3), hP8-Mg3Cd (9, 10), oP12-
Co2Si (5, 13), hP5-Ni2Al3 (11, 16), and tI10-BaAl4 (8, 19), there are no common
binary structure types with frequencies ≥ 1%.

With ten common structure types, there are significantly more similarit-
ies between the frequencies of binary structure types of gallides and indides:
cP4-Cu3Au (2, 1), cP2-CsCl (11, 3), hP8-Mg3Cd (19, 10), hP16-Mn5Si3 (5,
11), hP6-CaIn2 (20, 12), tP16-IrIn3 (13, 15), tI32-W5Si3 (17, 17), tI10-BaAl4
(14, 19), oI12-KHg2 (22, 20), and oP32-Tm3Ga5 (12, 24).

In the following, we discuss some characteristic features of the five most fre-
quent binary structure types listed in Table 7.15. Their structures are shown in
Fig. 7.60.

• cP4-Cu3Au (221 Pm3̄m): This structure type is an ordered derivative of the
cF4-Cu type; see Section 7.2 and Fig. 7.3. Li and Mg are the only elements
of groups 1 and 2 adopting this structure type. All lanthanoids except Eu
and Pm form structures of this type, as well as the actinoids Pu, Np, U, and
Th. While all these elements occupy the Au site in the structure type, the
transition elements Zr, Ti, Ni, Pt, and Ag sit on the Cu sites.

• hP6-Co1.75Ge (194 P63/mmc): The structure is a deficient variant of the
hP6-Ni2In type, which itself can be seen as a superstructure of the hP3-
AlB2 type or as a filled derivative of the hP4-NiAs type. The positions of
Ge in 2c 1/3, 2/3, 1/4 and Co1 in 2a 0, 0, 0 are fully occupied, while that
of Co2 in 2d 1/3, 2/3, 3/4 is only partially filled. Co2, together with In,
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Table 7.15 Most common structure types of In-containing binary intermetallics. The top 24
structure types are given, all of which have at least three representative structures and therefore
represent more than 1% of all binary In-intermetallics each.

Rank Structure type No. Space
group

Wyckoff
positions

No. of
reps.

% of all
reps.

1. cP4-Cu3Au 221 Pm3̄m 1a 3c 26 9.3%

2. hP6-Co1.75Ge 194 P63/mmc 2acd 19 6.8%

3. cP2-CsCl 221 Pm3̄m 1ab 18 6.5%

4. cF4-Cu 225 Fm3̄m 4a 16 5.7%

5. tI2-In 139 I4/mmm 2a 13 4.7%

6. oS32-Pu3Pd5 63 Cmcm 4c2 8efg 12 4.3%

7. tP2-CuAu 123 P4/mmm 1ad 8 2.9%

8. cI2-W 229 Im3̄m 2a 6 2.2%

9. hP2-Mg 194 P63/mmc 2c 5 1.8%

10. hP8-Mg3Cd 194 P63/mmc 2d 6h 5 1.8%

11. hP16-Mn5Si3 193 P63/mcm 4d 6g2 5 1.8%

12. hP6-CaIn2 194 P63/mmc 2b 4f 4 1.4%

13. oP12-Co2Si 62 Pnma 4c3 4 1.4%

14. cP52-Cu9Al4 215 P4̄3m 4e4 6fg 12i2 4 1.4%

15. tP16-IrIn3 136 P42/mnm 4cf 8j 4 1.4%

16. hP5-Ni2Al3 162 P3̄m 1a 2d2 4 1.4%

17. tI32-W5Si3 140 I4/mcm 4ab 8h 16k 4 1.4%

18. hP1-Hg0.1Sn0.9 191 P6/mmm 1a 3 1.1%

19. tI10-BaAl4 139 I4/mmm 2a 4de 3 1.1%

20. oI12-KHg2 74 Imma 4e 8i 3 1.1%

21. cI40-Ru3Sn7 229 Im3̄m 12de 16f 3 1.1%

22. tI4-Sn 141 I41/amd 4a 3 1.1%

23. tP4-SrPb3 123 P4/mmm 1ac 2e 3 1.1%

24. oP32-Tm3Ga5 62 Pnma 4c4 8d2 3 1.1%

178 63.9%
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forms honeycomb nets with Co1 centering the hexagonal prisms formed.
All lanthanoids except Yb, Pm, and Eu form structures of this type as well
as the transition elements Ni, Pt, and Cu, and sit on the Ge sites, in contrast
to the main group elements Bi and Sb, which occupy the Co site.

• cP2-CsCl (example cP2-FeTi) (221 Pm3̄m): This structure type is an or-
dered derivative of the cI2-W type; see Section 7.3 and Fig. 7.7. Li and
Ca are the only elements of groups 1 and 2 adopting this structure type.
All lanthanoids except Ce, Eu, and Pm form structures of this type as
well as the transition elements Rh, Ni, and Pd, and the main group
element Bi.

• oS32-Pu3Pd5 (63 Cmcm): This structure can be decomposed into lay-
ers stacked along [100]. A puckered layer, with non-bonding distances
(dPu–Pd = 2.97–3.13 Å) between the atoms, is sandwiched between two sym-
metrically equivalent flat layers. The puckering is caused by fitting this layer
in the best way between the flat triangle/square/hexagon layers. Here, the
Pu–Pd and Pd–Pd distances are with 2.87–2.97 Å and 2.82–2.85 Å signifi-
cantly shorter. This structure is only adopted by the lanthanoids from Er to
La except for Pm, as well as by the actinoid Th.

• tP2-CuAu (123 P4/mmm): This structure type is an ordered derivative of
the cF4-Cu type; see Section 7.2 and Fig. 7.3. The indides crystallizing in
this structure type are constituted from Sc, Lu, Pu, Zr, Hf, Ti , Pd, and Mg.

Ternary indides

The 1260 ternary In-containing IMs feature 255 different structure types, i.e.,
≈ 4.9 representatives per structure type. This is significantly less than in the case
of ternary aluminides (≈ 6.4). In Table 7.16, the most common structure types
among ternary In-IMs are given, and the distribution of the chemical composi-
tions of six of the most common ones are shown in Fig. 7.62. The most common
ternary structure types (with frequencies ≥ 1%) of ternary aluminides, gallides,
and indides differ considerably. There are only three ternary structure types com-
mon to all three of them: hP9-ZrNiAl (9, 10, 1), cF16-Cu2MnAl (8, 12, 2),
and oP12-TiNiSi (15, 6, 21), and one structure type common to aluminides and
indides, only: tI26-CeMn4Al8 (5, 22).

In the following, we discuss some characteristic features of the five most
frequent ternary structure types of ternary indides listed in Table 7.16. Their
structures are shown in Fig. 7.61.

• hP9-ZrNiAl (189 P6̄2m): The structure can be subdivided into face-sharing
tricapped trigonal Ni@Zr6Al3 prisms (see also Fig. 10.8 in Section 10.8).

• cF16-Cu2MnAl (225 Fm3̄m): This structure type of the Heusler phases can
be described as (2× 2× 2)-fold superstructure of the cI2-W type, and is
discussed in Subsection 7.3.2.
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Table 7.16 Most common structure types of In-containing ternary intermetallics. The top 22
structure types are given, all of which have at least 12 representative structures and therefore
represent at least 1% of all ternary In-intermetallics.

Rank Structure type No. Space
group

Wyckoff
positions

No. of
reps.

% of all
reps.

1. hP9-ZrNiAl 189 P6̄2m 1a2d3fg 107 8.5%

2. cF16-Cu2MnAl 225 Fm3̄m 4ab 8c 83 6.6%

3. tP10-Mo2FeB2 127 P4/mbm 2a 4gh 75 6.0%

4. cF24-MgCu4Sn 216 F 4̄3m 4ac 16e 47 3.7%

5. oS16-MgCuAl2 63 Cmcm 4c2 8f 40 3.2%

6. hP6-CaIn2 194 P63/mmc 2b 4f 39 3.1%

7. cP4-Cu3Au 221 Pm3̄m 1a 3c 36 2.9%

8. cP2-CsCl 221 Pm3̄m 1ab 34 2.7%

9. tP7-HoCoGa5 123 P4/mmm 1abc 4i 31 2.5%

10. oP22-Lu5Ni2In4 55 Pbam 2a 4g2h3 30 2.4%

11. tP80-Gd14Co3In2.7 137 P42/nmc 4c2d2 8fg5 16h 28 2.2%

12. hP3-AlB2 191 P6/mmm 1a 2d 23 1.8%

13. tP11-Ho2CoGa8 123 P4/mmm 1a 2egh 4i 20 1.6%

14. tP24-YNi9In2 127 P4/mbm 2ac 4g 8jk 19 1.5%

15. oS24-YNiAl4 63 Cmcm 4ac3 8f 17 1.3%

16. hP3-Hg2U 191 P6/mmm 1a 2d 16 1.3%

17. tI26-ThMn12 139 I4/mmm 2a 8fij 15 1.2%

18. tP20-U2Pt2Sn 136 P42/mnm 4dfg 8j 14 1.1%

19. cF96-Gd4RhIn 216 F 4̄3m 16e3 24fg 13 1.0%

20. oS48-Nd11Pd4In9 65 Cmmm 2ac 4gi2 8pq3 13 1.0%

21. oP12-TiNiSi 62 Pnma 2ad 6gh 13 1.0%

22. tI26-CeMn4Al8 139 I4/mmm 2a 8fij 12 1.0%

725 57.6%

• tP10-Mo2FeB2 (127 P4/mbm): The structure consists of two nets stacked
along [001]: one 32.4.3.4 net (snub square tiling) decorated just by Mo
atoms, and the dual net (Cairo pentagonal tiling) with its vertices occupied
by Fe and B. Consequently, B occupies the centers of trigonal Mo-prisms,
and Fe centers Mo-cubes that are at four sides capped by B; Mo centers
all-side-capped pentagonal prisms.
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Fig. 7.61 The structures of the five most frequent ternary structure types of ternary indides.
(a)–(b) The structure of hP9-ZrNiAl in different projections with the tricapped trigonal AETs of
Ni shaded. The structure of the Heusler phase cF16-Cu2MnAl is depicted in (c), and of
tP10-Mo2FeB2 (127 P4/mbm) (d)–(e). The projection along [001] shows the superposition of
theMo-decorated snub square tiling and its dual, the Cairo pentagonal tiling with its vertices
occupied by Fe and B. cF24-MgCu4Sn (f) corresponds to an ordered variant of the cubic Laves
phase cF24-MgCu2. oS16-MgCuAl2 (g)–(i) can be described as a stacking along [100] of
symmetrically equivalent copies of a triangle/pentagon/hexagon layer.

• cF24-MgCu4Sn (216 F 4̄3m): Ordering structure of the cubic Laves phase
cF24-MgCu2. See Fig. 7.55.

• oS16-MgCuAl2 (63 Cmcm): Ordered variant of the oS16-Re3B structure
type. Mg in a partially side-capped pentagonal prism; Cu in a tricapped
trigonal prism; Al in a distorted cuboctahedron.

Nearly all hP9-ZrNiAl-type representatives among ternary In-intermetallics
have perfect 1:1:1-stoichiometry (with the exception of ScPdIn, which is slightly
Pd-deficient—32.9%). The A- and B-elements have values M(A)=17–47 and
M(B)= 65–73. The cF16-Cu2MnAl-type structures mostly contain 25% of In,
with five representatives containing 50% and one outlier with 10%, where it
seems to be complemented with 40% of Mg. Also the tP10-Mo2FeB2 (127
P4/mbm)-type structures are quite consistent with 20% In, except for four
slightly deviating compositions (in the (Gd/Dy/Er/Tm)2InNi2-compounds—with
20.4–20.9% In). All cF24-MgCu4Sn-type structures are perfectly stoichiomet-
ric with 16.7% In and M(A)=16–49 or 73 and M(B)=64–72. Similarly,
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Fig. 7.62 Occurrence of six of the most common structure types among ternary
In-intermetallics. The Mendeleev numbers M of the other two elements in the compound are
shown. The depicted structure types are hP9-ZrNiAl, cF16-Cu2MnAl, tP10-Mo2FeB2 (127
P4/mbm), cF24-MgCu4Sn, oS16-MgCuAl2, and tP7-HoCoGa5 (ranks 1–5, and 9,
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assigned so that M(A)<M(B). These are the most common—inherently ternary—structure
types. Only six structures were omitted for structure type cF16-Cu2MnAl, where the chemical
decoration of the structure changes.
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the oS16-MgCuAl2-type structures all have 1:1:2-stoichiometry with 50% In,
containing elementsM(A)=11–33 andM(B)= 62–72.

The hP6-CaIn2-type structures have various stoichiometries: the major-
ity of 21 compounds have 1:1:1 compositions (all A–Zn/Cd–In-compounds,
plus Ca–Ga–In), 10 more contain 50% In, 16.7%Cu, and 33.3% withM(A)=22–
32 (or, in one case, Sr–Ga–In), and the remaining 8 have diverse ratios of the
B-element: In with always 33.3% of the A-element (M(A)=15–33). cP4-Cu3Au-
type structures contain 1.3–75% In: 22 contain 25% A-element (M(A)=21–49)
and 8 other ones contain 75% In, both with varying subdivisions of the remain-
ing formula among the two other elements. Of the six additional structures,
three have completely different stoichiometries and three contain 75% A. The
cP2-CsCl-type representatives contain 5.0–45.0% In and consist of largely vary-
ing elements—M(A)=11–71 and M(B)=65–83—with various stoichiometries
(19 with 50% B and 13 with 50% A). In contrast, all tP7-HoCoGa5-type struc-
tures are fully stoichiometric and are built from elements with M(A)=17–33 or
47 andM(B)= 64–66 (i.e., Co, Rh, Ir). Also oP22-Lu5Ni2In4-type structures ex-
hibit the eponymous stoichiometry and contain elementsM(A)=19–33 or 49/50
andM(B)= 65–69.
tP80-Gd14Co3In2.7-type structures have roughly the same stoichiometries, con-

taining 12.3–17.4% In and additionally 66.8–71.1% withM(A)=19–27 and 13.9–
18.3% withM(B)= 64–69. The structures of type hP3-AlB2 contain 10.0–56.7%
In and the complementary 10.0–56.7% of the B-element with M(B)=60–72
or 81, with a consistent A-content of 33.3% with M(A)=14–33. All tP11-
Ho2CoGa8 have the optimal stoichiometry with 72.7% In, as well as 18.2% of
element A (M(A)=17–33) and 9.1% of element B (M(B)=64–69). Also tP24-
YNi9In2-type structures are perfectly stoichiometric with 16.7% In, as well as
8.3% of A (M(A)=18–33) and 75% of B with M(B)= 67 or 72 (i.e., Ni or Cu,
respectively). The oS24-YNiAl4-type structures contain In in the role of Al in the
prototype (66.7%) and are built by A- and B-elements withM(A)=15–33 or and
M(B) = 67–72.

In hP3-Hg2U-type structures, In shares the Hg-role with B-elements
M(B)=60–76 with contents of 36.7–55.0% and 11.7–30.0%, respectively, com-
plemented with 33.3% of the A-element (M(A)=17–32). Similarly, the tI26-
ThMn12-type structures contain a constant 7.7% of A with M(A)=16–33, as
well as 43.1–53.8% In, with B-elements Ag or Cu making up the rest of the struc-
ture (M(B)= 71 and 72, respectively). The tP20-U2Pt2Sn-type structures always
contain 20% of In and respectively 40% of elements A (M(A)=19–21 or 49–51)
and B (M(B)= 67–72). The cF96-Gd4RhIn-type structures contain 16.7% In,
as well as the same amount of element B (M(B)= 65 or 66, i.e., Rh or Ir, re-
spectively) and 66.7% of A (M(A)=20–27). oS48-Nd11Pd4In9-type structures
contain 37.5% In in the eponymous role, as well as 45.8% of A (M(A)=23–
33) and 16.7% of B (M(B)= 64–49). In the perfect 1:1:1-compositions of the
oP12-TiNiSi-type structures, elements A and B have values M(A)=15–20 and
M(B)=65–70. In the tI26-CeMn4Al8-type structures, the A-content is constant
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at 7.7% with elements M(A)=17–32, while 46.2–53.8% In and the complemen-
tary amount of Cu (M(B)= 72) share the combined roles of Mn and Al in the
prototype structure.

7.15.4 Thallides

Thallium, hP2-Mg, has a larger atomic radius than aluminum, cF4-Al, (rAl =
1.43 Å, rTl = 1.70 Å) and a slightly lower electronegativity (χAl = 1.5, χIn = 1.4).
The distribution of thallides in the ternary concentration diagram of intermetal-
lics is depicted in Fig. 7.66 together with the frequencies of the subset of binary
thallides. Since the constituting elements A, B, and C stand for metallic ele-
ments with increasing Mendeleev numbers, M(A) < M(B) < M(C), Tl with
M(Tl) = 78, will in most intermetallics AxByCz be represented by the letter C.
Consequently, most compounds with Tl as majority element will agglomerate in
the concentration triangle close to the corner marked C.

Binary thallides

Among the binary IMs, 167 Tl-containing IMs can be found, featuring 47 struc-
ture types, i.e., ≈ 3.6 representatives per structure type, significantly more than
in the case of the aluminides (≈ 2.4). In Table 7.17, the most common structure
types among binary Tl-IMs are given. The compositions of the 167 binary thal-
lides are shown in Fig. 7.63, and their most common structure types are listed in
Table 7.17. In contrast to the situation for the aluminides, a significant number of
alkali thallides are known for all alkali metals but radioactive Fr.
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Fig. 7.63 Stoichiometries of the 167 binary thallides, TlaBb vs. the Mendeleev number
M(B) of the other element in the compound. The 23 binary phases adopting unary structure
types cF4-Cu, cI2-W, and hP2-Mg are marked by gray dots.
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Table 7.17 Most common structure types of Tl-containing binary intermetallics. The top 16
structure types are given, all of which have at least three representative structures and therefore
represent more than 1.5% of all binary Tl-intermetallics each. In sum, the 129 representatives of
these structure types make up 77.2% of all binary Tl-intermetallics.

Rank Structure type No. Space
group

Wyckoff
positions

No. of
reps.

% of all
reps.

1. cP2-CsCl 221 Pm3̄m 1ab 21 12.6%

2. cP4-Cu3Au 221 Pm3̄m 1a 3c 20 12.0%

3. oS32-Pu3Pd5 63 Cmcm 4c2 8efg 14 8.4%

4. cF4-Cu 225 Fm3̄m 4a 13 7.8%

5. tP2-CuTi 123 P4/mmm 1ad 9 5.4%

6. hP16-Mn5Si3 193 P63/mcm 4d 6g2 9 5.4%

7. hP2-Mg 194 P63/mmc 2c 7 4.2%

8. hP6-Co1.75Ge 194 P63/mmc 2acd 6 3.6%

9. tI32-W5Si3 140 I4/mcm 4ab 8h 16k 6 3.6%

10. tI32-Cr5B3 140 I4/mcm 4ac 8h 16l 5 3.0%

11. tI12-CuAl2 194 P63/mmc 4a 8h 4 2.4%

12. hP6-CaIn2 194 P63/mmc 2b 4f 3 1.8%

13. cP8-Cr3Si 223 Pm3̄n 2a 6c 3 1.8%

14. tP2-CuAu 123 P4/mmm 1ad 3 1.8%

15. tI2-In 139 I4/mmm 2a 3 1.8%

16. cI2-W 229 Im3̄m 2a 3 1.8%

129 77.2%

The compositions of the cF4-Cu-, hP2-Mg-, and cI2-W-type structures are
rather diverse (containing 0.3–90%, 4.5–98.8%, and 75–90% Tl, respectively).
The same holds true for tI2-In-type structures (with 15–40%Tl). Nearly all of the
remaining structure types occur at their defined compositions. In some of them,
Tl always plays the role of the majority element (oS32-Pu3Pd5 and hP6-CaIn2) or
of the minority element (hP16-Mn5Si3, hP6-Co1.75Ge, tI32-W5Si3, tI32-Cr5B3,
and cP8-Cr3Si). In cP4-Cu3Au and tI12-CuAl2, it appears to switch between
those roles.

Obviously, no such statement can be made for 1:1-stoichiometries, as in
cP2-CsCl, tP2-CuTi, and tP2-CuAu. An overview over the respective intermetal-
lic systems is shown in Fig. 7.64. Apart from the four unary structure types
mentioned above, nearly all structures crystallize in ideal stoichiometries: only
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The Mendeleev number M of the other element in the compound is shown over the rank of the
structure type, as given in Table 7.17. Structures with Tl as their major component (≥ 50%) are
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one cP8-Cr3Si-compound is slightly off, while all hP6-Co1.75Ge-structures have
2:1-compositions.

In the following, we discuss some characteristic features of the five most
common ternary structure types of binary thallides listed in Table 7.17. Their
structures are shown in Fig. 7.65.

• cP2-CsCl (example cP2-FeTi) (221 Pm3̄m): This structure type is an or-
dered derivative of the cI2-W type (see also Section 7.3 and Fig. 7.7).
Representatives of this structure type are known for Li, Sr, Ca, and Mg
of groups 1 and 2, all lanthanoids except Lu and Pm, as well as Hg, Bi,
and Sb.

• cP4-Cu3Au (221 Pm3̄m): This structure type is an ordered derivative of the
cF4-Cu type (see also Section 7.2 and Fig. 7.3). It is adopted by thallides of
Ca, all lanthanoids except Lu and Pm, the actinoids Np, U, and Th, as well
as Pd. Only in the case of Nd, Pr, La, Np, and Pd is Tl a minority element
occupying the Au position.

• oS32-Pu3Pd5 (63 Cmcm): This structure can be decomposed into lay-
ers stacked along [100]. A puckered layer, with non-bonding distances
(dPu–Pd = 2.97–3.13 Å) between the atoms, is sandwiched between two sym-
metrically equivalent flat layers. The puckering is caused by fitting this layer
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Fig. 7.65 The structures of the five most frequent binary structure types of binary thallides.
(a) cP2-CsCl (see also Section 7.3 and Fig. 7.7); (b) cP4-Cu3Au (see also Section 7.2 and
Fig. 7.3). The structure of oS32-Pu3Pd5 (c) can be described by layers stacked along [100],
where a puckered layer is sandwiched between two symmetrically equivalent flat layers (for more
details see Fig. 7.54). The structure of tP2-CuTi (d) corresponds to a tetragonally distorted
cP2-CsCl type. The unit cell of hP16-Mn5Si3 (e) contains two face-sharing CN16
FK-polyhedra (see also Fig. 7.54).

in the best way between the flat triangle/square/hexagon layers. Here, the
Pu–Pd and Pd–Pd distances are with 2.87–2.97 Å and 2.82–2.85 Å signif-
icantly shorter (for more details see Fig. 7.54). This structure type is only
found for thallides containing Sr, Ca, the lanthanoids except Yb, Eu, Tm,
Pm, and Pr, as well as Th, all on the Pu sites.

• tP2-CuTi (123 P4/mmm): This structure can be described as a tetragonally
distorted cP2-CsCl type or chemically ordered tP2-Pa type. For the change
of the AETs with the c/a-ratio see Section 3.1. It is adopted exclusively by
the lanthanoids Er, Ho, Dy, Tb, Gd, Nd, Pr, Ce, and La.

• hP16-Mn5Si3 (193 P63/mcm): This structure type, one of the Nowotny
phases, can be described as a packing of face-sharing CN16 FK-polyhedra,
leaving empty spaces corresponding to columns of face-sharing octahedra
running along [001] (see also Subsection 7.15.9 and Fig. 7.54). Thallides
are known for the lanthanoids Er, Ho, Dy, Tb, Gd, Nd, Pr, Ce, La, and Th,
which all occupy the Mn sites.

Ternary thallides

The 127 ternary Tl-containing IMs feature 50 different structure types, i.e., ≈ 2.5
representatives per structure type. The distribution of ternary thallides in the con-
centration triangle (Fig. 7.57) is very sparse and hardly comparable to that of the
aluminides (Fig. 7.45). In Table 7.18, the most common structure types among
ternary Tl-IMs are given, and the distribution of the chemical compositions of
six of the most common ones are shown in Fig. 7.67. In the ternary compounds,
Tl is most often the element with the highest M-value (78) and will therefore be
assigned the C-position, while the A-elements will strictly have smaller M-values
than B-elements in all formulae AaBbTlc –M(A) < M(B).
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Table 7.18 Most common structure types of Tl-containing ternary intermetallics. The top nine
structure types are given, all of which have at least three representative structures and therefore
represent at least 2% of all ternary Tl-intermetallics.

Rank Structure type No. Space
group

Wyckoff
positions

No. of
reps.

% of all
reps.

1. hP9-ZrNiAl 189 P6̄2m 1a 2d 3fg 25 19.7%

2. hP6-CaIn2 194 P63/mmc 2b 4f 17 13.4%

3. cP4-Cu3Au 221 Pm3̄m 1a 3c 11 8.7%

4. cP2-CsCl 221 Pm3̄m 1ab 9 7.1%

5. tI80-La6Co11Ga3 140 I4/mcm 4ad 8f 16kl3 4 3.1%

6. tP2-CuTi 123 P4/mmm 1ad 4 3.1%

7. cF16-NaTl 227 Fd3̄m 8ab 3 2.4%

8. oS16-MgCuAl2 63 Cmcm 4c2 8f 3 2.4%

9. cI46-K9NaTl13 204 Im3̄ 2a 8c 12e 24g 3 2.4%

79 62.2%

The hP9-ZrNiAl-type structures among ternary Tl-intermetallics all have
perfect 1:1:1-stoichiometry and are composed of elements M(A)=17–33 and
M(B)= 69 or 73 (i.e., Pd and Mg, respectively). Also all hP6-CaIn2-type rep-
resentatives have 1:1:1-stoichiometry, while here the constituting elements are
M(A)=22–33 and M(B)= 72, 75, or 76 (i.e., Cu, Cd, and Zn, respectively).
In seven of the cP4-Cu3Au-type structures, the A-element makes up 25% of
the formula and in the remaining ones 75%, with M(A)=16–33 and M(A)=68
or 69, respectively. In the first case, Tl shares the Cu-role equally with the B-
elements M(B)= 79–83, while in the latter one the sharing is mostly equal, too
(with M(B)= 87 or 88), and in one case asymmetric (with M(B)= 82, i.e., Pb,
where the Tl-content is 20%).

The stoichiometries of the cP2-CsCl-type structures are more diverse; however,
one component always makes up for 50% of the structure and the other two have
rather similar M-values. These are, for 50%-Tl-compounds, 25&27, as well as
27&33, while in the case of 50% A (M(A)=12–27), the B-element hasM-values
of 71–79, compared withM(Tl) = 78. Only one structure contains 50% of B with
M(A)=60 and 25% Tl. All tI80-La6Co11Ga3-type representatives contain 5%
of Tl, assuming the role of the last Ga in the original notation of the structure
type – tI80-La6Co9(Co0.5Ga0.5)4Ga; the remaining elements have M(A)=28–33
and M(B)=61 or 64 (i.e., Fe and Co, respectively). Both, tP2-CuTi- and cF16-
NaTl-type structures have rather diverse compositions, with Tl-contents of 25–
50% and 12.5–25%, respectively. In the oS16-MgCuAl2-type structures, 50% of
Tl are combined with 25% each of M(A)=15 or 18 and M(B)=68 or 69 (Sr,
Eu, and Pt, Pd, respectively). The cI46-K9NaTl13-type structures again all have
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compounds are marked by large gray circles. A, B, and C stand for metallic elements with
increasing Mendeleev numbers, M(A) < M(B) < M(C). (bottom) Frequencies of the binary
Tl–B compounds as a function of stoichiometry.

the same stoichiometry with 56.5% Tl, as well as 26.1% and 17.3% of elements A
and B (M(A)=8–10, i.e., Cs, Rb, K, andM(B)= 11, i.e., Na).

In the following, we discuss some characteristic features of the four most
common ternary structure types of ternary indides listed in Table 7.18. Their
structures are shown in Fig. 7.68.
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Fig. 7.67 Occurrence of the two most common structure types among ternary Tl-intermetallics,
hP9-ZrNiAl and hP6-CaIn2. The Mendeleev numbers M of the other two elements in the
compound are shown. Since A and B have equal shares in the chemical formulae, they are
assigned so that M(A) < M(B).

• hP9-ZrNiAl (189 P6̄2m): The structure can be subdivided into face-sharing
tricapped trigonal Ni@Zr6Al3 prisms (see also Fig. 10.8 in Section 10.8).

• tI80-La6Co11Ga3 (140 I4/mcm): The structure can be described as a stack-
ing along [001] of layers of edge-sharing bicapped square antiprisms,
Ga@La10 , and layers of isolated Ga/Co@Co12 icosahedra. The layers form-
ing the La-square antiprisms can be described as a snub square tiling,
32.4.3.4.

• oS16-MgCuAl2 (63 Cmcm): Ordered variant of the oS16-Re3B structure
type. Mg in a partially side-capped pentagonal prism; Cu in a tricapped
trigonal prism; Al in a distorted cuboctahedron (see also Fig. 7.55).

• cI46-K9NaTl13 (Cordier and Müller, 1994), which may have the actual
composition cI46-K6Na4Tl13 (Dong and Corbett, 1995) (204 Im3̄): Zintl
phase with naked polyanionic centered icosahedral Tl10–13 and Tl11–13 clusters
in a bcc arrangement. The icosahedra are linked via K-dumbbells along the
main axes, and via Na atoms, capping eight triangle faces, along the [110]
directions.

7.15.5 Germanides

The structural chemistry of germanides is very rich, and also contains a variety of
quaternary structure types with many representatives. We will show exemplarily
representatives that can be derived from the tP10-RE2InGe2 structure type.



376 Crystal structures of intermetallic compounds

a

b

c

AlMgCu

a
b

c

Al

Zr
Ni

(a)

(b)

(c)
(d)

(e) (f)

Na

b a

c

a

a

b

c

c

La

K
Tl

NaK

Tl

Co

Ga

LaCo

hP9-ZrNiAl

oS16-MgCuAl2

tI80-La6Co11Ga3

cI46-K9NaTl13

Fig. 7.68 The structures of the four most frequent ternary structure types of ternary thallides.
(a) hP9-ZrNiAl: The structure can be subdivided into face-sharing tricapped trigonal
Ni@Zr6Al3 prisms (see also Fig. 10.8 in Section 10.8). oS16-MgCuAl2 (b) can be described as
a stacking along [100] of symmetrically equivalent copies of a triangle/pentagon/hexagon layer.
The structure of (c)–(d) tI80-La6Co11Ga3 can be described as a stacking of layers of
edge-sharing bicapped square antiprisms, Ga@La10, and layers of isolated Ga/Co@Co12
icosahedra. The structure of cI46-K9NaTl13 (e)–(f) consists of a bcc arrangement of Tl-centered
Tl-icosahedra, which are linked via K-dumbbells along the main axes. Eight triangle faces are
capped by Na atoms connecting icosahedra along the [110] directions.

Binary germanides

Among the binary IMs, 425 Ge-containing phases can be found, featuring 171
structure types; these are ≈ 2.5 representatives per structure type. Their compos-
itions can be found in Fig. 7.69, while in Table 7.19 the most common structure
types among binary Ge-IMs are given.

The compositions of the cF4-Cu- and hP2-Mg-type structures are rather di-
verse (containing 2.5–15.0% and 15–70% Ge, respectively). The same holds true
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Fig. 7.69 Stoichiometries of the 425 binary germanides, GeaBb vs. the Mendeleev number
M(B) of the other element in the compound. The 20 binary phases adopting unary structure
types cF4-Cu, cI2-W, and hP2-Mg are marked by gray dots.

for cF8-C-type structures with 90.0–99.6% Ge. It should be mentioned here
that cF8-Ge has the diamond structure, and it forms binary compounds with
the cF4-Cu structure type with the following elements: Ag, Al, Au, Cu, Ni, Pb,
Pd, and Pt, all of them with the cF4-Cu structure type themselves. These inter-
metallic phases can be considered as solid solutions since the atomic radii are also
within the appropriate range, 1.25–1.44 Å, compared to rGe = 1.22. In contrast,
the electronegativity of Ge, χGe = 2.0, is sigificantly outside of the range, 1.4–1.8,
of most of the other constituents. The elements hP2-Co and cI58-Mn also form
with cF8-Ge binary compounds with the cF4-Cu structure type, which cannot be
classified as solid solutions in the same way, because none of the element struc-
tures are of the cF4-Cu type. Both elements, however, have a HT modification of
this type in contrast to Ge. In the system Cu–Ge, for instance, the Cu-rich phase
of the cF4-Cu type can be considered as a solid solution, but not the somewhat
Ge-richer phase, which crystallizes in the hP2-Mg type. Whether this is really the
case or just due to the used qualitative structure identification method (Debye-
Scherrer camera, (Zhou, 1991)) remains an open question, and not only for this
particular case.

Nearly all of the remaining structure types occur at their defined compos-
itions. In some of them, Ge always plays the role of the majority element
(hP3-AlB2, tI12-ThSi2, oF64-Y3Ge5, oS28-Er3Ge4, oS32-Gd3Ge4, oS12-ZrSi2,
oS16-DyGe3, oI12-LaGe5, and oS44-Nd4Ge7) or of the minority element (hP16-
Mn5Si3, oP36-Sm5Ge4, tI84-Ho11Ge10, tP32-Ti3P, tI32-W5Si3, oP12-Co2Si, and
tI32-Cr5B3). In cP4-Cu3Au and oP12-PbCl2, it appears to switch between those
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Table 7.19 Most common structure types of Ge-containing binary intermetallics. The top 24
structure types are given, all of which have at least five representative structures and therefore
represent at least 1% of all binary Ge-intermetallics each.

Rank Structure type No. Space
group

Wyckoff
positions

No. of
reps.

% of all
reps.

1. hP16-Mn5Si3 193 P63/mcm 4d 6g2 24 5.6%

2. oP36-Sm5Ge4 62 Pnma 4c3 8d3 16 3.8%

3. oS8-TlI 63 Cmcm 4c2 15 3.5%

4. hP3-AlB2 191 P6/mmm 1a 2d 13 3.1%

5. tI12-ThSi2 141 I41/amd 1a2d 13 3.1%

6. cF4-Cu 225 Fm3̄m 4a 10 2.4%

7. tI84-Ho11Ge10 139 I4/mmm 4de2 8h2j 16mn2 10 2.4%

8. oF64-Y3Ge5 43 Fdd2 8a2 16b3 10 2.4%

9. oS28-Er3Ge4 63 Cmcm 4c2 8f 3 8 1.9%

10. cF8-C 227 Fd3̄m 8a 7 1.6%

11. oS32-Gd3Ge4 71 Immm 4ac2 8f 2 7 1.6%

12. tP32-Ti3P 86 P42/n 8g4 7 1.6%

13. tI32-W5Si3 140 I4/mcm 4ab 8h 16k 7 1.6%

14. oS12-ZrSi2 63 Cmcm 4c3 7 1.6%

15. oP12-Co2Si 62 Pnma 4c3 6 1.4%

16. tI32-Cr5B3 140 I4/mcm 4ac 8h 16l 6 1.4%

17. cP4-Cu3Au 221 Pm3̄m 1a 3c 6 1.4%

18. oS16-DyGe3 63 Cmcm 4c4 6 1.4%

19. cP8-FeSi 198 P213 4a2 6 1.4%

20. oI12-LaGe5 71 Immm 2ad 8l 6 1.4%

21. hP2-Mg 194 P63/mmc 2c 6 1.4%

22. oP8-FeAs 62 Pnma 4c2 5 1.2%

23. oS44-Nd4Ge7 30 C2221 4ab2 8c4 5 1.2%

24. oP12-PbCl2 62 Pnma 4c3 5 1.2%

211 49.6%
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Fig. 7.70 Occurrence of the 24 most common structure types among binary Ge-intermetallics.
The Mendeleev number M of the other element in the compound is shown over the rank of the
structure type, as given in Table 7.19. Structures with Ge as their major component (≥ 50%)
are marked in black, those with minor Ge-content are shown in gray.

roles. Obviously, no such statement can be made for 1:1-stoichiometries, as in
oS8-TlI, cP8-FeSi, and oP8-FeAs. An overview over the respective intermetallic
systems is shown in Fig. 7.70.

In the following, we discuss some characteristic features of the five most fre-
quent binary structure types of binary germanides listed in Table 7.19. Their
structures are shown in Fig. 7.71.

• hP16-Mn5Si3 (193 P63/mcm): This structure type, one of the Nowotny
phases, can be described as a packing of face-sharing CN16 FK-polyhedra,
leaving empty spaces corresponding to columns of face-sharing octahedra
running along [001] (also see Subsection 7.15.9 and Fig. 7.54). Ge always
occupies the Si positions. As constituting elements all lanthanoids, except Eu
and Pm, have been identified, as well as the actinoid U, and also the group 4
and 5 elements Zr, Hf, Ti, Ta, Nb, and V, as well as Mo and Mn for
germanides of this type.

• oP36-Sm5Ge4 (62 Pnma): The pseudo-tetragonal structure can be de-
scribed as a stacking of layers of face-sharing, Ge-capped, body-centered
Sm-cubes, where the squares are part of a snub-square tiling, 32.4.3.4. The
shortest Ge–Ge distances between Ge atoms within the layers amount to
2.657 Å (2.450 Å in the element structure). These polyhedra-layers are
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Fig. 7.71 The structures of the four most frequent binary structure types of binary germanides.
(a) The unit cell of hP16-Mn5Si3 contains two face-sharing CN16 FK-polyhedra (also see
Fig. 7.54). (b) The structure of oP36-Sm5Ge4 can be described as a stacking of layers of
face-sharing, Ge-capped, body-centered Sm-cubes, where the squares are part of a snub-square
tiling, 32.4.3.4 (c). In (d) the structure of oS8-TlI is shown with the layers of face-sharing
octahedra highlighted (also see Fig. 7.54). The structure of tI12-ThSi2 is depicted in (e), with
the fundamental structural unit, a Si-tricapped trigonal prism of Th atoms, shown in
polyhedral form (f). For a detailed discussion of the structure of hP3-AlB2 (g) see Section 7.7.

shifted against each other and stacked along [010], with Sm–Ge distances
between 2.9 and 3.0 Å. Representatives of this structure type are known for
the lanthanoids (except Eu and Pm) and Hf.

• oS8-TlI (63 Cmcm): This structure can be seen as a stacking along [001]
of two symmetrically equivalent distorted honeycomb layers that are shif-
ted against each other; thereby, layers are formed of face-sharing octahedra
alternating with layers of face-sharing trigonal prisms (also see Fig. 7.54).
This structure type is known for germanides based on the alkaline earth el-
ement Ba, Sr, and Ca, as well as on all lanthanoids except Yb, Lu, Pm, Ce,
and La.

• hP3-AlB2 (191 P6/mmm): For a detailed discussion see Section 7.7. The
structure can be considered as a stacking of honeycomb nets with Al at the
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vertices. B sits in the center of the hexagonal prisms formed by the Al atoms
of adjacent layers. This structure type is known to be adopted by Sr, Ca,
and all lanthanoids but Yb, Lu, Pm, Ce, and La.

• tI12-ThSi2 (141 I41/amd): The Si atoms form a 3D 3-connected network
with the large Th atoms in the large holes, and the Si atoms in trigonal
Th prisms. The Si–Si distances are between 2.382 Å and 2.396 Å (2.352
in the element), that of Si–Th with 3.155 Å significantly larger than the
sum of their atomic radii. Germanides with this structure type are known to
constitute Ba, Ho, Dy, Y, Tb, Gd, Sm, Nd, Pr, Ce, and La, as well as Np
and Th.

Ternary germanides

The 2434 ternary Ge-containing IMs feature 420 different structure types,
i.e., ≈ 5.8 representatives per structure type. In Table 7.20, the most common
structure types among ternary Ge-IMs are given. In the ternary compounds, Ge
is most often the element with the highestM-value (84) and will therefore be as-
signed the C-position, while the A-elements will strictly have smaller M-values
than B-elements in all formulae AaBbGec—M(A) < M(B).

Nearly all ternary Ge-intermetallics with tI10-CeAl2Ga2-type structures are
stoichiometric with 40% of Ge, as well as 20% of an element A withM(A)=14–47
and 40% of element B with M(B)=57–80. Most oP12-TiNiSi-type structures
have 1:1:1-stoichiometry and the A- and B-elements have values ofM(A)=15–60
and M(B)= 56–75; three more structures are found in the Li/Ba/Sr–Ca–Ge sys-
tems (M(A)=12, 14, 15, andM(B)= 16) and two structures with a significantly
lower Ge-content (≈ 7%) are found in the Zr/Hf–Sb–Sn systems (M(A)=49, 50
andM(B)= 88). All oS16-CeNiSi2-type structures have Ge-contents in the range
50–65.6%, as well as A-contents of 25–33.3% and B-contents of 3.8–25% with
elements M(A)=15–47 and M(B)= 57–80. The hP3-AlB2-type structures con-
tain 12.7–60% Ge, as well as 9.9–40% (although mostly 33%) of element A with
M(A)=14–47 and 4.8–54% of element B with M(B)=22, 24, 33, 51, or 61–81.
Most oS18-CuCe2Ge6-type structures have ideal stoichiometries with 66.7% Ge,
as well as 22.2% of element A (M(A) = 17–33) and 11.1% of element B
(M(A)=60–72).

Most hP9-ZrNiAl-type structures are 1:1:1-stoichiometric and contain
elements with values M(A)=12–60 and M(B)= 17–76. Nearly all cP40-
Yb3Rh4Sn13-type representatives contain 65% Sn in addition to 15% of element
A (M(A)=16–32) and 20% of element B (M(B)= 62–66). The tP6-PbClF-
type structures all have 1:1:1 stoichiometry and feature elements M(A)=11–60
and M(B)= 51–88. All representatives of the oI32-YIrGe2 structure type con-
tain 50% Ge, while the A- and B-elements are both featured with 25% and have
values ofM(A)=16–45 andM(B) = 65–69. Most of the oI12-KHg2-type struc-
tures have 1:1:1 stoichiometry and contain elements with M(A)=15–45 and
M(B)= 62–76. All hP13-MgFe6Ge6-type structures contain 46.2 Ge in addition
to 7.7% of element A (M(A)=12–64) and 46.2% of element B (M(B) = 57–73).
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Table 7.20 Most common structure types of Ge-containing ternary intermetallics. The top 22
structure types are given, all of which have at least 24 representative structures and therefore
represent at least 1% of all binary Ge-intermetallics. In sum, the 1109 representatives of these
structure types make up 45.6% of all ternary Ge-intermetallics.

Rank Structure type No. Space
group

Wyckoff
positions

No. of
reps.

% of all
reps.

1. tI10-CeAl2Ga2 139 I4/mmm 2a 4de 186 7.6%

2. oP12-TiNiSi 62 Pnma 2ad 6gh 133 5.5%

3. oS16-CeNiSi2 63 Cmcm 4c4 97 4.0%

4. hP3-AlB2 191 P6/mmm 1a 2d 82 3.4%

5. oS18-CuCe2Ge6 38 Amm2 2a5b4 73 3.0%

6. hP9-ZrNiAl 189 P6̄2m 1a2d3fg 52 2.1%

7. cP40-Yb3Rh4Sn13 223 Pm3̄n 2a 6c 8e 24k 47 1.9%

8. tP6-PbClF 129 P4/nmm 2ac2 35 1.4%

9. oI32-YIrGe2 71 Immm 4gi2j 8l2 35 1.4%

10. oI12-KHg2 74 Imma 4e 8i 32 1.3%

11. hP13-MgFe6Ge6 191 P6/mmm 1a 2cde 6i 32 1.3%

12. hP16-Mn5Si3 193 P63/mcm 4d 6g2 32 1.3%

13. cI34-U4Re7Si6 229 Im3̄m 2a 8c 12de 32 1.3%

14. oI40-U2Co3Si5 72 Ibam 4ab, 8gj3 31 1.3%

15. oI22-Cu4Gd3Ge4 71 Immm 2a 4hij 8l 30 1.2%

16. tI10-BaNiSn3 107 I4mm 2a3 4b 28 1.2%

17. cF16-Cu2MnAl 225 Fm3̄m 4abcd 26 1.1%

18. mS20-Sc2CoSi2 12 C2/m 4i5 26 1.1%

19. tP38-Sc5Co4Si10 127 P4/mbm 2a 4gh2 8i2j 26 1.1%

20. hP8-Y0.5Co3Ge3 191 P6/mmm 1a 2ce 3g 25 1.0%

21. oP48-ZrCrSi2 55 Pbam 4e4h2 8i3 25 1.0%

22. cP54-Na4Si23 223 Pm3̄n 2a 6cd 16i 24k 24 1.0%

1109 45.6%

The hP16-Mn5Si3-type structures contain 5.0–37.5% Ge and are formed with
additional elements A (M(A)=18–60) and B (M(B)= 24–88) with contributions
of 12.5–62.5% and 2.5–50.0%, respectively. The cI34-U4Re7Si6-type structures
again are all stoichiometric with 35.4% Ge, as well as 23.5% A (M(A)=17–60)
and 41.2% B (M(B)= 59–66).
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The structures of type oI40-U2Co3Si5 mostly contain 50% Ge, 20% of ele-
ment A, and 30% of element B, with values M(A)=21–33 and M(B)= 62–69.
The representatives of the oI22-Cu4Gd3Ge4 structure type all contain 36.4%
Ge, as well as mostly 27.3% of element A (M(A)=21–33) and again 36.4% of
element B (M(B)= 60–72). All tI10-BaNiSn3-type structures are stoichiomet-
ric with 60% Ge and 20% each of element A and B (with M(A)=14–33 and
M(B)= 61–69). The structures of type cF16-Cu2MnAl all contain 25% Ge, but
the division of the remaining formula into A- and B-elements varies. Only one
compound is non-stoichiometric (Fe–Co–Ge system), seven contain 50% of ele-
ment A and 25% of element B (with M(A)=12, 64, or 67 and M(B)= 73–77),
and 18 contain 25% of element A and 50% of element B (withM(A)=12, 19, or
51–61 andM(B)=16, 60–72, or 80).

The mS20-Sc2CoSi2-type compounds all contain 40% of both, Ge and el-
ement B (M(B)= 62–66), as well as 20% of element A with M(A)=17–33.
The tP38-Sc5Co4Si10-type structures contain 52.6% of Ge, 26.3% of ele-
ment A with M(A)=17–27 and 21.1% of element B with M(B)= 63–66.
The hP8-Y0.5Co3Ge3-type structures contain 46.2–47.3% Ge and most are
composed of 6.5–7.7% of element A (M(A)=17–31) and 45.8–46.7% of ele-
ment B (M(B)= 60–64), while one compound has reversed roles with 7.6% Mg
(M(B)= 73) and 46.2% of Ni (M(A)=67). All oP48-ZrCrSi2-type structures
have the prototype stoichiometry with 50% Ge and 25% of elements A and B,
each, with M(A)=15–51 and M(B)= 57–65. The cP54-Na4Si23-type represent-
atives contain 42.6–83.4% Ge, as well as 14.8–19.3% of element A (M(A)=9–15)
and 0.9–42.6% of element B (M(B)= 60–81).

In the following, we discuss some characteristic features of the five most fre-
quent ternary structure types of the ternary germanides listed in Table 7.20.
Remarkably, three of the five structure types are Ce-compounds. Their structures
are shown in Fig. 7.72.

• tI10-CeAl2Ga2 (139 I4/mmm): This structure type is an ordered derivative
of the tI10-BaAl4 type (see also Fig. 10.8 in Section 10.8). Ce sits in 4-
capped hexagonal prisms (CeAl8Ga8), while Ga centers tricapped trigonal
prisms (GaAl4Ce4).

• oP12-TiNiSi (62 Pnma): The structure contains a 3D 4-connected network
of Ti atoms (dTi-Ti = 3.15–3.22 Å), where the large channels are filled with
zigzag-bands of edge-sharing Ni2Si2 rhomb units. It can be also described
as a distorted hP6-Ni2In type structure.

• oS16-CeNiSi2 (63 Cmcm): This structure type and that of oS18-CuCe2Ge6
have some similarities such as their layer structure. The Si–Ni bonds with
2.31 Å are rather short indicating stronger bonding. Si–Si distances in the
zigzag chains with 2.48 Å are longer than in the element (2.35 Å).

• oS18-CuCe2Ge6 (38 Amm2): In contrast to the previous structure, this
structure type shows Ge–Ge double layers. One forms empty square prisms
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Fig. 7.72 The structures of the five most frequent ternary structure types of ternary
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with 2.93 Å edge length of the squares and 2.41–2.48 Å height; the other one
is symmetrically equivalent under the base-centering symmetry operation.

• hP9-ZrNiAl (189 P6̄2m): The structure can be subdivided into face-sharing
tricapped trigonal Ni@Zr6Al3 prisms (also see Fig. 10.8 in Section 10.8).

Quaternary germanides

There is a significant number of known quaternary germanides. We present here
examples of two related quaternary rare-earth germanides, mS22-RE4M2InGe4
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Table 7.21 Occurence of quaternary germanides of the type RE4M2InGe4 and RE4RhInGe4
(Oliynyk et al., 2015)

Compound La Ce Pr Nd Sm Gd Tb Dy Ho Er Tm Lu

RE4Mn2InGe4 + + + + + + + + + + + +

RE4Fe2InGe4 – + + + + + + + + + + +

RE4Ru2InGe4 – + + + + + + + + + + +

RE4Co2InGe4 – + + + + + + + + + + +

RE4Rh2InGe4 – + + + + + – – – – – –

RE4Ir2InGe4 + + + + – – – – – – – –

RE4Ni2InGe4 – – – – + + + + + + + –

RE4RhInGe4 – – – – – – + + + + – –

(M=Fe, Co, Ni, Ru, Rh, and Ir), mS22-Ho4Ni2InGe4 structure type, and
mS40-RE4RhInGe4 (own type), because they have, with more than sixty, a com-
parably large number of representatives (see Table 7.21), and nicely illustrate the
well-ordered structural assembly of four types of elements (Oliynyk et al., 2015).

The structures of mS22-Ho4Ni2InGe4 and mS40-Tb4RhInGe4 as well as their
relationship to the structure of tP10-Mo2FeB2 (127 P4/mbm) (see also Subsub-
section 7.15.3 and Fig. 7.55) are shown in Fig. 7.73. In sits in cuboctahedra,
which are slightly elongated along [010].

In both germanides, the constituting atomic layers are built up by alter-
nating strips of a square/triangle tiling and of a Cairo pentagonal tiling. The
square/triangle tiling can be cut out of the 32.4.3.4 tiling characteristic for the
structure of tP10-Mo2FeB2 (127 P4/mbm). Depending on the direction of the cut,
either the structure motifs needed for mS22-Ho4Ni2InGe4 or mS40-Tb4RhInGe4
are obtained. The Cairo pentagonal tiling is the dual tiling to the 32.4.3.4
square/triangle tiling.

• mS22-Ho4Ni2InGe4 (12 C2/m): Within the layers, In has only Ge neigh-
bors, with distances In–Ge ranging from 2.84 to 3.08 Å, which is close to
the sum of radii (2.85 Å), although Ge and In themselves are immiscible and
do not form any compounds. However, the studies by Oliynyk et al. (2015)
show weak covalent bonding between Ge atoms. This coordination is further
stabilized via the Ho atoms in the squares below and above In, which form
a cuboctahedron together with the Ge atoms. The distances In–Ho range
from 3.32 to 3.38 Å (3.37 Å), those of Ge–Ho range from 2.89 to 3.12 Å
(2.97 Å). The Ho–Ho distances range from 3.61 to 3.75 Å, significantly lar-
ger than the sum of radii, 3.49 Å. Along [010], i.e., between the layers, the
shortest Ho–Ho distance with 4.21 Å is even larger. Within the layers, there
are also dumbbells of Ge atoms with the shortest Ge–Ge distance in this
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compound, 2.49 Å (sum of radii 2.45 Å) resulting from covalent bonding
contributions. Ni has two Ge and two Ho atoms as neighbors, one Ge with
the very short distance of 2.39 Å (2.47 Å), which indicates a strong covalent
bonding contribution, and one with a longer one of 2.56 Å. The distances
to the Ho atoms correspond with 2.97–3.03 Å to the sum of radii, 2.99 Å.

• mS40-Tb4RhInGe4 (12 C2/m): In the structure of this compound, the
square/triangle and Cairo pentagon tiling strips are connected in a differ-
ent way. This also leads to different atomic distances. The shortest Ge–Ge
distances in this compound are with 2.60–2.62 Å (sum of radii 2.45 Å)
significantly larger than in mS22-Ho4Ni2InGe4. This may be caused by
the larger atomic radii of Rh (1.35 Å) and Tb (1.76 Å) compared to Ni
(1.25 Å) and Ho (1.74 Å). Like Ni, Rh has also two Ge and two Ho atoms
as neighbors, both Ge with the short distances of 2.54–2.55 Å (2.57 Å). The
distances to the Tb atoms with 3.08 and 3.21 Å are close to the sum of radii,
3.11 Å. The shortest Tb–Tb distance amounts to 3.54 Å (3.52 Å).

7.15.6 Stannides

Binary stannides

Among the binary IMs, 381 containing Sn can be found, featuring 144 structure
types, i.e., ≈ 2.7 representatives per structure type. This is slightly more than
in the case of binary germanides (≈ 2.5). Their compositions can be found in
Fig. 7.74, while in Table 7.22, the most common structure types among binary
Sn-IMs are given.
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of the other element in the compound. The 34 binary phases adopting unary structure types
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Table 7.22 Most common structure types of Sn-containing binary intermetallics. The top 30
structure types are given, all of which have at least four representative structures and therefore
represent at least 1% of all binary Sn-intermetallics each.

Rank Structure type No. Space
group

Wyckoff
positions

No. of
reps.

% of all
reps.

1. cP4-Cu3Au 221 Pm3̄m 1a 3c 23 6.0%

2. hP16-Mn5Si3 193 P63/mcm 4d 6g2 19 5.0%

3. cF4-Cu 225 Fm3̄m 4a 16 4.2%

4. hP1-Hg0.1Sn0.9 191 P6/mmm 1a 14 3.7%

5. tI84-Ho11Ge10 139 I4/mmm 4de2 8h2j 16mn2 10 2.6%

6. hP2-Mg 194 P63/mmc 2c 10 2.6%

7. oP36-Sm5Ge4 62 Pnma 4c3 8d3 10 2.6%

8. hP6-Co1.75Ge 194 P63/mmc 2acd 9 2.4%

9. tI4-Sn 141 I41/amd 4a 9 2.4%

10. oS12-ZrSi2 63 Cmcm 4c3 9 2.4%

11. cI2-W 229 Im3̄m 2a 8 2.1%

12. oS16-GdSn2.75 38 Amm2 2a4b4 7 1.8%

13. oS32-Pu3Pd5 63 Cmcm 4c2 8efg 7 1.8%

14. oP12-Co2Si 62 Pnma 4c3 6 1.6%

15. oP14-Er2Ge5 59 Pmmn 2a4b3 6 1.6%

16. hP8-Mg3Cd 194 P63/mmc 2d 6h 6 1.6%

17. oS28-Tb3Sn7 65 Cmmm 2ac 4i4j2 6 1.6%

18. oS28-Ce2Sn5 65 Cmmm 2ac 4i3j3 5 1.3%

19. cP8-Cr3Si 223 Pm3̄n 2a 6c 5 1.3%

20. tI12-CuAl2 69 Fmmm 4a 8h 5 1.3%

21. aP20-Nd2Sn3 147 P1̄ 2i10 5 1.3%

22. hP4-NiAs 194 P63/mmc 2ac 5 1.3%

23. oS8-TlI 63 Cmcm 4c2 5 1.3%

24. oS12-ZrGa2 65 Cmmm 2ac 4ij 5 1.3%

25. cF12-CaF2 225 Fm3̄m 4a 8c 4 1.0%

26. tI32-Cr5B3 140 I4/mcm 4ac 8h 16l 4 1.0%

27. cP2-CsCl 221 Pm3̄m 1ab 4 1.0%

28. oF48-Mg2Cu 70 Fddd 16fg2 4 1.0%

29. tI64-NaPb 142 I41/acd 16ef 32g 4 1.0%

30. hP18-Ti5Ga4 193 P63/mcm 2b 4d 6g2 4 1.0%

234 61.4%
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The compositions of the cF4-Cu-, hP2-Mg-, and cI2-W-type structures are
rather diverse (containing 0.1–25.0%, 2.0–37.0%, and 2.7–60.0% Sn, respec-
tively). The same holds true for hP1-Hg0.1Sn0.9- and tI4-Sn-type structures
with 50.0–96.0% and 80.0–99.0% Sn, respectively. Nearly all of the remaining
structure types occur at their defined compositions. In some of them, Sn al-
ways plays the role of the majority element (oS12-ZrSi2, oS16-GdSn2.75, oS32-
Pu3Pd5, oP14-Er2Ge5, oS28-Tb3Sn7, oS28-Ce2Sn5, tI12-CuAl2, aP20-Nd2Sn3,
oS12-ZrGa2, and oF48-Mg2Cu) or of the minority element (hP16-Mn5Si3, tI84-
Ho11Ge10, oP36-Sm5Ge4, hP6-Co1.75Ge, oP12-Co2Si, cP8-Cr3Si, tI32-Cr5B3,
and hP18-Ti5Ga4). In cP4-Cu3Au, hP8-Mg3Cd, and cF12-CaF2, it appears
to switch between those roles. Obviously, no such statement can be made for
1:1-stoichiometries, as in hP4-NiAs, oS8-TlI, cP2-CsCl, and tI64-NaPb. An
overview over the respective intermetallic systems is shown in Fig. 7.75.

In the following, we discuss some characteristic features of the five most fre-
quent binary structure types of binary stannnides listed in Table 7.22. Their
structures are shown in Fig. 7.76.

• cP4-Cu3Au (221 Pm3̄m): This structure type is an ordered derivative of the
cF4-Cu type (see also Section 7.2 and Fig. 7.3). This basic structure type
is adopted by stannides of the minority elements Ca, Y, and the lanthanoids
except Lu, Tm, and Pm, the actinoids Pu, Np, U, and Th, as well as the TM
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(a) cP4-Cu3Au (also see Section 7.2 and Fig. 7.3). (b) The unit cell of hP16-Mn5Si3 contains
two face-sharing CN16 FK-polyhedra (also see Fig. 7.54). (c) The structure of
hP1-Hg0.1Sn0.9 (hP1-HgSn9) is the simplest hexagonal phase possible with statistical Hg/Sn
distribution. The structure of oP36-Sm5Ge4 (d) can be described as a stacking of layers of
face-sharing, Ge-capped, body-centered Sm-cubes, where the squares are part of a snub-square
tiling, 32.4.3.4. (e)–(g) tI84-Ho11Ge10 in different representations. The atomic layer shown in
(g) is located in z=0.

elements Ti, Fe, Ni, Pt, and Pd, which correspond to the majority elements
in this structure type.

• hP16-Mn5Si3 (193 P63/mcm): This structure type, one of the Nowotny
phases, can be described as a packing of face-sharing CN16 FK-polyhedra,
leaving empty spaces corresponding to columns of face-sharing octahedra
running along [001] (also see Subsection 7.15.9 and Fig. 7.54). The stan-
nides of this structure type are known to contain Y and the lanthanoids
except Eu and Pm, Th Zr, Hf, and Ti. All of them can occupy the Mn
positions, only.
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• hP1-Hg0.1Sn0.9 (hP1-HgSn9) (191 P6/mmm): Alloys of Cd and Hg, with In
and Sn that have this structure type are stable for valence electron concentra-
tions between 3.80 and 3.95 (Che et al., 1991). The axial ratio c/a decreases
with increasing electron concentration. The structure differs from both that
of hR1-Hg and of tI4-Sn. This structure can be formed from stannides of
the elements Ca, Pd, Au, Ag, Cu, Mg, Hg, Cd, Zn, Tl, In, Al, Ga, and Pb,
which are located at the Hg sites.

• tI84-Ho11Ge10 (139 I4/mmm): The rather complex structure contains Ge
squares with a 2.58 Å edge length and Ge dumbbells with a rather large
2.96 Å distance. The Ho atoms form square antiprisms with a 3.85 Å edge
length of the squares and 3.72 Å of the other edges. Together with some
larger Ho and Ge squares, columnar structure units can be defined running
along [001]. The shortest Ho–Ho distance belong with 3.33 Å, compared to
the sum of atomic radii 3.48 Å, to the shortest ones known. This structure
type is known to be formed from the lanthanoids Y, Tm, Er, Ho, Dy, Tb,
Gd, Sm, Nd, and Ce, all occupying the Ho site in this structure type.

• oP36-Sm5Ge4 (62 Pnma): The pseudo-tetragonal structure can be de-
scribed as a stacking of layers of face-sharing, Ge-capped, body-centered
Sm-cubes, where the squares are part of a snub-square tiling, 32.4.3.4. For
a more detailed description see Subsection 7.15.5 and Fig. 7.71. Stannides
of this structure type are known to form with Y and the lanthanoids Yb, Dy,
Tb, Gd, Sm, Nd, Pr, Ce, and La, all of them sitting on the Sm site.

As another example, we briefly dicuss the triclinic structure type of aP20-
Nd2Sn3, ranked 21 in Table 7.22, because it has such a low symmetry and shows
some interesting features (Fig. 7.77). Topologically, it can be described as a layer
structure based on a single type of atomic layer. It is oriented with respect to the
conventional crystallographic unit cell such that it has a periodicity of 1a×2b×3c.
It exhibits inversion centers in every square of the band running through the deca-
gons (Fig. 7.77 (e)). The individual layers are also related by inversion symmetry
with these symmetry elements located in the origin and the body center of the
triclinic unit cell as well as on the edge and face centers.

The structure of the layer can be described as triangle/square tiling, where every
other triangle originating from the band of Sn squares, i.e., those consisting of Sn
atoms only, is opened up forming squashed pentagons. This creates the band of
overlapping decagons shown in (Fig. 7.77 (e)). The Sn-square in the center of the
decagons forms with Sn atoms from the two neighboring layers of octahedra, the
faces of which are capped by Nd (Fig. 7.77 (c)). This arrangement corresponds
to one unit cell of the cP4-Cu3Au structure type (see Fig. 7.3). The framework
of Sn–Sn connected pseudo-cubes also constitutes the structures of oP20-Ce3Sn7

and oP28-Ce2Sn5 (Boucherle et al., 1988). The distorted pentagon/triangle band
as well as that of the mixed-atom squares is part of the structure type oC12-ZrSi2,
which is also adopted by a series of rare earth stannides (Fornasini et al., 2003).
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ball-and-stick model and (b) with pseudo-cubic unit cells and decagonal structural units,
respectively, in polyhedral representation. (c) Single Nd-pseudo-cube centered by a
Sn-octahedron, which is located within the decagonal structure unit. Along [100] projected
structure (d) with one layer shaded gray, which is shown in (e). The inversion centers within the
layer are located in every square inside the decagons. (f) Schematical representation of one
period of the layer.

Ternary stannides

The 1470 ternary Sn-containing IMs feature 328 different structure types,
i.e., ≈ 4.5 representatives per structure type. In Table 7.23, the most common
structure types among ternary Sn-IMs are given, and the compositions of the six
most common ones can be found in Fig. 7.78. In the ternary compounds, Sn is
most often the element with the highest M-value (83) and will therefore be as-
signed the C-position, while the A-elements will strictly have smaller M-values
than B-elements in all formulae AaBbSnc,M(A)<M(B). In the following, we dis-
cuss some characteristic features of the five most frequent ternary structure types
of ternary stannides listed in Table 7.23. Their structures are shown in Fig. 7.79.

• oS16-CeNiSi2 (63 Cmcm): This structure type can be described as a layer
structure. The Si–Ni bonds with 2.31 Å are rather short indicating stronger
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Table 7.23 Most common structure types of Sn-containing ternary intermetallics. The top 22
structure types are given, all of which have at least 16 representative structures and therefore
represent at least 1% of all ternary Sn-intermetallics.

Rank Structure type No. Space
group

Wyckoff
positions

No. of
reps.

% of all
reps.

1. oS16-CeNiSi2 63 Cmcm 4c4 88 6.0%

2. hP9-ZrNiAl 189 P6̄2m 1a 2d 3fg 75 5.1%

3. oP12-TiNiSi 62 Pnma 4c3 59 4.0%

4. cF16-Cu2MnAl 225 Fm3̄m 4abcd 57 3.9%

5. cP40-Yb3Rh4Sn13 223 Pm3̄n 2a 6c 8e 24k 39 2.7%

6. hP6-CaIn2 194 P63/mmc 2b 4f 38 2.6%

7. cP4-Cu3Au 221 Pm3̄m 1a 3c 38 2.6%

8. cF12-MgAgAs 216 F 4̄3m 4abc 32 2.2%

9. oI22-Cu4Gd3Ge4 71 Immm 2a 4hij 8l 27 1.8%

10. hP6-LiGaGe 186 P63mc 2ab2 24 1.6%

11. hP18-CuHf5Sn3 193 P63/mcm 2b 4d 6g2 21 1.4%

12. tP10-CaBe2Ge2 129 P4/nmm 2abc3 19 1.3%

13. oI36-Ho6Co2Ga 71 Immm 2ac 4gj 8lmn 18 1.2%

14. hP13-MgFe6Ge6 191 P6/mmm 1a 2cde 6i 18 1.2%

15. cP8-Cr3Si 223 Pm3̄n 2a 6c 17 1.2%

16. hP30-Lu3Co7.77Sn4 186 P63mc 2ab2 6c4 17 1.2%

17. tP10-Mo2FeB2 127 P4/mbm 2a 4gh 17 1.2%

18. hP28-CeNi5Sn 194 P63/mmc 2abcd 4f 2 12k 16 1.1%

19. oP28-Cu5AuCe 62 Pnma 4c5 8d 16 1.1%

20. hP6-NdPtSb 186 P63mc 2ab2 16 1.1%

21. cF116-Tb5Rh6Sn17 216 F 4̄3m 4acd 16e2 24f 48h 16 1.1%

22. hP12-YPtAs 194 P63/mmc 2ab 4f 2 16 1.1%

684 46.5%

bonding. Si–Si distances in the zigzag chains with 2.48 Å are longer than in
the element (2.35 Å) (also see Fig. 7.72).

• hP9-ZrNiAl (189 P6̄2m): The structure can be subdivided into face-sharing
tricapped trigonal Ni@Zr6Al3 prisms (also see Fig. 10.8 in Section 10.8).
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stannides. (a) The structure of oS16-CeNiSi2 can be described as a layer structure. The
Si–Ni bonds with 2.31 Å are rather short indicating stronger bonding. Si–Si distances in the
zigzag chains with 2.48 Å are longer than in the element (2.35 Å). (b) The unit cell of
hP9-ZrNiAl with face-sharing tricapped trigonal Ni@Zr6Al3 prisms shaded. (c) The
structure of oP12-TiNiSi contains a 3D 4-connected network of Ti atoms, with
zigzag-bands of edge-sharing Ni2Si2 rhomb units in the large channels. The structure of
cF16-Cu2MnAl (d) can be described as a (2× 2× 2)-fold superstructure of the cI2-W type.
The unit cell of cP40-Yb3Rh4Sn13 is shown in (e), with the vertex-sharing trigonal
Sn-prisms marked. The prisms are tricapped by Yb atoms. The arrangement of
Sn-icosahedra centered at the Sn atoms in 0,0,0 and 1/2,1/2,1/2 and of the Rh-cubes is
depicted in (f). A single structural subunit Sn@Sn12Rh8Yb12 is shown in (g).

• oP12-TiNiSi (62 Pnma): The structure contains a 3D 4-connected network
of Ti atoms (dTi-Ti = 3.15–3.22 Å), where the large channels are filled with
zigzag-bands of edge-sharing Ni2Si2 rhomb units. It can be also described
as a distorted hP6-Ni2In type structure (see also Fig. 7.72).

• cF16-Cu2MnAl (225 Fm3̄m): This structure type of the Heusler phases can
be described as a (2 × 2 × 2)-fold superstructure of the cI2-W type, and is
discussed in Subsection 7.3.2.
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• cP40-Yb3Rh4Sn13 (223 Pm3̄n): The Yb atoms are coordinated by distorted
Sn-cuboctahedra (capped with four Rh and two Yb atoms), and the Rh
atoms by tricapped trigonal prisms Sn6Yb3. The Yb atoms form a distorted,
Sn-centered, icosahedron (dYb-Yb = 4.84–5.93 Å, dSn-Yb = 5.41 Å), with the
Rh atoms, in a cube-arrangement (dSn-Rh = 5.41 Å), centering eight triangle
faces. A smaller Sn-icosahedron (dSn-Sn = 2.97–3.62 Å) is nested inside the
Yb-icosahedron, capping the remaining 12 triangle faces from the inside
(dSn-Yb = 3.40 Å).

The representatives of the oS16-CeNiSi2-type among ternary Sn-intermetallics
contain 50–66.2 % Ga, whereas only 19 out of 88 compounds exhibit the cor-
rect 1:1:2 stoichiometry. Of these, 12 are LiRESn2 with rare earth elements
M(B)=20–33, wheres all other compounds are composed of A- and B-elements
with M(A)=14–47 and M(B)= 60–72 and contents of 25–66.2 % and 0.7–
25%, respectively. All hP9-ZrNiAl-representatives, on the other hand, have
1:1:1-stoichiometry and contain elements M(A)=16–50 and M(B)= 62–75.
The same holds true for oP12-TiNiSi-type structures with M(A)=14–49 and
M(B)=62–76, as well as two compounds in the Sr/Ba–Ca–Sn-systems with
M(B)=16. Among the 57 cF16-Cu2MnAl-type structures, only three are not
stoichiometric (in systems Li–Ti/Sb–Sn, as well as Ti–Ir–Sn), the rest of which
all contain 25% Sn. The rest of the formula mostly contains 25% of A with
M(A)=12–61 or 67 and 50% of B with M(B)= 60–72. Eight compounds are
formed with 50% of Li as the A-element and 25% of M(B)= 66–76 and three
more contain 50% of M(A)=65 or 67 (i.e., Rh and Ni, respectively) and
25% of M(B)= 67–73. All cP40-Yb3Rh4Sn13-type structures are stoichiometric,
containing 65% Sn, as well as 15%M(A)=15–47 and 20%M(B)= 62–78.

The ternary hP6-CaIn2-type Sn-compounds all have 1:1:1 stoichiometry and
contain elements with M(A)=14–45 and M(B)=69–81. The cP4-Cu3Au-type
structures contain 3.0–75% Sn; it is found mostly in the role of Cu (34 out of
38 compounds), often shared with the B-element M(B)= 69–82 and opposite
either only element A, or both, A and B, with values M =16–47. Four com-
pounds contain 75% of either element Ni or combined Pt and Pd, while then
Sn makes up for 25% together with Al, Ga, or Ge (M(B)= 80–84), or by itself.
Most cF12-MgAgAs-type structures are 1:1:1-stoichiometric, with three excep-
tions containing 25–40% Sn, and are forming with elements M(A)=12–72 and
M(B)=61–79. The structures with oI22-Cu4Gd3Ge4-type all have an ideal stoi-
chiometry with 27.3% of element A (M(A)=14–45) and 36.4% of both, element
B (M(B)= 60–72) and Sn. The hP6-LiGaGe-type compounds, again, all have
stoichiometry 1:1:1 and—in addition to Sn—contain metals with M(A)=16–51
and M(B)=69–76. hP18-CuHf5Sn3-type structures are mostly stoichiometric
with 33.3% of Sn, as well as 55.6% of element A with M(A)=17–51 and 11.1%
of B with M(B)= 51, 60–72, or 82. In one case, Sn switched roles with the A-
element U (33.3%) and makes up for 55.6% of the formula, in addition to the
B-element Ti with 11.1%. Most tP10-CaBe2Ge2-type compounds contain 20%
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of element A (M(A)=14–33) and 40% each of element B (M(B)= 65–76) and
Sn. One case with slightly shifted stoichiometry also contains U (M = 45) as
element A and Co as B (M =64).

The oI36-Ho6Co2Ga-type structures all have ideal stoichiometry, constituted
from 66.7% of element A with M(A)=20–30, 22.2% of Co or Ni (M(B)= 64
and 67, respectively), and 11.1% Sn. hP13-MgFe6Ge6-type compounds contain
46.2% of Sn in addition to 7.7% of element A (M(A)=12–50) and 46.2% of
element B (M(B)= 53, 60, or 61, i.e., Nb, Mn, and Fe, respectively), with one
structure with reversed A- and B-roles with elements 46.2% Mn and Mg (with
M(B)= 73 and 7.7% content). The structures found to form type cP8-Cr3Si con-
tain either 75% of Nb or V (M = 53 and 54, respectively) as element A or the
same portion divided between elements A and B with M =49–61. The remain-
ing 25% of the formula are made up of either element B and Sn combined, with
M(B)= 79–88, or of Sn only. The Sn-content varies in the range of 12.5–25%.
The hP30-Lu3Co7.77Sn4-type structures mostly have the correct stoichiometry
and therefore contain 26.7% of Sn, as well as 20% of element A (M(A)=16–31)
and 53.3% of element B (M(B)= 64, 67, or 72, i.e., Co, Ni, or Cu). The struc-
tures in type tP10-Mo2FeB2 (127 P4/mbm) contain 20% of Sn, as well as 40% of
each elements A and B withM(A)=17–50 andM(B)= 61–70. The Sn-content in
hP28-CeNi5Sn-type structures is 14.3–20.8%, while elements A (M(A)=17–45)
and B (M(B)=67 or 72, i.e., Ni and Cu, respectively) make up for 13.0–
14.3% and 66.0–71.4% of the formula, respectively. The oP28-Cu5AuCe-type
representatives contain 14.3% of both, Sn and element A (M(A)=17–47) and
71.4% of element B, which is mostly Ni but in two instances also Fe and Ni
(M(B)= 72, 61, and 67, respectively). The structures of type hP6-NdPtSb have
1:1:1-stoichiometry and contain elements with M(A) = 17–32 and M(B)=70–
76 in addition to Sn. The Sn-content in structures of type cF116-Tb5Rh6Sn17 lies
between 51.0–63.4%; elements A (M(A)=17–27) and B (M(B)= 63–66) have
contents of 15.9–21.3% and 19.3–29.4%, respectively. Lastly, the hP12-YPtAs-
type structures again all have 1:1:1-stoichiometry and are built from elements
M(A)=15–33 and Zn or Ga (M(B)= 76 or 81, respectively).

7.15.7 Plumbides

Binary plumbides

Among the binary IMs, 168 Pb-containing IMs can be found, featuring 64 struc-
ture types, i.e., ≈ 2.6 representatives per structure type, i.e., comparable to the
case of germanides (≈ 2.5). Their compositions can be found in Fig. 7.80, while
in Table 7.24, the most common structure types among binary Pb-IMs are given.

The compositions of the cF4-Cu-, hP2-Mg-, and cI2-W-type structures
are rather diverse (containing 2–99.9%, 6–80%, and 3–50% Pb, respectively).
Nearly all of the remaining structure types occur at their defined compositions.
In some of them, Pb always plays the role of the majority element (tI12-
CuAl2 and tI6-CuZr2) or of the minority element (hP16-Mn5Si3, oP36-Sm5Ge4,
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Fig. 7.80 Stoichiometries of the 168 binary plumbides, PbaBb vs. the Mendeleev number
M(B) of the other element in the compound. The 20 binary phases adopting unary structure
types cF4-Cu, cI2-W, and hP2-Mg are marked by gray dots.

Table 7.24 Most common structure types of Pb-containing binary intermetallics. The top 15
structure types are given, all of which have at least three representative structures and therefore
represent more than 1.5% of all binary Pb-intermetallics each.

Rank Structure type No. Space
group

Wyckoff
positions

No. of
reps.

% of all
reps.

1. cP4-Cu3Au 221 Pm3̄m 1a 3c 24 14.3%

2. hP16-Mn5Si3 193 P63/mcm 4d 6g2 17 10.1%

3. cF4-Cu 225 Fm3̄m 4a 13 7.7%

4. oP36-Sm5Ge4 62 Pnma 4c3 8d3 12 7.1%

5. oP12-Co2Si 62 Pnma 4c3 5 3.0%

6. tI12-CuAl2 69 Fmmm 4a 8h 4 2.4%

7. tP2-CuAu 123 P4/mmm 1ad 4 2.4%

8. tI6-CuZr2 139 I4/mmm 2a 4e 4 2.4%

9. hP2-Mg 194 P63/mmc 2c 4 2.4%

10. tI64-NaPb 142 I41/acd 16ef 32g 4 2.4%

11. cP8-Cr3Si 223 Pm3̄n 2a 6c 3 1.8%

12. hP4-NiAs 194 P63/mmc 2ac 3 1.8%

13. hP18-Ti5Ga4 193 P63/mcm 2b 4d 6g2 3 1.8%

14. cI2-W 229 Im3̄m 2a 3 1.8%

15. tI32-W5Si3 140 I4/mcm 4ab 8h 16k 3 1.8%

106 63.1%
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Fig. 7.81 Occurrence of the 15 most common structure types among binary Pb-intermetallics.
The Mendeleev number M of the other element in the compound is shown over the rank of the
structure type, as given in Table 7.24. Structures with Pb as their major component (≥ 50%)
are marked in black, those with minor Pb-content are shown in gray color.

oP12-Co2Si, cP8-Cr3Si, hP18-Ti5Ga4, and tI32-W5Si3). In others, it appears
to switch between those roles (cP4-Cu3Au). Obviously, this is different for 1:1-
stoichiometries, as in tP2-CuAu (one structure containing 65% Pb vs. 35% Hg),
tI64-NaPb, or hP4-NiAs. An overview of the respective intermetallic systems is
shown in Fig. 7.81.

In the following, we discuss some characteristic features of the five most com-
mon binary structure types of binary plumbides listed in Table 7.24. Their
structures are shown in Fig. 7.82.

• cP4-Cu3Au (221 Pm3̄m): This structure type is an ordered derivative of the
cF4-Cu type (also see Section 7.2 and Fig. 7.3). This close packed struc-
ture type is adopted by plumbides with the elements Na, Ca, and Y, all
lanthanoids but Pm, the actinoids Pu, U, and Th, as well as Nb, Rh, Pt, and
Pd, all of them occupying the Au position.

• hP16-Mn5Si3 (193 P63/mcm): This structure type, one of the Nowotny
phases, can be described as a packing of face-sharing CN16 FK-polyhedra,
leaving empty spaces corresponding to columns of face-sharing octahedra
running along [001] (also see Subsection 7.15.9 and Fig. 7.54). The Mn site
of this structure type can be occupied in stannides by Sc, Y, Yb, Lu, Tm,
Er, Ho, Dy, Tb, Gd, Sm, Nd, Pr, Ce, and La.
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Fig. 7.82 The structures of the four most frequent binary structure types of binary plumbides.
(a) cP4-Cu3Au (also see Section 7.2 and Fig. 7.3). (b) The unit cell of hP16-Mn5Si3 contains
two face-sharing CN16 FK-polyhedra (also see Fig. 7.54). (c) The structure of oP36-Sm5Ge4
can be described as a stacking of layers of face-sharing, Ge-capped, body-centered Sm-cubes,
where the squares are part of a snub-square tiling, 32.4.3.4. (d) oP12-Co2S: This structure
type consists of one type of flat atomic layers (distorted square/triangle net) stacked along [010]
in a way to form three different types of octahedra between the layers, with the space in-between
filled by tetrahedra (see Fig. 7.48). (e) The structure of tI12-CuAl2 can be described as a
stacking of 32.4.3.4 triangle/square nets located in z=0 and 1/2, with the squares capped by
Cu in z = 1/4 and 3/4.

• oP36-Sm5Ge4 (62 Pnma): The pseudo-tetragonal structure can be de-
scribed as a stacking of layers of face-sharing, Ge-capped, body-centered
Sm-cubes, where the squares are part of a snub-square tiling, 32.4.3.4. For a
more detailed description see Subsection 7.15.5 and Fig. 7.71. In plumbides
of this structure type, the Sm sites can be occupied by Sr, Tm, Er, Ho, Dy,
Tb, Gd, Sm, Nd, Pr, Ce, and La.

• oP12-Co2Si (62 Pnma): This structure type consists of one type of flat
atomic layers (distorted square/triangle net) stacked along [010] in a way
to form three different types of octahedra between the layers, with the space
in-between filled by tetrahedra (also see Fig. 7.48). The face-sharing octa-
hedra of type I form isolated chains running through the corners and center
of the unit cell along [010]. The type II octahedra form flat (110) layers by
sharing two opposite edges each and their apical vertices along [010]. Octa-
hedra of type I and II share faces with type I octahedra. Type III octahedra
share part of their edges with each other and form double-chains running
along [100] and connecting the type II octahedra layers with each other.
The remaining channels are filled by the chains of type I octahedra. Only
five representatives of this structure type are known among the stannides.
These contain the elements Ba, Sr, Ca, Yb, and Eu, all of them occupying
the Co sites.
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• tI12-CuAl2 (69 Fmmm): The structure of tI12-CuAl2 can be described as
a stacking of 32.4.3.4 triangle/square nets located in z = 0 and 1/2, with the
squares capped by Cu in z = 1/4 and 3/4 (see Fig. 7.26(a)–(d)). There are
only four stannides known with this structure type: Rh, Pt, Pd, and Au, all
occupying the Cu sites.

Ternary plumbides

The 344 ternary Pb-containing IMs feature 80 different structure types, i.e., ≈ 4.3
representatives per structure type, this is slightly less than in the case of german-
ides (≈ 5.8). In Table 7.25, the most common structure types among ternary
Pb-IMs are given, and the distribution of the chemical compositions of six of
the most common ones are shown in Fig. 7.84. In the ternary compounds, Pb is
most often the element with the highest M-value (82) and will therefore be as-
signed the C-position, while the A-elements will strictly have smaller M-values
than B-elements in all formulae AaBbPbc,M(A)<M(B).

In the following, we discuss some characteristic features of the five most fre-
quent ternary structure types of ternary plumbides listed in Table 7.25. Their
structures are shown in Fig. 7.83.

• hP18-CuHf5Sn3 (193 P63/mcm): The structure can be described as con-
sisting of columns of face-sharing, Cu-centered regular Hf-octahedra,
surrounded each by rings of six edge-sharing hexagonal bipyramids, which
themselves are in a columnar arrangement. In the related hP16-Mn5Si3
structure type, the Cu-site is empty.

• hP6-LiGaGe (186 P63mc): The structure of this Zintl phase can be de-
scribed as a superstructure of the hP6-CaIn2 type, which itself is a twofold
superstructure of the hP3-AlB2 type (also see Section 7.7).

• hP9-ZrNiAl (189 P6̄2m): The structure can be subdivided into face-sharing
tricapped trigonal Ni@Zr6Al3 prisms (also see Fig. 10.8 in Section 10.8).

• cF16-Cu2MnAl (225 Fm3̄m): This structure type of the Heusler phases can
be described as a (2× 2× 2)-fold superstructure of the cI2-W type, and is
discussed in Subsection 7.3.2.

• oI36-Ho6Co2Ga (71 Immm): The structure can be described as a pack-
ing of Ga@Ho12 icosahedra, which are centered at one half of the unit-cell
faces as well as edge centers and share eight faces each with Ho6 octahedra.
The Ga atoms on the remaining face and edge centers of the unit cell are
coordinated by eight Ho atoms forming cubes in this way. Three cubes are
bicapped by a part of the Co atoms; the other Co atoms cap octahedra faces.
The Ho–Ho distances range between 3.42 and 3.53 Å (in the element 3.486
Å), the shortest Co–Co distances amount to 2.51 Å (in the element 2.506
Å), and the distance Ga–Ho with 2.94 Å is slightly shorter than the sum of
radii (2.964 Å) as well.
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Table 7.25 Most common structure types of Pb-containing ternary intermetallics. The top 19
structure types are given, all of which have at least five representative structures and therefore
represent at least 1% of all ternary Pb-intermetallics.

Rank Structure type No. Space
group

Wyckoff
positions

No. of
reps.

% of all
reps.

1. hP18-CuHf5Sn3 193 P63/mcm 2b 4d 6g2 42 12.2%

2. hP6-CaIn2 194 P63/mmc 2b 4f 26 7.6%

3. hP6-LiGaGe 186 P63mc 2ab2 23 6.7%

4. hP9-ZrNiAl 189 P6̄2m 1a 2d 3fg 18 5.2%

5. cF16-Cu2MnAl 225 Fm3̄m 4abcd 17 4.9%

6. oI36-Ho6Co2Ga 71 Immm 2ac 4gj 8lmn 16 4.7%

7. tP10-Mo2FeB2 127 P4/mbm 2a 4gh 16 4.7%

8. oP12-TiNiSi 62 Pnma 4c3 16 4.7%

9. cI38-Sm12Ni6In 204 Im3̄ 2a 12e 24g 15 4.4%

10. cP4-Cu3Au 221 Pm3̄m 1a 3c 14 4.1%

11. oS10-Mn2AlB2 191 P6/mmm 2a 4ij 9 2.6%

12. cF24-Be5Au 216 F 4̄3m 4ac 16e 8 2.3%

13. cF16-Li2AgSb 216 F 4̄3m 4abcd 7 2.0%

14. cF12-MgAgAs 216 F 4̄3m 4abc 7 2.0%

15. oI12-KHg2 74 Imma 4e 8i 6 1.7%

16. cF144-Ca11Ga7 225 Fm3̄m 4ab 24e 32f 2 48h 5 1.5%

17. cI58-La4Re6O19 197 I23 2a 8c 12de 24f 5 1.5%

18. tI80-La6Co11Ga3 140 I4/mcm 4ad 8f 16kl3 5 1.5%

19. cP40-Yb3Rh4Sn13 223 Pm3̄n 2a 6c 8e 24k 5 1.5%

260 75.6%

The hP18-CuHf5Sn3-type structures (Nowotny phases) among ternary Pb-
intermetallics all contain 33.3% Pb, as well as 55.6% of element A (M(A)=16–33)
and 11.1% of element B (M(B)= 54–76 or 88). hP18-CuHf5Sn3 (Fig. 7.83) can
be considered a filled hP16-Mn5Si3 type. In addition to the Wyckoff positions 4d
and 6g in space group 193 P63/mcm, 2b is also occupied. Cu is surrounded by
Hf-octahedra, which share one face along the [001] direction. The irregular AET
of Hf(1) consists of 2 Cu, 4 Hf, and 5 Sn; Hf(2) centers a bicapped hexagonal
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Fig. 7.83 The structures of the five most frequent ternary structure types of ternary plumbides.
The hP16-Hf5CuSn3 structure type: (a) One unit cell with the columns of Cu-centered
Hf-octahedra and of hexagonal bipyramids, Hf5Sn3, shaded; (b) projection along [001].
hP6-LiGaGe (c) can be described as a superstructure of the hP6-CaIn2 type with a 3D
4-connected network. (d) The unit cell of hP9-ZrNiAl with face-sharing tricapped trigonal
Ni@Zr6Al3 prisms shaded. The structure of cF16-Cu2MnAl (e) can be described as a
(2× 2× 2)-fold superstructure of the cI2-W type. The structure of oI36-Ho6Co2Ga (g) can be
described as a packing of Ga@Ho12 icosahedra, Ga@Ho8 cubes and Ho6 octahedra.

antiprism of 6 Sn and 8 Hf atoms, Sn by 9 Hf atoms. The Cu atom sits in Wyckoff
position 2b, which is empty in the hP16-Mn5Si3 type.

With three exceptions, all hP6-CaIn2-type structures have 1:1:1-stoichiometry
between Pb, A (M(A)=17–33), and B (M(B)= 70–72 or 76); only
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Fig. 7.84 Occurrence of six of the most common structure types among ternary
Pb-intermetallics. The Mendeleev numbers M of the other two elements in the compound are
shown. The depicted structure types are hP18-CuHf5Sn3, hP6-CaIn2, hP6-LiGaGe,
hP9-ZrNiAl, cF16-Cu2MnAl, and oP12-TiNiSi (ranks 1–5, and 8, respectively, in
Table 7.25). Where A and B have equal shares in the chemical formula, they are assigned so that
M(A) < M(B). Only two structures were omitted for structure type cF16-Cu2MnAl, where
the chemical decoration of the structure changes.
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Y/Er/Tm–Ag–Pb have small Ag–Pb-exchanges with Pb-contents 40.7–46.0%.
Representatives of structure types hP6-LiGaGe and hP9-ZrNiAl also exhibit
1:1:1-stoichiometries and are formed with elements M(A)=16–33, as well as
M(B)= 71–76 and M(B)= 65–75, respectively. The cF16-Cu2MnAl-type struc-
tures all contain 25% Pb and mostly have exact stoichiometries with 25%
A (M(A)=12–47 or 60) and 50% B (M(B)= 51–69), except for one com-
pound with reversed A- and B-identities (50% with M(A)=12 and 25% with
M(B)= 69), as well as one with 37.5% of each, A and B (M =12 and 73, respec-
tively). The oI36-Ho6Co2Ga-type representatives contain 5.6–7.2% Pb, as well
as 66.6–69.3% A with M(A)=20–27 and 23.9–27.8% B with M(B)=64 or 67
(i.e., Co and Ni, respectively); although the assignment of the element type is
unambiguous, the stoichiometries are somewhat washed out.

In nearly all tP10-Mo2FeB2 (127 P4/mbm)-type structures, 20% Pb are present
in addition to 40% of both, A- and B-elements withM(A)=16–33 andM(B)= 69
or 70 (Pd or Au). One of two exceptions contains 40% Pb and only 20% of the
B-element (Li–V–Pb), while the other is somewhat Pb-deficient (Ce–Rh–Pb). For
structure type oP12-TiNiSi, again only 1:1:1-stoichiometries are found, combin-
ing Pb with elements A with M(A)=14–30 and B with M(B)= 16 or 67–73.
The cI38-Sm12Ni6In-type structures all contain 5.3% Pb, in addition to 63.2%
A (M(A)=23–33) and 31.2% B (M(B)= 64 or 67, i.e., Co and Ni, respectively).
cP4-Cu3Au-type structures contain 5–75% Pb and have diverse combinations
of elements sharing either the Cu- or Au-role. All oS10-Mn2AlB2-type struc-
tures contain 20% Pb and 40% of each, A- and B-elements with M(A)=20–28
and M(B)=67, i.e., Ni. The Pb-content in the cF24-Be5Au-type structures var-
ies in the range 6.7–11.0%, while it shares the Be-role with the B-element Cu
(M(B)= 72), and the A-elements (M(A)=20–27) make up for the 16.7% in the
Au-role.

Most cF16-Li2AgSb-type structures contain 25% of Pb, as well as 50% of
Na or Li (M(A)=11 and 12, respectively) and 25% of the B-element with
M(B)= 70–75. Another two compounds in the Na–Zn/In–Pb-systems have dif-
fering stoichiometries with 24% and 8.3% Pb, respectively. The stoichiometries
of the cF12-MgAgAs-type structures, on the other hand, are all 1:1:1, in-
volving elements M(A)=22–27 and M(B)= 70 (Au), as well as a compound
in the Cu–Mg–Pb-system. Also the oI12-KHg2-type representatives stick to
the 1:1:1-stoichiometry and are constituted from elements M(A)=14–18 and
M(B)= 71–76. The cF144-Ca11Ga7-type structures contain 10.3–19.4% Pb, as
well as 58.3–60.6% of element A (M(A)=15 or 16, i.e., Sr and Ca, respectively)
and 22.2% or 29.1% of element B (M(A)=79–81). The cI58-La4Re6O19-type
structures, again, are stoichiometric with 65.5% Pb, 13.8% A (M(A)=16–30),
and 20.7% Rh (i.e., M(B)= 65). tI80-La6Co11Ga3-type structures contain 5%
Pb and 30% and 65% of elements A and B (M(A)=28–33 and M(B)= 61
or 64, i.e., Fe and Co, respectively). The structures of type cP40-Yb3Rh4Sn13,
finally contain 65% Pb, in addition to 15% A with values M(A)=15–33
and 20% Rh.
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7.15.8 Antimonides

Binary antimonides

Among the binary IMs, 343 Sb-containing IMs can be found, featuring 130 struc-
ture types, i.e., ≈ 2.6 representatives per structure type, i.e., comparable to the
case of germanides (≈ 2.5). Their compositions can be found in Fig. 7.85, while
in Table 7.26, the most common structure types among binary Sb-IMs are given.

The compositions of the cF4-Cu- and hP2-Mg-type structures are rather di-
verse (containing 0.1–50.0% and 1.2–25.0% Sb, respectively). The same holds
true for cP1-Po-type structures with 60.0–90.0% Sb. Nearly all of the remaining
structure types occur at their defined compositions. In some of them, Sb always
plays the role of the majority element (oS24-SmSb2, oS6-HoSb2, oP6-FeAs2,
mP28-Dy2Sb5, and mP6-CaSb2) or of the minority element (hP16-Mn5Si3,
tI12-La2Sb, oP32-Yb5Sb3, oP32-Y5Bi3, tP56-Ca16Sb11, hP6-Co1.75Ge, cF16-
BiF3, cP8-Cr3Si, tI84-Ho11Ge10, and hP8-Na3As). In cI28-Th3P4 it appears to
switch between those roles. Obviously, no such statement can be made for 1:1-
stoichiometries, as in cF8-NaCl, hP4-NiAs, cP2-CsCl, tP2-CuTi, cF8-ZnS, and
mostly also tI4-Sn. An overview over the respective intermetallic systems is shown
in Fig. 7.86.

In the following, we discuss some characteristic features of the five most com-
mon binary structure types of binary antimonides listed in Table 7.26. Their
structures are shown in Fig. 7.87.

• cF8-NaCl (225 Fm3̄m): This structure type can be described as ccp packing
of the larger atoms with the smaller atoms in the octahedral voids (also see
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Table 7.26 Most common structure types of Sb-containing binary intermetallics. The top 25
structure types are given, all of which have at least four representative structures and therefore
represent at least 1% of all binary Sb-intermetallics each. In sum, the 193 representatives of these
structure types make up 56.3% of all binary Sb-intermetallics.

Rank Structure type No. Space
group

Wyckoff
positions

No. of
reps.

% of all
reps.

1. cF8-NaCl 225 Fm3̄m 4ab 26 7.6%

2. hP16-Mn5Si3 193 P63/mcm 4d 6g2 18 5.2%

3. cI28-Th3P4 220 I 4̄3d 12a 16c 16 4.7%

4. hP4-NiAs 194 P63/mmc 2ac 11 3.2%

5. cF4-Cu 225 Fm3̄m 4a 10 2.9%

6. oS24-SmSb2 64 Cmca 8ef 2 10 2.9%

7. tI12-La2Sb 139 I4/mmm 4ce2 9 2.6%

8. oP32-Yb5Sb3 62 Pnma 4c4 8d2 9 2.6%

9. cP2-CsCl 221 Pm3̄m 1ab 7 2.0%

10. oS6-HoSb2 21 C222 2a 4k 7 2.0%

11. tP2-CuTi 123 P4/mmm 1ad 6 1.7%

12. oP6-FeAs2 58 Pnnm 2a 4g 6 1.7%

13. oP32-Y5Bi3 62 Pnma 4c4 8d2 6 1.7%

14. tP56-Ca16Sb11 113 P4̄21m 2c2 4d2e5 8f 3 5 1.5%

15. hP6-Co1.75Ge 194 P63/mmc 2acd 5 1.5%

16. mP28-Dy2Sb5 11 P21/m 2e14 5 1.5%

17. cP1-Po 221 Pm3̄m 1a 5 1.5%

18. cF16-BiF3 225 Fm3̄m 4c2 8d 4 1.2%

19. mP6-CaSb2 11 P21/m 2e3 4 1.2%

20. cP8-Cr3Si 223 Pm3̄n 2a 6c 4 1.2%

21. tI84-Ho11Ge10 139 I4/mmm 4de2 8h2j 16mn2 4 1.2%

22. hP2-Mg 194 P63/mmc 2c 4 1.2%

23. hP8-Na3As 194 P63/mmc 2bc 4f 4 1.2%

24. tI4-Sn 141 I41/amd 4a 4 1.2%

25. cF8-ZnS 216 F 4̄3m 4ac 4 1.2%

193 56.3%
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the respective paragraph in Subsection 7.15.9). This structure type is adop-
ted for antimonides of the elements: Y and the lanthanoids except Eu and
Pm, the actinoids Cf, Bk, Cm, Am, Pu, Np, U, and Th, as well as the main
group elements In, Pb, and Sn.

• hP16-Mn5Si3 (193 P63/mcm): In this structure type, Si and Mn form dis-
torted CN16 FK-polyhedra, which share two triangular faces. Thereby, the
Mn1 atoms are arranged in linear chains in 1/3, 2/3, z, parallel to [001], with
short Mn–Mn distances of 2.407 Å (rMn = 1.367 Å). The Mn2 atoms form
face-sharing columns of octahedra in 0, 0, z, also parallel to [001]. There, the
Mn–Mn distances amount to 2.822 Å and 2.907 Å, respectively (also see the
respective paragraph in Subsection 7.15.9). Antimonides of this structure
type are known for the elements Ba, Sr, Ca, Y, and the lanthanoids except
Tm and Pm, as well as Zr. Sb always occupies the Si site.

• cI28-Th3P4 (220 I 4̄3d): The basic structural unit can be seen as a trigonal
P-centered Th antiprism, with three of the six sides plus the top and bot-
tom capped by P atoms. These Th antiprisms are stacked in a similar way
along [111] as the Mn2 octahedra in hP16-Mn5Si3 (see also the respective
paragraph in Subsection 7.15.9). The P site in this structure type can be
occupied by Y, the lanthanoids Yb, Er, Ho, Dy, Tb, Gd, Sm, Nd, Pr, Ce,
and La, as well as the actinoids Am and Pu; in contrast, U and Th occupy
the Th sites.
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Fig. 7.87 The structures of the five most frequent binary structure types of binary antimonides
in different projections: (a) cF8-NaCl, (b) hP16-Mn5Si3, (c) cI28-Th3P4, (d) hP4-NiAs, and
(e)–(g) oS24-SmSb2. In (e), the slabs of alternatingly up-and-down Sm-capped square nets of
Sb atoms are shaded, and the zigzag bands constituted from rhombs connecting the slabs are
shown as well. In (e) the flat Sb-layer is depicted and in (g) the puckered Sb/Sm layer is shown.

• hP4-NiAs (194 P63/mmc): This structure type can be described as an hcp
packing of the larger atoms with the smaller atoms in the octahedral voids.
Antimonides with this structure type are only formed with TM elements:
Ti, Nb, V, Cr, Mn, Fe, Co, Ir, Ni, Pt, and Pd.

• oS24-SmSb2 (64 Cmca): The structure can be decomposed into slabs and
bands. The slabs consist of alternatingly up-and-down Sm-capped square
nets of Sb atoms with Sb–Sb distances between 2.99 and 3.08 Å. The flat
zigzag bands are constituted from edge-sharing Sb2Sm2 rhombs connecting
the slabs with each other. The rhombs running along [100] all have the same
shape, but form a slightly puckered band. The flat zigzag band running
along [010] consists of two types of rhombs, a skinny one and a fat one. The
short diagonal of the skinny rhomb with 2.78 Å gives the very short distance
between two Sb atoms (the distance in the element amounts to 2.90 Å).
These antimonides form with Sb always on the Sb sites and the elments Tb,
Gd, Sm, Nd, Pr, Ce, La, Am, Pu, and Np.
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Ternary antimonides

The 1176 ternary Sb-containing IMs feature 257 different structure types, i.e.,
≈ 4.6 representatives per structure type, i.e., slightly less than in the case of ger-
manides (≈ 5.8). In Table 7.27, the most common structure types among ternary
Sb-IMs are given, and the distribution of the chemical compositions of six of
the most common ones are shown in Fig. 7.90. In the ternary compounds, Sb is
most often the element with the highest M-value (88) and will therefore be as-
signed the C-position, while the A-elements will strictly have smaller M-values
than B-elements in all formulae AaBbSbc (M(A)<M(B)).

In the following, we discuss some characteristic features of the five most fre-
quent ternary structure types of ternary antimonides listed in Table 7.27, and
shown in Fig. 7.88.

• tP8-CuHfSi2 (129 P4/nmm): This structure type is equivalent to that of tP8-
CuZrSi2. The structure consists of a flat 44 net of Si, followed by a puckered
rotated 44 net of Si/Hf, followed by a flat 44 net of Cu (also see the section
on binary bismuthides and Fig. 7.95).

• cF12-MgAgAs (216 F 4̄3m): This structure type is also known as cF12-
LiAlSi, in which the Al (Ag and other TM) atoms form a ccp packing, the
Si (As and other main group) elements occupy half of the tetrahedral voids,
and Li (Mg and RE) atoms are sitting in the octahedral voids (see Fig. 7.2).

• hP18-CuHf5Sn3 (193 P63/mcm): The structure consists of columns of face-
sharing, Cu-centered regular Hf-octahedra, each surrounded by rings of
six edge-sharing hexagonal bipyramids, which themselves are in a columnar
arrangement (also see Fig. 7.83).

• oP12-TiNiSi (62 Pnma): The structure contains a 3D 4-connected network
of Ti atoms (dTi-Ti = 3.15–3.22 Å), where the large channels are filled with
zigzag-bands of edge-sharing Ni2Si2 rhomb units. It can be also described
as a distorted hP6-Ni2In type structure (also see Fig. 7.72).

• cI34-LaFe4P12 (204 Im3̄): One representative of this structure type (filled
skutterudite) is cI34-LaFe4Sb12. It can be described as a bcc arrangement of
distorted La@Sb12 icosahedra that are connected via face-sharing Fe@Sb6

octahedra. The shortest La–Sb and Fe–Sb distances are 3.41 Å (sum of radii
equals 3.32 Å) and 2.55 Å (sum of radii equals 2.69 Å), respectively. The
shortes Sb–Sb distances range from 2.93 Å to 2.98 Å.

The structure of oP20-CeCrSb3 (rank 15 in Table 7.27), which is related to
the tI10-BaAl4 structure type, is illustrated in Fig. 7.89. It can be described
as chains of along [001] face-sharing Cr-centered Sb-octahedra (Cr–Sb dis-
tances: 2.696–2.736 Å), which are edge-connected with equivalent chains along
[010]. One vertex of each octahedron forms a flat pyramid with the Ce atoms,
which themselves form a square net of 4.314 Å edge length (Ce–Sb distances:



Intermetallic compounds with at least one (semi)metallic element from groups 13–16 411

Table 7.27 Most common structure types of Sb-containing ternary intermetallics. The top 20
structure types are given, all of which have at least 12 representative structures and therefore
represent at least 1% of all ternary Sb-intermetallics each.

Rank Structure type No. Space
group

Wyckoff
positions

No. of
reps.

% of all
reps.

1. tP8-CuHfSi2 129 P4/nmm 2abc2 87 7.4%

2. cF12-MgAgAs 216 F 4̄3m 4abc 71 6.0%

3. hP18-CuHf5Sn3 193 P63/mcm 2b 4d 6g2 46 3.9%

4. oP12-TiNiSi 62 Pnma 4c3 44 3.7%

5. cI34-LaFe4P12 204 Im3̄ 2a 8c 24g 39 3.3%

6. cI40-Au3Y3Sb4 220 I 4̄3d 12ab 16c 37 3.1%

7. tI32-Mo5SiB2 140 I4/mcm 4ac 8h 16l 30 2.6%

8. tP10-CaBe2Ge2 129 P4/nmm 2abc3 28 2.4%

9. hP6-BeZrSi 194 P63/mmc 2acd 24 2.0%

10. cF16-Cu2MnAl 225 Fm3̄m 4abcd 22 1.9%

11. tI32-Nb5Sn2Si 140 I4/mcm 4ab 8h 16k 21 1.8%

12. hP4-NiAs 194 P63/mmc 2ac 21 1.8%

13. hP9-K2UF6 189 P6̄2m 1a 2d 3fg 19 1.6%

14. hP5-Ce2SO2 162 P3̄m 1a 2d2 18 1.5%

15. oP20-CeCrSb3 57 Pbcm 4c2d3 17 1.4%

16. hP6-Co1.75Ge 194 P63/mmc 2acd 17 1.4%

17. cI28-Th3P4 220 I 4̄3d 12a 16c 14 1.2%

18. tI32-W5Si3 140 I4/mcm 4ab 8h 16k 14 1.2%

19. hP6-LiGaGe 186 P63mc 2ab2 12 1.0%

20. oP12-PbCl2 62 Pnma 4c3 12 1.0%

593 50.4%

3.259–3.283 Å). At approximately half way up the unit cell, an almost square
net of Sb atoms (edge lengths: 3.039 and 3.092 Å) forms the bases of altern-
atingly up- and down-pointing pyramids with Ce atoms at the vertices (Ce–Sb
distances: 3.309–3.318 Å). The structure can also be viewed as a layer structure.
At temperatures below 115 K, this compound shows two ferromagnetic ordering
transitions.
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Fig. 7.88 The structures of the five most frequent ternary structure types of ternary
antimonides in different projections: (a) the structure of tP8-CuHfSi2 can be described as a
stacking of flat and puckered 44 nets decorated with Si, Si/Hf, and Cu, respectively. (b)
cF12-MgAgAs: the Al atoms form a ccp packing, with Si occupying half of the tetrahedral
voids and Mg atoms all the octahedral voids. (c) The hP16-CuHf5Sn3 structure type: one
unit cell with the columns of Cu-centered Hf-octahedra and of hexagonal bipyramids,
Hf5Sn3, shaded dark and light gray, respectively. The structure of oP12-TiNiSi (d) contains
a 3D 4-connected network of Ti atoms, with zigzag-bands of edge-sharing Ni2Si2 rhomb
units in the large channels. (e) The structure of cI34-LaFe4Sb12 can be described as a bcc
arrangement of distorted La@Sb12 icosahedra that are connected via face-sharing Fe@Sb6
octahedra.

The oP20-CeCrSb3 structure type contains structural units that are also found
in tI10-ThCr2Si2 (also the structure type of BaFe2As2 and related pnictogen
superconductors), tP10-CaBe2Ge2, and tP8-HfCuSi2 type structures (Brylak and
Jeitschko, 1995). oP60-CeNiSb3 can be seen as a threefold superstructure along
[001], caused by a different stacking order of the Ni-centered Sb-octahedra. The
compound shows a steep decrease in the electrical conductivity below 6 K (Mac-
aluso et al., 2004). The structure of oP40-LaPdSb3 is as twofold superstructure
along [001], intermediately between oP20-CeCrSb3 and oP60-CeNiSb3 (Thomas
et al., 2006a).
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Fig. 7.89 The oP20-CeCrSb3 structure type. Structural
characteristics in a projection along (a) [001] and (b) [010].

The ternary Sb-intermetallics crystallizing in structure type tP8-CuHfSi2 con-
tain 35.8–60.8% Sb; most of them (68 out of 87) are stoichiometric with 50%
Sb, as well as 25% of elements A and B, each. All compounds feature com-
ponents with M(A)=17–51 and M(B)=60–76. Nearly all cF12-MgAgAs-type
structures have 1:1:1-stoichiometry, featuring—apart from Sb—elements A and B
with M(A)=12–72 and M(B)= 54–76. Among the hP18-CuHf5Sn3-type struc-
tures, diverse behaviors can be found: a large group of 27 compounds contains
55.6% of Sb, 33.3% of A (M(A) = 28–45), and 11.1% of B (M(B)=49–60). One
compound has reversed A- and B-roles with contents of 11.1% and 33.3%, respec-
tively (Sc–U–Sb system with M(A)=19 and M(B)=45). Another group of 16
structures contains around 33.3% of Sb, around 55.6% of element A, and 11.1%
of element B withM(A)=49–51 andM(B)= 61–84, while the last two structures
contain only 11% of Sb and 56% and 33.3% of elements A and B, respectively—
these are found in the La–Ge/Pb–Sb-systems. Although most oP12-TiNiSi-type
structures are reported to have exact 1:1:1-stoichiometry, the Sb-content var-
ies overall in the range 33.3–60.0%, while the elements A and B have values
M(A)=11–75 andM(B)= 15–18 and 61–84. The majority of the cI34-LaFe4P12-
type structure is stoichiometric with 70.6% of Sb, as well as 5.9% of element
A with M(A)=10–33 and 23.5% of element B (M(B) = 61–63, i.e., Fe, Ru,
and Os). The remaining structures have higherM(B)-values: forM(B)=64 and
65 the stoichiometry deviates only slightly from these values (M(A)=16–33);
for M(B)= 78–83 the A- and B-roles are reversed (M(A)=61 or 64) and also
scattered around above values, while the compound in the Ni–Sn–Sb-system
(M(A)=67 andM(B)= 83) has a much smaller Sb-content, compensated by the
B-element.

All cI40-Au3Y3Sb4-type structures are stoichiometric with 40% Sb, as well as
20% of A and B, each, with elements M(A)=17–50 and M(B)= 64–72. The
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tI32-Mo5SiB2-type structures are all stoichiometric, too, and contain 12.5% of
Sb, 62.5% of element A (M(A) = 20–31), and 25.0% of B (M(B)= 61–70). The
structures of type tP10-CaBe2Ge2 contain 40–50% of Sb and are constituted from
elements A and B with M(A)=12–33 and M(B)= 30–32 and 67–72. Nearly
all hP6-BeZrSi-type structures are 1:1:1-stoichiometric; they contain metals
with values M(A)=10–64 and M(B)= 14 and 60–77. The cF16-Cu2MnAl-type
structures mostly contain 25% of Sb, but the disordered compounds contain
up to 42.6% Sb. The forming elements are rather diverse with M(A)=8–69
and M(B)= 10–83, while the roles within the structure switch between A- and
B-elements repeatedly. The structures of type tI32-Nb5Sn2Si contain 25.0–32.5%
Sb and an equivalent 5.0–12.5% of element B withM(B)= 54–84. The content in
A is always 62.5% and only elements Zr, Hf, and Ti (M(A)=49–51, respectively)
are featured. The Sb-content in hP4-NiAs-type structures lies between 15% and
50% and the forming elements have valuesM(A)=49–70 andM(B)= 60–87.

All hP9-K2UF6-type structures contain 22.2% Sb, as well as 66.7% of ele-
ment A and 11.1% of element B, withM(A)=19–50 andM(B)=56 and 60–68.
The structures of type hP5-Ce2SO2 are also nearly all stoichiometric with 40% of
each, Sb and element B, as well as 20% of A, with metals M(A)=14–18 and
M(B)=60 or 73–76; one compound with a different stoichiometry is formed
with Mn (M(A)=60). The oP20-CeCrSb3-type structures all have the stoi-
chiometry of the prototype, containing 60% Sb and 20% of each, element A
and B, with M(A)=17–47 and M(B)= 54 or 57 (i.e., V and Cr, respectively).
The stoichiometries of the hP6-Co1.75Ge-type representatives are very diverse
with Sb-contents in the range of 14.7–47.6%; elements A and B have M-values
M(A)=51–67 andM(B) = 60–83. Among the cI28-Th3P4-representatives, a first
group of structures contains 42.9% Sb and 42.9% and 14.3% of elements A and
B or vice versa (M(A)=17–30 and M(B)= 24–33). The remaining compounds
contain 21.4–39.3% Sb, always 57.1% of element A (M(A)=26, 27 or 33, i.e.,
Tb, Gd, and La, respectively) and 3.6–21.4% of element B with M(B)= 82–87.
The tI32-W5Si3-type structures contain 25.0–31.9% Sb and the complemen-
tary amount of 5.6–12.5% of element B (M(B)= 57–81), as well as the constant
amount of 62.5% of either Zr, Hf, or Ti (M(A)=49–51). All hP6-LiGaGe-type
structures have composition 1:1:1 and are built from elements withM(A)=12–33
and M(B)= 69–77. Nearly all oP12-PbCl2-type structures contain 66.7% Sb,
11.0% of element A (M(A)=21–32), and 22.3% of U (M(B)=45); one com-
pound has a different stoichiometry and was found in the Zr–Sn–Sb (M(A)=49
andM(B)= 83).

7.15.9 Bismuthides

Binary bismuthides

Among the binary IMs 187 contain Bi, featuring 74 structure types, resulting in
≈ 2.5 representatives per structure type, i.e., comparable to the case of germanides
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Fig. 7.90 Occurrence of six of the most common structure types among ternary
Sb-intermetallics. The Mendeleev numbers M of the other two elements in the compound are
shown. The depicted structure types are tP8-CuHfSi2, cF12-MgAgAs, oP12-TiNiSi,
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Table 7.27). Only 19 structures were omitted for structure type tP8-CuHfSi2, where the
chemical decoration of the structure changes. Where A and B have equal shares in the chemical
formula, they are assigned so that M(A)<M(B). These are the most common structure types,
whose sites are occupied in an ordered manner for the most part.
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Fig. 7.91 Stoichiometries of the 187 binary bismuthides, BiaBb vs. the Mendeleev number
M(B) of the other element in the compound. The 13 binary phases adopting unary structure
types cF4-Cu, cI2-W, and hP2-Mg are marked by gray dots.

(≈ 2.5). Their compositions are illustrated in Fig. 7.91. In Table 7.28, the twenty
most common structure types among binary Bi-IMs are listed, four of them just
unary ones. The compositions of the unary structure types cF4-Cu-, hP2-Mg-,
and cI2-W-type structures are rather diverse (containing 1.0–25.0%, 0.4–50.0%,
and 25.0–40.0% Bi, respectively). The same holds true for hR6-As-type structures
with 94.0–99.9% Bi. Nearly all of the remaining structure types occur at their
defined compositions. Only cI2-W is a structure type of a Bi-allotrope (Bi-V) that
is stable at high pressure.

In some of the structure types, Bi always plays the role of the minority el-
ement (hP16-Mn5Si3, tI12-La2Sb, oP32-Y5Bi3, oP32-Yb5Sb3, tP56-Ca16Sb11,
cF16-BiF3, tI84-Ho11Ge10, hP6-Co1.75Ge, mS20-Eu3Ga2, and hP8-Na3As). In
cI28-Th3P4 and cF24-MgCu2 it appears to switch between the roles of mi-
nority and majority element. Obviously, no such statement can be made for
1:1-stoichiometries, as in cF8-NaCl, cP2-CsCl, hP4-NiAs, and mP32-CsSb. No
structure types consistently feature Bi as the majority component. The six most
common structure types are mainly adopted by Ln- and An-bismuthides, respec-
tively. An overview of the systems with bismuthides crystallizing in the twenty
topmost structure types is shown in Fig. 7.92. The most common structure types
of the binary bismuthides (ranks 1–5 in Table 7.28) are illustrated in Fig. 7.93,
and will be discussed in the following.

• cF8-NaCl (225 Fm3̄m): All RE elements except Yb, Pm, as well as the
actinoids Cm, Am, Pu, Np, and U are known to adopt bismuthides in
this structure type at equiatomic composition. This structure type can be
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Table 7.28 Most common structure types of Bi-containing binary intermetallics. The top 20
(out of 74) structure types are given, all of which have at least three representative structures and
therefore represent at least 1.5% of all binary Bi-intermetallics each.

Rank Structure type No. Space
group

Wyckoff
positions

No. of
reps.

% of all
reps.

1. cF8-NaCl 225 Fm3̄m 4ab 19 10.2%

2. hP16-Mn5Si3 193 P63/mcm 4d 6g2 14 7.5%

3. cI28-Th3P4 220 I 4̄3d 12a 16c 14 7.5%

4. tI12-La2Sb 139 I4/mmm 4ce2 8 4.3%

5. oP32-Y5Bi3 62 Pnma 4c4 8d2 8 4.3%

6. oP32-Yb5Sb3 62 Pnma 4c4 8d2 7 3.7%

7. tP56-Ca16Sb11 113 P4̄21m 2c2 4d2e5 8f 3 5 2.7%

8. cF4-Cu 225 Fm3̄m 4a 5 2.7%

9. hP2-Mg 194 P63/mmc 2c 5 2.7%

10. cF16-BiF3 225 Fm3̄m 4c2 8d 4 2.1%

11. cP2-CsCl 221 Pm3̄m 1ab 4 2.1%

12. tI84-Ho11Ge10 139 I4/mmm 4de2 8h2j 16mn2 4 2.1%

13. cF24-MgCu2 227 Fd3̄m 8a 16d 4 2.1%

14. hP4-NiAs 194 P63/mmc 2ac 4 2.1%

15. hR6-As 166 R3̄m 6c 3 1.6%

16. hP6-Co1.75Ge 194 P63/mmc 2acd 3 1.6%

17. mP32-CsSb 11 P21/c 4e8 3 1.6%

18. mS20-Eu3Ga2 15 C2/c 4e 8f 2 3 1.6%

19. hP8-Na3As 194 P63/mmc 2bc 4f 3 1.6%

20. cI2-W 229 Im3̄m 2a 3 1.6%

123 65.8%

described as a ccp packing of the larger atoms with the smaller atoms in
the octahedral voids. Since the RE elements, with radii between 1.62 to
1.995 Å, are larger than that of Bi with 1.545 Å, Bi can be considered
formally to occupy the octahedral voids. Therefore, the structure can be de-
scribed as a packing of Bi-centered edge-sharing RE octahedra and empty
RE tetrahedra. In the case of the actinoids, the opposite is true.
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Fig. 7.92 Occurrence of the 20 most common structure types among binary Bi-intermetallics.
The Mendeleev number M of the other element in the compound is shown over the rank of the
structure type, as given in Table 7.28. Structures with Bi as their major component (≥ 50%) are
marked in black; those with minor Bi-content are shown in gray.

• hP16-Mn5Si3 (193 P63/mcm): This structure type is adopted by bismuthides
of divalent Ba, Sr, Yb, and Eu, as well as by the trivalent RE metals Tb,
Gd, Sm, Nd, Pr, Ce, La, and Th, as well as Zr. In this structure type, Si
and Mn form distorted CN16 FK-polyhedra, which share two triangular
faces. Thereby, the Mn1 atoms are arranged in linear chains in 1/3, 2/3, z,
parallel to [001], with short Mn–Mn distances of 2.407 Å (rMn = 1.367
Å). The Mn2 atoms form face-sharing columns of octahedra in 0, 0, and z,
also parallel to [001]. There, the Mn–Mn distances amount to 2.822 Å and
2.907 Å, respectively. In the bismuthides, Bi takes over the Si sites.

• cI28-Th3P4 (220 I 4̄3d): This structure type is adopted by bismuthides of
divalent Ba, Sr, Ca, Yb, and Eu, as well as by the trivalent RE metals Tb,
Gd, Sm, Nd, Pr, Ce, La, and Pu, U, Th, as well as Zr. The basic structural
unit can be seen as a trigonal P-centered Th antiprism, with three of the six
sides plus the top and bottom capped by P atoms. These Th antiprisms are
stacked in a similar way along [111] as the Mn2 octahedra in hP16-Mn5Si3.
As shown in Fig. 7.93 (c), (f), motifs of the projected stuctures (highlighted
by gray triangles) are quite similar. In these bismuthides, Bi takes over the
Th sites, except in the case of Th and Zr, as constituting elements.

• tI12-La2Sb (139 I4/mmm): This structure type is adopted by bismuthides
of divalent Ba, Sr, and Ca as well as by the trivalent RE metals Sm, Nd,
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Fig. 7.93 Structures of the most common structure types of binary bismuthides (ranks 2–5 in
Table 7.28) in different projections: (a)–(c) hP16-Mn5Si3, (d)–(f) cI28-Th3P4, (g)–(h)
tI12-La2Sb, and (i)–(k) oP32-Y5Bi3. Some characteristic structural features such as
FK-polyhedra and octahedra are marked and described in the text. One structural unit common
to all these structure types are empty or centered octahedra. In (c) the face-sharing octahedra
form columns along [001], and in (e) along [111]. In (g) they share all four vertices within the
(110) planes, and in (k) they form chains along [010] linked via two opposite vertices.
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Pr, Ce, and La. This structure can be seen to contain LaSb3 units (cP4-
Cu3Au structure type), which are alternatingly shifted by (1/2, 1/2, z). In
these bismuthides, Bi takes over the Sb sites.

• oP32-Y5Bi3 (62 Pnma): This structure type is adopted by bismuthides of the
trivalent RE metals Lu, Tm, Er, Ho, Dy, Y, Tb, and Gd, only. The structure
shows similar pseudo-cubic units, centered by octahedra, as tI12-La2Sb.
Along [010], in the corners of the unit cell, there are columns of trigonal
Y-prisms centered by Bi atoms, which share edges forming deformed hex-
agonal channels. The octahedra share two of their vertices forming chains
along [010], at the same time the pseudo-cubes, which enclose them, share
faces. According to Wang et al. (1976), the hP16-Mn5Si3 structure type is
stable in the Ln5Bi3 series with a radius ratio Ln/Bi � 1.05, then due to the
finite compressibility of the Ln ion core, the oP32-Y5Bi3 structure type be-
comes more stable. The Bi–Gd distances in hP16-Gd5Bi3 and oP32-Gd5Bi3,
for instance, differ only slightly with 3.31 to 3.28 Å, respectively, because of
the strong metallic interaction and the low CN in the trigonal prismatic AET.
The authors note also a close similarity of the structure type oP32-Y5Bi3 to
oP32-Yb5Sb3, which has rank 6 in Table 7.28.

The alkali and alkaline earth metals as well as the lanthanoids and actinoids
all have congruently melting compounds between 25% and 50% Bi composition.
Their melting temperatures exceed those of the elements considerably. For in-
stance, cF16-BiLi3 (cF16-BiF3 type) melts at 2093 K compared to the melting
temperatures of Bi and Li of 544.4 K and 453.6 K.

Ternary bismuthides

The 365 ternary Bi-containing IMs feature 89 different structure types, with≈ 4.1
representatives per structure type, i.e., slightly less than in the case of german-
ides (≈ 5.8). In Table 7.29, the most common structure types among ternary
bismuthides are given, and the distribution of the chemical compositions of four
of the most common ones are shown in Fig. 7.94. In the ternary compounds, Bi is
most often the element with the highest Mendeleev number (87), and will there-
fore be assigned to the C-position, while the A-elements will always have smaller
M-values than B-elements in all formulae of the type AaBbBic (M(A)<M(B)).

The ternary Bi-intermetallics crystallizing in structure type cF12-MgAgAs
all have 1:1:1-stoichiometry; they are formed with the additional elements A,
with M(A)=12–72 and B with M(B)= 54–76. With only one slightly devi-
ating compound, the tI32-Mo5SiB2-type structures contain 12.5% of Bi, as
well as 62.5% of element A with M(A)=20–27 and 25.0% of element B with
M(B)=64–70. All hP9-K2UF6-type structures contain 22.2% Bi, as well as 66.7%
and 11.1% of elements A and B, respectively, withM(A)=20–27, 49, or 50, and
M(B)=60–67. The structures of type cI40-Au3Y3Sb4 all contain 40% Bi and
30%, each, of elements A and B (M(A)=28–33 or 45, andM(B)= 65–72). The
tP8-CuHfSi2-type structures contain 50.0–57.1% Bi, as well as 25.0–28.6% of ele-
ment A (M(A)=12–33) and 14.3–25.0% of element B (M(B)= 33, 60 or 67–76).
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Table 7.29 Most common structure types of Bi-containing ternary intermetallics. The top 27
(out of 89) structure types are given, all of which have at least four representative structures and
therefore represent at least 1% of all ternary Bi-intermetallics.

Rank Structure type No. Space
group

Wyckoff
positions

No. of
reps.

% of all
reps.

1. cF12-MgAgAs 216 F 4̄3m 4abc 45 12.3%

2. tI32-Mo5SiB2 140 I4/mcm 4ac 8h 16l 31 8.5%

3. hP9-K2UF6 189 P6̄2m 1a 2d 3fg 24 6.6%

4. cI40-Au3Y3Sb4 220 I 4̄3d 12ab 16c 17 4.7%

5. tP8-CuHfSi2 129 P4/nmm 2abc2 16 4.4%

6. hP18-CuHf5Sn3 193 P63/mcm 2b 4d 6g2 14 3.8%

7. hP6-BeZrSi 194 P63/mmc 2acd 10 2.7%

8. tP10-CaBe2Ge2 129 P4/nmm 2abc3 10 2.7%

9. hP4-NiAs 194 P63/mmc 2ac 8 2.2%

10. oP12-TiNiSi 62 Pnma 4c3 8 2.2%

11. cP4-Cu3Au 221 Pm3̄m 1a 3c 7 1.9%

12. oI36-Ho12Co5Bi 71 Immm 2ac 4ej 8lmn 7 1.9%

13. tP6-PbClF 129 P4/nmm 2ac2 7 1.9%

14. tI16-SrZnBi2 139 I4/mmm 4cde2 7 1.9%

15. oP32-Y2HfS5 62 Pnma 4c4 8d2 7 1.9%

16. cF16-BiF3 225 Fm3̄m 4c2 8d 6 1.6%

17. tI208-Ca14AlSb11 142 I41/acd 8ab 16ef 32g5 6 1.6%

18. cI28-Th3P4 220 I 4̄3d 12a 16c 6 1.6%

19. oP48-Zn4.23Yb9Sb9 55 Pbam 2ac 4g5h6 6 1.6%

20. hP9-ZrNiAl 189 P6̄2m 1a2d3fg 6 1.6%

21. hP6-LiGaGe 186 P63mc 2abb 5 1.4%

22. tI28-V4SiSb2 140 I4/mcm 4a 8h 16k 5 1.4%

23. oP44-Ca9Mn4Bi9 55 Pbam 2ac 4g5h5 4 1.1%

24. hP5-Ce2SO2 162 P3̄m 1a 2d2 4 1.1%

25. cF4-Cu 225 Fm3̄m 4a 4 1.1%

26. cF88-Cu4Mn3Bi4 225 Fm3̄m 8c 24de 32f 4 1.1%

27. tI80-La6Co11Ga3 140 I4/mcm 4ad 8f 16kl3 4 1.1%

278 76.2%
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The structures of type hP18-CuHf5Sn3 contain either 55.6% Bi or 33.3%
(with one slightly off stoichiometry—34.9% in system Ti–Zn–Bi). Mostly, ele-
ment B (M(B)=60, 72, 73, or 76) has content 11.1%, while element A then
takes on the role complementary to Bi: 33.3% of M(A)=30–33 with M(B)= 60
or 73, i.e., Mn or Mg, respectively, as well as 11.1% of M(A)=26–33 or 51 with
M(B)=72 (or 76—see above), i.e., Cu. In one structure, A- and B-contents are
reversed (Sc–La–Bi; 11.1% with M(A)=19 and 33.3% with M(B)= 33). The
hP6-BeZrSi-type structures all have 1:1:1-stoichiometry and contain elements A
and B withM(A)=14–18 andM(B)= 70–72. Of the tP10-CaBe2Ge2-type struc-
tures, only two have 1:2:2-stoichiometry with 40% Bi and 20% of each, A and
B, in this case Sr/Eu and Pd, respectively (M(A)=15 or 18 and M(B)= 69).
The remaining structures contain 44.4% Bi, as well as 22.2% of element A with
M(A)=24–33 and 33.3% Ni (M(B)= 67). The hP4-NiAs-type structures con-
tain 10–50% Bi, 20–50% of element A (M(A)=30 or 60–69), and 15–40% of
element B (M(B)=60–88). All oP12-TiNiSi-type structures have stoichiome-
try 1:1:1; they are either built with Li (M(A)=12) and an element B with
M(B)=15–18, or elements A with valuesM(A)=28–32 and Rh (M(B)= 65).

The representatives of structure type cP4-Cu3Au mostly contain 75% of Pt
or Pd (M(A)=68 or 69, respectively) with a largely equal division of the re-
maining 25% between Bi and element B (M(B)= 78–82); one compound is
formed with 25% of Ba (M(A)=14) and a mixture of Pb (M(B)=82) and Bi
for the remaining 75%. All oI36-Ho12Co5Bi-type structures contain 5.6% Bi and
27.8% Co (M(B)= 64), as well as 66.7% of element A with M(A)=21–27. The
1:1:1-compounds of type tP6-PbClF are built either with elementsM(A)=8–11
and M(B)= 16, 60, or 73, or—in one case—in the U–Sb–Bi-system (M(A)=45
and M(B)= 88). The tI16-SrZnBi2-type structures contain 50% Bi, as well as
25%, each, of elements A (M(A)=14, 15, or 32) and B (M(B)= 60, 75, 76,
or 84). Most oP32-Y2HfS5-type structures contain 25% Bi, 62.5% of element
A (M(A)=22–27) and 12.5% of Co, Ni, or Cu (M(B)= 64, 67, or 72, respec-
tively), while the latter one is slightly Cu-deficient, compensated by a higher
Bi-content of 28.8%. The cF16-BiF3-type structures contain 12.5–27.9% Bi,
combined with elements A and B with M(A)=12 or 69 and M(B)= 49–54,
80, or 84.

All tI208-Ca14AlSb11-type structures are stoichiometric with 42.3% Bi, 53.8%
of element A (M(A)=14–18), and 3.8% of Mn or In (M(B)= 60 or 79).
The cI28-Th3P4-type representatives mostly contain 57.1% of element A with
M(A)=26–33, the remaining formula being made up by Bi and elements B
with values M(B)= 82–88; the only compound where A and B combine to
57.1%, is built from elements with M-values are 24 and 27, i.e., Dy and
Gd, respectively. oP48-Zn4.23Yb9Sb9-type structures contain 40.4–40.9% Bi, as
well as similar amounts of element A (M(A)=15–18) and 18.2–19.2% of ele-
ment B, i.e., Cd or Zn (M(B)=75 and 76, respectively). All hP9-ZrNiAl-type
structures have stoichiometry 1:1:1 and contain elements with M(A)=11 or



Intermetallic compounds with at least one (semi)metallic element from groups 13–16 423

10

20

30

40

50

60

70

80

90

M
en

de
le

ev
 n

um
be

r 
M

(B
)

cF12-ABBi phases (A vs. B) tI32-A5BiB2 phases (A vs. B)

10

20

30

40

50

60

70

80

90

10 20 30 40 50  60 70 80 90

M
en

de
le

ev
 n

um
be

r 
M

(B
)

Mendeleev number M(A)

hP12-Bi2BA6 phases (A vs. B)

10 20 30 40 50 60 70 80 90

Mendeleev number M(A)

cI40-A3B3Bi4 phases (A vs. B)

7–16 17–33 34–48 49–77 78–91

7–16 17–33 34–48 49–77 78–91

7–16 17–33 34–48 49–77 78–91

7–16 17–33 34–48 49–77 78–91

61
Fe

76 Zn
73 Mg

54 V

12
Li

49
Zr

67
Ni

72
Cu

64 Co

70 Au

28
Sm

67 Ni

16
Ca

33
La

27
Gd

20
Lu

27
Gd

20
Lu

49
Zr

33
La

45
Th

67 Ni

60 Mn

67 Ni
72 Cu

Fig. 7.94 Occurrence of the four most common structure types among ternary Bi-intermetallics.
The Mendeleev number M of the other two elements in the compound are shown. The depicted
structure types are cF12-MgAgAs, tI32-Mo5SiB2, hP9-K2UF6, and cI40-Au3Y3Sb4 (ranks
1–4, respectively, in Table 7.29). Where A and B have equal shares in the chemical formula,
they are assigned so that M(A) < M(B).

22–27 and M(B)= 14 or 65. Also the hP6-LiGaGe-type structures have 1:1:1-
stoichiometries, while being built with elements A and B withM(A)=16–18 and
M(B)= 70–72. The tI28-V4SiSb2-type structures are stoichiometric with 28.6%
of Bi, 57.1% of Ti (M(A)=51), and 14.3% of element B with M(B)= 57–67.
oP44-Ca9Mn4Bi9-type representatives contain 40.9% Bi, the same amount of
element A (Sr or Ca with M(A)=15 and 16, respectively), and 18.2% of ele-
ment B with values M(B)=60, 75, or 76. The structures of type hP5-Ce2SO2
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contain 40%, each, of Bi and Mn or Mg (M(B)= 60 or 73), and 20% of el-
ement A (M(A)=14–16). Four cF4-Cu-type structures contain 0.2–15% Bi,
in addition to a mixture of elements M(A)=71–78 and M(B)= 72–82. All
cF88-Cu4Mn3Bi4-type structures contain 36.4% Bi; three contain 45.5% Mn
(M(A)=60) and 18.2% of element B with M(B)= 65–69, while the eponymous
compound was reported to be built from 27.3% Mn and 36.4% Cu (M(B)= 72).
The tI80-La6Co11Ga3-type structures all contain 5% Bi in addition to 30% of el-
ement A (M(A)=28–33) and 65% of element B (M(B)= 61 or 64, i.e., Fe and
Co, respectively).

In the following, the structures of the topmost five structure types of ternary
bismuthides (see Table 7.29) are discussed and then illustrated in Fig. 7.95.

• cF12-MgAgAs (216 F 4̄3m): This structure type is also known as cF12-
LiAlSi, in which the Al (Ag and other TM) atoms form a ccp packing, the
Si (As and other main group) elements occupy half of the tetrahedral voids,
and Li (Mg and RE) atoms are sitting in the octahedral voids (see Fig. 7.2).

• tI32-Mo5SiB2 (Rawn et al., 2001) (140 I4/mcm): The structure type can be
seen as an ordered variant of the tI32-Cr5B3 type. In bismuthides, the Mo
site can be occupied by one of the RE elements Lu, Tm, Er, Ho, Dy, Tb,
and Gd, the Si site by Co, Ni, Pt, Pd, and Au, and the B site by Bi. The
structure can be seen as being constituted from Mo-centered Mo cubes,
which are edge-connected so that their base and top squares form a 32.4.3.4
triangle/square tiling. The B atoms cap the side squares of the cubes, and the
Si atoms center the square antiprisms constituted from the top and bottom
squares of along [001] neighboring Mo cubes.

• hP9-K2UF6 (Brunton, 1969) (189 P6̄2m): This structure type, which can
be seen as an ordered hP9-Fe2P version, is also known as the hP9-Zr6CoAs2
structure type. The structure can be geometrically seen as a packing of large
hexagonal K-prisms centered by U atoms. U is coordinated by nine F atoms,
three within the K honeycomb layers, and three above and below them in the
U layers. In bismuthides, Bi sits in the K-position, RE elements (Lu, Tm,
Er, Ho, Dy, Y, Tb, and Gd) plus Zr and Hf in the F-site, and TM atoms
(Mn, Fe, Ru, Os, Co, Rh, Ir, and Ni) at the U-site.

• cI40-Au3Y3Sb4 (220 I 4̄3d): Bi is located at the Sb-site, RE elements at the
Au site, and TM atoms at the Au position. The Au atoms center elongated
Sb-tetrahedra, which are vertex-connected, while Y atoms center the space
in-between.

• tP8-CuHfSi2 (129 P4/nmm): This structure type is equivalent to that of
tP8-CuZrSi2. In the respective bismuthides, Bi occupies the Si-site, Li, Ba,
Sr, Ca and the lanthanoids replace Hf, and La, Mn, Ni, Pd, Pt, Au, Ag, Cu,
Hg, Cd, and Zn are located on the Cu-site. The structure consists of a flat
44 net of Si, followed by a puckered rotated 44 net of Si/Hf, followed by a
flat 44 net of Cu.
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Fig. 7.95 The topmost five structure types of ternary bismuthides: (a) cF12-MgAgAs
(cF12-LiAlSi), (b)–(d) tI32-Mo5SiB2, (e)–(g) hP9-K2UF6 (hP9-Zr6CoAs2), (h)
cI40-Au3Y3Sb4, and (i)–(k) tP8-CuHfSi2 (tP8-CuZrSi2). In (b), the main structural unit, a
body-centeredMo cube, is shaded gray. The base and top faces of the edge-connected cubes form
a 32.4.3.4 triangle/square tiling each, with the squares capped by Si (c). The B/Mo pentagon
tiling in-between—(d)—contains the body center of theMo-cube. (f) The basic structural
building unit of hP9-K2UF6 is a hexagonal K-prism, centered by a U atom, which is
9-coordinated by F. (h) The structure of cI40-Au3Y3Sb4 can be seen as consisting of
vertex-connected elongated Sb-tetrahedra centered by Au, with the large Y distributed in the
spaces between. (j) The structure of tP8-CuHfSi2 can be described by a stacking of flat and
puckered 44 nets decorated with Si, Si/Hf, and Cu, respectively.

7.15.10 Polonides

Among the binary IMs, only 24 Po-containing intermetallics are listed in the PCD,
featuring just three structure types, i.e., 8.0 representatives per structure type.
In contrast, no ternary polonides can be found there. The comparatively small



426 Crystal structures of intermetallic compounds

Table 7.30 The structure types of binary polonides.

Rank Structure type No. Space
group

Wyckoff
positions

No. of
structures

% of all
structures

1. cF8-NaCl 225 Fm3̄m 4ab 15 62.5%

2. hP4-NiAs 194 P63/mmc 2ac 6 25.0%

3. cF8-ZnS 216 F 4̄3m 4ac 3 12.5%
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Fig. 7.96 Occurrence of the three different
structure types among binary polonides. Po has
the Mendeleev number M(Po)= 91. The
Mendeleev number M(B) of the other element
in the compound is marked by a dot over the
respective structure type.

number of polonides known so far has to be attributed to the toxicity and radio-
activity of this element as well as to its scarcity. In Table 7.30, the structure types
of the binary polonides are given, and in Fig. 7.96 their constituting elements are
shown.

All of these 24 Po-intermetallics have 1:1-compositions and simple structures.
The cF8-NaCl structure type is almost exclusively adopted by RE polonides (plus
Ba, Ca, Hg, and Pb), which have metallic character. The hP4-NiAs type by TM
compounds (plus Sc and Mg), and the few cF8-ZnS type structures with the
group 12 elements Cd, Zn, and Be, have a more ionic character. Po has with
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χ =2.0 the highest electronegativity of the metallic main group elements, and can
be expected to be negatively charged (–2) in all these compounds except in those
with Hg.

7.16 Lanthanoid/lanthanoid and actinoid/actinoid
compounds

Because of their close chemical similarity (for electronegativities and atomic radii
see Fig. 7.97), no ordered binary compounds are known so far between two
lanthanoids (Ln) or two actinoids (An). What is observed, however, are solid
solutions of one component in one of the allotropes of the other, depending on
temperature. “Mischmetall” (mixed metal) is a solid solution of usually 50% Ce,
25% Ln, and small amounts of Nd and Pr, as it can be obtained from the ore
monazite. Another solid solution is the five-component high-entropy alloy (HEA),
HoDyYTbGd, which has been studied recently (Feuerbacher et al., 2015). In
most cases, the structures of the different allotropes stable at different temper-
atures are of the types hP2-Mg, cI2-W, cF4-Cu, or hP4-La. In several cases, a
pseudo-binary LT-phase (δ) has been identified in the range between 20% and
80%, with a structure of the hR9-Sm type. Binary phases assigned to unary
structure types with only one crystallographic site occupied must be disordered,
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Fig. 7.97 Elements constituting the compounds discussed in this section are shaded gray in the
periodic table. Mendeleev numbers (top left in each box), Pauling electronegativities χ (relative to
χF = 4.0) (bottom left in each box), and atomic radii (half of the shortest distance between atoms
in the crystal structure at ambient conditions) (bottom right in each box) of the metallic elements
are given.
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supposing they have been determined reliably in spite of the weak contrast for
X-ray diffraction.

In the PCD, there are 73 entries for binary Ln–Ln phases with the following
structure types: cF4-Cu, cI2-W, hP2-Mg, hP4-La, and hR9-Sm. All these struc-
ture types are adopted by one or the other rare-earth element. Most of them show
the hP2-Mg structure at ambient conditions and the cI2-W type at elevated tem-
peratures, while at higher pressures the hR9-Sm type is the most common one.
There is just one entry of a ternary Ln–Ln–Ln phase, which is a solid solution,
however.

In the following, all binary Ln–Ln phases are given, whose structure type dif-
fers from the ones of both constituting elements at ambient conditions. However,
at high pressures at least one of the two constituents has the structure type of
the resulting binary phase. This could be understood in the way that the second
component stabilizes a high-pressure phase at ambient conditions.

• cF4-Cu: cI2-Eu/hP2-Yb and hP2-Gd/hP2-Yb. Gd and Yb both have high-
pressure allotropes with the cF4-Cu structure type.

• hP4-La: cF4-Ce–(hP2-Ho, hP2-Tb, hP2-Gd, and hR9-Sm). Ho, Tb, Gd,
and Sm all have high-pressure allotropes with the hP4-La structure type.

• hR9-Sm: hP4-La–(hP2-Gd, hP2-Dy), cF4-Ce–(hP2-Er, hP2-Ho, hP2-Tb,
hP2-Gd), hP4-Pr–(hP2-Ho, hP2-Tb, hP2-Gd), hP4-Nd–(hP2-Tm, hP2-
Ho, hP2-Dy, and hP2-Gd). Gd, Dy, Er, Ho, Tb, Tm, and Dy all have
high-pressure allotropes with the hR9-Sm structure type.

A similar situation applies to the An–An phases. There are 17 binary phases
in the PCD, all of them but one crystallizing in unary structure types: cF4-
Cu, cI2-W, oP8-Np, tP4-Np, mP16-Pu, oF8-Pu, mS34-Pu, oS4-U, and tP30-U.
There is no entry for a ternary An–An–An phase. In the following, all binary
An–An phases are given, whose structure type differs from the ones of both con-
stituting elements at ambient conditions. However, at high temperatures at least
one of the two constituents has the structure type of the resulting binary phase.
This could be understood in such a way that the second component stabilizes a
HT-phase at ambient conditions.

• cF4-Cu: mP16-Pu–(hP4-Am, oC4-U). Am has a high-pressure allotrope
with the cF4-Cu structure type.

• cI2-W: mP16-Pu–(oP8-Np, oC4-U). All three actinoids have HT-phases
with the cI2-W structure type.

From the few phase diagrams explored so far, a (pseudo)-binary phase
(δ) has also been experimentally observed but its structure has not been
determined yet. In the case of Np–Pu it was identified as orthorhombic
(Sheldon and Peterson, 1985a), for Np–U as cP58 (Sheldon and Peterson,
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Fig. 7.98 The structure of hR147-U0.4Pu0.6 in different projections: (a, c)
Polyhedron representations with a quite regular CN16 Frank-Kasper polyhedron
(dark gray), and a distorted CN15 one (light gray) stacked along [001]. In-between
are Pu zigzag chains with alternating distances of 3.349 Å and 2.913 Å. (b)
Projection of the structure along [001].

1985b). In the system Pu–U even two binary phases have been observed, and de-
nominated U0.4Pu0.6-ht (η) and hR147-U0.4Pu0.6 (ζ ) (Lawson et al., 1996). The
latter phase is shown in Fig. 7.98. Pu and U atoms could not be distinguished
in the structure analysis due to their very similar X-ray atomic scattering factors.
Although their atomic radii differ by more than ten percent, rPu = 1.561 Å and



430 Crystal structures of intermetallic compounds

rU =1.385 Å, their atomic volumes in the RT structures, V Pu
at =20.43 Å3 and

VU
at =20.75 Å3, are very similar to that of hR147-U0.4Pu0.6 with VU

at =21.17 Å3.
In terms of polyhedra packing, the structure can be fully described by the

packing of three more or less distorted Frank-Kasper polyhedra. Pu1 and Pu9
are coordinated with distorted CN15 and quite regular CN16 FK-polyhedra,
respectively, Pu10 with distorted CN14 FK-polyhedra. There are some simil-
arities between the AETs and their way of stacking between this compound and
cI58-Mn.

7.17 High-pressure phases of selected intermetallic
compounds

As has been shown before in Chapter 6, a majority of the chemical elements
undergoes structural phase transformations as a function of pressure. Under com-
pression, the interatomic distances are decreased, the atomic orbitals overlap to
a larger extent, the electronic band structure gets modified, i.e., the bands are
usually broadened. For some elements under pressure, a differentiation of atoms
at different sites in the crystal structure can take place, leading to host/guest
structures, for instance, a behavior that is known for particular binary or ter-
nary compounds mostly. Under pressure, covalent bonding contributions can
also increase. Frequently the structures of the high-pressure modifications of the
lighter elements are closely related to those of the heavier homologues due to their
stronger atomic interactions.

Intermetallic phases behave similarly but in a more complex manner than the
elements. Unfortunately, the data base is small since only the structures of rela-
tively few intermetallics have been studied so far as a function of pressure. In the
case of intermetallic compounds, we can additionally define a “chemical pressure”
induced by atoms that are “too large” to fit smoothly in their AETs. In the case
of compounds consisting of “soft” and “hard” atoms behaving as pure elements
quite differently under pressure, the structural changes may be more pronounced
than in the case of intermetallics constituted from “hard atoms”, only.

In the following, we shortly discuss the structural changes that selected in-
termetallics undergo under hydrostatic compression based on the review by
Demchyna et al. (2006). These are Zintl phases, AlB2 type structures, and Laves
phases. We are not going to discuss another kind of intermetallics that are un-
stable or metastable under ambient conditions, but form stable compounds if
synthezised under high pressure.

Zintl phases can be considered to be polar intermetallics, which under pressure
can create a pseudo-gap due to the reduction of the electronic density of states
at the Fermi level. In Table 7.31, a selection of 1:1 Zintl-phases is shown with
the structure type their structure belongs to under ambient conditions (LP), the
pressure under which the structural transformation takes place, as well as the high-
pressure (HP) structure type. The LP-structures listed are, with a few exceptions,
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Table 7.31 Structural data for selected low-pressure (LP) and high-pressure (HP) Zintl-phases
with composition AB. Listed are compound formula, structure type of the LP phase,
transformation pressure p at ambient temperature, structure type of the HP phase, and
references.

AB LP-structure type P [GPa] HP-structure type References

LiIn cF16-NaTl 11 cP2-CsCl Schwarz et al. (1998b)

KTl oC48-KTl 2 cF16-NaTl Evers and Oehlinger (2000)

LaSb cF8-NaCl 11 tP2-MnHg Leger et al. (1984)

CeSb cF8-NaCl 10 tP2-MnHg Leger et al. (1984)

PrSb cF8-NaCl 13 tP2-MnHg Hayashi et al. (2000)

NdSb cF8-NaCl 15 tP2-MnHg Hayashi et al. (2000)

SmSb cF8-NaCl 19 tP2-MnHg Hayashi et al. (2000)

GdSb cF8-NaCl 22 tP2-MnHg Hayashi et al. (2000)

TbSb cF8-NaCl 21 tP2-MnHg Hayashi et al. (2000)

DySb cF8-NaCl 22 cP2-CsCl Shirotani et al. (2001)

HoSb cF8-NaCl 22 cP2-CsCl Shirotani et al. (2001)

ErSb cF8-NaCl 25 cP2-CsCl Shirotani et al. (2001)

TmSb cF8-NaCl 22 cP2-CsCl Shirotani et al. (2001)

YbSb cF8-NaCl 13 cP2-CsCl Hayashi et al. (2004)

LuSb cF8-NaCl 24 cP2-CsCl Shirotani et al. (2001)

NpSb cF8-NaCl 12 tP2-MnHg Méresse et al. (1999)

PuSb cF8-NaCl 18 cP2-CsCl Méresse et al. (1999)

cP2-CsCl 42 tP2-MnHg Méresse et al. (1999)

CeBi cF8-NaCl 13 cP2-CsCl Leger et al. (1985)

13 tP2-MnHg Leger et al. (1985)

UBi cF8-NaCl 5 cP2-CsCl Méresse et al. (1999)

NpBi cF8-NaCl 8 cP2-CsCl Méresse et al. (1999)

PuBi cF8-NaCl 10 tP2-MnHg Méresse et al. (1999)

cF8-NaCl 42 cP2-CsCl Méresse et al. (1999)

AmBi cF8-NaCl 14 tP2-MnHg Méresse et al. (1999)

CmBi cF8-NaCl 12 cP2-CsCl Méresse et al. (1999)

cP2-CsCl 20 tP2-MnHg Méresse et al. (1999)

continued
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Table 7.31 continued

AB LP-structure type P [GPa] HP-structure type References

GdCu cP2-CsCl 12.8 oP4-AuCd Degtyareva et al. (1997)

LaAg cP2-CsCl 5 oP4-AuCd Degtyareva et al. (1997)

NdAg cP2-CsCl 3.4 oP4-AuCd Degtyareva et al. (1997)

AgZn hP9-AgZn 3.1 cP2-CsCl Iwasaki et al. (1985)

NdZn cP2-CsCl 4.2 oP4-AuCd Degtyareva et al. (1997)

CeZn cP2-CsCl 2 oP4-AuCd Degtyareva et al. (1997)

LiCd cF16-NaTl 11 cP2-CsCl Schwarz et al. (1998b)

all of either the cF8-NaCl or the cP2-CsCl type, and they transform in most
cases to derivative structures of the cP2-CsCl type or the tP2-MnHg type. This
means that they can be described by different decorations (atoms/vacancies) of
undistorted or distorted cubic primitive lattices.

The classical Zintl phase LiIn undergoes a transition from the cF16-NaTl
structure type to the cP2-CsCl type at 11 GPa. Thereby the more covalent In–In
bonding in the polyanionic 3D 4-connected diamond net is largely lost (Schwarz
et al., 1998b). KTl crystallizes under high pressure only, with the cF16-NaTl
type structure. At ambient conditions, the K+ ion is too large for the interstices
in the polyanionic 3D 4-connected diamond net constituted from the Tl– ions:
rNa/rTl = 1.843/1.588=1.16 vs. rK/rTl = 2.296/1.588=1.45 (Evers and Oehlinger,
2000). Under pressure, the more compressible K thus can be squeezed into
the voids of the polyanionic network, where the 3D 4-connected diamond net
provides a higher coordination of the K+ ions than the oC48-KTl structure.

The structure of tP2-MnHg can be seen as a slightly tetragonally distorted cP2-
CsCl-type structure, with a c/a ratio slightly larger than 1. In the HP-structures of
RESb (RE=La, Ce, Pr, and Nd), however, it drops to 0.82 after the transition,
which shows a volume collapse of 10–11%. The coordination number of the RE
atoms increases from 6 Sb to 8 Sb + 2 RE, all at a distance 1/2(2a2 + c2)1/2. The
rather small atomic distances indicate a metallic or covalent Sb–Sb bonding; there
are no indications of a 4f electronic transition (Leger et al., 1984). In the case of
PrSb and NdSb the atomic distance Pr–Sb indicates covalent bonding (Hayashi
et al., 2000). The heavier RESb show a transition cF8-NaCl to cP2-CsCl with a
much smaller volume collapse of 1–3%, reflecting the increased covalent character
of chemical bonding in these compounds. The transition pressures increase with,
due to the lanthanide contraction, decreasing lattice parameters of the LP-phases,
with the exception of YbSb (Shirotani et al., 2001; Hayashi et al., 2004).

In the case of lanthanoid and actinoid compounds, the application of pressure
may influence the 4f and 5f electrons. This does not seem to be the case for
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the lanthanoid compounds discussed above, but it applies for compounds of the
heavier actinoids. The structure of PuBi, for instance, first transforms from the
cF8-NaCl type at 10 GPa, with a volume collapse of ≈ 12% to the tP2-MnHg
type and, thereafter, at 42 GPa without a volume discontinuity to the cP2-CsCl
type (Méresse et al., 1999). In contrast, UBi and NpBi transform directly to the
cP2-CsCl type, and AmBi to the tP2-MnHg, only, CmBi transforms first to the
cP2-CsCl type and then to the tP2-MnHg just as PuSb does. In the case of PuBi,
the formation of covalent Sb–Sb bonds seems to be the driving force for the for-
mation of the tetragonal structure, while for the higher actinoids, interactions of
An 5f and Bi 6p electrons are believed to be decisive (Méresse et al., 1999).

The structures of LaAg, NdAg, NdZn, and CeZn all transform at rather low
pressures between 2 and 5 GPa from the cP2-CsCl type to the oP4-AuCd type
(Degtyareva et al., 1997), which can be described as an orthorhombically dis-
torted superstructure of hP2-Mg, with its [100] direction parallel to the six-fold
axis. In the prototype structure, Au is surrounded by a disheptahedron of eight
Cd and four Au atoms, Cd by the same AET but now decorated with eight Au
and four Cd atoms.

The AlB2 derivative phases shown in Table 7.32 transform into other AlB2 de-
rivative structures, mostly with lower symmetry or just smaller c/a ratios. CeGa2,
crystallizing in the hP3-AlB2 structure type, with c/a=0.931 at 24 GPa, trans-
forms into the isopointal hP3-UHg2 type with c/a=0.817 at 24 GPa. The struc-
ture types hP3-UHg2 and hP3-AlB2 differ just by their c/a ratios which are either
significantly smaller than or close to 1, respectively. While the coordination of Al

Table 7.32 Structural data for selected low-pressure (LP) and high-pressure (HP) AlB2
derivative phases, and Laves phases (below the dashed line). Listed are compound formula,
structure type of the LP phase, transformation pressure p at ambient temperature, structure type
of the HP phase, and references.

AB2 LP-structure type P [GPa] HP-structure type References

CeGa2 hP3-AlB2 16 hP3-UHg2 Shekar et al. (2004)

HoGa2 hP3-AlB2 4 hP3-UHg2 Schwarz et al. (1998a)

TmGa2 oI12-KHg2 22 hP3-UHg2 Schwarz et al. (1996)

YbGa2 hP6-CaIn2 22 hP3-UHg2 Schwarz et al. (2001b)

GdGa2 hP3-AlB2 7.7 hP3-UHg2 Schwarz et al. (2001a)

LaCu2 hP3-AlB2 1.6 oI12-CeCu2 Lindbaum et al. (2000a)

KHg2 oI12-KHg2 2.5 hP3-UHg2 Beister et al. (1993)

ThAl2 hP3-AlB2 0.3 cF24-MgCu2 Godwal et al. (1986)

UAl2 cF24-MgCu2 0.3 hP24-MgNi2 Sahu et al. (1995)

UMn2 cF24-MgCu2 3 orthorhombic Lindbaum et al. (2000b)
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equals 9, that for U in the latter amounts to 11. So it is more likely to form under
pressure (Shekar et al.., 2004). In the case of HoGa2, c/a=0.813, and for GdGa2
it equals 0.809 at 8 GPa, in KHg2 even 0.584 at 11.7 GPa (Beister et al., 1993).

ThAl2 is an intermetallic compound that transforms from hP3-AlB2 into the
cubic Laves phase structure type cF24-MgCu2. The radii ratio of Th and Al is
with rTh/rAl = 1.798/1.432=1.256 already at ambient conditions close to the ideal
value for Laves phases. Since Th is much more compressible than Al, its atomic
volume can be compressed to ≈ 50% at ≈ 70 GPa while ≈ 200 GPa is needed for
Al; high pressure can drive the phase transition to the Laves phase.

UAl2, a classic spin-fluctuation system, just transforms from the cubic Laves
phase to the hexagonal double-period Laves phase hP24-MgNi2. The transition
has been interpreted to be caused by the pressure-induced increase in the f elec-
tron delocalization changing the e/a ratio from 1.66 to 1.8, the stability range of
the hexagonal Laves phase (Sahu et al., 1995).

7.18 High-entropy alloys

7.18.1 Introduction and definitions

High-entropy alloys (HEAs) were introduced under this name at the beginning
of this century (Yeh, 2002; Yeh et al., 2004a; Yeh et al., 2004b). Actually, single
phase HEAs would be better called solid solutions and not alloys, because the term
“alloys” is commonly used for multiphase materials. As mentioned by Cantor
(2014), these kinds of multicomponent alloys have been studied for the first time
by Vincent (1981), followed up by Knight (1995) as well as Ranganathan (2003).

HEAs were originally defined as single-phase alloys consisting of n=5–11 prin-
cipal elements with concentrations of each component approximately equal to
100/n at.%. This definition allows, at least theoretically, the preparation of a large
number of HEAs with promising physical properties. The underlying assumption
is that the mixing entropy �Smix would be large enough to prevent the forma-
tion of intermetallics and phase separation. However, this is true for only a few of
them, depending on the equilibration temperature. So far, the maximum number
of constituents found forming single-phase HEAs amounts to n = 6 (He et al.,
2014). According to the “confusion principle” (Greer, 1993), the more constitut-
ing elements are contained in an alloy, the lower is the chance to arrange them in a
low-energy crystal structure, and the higher is the probability of glass formation,
followed by phase separation if thermally equilibrated. To some extent, HEAs can
be considered to be the thermodynamically stable counterparts to bulk metallic
glasses (BMGs). Their deformed but still existing simple average lattices allow
for a larger ductility than that of BMGs.

For the formation of a thermodynamically stable substitutional solid solu-
tion, the condition �Gmix =�Hmix – T�Smix < 0 must hold. This is always the
case if |�Hmix|<T�Smix and/or �Hmix < 0. �Hmix can be seen as a measure



High-entropy alloys 435

for the degree of structural ordering, which may range from phase separation
(�Hmix � 0) via short-range order (clustering) to long-range order (�Hmix � 0),
i.e., the formation of intermetallic compounds. Although the mixing entropy
increases logarithmically with the number n of constituents, the number of poten-
tially coexisting intermetallics increases as well, even linearly with n. For instance,
doubling the number of constituents from three to six increases the mixing en-
tropy just by a factor of 0.69, i.e., from 1.1 to 1.79 in units of the gas constant R.
Consequently, increasing the number of constituents does not automatically mean
that the formation of intermetallics can be suppressed. It should be kept in mind
as well that HEAs can only be stable above a particular threshold temperature
Tth <T <Tm (with Tm the melting temperature), defined by |�Hmix|=Tth�Smix.
This has implications for the applications of HEAs at temperatures below Tth,
where significant diffusion is still possible.

The configurational mixing entropy of an HEA can be described as �Sconf =
–R

∑n
i =1 xiln(xi), with xi the fraction of the i-th element, and R the universal gas

constant. �Sconf can be seen as a measure for the degree of randomness (disor-
der) of the structure. In the case of HEAs consisting of five elements, the mixing
enthalpy was estimated to be in the range –15<�Hmix < 5 kJ/mol, and the config-
urational mixing entropy �Sconf ≥ 1.61 R (Zhang and Zhou, 2007). Thereby, the
configurational mixing entropy was calculated assuming that each atom is statis-
tically distributed in the same way without any short-range ordering and specific
atomic interactions. For the prediction of HEAs see, for instance, the recent paper
by Troparevsky et al. (2015) and references therein.

In the decade after the publication of the first papers on HEAs (Yeh et al.,
2004a; Yeh et al., 2004b), more than 400 articles on HEAs have appeared. Some
recent reviews are: Kozak et al. (2015), Tsai and Yeh (2014), and Zhang et al.
(2014b). Unfortunately, most samples studied were neither quenched from a ther-
modynamic equilibrium state nor single-phase, causing some confusion in this
field. It seems that the definition of HEAs has been extended, now also including
multiphase alloys (Yeh, 2015). This, however, raises the question about the differ-
ence between classical alloys and HEAs. However, in the following we essentially
stick to the original definition, and only discuss HEAs that are approximately equi-
atomic, single-phase, substitutional solid solutions in thermal equilibrium. All of
them (known so far) have simple average crystal structures of either the cF4-Cu
or the cI2-W type. The only exception so far are HEAs such as HoDyYGdTb,
made up of hcp rare earth elements, which adapt an hcp structure as well.

7.18.2 Stability regions

Until recently, more than twenty multinary systems have been searched for HEAs,
based on more than one hundred combinations of four to nine elements out of
twenty-one (Ho, Dy, Y, Gd, Tb, Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W, Mn, Fe,
Co, Ni, Pd, Cu, and Al). Only a few compositions lead to single-phase, close to
equiatomic HEAs (at least in the as-cast state) (Kozak et al., 2015): CrFeCoNi
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(Lucas et al., 2012), CrFeCoNiAl0.3 (Ma et al., 2013), CrFeCoNiMn (Cantor
et al., 2004; Otto et al., 2013), CrFeCoNiMnAl0.2 (He et al., 2014), CrFeCoNiPd
(Lucas et al., 2011), NbMoTaW (Senkov et al., 2010), VNbMoTaW (Senkov
et al., 2010), TiZrHfNbTa (Senkov et al., 2011), and HoDyYGdTb (Feuerbacher
et al., 2015).

In the case of the Al-based HEAs, cF4-Cu type average structures were ob-
served for the systems CrFeCoNiAlx (Kao et al., 2009; Wang et al., 2012a) and
CrFeCoNiMnAlx (He et al., 2014), with 0 < x < 0.3, while cI2-W and cP2-CsCl
type average structures, respectively, result at higher Al contents (x ≥ 1). At ambi-
ent conditions, Cr and Fe are bcc, Co hcp, Ni and Al ccp, while Mn has a complex
superstructure of the cI2-W type. At elevated temperatures, Fe and Co transform
to ccp, and at high pressure Mn to bcc. Al has a larger atomic radius than the TM
elements and can consequently cause a high internal local pressure.

HEAs containing light TM only, such as CrFeCoNi and CrFeCoNiMn, adopt
the cF4-Cu structure type, while for those containing refractory elements such
as NbMoTaW, VNbMoTaW, and TiZrHfNbTa the cI2-W structure type is ob-
served. V, Nb, Mo, Ta, and W all have structures of the cI2-W type; Ti, Zr, and
Hf are all hcp at ambient conditions and bcc at high temperatures. The atomic radii
of Ti, Nb, and Ta are ≈ 5% larger than those of V, Mo, and W, and ≈ 10% smaller
than those of Zr and Hf.

While all of the above-listed HEAs have either bcc or fcc average structures, not
surprisingly HoDyYGdTb is hcp as the pure elements are. The lattice parameters
follow the rule of mixtures (the atomic radii are in the range 1.743–1.787 Å).
The authors assume that also hcp HEAs that are constituted from the other RE
should also form although the atomic radii span a much larger range from 1.724
to 1.995 Å (Feuerbacher et al., 2015). RE HEAs might be of interest for studying
magnetism or heavy-fermion behavior in disordered systems.

The probability of the formation of HEAs is higher in multinary systems, the
binary boundary systems of which show extended solid solutions (Bei, 2013; Otto
et al., 2013; Zhang et al., 2014a). This is the case for the bcc HEAs NbTaMoW,
VNbTaMoW, ZrHfNbMo, and TiZrHfNbMo, which do not show significant de-
viations from a random solid solution when annealed at temperatures ≥ 2000 K
(Maiti, 2015). All 28 binary subsystems except six, (Zr,Hf)–(V,Mo,W), show full
solid solubility above a given threshold temperature (see Table 7.33). However, V,
Mo, and W can solve up to 25, 4, and 11% of Hf, and 9.5, 5, and 3.5% of Zr at
sufficiently high temperatures.

Some more quantitative prerequisites that are known to favor HEA formation
are (Broer and Pettifor, 1988; Guo et al., 2011; Zhang et al., 2012):

• Atomic size difference δ ≤ 6.6%, with δ =

√
n∑
i=1
ci(1 – ri

r̄ )
2, ci and ri the con-

centration and the atomic radius of the i-th element, respectively, and r̄ the
average atomic radius.
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Table 7.33 Solid solubility of the binary subsystems of refractory HEAs. All constituting
elements as well as the resulting HEAs are of the cI2-W structure type, at least above a threshold
temperature [K], which is given for a 1:1 composition in each case. If no temperature but a plus
sign is given, this means that for the solid solutions no phase transformation was observed down
to ambient temperature. A minus sign indicates no solid solution at all.

Ti Zr Hf V Nb Ta Mo W
Ti ≈ 880 ≈ 1270 ≈ 880 ≈ 870 ≈ 800 ≈ 1070 ≈ 1300

Zr ≈ 880 ≈ 1650 – ≈ 1240 ≈ 2000 – –

Hf ≈ 1270 ≈ 1650 – ≈ 1510 ≈ 1350 – –

V ≈ 880 – – + ≈ 1550 + +

Nb ≈ 870 ≈ 1240 ≈ 1510 + + + +

Ta ≈ 800 ≈ 2000 ≈ 1350 ≈ 1550 + + +

Mo ≈ 1070 – – + + + +

W ≈ 1300 – – + + + +

• Valence electron concentration VEC≥ 8 for fcc solid solutions and

VEC< 6.87 for bcc ones, where VEC=
n∑

i =1
ci(VEC)i .

• Parameter � ≥ 1.1, with �= Tm�Smix
|�Hmix|

, Tm =
n∑

i =1
ciT i

m the melting temperature

of the solid solution, and Ti
m the melting temperature of the i-th ele-

ment. �Hmix and �Smix are the mixing enthalpy and entropy, respectively,
calculated based on Miedema’s approach (Miedema, 1976).

7.18.3 Structures and properties

The average structures of HEAs are quite simple, mainly of the cI2-W or the cF4-
Cu type. Not much is known, however, about the short-range ordering, and the
lattice distortion resulting therefrom (Fig. 7.99; also compare with Fig. 7.7 (h), for
instance). This knowledge is important for understanding the physical properties
of these materials, in particular their mechanical strength, plasticity, and deforma-
tion characteristics. See, for instance, the recent papers by Zou et al. (2014), Diao
et al. (2015), and references therein.

HEAs are potentially very valuable materials with tunable properties. For in-
stance, the refractory-metal-based HEAs possess high-temperature strength and
thermal resistance comparable to superalloys, with a rather weak decrease of yield
strength up to 1900 K (Senkov et al., 2012). This effect has been assiged to
the sluggish diffusion in HEAs caused by lattice distortions (Tsai et al., 2013).
When reducing the dimensions of HEA samples, their strength and ductility can
be significantly increased (see, e.g., Zou et al. (2014)).
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Fig. 7.99 High-resolution TEM images of the Nb–Mo–Ta–W HEA
homogenized at 1800◦C for seven days: (a) a bright-field TEM image oriented
along the [100] zone axis and the corresponding electron-diffraction pattern;
(b) an inverse fast Fourier transform image of the area (a); (c) and (e) are enlarged
images of the indicated boxes in (b); (d) and (f) show lattice fringes that are traced
for (c) and (f), respectively, to indicate the regions with lattice distortions.
Reprinted from Acta Materialia (Zou et al., 2014), with permission from
Elsevier.

Some of the HEAs studied so far possess both high strength and duc-
tility (to some extent). This is an interesting property for low-temperature
applications among others. It was shown by first-principles calculations that
the stacking-fault energy decreases with the number of constituents (Zaddach
et al., 2013). For instance, it amounts to ≈ 100 mJ/m2 and 7.7 mJ/m2 for NiAl
and Cr26Fe20Co20Ni14Mn20, respectively. This is even lower than commercial
austenitic stainless steels, with 18 mJ/m2 for AISI 304L, for instance.

Remarkably, HEAs can also show type-II superconductivity, as has been
demonstrated on the example of bcc Ta34Nb33Hf8Zr14Ti11 (Koželj et al., 2014).
The transition temperature Tc =7.27 K is higher than that expected from the
weighted average of the elements (Ta:4.47 K, Nb: 9.25 K, Hf: 0.128 K, Zr: 0.61
K, Ti: 0.40 K): Tc =4.71 K. It has already been shown by Corsan and Cook
(1970) that binary alloys of the type NbxTay have transition temperatures more or
less corresponding to the rule of mixture in contrast to VxNby and VxTay, which
show a minimum in Tc below the Tc of the constituting elements.
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Complex intermetallics (CIMs)

We discussed the meaning of complexity for intermetallics in Section 3.4. It is
simpler to say which of several structures is more or less complex than to de-
fine on an absolute scale which IM can be called a CIM, i.e., what makes a
structure complex. The term “complex” is commonly used intuitively for big
structures with distinct structural subunits and correspondingly different length
scales. Thus, we apply qualitative rather than quantitative criteria for classifying
whether a structure is complex. However, for a statistical analysis of a big da-
tabase, one needs well-defined parameters for a classification of structures into
complex and non-complex ones. The purpose of such a classification is the iden-
tification of intermetallic compounds that have structures with multiple structural
length scales, that on the scale of atoms and that on the scale of endohedral clusters
or other structural subunits. These different length scales can be the origin of
interesting physical properties, which may lead to useful applications.

A well-defined and feasible approach is to base our classification of complex-
ity simply on the number of atoms per primitive unit cell, equating complex
structures with big structures. This information is easily accessible from the da-
tabase Pearson’s Crystal Data (PCD) (Villars and Cenzual, 2011a), since it is
already contained in the Pearson symbol. It results from the number of atoms
per unit cell given there, divided by the multiplicity of the centering type (P. . . 1,
A,B,C,S, I . . . 2, R . . . 3, and F . . . 4). Due to the lack of a 3D unit cell, this
approach cannot be used for non-3D-periodic CIMs such as quasicrystals or
amorphous intermetallic phases.

It is obvious that only structures above a given threshold can show several hi-
erarchical levels (see Section 7.10) and different structural length scales, ranging
from the atomic scale to that of structural subunits such as endohedral clusters
or large polyanions. Accordingly, CIMs will have structures with hundreds or
thousands of atoms per unit cell, and the problem now is to quantify the crite-
rion, to define the threshold value for classifying a structure as complex. Here, we
will use the same approach that is employed for the determination of coordination
polyhedra (AETs), i.e., the maximum-gap method (Brunner and Schwarzenbach,
1971). However, one should keep in mind that such a threshold value is a quite
arbitrary number, although it may be useful to get an idea at which compositions
compounds with larger structures are preferentially formed.

Intermetallics: Structures, Properties, and Statistics. First Edition. Walter Steurer and Julia Dshemuchadse.
© Walter Steurer and Julia Dshemuchadse 2016. Published in 2016 by Oxford University Press.
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If we have a look at the general unit cell size distributions shown in Figs. 5.7
and 5.8(a), we can identify gaps at around 84 and 170 atoms per primitive unit
cell. Since CIMs may not be equally distributed over all symmetries, it may be
beneficial to have a closer look at the histograms for each of the 14 Bravais lattice
types separately (Fig. 8.1), in order to use different threshold values for structures
of different symmetries, if necessary.

We start with the largest group of CIMs, which is found in the highest-
symmetric Bravais lattice (cF). The respective unit cell size distribution histogram
shows multiple pronounced gaps: most notably at around 15, 50, and 90 atoms
per primitive unit cell. Beyond that, there are even wider gaps between less and
less common unit-cell sizes. Right above 100 atoms per primitive unit cell, there
seems to be a considerable number of cF-structures. This threshold is also indi-
cated around approximately 100 atoms per (primitive) unit cell in most of the
other histograms shown in Fig. 8.1. That for cI IMs has a large gap above the
threshold, while in case of cP IMs, the threshold falls right in the middle of a sig-
nificant gap, and for tI IMs right below 100. In the histogram for tP IMs, there
is a subtle gap right below 100, but it could also convincingly be argued that it
has a large gap above this value. The gaps are also less clear in the case of the
trigonal and hexagonal lattices: for hR IMs there is a gap a little below the thresh-
old, whereas for hP IMs there seems to be a blurry gap a little above that value.
There are only a few oF structures in the respective histogram, and only four of
them have larger unit cell sizes than 100—a small gap can be found at that value,
but also a slightly wider one below and a much larger one at higher unit cell sizes.
The histogram for oI IMs has a wide gap at 100 and only a handful of structures
above this threshold. That for oS IMs is less convincing, exhibiting a smaller gap
right above 100. The distribution of oP IMs could be interpreted as having either
a small gap below or a slightly larger gap a little above 100, while mS IMs are a
clear case again with a wide gap around 100, but also the distribution of mP IMs
features a sizeable gap above 100. No triclinic structures with 100 or more atoms
per unit cell are known so far. The gaps “separating” complex and non-complex
intermetallics, are specified in Table 8.1. Given are the (near-)empty ranges of
unit cell sizes, as well as the number of complex intermetallics within each Bravais
lattice and the fraction that complex intermetallics make up within that respective
lattice.

Our definition of CIMs as periodic compounds with primitive unit cells
comprising 100 or more atoms applies to approximately 2% of all periodic in-
termetallics. In their distribution, there does not seem to be a significant trend
towards specific (high- or low-symmetry) Bravais lattice types, point group sym-
metries, or space group types (Dshemuchadse and Steurer, 2015). In contrast, the
distribution of their chemical compositions seems to be more distinct from that of
IMs in general. Specifically, the lanthanoids and transition metal elements appear
to be underrepresented, while alkali and alkaline earth metals as well as metal-
loid elements, both kinds together forming Zintl phases, are overrepresented as
majority elements in CIMs.
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Fig. 8.1 Distribution of the unit cell sizes (number of atoms per primitive unit cell) of
intermetallics for the 14 Bravais lattice types. The vertical gray lines at 100 atoms per primitive
unit cell run through small histogram gaps in most cases, and separate IMs from CIMs
according to our definition.



442 Complex intermetallics (CIMs)

Table 8.1 Gaps in the histograms shown in Fig. 8.1 for the definition of CIMs, and their
distribution over the Bravais lattices (Dshemuchadse, 2013).

Bravais lattice Gap between IMs and CIMs No. of CIMs Fraction of CIMs

aP 92-. . . 0 0.0%

mP 96-136 10 4.3%

mS 86-130 5 1.1%

oP 88-102 44 2.4%

oS 92-102 23 1.6%

oI 71-143 4 0.4%

oF 92-112 4 5.1%

tP 86-97 22 1.5%

tI 78-102 38 1.8%

hP 128-139 74 1.4%

hR 73-92 22 2.3%

cP 76-120 47 2.7%

cI 92-160 9 0.9%

cF 74-94 104 3.0%

all ≈ 100 406 1.9%

Surprisingly, the fraction of CIMs of all intermetallics with a given num-
ber of constituents appears to be higher in binary than in ternary compounds
(Table 8.2). However, this may be biased by the small relative number of ter-
nary intermetallics studied so far. The combinations of CIM-forming elements
also seem to show some specific tendencies. They are given in the M/M-plots
for all binary and ternary intermetallics depicted in Fig. 8.2, again with the CIMs
highlighted within the set of IMs in general. Despite the generally very wide distri-
bution of intermetallics in suchM/M-plots, we find that transition metal elements
are underrepresented, and the majority elements for CIMs mostly haveM-values
in the range 70–85. This trend can be seen for both binaries and ternaries.

More specifically: elements from groups 12–14 in the periodic table of ele-
ments tend to account for major components in most complex intermetallics,
whereas transition metals from groups 4–11 are underrepresented. Especially the
prevalence of majority elements Al, Ga, Zn, or Cd hints at the close relation-
ship between CIMs and quasicrystals, which also tend to occur in these systems.
Large quasicrystal approximant structures by definition belong into the category
of CIMs, but other intermetallic systems that have not been proven yet to feature
quasiperiodic structures also tend to form complex phases in related intermetallic
systems.
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Table 8.2 Distribution of the 20 829 intermetallic compounds, as well as the 406 complex
intermetallics among them, according to the number of constituting elements (Dshemuchadse,
2013).

No. of
constituents n

No. of IMs with
n components

No. of CIMs with
n components

Fraction
of CIMs

1 277 0 0.0%

2 6441 201 3.1%

3 13 026 184 1.4%

4 973 21 2.2%

5 65 0 0.0%

6 14 0 0.0%

7 13 0 0.0%

8 8 0 0.0%

9 2 0 0.0%

all 20 829 406 100%

Additionally, the region in the plots that has low M-values—lanthanoids
(M≈ 10–35)—on both axes is very sparse in CIMs. The same trend can be seen
with both plots over the majority element in ternaries; however, the third ternary
M/M-plot that shows how the occurrence of specific elements in the two minor
components correlates, shows no such tendency. This means that only one out
of two components in binary intermetallics, and only two out of three in ternary
ones, tend to have values in this region. This largely seems to be true for all inter-
metallics, but appears even more pronounced in the distribution of the complex
compounds.

The stoichiometries of all binary and ternary compounds can be illustrated
in one- and two-dimensional plots, respectively. For binaries, it is obvious that
the most common stoichiometries among intermetallics are ratios of small integer
numbers, whereas complex compounds tend to occur mostly in-between those
values, i.e., at ratios of larger numbers that are enabled by large unit cells (see
Fig. 8.3). In the case of ternaries, the plot in Fig. 8.4 illustrates the occurrence
of ternary compositions. Ternary intermetallics in general seem to occur most
frequently on lines connecting simple binary compositions, most prominently
AC3–BC3, AC2–BC2, AC–BC (all: left – right), A3C–A3B, AC–AB, AC2–AB2

(all: top left – bottom right), AC2–B, and AC–B (both: left – bottom right)1.

1 It is important to note that the enforced order of elements A, B, and C byM(A)<M(B)<M(C)
might skew how clear these motifs are in different sextants of the triangular diagram; however, it should
not affect the general appearance of these features.
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Ternary intermetallics Binary intermetallics

Fig. 8.2 M/M-plots showing the distribution of CIMs in binary and ternary intermetallic
compounds. CIMs are marked by gray dots. Binary compounds are shown with the minority
component vs. the majority component (top right), whereas three plots specify the combinations of
elements in ternary intermetallics: the component with the second-highest content vs. the
majority component (top left), the minority component vs. the second component (bottom left),
and the minority component vs. the majority component (bottom right).

However, CIMs rarely seem to coincide with these pseudo-binary compositions.
Another trend that is noticeable in this representation is that the element with
the highest Mendeleev number M(C) seems to be often the majority element in
ternary CIMs. This can be recognized by the accumulation of a large number of
points indicating CIMs in the top corner of the ternary composition diagram. The
same is true for the binaries in Fig. 8.3, where the bulk of intermetallics can be
found on the B-rich part of the composition plot.
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Fig. 8.3 Stoichiometries of binary intermetallics with complex compounds highlighted
(black-outlined bars). The constituting elements of each compound are sorted according to their
Mendeleev numbers, M(A) < M(B).
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Fig. 8.4 Occurrence of stoichiometries of ternary intermetallics with CIMs highlighted (large
gray circle). The constituting elements of each compound are sorted according to their
Mendeleev numbers, M(A) < M(B) < M(C).

In the following, we will discuss structures of cluster-based CIMs, the largest
group of CIMs. Some other CIMs have been discussed before, most of them
can be described as a kind of superstructure, such as the long-period structures of
tP120-Mn11Si19 or tP192-V17Ge31 (see Section 7.9), for instance. Other examples
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are hierarchical and modular structures such as cP156-K29NaHg48 or cP792-
V11Cu9Ga46 (see 7.10), to name just a few.

We already discussed, in Section 3.1, what we mean by cluster, and that the
chemical bonding between atoms within a cluster and to atoms outside a clus-
ter may but does not need to differ. The driving forces behind the formation of
clusters can be quite diverse. In case of complex stoichiometries, the formation
of close to spherical structural subunits can be beneficial for the maximiza-
tion of the packing density (ccp or hcp cluster packings). Furthermore, clusters
can be stabilized by particular valence electron concentrations (see Zintl-Klemm
concept and Wade-Mingos rules in Chapter 2). Also, covalent bonding contri-
butions and hybridization effects leading to pseudo-gaps at the Fermi edge can
play a cluster-stabilizing role as we know from quasicrystals and their approxi-
mants. The clusters constituting the structures to be discussed in the following
are mainly endohedral (nested) fullerene-like clusters. The basics of their in-
ternal structure, the nesting of cluster shells, have already been discussed in
Subsection 3.3.2.

8.1 Cluster structures of face-centered cubic CIMs

The Bravais lattice type featuring the largest group of CIMs is fcc/cF (see
Table 8.1). This is also the symmetry of the intermetallic structure with the highest
number of atoms per unit cell known so far, cF(23 256 – 122)-Al55.4Ta39.1Cu5.4.
The 56 fcc CIMs published until 2011 were the subject of a comprehensive com-
parative study (Dshemuchadse et al., 2011), which is the basis of the following
discussion in this section.

Fig. 8.5 shows the distribution of the fcc intermetallic compounds according to
their unit cell size up to 1600 atoms. There are several significant gaps, with one of
them right below our general threshold for CIMs, 100 atoms per primitive unit cell
which corresponds to 400 atoms per fcc unit cell. Another wide gap ranges from
around 500 to 1100 atoms per fcc unit cell. This indicates two main groups of fcc
CIMs. The first group with cF ≈ 400 contains 43 structures, 36 with space group
symmetry 216 F 4̄3m and 7 with 227 Fd3̄m. The second group comprises 11
structures with cF ≈ 1100 in four different space groups: 1 in 216 F 4̄3m, 2 in 227
Fd3̄m, 1 in 203 Fd3̄, 4 in 225 Fm3̄m, and 3 in 226 Fm3̄c. Two structures with sym-
metry 216 F 4̄3m stand out from these two groups: cF(5928–20)-Al56.6Ta39.5Cu3.9

and cF(23 256–122)-Al55.4Ta39.1Cu5.4. Both have exceptionally large unit cells, the
latter one not having been matched in size by any other intermetallic structure thus
far. The first group obviously stands out due to its apparent uniformity, all of these
structures with very similar unit cell sizes having the same space group symmetry,
non-centrosymmetric 216 F 4̄3m, or the same group with added inversion sym-
metry, 227 Fd3̄m. All structures have a set of Wyckoff sites in common and only
differ by successive replacement of another set of Wyckoff sites. Therefore, their
cluster structures are closely related and can be described as a series of subtypes
of a common structural aristotype.
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Fig. 8.5 Distribution of the fcc unit cell sizes of intermetallic compounds
within the Bravais lattice type cF. The two gaps mentioned above
are marked by arrows.

8.1.1 Face-centered cubic CIMs as superstructures

All fcc CIMs can be regarded as (p× p× p)-fold superstructures (with p=3,
4, 7, 11) of a simple basic structure (with p=1). The subunit cell is well-
defined in reciprocal space, and can be determined from the positions of a subset
of the strongest reflections (see Fig. 8.6). The simulated hk0-reciprocal-space
planes of fcc CIMs depicted there indicate (3× 3× 3)-, (4× 4× 4)-, (7× 7× 7)-,
and (11× 11× 11)-fold superstructures. These superstructures correspond to
cF444-Al63.6Ta36.4 and cF1192-Al53.6Mg46.4, both representatives of the groups of
structures with approximately 400 and approximately 1200 atoms per fcc unit cell,
as well as the two unique giant-unit-cell structures cF5928-Al56.6Ta39.5Cu3.9 and
cF23 256-Al55.4Ta39.1Cu5.4.

The periodicities of the basic structures of all these superstructures appear
to be the same, because their respective highest-intensity reflections, 6 6 0, 8 8 0,
14 14 0, and 22 22 0, respectively, coincide in reciprocal space. Considering that
only reflections with all-odd or all-even indices are allowed for face-centered
lattices, 2 2 0 should be one of the most intense reflections in the hk0-plane. There-
fore, the order of the superstructures, should the basic structures be face-centered
as well, can be obtained from the factor between above-listed reflections and 2 2 0,
which are indeed 3, 4, 7, and 11.

With the unit cell dimensions of the basic structure known, the atomic pos-
itions of the supercells can be projected into the basic unit cell. The resulting
“average structures” of the superstructures show the projected atoms scattered
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cF23256-Al55.4Ta39.1Cu5.4 

22 22 0

cF5928-Al56.6Ta39.5Cu3.9

14 14 0 

cF1192-Al53.6Mg46.4

880

cF444-Al63.6Ta36.3

660

Fig. 8.6 Simulated diffraction patterns of representative fcc CIMs that can be described
as (3× 3× 3)-, (4× 4× 4)-, (7× 7× 7)-, and (11× 11× 11)- superstructures. Shown
are the hk0-reciprocal-space planes of cF444-Al63.6Ta36.4, cF1192-Al53.6Mg46.4,
cF5928-Al56.6Ta39.5Cu3.9, and cF23 256-Al55.4Ta39.1Cu5.4. The most intense
reflections, which all coincide in their absolute coordinates in reciprocal space, are labeled
with their indices.

around special Wyckoff positions in the subunit cell. The “basic structure” can
then be derived by taking these special Wyckoff positions as its atomic positions.

The common basic structure for the different fcc CIMs is of the cF16-NaTl
structure type. This structure itself can be described as a (2× 2× 2)-fold su-
perstructure of the cP2-CsCl structure type. However, if the fcc lattice is to be
conserved, the 16-atom unit cell of the cF16-NaTl structure type is the smallest
possible unit cell of a basic structure. In previous studies, cF ≈ 400-structures



Cluster structures of face-centered cubic CIMs 449

were frequently described as (2× 2× 2)-fold superstructures of the γ -brass
structure type cI52-Cu5Zn8 (Johansson andWestman, 1970; Arnberg et al., 1976;
Booth et al., 1977; Fornasini et al., 1978; Lidin et al., 1994; Thimmaiah et al.,
2003; Berger et al., 2008). The γ -brass structure, in turn, is a (3× 3× 3)-fold
superstructure of cP2-CsCl, but does not preserve the face-centering of the lattice.

Fig. 8.7 shows the projections of the unit cell of cF444-Al63.6Ta36.4 as well as of
all three possible average structures, corresponding to its possible descriptions as
a (b) (2× 2× 2)-fold, (c) (3× 3× 3)-fold, and (d) (6× 6× 6)-fold superstruc-
ture, respectively. The corresponding space group symmetries are 216 F 4̄3m,
in the case of the supercell, and 215 P4̄3m, 216 F 4̄3m, and 221 Pm3̄m for the
three average structures, respectively. Note that the cF16-NaTl structure type has
centrosymmetric space group symmetry 227 Fd3̄m, and that the space group of
the here-discussed average structure is the non-centrosymmetric subgroup 216
F 4̄3m. The indices of the group-subgroup relationships between the supercell
and all three basic structures are 2, 27, and 108, respectively (Dshemuchadse
et al., 2011). The description as a (3× 3× 3)-fold superstructure seems to be
appropriate, as it preserves the symmetry and also enables the description of all
other fcc CIMs as superstructures of the same basic unit cell. The derivation of
the other periodicities and space groups is equally possible for all fcc CIMs (for
more details, see Dshemuchadse et al. (2011) and the respective supplementary
information).

(a)

(b)

(c) (d)

cF464-Al63.6Ta34.4 (2×2×2) AS

(3×3×3) AS

(6×6×6) AS

(1×1×1)

Fig. 8.7 Projections along [100] of the unit cells of (a) the structure of
cF444-Al63.6Ta36.4 (216 F 4̄3m) and its different average structures according to
the description of cF444-Al63.6Ta36.4 as a (b) (2× 2× 2)-fold, (c) (3× 3× 3)-
fold, and (d) (6× 6× 6)-fold superstructure. The unit cells have lattice parameters
of 19.2 Å, 9.6 Å, 6.4 Å, and 3.2 Å, respectively. The structure types underlying the
average structures in (b)–(d) are those of cP52-Al4Cu9 (215 P4̄3m), cF16-NaTl
(227 Fd3̄m), and cP2-CsCl (221 Pm3̄m), respectively. The arrows mark two sets
of atomic layers parallel to the 〈110〉 directions. The braces show the positions of one
set of the three-layer stacks.
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The structures of fcc CIMs can also be described as constituted from layers
that are stacked along all 〈110〉-directions (see Fig. 8.7(a) and Dshemuchadse
et al. (2011)). The {110}-layers in space group 216 F 4̄3m contain at least one
representative of every special Wyckoff position, i.e., of all symmetrically inde-
pendent atomic sites in the unit cell, except for those occupying general positions
(Samson, 1964). The same is true for space groups 196 F23, 203 Fd3̄, 209 F432,
216 F 4̄3m, and 219 F 4̄3c, and with minor restrictions also for 210 F4132, 227
Fd3̄m, and 228 Fd3̄c, as well as for the primitive space groups 198 P213, 205
Pa3̄, and with minor restrictions for 212 P4332 and 210 P4132.

If the fcc CIMs are projected along their main lattice directions, the layer struc-
ture becomes clearly visible. For the cF ≈ 400-structures, the period of the layer
stacking is p=3: one flat layer that coincides with a mirror plane is sandwiched
between two puckered layers (Fig. 8.7(a)). Each adjacent pair of such three-layer
stacks (3S) is related by a glide plane, yielding the stacking sequence 3S-3S’-
3S-3S’ along [110], with 3S’ representing the three-layer stack symmetrically
equivalent to 3S. More generally speaking, the stacking periodicity is 2p, always
with one flat layer and (p – 1) puckered ones.

In the cubic structures discussed here, the network of {110}-layers consists
of six mutually intersecting, symmetrically equivalent stacks. This leaves only a
few degrees of freedom for the decoration of these layers with atoms. Apparently,
either the layer formation is the driving force automatically leading to the observed
endohedral clusters or the other way round. The dimensions of the unit cells of
the respective structures depend on the number of layers contained in each stack,
which is in turn connected with the size of the endohedral clusters, as well as
with their packing. The number of layers in each stack, p, is identical to the order
of the superstructures, i.e., 3, 4, 7, and 11, for the structures discussed here.
The arrangement of the approximately equidistant flat and puckered layers also
explains the strong 2p 2p 0 reflections in the diffraction patterns.

8.1.2 CIMs with space group symmetry 216 F4̄3m

Of the 39 CIMs with space group symmetry 216 F 4̄3m, 36 can be re-
garded as (3× 3× 3)-fold superstructures of a cF16-NaTl-like basic structure.
The other three structures, cF1124-Cu56.9Cd43.1, cF(5928 – 20)-Al56.6Ta39.5Cu3.9,
and cF(23 256 – 122)-Al55.4Ta39.1Cu5.4, can be described as (4× 4× 4)-fold,
(7× 7× 7)-fold, and (11× 11× 11)-fold superstructures of the same basic struc-
ture, respectively.

All 36 of the smallest CIMs with space group symmetry 216 F 4̄3m share a
considerable amount of atomic sites and thus can be grouped into four different
subtypes of one aristotype. They are formed by the successive substitution of spe-
cific sites, leading to ideal numbers of atoms per unit cell of 432, 440, 448, and
456, respectively. A varying number of sites can be left unoccupied and an addi-
tional element of flexibility is the occurrence of disordered positions that are not
fully occupied, resulting in non-integer average numbers of atoms per unit cell.
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We usually express these by, e.g., cF(432–x), which refers to a structure belonging
to subtype I, with an average number of x unoccupied positions per unit cell2.

The sites that are actually occupied in cF ≈ 400-structures are given in
Table 8.3 with their ideal coordinates. The upper part of Table 8.3 contains the
sites that are occupied in all of the structures, while the lower part of the table lists
the sites that are exchanged between subtypes. The coordinates given for sites
with free parameters are idealized values and correspond to the above-mentioned
basic structures.

Following from the large number of atomic positions that these structures
have in common, the cluster structures that can be interpreted into their atomic
arrangements vary only slightly. A typical example of these structures is cF444-
Al63.6Ta36.4, which can be described as a cubic close-packing of three-shell clusters
of the fullerene-like type F40

76 (with 76 vertices and 40 faces) (Conrad et al., 2009)
(see Fig. 7.17 in Subsection 7.4.4 for the cluster structure). The main cluster in
these structures is located at one of the highest-symmetry positions: 4a 0, 0, 0, 4b
1/2, 1/2, 1/2, 4c 1/4, 1/4, 1/4, or 4d 3/4, 3/4, 3/4, all with site symmetry 4̄3m. Ori-
gin shifts of +(1/4, 1/4, 1/4) and multiples of it are permitted in structures in space
group F 4̄3m.

The immediate effect of swapping one of the doublets of a 16e-position
(16e6-8) and a 24f /g-position (24f 2, 24g1/2) with one of the 48h-positions
(48h5-7) becomes apparent when regarding the first-shell clusters around the
points of highest symmetry, i.e., positions 4a-d in space group F 4̄3m. One such
exchange, defined as the “first” one in these structures, is 16e7 & 24f 2 → 48h6.
It describes the transition between subtypes I and II. The “second” transition—
16e8 & 24g2 → 48h7—describes the transition from subtype II to II, and the
“third” one—16e6 & 24g1 → 48h5—describes the transition from subtype III
to IV. The sequence of these swaps is determined by the choice of origin and
can be changed by origin shifts and thus interchanging sites 4a-d, as well as the
sites within each group of equivalent positions demarcated by horizontal lines in
Table 8.3.

The four subtypes all feature rhombic dodecahedra (rd) and/or Friauf poly-
hedra FK 24

16 (Fp) around sites 4a-d. The sequence along the body diagonal of the
face-centered cubic unit cell, i.e., on 4a 0, 0, 0, 4c 1/4, 1/4, 1/4, 4b 1/2, 1/2, 1/2,
4d 3/4, 3/4, 3/4, are rd-rd-rd-rd (subtype I), rd-rd-Fp-rd (subtype II), rd-rd-Fp-
Fp (subtype III), and rd-Fp-Fp-Fp (subtype IV). Some structures also exhibit
incomplete rd-clusters, i.e., partially capped octahedra or cubes.

The second cluster shell is only constituted of atoms occupying positions listed
in the upper part of Table 8.3 and therefore it is the same around all positions
4a-d in all subtypes I-IV: a Frank-Kasper polyhedron FK 76

40 .

2 An additional margin of error resulting from intermediate structure types—e.g., I/II—or slight
variations of the original four–e.g., II’, III’. They, too, can have numbers of atoms per unit cell differing
further from the values listed above.
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Table 8.3 Atomic sites of the here-discussed fcc CIMs with space group 216 F 4̄3m. The
Wyckoff position is included in the site label. The subtypes, which feature the respective sites, are
given. In the upper part of the table, the sites are given that are occupied in all of the structures,
while the lower part of the table lists the sites that are exchanged between subtypes. ‘(All)’ means
that the sites can be but do not need to be occupied in all subtypes. The general expressions of the
sites with free parameters are: 16e x, x, x; 24f x, 0, 0; 48h x, x, z.

Site Symmetry Idealized coordinates Subtypes

16e1 .3m 1/6, 1/6, 1/6 All

16e2 .3m 5/12, 5/12, 5/12 All

16e3 .3m 2/3, 2/3, 2/3 All

16e4 .3m 11/12, 11/12, 11/12 All

48h1 ..m 1/6, 1/6, 1/48 All

48h2 ..m 1/12, 1/12, 13/48 All

48h3 ..m 1/6, 1/6, 25/48 All

48h4 ..m 1/12, 1/12, 37/48 All

4a 4̄3m 0, 0, 0 (All)

4b 4̄3m 1/2, 1/2, 1/2 (All)

4c 4̄3m 1/4, 1/4, 1/4 (All)

4d 4̄3m 3/4, 3/4, 3/4 (All)

16e5 .3m 3/48, 3/48, 3/48 I, II, III, IV

16e6 .3m 15/48, 15/48, 15/48 I, II, III

16e7 .3m 27/48, 27/48, 27/48 I

16e8 .3m 39/48, 39/48, 39/48 I, (II)

24f 1 2.mm 1/6, 0, 0 I, II, III, IV

24f 2 2.mm 1/3, 0, 0 I

24g1 2.mm 1/12, 1/4, 1/4 I, II, III

24g2 2.mm 7/12, 1/4, 1/4 I, II

48h5 ..m 5/24, 5/24, 19/48 IV

48h6 ..m 1/24, 1/24, 31/48 II, III, IV

48h7 ..m 5/24, 5/24, 43/48 III, IV
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The third cluster shell of all the clusters located at these positions contain atomic
positions of neighboring first-shell clusters and consequently vary between pos-
itions (4a-d) and subtypes. The most conspicuous of these shapes is indeed the
fullerene-like F40

76 -shape, which is also dual to the second-shell FK24
16 -polyhedron.

It can be found in subtypes III and IV around site 4c.
In addition to the cF≈400-structures, three more CIMs are found to exhibit

space group 216 F 4̄3m. cF1124-Cu56.9Cd43.1 was first reported by Samson (1967)
and was determined based on the specific properties of the {110}-planes in this
space group, as mentioned above. Two interpenetrating three-dimensional frame-
works, one composed of Friauf polyhedra and the other of icosahedra, were
found to be arranged in a diamond-type net, the Friauf polyhedra sharing hex-
agonal faces and the icosahedra fitting into cavities and sharing vertices with the
truncated-tetrahedron basis of the Friauf polyhedra. Alternative descriptions pub-
lished since then describe the same structure in terms of octahedra, tetrahedra,
and Friauf polyhedra (Andersson, 1980; Hellner and Pearson, 1987), and as a rel-
ative to a metastable icosahedral quasicrystal in the Cd–Cu system, also including
the I3-cluster concept (Kreiner and Schäpers, 1997).

Reinvestigating cF1124-Cu56.9Cd43.1 with respect to multishell endohedral
clusters (see Fig. 8.8), we found a description of the unit cell involving two clusters
at two of the four highest-symmetry sites. The one at 4b 1/2, 1/2, 1/2 consists of a
tetrahedron (which is regarded rather as a cluster center than a shell by itself), sur-
rounded by a 22-atom polyhedron with triangular faces that exhibits tetrahedral
symmetry, and then a fullerene-like second shell F22

40 -polyhedron (with partially
capped faces). The site 4c 1/4, 1/4, 1/4 is occupied by a Cd-atom, which is then
surrounded by a Friauf polyhedron FK28

16, a fullerene-like F16
28 -cluster (with all 12

pentagonal faces capped by one atom each, as well as all four hexagonal faces
capped by a triangle of atoms each), and a 70-atom polyhedron (consisting of
12 triangles, 36 pentagons, and 4 hexagons), which in its capped form yields the
110-atom Frank-Kasper-like polyhedron FK266

110. The F22
40 -polyhedra at positions

4b and the 70-atom polyhedra at positions 4c form a three-dimensional network
by sharing hexagonal faces.

The two giant-unit cell structures cF(5928 – 20)-Al56.6Cu3.9Ta39.5 and
cF(23 256 – 122)-Al55.4Cu5.4Ta39.1 are related to cF444-Al63.6Ta36.4 in that they
all occur in the same intermetallic system Al–(Cu)–Ta, exhibit all the same
space group symmetry 216 F 4̄3m, and are (3× 3× 3)-, (7× 7× 7)-, and
(11× 11× 11)-fold superstructures, respectively, of the same basic structure type,
cF16-NaTl. The dominant feature in the cluster structure of cF444-Al63.6Ta36.4,
described above, is the fullerene-like, F40

76 three-shell cluster, which is packed
densely, and is sharing all of its pentagonal faces with its 12 closest cluster neigh-
bors. In the medium and large structure that occur in the ternary extension
of this system, Al–Cu–Ta, superclusters constituted from four or ten of these
fullerene-like clusters occur. For a detailed discussion see Conrad et al. (2009) or
Section 7.4.4.
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Fig. 8.8 Typical cluster structure of the only cF≈1200-compound with space group
symmetry 216 F 4̄3m: cF1124-Cu56.9Cd43.1. The unit cell is on half the usual scale.

8.1.3 CIMs with space group symmetry 227 Fd3̄m

Similar to the CIMs with space group symmetry 216 F 4̄3m, those with space
group 227 Fd3̄m include a number of cF ≈ 400-structures as well as two com-
pounds of the type cF ≈ 1200. The seven smaller structures can again be
described as (3× 3× 3)-fold superstructures, whereas the two larger ones cor-
respond to (4× 4× 4)-fold superstructures, with the basic structure of the
cF16-NaTl type in all cases.

The atomic positions of the cF≈400-structures with space group 227 Fd3̄m
are very similar to those with space group symmetry 216 F 4̄3m, although they
obviously have double multiplicity due to the additional center of inversion at
1/8, 1/8, 1/8 and symmetrically equivalent positions. The cluster structure, illus-
trated on an averaged cF464 structure (see Fig. 8.9), features a three-shell cluster
at 8a 1/4, 1/4, 1/4 that consists of a Friauf polyhedron FK 28

16 in the center, surroun-
ded by a fullerene-like F16

28 -cluster (also termed a triakis tetrahedron; with all faces
capped), and a fullerene-like F44

84 -cluster, which is dual to the capped version of the
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Fig. 8.9 Cluster structure of an averaged CIM of type cF464 with space group 227
Fd3̄m. Shown are the two-shell clusters that constitute the seven cF ≈ 400-compounds
and two cF ≈ 1200-compounds, as described in the text. The superclusters and the unit
cells are on half the usual scale.

second-shell F16
28 -cluster. The outermost cluster shells intersect one another, while

the second cluster shells share hexagonal faces, resulting in each F16
28 -polyhedron

being coordinated tetrahedrally by four F 16
28 -polyhedra. A second type of cluster

completes this network: the empty 16d 5/8, 5/8, 5/8 positions are surrounded by
an icosahedron, which in turn is the center of a pentagonal dodecahedron F 12

20 .
The centers of four of these two-shell dodecahedra are located on Wyckoff pos-
ition 8b 1/2, 1/2, 1/2, which, together with the two-shell F16

28 -polyhedra, fill space
completely.

The first fcc CIM that was reported ever to contain more than 1000 atoms
per unit cell was cF(1192 – 40)-Cd66.7Na33.3 (Samson, 1962). This structure
is built almost entirely from Friauf polyhedra, however, not in a layered man-
ner as is the case in Laves phases, but via the formation of spherical clusters
(Samson clusters) from these building blocks. The compound was studied later
on by quantum-mechanical calculations (Fredrickson et al., 2007; Lee et al.,
2007), complementing the complex geometric picture with an analysis of the
chemical bonding, resulting in a subdivision of the structure into electron-rich
and electron-poor regions. The basically isostructural compound cF(1192 – 23)-
Al53.6Mg46.4, known as ‘Samson phase’, exhibits a striking degree of structural
disorder (Samson, 1965). Recent reinvestigations confirmed Samson’s pioneering
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work (Feuerbacher et al., 2007), and added a new view at this highly complex
structure (Sikora et al., 2008; Wolny et al., 2008).
cF(1192 – 40)-Cd66.7Na33.3 and cF(1192 – 23)-Al53.6Mg46.4 can be described

based on multishell clusters on the two highest-symmetric Wyckoff positions in
the unit cell. At 8a 0, 0, 0, a tetrahedron is centering an 22-atom cluster with
triangular faces, which is surrounded by a fullerene-like F22

40 -polyhedron (that is
partially capped), similar to the one found in cF1124-Cu56.9Cd43.1 at 4b. The sec-
ond cluster, centered at 8b 1/2, 1/2, 1/2, consists of a central atom, surrounded by a
Friauf polyhedron FK 28

16, which is surrounded by a fullerene-like F16
28 -cluster. Thus

far, it is identical to the cluster on site 4c in cF1124-Cu56.9Cd43.1, however, its outer
shells turn out to be of higher symmetry: all faces of the second-shell cluster are
capped, resulting in a FK84

44-polyhedron that is in turn surrounded by a third-shell
fullerene-like F40

76 -cluster (with all faces capped, yielding a FK228
16 -polyhedron).

The second-shell cluster at 8a and the third-shell cluster around 8b contain all
atomic positions of these structures and therefore cover space completely while
overlapping with one another.

8.1.4 Some more face-centered cubic CIMs

The CIMs with fcc space group types can mostly be assigned to two groups that
are defined by their approximate unit cell size: cF ≈ 400-structures and those
with cF ≈ 1200 (see Fig. 8.5). The former group only contains structures with
space group symmetries 216 F 4̄3m and 227 Fd3̄m, discussed above. The latter
group exhibits those as well, but also contains compounds that have space group
symmetries 225 Fm3̄m, 226 Fm3̄c, and 203 Fd3̄.

• 225 Fm3̄m: The structures of cF1124-Tb41.6Ge39.9Fe18.5 (Pecharskii et al.,
1987) as well as the isotypic structures in the systems Pr–Sn–Co and Gd–
Ge–Fe, and of cF(1208 – 64)-Dy40.9Sn39.2Co19.9 (Salamakha et al., 2001)
were found to be closely related to one another and to have the same cluster
structure. A single atom at 4a 0, 0, 0 is surrounded by a disordered rhom-
bic dodecahedron, which is enclosed by a capped rhombicuboctahedron or
a deltoidal icositetrahedron; the third cluster shell is a 80-atom polyhedron
with 6 quandrangular and 144 triangular faces. At 4b 1/2, 1/2, 1/2, an atom is
surrounded by a cube, a capped rhombicuboctahedron or deltoidal icositet-
rahedron, and a 48-atom polyhedron with 8 triangular and 42 quadrangular
faces. At Wyckoff position 8c 1/4, 1/4, 1/4 (which also includes position
3/4, 3/4, 3/4), a 22-atom cluster with only triangular faces is located, which
is centered by an atom, similar to cF ≈ 1200-type compounds with symmet-
ries 216 F 4̄3m (4b) and 227 Fd3̄m (8a). The second cluster shell is the same
kind of 28-atom cluster that was found in the cF ≈ 400-structures: a tetra-
hedrally truncated rhombic dodecahedron with capped pentagonal faces,
FK 76

40. The two three-shell clusters at 4a and 4b together with the two-shell
cluster at 8c fully describe the structures with symmetry 225 Fm3̄m, packing
densely by sharing quadrangular and triangular faces.
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• 226 Fm3̄c: The structure of cF(944–22)-Zn67.1Sn20.8Mo12.1 exhibits an unu-
sual unit cell size, not exactly fitting into the previously mentioned cF≈400-
and cF≈1200-categories (Hillebrecht et al., 1997). Its cluster structure is
bult from two clusters. The first one consists of an atom at 8a 1/4, 1/4, 1/4
centering a rhombic dodecahedron, enclosed by a snub cube, surroun-
ded by a 60-atom third-shell cluster (with 24 pentagonal, 6 quadrangular,
and 24 triangular faces). The second cluster is located at 8b 0, 0, 0 and
consists of a central atom within an icosahedron, surrounded by another
icosahedron (with atoms capping all faces), which is enclosed by a small
rhombicosidodecahedron. Both three-shell clusters overlap with their sym-
metrically equivalent clusters and cover all sites within the unit cell. Two
packings of clusters can be formed by choosing either the two-shell clus-
ter at 8a and the three-shell cluster at 8b or vice versa, and either of these
packings fully describe the structure. Equivalent structures were found in
the systems Zn–Ru–Sb and Zn–Ru–Sb (Xiong et al., 2010).

• 203 Fd3̄: The structure of cF1392-Cd86.2Eu13.8 can be seen as an approx-
imant for the icosahedral (Tsai-type) quasicrystals in the related Ca–Cd
and Yb–Cd systems (Gómez and Lidin, 2004). Originally it was described
based on two symmetrically inequivalent triacontahedra, each centered by
a disordered tetrahedron within a dodecahedron, which is enclosed by an
icosahedron surrounded by an icosidodecahedron. The cluster can be also
decomposed in a different way. Then, the disordered tetrahedron constitutes
still the cluster center, and the dodecahedron forms the first cluster shell.
The icosidodecahedron can be regarded as the second cluster shell (with its
pentagonal faces capped by atoms that had previously been described as a
separate cluster shell in the shape of an icosahedron). The third cluster shell
is formed by the same atoms that were formerly regarded as making up the
triacontahedron, but can also be viewed differently: as being arranged in a
fullerene-like shell F42

80 . Two three-shell clusters formed by these polyhedra
are located at the positions 8a 0, 0, 0 and 8b 1/2, 1/2, 1/2 (these sites being
arranged in a double-diamond lattice).The third cluster shells overlap with
one another. All Wyckoff sites contained in the three-shell cluster around
8a, together with the two-shell cluster around 8b, cover all atomic positions
within the unit cell.

8.2 Cluster structures of hexagonal CIMs

As can be seen in Table 8.1, hexagonal plus trigonal CIMs form the second
largest group of CIMs, following right after the fcc CIMs discussed in the
previous section. Their cluster structures have so far only been reviewed by
Dshemuchadse (2013), with numerous different packings of Frank-Kasper poly-
hedra and fullerene-like multishell clusters being observed. However, a somewhat
universal description as was found for the fcc CIMs (see Section 8.1) was not
possible.
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Already the distributions of the unit cell sizes of structures with Bravais lattice
types hR and hP (see Fig. 8.1) are much less discrete, and cannot be separated
into clear subgroups. At closer inspection, almost no hP-CIMs with unit cell sizes
of around 200 atoms are reported, with another, narrower gap being located at
around 130 atoms. The latter one was chosen as a lower bound for the definition
of hexagonal CIMs, so as to keep the number of investigated structures with 33
within a feasible range. For hR-CIMs, obvious gaps in the histogram can be found
at hR≈200 and hR≈300. The centered equivalent of a 100-atom-containing prim-
itive cell lies at hR300, which was chosen as a threshold for CIMs, resulting in
the selection of 15 hR-structures. For a complete list of all hP- and hR-CIMs
discussed here see Table 4.1 in Dshemuchadse (2013).

The 230 space groups contain 25 trigonal and 27 hexagonal groups, but only
38 of these 52 are featured among intermetallics in the PCD. Classified by Bravais
lattice, 31 of these belong to hP and 7 to hR (out of a total 45 and 7, respectively).
The hP-CIMs can be grouped into 18 structure types, the hR-CIMs into 7 differ-
ent ones (an important criterion is a similar c/a-ratio for all equivalent structures
with hexagonal unit cells). Five of the former and five of the latter were found
to exhibit a structure built with multishell endohedral clusters similar to the cF-
CIMs discussed above. These were also discussed in Dshemuchadse and Steurer
(2014), among others. More details on these structures, as well as the ones that
were not found to exhibit a multi-shell cluster structure as discussed in this chap-
ter, can be found in Dshemuchadse (2013). In the following, some characteristic
examples are discussed in greater detail.

• hP139-Ga47.5Mg26.4Cu15.5Li10.6 (187 P6̄m2) (Lin and Corbett, 2008): this is
a unique structure type constituted from three multishell clusters: a FK 26

15-
polyhedron centered by an atom is located at Wyckoff position 1f ; it is
surrounded by a fullerene-like F 15

26 -shell (with capped faces: FK78
41), which

is then enclosed by the fullerene-like polyhedron F41
78 . These three-shell

clusters are packed closely along three lattice directions, sharing hexago-
nal faces along [001] and pentagonal faces in the (110)-plane. A network of
Frank-Kasper (FK) polyhedra between these F41

78 -shells consists of mostly
FK28

16- as well as fewer FK 26
15- and FK20

12-polyhedra. On site 1d, a similar
cluster arrangement can be found. The first and second cluster shells are
equivalent to the ones around 1f , but the third shell is distorted in a way
that transforms 6 of the 29 hexagonal faces of F41

78 into pentagons, result-
ing in a 75-atom polyhedron which is not quite fullerene-like. The empty
FK20

12-polyhedra (icosahedra) mentioned in the cluster packing above center
other multishell clusters. The icosahedra are surrounded by a pentagon do-
decahedron, F12

20 , with capped faces, FK 60
32, which is in turn surrounded by a

C60-fullerene-like (F32
60 ) cluster.

• hP(218–20)-Ga62.6Li29.3Cd8.1 (163 P3̄1c) (Tillard-Charbonnel et al., 1994):
this structure constituted from endohedral clusters in the following way:
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at Wyckoff position 2b, an empty icosahedron FK 20
12 is surrounded by a

second-shell (incomplete) pentagon dodecahedron F12
20 (with capped faces:

FK60
32), which is in turn surrounded by a F32

60 -cluster shell. An hcp layer of
these three-shell clusters is stacked along the �c-direction of the structure and
a network of FK-polyhedra can be found in the interstices. An alternative
description of the fullerene-like F32

60 -polyhedron is as a packing of 20 FK28
16

Friauf-polyhedra around the central icosahedron. A second fullerene-like
structure is located at a position of slightly lower symmetry (4f ) and con-
sists of a central atom within a FK28

16 Friauf-polyhedron, within a defective
fullerene-like F16

28 -shell (with capped faces: approximately FK 82
44), within a

larger shell of the fullerene-like F84
44 -shape. These large three-shell clusters

overlap in all three lattice directions, forming a two-dimensional hexago-
nal arrangement that is stacked in an AABB-manner, and contain all atomic
positions that are occupied in these structure, hence describing it completely.

• Three hP198-hP238-compounds: The two structures of hP(224 – 2.2)-
In55.0K23.4Tl16.1Na5.4 (Flot et al., 1997a) and hP238-In67.2K32.8 (Li and
Corbett, 2003) were described in space group 164 P3̄m1. This space group
has a common supergroup, 194 P63/mmc, with the space group 163 P3̄1c
of the Ga–Li–Cd-compound described above, and their cluster structures
are closely related. Due to its lower symmetry and the corresponding split-
ting of Wyckoff sites into multiple symmetrically inequivalent ones, both
of the multishell clusters found in the Ga–Li–Cd-structure are present in
these two compounds in almost identical form, but each of them in two
slightly different versions. The FK 20

12@F
12
20 (capped: FK60

32) @F32
60 -cluster is

present in the same arrangement on site 1a, and in a slightly altered ver-
sion (with six heptagonal faces replacing six pentagonal ones, as well as
four quadrangular faces in addition) on site 1b. Both these sites in space
group 164 P3̄m1 are directly linked to the 2b site in 163 P3̄1c via the group-
supergroup-subgroup relationships mentioned above. The central site of the
other fullerene-like cluster—4f in 163 P3̄1c—is also split into two inequival-
ent positions of almost the same cluster, both centered around different 2d
sites. The sequence of a central atom within a FK28

16-polyhedron surrounded
by a F16

28 -shell (with capped faces: FK 82
44) enclosed by a F84

44 -cluster is the same
for both of them, in one case with similar defects as reported for the Ga–
Li–Cd-structure, in the other in the ideal geometry. The packing of these
clusters is unchanged with respect to the structure with symmetry 163 P3̄1c,
and the network of FK-polyhedra between the F32

60 clusters is only slightly
altered compared with the structure of hP(218 – 20)-Ga62.6Li29.3Cd8.1, with
one additional cluster shell occurring, FK34

19, probably in direct connection
with the small changes to some of the fullerene-like clusters.

• hP272-Al55.3Li26.9Mg12.0Cu5.7 (P63/mmc) (Le Bail et al., 1991): This struc-
ture exhibits two three-shell and one two-shell cluster worth describing.
At site 4f , a central atom is surrounded by an FK26

15-polyhedron, which is
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surrounded by a fullerene-like F15
26 -shell (with capped faces: FK78

41). The
third cluster shell with roughly the shape of F 41

78 in this structure is defec-
tive in that one hexagonal face is replaced by a triangular one. The clusters
themselves are the same that were found in hP139-Ga47.5Mg26.4Cu15.5Li10.6,
but do not overlap with one another and instead pack together by sharing
faces. As was the case in multiple cases above, this cluster can alterna-
tively be described as a packing of FK-polyhedra. The second kind of
three-shell cluster is found on a 6h-site and consists of an empty icosahe-
dron FK20

12, surrounded by a pentagonal dodecahedron F12
20 (only partially

capped to an incomplete version of FK60
32), surrounded by a slightly defective

F32
60 fullerene-like shell. If only the second shells of both above-mentioned

clusters are taken into account, i.e., F 15
26 and F12

20 , a covering of the entire
unit cell can be achieved by adding only one more two-shell cluster: around
an atom sitting on a 4e-site, a disordered Friauf polyhedron FK28

16 within
another fullerene-like shell of F14

24 can be described.

• hP386-Al57.4Ta39.0Cu3.6 (194 P63/mmc) (Dshemuchadse et al., 2013): One
three-shell cluster is located around the empty site 2a, consisting of a rhom-
bohedron (adopting one of at least six different orientations), surrounded by
a pentagon dodecahedron F12

20 (with capped faces resulting in a rhombic tri-
acontahedron FK 60

32), which is in turn surrounded by the fullerene-like shell
of F32

60 . The other three-shell cluster is centered at a central atom at position
2c, which is surrounded by a disordered 11-atom cluster shell within a 27-
atom-polyhedron (consisting of 12 pentagonal and 14 triangular faces; with
capped pentagons resulting in FK74

39), which is located within the fullerene-
like F39

74 -cluster shell. Each of these two kinds of clusters is packed densely
on a hexagonal lattice within layers perpendicular to the �c-lattice direction.
These layers are then stacked in an ABAC-stacking sequence with B- and
C-layers being composed of the same cluster and both A-layers of another
one, resulting effectively in an AB’AC’-stacking. The interstices between the
fullerene-like clusters are filled with different FK-polyhedra, mostly FK 26

15

and FK28
16. An alternative description is suggested in the same manuscript

(Dshemuchadse et al., 2013) and makes use of the second-shell clusters
mentioned above, as well as additional polyhedra. In addition to F12

20 at 2a
and the 27-vertex shape at 2c, a F16

28 fullerene-like second-shell cluster found
at a 4f -site and a set of pentagonal bifrusta are necessary to describe the
entire unit cell of the structure.

• hP390-In49.8Na49.2Ni1.0 (194 P63/mmc) (Sevov and Corbett, 1993a): This
structure is similar to that of hP386-Al57.4Cu3.6Ta39.0 discussed before.
There are only a few differences in the description of its disorder motifs
(Dshemuchadse et al., 2013).

• hP694-Li49.0Ba39.8Na11.3 (P3̄) (Smetana et al., 2007a): The AETs found in
this structure are mostly FK-polyhedra: FK 28

16 and some FK26
15 around the

larger Ba-atoms, FK20
12 around the smaller Na- and Li-atoms. The structure
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exhibits a high degree of disorder thus rendering its cluster description am-
biguous and incomplete. The same three-shell cluster can be found around
four atomic positions—1a, 1b, and two 2d-sites: in each case, the central
atom is surrounded by an icosahedron FK20

12, which is located within a
pentagon dodecahedron F12

20 (with capping atoms: FK60
32), which is then sur-

rounded by the fullerene-like third shell in the shape of F32
60 . Within each

layer, these clusters form a hexagonal lattice with an overall stacking motif
of ABBACC. They do not, however, form a close packing or describe the
entire structure.

• hR360-Ga65.0Na35.0 (Frank-Cordier et al., 1982a) and hR366-In65.0K35.0

(Cordier and Müller, 1992) (R3̄m): Both structures are very similar. The
constituting clusters are the same as in hP238-In67.2K32.8 and related struc-
tures, but they are packed in a different manner. An empty icosahedron
FK20

12 is located at the 9e position, surrounded by F12
20 (with capping atoms:

FK60
32), which is then surrounded by a F32

60 -shell. These clusters overlap
and each one contains all atomic positions found in the structure. Another
fullerene-like three-shell cluster, also observed in the hP238-compound, is
featured in these structures, as well: a central atom enclosed by an FK 34

19-
polyhedron, which is located within a F16

28 -shell (with capping atoms a
modified version of FK 84

44), which is in turn surrounded by the third-shell
F44
84 -cluster. This kind of cluster also overlaps with its equivalents within the

unit cell, but one atomic position is not contained within. It can also, alter-
natively, be built from FK-polyhedra FK28

16 and FK34
19 and, together with a

set of FK20
12-icosahedra, these make up the unit cell almost entirely.

• Eight isostructural hR387-hR417-compounds (166 R3̄m): hR(414 – 27.3)-
Ga73.6Na20.2K6.2 (Belin and Charbonnel, 1986; Flot et al., 1998), hR(417 –
14.9)-Ga61.1Na15.7Cd12.8K10.4 (Flot et al., 1997b), hR417-Ga66.9Na24.5Cu8.7

(Tillard-Charbonnel et al., 1992a), hR417-Ga66.2Na24.5Cu5.0Cd4.3 (Chahine
et al., 1994), hR417-Ga58.4Na24.5Zn17.2 (Tillard-Charbonnel et al., 1992b),
hR417-In69.2K24.5Au6.3 (Li and Corbett, 2006), hR417-In65.5K24.5Mg10.0 (Li
and Corbett, 2006), and hR(420 – 9.0)-In65.7K24.8Zn9.5 (Li and Corbett,
2006; Cordier and Müller, 1995). A four-shell cluster is located at site 3b: an
icosahedron FK20

12 is surrounded by a pentagon dodecahedron F12
20 (with cap-

ping atoms: FK60
32), which is enclosed in a fullerene-like F32

60 -shell, followed
directly by another cluster shell of fullerene-like shape: F42

80 . Apart from one
atomic position, all independent sites are contained within this large cluster.
Another cluster, this one located at 9e, features the same first and second
shells: FK20

12 within F
12
20 (with capping atoms: FK60

32), which are followed by
an elongated version of the F32

60 -polyhedron through the insertion of ten ad-
ditional vertices. Most sites are again surrounded by FK-type coordination
polyhedra (FK28

16, FK
34
19, and FK

20
12)

• hR(441 – 5.9)-Cd40.2Na33.8Sn26.0 (166 R3̄m) (Todorov and Sevov, 1997):
Another familiar cluster was found here as well: an empty icosahedron
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Table 8.4 CIMs with fullerene-like multishell clusters with orthorhombic lattice symmetry
(primitive—oP, base-centered—oS, body-centered—oI, and face-centered oF).

Compound Space group Site Cluster shells Ref.

oP244-Ga63.9Na36.1 53 Pmna 4a FK20
12@ F12

20 / FK
60
32@ F32

60 [1]

[2]

oP244-Na36.1Zn33.1Sn30.8 " " " [3]

oP248-In62.9K29.3Na7.8 " " " [4]

oP(756 – 14)-In53.1Na46.3Ni0.5 59 Pmmn 2a X10 @X25/ FK70
37@ F37

70 [5]

2a X18 @X29/ FK78
41@ F41

78

2b X9 @ F12
20 / FK

60
32@ F32

60

4e FK26
15@ F15

26 / X41 @X78

4f FK20
12@ F12

20 / X32 @ F32
60

oS(288 – 5)-Ga77.4Li22.6 63 Cmcm 4b FK20
12@X20/ X32 @ F32

60 [4]

4c FK28
16@X32/ X44 @X84

oS(344 – 4)-In64.7Na35.3 63 Cmcm 4a FK20
12@X20/ X32 @ F32

60 [6]

4c FK28
16@X32/ FK84

44@X84 [7]

8g FK20
12@ F12

20 / X32 @ F32
60

oS(348 – 25)-Ga71.5Li21.1K7.4 63 Cmcm 4a FK20
12@ F12

20 / FK
60
32@ F32

60 [8]

oI344-Na37.2Zn31.5Sn31.3 72 Ibam 4b X16 @X30/ FK88
46@ F44

84 [3]

oF968-Ga56.8Na26.4Au16.8 69 Fmmm 4b FK20
12@ F12

20 / FK
60
32@ F32

60 [9]

oF(920 – 39)-Ga71.0Na18.2Li10.9 " " " [10]

oF(904 – 34)-Ga74.8Na23.0Rb2.2 " " " [11]

[1] Ling and Belin (1982), [2] Frank-Cordier et al. (1982b), [3] Kim and Fässler (2009), [4] Carrillo-
Cabrera et al. (1994), [5] Sevov and Corbett (1996), [6] Sevov and Corbett (1993b), [7] Cordier and
Müller (1993), [8] Belin (1983), [9] Tillard-Charbonnel et al. (1993), [10] Charbonnel and Belin (1984),
and [11] Charbonnel and Belin (1987).

FK20
12 on site 9d within F12

20 (with capping atoms: FK60
32) within a F32

60 -
polyhedron. These clusters overlap and cover all but four atomic positions
in the structure, describing slabs of the structure completely, but omitting
the atoms between these slabs. Another cluster is located at site 3a, where
a central atom is surrounded by a FK 32

18-polyhedron, which is surrounded
by an elongated version of the pentagonal dodecahedron consisting of 26
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vertices in total (with capping atoms: 44-vertex polyhedron), with the third
cluster shell having the fullerene-like shape FK 84

44. This three-shell cluster
forms a hexagonal close-packing perpendicular to the �c-direction and is
ABC-stacked along �c. The remaining empty space between these polyhedra
can be described entirely with FK28

16- and FK
20
12-polyhedra.

• hR879-Al63.1Mg36.9 (166 R3m) (Feuerbacher et al., 2007): The structure is
closely related to that of cF(1192 – 23)-Al53.6Mg46.4 discussed above (Sec-
tion 8.1.3). Atoms in this structure also mostly have FK-type coordination
shells, specifically FK 28

16, FK
26
15, and FK

20
12. Around two of these, located at

two different 3a-sites, rather irregular three-shell clusters are located, de-
rived from the fullerene-like shapes of F 40

76 and F41
78 . The third shells of

two of these different clusters overlap and form pairs stacked along the �c-
direction. Compatible with the rhombohedral symmetry, three more of the
“other kind” of three-shell cluster can be found to surround each one, form-
ing an overall tetrahedral coordination. These arrangements, together with a
three-dimensional network of FK28

16 Friauf-polyhedra, almost completely tile
the unit cell of this structure.

• hR888-Li67.5Ba26.5Ca6.0 (167 R3̄c) (Smetana et al., 2007a): The relatively
prevalent three-shell cluster of an icosahedron FK 20

12 within a pentagon
dodecahedron F 12

20 (with capping atoms: FK60
32) within a C60-like F32

60 -
polyhedron is located at a 6b-site. However, due to a failure to explain the
remaining sites as similar FK-type or fullerene-like clusters, these remain
isolated and quite a few atomic positions remain unexplained.

Table 8.5 CIMs with fullerene-like multishell clusters with tetragonal lattice symmetry
(primitive – tP and body-centered – tI ).

Compound Space group Site Cluster shells Ref.

tP(228 – 3)-In62.7Na37.3 137 P42/nmc 2a FK28
16@X32/FK84

44@X84 [1]

tP(906 – 28)-Al59.0Li28.9Cu6.0Zn6.0 " 2c FK20
12@F12

20 /FK
60
32@F32

60 [2]

2f FK28
16@X28/ X44 @X84

4i FK20
12@F12

20 /FK
60
32@F32

60

4i FK28
16@X28/ X44 @X80

8o X12 @X20/ X32 @F32
60

8p FK28
16@F16

28 /FK
84
44@X84

tI232-Sn64.6Rh20.7Er14.9 142 I41/acd 8b X18 @X32/FK84
44@F44

84 [3]

tI252-Li69.8Ba30.2 122 I 4̄2d 16e FK20
12@F12

20 /FK
60
32@X60 [4]

[1] Sevov and Corbett (1992), [2] Leblanc et al. (1991), [3] Hodeau et al. (1984), and [4] Smetana et al.
(2007b).
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Table 8.6 CIMs with fullerene-like multishell clusters with cubic primitive lattice
symmetry (cP).

Compound Space
group

Site Cluster shells Ref.

cP140-Sc81.4Rh18.6 200 Pm3̄ 1b FK20
12 @ X30 / FK80

42 @ X80 [1]

cP140-Sc81.4Ir18.6 " " " [1]

cP140-Sc81.4Pt18.6 " " " [1]

cP140-Sc81.4Ru18.6 " " " [1]

cP140-Sc82.9Fe17.1 " " " [2]

cP146-Mg41.1Ag26.0Al32.9 " (1a & 1b) " [3]

cP154-In62.3Na33.8K3.9 223 Pm3̄n 2a FK20
12 @ F12

20 / FK60
32 @ X60 [4]

6c FK24
14@ F14

24 /X38 @X72 [5]

cP154-In62.3Na33.8Rb3.9 " " " [4]

cP154-In62.3Na33.8Cs3.9 " " " [4]

cP156-Hg61.5K37.2Na1.3 " (2a & 6d) " [6]

cP157-Tl68.8K31.2 200 Pm3̄ 1a FK20
12 @F12

20 / FK60
32 @ F32

60 [7]

1b FK20
12 @F12

20 / FK60
32 @ X60

6f FK24
14 @ F14

24 / X38 @ X72

cP(163 – 5)-Zn79.7Mg15.2Ti5.2 200 Pm3̄ 1a FK20
12 @F12

20 / FK60
32 @ F32

60 [8]

1b FK20
12 @ F12

20 /FK60
32 @ F32

60

6g FK26
15 @ X27 /X42 @ X82

cP(166 – 7)-Zn79.8Mg15.9Hf4.3 " " " [8]

cP(166 – 7)-Zn79.8Mg15.9Zr4.3 " " " [8]

cP172-Cd86.0Ce14.0 201 Pn3̄ 2a FK4
4 @ F12

20 / FK60
32 @ X34 @ F42

80 ; [9]

cP(561 – 48)-Al69.6Pd24.3Mn6.1 200 Pm3̄ 1a FK20
12@F

12
20 /FK60

32 @ F32
60 [10]

cP680-Zn68.2Mg21.2Y10.6 205 Pa3̄ 8c FK20
12 @ F12

20 / FK
60
32 @ F32

60 [11]

8c FK28
16 @F16

28 /X44 @X80

cP(704 – 5)-Zn84.3Sc12.8Mg2.9 205 Pa3̄ 8c FK4
4 @ F12

20 / FK60
32 @ X30 @ F42

80 ; [12]

8c FK20
12 @X32@ F32

60

cP(704 – 14)-In44.5Ag40.4Yb15.1 " " " [13]

cP736-In42.9Ag42.9Eu14.1 205 Pa3̄ 8c FK4
4 + FK8

6 @ F12
20 / FK60

32 @ X30 @ F42
80

8c FK20
12 @ X32@X60 [14]

[1] Cenzual et al. (1985), [2] Andrusyak and Kotur (1991), [3] Kreiner and Spiekermann (1997), [4] Se-
vov and Corbett (1993c), [5] Carrillo-Cabrera et al. (1993), [6] Deiseroth and Biehl (1999), [7] Cordier
et al. (1993), [8] Gómez et al. (2008), [9] Armbrüster and Lidin (2000), [10] Sugiyama et al. (1998),
[11] Brühne et al. (2005), [12] Lin and Corbett (2006), [13] Li et al. (2008), and [14] Gómez et al.
(2009).



Fullerene-like three-shell clusters 465

8.3 Fullerene-like three-shell clusters

In addition to the more detailed analysis of the cF-, as well as the hP- and hR-
CIMs discussed above, a search for fullerene-like multishell clusters in CIMs of
all lattice symmetries rendered a wealth of additional findings (Dshemuchadse
and Steurer, 2014). Fullerene-like three-shell clusters were found in CIMs with
seven other Bravais lattices: oP, oS, oI , oF , tP, tI , cP, while none were found in
mP-, mS-, or cI-CIMs. No aP-intermetallics reported thus far have large enough
unit cells to be characterized as CIMs. In the following, three tables orthorhom-
bic (Table 8.4), tetragonal (Table 8.5), and cubic (Table 8.6) CIMs are listed
with the structure of their clusters. These clusters mostly have F- and FK-shapes;
derivative cluster shapes are denoted as X-clusters.



9

Quasicrystals (QCs)

The discovery of quasicrystals (QCs) (Shechtman et al., 1984) opened up a
completely new world in the field of intermetallic phases. At that time, quite a
few rather complex intermetallic phases were already known, the famous Samson
phases cF1192-NaCd2 and cF1168-Mg2Al3 belonging to the largest ones (Sam-
son, 1964; Samson, 1965). However, the novel kind of long-range order, i.e., qua-
siperiodic order, was a big surprise for everybody, and even unbelievable for the
famous chemist and double Nobel laureate Linus Pauling (Pauling, 1985; Pauling,
1989). It took a while until the structure of QCs, their stabilizing mechanism and
the driving forces for the evolution of quasiperiodic long-range order were basi-
cally understood (for a short review see Steurer (2011b)). It should be mentioned
here that quasiperiodic ordering is not restricted to intermetallic phases; it is also
quite common on the mesoscale for particles (colloids, nanoparticles, etc.) with
specific interaction potentials (Dotera, 2011; Dotera, 2012). Even more, qua-
siperiodic ordering has also been identified in particular packings of polyhedra,
forced by two different characteristic length scales (Haji-Akbari et al., 2009).

It should be emphasized here that the intermetallic phases classified as QCs do
not necessarily have quasiperiodic structures in the strict mathematical meaning
of the word. To clarify, this has been one of the the main goals of QC structure
analysis so far. Strictly quasiperiodic structures are purely point diffractive (Bragg
reflections only), and can be described by the higher-dimensional (nD) approach.
Real QCs, of course, will show continuous contributions in their Fourier spectrum
originating from thermal diffuse scattering, defects, and structural disorder if any,
i.e., in the same way as periodic intermetallic phases.

There are two main classes of intermetallic QCs known so far: decagonal QCs
(DQCs) and icosahedral QCs (IQCs). The terminology “decagonal” and “ico-
sahedral” refers to the Laue symmetry (10/m, 10/mmm and m3̄5̄, respectively) of
their diffraction patterns (intensity weighted reciprocal lattice) or, equivalently,
to the symmetry of the interatomic vector map (auto-correlation function or
Patterson map). It also refers to the “bond-orientational order” of a QC struc-
ture, which is equivalent to its vector map. The full space-group symmetry of
a quasiperiodic structure can best be described in the framework of the nD ap-
proach. However, an equivalent description is also possible in 3D reciprocal space
based on the symmetry relationships between the complex structure factors F(H)

Intermetallics: Structures, Properties, and Statistics. First Edition. Walter Steurer and Julia Dshemuchadse.
© Walter Steurer and Julia Dshemuchadse 2016. Published in 2016 by Oxford University Press.



Quasicrystal structure analysis 467

(Rabson et al., 1991). It has to be kept in mind that within the 3D direct-space
description of QCs (e.g., decorated tilings or coverings), they do not show any sin-
gular point of global tenfold or icosahedral symmetry, generally. However, these
symmetries can be found locally everywhere in the respective QC structures.

Apart from the relatively common DQCs and IQCs, a few intermetallic QCs
with octagonal and dodecagonal symmetries have been experimentally observed
as well (see, for instance, Iwami and Ishimasa (2015)). However, they have been
found to be either metastable or of very poor quality, and will not be discussed
here. In contrast, dodecagonal symmetry is the most common one in the case of
mesoscopic QCs (Barkan et al., 2011). For more information on these QCs as well
as on the quasiperiodic self-assembly on the meso- and macro-scale see Steurer
and Deloudi (2009), for instance.

The search for stable intermetallic QCs has been mostly based on two paramet-
ers: the valence electron concentration and the atomic diameter ratio (Tsai, 2003;
Tsai, 2013). Furthermore, the existence of rational approximants drove the search
in specific binary or ternary intermetallic systems, which was quite successful in
many cases.

9.1 Quasicrystal structure analysis

QC structure analysis is fundamentally different from the determination of
periodic crystal structures. In the case of periodic crystals, the goal is the de-
termination of the distribution of atoms in the unit cell, while the ordering of the
unit cells is known a priori, because they form a lattice. In contrast, if we describe
a QC as a covering then both the structure of the covering clusters and their ar-
rangement have to be determined. While there are 14 Bravais lattice types, only,
an infinite number of different tilings are possible. In terms of the nD description,
we again have a quite limited number of nD Bravais lattice types. However, the
shapes of the (n – 3)D occupation domains (atomic surfaces), which also con-
tain the information on the long-range order of the covering clusters, are only
restricted by the closeness condition.

In the best case, the fundamental clusters and the way they are allowed to
overlap can be first studied on periodic approximants, giving a sound basis for
the subsequent determination of the QC structure itself. There are two kinds of
periodic approximants to QCs known: general approximants and rational approx-
imants. General approximants are only in some way related to QCs, they just show
similar structure motifs (clusters). In contrast, the structures of rational approxim-
ants can be generated based on the higher-dimensional approach, just by shearing
the hypercrystal structure properly. They not only show the same kind of clusters
as the QCs but also the way they can overlap. Fortunately, rational approximants
are available for most IQCs and for some DQCs.

A full structure analysis of a QC should be performed employing both elec-
tron microscopy and diffraction methods. X-ray and neutron diffraction can give
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an accurate picture of a QC structure; however, it will be averaged modulo one
nD unit cell if just Bragg scattering is taken into account. One has to keep in
mind that already the indexing of the reflection data set with n reciprocal basis
vectors implies the validity and applicability of the nD approach. It has been
demonstrated in a simulation that refining an orientationally fivefold twinned ap-
proximant crystal mimicking a DQC, for instance, can lead to excellent R-factors
(R . . . reliability factor of a model structure refined against observed diffraction
data). Thus, without further experimental information one would accept such a
sample as a DQC.

Electron microscopy, in particular if microscopes corrected for spherical ab-
erration (Cs-corrected TEMs) are used, can give a rather accurate picture of
the local arrangement of atoms (clusters) averaged over the sample thickness of
≈ 10 nm. However, laterally (up to several hundred nm), the structures are not
averaged. Surface structure analysis by scanning tunneling microscopy (STM)
on terraced samples, can also give valuable structural information with atomic
resolution across areas of up to several 100 nm. The dynamic structure (phonon
dispersion spectrum) can be explored by inelastic neutron scattering giving infor-
mation about chemical bonding in the same way as for periodic crystals. The main
difference is that QCs have no Brillouin zone due to lack of periodicity. However,
one can define a Jones zone based on a set of strong Bragg reflections, which
also define a periodic average structure (PAS). Quantitative quantum mechanical
(first principles) calculations are only possible on approximants due to the lack
of periodic boundary conditions for QCs. They can give insight in the electronic
structure, the character of chemical bonding, and the existence of (pseudo)gaps
at the Fermi level, if any. Consequently, one can extrapolate the findings for the
case of QCs; however, they cannot be quantified beyond that point yet.

QC structures should be described in both 3D par-space sections and by il-
lustrating the content of the nD unit cell. The 3D par-space sections show the
characteristic building elements (clusters), and how they are arranged on the un-
derlying tiling. Due to the irrational slope of the par-space relative to the nD
lattice, nD sections with different perp-space coordinates are not fully congru-
ent to each other. The structural ordering principles, however, i.e., the structure
of the clusters and their mutual arrangements, are equivalent in all perp-space
sections.

The nD unit cell description allows a complete representation of a QC struc-
ture in closed form, and enables the comparison of structures of different QCs.
One has to keep in mind, however, that in contrast to the limited number of 3D
lattices (14 Bravais lattices), there exists an infinite number of different 2D tilings
(“quasilattices”) underlying DQCs. In the case of IQCs, the number of differ-
ent 3D quasiperiodic tilings is restricted to the 3D Ammann tiling. Based on an
always limited experimental data set, the determination of the quasilattice of a
DQC is always an approximate one, only. In the following, we will focus on the
3D par-space description, and on the comparison with the structure of rational
approximants, where available.
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Caveat I : It cannot be emphasized often enough that in the QC-community
the term ‘cluster’ is used just as a synonym for ‘structural subunit’ or ‘repeat
unit’. It can but does not need to be an energetically favorable arrangement of
atoms existing in both QCs and approximants. The cluster approach allows the
description of a quasiperiodic structure basically by a single type of partially over-
lapping clusters, resulting in a covering. These overlapping clusters correspond
(if properly chosen) to a projected cutout of an nD lattice. Consequently, if one
cluster is related to the proper projection of an nD unit cell onto 3D par-space,
then it may be called a “quasi-unit cell” (Steinhardt et al., 1998). Otherwise,
two or more clusters and ‘glue’ atoms might be necessary for constituting a
QC structure.

The centers of the properly arranged covering clusters form a tiling. The
atomic decoration of the clusters and the resulting covering can be mapped on
this tiling. Consequently, the cluster and tiling decoration approaches are fully
equivalent. Depending on the experimental method used, one or the other de-
scription seems to be more natural. For Cs-corrected HAADF- and ABF-STEM
images favoring one or the other case compare, for instance, Hiraga and Yasuhara
(2013a) and Hiraga and Yasuhara (2013b). Focusing on the tiling description
and connecting, for instance, the TM atoms, shows the major skeleton of the
structure as well as the bond-orientational order. In the cluster approach, the
focus is on the kind of packing and how it looks in the case of QCs and their
approximants.
Caveat II : Although the experimental data resulting from X-ray diffraction

(XRD) and electron microscopy (EM, in particular transmission electron micros-
copy, TEM) of the intermetallic phases classified as “quasicrystals” appear to be
in very good agreement with quasiperiodic structure models, there is some un-
certainty left as to how closely these structure models might approach their true
structures. Particularly, in the case of DQCs, there is a continously varying se-
quence of generalized PTs (Pavlovich and Klèman, 1987) as well as of Masakova
(Masakova et al., 2005) tilings, which could serve as quasilattices. Neither XRD
nor EM could properly distinguish many of them. This situation is completely
different from that of periodic crystal structures with their clearly derivable 14
Bravais lattice types.

9.2 Decagonal quasicrystals (DQCs)

Decagonal phases belong to the class of axial QCs. This means, in the special
par-space section containing the origin of the nD lattice, they have a unique ten-
fold rotation axis (like tetragonal or hexagonal crystal structures have fourfold
or sixfold axes, respectively), which is perpendicular to the quasiperiodic layers.
From a purely geometrical point of view, DQCs can be seen as periodic stackings
of flat or slightly puckered quasiperiodic layers. Alternatively, DQC structures
can be described geometrically as packings of partially, systematically overlapping
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decaprismatic clusters. In both cases, the quasiperiodic arrangement of structural
building units can be illustrated as decorations of quasiperiodic tilings. Amazingly,
the tilings underlying the structures of the DQCs known so far are all closely re-
lated to the 2D PT: pentagon PT, rhomb PT, hexagon–boat–star (HBS) tiling,
and Masakova tilings (Masakova et al., 2005; Deloudi et al., 2011).

All stable DQCs observed so far are ternary intermetallic compounds of the
type A–B–C (Fig. 9.1). Most of them are line compounds without an extended
compositional stability range. Some Al-based DQCs have compositionally quite
extended stability fields, because two of their three constituents can replace one
another in the structure to a large extent. The majority (> 50 at%) element A
corresponds to either Al or Zn. The concentration of the minority element C
can be as low as ≈ 2 at% in the case of C being one of the rare earth ele-
ments (RE). All stable DQCs can be assigned to either the Al–TM(1)–TM(2)
or the Zn–Mg–RE class. In each of the systems Al–Pd–Mn, Al–Pd–Re, and Zn–
Mg–Dy, both stable DQCs and IQCs have been identified at slightly different
stoichiometries.

A commonly used classification scheme of DQCs is based on their transla-
tion period along the tenfold axis, which is always a multiple n of stacks of two
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Fig. 9.1 Schematic representation of the compositional stability fields of DQCs
(adapted from Steurer and Deloudi (2009)). RE denotes the rare earth metals Y,
Dy, Ho, Er, Tm, and Lu in the case of d-Zn–Mg–RE. Note the different ranges
of the coordinates [at.%]: 50≤A≤ 100, 0≤B≤ 50, 0≤C≤ 50.
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quasiperiodic atomic layers. In the following those d(decagonal)-phases are listed,
the structures of which have already been reliably quantitatively determined (only
the best known d-phase is given, if in a single ternary system more than one DQC
has been studied):

2-layer periodicity (n=1)

d-Al65.0Co14.6Cu20.4 (Kuczera et al., 2012)

d-Al61.9Rh19.6Cu18.5 (Kuczera et al., 2012)

d-Al57.6Ir16.5Cu25.9 (Kuczera et al., 2012)

d-Al70.6Co6.7Ni22.7 (Cervellino et al., 2002)

d-Zn59.8Mg38.5Dy1.7 (Oers et al., 2014)

4-layer periodicity (n = 2)

d-Al72.5Co18.5Ni9.0 (Strutz et al., 2010)

6-layer periodicity (n = 3)

d-Al70Mn17Pd13 (Weber and Yamamoto, 1998)

d-Al70Mn17Pd13 (Yamamoto et al., 2004)

8-layer periodicity (n = 4)

d-Al75Os10Pd15 (Cervellino, 2002)

d-Al73Os12.5Ir14.5 (Katrych et al., 2007)

The structures of the 4-layer DQCs can be seen as twofold superstructures of
the 2-layer DQCs. In most cases these superstructures are laterally disordered,
in contrast to the average 2-layer DQCs. This means that the true period in the
columnar clusters of these DQCs corresponds to four layers; however, the lat-
eral correlation between different clusters is limited. In contrast, DQCs with 6-
and 8-layer periodicity, respectively, have been described using different types of
clusters. Furthermore, the 6-layer DQCs are related to IQCs as reflected in their
diffraction patterns showing icosahedral pseudo-symmetry.
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9.2.1 Example: DQC (n = 1) in the system Al–Cu–Rh

The structures of the 2-layer DQCs are all rather similar. d-Al–Cu–Co and d-Al–
Co–Ni (at some compositions) show some structured diffuse scattering indicating
an actual 4-layer periodicity of the columnar clusters, which are laterally only
short-range-ordered, however. In contrast, for d-Al–Cu–Rh and d-Al–Cu–Ir there
are no such indications of superstructure ordering or any other correlated dis-
order. Therefore, we will discuss just the example of d-Al61.9Cu18.5Rh19.6, the
structure of which has been determined employing the 3D tiling-decoration ap-
proach (Kuczera et al., 2012) (Fig. 9.2). Also in the same study the structures of
the closely related DQCs in the systems Al-Cu-Co and Al-Cu-Ir were determined
for comparison.

The structure of d-Al61.9Cu18.5Rh19.6 in the 5D-description is illustrated in
Fig. 9.3. The 5D space group is P105/mmc. In the center of this figure, a 2D
section through the 5D unit cell projected along [00100] is shown. x1, x2, and x3
are coordinates in the physical par-space, x4 and x5 in perp-space. x3 runs par-
allel to the tenfold screw axis, 105. The section is spanned by the physical space
coordinate x1 and the perpendicular space coordinate x5, so that the long body
diagonal of the 4D rhombohedral subunit cell is depicted. It runs from 00000 to
1̄1̄01̄1̄. In the left, one 5D unit cell projected on the 2D perp-space, spanned by
x4 and x5, is shown. In the right subfigure, the closeness and nearest-neighbor
conditions, respectively, between the atomic surfaces A, B, C, and D are shown.

The basic structural subunits can be described as decaprismatic columnar
clusters with ≈ 33 Å diameter and ≈ 4.2 Å period, which decorate the vertices
of a PPT with ≈ 20 Å edge length (Fig. 9.2). The 5D space group is P105/mmc.
The atomic layers are located on mirror planes perpendicular to the 105 screw
axis at x3 = 1/4 and 3/4, and are symmetrically related by the 105 screw axis and
the c glide plane. The period along the tenfold axis amounts to 4.278(5) Å.

The inner atomic arrangement of such a columnar cluster (Fig. 9.4) can be
described as a column of apex-sharing pentagonal bipyramids of Al atoms, with
the apical Al atoms pentagonally coordinated by TM atoms. This innermost co-
lumnar cluster shell can also be described as a cylindrically wound-up hcp layer of
Al and TM atoms. The outer columnar cluster shell can be characterized in the
same way. By the way, the description as cylindrically wound-up hcp layer applies
to any structure created by the iterative action of an NN /2 screw axis (with N > 4
and an even number) on an atom. Both shells are linked by Al atoms. The clusters
are arranged in a way that puckered atomic layers are formed running through the
structure like lattice planes in a periodic crystal structure.

A HT study of d-Al–Cu–Rh up to 1223 K did not reveal any significant
structural changes with temperature (Kuczera et al., 2014). The best on-average
quasiperiodic order was found to exist between 1083 K and 1153 K. This may
indicate that this DQC is a HT phase, stabilized by entropy. However, the main
source of this entropic contribution might not be related to phason flips, but rather
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(c)

(a) (b)

Fig. 9.2 78× 78 Å2 sections of the atomic layers of d-Al61.9Cu18.5Rh19.6 in
(a) x3 = 1/4, (b) x3 = 3/4, and (c) projected along x3. The shaded edge-sharing pentagons
highlight pentagonal bipyramidal TM structure motifs, which are also prominent
structure motifs in the case of the approximants in the systems Al–Co, Al–Ir, and Al–Rh.
The edge length of the gray Penrose rhombs amounts to ≈ 17 Å, of the light-gray large
pentagons (forming a PPT) to ≈ 20 Å, and the diameter of the black outlined decagons
≈ 33 Å. The corners of the shaded pentagons in (a) and (c) are all occupied by TM atoms
(after Kuczera et al. (2012)). Reproduced with permission of the International Union of
Crystallography.

to lattice vibrations, occupational and chemical disorder. Perhaps, one should
mention that in the systems Al–Co, Al–Ir, and Al–Rh metastable binary DQCs
were observed and stable approximants are known. In contrast, no approximants
have been observed in the system Al–Cu. The role of Cu seems to be to stabilize
the DQC by adjusting the valence electron concentration and allowing for more
kinds of chemical disorder.
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Fig. 9.3 Characteristic projections and sections of the 5D unit cell of d-Al61.9Cu18.5
Rh19.6. Left: perp-space projection of one 5D unit cell; middle: (10001) section through
four, along [00100] projected, 5D unit cells. The lower-left unit cell section is underlaid
with the corresponding Fourier map; right: projection of the atomic surfaces (occupation
domains) marked A, B, C, and D in the middle in order to illustrate the closeness
condition. Each dot corresponds to an atom lifted from 3D to 5D space. TM dots and
strokes are black, Al/TM mixed positions are light gray, and Al dark gray. The black
pentagrams should serve as guides to the eyes (from Kuczera et al., (2012)). Reproduced
with permission of the International Union of Crystallography.

9.2.2 Growth model for decagonal quasicrystals

The formation and growth of QCs belongs to the fundamental problems in quasi-
crystal research, which are not fully solved yet. Crystal growth of compounds with
simple structures is well understood and can be simply modeled. The situation is
different for complex intermetallics, be they periodic or quasiperiodic. How do the
atoms find their sites in the structure of cF(23 256 – x)-Al55.4Cu5.4Ta39.1 (x=122,
ACT-71) (see Subsection 7.4.4), for instance? One can assume that, when ap-
proaching the solidification temperature, already in the melt local ordering takes
place, and the cluster preforms add their highly mobile atoms layer by layer to the
growing crystals. Relative to the length scale of the constituting clusters (≈ 14 Å)
and superclusters (≈ 40 Å), the lattice period of ≈ 70 Å is just a small multiple.
On the scale of clusters, the complex structure formation is reduced to a rather
simple cluster packing; a problem similar to close sphere packings, which all are
periodic.
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34.132 Å
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Al
TM

Fig. 9.4 (a) One supercluster (Deloudi et al., 2011) with the traces of the puckered
atomic layers marked by light-gray lines. (b) One of these puckered atomic layers is shown
on top in two orthogonal projections. Note the pseudohexagonal arrangement of atoms.
(c) One Hiraga-supercluster (Hiraga, 2001) (outlined in black), consisting of five Deloudi
clusters, is depicted together with a ≈ 14 Å subcluster (d) in different projections and
exploded view. The perfectly ordered hcp columnar cluster shell (e) is formed by pieces of
the atomic layers shown in (a, b). So is the innermost cylindrical cluster shell. (f) Column
of face-sharing pentagon-dodecahedra around vertex-connected, capped pentagonal
bipyramids (Al . . . gray, TM . . . black). Reproduced from Steurer (2014a). Copyright
©2014 Elsevier Masson SAS. All rights reserved.

The question is how quasiperiodicity is evolving during QC-crystal growth.
Again, we can consider the QC structure resulting from the packing of clusters.
The crucial point is that here the clusters can overlap only in a particular way,
according to specific overlap rules. Overlap rules, however, are no growth rules.
In the case of a covering, where all cluster overlaps obey the rules, one can be sure
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that it is quasiperiodic. However, a process adding cluster to cluster by obeying
the overlap rules alone would run again and again into problems such as the for-
mation of gaps in the packing or not-allowed overlaps. This problem can be solved
by taking into account the flat atomic layers present in all QCs. Since each cluster
defines such a set of atomic layers by its own structure, it provides global con-
straints to the growing structure beside the local overlap rules. It has been nicely
demonstrated by cluster-based model calculations (Kuczera and Steurer, 2015)
that the combination of local overlap rules with globally acting layer-continuation
rules allows the growth of highly-perfect DQCs.

9.3 Icosahedral quasicrystals (IQCs)

Most of the QCs known so far are icosahedral quasicrystals (IQCs). They are
quasiperiodic in all three dimensions, and their diffraction symmetry can be de-
scribed by the icosahedral point group m3̄5̄ (Laue symmetry). Their structures,
whose quasilattices are related to the 3D Ammann tiling, can best be described in
6D space, with space group symmetry Pm3̄5̄ or Fm3̄5̄, respectively.

The stability regions of most of the IQCs known so far are shown in Fig. 9.5.
Similarly to DQCs, quite a few of the ternary IQCs show extended compositional
stability regions, indicating the presence of some intrinsic substitutional disorder.
Fortunately for the analysis of their structures, IQCs are often accompanied by
rational approximants in their respective binary or ternary intermetallic systems.
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Fig. 9.5 Approximate stability regions of some classes of icosahedral quasicrystals. RE denotes
the rare earth metals Nd, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu in the case of
i-Cd–Mg–RE; La, Ce, Pr, Nd, Gd, Tb, Dy, Ho, Er, and Yb in the case of i-Zn–Mg–RE.
Note that only the A-rich part (50≤A≤ 100 at.%) is shown in the right concentration diagram
(from Steurer and Deloudi (2009)).
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IQCs are mostly classified according to the type of their constituting clusters:
(i) Mackay-cluster based IQCs (type M), (ii) Bergmann-cluster based IQCs
(type B), and (iii) Tsai-cluster based IQCs (type T).

9.3.1 Mackay-cluster based IQCs (Type M)

All stable IQCs of the M-type known so far are based on Al as main component,
Cu or Pd as second element, and a TM element of group 7 or 8 as the third con-
stituent. These IQCs are also sometimes called spd-IQCs due to the hybridization
between the p states of Al and the d states of the TM atoms, which can lead to
pseudo-gaps in the electron density of states. Their stability is related to their va-
lence electron concentration, e/a, which should be in the range of 1.6≤ e/a≤ 1.9.
The number of valence electrons is usually taken from Raynor (1949) (Al: 3,
Fe: –2.66, Os: –2.66, Pd: 0, Ru: –2.66). The 3d electrons of Cu are considered
core electrons since they do not significantly contribute to the Fermi energy. In
Table 9.1 the stable M-type IQCs are listed together with their approximants.

The structure of a typical Mackay-cluster, as it appears in a 1/1-approximant,
is illustrated in Fig. 9.6. It consists of three shells (Fig. 9.6, (a)–(c)) and sits in the
body-center of α-Al40Mn10.1Si7.4. The corners of the unit cell are occupied by so-
called double-Mackay polyhedra (Fig. 9.6, (a)–(e)), which have two more cluster
shells (see also Kuo (2002)). The innermost icosahedron shows Al/Si chemical
disorder in both cases.

Even more substitutional disorder has been found in the IQC and its 1/1-
approximant in the system Al–Cu–Fe (Fig. 9.5). The wide stability range leads
to mixed Al/Cu and Al/Cu/Fe sites in the first shell of the Mackay-cluster in the
body center and of the second cluster shell in the double-Mackay-cluster at the
origin of the unit cell of the 1/1-approximant, and the related clusters of the IQC.
In the case of 1/1-Al57.3Cu31.4Ru11.3, the first disordered shells of both the clusters
in the center and the origin of the unit cell are centered by Ru atoms.

9.3.2 Bergmann-cluster based IQCs (Type B)

Most of the type B ICQs only contain elements with s and p valence electrons, and
are therefore called sp-QCs (Table 9.2). They are found for valence electron con-
centrations in the range of 2.1≤ e/a≤ 2.4 (Al: 3, Fe: –2.66, Os: –2.66, Pd: 0, Rh:
–1.71, Ru: –2.66 (Raynor, 1949)). Another designation for these IQCs is Frank-
Kasper IQCs, because their approximants belong to the class of Frank-Kasper
(FK) phases. The structures of FK phases can be described as tetrahedrally
close-packed (tcp). These structures only contain tetrahedral interstices and the
coordination polyhedra are limited to essentially the four FK-polyhedra with co-
ordination numbers (CN) 12, 14, 15, and 16 (Shoemaker and Shoemaker, 1986).

The constituting cluster of the B-type IQCs is the Bergman cluster. Its struc-
ture is illustrated in Fig. 9.7 on the example of the 1/1-approximant R-Al5CuLi3.
The 160 atoms in the unit cell form a bcc packing of overlapping Bergman clusters.
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Table 9.1 Stable IQCs and approximants based on packings of Mackay-clusters. The
structures are ordered with increasing (quasi)lattice parameter ar (edge length of related 3D PT).
The 6D and 3D space groups (SG), as well as the lattice parameters of the cubic approximants
are given. Adapted from Steurer and Deloudi (2009).

IQC ar [Å] 6D SG Approximant a [Å] 3D SG

i-Al65Cu20Ru15 4.541 Fm3̄5̄ 1/0-Al71.5Cu8.5Ru20 7.745 P213

γ -Al55.1Cu14.6Ru20.2Si10.1a 2×7.690 Fm3̄

1/1-Al57.3Cu31.4Ru11.3 12.377 Pm3̄

i-Al65Cu20Os15 4.524 Fm3̄5̄

i-Al65Cu20Fe15 4.465 Fm3̄5̄ 1/1-Al55Cu25.5Fe12.5Si7 12.329 Pm3̄

i-Al70.5Pd21Mn8.5 4.562 Fm3̄5̄ 1/1-Al67Pd11Mn14Si7 12.281 Pm3̄

2/1-Al70Pd23Mn6Si 20.211 Pm3̄

i-Al70Pd20Re10 4.617 Fm3̄5̄

i-Al70Pd21Tc9 4.606 Fm3̄5̄

i-Al71Pd21Re8 7.383 Pm3̄5̄

i-Al72Pd17Ru11 Fm3̄5̄ c-Al68Pd20Ru12a 2×7.770 P23

i-Al72Pd17Os11 Fm3̄5̄

c-Al39Pd21Fe2a 2×7.758 Fm3̄

1/1-Al40Mn10.1Si7.4 12.643 Pm3̄

2/1-Al66.6Rh26.1Si7.3 19.935 Pm3̄
a (2 × 2 × 2)-fold superstructure of a 1/0-approximant.

The first four shells form the 104-atom Samson cluster, which yields, together
with the fifth shell, the 132-atom Pauling triacontahedron. In the bcc packing,
the triacontahedra share one rhomb face in the [100] directions, and an oblate
rhombohedron along [111] (for the packing of triacontahedra see also Fig. 4.5).

The packing can also be described as a vertex-decorated packing of oblate
rhombohedra with edge length ar = a

√
3/2. Compared to the oblate rhombohe-

dron (αr =63.44◦), which is one of the two prototiles of the Ammann tiling, it
appears slightly distorted (αr =70.53◦). Along the short diagonal (length= a1/1) of
the rhombic faces, the clusters share one of its rhombs. The neighboring clusters
along the edges and the short body diagonal (length ar = a

√
3/2) have an oblate

rhombohedron as common volume.
In the case of the cubic 2/1-approximant, with lattice parameter a2/1, essen-

tially the same triacontahedral clusters occupy the points of the lattice complex
generated by Wyckoff position 8c x, x, x in space group Pa3̄. This point set can
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Fig. 9.6 Shells of the Mackay-cluster (at the body center) and double-Mackay-cluster (at the
origin) on the example of α-Al40Mn10.1Si7.4 (a=12.643 Å, Pm3̄, a 1/1= approximant of type
M-IQCs. (a) (Al0.65Si0.35)12 icosahedron (edge length ar =2.585 Å, diameter Ø=4.908 Å)
connected via an octahedron to the icosahedron in the body center; (b) Al30 origin-centered
icosidodecahedron (ar = 2.826-2.983 Å, Ø=9.301 Å); (c) Mn12 icosahedron (ar =5.091 Å,
Ø=9.648 Å) connected via an octahedron to the one in the body center; (d) Al60 distorted
rhombicosidodecahedron (ar = 2.826-3.359 Å, Ø=13.361 Å) sharing a triangle face with the
icosidodecahedron in the body-center; (e) (Al0.01Si0.99)12 icosahedron (ar = 7.324-7.775 Å,
Ø=14.611 Å). (f) Combination of cluster shells (c)–(e); Si atoms cap all 12 pentagons, Mn all
squares. The projections of one unit cell along [100] and [110] are shown in (g) and (h) (from
Steurer and Deloudi (2009), Fig. 9.3. With kind permission from Springer Science+Business
Media).

also be described as the set of vertices of a 1:1 packing of oblate and prolate
rhombohedra with edge length ar = a

√
3/(2τ). The distortion of these rhombo-

hedra, compared to the Ammann prototiles, is smaller than in the case of the
1/1-approximant as indicated by αr =69.83◦.

Based on the commonly used 6D lattice parameter aP =
√
2ar , the edge length of

the Ammann rhombohedra in the approximants is larger by a factor τ 2. For exam-
ple, the edge lengths of the rhombohedra in the structure of 2/1-Zn47.3Mg27Al10.7
are 13.646 Å compared to τ 2ar =13.535 Å calculated from the icosahedral phase
with ar =5.17 Å.

9.3.3 Tsai-cluster based IQCs (Type T)

The T-type IQCs are the largest class of IQCs with an even larger number of 1/1-
and 2/1-approximants (Tables 9.3 and 9.4). They stand out against the M- and
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Table 9.2 Stable IQCs and approximants based on packings of Bergman clusters
(Frank-Kasper type). ar is the edge length of the 3D Penrose rhombohedra
(ar = aP /

√
2=AF /(2

√
2). The structures are ordered with increasing (quasi)lattice parameter ar.

Adapted from Steurer and Deloudi (2009).

IQC ar [Å] 6D SG Approximant a [Å] 3D SG

i-Zn76Mg17Hf7 5.011 Fm3̄5̄ 1/1-Zn77Mg18Hf5 13.674 Pm3̄

i-Zn84Mg7Zr9 5.031 Pm3̄5̄ 1/1-Zn77Mg18Zr5 13.709 Pm3̄

i-Al6CuLi3 5.043 Pm3̄5̄ 1/1-Al88.6Cu19.4Li50.3 13.906 Im3̄

i-Mg43Al42Pd15 5.13 Pm3̄5̄

i-Zn40Mg39.5Ga25 5.133 Pm3̄5̄

i-Zn74Mg15Ho11 5.144 Pm3̄5̄

i-Zn41Mg44Al15 a 5.17 Pm3̄5̄ 1/1-Zn34.6Mg40Al25.4 14.217 Im3̄

2/1-Zn37Mg46Al17 23.064 Pm3̄

2/1-Zn47.3Mg27Al10.7 23.035 Pa3̄

i-Ti40Zr40Ni20 5.17 Pm3̄5̄ 1/1-Ti51Zr33Ni16 14.30 Im3̄

i-Zn56.8Mg34.6Tb8.7 5.173 Fm3̄5̄

i-Zn65Mg26Ho9 5.18 Fm3̄5̄

i-Zn64Mg25Y11 5.19 Fm3̄5̄

i-Zn55Mg40Nd5 5.25 Pm3̄5̄

i-Zn56.8Mg34.6Dy8.7 Fm3̄5̄

1/1-Zn77Mg17.5Ti5.5 13.554 Pm3̄

2/1-Zn61.4Mg24.5Er14.1 20.20 F 4̄3m

2/1-Zn73.6Mg2.5Sc11.2 Pa3̄

3/2-2/1-2/1-

o-Zn40Mg39.5Ga16.4Al4.1 a = 36.840 Cmc21

b = 22.782

c = 22.931
a possibly metastable.

B-type IQCs because of the existence of stable binary IQCs such as Cd85Ca15 and
Cd84Yb16. Having only two constituents to consider makes the structure analysis
simpler. Furthermore, substitutional disorder, which is quite common in ternary
IQCs, is less likely due to the differences in electronegativity (Cd: 1.5, Ca: 1,
Yb: 1.1) and atomic radii (Cd: 1.489 Å, Ca: 1.97.4 Å, Yb: 1.940 Å). This means
that the entropy related to chemical disorder is not a necessary contribution to the
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Fig. 9.7 Shells of the Bergman cluster on the example of bcc R-Al5CuLi3, a 1/1-approximant
of i-Al6CuLi3. (a) (Al0.89Cu0.11)12 icosahedron (edge length ar =2.651 Å, diameter
Ø=5.033 Å); (b) Li20 pentagonaldodecahedron (ar = 3.226 Å, Ø=9.078 Å); (c)
(Al0.54Cu0.46)12 icosahedron (ar =5.383 Å, Ø=10.093 Å); (d) (Al0.89Cu0.11)48Al12 distorted
truncated triacontahedron (ar = 2.658-2.861 Å, Ø=14.161 Å); (e) Li32 triacontahedron (ar =
5.020-5.071 Å, Ø=16.238 Å). The shells in (b) and (c) can be combined to the (Cu,Al)12Li20
triacontahedron shown in (f). The ratio of the diameters of the large and the small triacontahedra
depicted in (e) and (f) amounts to τ . The large triacontahedra are face-connected along the [100]
directions and share an oblate rhombohedron along [111] (see also Fig. 3.16). The projections of
one unit cell along [100] and [110] are shown in (h) and (i) (from Steurer and Deloudi (2009),
Fig. 9.5. With kind permission from Springer Science+Business Media).

stability of this kind of QC. The structure of the 1/1-approximant cI168-YbCd6

shows a bcc packing of the constituting Tsai clusters (Fig. 9.8(a)–(g)), which are
also the fundamental clusters of the T-type ICQs. The 158-atom triacontahedral
clusters share one rhomb face along the [100] direction and an oblate rhombohe-
dron along [111]. This is comparable to the packing of the also triacontahedral
160-atom Bergman clusters (see Subsection 9.3.2). The internal structure of the
B- and T-type clusters, respectively, differ in the first and the third shell. The first
shell is formed by a Cd tetrahedron, which is orientationally disordered accord-
ing to the space available from the second shell, a Cd pentagonal dodecahedron.
The probability distribution function of the Cd atoms at the tetrahedron corners
has the shape of a truncated octahedron. The third shell corresponds to an Yb
icosahedron. Its triangular faces form Yb octahedra with the corresponding faces
along [111] (Fig. 9.8(c)). The fourth shell is a Cd icosidodecahedron, which is
surrounded by a distorted, edge-centered Cd triacontahedron, the fifth cluster
shell. Amazingly, the first two and the last two cluster shells consist entirely of Cd
atoms, encapsulating the third shell, an Yb icosahedron.
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Table 9.3 Stable Tsai-type IQCs as a function of the Penrose rhombohedron edge length ar.
The structures are ordered with increasing quasilattice parameter. 6D space groups (SG) are
given if available in literature. Adapted from Steurer and Deloudi (2009), Lin and Corbett
(2010), Canfield et al. (2010), and Goldman et al. (2013).

IQC ar [Å] 6D SG IQC ar [Å] 6D SG
i-Cu48Sc15Ga34Mg3 4.906 i-Cd65Mg20Lu15 5.571

i-Cu46Sc16Al38 4.921 i-Ag42In42Yb16 5.590 Pm3̄5̄

i-Zn84Ti8Mg8 4.966 i-Cd87.9Tm12.1 5.596 Pm3̄5̄

i-Zn75Sc15Ni10 4.981 i-Cd65Mg20Tm15 5.602

i-Zn72Sc16Cu12 4.996 i-Ag42Ca16In42 5.606 Pm3̄5̄

i-Zn75Sc15Co10 4.994 i-Au44.2In41.7Ca14.1 Pm3̄5̄

i-Zn75Sc15Fe10 5.008 i-Cd65Mg20Y15 5.606 Pm3̄5̄

i-Zn88Sc12 5.017 Pm3̄5̄ i-Cd88.4Ho11.6 5.611 Pm3̄5̄

i-Zn75Sc15Mn10 5.025 i-Cd88.0Er12.0 5.611 Pm3̄5̄

i-Zn80Sc15Mg5 5.028 Pm3̄5̄ i-Cd88.2Dy11.8 5.621 Pm3̄5̄

i-Zn75Sc15Pt10 5.029 i-Cd65Mg20Er15 5.622 Fm3̄5̄

i-Zn75Sc15Pd10 5.030 i-Cd65Mg20Ho15 5.625 Fm3̄5̄

i-Zn75Sc15Au10 5.057 i-Cd88.2Y11.8 5.625 Pm3̄5̄

i-Zn75Sc15Ag10 5.054 i-Cd88.5Tb11.5 5.627 Pm3̄5̄

i-Zn77Sc8Ho8Fe7 5.066 i-Cd65Mg20Tb15 5.628 Fm3̄5̄

i-Zn77Sc7Tm9Fe7 5.067 i-Cd65Mg20Dy15 5.628 Fm3̄5̄

i-Zn77Sc8Er8Fe7 5.070 i-Cd88.7Gd11.3 5.637 Pm3̄5̄

i-Zn56.8Er8.7Mg34.6 5.180 Fm3̄5̄ i-Cd65Mg20Gd15 5.648

i-Zn76Yb14Mg10 5.211 i-Cd84Yb16 5.689 Pm3̄5̄

i-Au46Al38Tm16 5.240 Pm3̄5̄ i-Cd65Mg20Yb15 5.727

i-Au51Al34Yb15 5.267 Pm3̄5̄ i-Cd85Ca15 5.731 Pm3̄5̄

i-Cd65Mg20Ca15 5.731 Pm3̄5̄

The cluster structure of the 2/1-approximant of the T-type IQC is shown on the
example of cP712-Ca13Cd76 (Fig. 9.8(h)–(l)). The triacontahedral clusters dec-
orate the vertices of a rhombohedron (ar =13.646 Å, α =69.83◦), which is close
to the obtuse rhombohedron, one of the two prototiles of the Ammann tiling.
Along the edges of the rhombohedra, the clusters overlap forming oblate rhom-
bohedra. Along the short body diagonal they share a rhombohedron face. The
rhombohedra are packed in a zigzag manner. The Cd atoms around the center
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Table 9.4 Stable 1/1- and 2/1-approximants based on the Tsai-cluster. The structures are
ordered with increasing lattice parameter a. 3D space groups (SG) are given if available in
literature. Adapted from Steurer and Deloudi (2009).

Approximant a [Å] SG Approximant a [Å] SG

1/1-Be17Ru3 11.337 1/1-Cd6Gd 15.441 Im3̄

1/1-Ga3.85Ni2.15Hf 13.319 1/1-Ag2In4Ca 15.454 Im3̄

1/1-Ga3.22Ni2.78Zr 13.374 1/1-Ag47.7In38.7Ce14.2 15.46

1/1-Ga3.64Ni2.36Sc 13.440 1/1-Cd6Dy 15.462 Im3̄

1/1-Ga2.3Cu3.7Sc 13.472 1/1-Cd6Y 15.482

1/1-Ga2.6Cu3.4Lu 13.745 1/1-Cd6Sm 15.589 Im3̄

1/1-Zn17Sc3 13.843 1/1-Cd6Nd 15.605 Im3̄

1/1-Zn17Yb3 14.291 1/1-Cd6Yb 15.661 Im3̄

1/1-Au48Al38Tm14 14.458 Im3̄

1/1-Au51Al35Yb14 14.500 Im3̄

1/1-Ag47Ga38Yb15 14.687 Im3̄

1/1-Ag42.5Ga42.5Yb15 14.707 1/1-Ag42.9In43.6Eu13.5 15.69

1/1-Au64Ge22Yb14 14.724 Im3̄

1/1-Au50.5Ga35.9Ca13.6 14.731 Im3̄ 1/1-Cd6Ca 15.702 Im3̄

1/1-Au61.2Sn23.9Dy15.2 14.90 1/1-Cd25Eu4 a 2 × 15.936 Fd3̄

1/1-Au-Sn-Tb 14.91 1/1-Cd19Pr3 15.955 Im3̄

1/1-Au62.3Sn23.1Gd14.6 14.97 1/1-Cd6Sr 16.044

1/1-In53Pd33Ho14 15.00 Im3̄

1/1-In53Pd33Dy14 15.02 Im3̄

1/1-In53Pd33Y14 15.04 Im3̄

1/1-In53Pd33Tb14 15.06 Im3̄

1/1-Ag42.2In42.6Tm15.2 15.05 2/1-Au61.1Ga25.0Ca13.9 23.938 Pa3̄

1/1-Au47.2In37.2Gd15.6 15.07 2/1-Au60.3Sn24.6Yb15.1 24.28

1/1-Au12.2In6.3Ca3 15.152 Im3̄ 2/1-Au61.2Sn24.3Ca14.5 24.37

1/1-Au64.2Sn21.3Pr14.5 15.16 2/1-Au42.9In41.9Yb15.2 24.63 Pa3̄
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Table 9.4 continued

Approximant a [Å] SG Approximant a [Å] SG

1/1-Au65Sn20Ce15 15.190 Im3̄ 2/1-Au37In39.6Ca12.6 24.632 Pa3̄

1/1-Ag46.4In39.7Gd13.9 15.21 2/1-Ag41.7In43.2Yb15.1 24.869 Pa3̄

1/1-Au49.7In35.4Ce14.9 15.28 2/1-Au61.2Sn24.5Eu14.3 24.87

1/1-Au60.7Sn25.2Eu14.1 15.35 2/1-Ag41In44Yb15 24.88

1/1-Ag2In4Yb 15.362 Im3̄ 2/1-Ag42In45Ca13 24.96 Pa3̄

1/1-Ag46.9In38.7Pr14.4 15.39 2/1-Cd76Ca13 25.339 Pa3̄

1/1-Au42In42Yb16 15.4 Ia3̄ 2/1-Ag43.4In42.8Eu13.8 25.35 Pa3̄
a (2× 2× 2) superstructure of a 1/1-approximant.

of such a rhombohedron leave a space in the form of a double Friauf polyhedron
occupied by two Ca atoms along the long body diagonal.

The structure of i-YbCd5.7 can be described as a 3D PT decorated by the Tsai
clusters at the vertices, covering 93.8% of all atoms in this way. The remaining
space is filled by different arrangements of acute and obtuse Penrose unit tiles.
The acute rhombohedron corresponds to a double Friauf polyhedron with two Yb
atoms along its long diagonal and Cd atoms on the vertices. The oblate rhombo-
hedron is decorated by Cd on the vertices and edge centers. The structure shows
τ 3 scaling symmetry. It is noteworthy that the structure cannot be described as a
3D Penrose tiling with uniquely decorated unit tiles while the decorating clusters
have a unique structure.

9.3.4 Atomic layers in icosahedral quasicrystals

We have already seen in Subsection 9.2.1 that flat or slightly puckered atomic
layers along the periodic direction are fundamental structural features in DQCs.
This is also true for IQCs, where the layers, which have to obey the icosahedral
point group symmetry, are crisscrossing each other. Only in IQCs, the icosahedral
cluster symmetry and the quasiperiodic packing of these clusters are compatible
with these atomic layers (Fig. 9.9). Each cluster already defines a subset of these
“infinitely” extending flat layers and relates local with global order, guiding the
growth of QCs.

9.4 Remarks on formation and stability
of quasicrystals

When does a QC form in a given binary or ternary intermetallic system and
when does only a rational approximant form, supposing that the formation of
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Fig. 9.8 Shells of the Tsai-clusters on the example of bcc 1/1-YbCd6 and 2/1-Ca13Cd76.
(a) Orientationally disordered Cd4 tetrahedron. The averaged electron density is smeared along
the edges of a truncated octahedron; (b) Cd20 pentagonaldodecahedron; (c) Yb12 icosahedron;
(d) Cd30 icosidodecahedron; (e) Cd92 distorted, edge-centered triacontahedron. The
triacontahedra are face-connected along the [100] directions and share an oblate rhombohedron
along [111]. The projections of one unit cell along [100] and [110] are shown in (f) and (g). (h)
Cd20 dodecahedron enclosing an orientationally disordered Cd4 tetrahedron (not shown) similar
to the 1/1-approximant; (i) Ca12 icosahedron; (j) distorted Cd30 icosidodecahedron connected via
an octahedron to the neighboring cluster; (k) Cd80 decorated triacontahedron sharing oblate
rhombohedra with the overlapping other clusters; (l) Projection of one unit cell along [100] (from
Steurer and Deloudi (2009), Figs. 9.8 and 9.9. With kind permission from Springer
Science+Business Media).
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Fig. 9.9 Projections of the structure of i-Cd-Yb (courtesy of H.
Takakura) along (a) a five-fold axis, (c) a three-fold axis, and (e) a
two-fold axis. In (b), (d), and (e), the corresponding projections of
1/1-Cd-Yb are depicted, i.e., along the pseudo-5-fold (ps5) and the
3- and 2-fold directions, respectively. The atomic layers form a
network compatible with 5-fold symmetry only in (a) and not in (b).
On top of it, almost all atoms are arranged in flat atomic layers
(internal surfaces or interfaces), a kind of Ammann planes, which
interpenetrate each other in a way, that is only possible in
quasiperiodic structures. In all cases, projections of a spherical
section (diameter 100 Å) of the structures are shown (from Steurer
and Deloudi (2009), Fig. 10.2. With kind permission from
Springer Science+Business Media).
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a particular kind of cluster is favorable (see also Steurer (2006b) and Steurer
(2011a))? The crucial factor is the stoichiometry, which differs slightly for these
two cases. Of course, there are also many systems where just an approximant
exists and no QC or vice versa. In the case of IQCs there are more rational
approximants than IQCs, in contrast to DQCs where the opposite is true.

The periodic and quasiperiodic structures of rational approximants and QCs,
respectively, just differ by the ways their constituting clusters, which are the same
in both cases, pack (Steurer and Deloudi, 2012). Consequently, one can assume
that these clusters are energetically favorable subunits, which can be arranged
in different ways. Their chemical composition generally differs from the overall
composition of these compounds. By varying the kind of overlaps, only a few well-
defined ones are possible; the overall chemical composition can be adjusted. For
higher and higher approximants, the overall chemical composition should con-
verge to that of the QC. Consequently, one could ask why we usually observe only
rather low approximants, for instance 1/1, 2/1, and, at most, 3/2 for approximants
to IQCs, instead of a devil’s staircase of approximants. This is an open question.
One hypothesis could be that the free-energy landscape shows a deep minimum
just for the 1/1 and in some cases also for the 2/1 approximant. For higher ap-
proximants, the lattice energy may be very similar to that of the QC; however, the
entropic contribution will be much higher for the QC mainly due to phasonic dis-
order on different length scales. Furthermore, since the cluster-overlapping rules
have to be relaxed for the formation of approximants, it is not possible to create
rational approximants of any order by just using the same type of constituting
cluster without local changes and the need to fill gaps by “glue” atoms. This can
turn low-order approximants into energetically quite favorable structures on their
own, differing structurally, considerably, from QCs. In contrast, high-order ap-
proximants do not have a significant structure-based energetical advantage, if any,
compared to QCs, which have higher entropy.

In this context one may ask why almost all structures of intermetallic phases
in thermodynamic equilibrium are periodic with rather small unit cells. What is
the advantage of periodicity compared to aperiodicity? In the case of small unit
cells and well-defined atomic layers, the Bragg reflection density is low and all
reflections relatively strong. This is favorable for the propagation of electrons
and phonons yielding relatively simple band structures. In the case of IMSs
and CSs the crucial factors hindering periodic structure formation are mutually
incommensurate periodicities of substructures for otherwise favorable chemical
compositions. The Bragg reflection density is infinite in at least one dimension.
nD periodicity also leads to sharp Bragg reflections related to atomic layers that
can diffract electron (Bloch) waves (see Hume-Rothery stabilization mechanism)
in the case of intermetalllics.

In direct space, the crucial factor in the case of QCs is also the existence
of two or more incommensurate length scales. In contrast to IMS and CS, re-
spectively, they have specific fixed values. These values usually result from the
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structurally allowed distances between the constituting clusters, which have non-
crystallographic symmetry in the case of all known quasiperiodic intermetallics.

Periodicity and quasiperiodicity, respectively, are the results of the energetically
and entropically best possible packing of AETs and larger structural subunits with
a narrow atomic (molecular) distances distribution and a minimum of different
coordination polyhedra. In the case of small nanocrystals, for instance, where pe-
riodicity does not play a role anymore, a different type of packing (e.g., icosahedral
atomic arrangements) can be energetically much more favorable than that taking
place in the structures of larger crystals.

Crystal structures of intermetallics with large unit cells frequently have well-
defined periodic average structures (PASs), related to large amplitudes of their
Fourier modules (strong Bragg reflections), with a much smaller period (weak
subperiod). The atomic positions in the actual (super)structure are slightly shifted
away from the occupied sites in the PASs. While IMS also have PASs with a one-
to-one relationship of atomic sites in the actual structure and in the PASs, this is
not the case of PASs of QCs.

It should also be kept in mind that real crystals are never strictly periodic,
not even in thermal equilibrium. They have finite size, with the atoms at the
surface of the crystal having AETs differing from those in the bulk. There are
atomic vibrations caused by phonons, thermal vacancies, and other point defects
such as impurities (i.e., equilibrium defects). Furthermore, periodicity only ex-
ists on average in solid solutions (e.g., HEAs) and otherwise disordered crystal
structures.
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Structures and properties
of functional intermetallics

The materials discussed in this chapter are not all intermetallic compounds ac-
cording to our definition. Since their character, however, is metallic or at least
half-metallic, we also include borides and silicides into our discussion in a few
cases.

10.1 Ferromagnetic materials

A prerequisite for a strong permanent magnet is a high net magnetic moment of
(some of) the constituting elements and the efficient coupling of the magnetic
moments. Since the magnetic moment of an atom depends on the number of
localized unpaired electrons, transition elements with up to five and rare earth
elements with up to seven unpaired electrons in the d- and f-orbitals, respectively,
are the most promising candidates. The atomic magnetic moment originates on
one hand from the spin of the electrons and on the other hand from the orbital
motion around the atomic cores. Both contributions add up vectorially. A strong
spontaneous coupling of the parallel-aligned atomic magnetic moments by quan-
tum mechanical exchange forces, which leads to the spontaneous polarization J,
is another prerequisite for a ferromagnetic material. The crystal structure governs
this coupling and therewith the magnitude of the magnetocrystalline anisotropy,
which is related to the energy needed to move J out of its self-chosen direction.
At the Curie temperature, TC, the thermal vibrations are strong enough to destroy
the long-range order of the magnetic moments, and the ferromagnetic material
becomes paramagnetic.

One has to distinguish between soft- and hard-magnetic materials (for a re-
view see, e.g., Jiles (2003)). The former are characterized by a high permeability
μr (a second rank tensor), low coercitivity, and low hysteresis loss; for the lat-
ter, a high coercitivity (which is connected with a low permeability) is important,
i.e., a strong resistance to demagnetization. Soft-magnetic materials are employed
for electrical transformers and due to their narrow hysteresis loop it does not

Intermetallics: Structures, Properties, and Statistics. First Edition. Walter Steurer and Julia Dshemuchadse.
© Walter Steurer and Julia Dshemuchadse 2016. Published in 2016 by Oxford University Press.
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need much energy to invert the direction of the magnetic induction, B=μrH.
Hard-magnetic materials are used for permanent magnets, which are employed
for providing strong constant magnetic fields. In both cases, the crystal structure
plays a decisive role. Structures favoring a strong exchange correlation between
the atomic magnetic moments cause a broader hysteresis loop. Amorphous and
nanocrystalline alloys are the other extreme, the very weak coupling leading to
soft-magnetic materials with a low Curie temperature.

It should be mentioned, however, that the constituting elements of a ferro-
magnet do not need to be ferromagnetic themselves. Ferromagnetic elements at
ambient temperature are only: Co (Tc = 1388 K), Fe (Tc = 1043 K), Ni (Tc =
627 K), and Gd (Tc = 292 K). Examples are the Heusler phases, for instance,
ferromagnetic cF16-Cu2MnAl. Al and Mn are paramagnetic, Cu is diamagnetic.
On the other hand, alloys consisting mainly of ferromagnetic elements exist that
are just paramagnetic such as austenitic ( fcc) stainless steels (fcc Fe–Cr–Ni alloys).
Such steels can be used in strong magnetic fields, for instance, for magnetic res-
onance imaging (MRI). In contrast, martensitic and ferritic stainless steels are
ferromagnetic.

Starting in the beginning of the twentieth century, the performance of hard-
magnetic materials for the application as permanent magnets has been drastically
improved, step by step. Magnets, which do not easily demagnetize due to
their broad hysteresis loop, are called hard-magnetic. Their performance can
be quantified by the maximum energy product B ·Hmax, which is defined by
the maximum product of B and H in the second quadrant of the hysteresis
curve (demagnetization curve); it can be given in kJ/m3 or Mega-Gauss-Oerstedt
(MGOe).

The development of permanent magnets started with ferromagnetic steel (≈ 1
MGOe), an iron alloy containing C, Cr, W, Co, or other elements for im-
peding domain wall motion in order to get a low but significant coercitivity.
The next magnet materials developed were ferrites (≈3–4 MGOe), in particular
barium-iron-, strontium-iron-, and cobalt-iron-oxides with the spinel structure
type, which show a high magnetocrystalline anisotropy, and aluminum-nickel-
iron-cobalt alloys, Alnico (≈5–10 MGOe). There, the high magnetocrystalline
anisotropy results from the texture of the material, achieved by annealing the alloy
in a strong external magnetic field. However, the coercitivity is rather small in both
cases compared with the rare-earth-based magnetic materials discovered later.

The discovery of hP6-SmCo5 and hR19-Sm2Co17 (≈ 20–30 MGOe) in the
1960s was a major breakthrough, topped only by tP86-Nd2Fe14B (≈ 56 MGOe),
which was identified as an excellent hard-magnetic material in 1984 and op-
timized until the end of the 1990s. It is still the material underlying the by-far
strongest permanent magnets. The high magnetocrystalline anisotropy is mainly
caused by the rare-earth elements, while the transition metal atoms provide the
main contribution to the high magnetization. Substitution of ≈ 4% Nd by Dy im-
proves the linearity of the B-H curve as well as the intrinsic coercitivity and allows
us to use this kind of permanent magnet for hybrid vehicle motors, for instance
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Fig. 10.1 Structure types of the most important hard-magnetic materials: (a) the
hP6-CaCu5 type, (b) the hR19-Th2Zn17 type, and (c)-(d) the tP86-Nd2Fe14B type. In (a),
the hexagons in the K-net of Cu atoms are shaded light gray, those containing Ca dark gray.
In (b), the Th-containing hexagons are dark-gray, the Zn-capped Zn-hexagons are shown as
pyramids. In (c) and (d), two different representations of the tP86-Nd2Fe14B structure are
shown (Nd. . . light gray, Fe. . . gray, B. . . black). The polyhedra in (d) are CN14 FK-
polyhedra. In (e) the flat Fe/Nd/B-layer (z = 0) is shown with some characteristic interatomic
distances, in (f) the puckered Fe-layer (0.1 ≤ z ≤ 0.21). Subfigures (e, f) are on half the usual
scale.

(Gutfleisch et al., 2011). It has been experimentally shown that Nd can be re-
placed in this structure type by all other RE elements except Pm and Eu; however,
large energy products have been achieved for RE=Pr and Nd, only (Herbst and
Croat, 1991; Goll and Kronmüller, 2000).

The structure of hP6-SmCo5, which is of the hP6-CaCu5 type, can be de-
scribed as a stacking of h(exagon) layers and K(agomé) layers (Fig. 10.1(a)).
Also in this binary system another good hard-magnetic material exists, hR19-
Sm2Co17 (hR19-Th2Zn17 type) (Fig. 10.1(b)), which is the only kind of strong
permanent magnet that can be used at elevated temperatures due to its high
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Curie temperature of TC =1189 K. Its structure can be described in a similar
way by h and K layers. The difference is that the h layers feature Sm-centered
Co-hexagons, only, in the case of hP6-SmCo5, and empty hexagons surrounded
by Sm-centered ones in the case of hR19-Sm2Co17. The hexagons in the K lay-
ers are in both cases empty, however, partially capped by Co atoms in the case
of hR19-Sm2Co17. It is amazing that the structures of these RE-based perma-
nent magnets all have the honeycomb and K(agomé) nets in common, which
are vertex-decorated with transition metal atoms and centered or capped, at least
partially, with the larger RE elements. There are also similarities to the σ phase,
tP30-Cr46Fe54 (see Fig. 7.13 in Subsection 7.4.2).

The structure of tP86-Nd2Fe14B can be described as a stacking of layers of
face-connected tilted Fe13Nd2 CN14 FK-polyhedra (Fig. 10.1(d)) (Herbst et al.,
1984). The Fe-centered CN14 polyhedra in adjacent layers share their apical Nd
atoms in z=0 and 1/2, which themselves form flat layers together with the B
atoms and Fe atoms outside the polyhedra (Fig. 10.1(e)). The B atoms center
the trigonal Fe-prisms left in the open space in-between the CN14 polyhedra of
two adjacent layers. Due to covalent bonding (Ching and Gu, 1987) the short
Fe–B distances (≈ 2.1 Å) require a tilt of the CN14 polyhedra, which leads to a
puckering of the Fe layers (Fig. 10.1(f)).

It should be mentioned that also in the Nd–Fe–B system a compound ex-
ists with the structurally related hR19-Th2Zn17 structure type. Compared to
tP86-Nd2Fe14B, hR19-Nd2Fe17 has a lower Curie temperature, TC =330 K ver-
sus 585 K (Herbst et al., 1985). Furthermore, the magnetic moments are oriented
in the basal plane in the case of hR19-Nd2Fe17, while in tP86-Nd2Fe14, all mag-
netic moments are aligned parallel to the [001] direction. To the total magnetic
moment of 41.61 μB per formula unit (f.u.) the local magnetic moments at the Fe
sites contribute between 2.38 and 2.78 μB/f.u., and those at the Nd sites 3.39–3.41
μB/f.u. (Kitagawa and Asari, 2010).

According to Goll and Kronmüller (2000), tP86-RE2Fe14B, RE = Nd, Pr, per-
manent magnets have the highest maximum energy product, while hP6-CaCu5

and hR19-Sm2(Co,Cu,Fe,Zr)17 supply the highest coercitive fields at ambient
temperature as well above 1000 K, making them suitable for HT-applications.

The Heusler phases (see also Subsection 7.3.2) should be mentioned here
as well, since they show interesting magnetic properties, which can be of in-
terest, for instance, for spintronic applications. The ferromagnetic properties of
cF16-Cu2MnAl had been discovered in 1903 by Fritz Heusler. In the meantime,
hundreds of Heusler and half-Heusler phases, with stoichiometries cF16-A2BC
and cF12-ABC, respectively, have been found with interesting properties (for a
review see Graf et al. (2013)). A and B are mostly TM or RE elements, while
C are main group elements. The Heusler phase can be seen as a (2× 2× 2)-fold
superstructure of the cI2-W type. Removing four of the eight atoms centering the
eighth-cubes leads to the half-Heusler phase. Magnetic half-Heusler compounds
have one magnetic sublattice formed by B atoms, magnetic Heusler phases have
two, one of A atoms and one of B atoms, which can couple ferromagnetically.
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Heusler phases with compositions Co2YZ and Mn2YZ can be half-metallic ferro-
or ferrimagnets, which behave like a metal for one spin direction and like an
insulator for the other one.

Finally, a comment on the magnetic properties of quasicrystals (for a review see
Stadnik (2013)). From symmetry analysis it was found that long-range ferromag-
netic order is not possible in icosahedral QCs, while antiferromagnetic order is
allowed. So far, experimental observations only show the existence of either par-
amagnetism, diamagnetism, or spin glass behavior for decagonal or icosahedral
quasicrystals.

10.2 Magnetostrictive materials

Magnetostrictive materials reversibly change their dimensions under the influ-
ence of a magnetic field that changes their spontaneous magnetostrictive strain.
The inverse magnetostrictive effect changes the magnetization of a material under
mechanical stress. In contrast to these magnetoelastic materials, magnetoplastic
materials do not simply recover after removal of the external magnetic field. Ex-
amples are the magnetic shape-memory materials, which will be discussed in
Section 10.6.

The magnetostriction λ is defined as the relative length change under the in-
fluence of a magnetic field, λ=�l/l0. The changes are measured relative to the
length l0 of the material in the demagnetized state. Most magnetically ordered
materials (ferro-, ferri-, and antiferromagnets) have λ≈ 10–5 – 10–6, a few show a
giant effect on the order of λ≈ 10–3 (Jiles, 2003).

The technologically most important magnetostrictive material is cF24-
Dy1–xTbxFe2 (x≈ 0.3), Terfenol D, named after its main constituents Tb and
Fe, the place where it was developed in the seventies, the Naval Ordnance
Laboratory (NOL), and its minor constituent Dy. Due to its large (positive)
magnetostriction constant it is mainly used as an actuator, magnetomechanical
sensor, and acoustic and ultrasonic transducer (e.g., for sonar systems). Its struc-
ture is that of the cubic Laves phase cF24-MgCu2, and its Curie temperature is
TC =653 K. The compound cF24-SmFe2 crystallizes in the same structure type,
and in contrast to Terfenol D it has a giant negative magnetostriction constant
(Kawamura et al., 2006).

The magnetostrictive effect also underlies the Invar effect, i.e., an anomalously
low thermal expansion, which has been discovered by Guillaume (1897) in a
fully disordered cF4-Fe65Ni35 alloy, and has later been found to exist as well in
ordered compounds such as cP4-Fe3Pt but also in elemental hP2-Gd (Ruban
et al., 2007). The negative magnetostrictive effect leads to a spontaneous expan-
sion of the structure. With increasing temperature the magnetostrictive coupling
gets more and more weakened by thermal motion of the atoms diminishing the
thereby caused expansion and at the same time compensating thermal expansion
therewith.
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Magnetostriction has been observed in many other magnetic intermetallics such
as cF24-YMn2, hP38-Tm2Fe16Cr, and hP38-Er2Fe17, for instance, to name only
a few (Chen et al., 2015). It cannot only lead to almost zero thermal expansion
(Invar effect) but also to negative thermal expansion as in hP9-GdAgMg, hP38-
Y2Fe17, or hR57-Gd2Fe17, and related rare earth compounds (Chen et al., 2015).

10.3 Magnetocaloric and magnetic barocaloric
materials

Basically, all magnetic materials show the magnetocaloric effect (MCE); however,
it may be arbitrarily small. In an adiabatic process, MCmaterials show a reversible
change in temperature, �Tad , upon application of a magnetic field. In the case of
isothermal conditions, a reversible change in magnetic entropy, �SM, takes place.
�Tad and �SM are the two parameters fully characterizing an MC material, if
mapped out as functions of the applied magnetic field and of temperature.

If the effect is large enough, as is the case for materials with giant mag-
netocaloric effect (GMCE), it can be practically used for cooling by adiabatic
demagnetization, and in reverse for heating by adiabatic magnetization. Con-
sequently, GMC materials with Curie temperatures close to the temperature
of interest (in most cases at room temperature, TC ≈RT), can be used for
refrigeration and heat pumps.

A Carnot cycle for refrigeration, for instance, could work in the following way:
first the magnetic contribution to entropy, SM, is decreased by adiabatic mag-
netization of a superparamagnetic material or a ferromagnetic material above its
Curie temperature, TC (superparamagnetism can exist in small, single-domain
ferromagnetic nanoparticles). In an adiabatic system the total entropy has to re-
main constant, a decrease in SM has to be accompanied by a rise in the vibrational
entropy, Sv, i.e., an increase of lattice vibrations (phonons) and therewith of the
temperature by �Tad . Then, after removal of the excess heat at ambient tempera-
ture, the reverse process, i.e., adiabatic demagnetization, restores the zero-field
magnetic entropy again at the cost of the vibrational entropy. This leads to a
decrease of the lattice vibrations and, therewith, of the temperature. A more de-
tailed discussion of magnetic-refrigeration cycles can be found in the review by
Romero Gómez et al. (2013).

According to the thermodynamic approach presented by Spichkin and Tishin
(2005) (and references therein), the Gibbs free energy of a magnetic material,
which can be transformed from one magnetic phase to another by a first order
magnetic phase transition, can be written as:

G = Gex +Gme +Ga –HM, (10.1)

with Gex the free energy of the exchange interaction, Gme that of the magne-
toelastic interaction, Ga the anisotropy energy, and HM the magnetic energy
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(H . . . magnetic field,M . . . magnetization). The entropy change at the magnetic
transition follows from the equality of the potentials of the two phases, G1 =G2:

�Gex + �Gme + �Ga = Hcr�M,G = Gex +Gme +Ga –HM, (10.2)

with Hcr the critical magnetic field of the transition. The isothermal magnetic
entropy change at the transition results from equation 10.2 and the magnetic
Clausius-Clapeyron equation:

dHcr

dT
= –

�SM
�M

(10.3)

yielding

�StrM = –
(

∂�Gex

∂T
+

∂�Gme

∂T
+

∂�Ga

∂T
–Hcr

∂�M
∂T

)
. (10.4)

The adiabatic temperature change at the phase transition �ttr can be calculated
using the equation

�T = –
T
Cp,H

�SM, (10.5)

with the heat capacity Cp,H , resulting in

�Ttr =
T
Cp,H

(
∂�Gex

∂T
+

∂�Gme

∂T
+

∂�Ga

∂T
–Hcr

∂�M
∂T

)
. (10.6)

In Fig. 10.2(d), a T /S diagram is shown of an MC material undergoing a
first-order phase transformation (Romero Gómez et al., 2013). The transfor-
mation temperatures depend on the magnetic field, Tt0 for H0 = 0 and Tt1 for
H1 >H0. The isomagnetic curves show jumps in entropy, �SM, at the respective
transformation temperatures. The vertical dotted lines reflect the adiabatic tem-
perature changes, �T , which have maximum values for the temperature range
Tm <T <Tt0. In the case of a second-order phase transition, the isomagnetic
curves would not show discontinuities, but the general schematic would be simi-
lar. However, the MCE would be much smaller due to the lack of a large change
in the exchange energy due to a discontinuity in the interatomic distances.

The magnetic barocaloric effect (MBCE) leads to heating and cooling of mag-
netic materials upon variation of pressure. The main effect is based on the change
in exchange interaction energy due to a significant change in interatomic dis-
tances at the phase transformation. According to Spichkin and Tishin (2005),
the strong dependence of the exchange energy on interatomic distances should be
reflected in the change of the Curie temperature with pressure, dTC/dp (see be-
low). TheMBCE can also be used to enhance the performance of GMCmaterials
(de Oliveira et al., 2014).
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According to the reviews by Brück (2005) and Gschneidner Jr. et al. (2005),
intermetallic GMC materials include:

• Gd (�SM = – 9 J/kgK, �Tad =11.6 K for �H =5 T) at the second-order
magnetic transition temperature of 294 K (Fujieda et al., 2003), and Gd-
based solid solutions (mostly used so far in devices working close to room
temperature); Tb, Dy, Er, Tb0.5Dy0.5; MBCE: –0.5≤dTC/dp ≤ 1.5 K/kbar,
depending on composition.

• hP2-Fe0.49Rh0.51 with hP2-CsCl structure type; magnetism based on itiner-
ant electrons; highest magnetocaloric effect found so far: a magnetic field of
H =2 T at T =308.2 K causes a �T =12.9 K (Annaorazov et al., 1992);
MBCE: 4.3≤dTC/dp ≤ 5.75 K/kbar, depending on composition.

• Lanthanoid cubic Laves phases, cF24-REM2, with M either Al, Co, or Ni;
magnetism based on localized electrons.

• Gd5(Si1–xGex)4 with oP36-Sm5Ge4, mP36-Gd5Ge2Si2, or oP36-Gd5Si4
(TC =336 K) structure type; magnetism based on localized electrons; the
magnetic properties are very sensitive to the Ge/Si ratio due to different
atomic sizes of these isoelectronic atoms (chemical pressure); at the first-
order structural transformation temperature of 278 K, Gd5Ge2Si2 exhibits
�SM = – 18 J/kgK, �Tad =15.3 K for �H =5 T (Fujieda et al., 2003);
MBCE: dTC/dp =3.79 K/kbar; for a review on the magnetic properties of the
whole class of the RE5M4 family (M. . . group 13–15 element) see Mudryk
et al. (2011).

• cF112-La(Fe13–xSix) and cF112-La(Fe13–xAlx) with cF112-NaZn13 structure
type; magnetism based on itinerant electrons; for cF112-La(Fe0.9Si0.1)13,
�SM = – 30 J/kgK, �Tad =12.1 K for �H =5 T at the itinerant-electron
metamagnetic transition temperature of 184 K (Fujieda et al., 2003).

• MnNi2Ga, with the LT-phase tP4-Mn18.6Ni55.2Ga26.2 (tP4-AuCu structure
type) and the HT-phase cF16-Mn18.6Ni55.2Ga26.2 (cF16-MnNi2Ga structure
type, Heusler phase); both the first-order (martensitic) structural trans-
formation and the second-order metamagnetic (ferro- to paramagnetic)
transformation have the same transition temperature for this composition,
Tmart =TC =315 K; the entropy change amounts to �SM = – 20.4 Jkg–1K–1

at 317 K and H =5 T (Zhou et al., 2005).

• hR19-Nd2Fe17 with hR19-Th2Zn17 structure type; magnetism based on
localized electrons.

A powerful magnetocaloric material for LT-refrigeration around 20 K is the
type-VIII clathrate cI54-Eu8Ga16Ge30 (Phan et al., 2008). It undergoes a second-
order ferro- to paramagnetic phase transition at ≈ 13 K, and exhibits a magnetic
entropy change of �SM = 11.4 Jkg–1K–1 at 3 T. This value is larger than that
for Gd (�SM = 10.2 Jkg–1K–1 at 5 T) and comparable to that of Gd5Ge2Si2
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(�SM ≈ 18 Jkg–1K–1 at 5 T). The cooling capacity amounts to ≈ 87 Jkg–1.
Eu8Ga16Ge30 undergoes a phase transition from a type-VIII (I 4̄3m, cI54) into
a type-I clathrate (Pm3̄n, cP54) at 970 K. The crystal structure of the clathrate of
type VIII is constituted by only one type of, partially defective, polyhedral cages,
which can be derived from a pentagonaldodecahedron by adding three vertices
on particular edges (Shevelkov and Kovnir, 2011).

As an example of the structure underlying an intermetallic GMC material,
the LT- and HT-structures of Gd5Ge2Si2 (TC = 276 K), oP36-Gd5Ge2Si2 (62
Pnma at 243 K), and mP36-Gd5Ge2Si2 (14 P21/c at 292 K), respectively, are
illustrated in Fig. 10.2. Si/Ge atoms are dealt with as one type of atoms, since
both occupy the same Wyckoff positions in the structure in a partially disordered
way. According to Choe et al. (2000), the structures can be described as being
composed of slab-like structural units stacked upon each other along the [010] di-
rection, which themselves consist of vertex- and body-center-decorated Gd cubes.
The first-order phase transformation between the paramagnetic monoclinic HT-
phase (14 P21/c) and the ferromagnetic orthorhombic LT-phase (62 Pnma) can
be induced by both temperature and magnetic field changes. Structurally, dur-
ing the transformation the slabs are shifted against each other in the (101)-plane
by half a cube’s edge-length, breaking/forming one half of the covalent bonds in
Ge/Si dimers capping the cubes, and the unit cell volume changes by 1%, the a
lattice parameter even by 1.85%. This changes the electronic structure and the ex-
change interactions significantly. The atomic distances between the dimer atoms
are expanded/shrunk by more than 30%. Each dimer atom sits in the center of a
triangular Gd-prism filling the gaps between the slabs. The cube faces are part of a
32.4.3.4 snub square tiling in the (101)-plane. The dimer atoms together with the
Ge/Si atoms form a slightly puckered Catalan Cairo pentagon tiling, V32.4.3.4,
dual to it.

10.4 Magnetooptic materials

Magnetooptic (gyromagnetic) materials can influence the polarization of trans-
mitted (Faraday effect) or reflected (MO Kerr effect, MOKE) light by their
quasistatic magnetic field. By spin-orbit coupling und the influence of the
magnetic field, the permittivity tensor ε becomes anisotropic with complex
off-diagonal components, leading to different velocities of left- and right-hand
circularly polarized electromagnetic waves.

In most MO materials the effect is rather small. In some cases, however,
a unique combination of physical properties provided by the specific crystal
structure and chemical composition can lead to a giant MO effect. An impor-
tant role play the magnitude of the 3d-magnetic moment, the spin-orbit coupling
strength, the degree of hybridization in the chemical bonding, the density of states
at the Fermi level, and the intraband plasma frequency, which is rather low in case
of a half-metallic character of the material.



Thermoelectric materials 499

An example for a good MO material is the half-Heusler compound cF12-
MnPtSb (Antonov et al., 1997). It has an extremely large MOKE rotation of
–1.27◦ at ambient conditions. However, for the application as a recording material
it has the drawback that it does not have the large magnetocrystalline anisotropy
required for a magnetic orientation perpendicular to the material’s surface.

The quadratic MOKE (QMOKE) has been found strong in the half-metallic
Heusler alloys cF16-FeCo2Si (TC =1100 K) and cF16-MnCo2Ge (TC =905 K)
(Hamrle et al., 2007; Muduli et al., 2009). The QMOKE is proportional to the
mixed productsMLMT andM2

L –M
2
T , with the longitudinal and transversal mag-

netizations,ML andMT , respectively, relative to the plane of light incidence. The
QMOKE from the surface of a cF16-FeCo2Si-(100) thin film was found to be
in the range up to 0.030◦ for 21 nm film thickness. This large signal has been
attributed to an exceptionally large spin-orbit coupling of second or higher order
(Hamrle et al., 2007).

10.5 Thermoelectric materials

By applying a temperature gradient across a thermoelectric material, the ther-
mal energy can be directly converted into electrical energy (Seebeck effect) and
vice versa (Peltier effect). The thermoelectric performance is quantified by the
dimensionless figure of merit (FOM),

ZT =
σS2T

κ
(10.7)

with Z the actual figure of merit and T the temperature, the electrical conductiv-
ity σ , the thermal conductivity κ = κel + κphon, and S the Seebeck coefficient or
thermopower (given in volts per Kelvin V /K),

S = –
�V
�T

. (10.8)

Consequently, a large FOM (> 1) can be achieved if the electrical conductivity
is high, and the thermal conductivity low. The electrical conductivity of metals
is high, however; this makes the electronic contribution to the thermal conduc-
tivity high as well. Furthermore, the electrical conductivity of metals decreases
with increasing temperature. In contrast, it increases with increasing temperature
in semiconductors. One way to improve the performance of materials is to de-
crease κphon, the phononic contribution to the thermal conductivity by inhibiting
the propagation of phonons as much as possible (PGEG, “phonon glass, elec-
tron crystal” concept). This can be achieved by introducing structural disorder,
and/or have “rattling atoms” in large voids as, for instance, in some clathrates and
skutterudites. For reviews, e. g., see Sootsman et al. (2009) and Kleinke (2010).
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Another important parameter for technological applications is the thermoelectric
efficiency, which combines the Carnot efficiency, �T /Thot, and the FOM to

η =
�T
Thot

√
1 + ZTavg – 1√

1 + ZTavg + Tcold/Thot

, (10.9)

with Thot and Tcold the temperatures of the hot and cold ends of the device and �T
their difference; Tavg is its average temperature. For typical, currently available
devices ZT ≈ 0.8 and η ≈ 5-6%.

So far, the best room-temperature thermoelectric materials are semiconductors
such as Bi2Te3 and Bi2Se3 with ZT between 0.8 and 1.0 in bulk materials and up
to ≈ 2.4 for nanostructured materials. The highest FOM so far, ≈ 2.6 at 923 K,
was found in SnSe single crystals along the [001] direction (Zhao et al., 2014). In-
termetallic materials are rare with the exception of half-Heusler phases, which can
be used at higher temperatures. Intermetallics with very complex crystal struc-
tures such as cF1140-Gd117Co56Sn112 (Schmitt et al., 2012) or as quasicrystals,
for instance, can also exhibit large Seebeck-coefficients due to the complex clus-
ter structure, intrinsic disorder and/or their special electronic band structure and
a spiky density of states (Macia, 2001).

In the following, we illustrate typical structures of intermetallic thermoelectric
materials. First, as an example for cage compounds with “rattling” atoms, which
can be regarded as PGEG compounds, we will discuss the structures of a narrow-
bandgap semiconducting filled skutterudite and of a type-I clathrate, and then the
structure of a half-Heusler phase.

Skutterudites, with the general chemical formula cI32-AB3 (A. . . late TM,
B. . . P, As, Sb) crystallize in the cI32-CoAs3 structure type (Im3̄), and can be
classified as TM-Zintl phases (Fig. 10.3 (a)-(d)). The Co atoms center slightly
distorted and vertex-connected As6-octahedra, which leave large icosahedral voids
around the corners and the center of the unit cell. The 12 As atoms, 3.118 Å apart
from the center of such an icosahedron, together with the 8 Co atoms at a dis-
tance of 3.546 Å from the center, form a slightly distorted dodecahedron. If it
is centered by a heavy ion M that is smaller than the void, such as a trivalent
RE ion or Ba2+, for instance, this leads to a filled skutterudite with the general
formula MxA4B12, x≤ 1. Such a rattling ion inhibits long-wavelength phonon
propagation quite efficiently. An example of such a compound is Yb0.19Co4Sb12

(Nolas et al., 2000).
According to Shevelkov and Kovnir (2011), intermetallic clathrates crystallize

in several different structure types, the most important of which for thermoelectric
materials is the type-I clathrate, whose approximately 150 representatives can be
considered as Zintl phases. Almost all of them have group 14 elements as the main
constituents of the cage-forming tetrahedrally bonded (4-connected) framework,
most of them are semiconducting, quite a few have metallic character. The ideal
chemical formula is cP54-A2B6C46, space group 221 Pm3̄n, with A and B large
cations as guest atoms in the cages, and C group-14 elements, constituting the
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Fig. 10.3 Structures of the prototypic (a)-(d) skutterudite cI32-CoAs3 and (e) the type-I
clathrate cP54-K4Si3. In (a) the vertex-connected Co-centered As-octahedra are shown, and
in (b) the distorted icosahedral void formed by them. Adding the cube of Co atoms (gray) to the
As (black) icosahedron gives a distorted dodecahedron around another Co atom (c, d). (e) The
packing of pentagon dodecahedra (black) and 24-vertex tetrakaidecahedra (gray), both
decorated by Si (black) constituting the structure of the type-I clathrate cP54-K4Si3. These
polyhedra are centered by K.

framework; A. . . Na, K, Ba; B and C. . . Al, Ga, In, Si, Ge, Sn, for instance. The
structure can be seen as an ordered cP54-K4Si23 structure type (Fig. 10.3 (e)).

The structure consists of a polyanionic tetrahedral framework of B and C atoms
with dodecahedral cages, which can host large A cations that donate their elec-
trons to the framework. This leads to a complete filling of the sp3 orbitals of the
framework atoms and a semiconducting character of the compound. An example
is cP54-Ba8In16Ge30, where the large Ba cations are located in off-center posi-
tions in the In/Ge cages and show large atomic displacement parameters in the
time/space-averaged structure. Due to anharmonic potentials, the off-centering
increases with temperature (Bentien et al., 2005).

Since the ideal bond angle in such a network would be 109.45◦, the abundance
of the pentagon dodecahedron (512, 20 vertices) and related polyhedra such as
the tetrakaidecahedron (51262, 24 vertices) is understandable, because in them
the ideal bond angle amounts to 108◦. The ratio between the frequency of penta-
gon dodecahedra and tetrakaidecahedra in type-I clathrate structures is 2:6. The
hexagon-face-connected tetrakaidecahedra form a framework where the isolated
pentagon dodecahedra are embedded.

In general, the electronic contribution to the thermal conductivity, κel , is below
10%, due to the specific interactions of the host and the “rattling” guest atoms
increasing the scattering of phonons. The total thermal conductivity of some
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clathrates can be as low as 0.5 Wm–1K–1 (Shevelkov and Kovnir, 2011). The
power factor, σS2, can be optimized by band structure tuning to some extent,
leading to electrical conductivities of up to 105 Sm–1. However, the maximization
of the electrical conductivity and the minimization of the thermal conductivity
can be reached by opposite measures only, therefore, only optimum values can
be adjusted. Consequently, the best FOMs achieved so far were despite a mere
0.08 at room temperature, 0.4 at 400 K, 1.35 at 900 K, and 1.63 at 1100 K
for Eu8[Ga16–xGe30+x], 15< x< 0.16 (Saramat et al., 2006). Therefore, this ma-
terial is better suited for converting heat into electrical energy instead for cooling
applications around ambient temperature.

Heusler phases, which have already been discussed in great detail in Sub-
section 7.3.2, are another class of thermoelectric materials, in particular for
applications at elevated temperatures up to 1500 K. Examples with a ZT ≈ 0.8
at 1073 K are compounds of the type cF12-MNiSn (M. . . Ti, Zr, Hf), which
are doped at the Sn site by Sb (Culp et al., 2006). The empty sites in one half of
the eighth-cubes of the unit cell give rise to narrow bands, resulting in d-orbital
hybridization and a semiconducting character.

10.6 Thermo- and magnetomechanical materials:
shape memory alloys

Thermomechanical materials (shape memory alloys, SMAs) are based on mar-
tensitic (displacive) phase transformations between a HT-austenitic phase and
a LT-martensitic one. Cooling the austenite with a particular shape below the
phase transformation temperature leads to a twinned martensite. It can then be
deformed arbitrarily whereby it becomes partially detwinned. Heating the so-
deformed martensite results in an austenitic phase, again in the original shape.
Deformations of up to 10% can be achieved by mechanical stress in the marten-
sitic state. Superelasticity (SE), which is a pseudoelasticity, is related to the shape
memory effect (SME). A superelastic material in its martensitic state can recover
high amounts of strain (up to ≈ 20%), the transformation into the austenitic phase
can be triggered by mechanical stress.

Most commercially used SMAs, for instance for couplings, actuators, or smart
materials, are either Ti–Ni-, Cu–Al-, or Cu–Zn-based. TiNi SMAs (Nitinol®)
can be used at up to 373 K at most, while this limiting temperature is with 823
K much higher for Ti–Ni–Pd alloys (Otsuka and Ren, 1999). For some ap-
plications, the cheaper Cu-based SMAs are used. For applications at elevated
temperatures (400 K), Cu–Zn–Al SMAs are the best choice. For a compre-
hensive review on materials for SMAs and their applications see, for instance,
Ma et al. (2010).

In Fig. 10.4, the structural transformations of the SMA TiNi (one-way shape-
memory effect, SME) as a function of temperature and stress are schematically
shown. For the transition from the austenite cP2-TiNi (221 Pm3̄m) to the
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stress

twinned martensite
single-crystalline martensite

mP4-TiNi
austenite
cP2-CsCl
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(b)

(a)

Fig. 10.4 (a) Schematics of the structural transformations of the SMA TiNi (one-way SME).
The parent HT-phase (austenite) has the cP2-CsCl type structure. Under cooling, it adopts the
twinned mP4-TiNi type structure. By the application of stress, detwinning takes place. After
heating, it transforms to single-crystalline austenite again. The arrows in the austenite structure
indicate the shear directions for obtaining the monoclinic phase. In (b), projections along the
unique b-axis and onto the (100) plane are shown. For clarity, twice the usual scale is applied.

martensite mP4-TiNi (11 P21/m) by decreasing the temperature, two shears are
necessary for the detwinned martensite: {110}〈11̄0〉 and {001}〈11̄0〉 (Otsuka
and Ren, 1999). There are different twin laws known for this material, the most
important one is 〈011〉 type-II twinning.

Apart non-magnetic materials, also magnetic ones show the shape-memory
effect. Shape deformations of up to 5–10% can be reached on application of a
magnetic field (Jiles, 2003). Magnetic SMAs can actuate at higher frequencies
(up to ≈ 1 Hz) because the activation energy is provided by the magnetic field
and not by the relatively slow heat transfer (Jani et al., 2014). One example is the
ferromagnetic Heusler phase cF16-Ni2MnGa, TC =376 K, which undergoes the
thermomechanical transformation to the martensitic state at Tm =202 K. For a
specific Mn1–x/Ni2+x ratio of x≈ 0.18–0.20 these temperatures coincide, Tm =TC.
Such a material shows at the same time a structural transformation from the HT
cubic to the LT tetragonal phase, and from the HT paramagnetic to the LT fer-
romagnetic state. Since in the tetragonal phase the ratio is c/a = 0.94, it is accom-
panied by a 6% deformation. The martensitic state consists of domains with three
differently oriented tetragonal twin variants, each of them with a strong uniaxial
magnetic anisotropy, with the easy axis along [001]. Application of a properly ori-
ented magnetic field leads to the growth of the domains whose easy axis is aligned
with the field, which is connected with large strains (Tickle and James, 1999).
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10.7 Superconducting materials

Superconductivity of intermetallic phases strongly depends on the electronic band
structure, electronic density of states, valence electron concentration, dimen-
sionality, symmetry, and particular atomic interactions mediated by the crystal
structure. Twenty nine (non-magnetic) metallic elements are superconducting at
ambient pressures and temperatures up to 9.25 K for Nb, for instance. Most of
them are transition metals from groups 3–9, the others mainly from groups 12–
14, almost all of them with simple structures: hcp . . . 13, ccp . . . 6, and bcc . . . 5
representatives. In case of the transition elements, the critical temperatures as a
function of valence electron concentration peak at Ne =5 and 7 (Poole Jr. et al.,
1995). Under pressure, 24 more elements (including non-metallic ones) become
superconducting, and if they are already superconducting at ambient pressure,
their critical temperature, Tc, can be increased after an initial decay by lattice
stiffening (Fig. 10.5).

For Nb, the element with the highest critical temperature, Tc can be increased
from 9.25 K to 9.9 K at 10 GPa, only. However, that of non-superconducting
Ca jumps to remarkable 29 K at 216 GPa. The critical temperatures of Sc
and Y are also close to 20 K for pressures beyond 100 GPa. A prerequisite
for simple free-electron metals such as the alkali and alkaline earth elements
to become superconducting are the structural changes with increasing pres-
sure, which are connected with an s-d electron transfer. The high density of
electronic states at the Fermi edge associated with the d electrons can stabilize
superconductivity (Hamlin, 2015). This effect also applies to transition elements
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Fig. 10.5 Critical temperatures, Tc, of elements, which are either already superconducting or
become superconducting under high pressure, HP (based on Hamlin (2015)). (∗) means that the
element does not show ambient pressure superconductivity.
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and lanthanoids. In the case of further phase transitions with increasing pres-
sure, the superconducting state can disappear again. For instance, in Li the onset
of superconductivity is at about 25 GPa for cF4-Li, and it disappears with the
transition to semiconducting oC40-Li at around 80 GPa.

In alloys, i.e., solid solutions of two or more elements, the critical temperat-
ures can be lower (as in Nb–V) or, despite the disordered structure, higher (as in
Nb–Zr, Ti–V, or Ti–Zr) than in their constituents. For instance, for Ti one has
Tc =0.40 K, for V Tc =5.13 K and for a solid solution with composition TiV0.89

Tc =6.86 K (Hulm and Blaugher, 1961). Superconductivity has also been discov-
ered in the HEA cI2-Ta0.34Nb0.33Hf8Zr0.14Ti0.11, a type-II superconductor with
Tc ≈ 7.3 K (Koželj et al., 2014).

The valence electron concentration plays an important role in this case. This is
also true for amorphous alloys of transition metals, where Tc peaks at 6<Ne < 7.
In the case of superconducting intermetallic compounds, the highest transition
temperatures were found for representatives of the cP8-Cr3Si (A15) struc-
ture type (221 Pm3̄n, 2a 6d) (Fig. 10.6), for instance, Tc =23.2 K in the case
of sputtered films of cP8-Nb3Ge. Although many non-intermetallic materials
have been discovered with higher transition temperatures, in particular doped
cP8-Nb3Sn with Tc =17.9 K is still the material of choice for superconducting
magnets, i.e., everywhere where high critical currents are requested. For a recent
review see Stewart (2015).

Another class of superconducting intermetallics are Laves phases with Tc up
to ≈ 10 K, such as cF24-Zr0.5Hf0.5V2 with Tc =10.1 K. This compound shows
a high critical field and is rather resistant to neutron irradiation and mechani-
cal strain (Brown et al., 1977). These properties make it a potentially interesting
material for fusion reactor magnets.

(a) (b)

(c)

2.277 Å

2.546 Å

cP8-Cr3Si

Fig. 10.6 The structure of cP8-Cr3Si in different representations: (a) one unit cell with the
icosahedral AET of Cr atoms, Si@Cr12, around the central Si atom (black) highlighted. The
icosahedral Cr AETs are sharing 6 out of their 30 edges. The Cr atoms (gray) form 1D chains
running along the main directions, and are responsible for superconductivity via electron-phonon
coupling. In (b) the AET, a CN14 Frank-Kasper polyhedron around a Cr atom, Cr@Cr10Si4,
is shown. A section of the structure at z = 0, corresponding to a two-uniform hexagon triangle
tiling, 32.62 is depicted in (c). Typical Cr–Cr and Cr–Si distances are marked.
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Conventional intermetallic superconductors all show inversion symmetry. It is
well known that superconductivity is not restricted to compounds with centrosym-
metric structures, where the superconducting state can be described based on
even-parity spin-singlet Cooper pairs. In case of lacking inversion symmetry,
the electrons are exposed to an electrical field gradient leading to antisymmet-
ric spin-orbit coupling. Examples of such non-centrosymmetric superconducting
intermetallics are: the heavy-Fermion compounds tP5-CeTM3Si (TM=Rh, Ir,
Pt) (tP5-CePt3B structure type) (Bauer et al., 2004), mP16-UIr (Akazawa et al.,
2004), and cI22-Ca3Ir4Ge4 (von Rohr et al., 2014), as well as the “normal”
electronic intermetallic tI10-BaPtSi3 (tI10-BaNiSn3 type) (Bauer et al., 2009).
For a comprehensive discussion of all aspects of these compounds see Bauer and
Sigrist (2012).

Another class of superconducting materials, most of which are of rather
academic interest due to their radioactivity, are the heavy-fermion f-electron
superconductors (for reviews see Pfleiderer (2009) and Griveau and Colin-
eau (2014), for instance). One remarkable property is that, in contrast to
conventional superconductors, in some of them the superconducting state co-
exists with antiferromagnetism (tP7-CeCoIn5, hP6-UPd2Al3, etc.), and in some
with ferromagnetism (oS12-UGe2, oP12-UCoGe, etc.). The by far highest
f-electron superconducting transition temperature, Tc =18.5 K, is achieved
with the compound tP7-PuCoGa5, followed by tP7-PuRhGa5 (Tc =8.7 K)
and tI16-NpPd5Al2 (Tc =4.9 K) (Fig. 10.7). Both tP7-PuCoGa5 and tP7-
PuRhGa5 are of the rather frequent tP7-HoCoGa5 structure type (123 P4/mmm,
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Fig. 10.7 The structures of the heavy Fermion superconductors (a) tP7-PuCoGa5 and (e)
tI16-NpPd5Al2 in comparison with four unit cells of (d) cF4-Cu. (c) tP7-PuCoGa5, and (g)
tI16-NpPd5Al2 are two- and fourfold superstructures of cF4-Cu. The coordination
polyhedra of (c) Pu and (f) Np are both cuboctahedra, Pu@Ga12 and Np@Pd12, respectively,
as well as that of Al, Al@Al4Pd8, which is strongly compressed along [001]. The AET of (b)
Co is a tetragonal prism, Co@Ga8.
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1abc 4i, 82 representatives). tI16-NpPd5Al2 (139 I4/mmm, 2ab 4e 8g) has the
tI16-ZrNi2Al5 structure type.

In tI16-NpPd5Al2, the 4d electrons of Pd are hybridized with the 5f electrons of
Np leading to strongly correlated conduction electrons in the Np–Pd layers. The
Fermi surface has a quasi-two-dimensional shape similar as it is the case for tP7-
PuCoGa5, together with the heavy Fermion state, enhancing the heavy Fermion
superconductivity (Ōnuki et al., 2014).

10.8 Highly-correlated electron systems

Intermetallic phases featuring highly-correlated electron systems can have tech-
nologically interesting magnetic and transport properties for applications in
spintronics. The strongest correlations can be found in heavy-fermion materi-
als. At low temperatures, they show enhanced interactions between f electrons
and conduction electrons leading to an effective mass increase of the elec-
trons by up to two orders of magnitude. This results, for instance, in a
very large electronic specific heat as indicated by the Sommerfeld coefficient
γ ≈ 8000 mJmol–1K–2 for the half-Heusler compound cF12-YbBiPt (cF12-
MgAgAs structure type, also known as cF12-LiAlSi or cF12-MgCuSb structure
type, 216 F 4̄3m), for instance. A large number of heavy-electron systems
are listed with their structure type and physical properties in a review by
Thomas et al. (2006b).

Other common structure types of these materials are tI10-ThCr2Si2
(CeCu2Si2, YbCu2Si2, URu2Si2, . . . ), tP10-CaBe2Ge2 (CeCu2Sb2, CeIr2Sn2,
UIr2Si2, . . . ), hP8-Ni3Sn (CeAl3, UPt3, . . . ), hP9-ZrNiAl (YbNiAl,
YbPtIn, . . . ) (Fig. 10.8 (a)–(e)), oP12-TiNiSi (YbPtAl, YbNiSn, . . . )
(Fig. 10.8 (f)–(i)), cP4-AuCu3 (CeIn3, USn3, . . . ), cF24-AuBe5 (YbAgCu4,
UPdCu4, . . . ), tP10-U3Si2 (U2Ni2In, U2Pd2Sn, . . . ), cF112-NaZn13 (UBe13,
NpBe13, . . . ) (Fig. 10.8 (m)–(o)), and cF184-CeCr2Al20 (YbFe2Zn20, . . . ), to
name just a few.

The structure of tP10-U3Si2 (127 P4/mbm; U in 2a 0, 0, 0 and
4h 0.181, 0.681, 1/2; Si in 4g 0.389, 0.889, 0) is compared with the related struc-
ture tI12-CuAl2 (140 I4/mcm; Cu in 4a 0, 0, 1/4; Al in 8h 0.1541,0.6541,0)
in Fig. 7.26(a)–(d). Both structures are based on stackings of atomic layers
corresponding to decorated 32.4.3.4 nets.
oP12-TiNiSi (62 Pnma; Ti in 4c 0.021, 0.180, 1/4; Ni in 4c 0.142, 0.561, 1/4;

Si in 4c 0.765, 0.623,1/4) and its aristotype oP12-CeCu2 (74 Imma; Ce in
4e 0, 1/4, 0.538; Cu in 8h 0, 0.051, 0.165) can be described based on 3D 4-
connected polyanionic Ni–Si nets with the Ti cations in the large channels
(Landrum et al., 1998) (Fig. 10.8(f)–(i)).

The structure type tP10-ThCr2Si2 can be seen as and ordered variant of
the tP10-BaAl4 type (139 I4/mmm; Ba in 2a 0, 0, 0; Al in 4d 0, 1/2, 1/4 and
4e 0, 0, 0.38) (Fig. 10.8(k)–(l)).
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Fig. 10.8 (a)–(e) Different views of the structure of hP9-ZrNiAl. One of the trigonal prismatic
AETs around one kind of Ni sites shaded gray in (a) is shown in (b) together with the capping Al
atoms. These structural units are highlighted in (c) as well. In (d) and (e), sections at z = 0 and
z = 1/2 are depicted. (f)–(i) The structures of oP12-TiNiSi: (f) one unit cell, (g)-(i) 2 × 2 × 2
unit cells in different projections (Ti . . . light gray, Ni . . . gray, Si . . . black). In (j)–(m) the
relationships between the structures of (j) cF4-Cu (three unit cells along [001]), (k) tP10-BaAl4,
and (l) tP10-ThCr2Si2 are shown. (m)–(o) Different representations of the cF112-NaZn13
structure type: (m) projection along [100], (n) perspective view with the clusters around the Na
atoms (gray), both enantiomorphs of the snub cube 34.4, shaded. In (o) in addition to the snub
cubes, the icosahdral AETs around the Zn atoms at the Wyckoff position 8b 0, 0, 0 are shown.
All these polyhedra are slightly distorted.
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The structure of hP9-ZrNiAl (Fig. 10.8 (a)-(e)) can be seen as an or-
dered derivative of the hP9-Fe2 type (P→Ni; Fe at 3f x, 0, 0→ Zr; Fe at
3g x, 0, 1/2→Al). The atomic layer in z = 0 corresponds to a Zr-decorated
shield/triangle tiling, with the shields centered by Ni atoms, while the one in
z=1/2 represents a pentagon/triangle tiling, with the 3-connected triangle ver-
tices decorated by Zr, and the 3-connected pentagon vertices by Ni atoms. The
shields and triangles constitute, together with squares, dodecagonal tilings, the
pentagon-bands are structure motifs also abundant in decagonal tilings.

The structures of cF4-Cu, tP10-BaAl4, and tP10-ThCr2Si2 are compared in
Fig. 10.8 (j)–(l). Substituting the corner atoms of the tripled unit cell of cF4-Cu
in (j) by Ba atoms (light gray) and the central octahedron by one further Ba atom,
and letting the structure relax, then the tP10-BaAl4 structure type results (k). The
ternary derivative compound tP10-ThCr2Si2 (l) can be obtained by replacing Ba
by Th (light gray), Al by Cr (gray), and Si (black) in an ordered way.

The cF112-NaZn13 structure type (226 Fm3̄c, Na in 8a 1/4, 1/, 4, 1/4; Zn in
8b 0, 0, 0, and 96i 0, 0.811, 0.119) (Fig. 10.8 (m)–(o)) can be described as a
non-space-filling packing of square-face-sharing Na-centered NaZn24 snub cubes
and Zn-centered Zn12 icosahedra, sharing triangle faces with the snub cubes, in
between. This structure type is frequently found in hard-sphere self-assembled
colloidal systems with size ratios around 0.49–0.63. For a size ratio of 0.58, a very
high packing density of 0.748 results, and for a ternary system A12BC, with a
smaller diameter for the icosahedrally coordinated C, an even higher density of
0.771 can be obtained (Hudson, 2010).
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An Actinoids

AEM Alkaline earth metals

AET Atomic environment type

AM Alkali metals

AS Atomic surface

ASM American Society for Metals

AT Ammann tiling

ccp Cubic close-packed

CIM Complex intermetallic

CN Coordination number

CNn Coordination number n

CS Composite or host/guest structure

CSD Cambridge Structural Database

CSP Crystal structure prediction

DFT Density functional theory

DFT-CP Density-functional-theory chemical-pressure analysis

dhcp Double hexagonal closest packed

DOS Density of states

DQC Decagonal quasicrystal

e/a electron concentration

eDOS Electronic density of states

ELI Electron localizability indicator

ELF Electron localization function

F f
v Fullerene with f faces and v vertices

FK Frank-Kasper

FKv
f Frank-Kasper polyhedron with f faces and v vertices

FS Fibonacci sequence

GMCE Giant magnetocaloric effect

hbp Hexagonal bipyramid

hcp Hexagonal close-packed
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HEA High-entropy alloy

HP High pressure

HT High temperature

IM Intermetallic

IMS Incommensurately modulated structure

IQC Icosahedral quasicrystal

LDA Local-density approximation

Ln Lanthanoids

LP Low pressure

LT Low temperature

M Mendeleev number

M Main group element

MBCE Magnetic barocaloric effect

MCE Magnetocaloric effect

M/M Mendeleev number vs. Mendeleev number

MO Molecular orbital

MOKE Magnetooptic Kerr effect

nD n-dimensional

OD Occupation domain

PAS Periodic average structure

PCD Pearson’s Crystal Data

PLI Penrose local isomorphism

PPT Pentagon-Penrose tiling

PT Penrose tiling

QC Quasicrystal

QTAIM Quantum theory of atoms in molecules

RE Rare earth element

REME Equiatomic phase with RE a rare earth metal (in most cases), an actinoid
or a group 1–4 element, M is a late transition metal from groups 8–12, and E is
an element from groups 13–15

RPT Rhomb-Penrose tiling

RT Room temperature

SMA Shape-memory alloy

ST Structure type

TB-LMTO-ASA Tight-binding linear muffin-tin orbital atomic sphere
approximation
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tcp Tetrahedrally / topologically close-packed

TM Transition metal element

VB Valence bond

VEC Valence electron concentration

Allotropes Different modifications of the chemical elements existing in a partic-
ular temperature and pressure range.

Alloy A phase-separated mixture of two or more (inter)metallic phases. Single-
phase mixtures of the elements are denoted → solid solutions. See also → high-
entropy alloys (HEA).

Aperiodic crystal The signature of an ideal crystal is its pure-point Fourier
spectrum. This means that its diffraction pattern shows sharp Bragg reflec-
tions only. We distinguish between periodic crystals and aperiodic crystals,
where the structures of the former show translational periodicity in three di-
mensional (3D) space, and those of the latter only in the nD description, with
n > 3. We distinguish between → incommensurately modulated structure (IMS),
→ host/guest or composite structure (CS), and → quasiperiodic structure (QS).

Aristotype High-symmetry basic structure that can be seen as the idealized ver-
sion of one or more different lower-symmetry derivative structures, the →
hettotypes. For instance, the cP2-CsCl structure can be seen as a hettotype and
that of cI2-W as its aristotype.

Atomic environment type (AET) The kind of coordination of an atom by its
neighboring atoms (first coordination shell or polyhedron). The coordination
number, → CN, corresponds to the number of atoms in the first coordination
shell.

Atomic surface Volume in the (N – d)D perpendicular space defining an →
aperiodic crystal structure, which results from a cut with the dD physical space.

Cluster We mean by cluster a polyhedral arrangement of atoms in several coor-
dination (cluster) shells. In the case of complex intermetallic compounds and,
in particular → quasicrystals, typical recurrent structure motifs (structural sub-
units) are frequently called clusters. It can be, but it is not necessarily the case
that the atoms constituting these clusters differ from the surrounding structure
in their chemical composition, bonding, or physical properties.

Composite or host/guest structure → Aperiodic crystal consisting of at least
two substructures, which are incommensurate to each other. Its signature is
a pure-point Fourier spectrum with at least two subsets of main reflections,
sometimes accompanied by satellite reflections.

Cundy and Rollet symbol The vertex configuration of a vertex-transitive tiling
can be described by nm, meaning that m n-gons meet at a vertex. For instance,
63 means that 3 hexagons meet at a vertex. Its face configuration can be writen
in the form V .m1.m2. . . mn, meaning that each n-gonal unit tile has n vertices
where m1, m2, . . . , mn n-gons meet at a vertex.
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Derivative structure New structure obtained by specific modification of a basic
(parent) structure (→ aristotype).

Frank-Kasper (FK) polyhedra Triangulated coordination polyhedra with co-
ordination numbers 12, 14, 15, and 16 (CN12, CN14, CN15, and CN16)
respectively, which allow → topological close packing. They show only 5- and
6-connected vertices. Larger FK polyhedra can occur, obeying the same rules
with respect to their polyhedral faces and vertices.

Hettotype → aristotype

High-entropy alloys (HEAs) HEAs are → solid solutions of four or more mul-
tiprincipal elements crystallizing in simple crystal structures. The high mixing
entropy of such solid solutions prevents the formation of intermetallic com-
pounds at high-enough temperatures.

Homeotypic Two structures are homeotypic if one or more of the following con-
ditions required for → isotypism are relaxed. For instance, cI2-W and cP2-NiAl
are homeotypic according to (i) and (iii).

(i) Identical or enatiomorphic space-group types, allowing for
group/subgroup or group/ supergroup relationships.

(ii) Limitations imposed on the similarity of geometric properties, i.e., axial
ratios, interaxial angles, values of adjustable positional parameters, and
the coordination of corresponding atoms.

(iii) Site occupancy limits, allowing given sites to be occupied by different
atomic species.

Incommensurately modulated phase → Aperiodic crystal with incommensu-
rately modulated structure (IMS). The displacive and/or substitutional modu-
lation wave is incommensurate to the period of the underlying basic structure.
The signature of an IMS is a pure-point Fourier spectrum with clearly
distinguishable sets of main and satellite reflections.

Intermetallics Intermetallic compounds are chemical compounds between me-
tallic elements with well-defined stoichiometry (“line compounds”), while
intermetallic phases are the generic term for phases consisting of two or more
metallic elements, which may have a narrow or extended compositional sta-
bility range. The term “intermetallics” may be used as short form for either
of them.

Isoconfigurational Two structures are configurationally → isotypic if they are →
isopointal and both the crystallographic point configurations (crystallographic
orbits) and their geometrical interrelationships are similar; all geometrical
properties, such as axial ratios, angles between crystallographic axes, values of
corresponding adjustable positional parameters (x, y, z), and coordinations of
corresponding atoms (AETs) are similar. Isoconfigurational structures belong
to the same structure type. For instance, the isoconfigurational metallic phase
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AlNi and the ionic compound CsCl are both representatives of the cP2-CsCl
structure type, although they strongly differ in their atomic interactions.

Isopointal Two structures are isopointal if they have the same space-group
type, and the atomic (Wyckoff) positions, occupied either fully or partially
at random, are the same in both structures; as there are no limitations on the
values of the adjustable parameters of the Wyckoff positions or on the cell
parameters, isopointal structures may have locally different geometric arrange-
ments and atomic coordinations (AETs) and may belong to different structure
types.

Isotypic Two structures are crystal-chemically isotypic if they are → isoconfig-
urational and the corresponding atoms and bonds (interactions) have similar
physical/chemical characteristics. For instance, cP2-CoAl and cP2-NiAl are
isotypic.

Lattice complex A lattice complex is the set of all point configurations that may
be generated within one type of Wyckoff set of a space group type. All Wyckoff
positions, Wyckoff sets, and types of Wyckoff sets that generate the same set
of point configurations are assigned to the same lattice complex (for details see
Fischer and Koch (2002)).

Lattice planes and directions Miller indices in parentheses, (hkl), are used to
denote lattice planes, and in braces, {hkl}, to denote sets of symmetrically
equivalent lattice planes. Vector components in brackets, [uvw], indicate lattice
directions.

Mendeleev numbers These numbers are related to a semiempirical chemical
scale χ assigned to the chemical elements based on elemental properties such
as electronegativity, etc. The Mendeleev numbers start with the least electro-
negative element, He, and end with one of the most electronegative ones, H.
These numbers have been proven useful for structure maps, where they give
an excellent separation of binary structures crystallizing in different structure
types, for instance.

Metallic elements Those chemical elements that exhibit a metallic character at
ambient temperature and pressure. Some elements at the boundary metal-
lic/semimetallic/semiconducting can be included as well because some of their
compounds show metallic character (see Fig. 6.1 in Chapter 6).

Occupation domain → atomic surface.

Pearson notation Shorthand characterization of a periodic compound or phase
by a lower-case italic letter denoting the crystal family, an uppercase italic letter
indicating the Bravais lattice type, and a number giving the number of atoms
per unit cell. In the case of rhombohedral structures, the number n of atoms in
the hexagonal setting (a = b �= c, α = β = 90◦, and γ = 120◦) is three times that
in the rhombohedral unit cell (a = b = c, α = β = γ ). For instance, hR9-Sm
means that there are three atoms in the rhombohedral unit cell and nine atoms
in the hexagonal one. Unfortunately, in the literature some confusion persists,



516 Abbreviations and glossary

and the number n of atoms in the hexagonal setting is replaced by that in the
rhombohedral one. See also Table 1.1.

Polymorphic An element or compound is polymorphic if it occurs in several
structural modifications as a function of ambient conditions (temperature,
pressure, external electric, magnetic, elastic fields, etc.). The different modi-
fications are frequently called polymorphs and in the case of the chemical
elements → allotropes.

Polytypic An element or compound is polytypic if it occurs in several structural
modifications, each of which can be regarded as built up by stacking layers
of (nearly) identical structure and composition, and if the modifications differ
only in their stacking sequence. Polytypism is a special variant of → polymorph-
ism. For instance, the structure types hP2-Mg, cF4-Cu, hP4-La, and hR9-Sm,
are all different stacking variants of close-packed layers; their structures are
polytypic variants of dense sphere packings in general.

Prototype Crystal structure of an element or compound used for the definition
of a structure type, which represents the class of all materials with → isotypic
structures.

Quasicrystal (QC) → Aperiodic crystal with quasiperiodic structure (QS), such
as decagonal and icosahedral phases. Its signature is a pure-point Fourier spec-
trum with, in most cases, non-crystallographic point symmetry such as 5-, 8-,
10-, 12-fold, or icosahedral.

Repetivity Any bounded patch of a PT (a Gummelt decagon, for instance) can
be found again in the PT within a distance of less than two diameters of that
patch.

Schläfli symbol Notation in the form {p, q, r, . . . } for the characterization of reg-
ular polygons, vertex-transitive polyhedra, and polytopes, by describing the
number of edges of each polygon meeting at the vertex of a tiling or solid. A
Platonic solid is denoted by {p, q}, where p gives the number of edges each face
has, and {q} the number of faces meeting at each vertex. Its dual is designated
by the reversed symbol {q, p}. The symbol {p} characterizes a regular poly-
gon with p edges for integer p, and a star polygon for rational p. For instance,
a convex regular polygon such as a pentagon is given by {5}, and a nonconvex
star polygon such as a pentagram is given by {5/2}. The rational value p/m
describes a 2D polygon with p vertices where every m-th vertex is connected
giving a p-gram. m is also the number of different polygons in a p-gram. In
a generalized form, this notation can also be used for denoting face-transitive
polyhedra by sequentially counting the number of faces meeting at each vertex
around a face. For instance, V(3.5)2 denotes a triacontahedron, where at the
four vertices around each rhomb-face 3, 5, 3, 5 edges, respectively, meet.

Self-similarity A symmetry operation maps the vertices of a PT onto the
vertices of a copy of the PT scaled by powers of τ –1.
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Solid solution Statistical mixture of two or more elements on a common under-
lying lattice. → HEAs are a special kind of solid solution, i.e., usually of five or
more elements in more or less equal amounts.

Sphere packings Infinite sets of hard spheres with the property that any pair of
spheres is connected by a chain of spheres with mutual contact. It is called
homogenous if all spheres are symmetrically equivalent, otherwise heteroge-
nous. Close(st) or dense packings have the maximum possible packing density
of equal spheres. It amounts to π /

√
18 = 0.74048 in the case of the cubic or

hexagonal close packings (and their polytypes).

Structure type Prototypic crystal structure representing a whole class of → iso-
configurational structures, i.e., structures with the same space group symmetry,
occupied Wyckoff positions, and AETs.

Superspace group Space group describing the symmetry of an aperiodic crystal
structure in nD superspace (n > 3).

Tiling A tesselation of the plane/space where the countable set of unit tiles (copies
of prototiles) fills the plane/space without gaps or overlaps.

Topologically close packing (tcp) While ccp and hcp structures have both tet-
rahedral and octahedral interstices, topologically close packed (tcp) structures
have tetrahedral voids only. These face-sharing tetrahedra are distorted (regu-
lar tetrahedra are not space filling). Typical examples of tcp structures are the
Frank-Kasper (FK) phases.

Vertex configuration → Cundy and Rollet symbol.

Voronoi polyhedron Domain (Wigner-Seitz cell equivalent) containing all
points closer to its central atom than to any other. It corresponds to the con-
vex polyhedron resulting in the intersections of the planes bisecting the lines
joining the central atom with its neighboring ones. The set of neighbors de-
fining the Voronoi cell forms the coordination polyhedron (shell) or → atomic
environment type (AET).

Wyckoff position AWyckoff position of a space group G consists of all pointsX
for which the site-symmetry groups are conjugate subgroups of G. Each
Wyckoff positon of a space group is labelled by a letter (Wyckoff letter).

Z-module A vector module of rank n is an infinite set of vectors resulting from
all linear combinations of its n basis vectors. It is called Z-module in order to
emphasize that all coefficients are elements of the set of integers Z.
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Formula index
Approximants (IQCs), B

type
o-Al4.1Ga16.4Mg39.5Zn40 480
1/1-Al25.4Mg40Zn34.6 480
1/1-Al88.6Cu19.4Li50.3 480
1/1-Hf5Mg18Zn77 480
1/1-Mg17.5Ti5.5Zn77 480
1/1-Mg18Zn77Zr5 480
1/1-Ti51VZr33 480
2/1-Al10.7Mg27Zn47.3 480
2/1-Al17Mg46Zn37 480
2/1-Er14.1Mg24.5Zn61.4 480
2/1-Mg2.5Sc11.2Zn73.6 480

Approximants (IQCs), M
type

γ -Al55.1Cu14.6Ru20.2Si10.1
478

c-Al39Fe2Pd21 478
c-Al68Pd20Ru12 478
1/0-Al71.5Cu8.5Ru20 478
1/1-Al40Mn10.1Si7.4 478
1/1-Al55Cu25.5Fe12.5Si7 478
1/1-Al57.3Cu31.4Ru11.3 478
1/1-Al67Mn14Pd11Si7 478
2/1-Al66.6Rh26.1Si7.3 478
2/1-Al70Mn6Pd23Si 478

Approximants (IQCs), T
type

1/1-Ag2CaIn4 483
1/1-Ag2In4Yb 484
1/1-Ag42.2In42.6Tm15.2 483
1/1-Ag42.5Ga42.5Yb15 483
1/1-Ag42.9Eu13.5In43.6 483
1/1-Ag46.4Gd13.9In39.7 484
1/1-Ag46.9In38.7Pr14.4 484
1/1-Ag47.7Ce14.2In38.7 483
1/1-Ag47Ga38Yb15 483
1/1-Al35Au51Yb14 483
1/1-Al38Au48Tm14 483
1/1-Au12.2Ca3In6.3 483
1/1-Au42In42Yb16 484
1/1-Au47.2Gd15.6In37.2 483
1/1-Au49.7Ce14.9In35.4 484
1/1-Au50.5Ca13.6Ga35.9 483
1/1-Au60.7Eu14.1Sn25.2 484
1/1-Au61.2Dy15.2Sn23.9 483

1/1-Au62.3Gd14.6Sn23.1 483
1/1-Au64.2Pr14.5Sn21.3 483
1/1-Au64Ge22Yb14 483
1/1-Au65Ce15Sn20 484
1/1-Au-Sn-Tb 483
1/1-Be17Ru3 483
1/1-CaCd6 483
1/1-Cd6Dy 483
1/1-Cd6Gd 483
1/1-Cd6Nd 483
1/1-Cd6Sm 483
1/1-Cd6Yb 483
1/1-Cd19Pr3 483
1/1-Cd25Eu4 483
1/1-Cd6Sr 483
1/1-Cd6Y 483
1/1-Cu3.4Ga2.6Lu 483
1/1-Cu3.7Ga2.3Sc 483
1/1-Dy14In53Pd33 483
1/1-Ga3.22Ni2.78Zr 483
1/1-Ga3.64Ni2.36Sc 483
1/1-Ga3.85HfNi2.15 483
1/1-Ho14In53Pd33 483
1/1-In53Pd33Tb14 483
1/1-In53Pd33Y14 483
1/1-Sc3Zn17 483
1/1-Yb3Zn17 483
2/1-Ag41.7In43.2Yb15.1 484
2/1-Ag41In44Yb15 484
2/1-Ag42Ca13In45 484
2/1-Ag43.4Eu13.8In42.8 484
2/1-Au37Ca12.6In39.6 484
2/1-Au42.9In41.9Yb15.2 483
2/1-Au60.3Sn24.6Yb15.1 483
2/1-Au61.1Ca13.9Ga25.0 483
2/1-Au61.2Ca14.5Sn24.3 483
2/1-Au61.2Eu14.3Sn24.5 484
2/1-Ca13Cd76 484

Elements

Ag (cF4-Cu) 206

Al (cF4-Cu) 208

Al (hP2-Mg) 208

Am (cF4-Cu) 218

Am (cI2-W) 218

Am (hP4-La) 218

Am (oF8-Am) 218

Am (oP4-Am) 218

As (hR6-As) 417
Au (cF4-Cu) 206

Ba (cF4-Cu) 197

Ba (hP2-Mg) 197

Ba (tI10.8-Srinc) 197

Be (cI2-W) 197

Be (hP2-Mg) 197

Bi (cI2-W) 212

Bi (hR6-As) 212

Bi (mC4-Bi) 212

Bi (tI-Biinc) 212

Bk (cF4-Cu) 219

Bk (hP4-La) 219
Bk (oC4-U) 219

C (cF8-C) 232, 378
Ca (cF4-Cu) 197

Ca (cI2-W) 197

Ca (cP1-Po) 197

Ca (oC8-Ca) 197

Ca (oP4-Ca) 197

Ca (tP128-Ca) 197

Ca (tP8-Ca) 197

Cd (hP2-Mg) 206

Ce (cF4-Cu) 215

Ce (cI2-W) 215

Ce (hP4-La) 215

Ce (mC4-Ce) 215

Ce (tI2-In) 215

Cf (cF4-Cu) 219

Cf (hP4-La) 219
Cf (oC4-U) 219

Cm (cF4-Cu) 218

Cm (hP4-La) 218

Cm (mC4-Cm) 218

Cm (oF8-Am) 218

Cm (oP4-Am) 218

Co (cF4-Cu) 205

Co (hP2-Mg) 205

Cr (cI2-W) 202

Cs (cF4-Cu) 190

Cs (cI2-W) 190

Cs (hP4-La) 190

Cs (oC16-Cs) 190

Cs (oC84-Cs) 190

Cs (oC84-Cs) 59

Cs (tI4-Sn) 190
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Formula index (continued)
Cu (cF4-Cu) 33, 206,
231, 232, 300, 303,
338, 343, 351, 362,
370, 378, 388, 398,
407, 417, 421

Cu (cF4) 99, 110

Dy (cI2-W) 216

Dy (hP2-Mg) 216

Dy (hP4-La) 216

Dy (hR24-Pr) 216

Dy (hR9-Sm) 216

Dy (mC4-Ce) 216

Er (hP2-Mg) 217

Er (hP4-La) 217

Er (hR24-Pr) 217

Er (hR9-Sm) 217

Er (mC4-Ce) 217

Es (cF4-Cu) 219

Eu (cI2-W) 216

Eu (hP2-Mg) 216

Eu (mC4-Euinc) 216

Fe (cF4-Cu) 203

Fe (cI2-W) 203

Fe (hP2-Mg) 203

Ga (cF4-Cu) 208

Ga (hR18-Ga) 208

Ga (oC104-Ga) 208

Ga (oC8-Ga) 208

Ga (tI2-In) 208

Gd (cF4-Cu) 216

Gd (hP2-Mg) 216

Gd (hP4-La) 216

Gd (hR24-Pr) 216

Gd (hR9-Sm) 216

Gd (mC4-Ce) 216

Ge (cF8-C) 210

Ge (hP1-BiIn) 210

Ge (hP2-Mg) 210

Ge (oC16-Si) 210

Ge (oI4-Sn) 210

Ge (tI4-Sn) 210

Hf (cI2-W) 199

Hf (hP2-Mg) 199

Hf (hP3-AlB2) 199

Hg (hP2-Mg) 206

Hg (hR3-Hg) 206

Hg (mC6-Hg) 206

Hg (tI2-Pa) 206

Ho (cF4-Cu) 216

Ho (cI2-W) 216

Ho (hP2-Mg) 216

Ho (hP4-La) 216

Ho (hR24-Pr) 216

Ho (hR9-Sm) 216

Ho (mC4-Ce) 216

In (oF4-In) 208, 230
In (tI2-In) 208

In (tI2-In) 32, 230, 362,
370

Ir (cF4-Cu) 205

Ir (hP14-Ir) 205

K (cF4-Cu) 190

K (cI2-W) 190

K (oC16-Cs) 190

K (oP8-MnP) 190

K (tI4-Sn) 190

K (tI9.2-Kinc) 190

La (cF4-Cu) 199

La (cI2-W) 199

La (hP4-La) 199

La (hP4-La) 49

La (hR24-La) 199

Li (cF4-Cu) 190

Li (cI2-W) 190

Li (cP4-Li) 190

Li (hR9-Sm) 190

Li (oC24-Li) 190

Li (oC40-Li) 190

Li (liquid) 190

Lu (hP2-Mg) 217

Lu (hP4-La) 217

Lu (hR24-Pr) 217

Lu (hR9-Sm) 217

Mg (cI2-W) 197

Mg (hP2-Mg) 197

Mg (hP2) 99, 110, 230,
231, 300, 303, 338,
351, 362, 370, 378,
388, 398, 407, 417

Mn (cF4-Cu) 203

Mn (cI2-W) 203

Mn (cI58-Mn) 59, 203,
300

Mn (cP20-Mn) 203

Mo (cI2-W) 202

Na (cF4-Cu) 190

Na (cI16-Li) 190

Na (cI2-W) 190

Na (hP4-La) 190

Na (oP8-MnP) 190

Na (tI19.3-Nainc) 59,
190

Nb (cI2-W) 202

Nd (cF4-Cu) 215

Nd (cI2-W) 215

Nd (hP3-Nd) 215

Nd (hP4-La) 215

Nd (hP4-Nd) 230
Nd (hR24-Pr) 215

Nd (mC4-Ce) 215

Nd (oC4-U) 215

Ni (cF4-Cu) 205

Np (cI2-W) 218

Np (oP8-Np) 218

Np (tP4-Np) 218

Os (hP2-Mg) 203

Pa (cI2-W) 218

Pa (oC4-U) 218

Pa (tI2-Pa) 218

Pa (tI2) 32
Pb (cF4-Cu) 210

Pb (cI2-W) 210

Pb (hP2-Mg) 210

Pd (cF4-Cu) 205

Pm (cF4-Cu) 215

Pm (cI2-W) 215

Pm (hP4-La) 215

Pm (hR24-Pr?) 215

Po (cP1-Po) 212

Po (cP1-Po) 407
Po (hR3-Hg) 212

Pr (cF4-Cu) 215

Pr (cI2-W) 215

Pr (hP4-La) 215

Pr (hR24-Pr) 215

Pr (oC4-U) 215

Pr (oI16-Pr) 215

Pr (oP4-Pr) 215

Pt (cF4-Cu) 205

Pu (cF4-Cu) 218

Pu (cI2-W) 218

Pu (mC34-Pu) 218

Pu (mP16-Pu) 59, 218

Pu (oF8-Pu) 218

Pu (oP4-Am) 218

Pu (tI2-In) 218

Ra (cI2-W) 197

Rb (cF4-Cu) 190

Rb (cI2-W) 190

Rb (oC16-Cs) 190

Rb (oC52-Rb) 190

Rb (tI19.3-Nainc) 190

Rb (tI4-Sn) 190

Re (hP2-Mg) 203

Rh (cF4-Cu) 205

Ru (hP2-Mg) 203

Sb (cI2-W) 212

Sb (hR6-As) 212

Sb (mI-Sbinc) 212

Sb (tI-Sbinc) 212

Sc (cI2-W) 199

Sc (hP2-Mg) 199

Sc (hP6-Sc) 199

Sc (tI10.6-Scinc) 199
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Sc (?) 199

Sm (cI2-W) 215

Sm (hP2-Mg) 215

Sm (hP3-Nd) 215

Sm (hP4-La) 215

Sm (hR24-Pr?) 215

Sm (hR9-Sm) 215

Sm (hR9) 134
Sm (hR9-Sm) 49

Sm (mC4-Ce) 215

Sn (cF8-C) 210

Sn (cI2-W) 210

Sn (hP2-Mg) 210

Sn (oI2-Sn?) 210

Sn (tI2-Pa) 210

Sn (tI4-Sn) 210, 362,
388, 407

Sr (cF4-Cu) 197

Sr (cI2-W) 197

Sr (mC12-Sr) 197

Sr (tI10.8-Srinc) 197

Sr (tI4-Sn) 197

Ta (cI2-W) 202

Tb (cI2-W) 216

Tb (hP2-Mg) 216

Tb (hP4-La) 216

Tb (hR24-Pr) 216

Tb (hR9-Sm) 216

Tb (mC4-Ce) 216

Tb (oC4-Dy) 216

Tc (hP2-Mg) 203

Th (cF4-Cu) 218

Th (cI2-W) 218

Th (tI2-In) 218

Ti (cI2-W) 199

Ti (hP2-Mg) 199

Ti (hP3-AlB2) 199

Ti (oC4-Ti?) 199

Ti (oP4-Ti?) 199

Tl (cF4-Cu) 208

Tl (cI2-W) 208

Tl (hP2-Mg) 208

Tm (hP2-Mg) 217

Tm (hP4-La) 217

Tm (hR24-Pr) 217

Tm (hR9-Sm) 217

Tm (mC4-Ce) 217

U (cI2-W) 218

U (mP4-Uinc) 218

U (oC4-U) 218

U (tP30-CrFe) 218

V (cI2-W) 202

V (hR3-Hg) 202

W (cI2-W) 32, 99, 110,
202, 300, 303, 338,
343, 351, 362, 370,
388, 398, 417

Y (cI2-W) 199

Y (hP2-Mg) 199

Y (hP4-La) 199

Y (hR24-Pr) 199

Y (hR9-Sm) 199

Y (mC4-Ce) 199

Yb (cF4-Cu) 217

Yb (hP2-Mg) 217

Yb (hP3-Nd) 217

Zn (hP2-Mg) 206

Zr (cI2-W) 199

Zr (hP2-Mg) 199

Zr (hP3-AlB2) 199

Ferromagnetic materials

BFe14Nd2 (tP86) 491

Co (hP2-Mg) 490

Co5Sm (hP6) 491

Co17Sm2 (hR19) 491

Fe (cI2-W) 490

Gd (hP2-Mg) 490

Ni (cF4-Cu) 490

Figures

(Ag0.1Zn0.9)Mg (hR42)
254

(BaSn3)m[Ba(SnyBi1–y)3]n
237

ccp derivative
structures 232

Al3Ti (tI8) 233

Al3Zr (tI16) 235

Al5W (hP12) 235

Au4Zr (oP20) 235

AuCu (tP4) 233

AuCu3 (cP4) 233

Be17Rh2 (hP19) 131

Fe7W6 (hR39) 250

MoNi4 (tI10) 233

Ni17Th2 (hP38) 131

Th2Zn17 (hR57) 131

AgAsMg (cF12) 425

AgLi2Sb (cF16) 312

Al2CeGa2 (tI10) 356,
384

Al2Cu (tI12) 279, 400

Al2CuMg (oS16) 366,
376

Al3Nb10Ni9 (oP52) 252

Al3Zr4 (hP7) 251, 288

Al8CeMn4 (tI26) 344

Al20CeCr2 (cF184) 305,
344

Al40Ta60 (tP30) 251

Al43Cr4Ho6 (hP106)
344

Al55.4Cu5.4Ta39.1
(cF(23 256 – x)) 263

Al56.6Cu3.9Ta39.5
(cF(5928 – x)) 262

Al63.6Ta36.4 (cF444)
260, 449

AlB2 (hP3) 269, 353,
380

AlB2Fe2 (oC10) 279

AlCu2Mn (cF16) 344,
356, 366, 395, 403

AlDy (oP16) 342

AlFe3 (cF16) 239

AlLiSi (cF12) 425

AlNiZr (hP9) 344, 356,
366, 376, 384, 386,
395, 403

As2CoZr6 (hP9) 425

AsNi (hP4) 409

AT-19, ACT-45 and
ACT-71 264

Au3Sb4Y3 (cI40) 425

AuCu (tP2) 363

AuCu3 (cP4) 342, 353,
363, 372, 390, 400

AuEuSn (oI60) 269

B2FeMo2 (tP10) 366,
386, 390

B2Mo5Si (tI32) 425

BCr (oC8) 279

Be15Cu8Ta6 (cF116)
296

BHf9Mo4 (hP28) 305

Bi3Y5 (oP32) 419
BiF3 (cF16) 239

Ca6GeLi (cF32) 312

CaCu5 (hP6) 288

CaTiO3 (cP5) 305

Cd43.1Cu56.9
(cF1124) 454

CdMg3 (hP8) 317

Ce2CuGe6 (oS18) 384

Ce2Ni7 (hP36) 326

CeCrSb3 (oP20) 413

CeNiSi2 (oS16) 384,
395

ClCs (cP2) 279

ClCs (cP2) 372

ClNa (cF8) 409

Co2GaHo6 (oI36) 403

Co2Si (oP12) 342
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Formula index (continued)
Co3Ga9Y2 (oS56) 356

Co5Cr2Mo3 (hR159)
252

Co1.75Ge (hP6) 363

Co11Ga3La6 (tI80) 376

Cr3Si (cP8) 283

Cr9Mo21Ni20 (oP56)
252

Cr46Fe54 (tP30) 251

Cu2Mg (cF24) 254, 287,
342

Cu4MgSn (cF24) 366

Cu5Zn8 (cI52) 240

Cu9Ga46V11 (cP792)
285

CuHf5Sn3 (hP16) 403,
412

CuHfSi2 (tP8) 412, 425

CuSi2Zr (tP8) 425

CuTi (tP2) 372

F6K2U (hP9) 425

Fe3Th7 (hP20) 310

Fe4LaSb12 (cI34) 412

Fe23Nd3(Ti0.21Fe0.79)6
(mS64) 317

FeTi (cP2) 239, 342, 363

Ga5Ir3 (tP32) 281

Ga6Pu (tP14) 353

GaGeLi (hP6) 403

Gd4InRh (cF96) 305

Ge4Ho4InNi2(mS22) 386

Ge4InRhTb4 (mS40)
386

Ge4Sm5 (oP36) 380,
390, 400

Hg2K (oI12) 269

Hg0.1Sn0.9 (hP1) 390

Hg48K29Na (cP156)
283

In2Ni9Y (tP24) 312

Ir7Mg4Pr23 (hP68) 310

ITl (oS8) 353, 380

K9NaTl13 (cI46) 376

La2Sb (tI12) 419

Mg4Ni7Pr23 (hP68) 310

MgNi2 (hP24) 254

MgZn2 (hP12) 254

Mn5Si3 (hP16) 353,
372, 380, 390, 400,
409, 419

Mn12Th (tI26) 288

Nd2Sn3 (aP20) 392

NiSiTi (oP12) 269, 356,
384, 395, 412

NiTi2 (cF96) 307

P4Th3 (cI28) 409, 419

Pd5Pu3 (oS32) 363, 372

Pu0.6U0.4 (hR147) 429

Re24Ti5 (cI58) 321

Re25Zr21 (hR276) 321

Rh4Sn13Yb3 (cP40) 395

Rh13Sc57 (cP140) 307

Ru2Sn3 (tP20) 281

Sb2Sm (oS24) 409

Si2Ti (oF24) 281

Si2U3 (tP10) 279

V4Zn5 (tI18) 239

W (cI2-W) 239

Zn22Zr (cF184) 287

HT structural materials

(Al,Ni)2Ta 259
Highly-correlated electron

systems

AgCu4Yb (cF24) 507

Al3Ce (hP8) 507

AlNiYb (hP9) 507

AlPtYb (oP12) 507

Be13Np (cF112) 507

Be13U (cF112) 507

BiPtYb (cF12) 507

CeCu2Sb2 (tI10) 507

CeCu2Si2 (tI10) 507
CeIn3 (cP4) 507

CeIr2Sn2 (tI10) 507

Cu2Si2Yb (tI10) 507
Cu4PdU (cF24) 507

Fe2YbZn20 (tP10) 507

InNi2U2 (tP10) 507

InPtYb (hP9) 507

Ir2Si2U (tI10) 507

NiSnYb (oP12) 507

Pd2SnU2 (tP10) 507

Pt3U (hP8) 507

Ru2Si2U (tI10) 507
Sn3U (cP4) 507

Hydrogen storage materials

(Mn,Ni,V)2Zr (hP12)
259

Intermetallics, binary

M/M-plots 85, 100, 109

(Hf,Zr)V2 (cF24) 259
Ag7Ca2 (oS36) 25, 26
Ag7Yb2 (oS36) 25
Ag51Gd14 (hP68) 25
AgLa (cP2) 432
AgLa (oP4) 432
AgNd (cP2) 432
AgNd (oP4) 432
AgZn (cP2) 432

AgZn (oP4) 432
Al2Cu (tI12) 279

Al2Cu (tI12) 116, 370,
388, 398

Al2Cu (tI2) 303
Al2RE (cF24) 497

Al2Th (cF24) 433
Al2Th (hP3) 433
Al2U (cF24) 433
Al2U (hP24) 433
Al2Zr3 (tP20) 127, 338
Al3Ce (hP8) 507
Al3Ni2 (hP5) 127, 338,
362

Al3Ti (tI8) 122, 230,
233, 338, 351

Al3Zr4 (hP7) 248, 252,
288

Al4Ba (tI10) 133, 338,
355, 362

Al4Ba (tP10) 508
Al4Cu9 (cI52) 242

Al4Cu9 (cP52) 23, 362
Al4U (oI20) 133, 338
Al5Ba4 (hP18) 137
Al5Cr8 (hR78) 242

Al10V (cF176) 289
Al11La3 (oI28) 338,

343, 355
Al12Mo (cI26) 287
Al12Re (cI26) 287
Al12W (cI26) 287
Al12W (cI26) 338
Al45Mg28 (cF1 832) 59
Al53.6Mg46.4

(cF(1192 – 23) 456
Al63.1Mg36.9 (hR879)
463

Al63.6Ta36.4 (cF444) 9,
62, 66, 74

AlB2 (hP3) 99, 116,
127, 142, 267, 272,
273, 343, 351, 355,
365, 378, 382

AlB2 (hP3) derivatives
270

AlCr2 (tI18) 239

AlDy (oP16) 338
AlFe (cP2) 284
AlFe3 (cF16) 239

AmBi (cF8) 431
AmBi (tP2) 431
As2Fe (oP6) 407
As4Eu5 (oS36) 137
As4Rb5 (mS20) 136
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AsFe (oP8) 378
AsNa3 (hP8) 407, 417
AsNi (hP4) 119, 388,
398, 407, 411, 417,
421, 426

Au3K2 (oI10) 293
Au4Ca5 (mP18) 137
Au7Rb3 (oS20) 294
AuBe5 (cF24) 128, 255,
256, 295, 402, 507

AuCd (oP4) 119, 230
AuCs (cP2) 265

AuCu (oI40) 280
AuCu (tP2) 59, 110,
119, 230, 300, 302,
362, 370, 398

AuCu (tP4) 232

AuCu3 (cP4) 99, 110,
122, 142, 232, 300,
303, 338, 343, 351,
355, 362, 365, 370,
373, 378, 388, 394,
398, 402, 421, 507

B3Cr5 (tI32) 25, 123,
351, 370, 378, 388

Ba5Si3 (tP32) 125, 351
Ba10.5Mg89.5 (hR57)
291

Ba10Ga (cF176) 289
Ba13In (cF112) 286
Ba13Tl (cF112) 286
Ba19Li44 (tI252) 291
Ba20Na80 (hP12) 291
Ba22Sr78 (cF4) 290
Ba30Ca70 (cF4) 290
Ba30.2Li69.8 (tI252) 463
Ba33.3Mg66.7 (hP12)
291

Ba40Ca60 (cI2) 290
Ba50Na50 (cF96) 291
Ba50Sr50 (cI2) 290
Ba7.1Be92.9 (cF112)
291

BaBe13 (cF112) 286
BaCd11 (tI48) 288
BaCu13 (cF112) 286
BaHg11 (cP36) 288
BaLi4 (hP30) 291
BaPb3 (hR36) 303, 343
BaSn3 (hP8) 266

BaSn5(hP6) 273, 275

BaZn13In (cF112) 286
BCr (oC8) 279, 284
Be12Cr (tI26) 287
Be12Nb (cI26) 287

Be12Pd (cI26) 287
Be12Pt (cI26) 287
Be12Ru (cI26) 287
Be12Ta (cI26) 287
Be12Ti (tI26) 287
Be12V (cI26) 287
Be12W (tI26) 287
Be13Ca (cF112) 286
Be13Hf (cF112) 286
Be13Mg (cF112) 286
Be13Np (cF112) 507
Be13Pu (cF112) 286
Be13Sb (cF112) 286
Be13Sc (cF112) 286
Be13Th (cF112) 286
Be13U (cF112) 286,

507
Be13Y (cF112) 286
Be13Zr (cF112) 286
Be15.34Rh2.36 (hP19)

295
Be17Rh2 (hP19) 133
Be22Mo (cF184) 286
Be22Re (cF184) 286
Be22W (cF184) 286
Be92.9Ca7.1 (cF112)
291

Be92.9Sr7.1 (cF112)
291

BFe (oP8) 119, 175
Bi3Y5 (oP32) 125, 407,

417
Bi4K5 (mS18) 136
BiCe (cF8) 431
BiCe (cP2) 431
BiCe (tP2) 431
BiCm (cF8) 431
BiCm (cP2) 431
BiCm (tP2) 431
BiF3 (cF16) 122, 239,

243, 407, 417, 421
BiNi inc 59
BiNp (cF8) 431
BiNp (cP2) 431
BiPu (cF8) 431
BiPu (cP2) 431
BiPu (tP2) 431
BiU (cF8) 431
BiU (cP2) 431
Ca2Cu (oP12) 25
Ca3Cd2 (tP20) 25
Ca11Ga7 (cF144) 402
Ca14Cd51 (hP65) 26
Ca14Cd51 (hP68) 25

Ca16Sb11 (tP56) 407,
417

Ca33.3Li66.7 (cF24) 291
Ca33.3Li66.7 (hP12) 291
Ca33.3Mg66.7 (hP12)

291
Ca36Sn23 (tP118) 27
Ca50Sr50 (cF4) 290
Ca50Sr50 (cI2) 290
CaCd6 (cI184) 26
CaCu (mP20) 25
CaCu5 (hP6) 25, 26,

99, 110, 128, 142,
288, 294, 300, 303,
343, 355, 491

CaF2 (cF12) 232, 267,
388

CaHg11 (cP36) 288
CaIn2 (hP6) 99, 142,
267, 273, 275, 351,
355, 362, 365, 370,
373, 394, 402

CaSb2 (mP6) 407
CaZn5 (hP6) 26
CaZn11 (tI48) 288
CaZn13 (cF112) 286
Cd2Ce (hP3) 272, 273
Cd8Cu5 (cI52) 25
Cd2Na (cF1192) 28
Cd11Ce (cP36) 288
Cd11Eu (cP36) 288
Cd11La (cP36) 288
Cd11Nd (cP36) 288
Cd11Pr (cP36) 288
Cd11Pu (cP36) 288
Cd11Sm (cP36) 288
Cd11Sr (cP36) 288
Cd11Sr (tI48) 288
Cd11Th (cP36) 288
Cd11U (cP36) 288
Cd13Rb (cF112) 286
Cd25Eu4 (cF1 456) 59
Cd43.1Cu56.9 (cF1124)

453
Cd66.7Na33.3
(cF(1192 – 40)) 456

Cd84Yb16 ico-QC 59
Cd86.0Ce14.0 (cP172)

464
Cd86.2Eu13.8

(cF1392) 457
CdLi (cF16) 432
CdLi (cP2) 432
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CdMg3 (hP8) 110, 122,

300, 338, 343, 351,
362, 388

CdNi (cF96) 122, 291
Ce2Mg17 (hP44) 133
Ce2Sn5 (oS28) 388
CeGa (hP3) 433
CeIn3 (cP4) 507
CeMg12 (tI26) 287
CeSb (cF8) 431
CeSb (tP2) 431
CeZn (cP2) 432
CeZn (oP4) 432
CeZn11 (tI48) 288
CFe3 (oP16) 110, 122,

175
Cl2Pb (oP12) 411
ClCs (cP2) 59, 279
ClCs (cP2) 99, 110,
119, 142, 294, 300,
303, 338, 343, 351,
362, 365, 370, 373,
388, 407, 417

ClNa (cF8) 110, 119,
407, 417, 426

ClPb (oP12) 378
Co2Nd (oF24) 255
Co2RE (cF24) 497

Co2Si (oP12) 110, 116,
338, 362, 378, 388,
398

Co2Tb (cF24) 259
Co5Sm (hP6) 491

Co1.75Ge (hP6) 110,
116, 362, 370, 388,
407, 411, 417

Co13La (cF112) 286
Co17Sm2 (hR19) 491

Co4.5Ho6 (hP22) 133
CoZn13 (mC28) 289
Cr3Si (cP8) 248
Cr3Si (cP8) 110, 122,
300, 303, 351, 355,
370, 388, 394, 398,
407, 505

Cr0.49Fe0.51 (tP30)
300, 303

Cr46Fe54 (tP30) 248,
250

Cr0.49Fe0.51 (tP30)
127, 134

Cs6K7 (hP26) 291
Cs0.34Zn4 (cI174) 294

Cs33.3K66.7 (hP12)
291

Cs33.3Na66.7 (hP12)
291

Cs50K50 (cI2) 290
Cs50Rb50 (cI2) 290
CsSb (mP32) 417
CsTl (cP96) 121
Cu2Mg (cF24) 88, 99,

109, 110, 115, 142,
248, 253, 255, 256,
300, 303, 338, 343,
355, 417

Cu3Ti (oP8) 122, 230,
303

Cu5Zn8 (cI52) 23, 239,
242

Cu41Sn11 (cF416) 242

Cu5.44Tb0.78 (hP8) 128
CuGd (cP2) 432
CuGd (oP4) 432
CuLa (hP3) 433
CuLa (oI12) 433
CuMg2 (oF48) 388
CuPt7 (cF32) 292
CuSc (cP2) 24
CuTi (tP2) 119, 300,
370, 373, 407

CuTi (tP4) 24
CuZr2 (tI6) 116, 230,

239, 300, 398
Dy2Sb5 (mP28) 407
DyGe3 (oS16) 378
DyMn12 (tI26) 287
DySb (cF8) 431
DySb (cP2) 431
DyZn12 (tI26) 287
Er2Ge5 (oP14) 388
Er3Ge4 (oS28) 133, 378
Er3Ni2 (hR45) 127
ErMn12 (tI26) 287
ErSb (cF8) 431
ErSb (cP2) 431
ErZn5 (hP36) 128
ErZn12 (tI26) 287
Eu3Ga2 (mS20) 417
EuGe2 (hP3) 272, 273
EuZn13 (cF112) 286
Fe2P (hP9) 273
Fe2Tb (hR18) 255
Fe3Th7 (hP20) 134
Fe6W7 (hR13) 248
Fe7W6 (hR39) 249
Fe0.49Rh0.51 (cP2) 497

Fe11Zn40 (cF408) 289

Fe13Zn126 (hP556) 289
Fe17Sm2 (hR72) 133
Fe17Pr2 (hR60) 133
Fe17.1Sc82.9 (cP140)
464

Fe17.35Lu1.82 (hP80)
128

Fe17Lu2 (hP38) 133
Fe17Nd2 (hR19) 492,

497

Fe17Y2 (hP56) 133
Fe52Ge112Tb117

(cF1124) 282
FeSi (cP8) 119, 378
FeTi (cP2) 24, 239

FeZn10 (hP556) 282
FeZn13 (mC28) 286
Ga2Gd3 (tI80) 127, 351
Ga2Zr (oS12) 388
Ga3Y5 (mS32) 351
Ga4Li5 (hP9) 136
Ga4Ti (hP18) 388
Ga4Ti5 (hP18) 136,

273, 277, 398
Ga5Ir3 (tP32) 281
Ga5Tm3 (oP32) 125,
351, 362

Ga6Pu (tP14) 351
Ga63.9Na36.1 (oP244)

462
Ga65.0Na35.0 (hR360)

461
Ga77.4Li22.6

(oS(288 – 5)) 462
GaGd (hP3) 433
GaHo (hP3) 433
GaTm (hP3) 433
GaTm (oI12) 433
GaYb (hP3) 433
GaYb (hP6) 433
Gd3Ge4 (oS32) 133,

378
Gd4InRh (cF96) 365
Gd5Si4 (mP36) 496

Gd5Si4 (oP36) 136, 497

GdMn12 (tI26) 287
GdSb (cF8) 431
GdSb (tP2) 431
GdSn2.75 (oS16) 388
GdZn12 (tI26) 287
Ge4Sm5 (oP36) 110,

136, 378, 388, 398,
497

Ge5Ir4 (tP36) 282
Ge5Ir4 (tP36) 137
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Ge5La (oI12) 128, 378
Ge5Y3 (oF64) 125, 378
Ge7Nd4 (oS44) 378
Ge10Ho11 (tI84) 378,
388, 407, 417

Ge22Rh17 (tI56) 282
Ge31V17 (tP192) 282
GeNb3 (cP8) 505

HfMo2 (hP24) 259
Hg2K (oI12) 99, 110,
116, 142, 267, 268,
343, 351, 355, 362,
382, 402

Hg2U (hP3) 272, 273,
292, 293, 365

Hg0.1Sn0.9 (hP1) 362,
388

Hg11K (cP36) 288
Hg11Rb (cP36) 288
Hg11Sr (cP36) 288
Hg19Rb5 (tI48) 294
Hg20Rb3 (cP46) 294
HgK (aP8) 294
HgK (hP3) 433
HgK (oI12) 433
HgNa3 (hP18) 293
HgNa3 (hR12) 293
HoSb (cF8) 431
HoSb (cP2) 431
HoSb2 (oS6) 407
HoZn12 (tI26) 287
In3Ir (tP16) 351, 362
In62.7Na37.3
(tP(228 – 3)) 463

In64.7Na35.3
(oS(344 – 4)) 462

In65.0K35.0 (hR366)
461

In67.2K32.8 (hP238)
459

InLi (cF16) 431
InLi (cP2) 431
InNi2 (hP6) 273, 275

Ir3Li (oI4) 292
Ir18.6Sc81.4 (cP140) 464
IrMg (oS304) 122
IrU (mP16) 506

ITl (oS8) 110, 119, 351,
378, 388

K33.3Na66.7(hP12) 291
KTl (cF16) 431
KTl (oC48) 431
KTl (oS48) 121
La2Sb (tI12) 407, 417
LaSb (cF8) 431

LaSb (tP2) 431
LaZn11 (tI48) 288
LaZn13 (cF112) 286
Li2Sr3 (tP20) 291
Li3Mg5 (tI16) 291
Li18Mg82 (hP2) 290
Li81Mg19 (cF4) 290
Li90Mg10 (cI2) 290
Li90Mg10 (tI16) 291
LiPt (hP2) 122
LiRh (hP2) 292
LiTl (cP2) 121
LiZn3.175 inc. 59
LuMn5 (hP12) 255
LuSb (cF8) 431
LuSb (cP2) 431
LuZn12 (tI26) 287
Mg2Zn11 (cP39) 25,

282
Mg4Sr (hP90) 291
Mg12Pr (tI26) 287
Mg38Sr9 (hP94) 291
Mg44Rh7 (cF408) 62
Mg5.2Sr (hP46) 291
Mg50Sr50 (cP2) 290
Mg66.7Sr33.3 (hP12)

291
Mg80.9Sr19.1 (hP90)

291
Mg89.5Sr10.5 (hP38)

291
MgNi2 (hP24) 88, 109,
248, 253, 255, 258,
300

MgZn2 (hP12) 99, 109,
110, 116, 142, 248,
253, 255, 256, 267,
291, 295, 300, 303,
343, 355

Mn2U (cF24) 433
Mn2U (oI12) 255
Mn2Y (tI12) 255
Mn5Si3 (hP16) 99, 110,
123, 351, 362, 370,
378, 382, 388, 398,
407, 417

Mn11Si19 (tP120) 282
Mn12Th (tI26) 99, 142,

287, 288, 295, 303,
343, 355, 365

Mn12Tm (tI26) 287
Mn12Y (tI26) 287
Mn25Ti21 (hR276) 24
MoNi4 (tI10) 133, 233

MoSi2 (tI18) 239

MoSi2 (tI6) 116, 300
MoZn22–x
(cF(420-18x) 286

Na4Si23 (cP54) 382
NaPb (tI64) 119, 388,

398
NaTl (cF16) 21, 121,

239, 265, 292, 373
NaZn13 (cF112) 291,
293, 294, 497, 507,
508

Nb5SiSn2 (tI32) 411
NbZn16 (oC68) 286
Nd2Sn3 (aP20) 388
NdSb (cF8) 431
NdSb (tP2) 431
NdZn (cP2) 432
NdZn (oP4) 432
NdZn11 (tI48) 288
Ni2RE (cF24) 497

Ni2Tm (cF192) 255
Ni2Tm (cP24) 255
Ni2Tm (tP24) 255
Ni3Pu (hR36) 122, 303
Ni3Sn (hP8) 338, 507
Ni3Ti (hP16) 123, 303,

343
Ni17Th2 (hP38) 110,
128, 291, 343, 355

NiTi2 (cF96) 59, 116,
300, 303

NpSb (cF8) 431
NpSb (tP2) 431
P4Th3 (cI28) 133, 407,

411, 417, 421
Pb3Sr (tP4) 122, 362
Pb5Rh4 (oF72) 136
Pd4Pu3 (hR42) 133
Pd5Pu3 (oS32) 123,

362, 370, 388
Pd5Th3 (hP8) 273, 276

PrSb (cF8) 431
PrSb (tP2) 431
PrZn11 (tI48) 288
Pt3U (hP8) 507
Pt18.6Sc81.4(cP140) 464
PTi3 (tP32) 378
Pu5Rh3 (tP32) 125
PuSb (cF8) 431
PuSb (cP2) 431
PuSb (tP2) 431
Re2U (oS24) 255
Re2Zr (hP12) 259
Rh2Y3 (tI140) 127
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Rh18.6Sc81.4 (cP140)
464

Ru2Sn3 (tP20) 281
Ru3Sn7 (cI40) 134, 362
Ru18.6Sc81.4 (cP140)
464

Sb2Sm (oS24) 407
Sb3Yb5 (oP32) 125,

407, 417
SbSm (cF8) 431
SbSm (tP2) 431
SbTb (cF8) 431
SbTb (tP2) 431
SbTm (cF8) 431
SbTm (cP2) 431
SbYb (cF8) 431
SbYb (cP2) 431
ScZn12 (tI26) 287
Si2Th (tI12) 378
Si2Ti (oF24) 281
Si2U3 (tP10) 279

Si2U3 (tP10) 127, 351,
507

Si2Zr (oS12) 378, 388
Si3W5 (tI32) 123, 351,
362, 370, 378, 398,
411

Si3W5 (tI32) 27
Si4Zr5 (tP36) 136
SmZn12 (tI26) 287
Sn3U (cP4) 507
Sn4Tb3 (oS28) 134
Sn7Tb3 (oS28) 388
SZn (cF8) 232, 407, 426
TbZn12 (tI26) 287
Te4Ti5 (tI18) 136
Th2Zn17 (hR19) 491

Th2Zn17 (hR57) 99,
128, 142, 291, 303,
343, 355

TiZn16 (oC68) 286
TmZn12 (tI26) 287
U2Zn17 (hP114) 133
UZn12 (tI26) 287
V4Zn5 (tI18) 137, 239

YbZn11 (tI48) 288
YZn12 (tI26) 287
Zn22Zr (cF184) 28,
286, 289

Intermetallics, multinary

AlxCoCrFeMnNi
(cF4) 436

Al59.0Cu6.0Li28.9Zn6.0
(tP(906 – 28)) 463

Cd12.8Ga61.1K10.4Na15.7
(hR(417 – 14.9)) 461

Cd4.3Ga66.2Cu5.0Na24.5
(hR417) 461

Cd8.1Ga62.6Li29.3
(hP198) 459

Ce2CoGa9Ge2
(tP14) 60

CoCrFeMnNi (cF4) 436
CoCrFeMnNiAlx
(cF4) 436

CoCrFeNi (cF4) 436
Cu15.5Ga47.5Li10.6Mg26.4

(hP139) 458, 460
DyGdHoTbY (hP2) 436
HfMoNbTiZr (cI2) 436
HfNbTaTiZr (cI2) 436
In55.0K23.4Na5.4Tl16.1

(hP(224 – 2.2) 459
LiMgPdSn (cF16) 60
LiMgPdSn (cF16) 239

MoNbTaVW (cI2) 436
MoNbTaW (cI2) 436

Intermetallics, ternary

(Ag0.03Zn0.97)2Mg
(hP48) 256

(Ag0.1Zn0.9)2Mg
(hP60) 256

(Ag0.1Zn0.9)2Mg
(hR126) 253, 256

(Ag0.1Zn0.9)Mg
(hR42) 253, 258, 280

(Al0.46Cu0.54)2Mg
(hP36) 255

(Al0.46Cu0.54)2Mg
(hP96) 256

(Al0.5Cu0.5)2Mg
(hP30) 255

(Al0.5Cu0.5)2Mg
(hP60) 256

(Al0.5Cu0.5)2Mg
(hR54) 256

(AlxFe13–x)La
(cF112) 497

(BaSn3)m[Ba(SnyBi1–y)3]n
(oI60) 266, 280

(Cu0.55Ni0.45)2Mg
(hP36) 256

(Dy1–xTbx)Fe2
(cF24) 259, 493

(Fe13–xSix)La
(cF112) 497

Ag26.0Al32.9Mg41.1
(cP146) 464

Ag40.4In44.5Yb15.1
(cP(704 – 14)) 464

Ag42.9Eu14.1In42.9
(cP736) 464

AgAsMg (cF12) 99,
142, 244, 267, 394,
402, 411, 421

AgCu4Yb (cF24) 507
AgLi2Pb (cF16) 402
AgPbYb (hP9) 273, 276

Al2Be2.3Fe (mS12) 255
Al2CeGa2 (tI10) 99,
142, 343, 355, 382

Al2CuMg (oS16) 365
Al2NpPd5 (tI16) 507

Al3Nb10Ni9 (oP52)
248, 252

Al3Ni2Pr (hP6) 343
Al3Ni2Y (hP18) 355
Al3OsU2 (hP12) 256
Al4NiY (oS24) 365
Al6Mg11Zn11 (cI162)

248
Al8CeMn4 (tI26) 343,
365

Al10Fe2Yb (oS52) 343
Al12Gd3Ru4 (hP38)

343
Al20CeCr2 (cF184) 142,
289, 303, 343, 507

Al3.68Ca2Mn0.32
(hP24) 255

Al43Ho6Mo4 (hP106)
343

Al55.3Li26.9Cu5.7Mg12.0
(hP272) 460

Al55.4Cu5.4Ta39.1
(cF(23 256 – x)) 60,
249, 474

Al56.6Cu3.9Ta39.5
(cF(5928 – x)) 249

Al57.4Cu3.6Ta39.0
(hP386) 460

Al69.6Mn6.1Pd24.3
(cP(561 – 48)) 464

Al7.6Ir4Nb6.4
(hP36) 255

AlB2Fe2 (oC10) 279,
284

AlB2Mn2 (oS10) 402
AlCa14Sb11 (tI208) 421
AlCu2Mn (cF16) 99,
142, 239, 243, 343,
355, 365, 382, 394,
402, 411
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AlCuMg (oS16) 373
AlLaNi (oP24) 267
AlLiSi (cF12) 243, 507
AlNiYb (hP9) 507
AlNiZr (hP9) 60, 99,
142, 267, 343, 355,
365, 373, 382, 394,
402, 421, 507, 508

AlPtYb (oP12) 507
AsPtY (hP12) 273, 275,
394

Au3Sb4Y3 (cI40) 411,
421

Au6.3In69.2K24.5
(hR417) 461

Au16.8Ga56.8Na26.4
(oF968) 462

AuCeCu5 (oP28) 394
AuEuSn (oI60) 268, 280
AuGeYb (oP36) 267
AuScSi (hP6) 273, 276

AuSnYb (oI36) 267
B2CoW2 (oI10) 355
B2FeMo2 (tP10) 99,
142, 394, 402

B2Mo5Si (tI32) 411,
421

Ba26.5Ca6.0Li67.5
(hR888) 291, 463

Ba39.8Li49.0Na11.3
(hP(842 – 148)) 291

Ba39.8Li49.0Na11.3
(hP694) 461

BaLiSi (hP3) 267
BaNiSn3 (tI10) 382,

506

BaO3Ti (cP5) 232

BaPtSi3 (tI10) 506

Be2CaGe2 (tI10) 507
Be2CaGe2 (tP10) 394,

411, 421
BeSiZr (hP6) 267, 273,

275, 411, 421
BFeMo2 (tP10) 365
BHf9Mo4 (hP28) 303
Bi2SrZn (tI16) 421
Bi4Cu4Mn3 (cF88) 421
Bi9Ca9Mn4 (oP44) 421
BiCo5Ho12 (oI36) 421
BiPtYb (cF12) 507

Ca2Cd9Cu2 (cP39) 25
Ca3Ge4Ir4 (cI22) 506

Ca5CdCu2 (tI32) 25
CaLiSn (hP9) 273, 276

CaO3Ti (cP5) 303

Cd40.2Na33.8Sn26.0
(hR435) 463

Ce2CuGe6 (oS18) 382
Ce2O2S (hP5) 411, 421
Ce3Ge6Pd20

(cF116) 282
Ce6Ni6Si2 (cI44) 282
CeCrSb3 (oP20) 411
CeCu2Sb2 (tI10) 507
CeCu2Si2 (tI10) 507
CeIr2Sn2 (tI10) 507
CeIr3Si (hP5) 506

CeNi5Sn (hP28) 394
CeNiSi2 (oS16) 142,

382, 394
CePt3Si (hP5) 506

CeRh3Si (hP5) 506

ClFPb (tP6) 267, 382,
421

Co2FeSi (cF16) 499

Co2GaHo6 (oI36) 394,
402

Co2GeMn (cF16) 499

Co3Ga9Y2 (oS56) 343,
355

Co3Gd14In2.7
(tP80) 365

Co3Ge3Y0.5 (hP8) 382
Co3Si5U2 (oI40) 382
Co4Sc5Si10 (tP38) 382
Co5Cr2Mo3 (hR159)

252

Co5Cr2Mo3
(hRP53) 248

Co11Ga3La6
(tI80) 373, 402,
421

Co56Gd117Sn112
(cF1140) 500

Co7.77Lu3Sn4
(hP30) 394

CoGa3Pr8 (hP24) 273
CoGa5Ho (tP7) 355
CoGa5Pu (tP7) 507

CoGa8Ho2 (tP11) 365
CoGaHo (tP7) 365
CoSc2Si2 (mS20) 382
Cr2Si2Th (tI10) 507,

508
Cr9Mo21Ni20
(oP56) 248, 252

CrSiZr (oP48) 382
Cu2Si2Yb (tI10) 507
Cu3Mg2Si (hP12) 255

Cu4Gd3Ge4 (oI22)
382, 394

Cu4MgSn (cF24) 255,
256, 365

Cu4PdU (cF24) 507
Cu8.7Ga66.9Na24.5
(hR417) 461

Cu16Mg6Si7 (cF116)
343, 355

CuHf5Sn3 (hP18) 142,
273, 394, 402, 411,
421

CuHfSi2 (tP8) 411, 421
CuHg2Ti (cF16) 239

CuMgSb (cF12) 244,
507

Er2RhSi3 (hP24) 273,
277

Er14.9Rh20.7Sn64.6
(tI232) 463

Eu8Ga16Ge30
(cI54) 498

F6K2U (hP9) 411, 421
Fe4LaP12 (cI34) 411
Fe6Ga6Sc (oI26) 355
Fe6Ge6Mg (hP13) 382,

394
Fe18.5Ge39.9Tb41.6
(cF1124) 456

FeSiTi (oI36) 267
Ga5PuRh (tP7) 507

Ga0.5Li0.5Sn0.5
(cF24) 255

Ga12PdY4 (cI34) 355
Ga26.2Mn18.6Ni55.2
(cF16) 497

Ga26.2Mn18.6Ni55.2
(tP4) 497

Ga58.4Na24.5Zn17.2
(hR417) 461

Ga71.0Li10.9Na18.2
(oF(920 – 39)) 462

Ga71.5K7.4Li21.1
(oS(348 – 25)) 462

Ga73.6K6.2Na20.2
(hR(414 – 27.3)) 461

Ga74.8Na23.0Rb2.2
(oF(904 – 34)) 462

GaGeLi (hP6) 267, 273,
276, 394, 402, 411,
421

GaHoNi (oP12) 267
Gd4InRh (cF96) 142,
303
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Formula index (continued)
Gd5Ge2Si2 (mP36) 497

Ge18(Mo,Rh)11
(inc) 282

GeIrY (oI32) 382
Hf4.3Mg15.9Zn79.8
(cPcP(163 – 5)) 464

HfRhSn (hP18) 267
HfS5Y2 (oP32) 421
Hg48K29Na

(cP156) 266,
282

Hg61.5K37.2Na1.3
(cP156) 464

In2Ni9Y (tP24) 365
In3Rh2Ti3 (hP8) 273
In4Lu5Ni2 (oP22) 365
In9Nd11Pd4 (oS48) 365
In49.8Na49.2Ni1.0

(hP390) 460
In53.1Na46.3Ni0.5
(oP(756 – 14)) 462

In62.3K3.9Na33.8
(cP154) 464

In62.3Na33.8Cs3.9
(cP154) 464

In62.3Na33.8Rb3.9
(cP154) 464

In62.9K29.3Na7.8
(oP248) 462

In65.5K24.5Mg10.0
(hR417) 461

In65.7K24.8Zn9.5
(hR(420 – 9.0)) 461

InNi2U2 (tP10) 507
InNi6Sm12 (cI38) 402
InPtYb (hP9) 507
Ir2Si2U (tI10) 507
K9NaTl13 (cI46) 373
K31.2Tl68.8 (cP157) 464
La4O19Re6 (cI58) 402
Li4Mg8Zn12
(hP96) 255

LiMg7Zn13 (hP84) 256
LiSnY (hP24) 273, 277

Mg2Ni3Si (hR18) 255
Mg15.2Ti5.2Zn79.7
(cP(163 – 5)) 464

Mg15.9Zn79.8Zr4.3
(cPcP(163 – 5)) 464

Mg2.9Sc12.8Zn84.3
(cP(704 – 5)) 464

Mg21.2Y10.6Zn68.2
(cP680) 464

MnPtSb (cF12) 499

Mo12.1Sn20.8Zn67.1
(cF(944 – 22)) 457

Na36.1Sn30.8Zn33.1
(oP244) 462

NdPtSb (hP6) 267, 273,
276, 394

NiSiTi (oP12) 60
NiSiTi (oP12) 99, 142,
175, 267, 268, 343,
355, 365, 382, 394,
402, 411, 421, 507,
508

NiSnYb (oP12) 507
Pd2SnU2 (tP10) 507
PdSiY (oP24) 267
Pt2SnU2 (tP20) 365
PtSbSr (hP3) 272, 273
Re7Si6U4 (cI34) 382
Rh2SnV (tI8) 230
Rh4Sn13Yb3 (cP40)
382, 394, 402

Rh6Sn17Tb5
(cF116) 394

Ru2Si2U (tI10) 507
RuSi3U2 (hP12) 272,
273

Sb2SiV4 (tI28) 421
Sb9Yb9Zn4.23

(oP48) 421
Magnetocaloric materials

(AlxFe13–x)La
(cF112) 497

(As1–xSbx)Mn 259
(Fe13–xSix)La
(cF112) 259, 497

Al2RE (cF24) 497

Co2RE (cF24) 497

Co2Tb (cF24) 259
Dy 497

Dy0.5Tb0.5 497

Er 497

Eu8Ga16Ge30
(cI54) 498

Fe0.49Rh0.51 (cP2) 497

Fe17Nd2 (hR19) 497

Ga26.2Mn18.6Ni55.2
(cF16) 497

Ga26.2Mn18.6Ni55.2
(tP4) 497

Gd 497

Gd5(GexSi1–x)4 259
Gd5Ge2Si2 (mP36) 497

Gd5Si4 (mP36) 496

Gd5Si4 (oP36) 497

Ge4Sm5 (oP36) 497

Ni2RE (cF24) 497

Tb 497

Magnetooptic materials

Co2FeSi (cF16) 499

Co2GeMn (cF16) 499

MnPtSb (cF12) 499

Magnetostrictive materials

AgGdMg (hP9) 494

CrFe16Tm2 (hP38) 494

Dy1–xFe2Tbx
(cF24) 259, 493

Er2Fe17 (hP38) 494

Fe17Y2 (hP38) 494

Fe65Ni35 (cF4) 493

Gd2Fe17 (hR57) 494

Mn2Y (cF24) 494

Quasicrystals, decagonal

(DQCs)

d-Al57.6Cu25.9Ir16.5 471
d-Al61.9Cu18.5Rh19.6
471, 472

d-Al65.0Co14.6Cu20.4
471

d-Al70.6Co6.7Ni22.7 471
d-Al70Mn17Pd13 471
d-Al72.5Co18.5Ni9.0 471
d-Al73Ir14.5Os12.5 471
d-Al75Os10Pd15 471
d-Dy1.7Mg38.5Zn59.8

471
Quasicrystals, icosahedral

(IQCs), B type
i-Al15Mg44Zn41 480
i-Al42Mg43Pd15 480
i-Al6CuLi3 480
i-Dy8.7Mg34.6Zn56.8

480
i-Ga25Mg39.5Zn40 480
i-Hf7Mg17Zn76 480
i-Ho9Mg26Zn65 480
i-Ho11Mg15Zn74 480
i-Mg25Y11Zn64 480
i-Mg34.6Tb8.7Zn56.8

480
i-Mg40Nd5Zn55 480
i-Mg7Zn84Zr9 480
i-Ni20Ti40Zr40 480

Quasicrystals, icosahedral

(IQCs), M type
i-Al65Cu20Fe15 478
i-Al65Cu20Os15 478
i-Al65Cu20Ru15 478
i-Al70.5Mn8.5Pd21 478
i-Al70Pd20Re10 478
i-Al70Pd21Tc9 478
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i-Al71Pd21Re8 478
i-Al72Os11Pd17 478
i-Al72Pd17Ru11 478

Quasicrystals, icosahedral

(IQCs), T type
i-Ag10Sc15Zn75 482
i-Ag42Ca16In42 482
i-Ag42In42Yb16 482
i-Al34Au51Yb15 482
i-Al38Au46Tm16 482
i-Al38Cu46Sc16 482
i-Au10Sc15Zn75 482
i-Au44.2Ca14.1In41.7 482
i-Ca15Cd65Mg20 482
i-Ca15Cd85 482
i-Cd65Dy15Mg20 482
i-Cd65Er15Mg20 482
i-Cd65Gd15Mg20 482
i-Cd65Ho15Mg20 482
i-Cd65Lu15Mg20 482
i-Cd65Mg20Tb15 482
i-Cd65Mg20Tm15 482
i-Cd65Mg20Yb15 482
i-Cd65Y15 482
i-Cd84Yb16 482
i-Cd87.9Tm12.1 482
i-Cd88.0Er12.0 482
i-Cd88.2Dy11.8 482
i-Cd88.2Y11.8 482
i-Cd88.4Ho11.6 482
i-Cd88.5Tb11.5 482
i-Cd88.7Gd11.3 482
i-Co10Sc15Zn75 482
i-Cu12Sc16Zn72 482
i-Cu48Ga34Mg3Sc15 482
i-Er8.0Fe7.0Sc8.0Zn77.0
482

i-Er8.7Mg34.6Zn56.8 482
i-Fe10Sc15Zn75 482
i-Fe7Sc7Tm9Zn77 482
i-Fe7Sc8Zn77 482
i-Mg8Ti8Zn84 482
i-Mg10Yb14Zn76 482
i-Mg5Sc15Zn80 482
i-Ni10Sc15Zn75 482
i-Pd10Sc15Zn75 482
i-Sc12Zn88 482

Shape memory alloys

GaMnNi2 (cF16) 503

Superconducting materials

Al2NpPd5 (tI16) 507

BaPtSi3 (tI10) 506

Ca3Ge4Ir4 (cI22) 506

CeIr3Si (hP5) 506

CePt3Si (hP5) 506

CeRh3Si (hP5) 506

CoGa5Pu (tP7) 507

Cr3Si (cP8) 505

Ga5PuRh (tP7) 507

GeNb3 (cP8) 505

HfMo2 (hP24) 259
HfV2Zr (cF24) 259
IrU (mP16) 506

Re2Zr (hP12) 259
Thermoelectric materials

As3Co (cI32) 500

Bi2Se3 500

Bi2Te3 500

Co4Sb12Yb0.19 500

Co56Gd117Sn112
(cF1140) 500

K4Si23 (cP54) 501

SeSn 500

intermetallics, ternary
Ba19Li13Na29

(cF488) 74

A
AET 4, 6, 31

Al–Cu–Ta structure
family 259

alkali metal compounds 289,
291

alkaline earth (AE) metal
compounds 289, 291

allotropes 513
alloy 513
Allred and Rochow

electronegativity 20
aluminides 333

Ammann lines 46

An-An compounds 427
antimonides 406

aperiodic crystal 4, 513
approximant 40

Archimedean (Kepler)
tilings 40

elongated triangular
tiling 41

great rhombitrihexagonal
tiling 41

small rhombitrihexagonal
tiling 41

snub hexagonal tiling 41

snub square tiling 41

trihexagonal tiling 41

truncated hexagonal
tiling 41

truncated square tiling 41

Archimedean solids 51

(small) rhombicosidodeca-
hedron 51

(small) rhombicuboctahed-
ron 51

icosidodecahedron 51

cuboctahedron 51

snub cube 51

snub dodecahedron 51

truncated cube 51

truncated cuboctahedron
(great rhombicubocta-
hedron) 51

truncated
dodecahedron 51

truncated icosahedron 51

truncated octahe-
dron (Kelvin
polyhedron) 51

truncated tetrahe-
dron (Friauf
polyhedron) 51

aristotype 513
atomic environment type

(AET) 4, 6, 31, 513
atomic radii 184
atomic surface 513

B
Bergman phase 248
Binet’s formula 39

bismuthides 414

Bravais type lattice 31

C
ccp 34
Cairo pentagon tiling 496
Catalan solids 51

rhombic dodecahedron 51

rhombic
triacontahedron 51

Catalan tilings
Cairo pentagonal tiling 42

Catalan tilings 42

deltoid trihexagonal
tiling 42

Floret pentagonal tiling 42

kisrhombille tiling 42

prismatic pentagonal
tiling 42

rhombille tiling 42

tetrakis square tiling 42

triakis triangular tiling 42

chemical bonding 18
chimney ladder

structures 282
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CIMs 439

M/M-plots 444
fcc 446
definition 439

hexagonal 457
layer structures 450
stoichiometries 445
superstructures 447

clathrates 498
close-packed structures 231

cluster 4, 31, 513
cluster decomposition 67
cluster shells 6
complex intermetallics

(CIMs) 439

complexity 57, 60
binary phases 59
governing factors 64
layers, clusters and

interfaces 64
measures 62
multinary phases 60
ternary phases 59
unary phases 58

composite crystal 4
composite or host/guest

structure 513
coordination number CNn 6,

31

coordination polyhedra 31

coverings 36, 41, 69, 469
cluster LS 70
Gummelt decagon 41, 71

crystal family 31
crystal structure 10

crystal system 31
crystallographic orbit 9

Cundy and Rollet symbol 40,
513

D
D-basis 45

Delauney tessellation 35

Delauney tiling 35

density functional theory
(DFT) 14

density-functional-theory
chemical-pressure
analysis (DFT-CP) 25

derivative structure 514
distance histogram 32

dominating-element
structures 286

DOS 16
duality 51

E
eDOS 16
electron concentration

(e/a) 23
electron counting 21
electron density 16
electron localizability

indicator (ELI) 18
electron localization function

(ELF) 17
electronegativity 19
electronic density of states

(eDOS) 16
electronic structure 16
elements
structures 183

actinoids 214, 222
alkali metals 189

alkaline earth metals 196

chalcogens 212
lanthanoids 214, 217
main group ele-
ments 207,
212

mint metals 206
pnictogens 212
transition elements 198,

202, 203, 205, 206
ELF 17
ELI 18
Euler’s formula 53

extended Hückel method 15

F
fcc 34
Faraday effect 498

ferromagnetic materials 489
Alnico magnets 490

ferrites 490
ferritic steels 490
Heusler phases 490
martensitic steels 490

Fibonacci 5-grid 46

Fibonacci numbers 39

Fibonacci sequence (FS) 38,
70

Frank-Kasper (FK) phases 6
μ-phase 245

σ -phase 245, 250

Bergman phase 248

Laves phases 245, 252

M-phase 245, 250

P-phase 245, 250

R-phase 245, 250

Frank-Kasper (FK)
polyhedra 56, 246,
514

Frank-Kasper
(FK)phases 245

Friauf polyhedron 51, 246
FS 38

substitution matrix 38

fullerenes 56

G
γ -brass 74
gallides 348

generalized dual-grid
method 37

generalized gradient
approximation
(GGA) 15

geometrical analysis 36

germanide 375

golden mean (ratio) τ 38, 69

Gummelt decagon 46

gyromagnetic materials 498

H
hcp 34
heavy-fermion compounds

506, 507

heterogeneous sphere
packings 47

Heusler phases 243

hexagon flip 46

hexagon tiling 63 40
hierarchical structures 282

high-entropy alloys
(HEAs) 60, 434, 514

high-pressure
compounds 430

higher-dimensional (nD)
approach 37, 68

D-basis 73
V -basis 73
atomic surface (AS) 76, 81
composite structure

(CS) 76
Fibonacci sequence

(FS) 76
hyperatoms 76, 81
IMS-setting 76

incommensurately
modulated structure
(IMS) 76

occupation domain 81
par-space 73, 75
perp-space 73, 75
phason flip 77
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QC-setting 76

quasicrystal structure
analysis 80

rational approximant 77
rhomb-Penrose tiling

(RPT) 79

window 73
highly-correlated electron

systems 507

Hohenberg-Kohn
theorem 14

homogenous sphere
packings 47

homotypic 11, 514
host-guest structure 4
Hume-Rothery phases 22,

240

Hume-Rothery rule 22

I
idealized structure 5
incommensurately modulated

phase 4, 514
indides 359

intermetallics 514
M/M-plots 91, 230

intermetallics, binary
ε-brass 243

γ -brass 74, 239, 242

intermetallics, ternary
M/M-plot 137
M/M-plots 141

quasicrystals 146
stoichiometry 141

invariant lattice complex 10

isoconfigurational 11, 515
isohedral tiling 40
isopointal 11, 515
isostructural 155
isotypic 11, 515
IUPAC recommendations 5

J
Jagodzinski notation 49

K
Kelvin polyhedron see

Archimedean solids
Kepler (Archimedean)

tilings 40

L
lattice complex 9, 515
lattice planes and

directions 515

layer structures 450
layer structures,

topological 277

Ln-Ln compounds 427
local-density approximation

(LDA) 15
long-period (columnar)

structures 280

M
μ2-chemical pressure 24
μ3-acids and -bases 23
magnetic barocaloric (MBC)

materials 494

magnetocaloric (MC)
materials 494

magnetomechanical
materials 502

magnetooptic (MO)
materials 498

magnetostrictive
materials 493

Invar effect 493

Terfenol D 493

main-group element
compounds 332

matching rules 37
maximum-gap method 28,

32, 440
Mendeleev numbers 83, 84,

184, 515
metallic elements 515
MO Kerr effect 498

modular structures 282

molecular orbital (MO)
theory 14

monohedral tiling 40
Mulliken electronegativity 20

N
nD-approach 68

cut-and-project method 68

section method 68, 75

diffraction pattern 75
strip-projection method 68

Ammann (3D Penrose)
tiling (AT) 73

cluster 69
complex

intermetallics 74
Fibonacci sequence

(FS) 69

Penrose tiling (PT) 71

rhombic
dodecahedron 73

rhombic icosahedron 73
triacontahedron 73
zonohedra 69

nanoclusters 33
nomenclature 5

notation 3
Nowotny phases 282

O
occupation domain 515

P
Pearson’s Crystal Data

(PCD) 87

packing 31, 36, 50

packing densities 49
packing density 5
parallelepiped 37
parallelogram 37
parallelotope 37
PAS 39

Pauling electronegativity 19,
184

PCD 5, 87
Pearson absolute elec-

tronegativity 20,
184

Pearson absolute hardness 20
Pearson notation 516
Pearson symbol 4, 10
Peltier effect 499

periodic average structure
(PAS) 39, 61

periodic table 184, 290, 299
phason flip 46

Platonic solids 50

dodecahedron 50

hexahedron 50

icosahedron 50

octahedron 50

tetrahedron 50

plumbides 397

point configuration 9

point group 31
polonides 425

polyhedra packings 53

polymorphic 516
polytypic 516
prototype 11, 516

Q
QTAIM 16
quantum chemistry 14
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quantum theory of atoms
in molecules
(QTAIM) 16

quasi-unit cell approach 469
quasicrystal (QC) 146, 466,

516
quasicrystal growth

model 474
quasicrystal structure

analysis 467

quasicrystals 4
quasicrystals, decagonal

(DQCs) 466, 469

(Zn-Mg-RE) class 470

Al-TM(1)-TM(2)
class 470

quasicrystals, icosahedral
(IQCs) 466, 476

atomic layers 484

Bergmann-cluster based
IQC (Type B) 477

FK-IQCs 477

formation and stability 484

Mackay-cluster based IQC
(Type M) 477

sp-IQCs 477

spd-IQCs 477

Tsai-cluster based IQC
(Type T) 479

quasicrystals, structure
analysis 467

quasilattice 46, 469

R
Ramsdell notation 49

rational approximant 40, 69
regular polyhedra 50

REME phases 266

repetivity 47, 516

S
Samson cluster 249
Schläfli symbol 40, 516
Seebeck effect 499

self-similarity 47, 516
semi-regular Archimedean

tilings 40
semi-regular polyhedra 50

shape memory alloys 502

simpleton flip 46

size ratios 33
snub square tiling 496
solid solution 517
space group 31
sphere packings 47, 517

Jagodzinski notation 49

packing density 47

polytypes 49

Ramsdell notation 49

statistics 229

square tiling 44 40
stannides 387

statistical analysis 83

M/M-plots for binary
intermetallics 85, 109

M/M-plots for in-
termetallics 91,
230

M/M-plots for ternary
intermetallics 141

Pearson’s Crystal Data

(PCD) 87

A2B/AB2 115

A3B2/A2B3 125
A3B/AB3 122

A4B3/A3B4 133
A4B/AB4 133
A5B3/A3B5 123
A5B4/A4B5 134
A5B/AB5 128
A7B3/A3B7 134
A17B2/A2B17 128
AB 117

atoms per primitive unit
cell 97

crystal structure types 155

atomic distances and
AETs 178

Symmetry vs.
composition 160

data mining 87

distance histograms
Cu (cF4) 106

Hg (hR3) 106

Hg0.1Sn0.9 (hP1) 106

In (oF4) 106

In (tI2) 106

Pa (tI2) 106

Po (hR3) 106

Te (hR3) 106

W (cI2) 106

Mendeleev numbers 83

most common
Laves phases 115

one atom per primitive unit
cell 106

periodic table 83
symmetry

Bravais type lattices 92

point groups 92

space groups 92

symmetry and size
distributions 91

unique structure types 92

Zintl phases 119
structural subunits
hcp layers 33, 220, 224,

226, 233, 235, 293
4-connected nets 211
anticuboctahedra

(disheptahedra) 48,
224, 235, 237

Bergman-clusters 481
bicapped hexagonal

antiprisms (CN14
FK-polyhedra) 57,
246

bicapped hexagonal
prisms 116

bicapped pentagonal
prisms 344

bicapped square
antiprisms 376

bifrusta 66, 260
Cairo pentagon tiling 386,

496
centaur polyhedra 285
CN12 FK-polyhedra 57,

246, 252, 293, 294,
296, 305, 307, 310,
320, 342, 344, 376,
395, 403, 412, 501,
505, 508

CN14 FK-polyhedra 57,
127, 246, 491, 505

CN15 FK-polyhedra 57,
246, 251, 261, 263,
429

CN15 FK-polyhedra 262
CN16 FK-polyhedra 57,

121, 123, 127,
246, 250, 252, 254,
260–263, 287, 305,
320, 321, 344, 353,
372, 380, 390, 409,
419, 429

cubes 285, 296, 403, 425,
496

cuboctahedra 33, 48, 107,
235, 240, 252, 260,
285, 386, 506

Deloudi-clusters 475
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disheptahedra (anticuboc-
tahedra) 48, 224, 235,
237

dodecahedra 262, 263,
283, 501

fivecapped trigonal
antiprism 408, 419

fourcapped
cuboctahedra 288

fullerenes F12
20 262, 263,

501
fullerenes F32

60 261

fullerenes F39
74 261–263

fullerenes F40
76 66, 260

Gummelt decagons 72,
392, 473

helical chains 200
hexacapped cubes 135,

136, 380, 390, 392,
400

hexagon nets, 63 288
hexagonal antiprisms 123,

283, 326
hexagonal bipyramids 107,

116, 246, 250, 251,
262, 263, 269, 288,
320, 380, 403, 412

hexagonal prisms 127,
363, 425

Hiraga-clusters 475
honeycomb nets, 63 127,

131, 132, 135, 136,
201, 209, 491

icosahedra (CN12 FK-
polyhedra) 57, 116,
246, 252, 283, 287,
293, 294, 296, 305,
307, 310, 320, 342,
344, 376, 395, 403,
412, 501, 505, 508

Kagomé nets 131, 132,
135, 136, 250, 251,
288, 491

Kelvin polyhedra
(truncated
octahedra) 9

Mackay-clusters 479
octahedra 34, 102, 107,

121, 123, 127,
135, 136, 195, 226,
237, 240, 252, 260,
293, 296, 305, 307,
309–312, 342, 353,
380, 400, 403, 408,

409, 412, 413, 419,
425, 501

Penrose pentagon
tiling 473

Penrose rhombs 473
pentacapped trigonal

prisms 116
pentagon/Gummelt

decagons 103
pentagon/triangle nets 102
pentagonal bipyramids 102
rhomb tiling 473
rhomb/hexagon nets 293
rhombic dodecahedra 32,

33, 107, 116, 239, 260
snub cubes, 34.4 293, 508
Sommerville tetrahedra

32, 33
square antiprisms 123, 279
square nets, 44 195, 198,

409, 412, 413
square pyramids 102
square/hexagon nets 135,

136
square/octagon nets,

4.82 194, 204
stellae octangulae 102,

135, 136
stellae quadrangulae 309,

310
tetracapped cubes 395,

425
tetragonal antiprisms 194
tetragonal prisms 506
tetrahedra 34, 115, 240,

252, 254, 260, 287,
293, 307, 310, 311,
342, 366, 376, 400,
419, 425

tetrahelices 204
tetrakaidecahedra 501
triacontahedra 74
triangle/hexagon nets,

3.6.3.6 419
triangle/hexagon nets,

3.6.3.6+32.62+63 251
triangle/hexagon nets,

32.62 505
triangle/pentagon nets,

3.53 + 53 356
triangle/pentagon/hexagon

nets 366, 376
triangle/quadrangle/

pentagon nets 116

triangle/square nets,
32.4.3.4 103, 116,
123, 127, 195, 251,
279, 353, 366, 380,
390, 400, 425, 496

triangle/square nets,
32.4.3.4+33.42 209

triangle/square nets,
32.4.3.4 + 3.43 342

triangle/square nets,
33.42 102, 103, 193

triangle/square nets,
4.3.42 135, 136

triangle/square nets,
44 425

triangle/square nets,
general 307, 386

triangle/square/hexagon
nets 123, 363

triangle/square/hexagon
nets, 32.6.3.4+ 32 123

triangles 127
tricapped trigonal

prisms 305, 356, 366,
376, 380, 384, 386,
395, 403, 508

trigonal prisms 279, 305,
309–311, 344

truncated octahedra
(Kelvin polyhedra)
9, 32

truncated tetrahedra
(Friauf polyhedra) 66,
115, 204, 246, 250,
252, 254, 260, 262,
263, 321, 326

Tsai-clusters 485
structure interpretation 18
structure prediction 29
structure types 10, 517
cI2-W based structures 238
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