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PREFACE TO THE FOURTH EDITION 

The first, single-volume edition of this Work was published in 1955 and the second in 1970; 
continued demand prompted a third edition in two volumes which appeared in 1983. The 
first two editions were edited by myself alone, but in preparing the third, which was much 
longer and more complex, I had the crucial help of Peter Haasen as coeditor. The third 
edition came out in 1983, and sold steadily, so that the publishers were motivated to propose 
the preparation of yet another version of the Work; we began the joint planning for this in 
early 1992. We agreed on the changes and additions we wished to make: the responsibility 
for commissioning chapters was divided equally between us, but the many policy decisions, 
made during a series of facs-to-face discussions, were very much a joint enterprise. Peter 
Haasen was able to commission all the chapters which he had agreed to handle, and this task 
(which involved detailed discussions with a number of authors) was completed in early 1993. 
Thereupon, in May 1993, my friend of many years was suddenly taken ill; the illness 
worsened rapidly, and in October of the same year he died, at the early age of 66. When he 
was already suffering the ravages of his fatal illness, he yet found the resolve and energy to 
revise his own chapter and to send it to me for comments, and to modify it further in the 
light of those comments. He was also able to examine, edit and approve the revised chapter 
on dislocations, which came in early. These were the very last professional tasks he 
performed. Peter Haasen was in every sense coeditor of this new edition, even though fate 
decreed that I had to complete the editing and approval of most of the chapters. I am proud 
to share the title-page with such an eminent physicist. 

The first edition had 22 chapters and the second, 23. There were 31 chapters in the third 
edition and the present edition has 32. The first two editions were single volumes, the third 
had to be divided into two volumes, and now the further expansion of the text has made it 
necessary to go to three volumes. This fourth edition is nearly three times the size of the first 
edition thirty years ago; this is due not only to the addition of new topics, but also to the fact 
that the treatment of existing topics has become much more substantial than it was in 1965. 
There are those who express the conviction that physical metallurgy has passed its apogee 
and is in steady decline; the experience of editing this edition, and the problems I have 
encountered in holding enthusiastic authors back from even more lengthy treatments (to 
avoid exceeding the agreed page limits by a wholly unacceptable margin), have shown me 
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viii Pmfme to the fourth edition 

how mistaken this pessimistic assessment is! Physical metallurgy, the parent discipline of 
materials science, has maintained its central status undiminished. 

The first three editions each opened with a historical overview. We decided to omit this 
in the fourth edition, for two main reasons: the original author had died and it would have 
fallen to others to revise his work, never an entirely satisfactory proceeding; it had also 
become plain (especially from the reaction of the translators of the earlier editions into 
Russian) that the overview was not well balanced between different parts of the world. I am 
engaged in writing a history of materials science, as a separate venture, and this will 
incorporate proper attention to the history of physical metallurgy as a principal constituent. 
- It also proved necessary to leave out the chapter on superconducting alloys: the ceramic 
superconductor revolution has virtually removed this whole field from the purview of 
physical metallurgy. - Three entirely new topics are treated in this edition: one is oxidation, 
hot (dry) corrosion and protection of metallic materials, another is the dislocation theory of 
the mechanical behavior of intermetallic compounds. The third new topic is a leap into very 
unfamiliar territory: it is entitled “A Metallurgist’s Guide to Polymers”. Many metallurgists 
- including Alan Wmdle, the author of this chapter - have converted in the course of their 
careers to the study of the more physical aspects of polymers (regarded by many materials 
scientists as the “materials of the future”), and have had to come to terms with novel 
concepts (such as “semicrystallinity”) which they had not encountered in metals: Windle’s 
chapter is devoted to analysing in some depth the conceptual differences between metallurgy 
and polymer science, for instance, the quite different principles which govern alloy formation 
in the two classes of materials. I believe that this is the first treatment of this kind. 

Six of the existing chapters (now numbered 1,4,21,22,27,30) have been entrusted to 
new authors, while another five chapters have been revised by the previous authors with the 
collaboration of additional authors (8,13,16,17,19). Chapter 19, originally entitled “Alloys 
rapidly quenched from the melt” has been broadened and retitled “Metastable states of 
alloys”. A treatment of quasicrystals has been introduced in the form of an appendix to 
chapter 4, which is devoted to the solid-state chemistry of intermetallic compounds; t h i s  
seemed appropriate since quasicrystallinity is generally found in such compounds. - Only 
three chapters still have the same authors they had in the first edition, written some 32 years 
ago. 

27 of the 29 new versions of existing chapters have been substantially revised, and many 
have been entirely recast. Two chapters (1 1 and 25) have been reprinted as they were in the 
third edition, except for corrected cross-references to other chapters, but revision has been 
incorporated in the form of an Addendum to each of these chapters; this procedure was 
necessary on grounds of timing. 

This edition has been written by a total of 44 authors, working in nine countries. It is a 
truly international effort. 

I have prepared the subject index and am thus responsible for any inadequacies that may 
be found in it. I have also inserted some cross-references between chapters (internal cross- 
references within chapters are the responsibility of the various authors), but the function of 
such cross-references is better achieved by liberal use of the subject index. 

As always, the editors have been well served by the exceedingly competent staff of 
North-Holland Physics Publishing (which is now an imprint of Elsevier Science B.V. in 
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Amsterdam, at the time of the first two editions, North-Holland was still an independent 
company). My particular thanks go to Nanning van der Hoop and Michiel Bom on the 
administrative side, to Ruud de Boer who is responsible for production and to Chris Ryan 
and Maurine Alma who are charged with marketing. Mr. de Boer’s care and devotion in 
getting the proofs just right have been exmmely impressive. My special thanks also go to 
Professor Colin Humphreys, head of the department of materials science and metallurgy in 
Cambridge University, whose warm welcome and support for me in my retirement made the 
creation of this edition feasible. Finally, my thanks go to all the authors, who put up with 
good grace with the numerous forceful, sometimes impatient, messages which I was obliged 
to send in order to “get the show on the road”, and produced such outstanding chapters under 
pressure of time. 

I am grateful to Dr. W. J. Bcettinger, one of the authors, and his colleague Dr. James A. 
Warren, for kindly providing the computer-generated dendrite microstructure that features on 
the dustcover. 

The third edition was dedicated to the memory of Robert Franklin Mehl, the author of the 
historical chapter and a famed innovator in the early days of physical metallurgy in America. 
I would like to dedicate this fourth edition to the memory of two people: my late father-in- 
law, Daniel Hamon (1892-1953), professor of metallurgy at Birmingham University for 
many years, who did more than any other academic in Britain to foster the development and 
teaching of modem physical metallurgy; and the physical metallurgist and scientific publisher 
- and effective founder of Pergamon Press - Paul Rosbaud (1896-1963), who was 
retained by the then proprietor of the North-Holland Publishing Company as an adviser and 
in 1960, in the presence of the proprietor, eloquently urged upon me the need for a new, 
advanced, multiauthor text on physical metallurgy. 

November 1995 
Cambridge 

Robert W. C m  





PREFACE TO THE THIRD EDITION 

The first edition of this book was published in 1965 and the second in 1970. The book 
continued to sell well during the 1970s and, once it was out of print, pressure developed for 
a new edition to be prepared. The subject had grown greatly during the 1970s and R. W. C. 
hesitated to undertake the task alone. He is immensely grateful to P. H. for converting into 
a pleasure what would otherwise have been an intolerable burden! 

The second edition contained twenty-two chapters. In the present edition, eight of these 
twenty-two have been thoroughly revised by the same authors as before, while the others 
have been entrusted to new contributors, some being divided into pairs of chapters. In 
addition, seven chapters have been commissioned on new themes. The difficult decision was 
taken to leave out the chapter on superpure metals and to replace it by one focused on solute 
segregation to interfaces and surfaces - a topic which has made major strides during the 
past decade and which is of great practical significance. A name index has also been added. 

Research in physical metallurgy has become worldwide and this is reflected in the fact 
that the contributors to this edition live in no fewer than seven countries. We are proud to 
have been able to edit a truly international text, both of us having worked in several countries 
ourselves. We would like here to express our thanks to all our contributors for their hard and 
effective work, their promptness and their angelic patience with editorial pressures! 

The length of the book has inevitably increased, by 50% over the second edition, which 
was itself 20% longer than the first edition. Even to contain the increase within these 
numbers has entailed draconian limitations and difficult choices; these were unavoidable if 
the book was not to be priced out of its market. Everythmg possible has been done by the 
editors and the publisher to keep the price to a minimum (to enable readers to take the advice 
of G. CHR. LI-G [ 17751: “He who has two pairs of trousers should pawn one and 
buy this book”.). 

Two kinds of chapters have been allowed priority in allocating space: those covering very 
active fields and those concerned with the most basic topics such as phase transformations, 
including solidification (a central theme of physical metallurgy), defects and diffusion. Also, 
this time we have devoted more space to experimental methods and their underlying 
principles, microscopy in particular. Since there is a plethora of texts available on the 
s t anhd  aspects of X-ray diffraction, the chapter on X-ray and neutron scattering has been 
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designed to emphasize less familiar aspects. Because of space limitations, we regretfully 
decided that we could not include a chapter on corrosion. 

This revised and enlarged edition can properly be regarded as to all intents and purposes 
a new book. 

Sometimes it was difficult to draw a sharp dividing line between physical metallurgy and 
process metallurgy, but we have done our best to observe the distinction and to restrict the 
book to its intended theme. Again, reference is inevitably made occasionally to nonmetallics, 
especially when they serve as model materials for metallic systems. 

As before, the book is designed primarily for graduate students beginning research or 
undertaking advanced courses, and as a basis for more experienced research workers who 
require an overview of fields comparatively new to them, or with which they wish to renew 
contact after a gap of some years. 

We should like to thank Ir. J. Soutberg and Drs. A.P. de Ruiter of the North-Holland 
Publishing Company for their major editorial and administrative contributions to the 
production of this edition, and in particular we acknowledge the good-humoured resolve of 
Drs. W. €3. Wimmers, former managing director of the Company, to bring this third edition 
to fruition. We are grateful to Dr. Bormann for preparing the subject index. We thank the 
hundreds of research workers who kindly gave permission for reproduction of their published 
illustrations: all are acknowledged in the figure captions. 

Of the authors who contributed to the first edition, one is no longer alive: Robert Franklin 
Mehl, who wrote the introductory historical chapter. What he wrote has been left untouched 
in the present edition, but one of us has written a short supplement to bring the treatment up 
to date, and has updated the bibliography. Robert Mehl was one of the founders of the 
modem science of physical metallurgy, both through his direct scientific contributions and 
through his leadership and encouragement of many eminent metallurgists who at one time 
worked with him. We dedicate this third edition to his memory. 

April 1983 Robert W. C m ,  Paris 
Peter HAASEN, Gtittingen 



PREFACE TO THE mRST AND SECOND EDITIONS 

This book sets forth in detail the present state of physical metallurgy, which is the root 
from which the modern saience of materials has principally sprung. That science has 
burgeoned to such a degree that no one author can do justice to it at an advanced level; 
accordingly, a number of well-known specialists have consented to write on the various 
principal branches, and the editor has been responsible for preserving a basic unity among 
the expert contributions. This book is the first general text, as distinct from research 
symposium, which has been conceived in this manner. While principally directed at senior 
undergraduates at universities and colleges of technology, the book is therefore also 
appropriate for postgraduates and particularly as a base for experienced research workers 
entering fields of physical metallurgy new to them. 

Certain topics have been left to one side or treated at modest length, so as to limit the 
size of the book, but special stress has been placed on others which have rarely been 
accorded much space. For instance, a good deal of space is devoted to the history of physical 
metallurgy, and to point defects, structure and mechanical properties of solid solutions, 
theory of phase transformations, recrystallization, superpure metals, ferromagnetic properties, 
and mechanical pmperties of two-phase alloys. These are all active fields of research. 
Experimental techniques, in particular diffraction methods, have been omitted for lack of 
space; these have been ably surveyed in a number of recent texts. An exception has however 
been made in favour of metallographic techniques since, electron microscopy apart, recent 
innovations have not been sufficiently treated in texts. 

Each chapter is provided with a select list of books and reviews which will enable readers 
to delve further into a particular subject. Internal cross-references and the general index will 
help to tie the various contributions together. 

I should like here to acknowledge the sustained helpfulness and courtesy of the 
publisher’s staff, and in particular of Mr. A. T. G. van der Leij, and also the help provided by 
Professor P. Haasen and Dr. T. B. Massalski in harmonising several contributions. 

Brighton, June 1965 (and again 1970) R. W. CAI-IN 
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1. Introduction 

In the very beginning of materials “science”, when men began to produce artificial 
materials, it was the time of trial and error, of pure empiricism. Today, we are a little 
closer to the realization of the old dream of designing any material with given properties 
owing to our improved understanding of the relationships between chemical composition, 
crystal structure and material properties. Though only a very few commercially and 
technologically important materials consist of metallic elements in their pure form (Si, 
Ge, Cu, Au, Ag, Pd, etc.), their crystal structures are of more than academic interest. 
Thus, to give an example, the crystal structure of a pure metal remains unchanged in the 
case of a solid solution, when one or several other components are added to tune the 
properties of a material. This technique has been used since time immemorial by alloying 
gold with copper or silver, for instance, to make jewelry or coins more resistant to wear. 
Especially the close packed structures and their derivatives, which are typical for pure 
metals, are also characteristic for numerous materials consisting of multi-component solid 
solutions or intermetallic alloys. Another reason for the study of “simple” element 
structures is that they are extremely helpful for the development and improvement of 
methods to understand why a given phase is adopting a particular crystal structure under 
certain conditions (temperature, pressure, etc.). The aim is, of course, to learn to predict 
the crystal structure of any given chemical compound under any ambient conditions and 
to model its possible phase transformations. 

It is remarkable that even pure elements can have rather complicated crystal structures 
resulting from complex electronic interactions. Most elements are polymorphous, i.e., 
they occur in up to ten different crystal structures as a function of ambient conditions 
(temperature, pressure). The understanding of the phase transformations in these homo- 
atomic cases is also very helpful for understanding the more complicated phase trans- 
formations of complex intermetallic phases. Indeed, it is possible today to predict 
correctly most of the element structures and phase transformations by one-electron theory 
(SKRIVER [1985]). 

2. Factors governing a crystal structure 

Crystalline order, i.e., the three-dimensional (or in the case of quasicrystals or 
incommensurate phases, higher-dimensional) translationally periodic repetition of a 
particular atomic configuration, is the outstanding characteristic of condensed matter in 
thermodynamic equilibrium. Which crystal structure for a given chemical composition 
corresponds to the lowest Gibbs free energy, G=H-TS, depends on chemical bonding, 
electronic band structure and geometrical factors. Since it is not possible to solve the 
Schrodinger equation for a crystal and thus deduce the correct crystal structure, many 
approximations have been developed. Indeed, today there exist quite successful attempts 
to predict simpler crystal structures using one-electmn approximations: the many-electron 
problem is reduced to a one-electron problem by the assumption that the electrons, 
surrounded by a mutual exclusion zone, are moving independently of each other in the 

孙超
附注
        对纯金属的晶体结构的研究具有重要的实践意义和理论意义。


孙超
附注
“孙超”设置的“Unmarked”

孙超
附注
        晶体有序性是指热力学平衡状态下原子排列方式的三维平移周期对称性。
        化学成分一定时晶体结构的选取满足吉布斯自由能最低原则，需考虑化学键、电子能带结构和几何因素。
        推导晶体结构不可能通过解薛定谔方程的方式进行，需要近似理论。单电子近似理论能很好地解释较简单的晶体结构。

孙超
附注
        对同素异构现象的研究有助于我们理解复杂的相变。
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average field of all the others (local density functional theory). 
Beside this rather complicated and lengthy approach to understand and predict crystal 

structures, there exist a number of rules based on two factors: the chemical bond factor, 
which also takes into account the directionality of chemical bonds, and the geometrical 
factor, which considers optimum space filling, symmetry and connectivity. Especially in 
the case of the typical metallic elements, these structural principles work very well for 
predicting structures. (For electron theory of structural stability, see ch. 2, 8 6.1). 

2.1. Chemical bond factor 

The concept of chemical bonding was originally developed to understand the 
formation of molecules. In a crystal, a collective interaction of all atoms always exists 
which may approximately be considered as the sum of nearest-neighbor interactions. A 
further simplification comes in by the fact that only the electrons of the outer shells 
contribute to the chemical bonding. Traditionally, several limiting types of the chemical 
bond are defined: strong ionic (heteropolar), covalent (homopolar), metallic bonds, and 
weak van der Waals and hydrogen bonds. The strong bonds have in common that the 
outer atomic orbitals contribute to new collective electron states in the crystal, the 
electron bands. They differ mainly in the degree of localization of the valence electrons: 
when these are transferred from one atom to another atom, Coulomb attraction between 
the cation and the anion results and the bond is called ionic; when they remain localized 
between two atoms the so-called exchange interaction results from overlapping orbitals 
and covalent bonds are formed, when the valence electrons are delocalized over the 
whole crystal metallic bonding is obtained. Thus, contrary to the other bond types which 
also occur w i t h  molecules, the metallic bond can only exist in large arrays of atoms. 
Since the interaction of electron orbitals depends on their separation and mutual 
orientation, the bond type may change during phase transformations. Sometimes, a slight 
change in temperature can be sufficient, as in the transition from metallic white tin to 
non-metallic grey tin below 291K (“tin pest”); sometimes very high pressures are necessary, 
as for the transformation from molecular hydrogen to metallic hydrogen, for instance. 

The type of bonding occurring in crystals of the metallic elements ranges from pure 
metallic in the alkali metals to increasingly covalent for zinc or cadmium, for instance. 
The structural implications of these two bond types, which are just two contrary limiting 
manifestations of electronic interactions with a continuously changing degree of electron 
localization, will be characterized in the following in greater detail. 

2.1.1. The covalent bond 
The covalent bond may be described in terms of the more qualitative VB (valence 

bond) theory by overlapping atomic orbitals occupied by unpaired valence electrons 
(fig. 1). Its strength depends on the degree of overlapping and is given by the exchange 
integral. In terms of the more quantitative LCAO-MO (linear combination of atomic 
orbitals - molecular orbitals) theory, molecular orbitals are constructed by linear 
combination of atomic orbitals (fig. 2). The resulting bonding, non-bonding and anti- 

References: p.  45. 

孙超
附注
        化学键包括强的离子键、共价键和金属键以及弱的范德瓦耳斯力和氢键。三种强键的共同点是相互作用的原子的外层轨道构成新的电子能带，他们的不同之处在于原子吸引价电子的能力。相互作用的原子间发生价电子的转移从而形成阳离子和阴离子，二者间通过库仑引力发生的作用称为离子键；相互作用的原子间没有发生价电子的转移，而是通过价电子轨道的重叠发生交互作用，这种作用称为共价键；众多原子的价电子摆脱原子的束缚而在整个晶体内运动，由此形成金属键。化学键的类型可能会在相变过程中发生的改变。

孙超
附注
        在理解或预测晶体结构时，除了进行那些复杂、冗长的推导之外，还可以利用许多考虑了化学键因素和几何因素而得出的原理。这些原理对典型的金属尤为适用。

孙超
附注
        在金属晶体中，化学键的类型可以是完全金属性的（碱金属），可以是共价性的（如锌和镉），还可以是二者间的过渡状态。

孙超
附注
        共价键是强结合，具有方向性。
        定性的价键理论认为共价键产生于未配对价电子所在原子轨道的重叠，其强度取决于轨道重叠程度，并可以通过交换积分计算。
        比价键理论较定量化的原子轨道线性组合分子轨道理论认为，通过共价键结合的原子，其轨道的线性叠加构成成键态的、非键的或反键态的分子轨道，分子轨道为成键原子共有，依泡利不相容原理被价电子填充，并具有确定的几何形状。随着成键原子的增多，分子轨道的数目增多，分子轨道的能量差别减小，能级由离散的变为准连续的，形成由能隙隔开的能带。在以共价键结合的情况下，每个原子都具有与相应的惰性气体原子相同的满壳层稳定结构，能级或满或空，需要很大的能量才能把被束缚的电子从最后被填充的价带激发到空的导带。

Think
在文本上注释
锡害，指温度下降时，锡发生的由白锡向灰锡的转变，此处用来比喻温度等外界条件发生改变时，化学键的类型就会发生改变。
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Fig. 1. Schematic structure of the atomic s-, p- and d-orbitals (from VAINSIETEIN etal. [1982]). 

bonding molecular orbitals, filled up with valence electrons according to the Pauli 
exclusion principle, are localized between the bonding atoms with well defined geometry. 
Generally, covalent bonds can be characterized as strong, directional bonds. Increasing 
the number of atoms contributing to the bonds increases the number of molecular orbitals 
and their energy differences become smaller and smaller. Finally, the discrete energy 
levels of the molecular orbitals condense to quasicontinuous bands separated by energy 
gaps. Since in a covalent bond each atom reaches its particular stable noble gas con- 
figuration (filled shell) the energy bands are either completely filled or empty. Owing to 
the localization of the electrons, it needs much energy to lift them from the last filled 
valence band into the empty conduction band. The classic example of a crystal built from 
only covalently bonded atoms is diamond all carbon atoms are bonded via tetrahedrally 
directed sp3 hybrid orbitals (fig. 3). Thus the crystal structure of diamond results as a 
framework of tetrahedrally coordinated carbon atoms (fig. 4). 

2.1.2. The metallic bond 
The metallic bond can be described in a similar way as the covalent bond. The main 

difference between these two bond types is that the ionization energy for electrons 
occupying the outer orbitals of the metallic elements is much smaller. In typical metals, 
like the alkali metals, these outer orbitals are spherical s-orbitals allowing overlapping 
with up to 12 further s-orbitals of the surrounding atoms. Thus, the well-defined electron 
localization in bonds connecting pairs of atoms with each other loses its meaning. 
Quantum-mechanical calculations show that in large agglomerations of metal atoms the 
delocalized bonding electrons occupy lower energy levels than in the free atoms; this 
would not be true for isolated “metal molecules”. The metallic bond in typical metals is 
non-directional, favoring structures corresponding to closest packings of spheres. With 
increasing localization of valence electrons, covalent interactions cause deviations from 
spherically symmetric bonding, leading to more complicated structures. 

孙超
附注
图1：原子的s轨道、p轨道和d轨道的结构示意图。

孙超
附注
        与以共价键结合的原子相比，金属原子的外层电子电离能小得多，与此相应，金属晶体中存在不被原子束缚的电子，量子力学的计算表明这些电子所处的的能级比单个原子中的能级低。在典型的金属中，金属键无方向性，与此相应，晶体结构与球体紧密堆砌结构一致。

孙超
附注
最后一句话似乎属于2.1.1节。
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Fig. 2. (a) Bonding and @) anti-bonding molecular orbitals of the IE, molecule. (c) Schematic drawing of the 
building of the most important molecular orbitals from atomic orbitals and (d), (e) examples of molecular 
orbitals (bonding: (T, T and anti-bonding u*, T*) (from VAINSIFTEIN et al. [1982]). 

2.2. Geometrical factors 

A crystal structure type is fully defined by its general chemical composition, its space 
group symmetry, the equipoint (Wyckoff) positions occupied by the atoms and the 
coordinates of the atoms in the unit cell (fig. 5). The metrics, Le., the dimension of the 
unit cell (lattice parameters), in general differ for all chemical compounds or phases 
occurring in one particular crystal structure type. Also, for general Wyckoff positions, the 
numerical values of the coordinates may vary in a range not destroying the characteris- 

References: p .  45. 

孙超
附注
        晶体结构类型由单胞内的化学成分、空间对称群、等价位置（Wyckoff位置）和原子坐标完全确定，换言之，给定这些信息，就可以确定原子排列的整体信息和每一个原子所处的局部环境。对于某一特定的晶体结构类型而言，点阵常数和一般Wyckoff位置的坐标值并不唯一。对于晶体结构，除进行纯几何描述之外，还要描述其具有晶体化学意义的结构单元（配位多面体）和这些单元的连接方式（化学键）
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Fig. 3. Hybridization of (a) one s- and three p-orbitals to (b) sp3-hybrid orbitals (c) which are directed along 
tetrahedron axes (from VAINSHTEIN et al. [1982]). 

tics, Le., coordination polyhedra and their linkings, of this crystal structure. With these 
data given it is easy to derive both the information about the global arrangement of 
structural units as well as the local environment of each atom (fig, 6). Besides this purely 
geometrical description of a structure, it is necessary to understand the characteristics of 
a crystal structure by identifying crystal-chemically meaningful structural units 
(coordination polyhedra) and their connecting principles (bonding). 

For band-structure calculations, for instance, knowledge of the full crystal structure 

Fig. 4. The structure of diamond cFS-C, space group F d h ,  No. 227, Sa: 0 0 0, 34 54 %. A11 carbon atoms are 
tetrahedrally coordinated, they occupy the positions of a face-centered cubic lattice and one half of the centers 
of the eighth cubes. 

孙超
附注
        要计算能带结构，必须有整个晶体结构的性息；对于张量物理性质，空间群所属的点群是决定性因素；晶体化学性质对原子的微小位移并不敏感，因为原子的微小位移可能会破坏晶体的对称性，但却不改变原子所处的局部环境。通过对原子配位的研究可以获得很有用的工具，用于分析、描述和比较晶体结构。
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is essential; for tensorial physical properties, however, the point symmetry group to 
which the space group belongs is the determining factor. Crystal-chemical properties are 
less sensitive to slight atomic shifts which may break the symmetry but do not change 
local environments of atoms. Thus the study of atomic coordinations may yield valuable 
tools in the analysis, description and comparison of crystal structures. 

2.2.1. Coordination 
A general technique to derive useful coordination polyhedra was suggested by 

BRUNNER and SCWARZENBACH [1971]: all interatomic distances around a particular 
atom are calculated up to a certain limit, and all atoms within a distance defined by the 
first maximum gap in a histogram of distances belong to the coordination polyhedron 
(fig. 6). If there is no clear maximum gap observable, a second criterion may be the 
maximum-convex-volume rule: all coordinating atoms lying at the intersections of at 
least three faces should form a convex polyhedron (DAAMS et al. [1992]). 

2.22. Space filling 
Qwing to the isotropic properties of the metallic bond the structure of typical metallic 

elements can often be described in terms of dense sphere packings. A sphere packing is 
an infinite set of non-interpenetrating spheres with the property that any pair of spheres 
is connected by a chain of spheres with mutual contact. A sphere packing is called 
homogenous if all spheres are symmetrically equivalent, otherwise it is called 
heterogenous (KOCH and R s C m  [1992]). In the last named case, the spheres of the 
different non-symmetrically equivalent subsets may have different radii and occupy the 
positions of different crystallographic orbits. The number of types of heterogenous sphere 
packings is infinite whereas it is finite for homogenous sphere packing types. There are, 
for instance, 199 different cubic and 394 different possible tetragonal homogenous sphere 
packings. The densities, Le., the fractions of volumes occupied by the spheres, are with 
4=0.7405 highest for the well-known hexagonal closest packing (hcp) and cubic closest 
packing (ccp) (figs. 7 and 8, respectively). In both cases the coordination numbers (CN) 
are twelve and the distances to the nearest neighbors the same. The number k of contacts 
per sphere amoiints to 3 I k l l 2 .  Table 1 gives some examples for sphere packings with 
the highest and lowest densities and contact numbers, and table 2 space filling values for 
a number of structure types. Very low packing densities, such as that for the cF8-C type, 
for instance, indicate that a hard sphere packing is no longer an adequate description of 
such a structure. 

The crystal structures of the metallic elements adopt dense sphere packings as long 
as purely geometrical packing principles are dominant. Covalent bonding contributions 
and electronic effects give rise to more complicated structures. 

2.2.3. Layer stackings, polytypism 
Many crystal structures can be considered to consist of successive stackings of atomic 

layers. The above mentioned hexagonal closest packing (hcp) refers to a stacking of 
dense packed laiyers with periodic sequence ..AB.., the cubic closest packing (ccp) to a 
sequence ..ABC.. (figs. 7 and 8). The atomic layers are denoted by A, B or C depending 

References: p .  45. 

孙超
附注
        一个常用的确定配位多面体的方法是：选定某一原子，将其余各原子与该原子的间距作成柱状图，从左向右看去第一个最大间隙左侧的柱对应的若干原子为顶点构成的多面体即为选定原子的配位多面体。若柱状图中没有明显的最大间隙，则采用最大凸立体规则。

孙超
附注
        由于金属键的无方向性，典型金属的结构可描述为球体密堆结构。球体堆砌是在指无穷多个不可贯穿的球中考察任何两个都可以找到一串相互接触的球连接着它们。在某一球体堆砌中，若所有的球都是对称等价的则该球体堆砌为均匀的，否则该球体堆砌为非均匀的。非均匀的球体堆砌方式是无穷多的，而均匀的球体堆砌方式的数目是有限的，例如均匀的球体堆砌有199种立方体方式和394种可能的四方体方式。在各种球体堆砌方式中，六角密堆和立方密堆的球体的体积分数最大，达到0.7405。对于这两种结构，配位数都是12，最近邻原子间距离也是相同的。

孙超
附注
        只要纯几何堆砌规律占主导地位，纯金属的晶体结构就为球体密堆结构。而共价键的影响和电子的效应使得晶体结构复杂化。

孙超
附注
        很多种晶体结构可以被认为是由原子层依次堆砌构成的。六角密堆结构是由密排原子层按ABABAB这样的周期方式堆砌成的，立方密堆结构则是由密排原子层按ABCABC这样的周期方式堆砌成的。将原子层标记为A、B或C依据的是它们的相对位置不同。两种结构具有相同的堆砌体积分数和配位数（CN=12）。立方密堆结构的配位多面体为立方八面体，六角密堆结构的配位多面体为disheptahedron。两种结构中的原子间距分布自第三层配位原子层向外是不同的。
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F d 3 m  0; m 3 m  Cubic 
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ORIGIN CHOICE 1 

F 4,/d 3 2lm Patterson symmetry F m  3 m 

' Uppcr left quadrant only 
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t 

Origin at 4 3 m ,  at - t .- t ,- t from centre (3m) 

Asymmetric unit Oirii; O i y < l :  - t<z<t;  ylmin(t-r.r); -y<z<y 
Vertices 0.0,O i.O.0 i . l .1  1.t.t i ,l .-t t,t.-t 

Symmetry operations 

Fig. 5.  Information given in the International Tables for  Crystallography (HAHN [1992]) on the example of the 
space group Fd3m of the diamond structure. Left side, top line: space group symbol in short Hermann- 
Mauguin and Schoenflies notation, point group (crystal class), crystal system. Second line: consecutive space 
group number, full space group symbol, Patterson symmetry, short space group symbol. Upper drawing: frame- 
work of symmetry elements in a unique part of one unit cell. Lower drawings: point complexes generated by 
the action of symmetry operations. Below: choice of origin, definition of the asymmetric unit. Right side: the 
Wyckoff letters a, b, c ... i denote the equipoint positions with multiplicities 8, 8, 16 ... 192. The positions of 
the carbon atoms in the diamond structure are given in Wyckoff position 8a. 
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L,X,X z+f , f , f+f  Z,f+f,x+f e+t,x+t,K 
X , Z J  i + f , z + f , f  X+f,€, f+t  X,Z+f,x+f 
x+ f ,x+ t , t+ f  f+t,X+t,Z+t X+f,f+f,Z+f f+ f ,X+f ,Z+t  
x+f,z+f, f+f  f+f ,Z+f,X+t f + f , Z + f , i + t  X+f,Z+f,X+f 
z+  f ,x+ f ,f+ f z + f , f + f , x + i  l+$ ,x+ f ,x+ t  €+*,a+ f J + f  

conditions 

x,O,O a,+,+ O,x,O +,a,+ 0.0,~ t , f ,n hkl:  h=2n+l 
f ,x+t , f  f,f+f,f x+ i , t , f  f+i,f,t  #,#,a++ t , f , x+ f  or h+k+l=4n 

Symmetry of special projoicftioos 
Alnng[O011 p 4 m m  Along [ I l l ]  p6mm 
a'= +(a-b) b'= f (a+b)  a'= t(2a-b-c) b'= t(-a+2b-c) 
origin at o,o,z Origin at x,x,x 

no extra conditions 

hkl : h=2n+l 
or h,k,l=4n+2 
or h,k,l =4n 

hkl:  h=2n+l 
or h+k+l=4n 

Along [I101 c2mm 
a'=+(-a+b) b'=c 
Origin at x,x,t 

References: p. 45. 
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Table 1 
Examples of homogeneous sphere packings with distance d between neighboring spheres, highest and lowest 

contact numbers, k, and fractional packing densities, q. 

k space Group Parameters Distance d Density q 
Wyckoff position 

~~ 

12 W , h C  cfa = $6= 1.633 a 

1 2 1  3 3 4  

12 F d m  
4a 0 0 0  

+ J z a  

11 C2/m x = +(JZ-l) b 

4i x O z  z = 3f i -4bfa  =$6 
cfa = $&+ :fi= 0.986 
cosp =afi-sfi 

10 INmmm c/a = J =  6 0.8165 c 

2a 0 0 0  

0.7405 

0.7405 

0.7187 

0.6981 

3 I4,32 

on their relative position against each other. The packing fractions as well as the 
coordination numbers (CN= 12) are equal in both cases. The first shell atomic environ- 
ment corresponds to a cuboctahedron for ccp and to a disheptahedron for hcp. The 
distribution of atomic distances becomes different not until the third and higher 
coordination shells (fig. 9). 

These two types of layer stackings are not the only possible ones, there exist 
infinitely many with exactly the same coordination numbers and packing fractions. They 
are called polytypes. Examples for such layer structures occurring for metallic elements 
are cobalt (..ABABABABCBCBCBC..), with one ccp sequence ABC statistically 
occurring among about ten hcp sequences, ordered hP4-La (..ACAB..) or hR3-Sm 
(..ABABCBCAC..) (fig. 10). 

2.2.4. Polymorphism 
Most of the elements adopt several different (allotropic) crystal structures at different 

pressures, temperatures or external fields. The transitions from one modification to the 
other are called polymorphous transformations or phase transitions. 

A phase transition is connected with a change in structural parameters andor in the 
ordering of electron spins. There are two basically different types of phase transitions: 
first-order transitions which are correlated with a jumpwise change in the first-order 

孙超
附注
        与六角密堆结构和立方密堆结构具有相同配位数和堆砌体积分数的结构有无穷多种，这就是所谓的多型性。例如密排原子层的堆垛次序可以是有序hP4-La那样的“ACAB”。

孙超
附注
        多数元素的单质具有同素异构性质，当压力、温度或外场变化时可能发生异构相变从而改变晶体结构。

孙超
附注
        相变有两种基本类型，即一阶相变和二阶相变。发生一阶相变时，与吉布斯自由能的一阶导数相关的量（如体积、熵等）发生变化；发生二阶相变时，与吉布斯自由能的二阶导数相关的量（如热容、压缩系数等）发生变化。晶体结构相变时发生不连续变化，其对称性在发生一阶相变时一般不保留，在发生二阶相变时总有部分保留。
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m n o n  symbol Slluchlre t y p  Space gmup Space gmup number 

cR1 C F53rn 227 

a = ,3587 nm 

origin choice 1 

Number Atom MullipTxit* X 9 Z OCCupmcy 
Wyckoff teller 

1 c e a  0 0 0 1  

Reference 
T. Horn et al. JOURNAL OF APPLIED CRYSTALLOGRAPHY 1975 
8 p457 

Fig. 6. Information given in the Atlas of Crystal Structure Types for Intermetallic Phases (DAAMS et al. [1991]) on 
the example of the diamond structure type. Beside numerical information and an atomic distances histogram, drawings 
of the crystal structure and characteristic Coordination polyhedra in different projections are also shown. 

derivatives of the Gibbs free energy G = H - TS (Le., volume, entropy, ...), and second- 
order transitions which show a jump in the second derivatives of the Gibbs free energy 
(with respect to heat capacity, compressibility, etc.). In both types of phase transitions the 
crystal structure changes discontinuously at the transition point: in a first-order transition, 
in general no symmetry relationship exists between the two modifications; in a second- 
order transition, a group/subgroup relationship can always be found for the symmetry 
groups of the two polymorphous crystals structures. 

With regard to structural changes resulting from a phase transformation of any order 
it is useful to distinguish between several different types: reconstructive phase transitions with 
essential changes in coordination numbers, atomic positions (tu-Fe and y-Fe, for instance, 
with coordination numbers CN=8 and CN= 12, respectively, fig. 11) and sometimes also 
in chemical bonding (grey tu-Sn and white P-Sn, for instance, with minimum distances 
changing from at:;: = 1.54 A to d i p  =3.02 A). These transformations are always of first 
orda. Displacive phase transitions with small atomic shifts not changing the first coordination 
shells may change the lattice by small atomic displacements (martensitic diffusionless 
lattice rearrangement). Ordeddisorder transitions are related to the long-range ordered or 
disordered arrangement of structure elements (copper-gold system, for instance). 

References: p. 45. 

孙超
附注
        发生重构型相变时，配位数改变和原子的位置改变（如配位数为8的α-Fe与配位数为12的γ-Fe之间的转变），有时化学键也会改变（如原子最小间距为1.54埃的灰色的α-Sn与原子最小间距为3.02埃的白色的γ-Sn之间的转变）。重构型相变是一阶相变。发生位移型相变时原子的微小位移不改变第一配位层但可以改变晶格(如马氏体无扩散晶格重排）。有序-无序相变则与原子的长程有序排列和长程无序排列有关（如Cu-Au合金体系）。
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Fig. 7. Characteristics of the hexagonal closest-sphere packing. (a) The coordination polyhedron (disheptahedron) in 
perspective view and projected to show the packing principle, (b) the crystal structure and (c) one unit cell with atoms 
marked according to their belonging to layer A or B, are depicted (from BORCHARDT-~IT [1993]). 

Type, cla value q 

Po 
Bi 
Sb 
As 
Ga 
Te 
C (diamond) 
P (black) 

cP1 0.523 
hR2,2.60 0.446 
hR2, 2.62 0.410 
hR2, 2.80 0.385 
oC8 0.391 
hP3 0.364 
cF8 0.340 
oC8 0.285 

3. Crystal structure of metallic elements 

In the following, the crystal structures of all metallic and semi-metallic elements 
(table 3) will be discussed. If it is not indicated specifically, the crystal structure data 

孙超
附注
        对本节中讨论金属和半金属元素的晶体结构时使用到的数据的来源进行了说明。
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a) 

Fig. 8. Characteristics of the cubic closest-sphere packing. (a) The coordination polyhedron (cuboctahedron) in 
perspective view and projected to show the packing principle, (b) the crystal structure and (c) one unit cell with 
atoms marked according to their belonging to layer A, B or C, are depicted (from B O R C H A R D T ~  [19!33]). 

have been taken from VILLARS and CALVERT [1991], YOUNG [1991] or MASSALSKI 
[1990]. In the (not so rare) cases of contradictory data, the most recent and reliable (?) 
ones have been used or the Pearson symbol has been replaced by a question mark. 
Particularly the structural information given for the high-pressure phases, which in most 
cases are derived from very small data sets, may be revised in future once better 
diffraction data become available. 

3.1. Nomenclature 

For the shot-hand characterization of crystal structures, the Pearson notation in 
combination wirh the prototype formula defining the structure type is used throughout the 
paper. In accordance with the IUPAC recommendations (LEIGH [1990]) the old Struktur- 
bericht designation (A3 for hPI;Z-Mg, for instance) should not be used any longer. A 
comparison of the Pearson notation, prototype formula, space group and Strukturbericht 
designation for a large numbek of crystal structure types is given in MASSALSKI [1990]. 

The Pearson symbol consists of two letters and a number. The first (lower case letter) 
denotes the crystal family, the second (upper case) letter the Bravais lattice type (table 4). The 
symbol is completed by the number of atoms in the unit cell. The symbol cF4, for instance, 
classifies a structure type to be cubic (c), all-face centered (I?), with 4 atoms per unit cell. In 

References: p .  45. 

孙超
附注
        本文对晶体结构的描述使用皮尔森记号和原型规则。

孙超
附注
        皮尔森符号由两个字母和一个数字组成：第一个字母（小写字母）代表晶系，第二个字母（大写字母）代表布拉维点阵类型，数字为单胞内的原子数。例如，符号“ cF4”代表的晶体结构属于立方晶系，具有面心的布拉维点阵，其单胞内有４个原子。
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Table 3 
Periodic table of the elements. In accordance with the recommendations of the IUPAC 1988, the columns are 

numbered consecutively from 1 to 18. The elements whose structures are discussed in this chapter are shadowed. 

the case of rhombohedral structures, like the hR3Sm type, the number of atoms in the unit cell 
in the rhombohedral setting (a=b=c, a =p=y#90°) is given. The number of atoms in the corre- 
sponding hexagonal setting (a = b # c, a = p  = 90°, y = 120') would be three times as much. 

Table 4 
Meaning of the letters included in the Pearson Symbol. 

Crystal family Bravais lattice type 

a triclinic (anorthic) P primitive 
m monoclinic I body centered 
o orthorhombic F all-face centered 
t tetragonal C side- or base-face centered 
h hexagonal, trigonal (rhombohedral) R rhombohedral 
c cubic 
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"'1 20 
dmin= .319 nm 

1.0 1.5 2.0 2.5 
dldmin 

1.0 1.5 2.0 2.5 
d/dmin 

Fig. 9. Histograms of distances and coordination polyhedra of (a) hexagonal and (b) cubic closest packing 
(from DAAMS et aL [1991]). 

33. Group 1 and 2, alkali and alkaline earth metals 

The alkali and alkaline earth metals (table 5)  belong to the typical metals. The outer 
electrons occupy the ns-orbitals, ionization removes the electrons of a whole shell, thus 
drastically reducing the atomic radius (Li: atomic radius 1.56 A, ionic radius 0.60 A, for 
instance). The absence of directional bonds forces close atomic (sphere) packings; the 
alkali metals conform most closely to the free electron gas model of metals. Under 
ambient conditions the alkali metals all crystallize in the simple body-centered cubic 
(bcc) structure cI2-W (fig. 12). The bcc structure is assumed to be more stable at higher 
temperature than the ccp or hcp one owing to its higher vibrational entropy. At lower 
temperature or higher pressure, the bcc structure is transformed martensitically to the 
closest-packed lattice types, hR3Sm or cFMu, respectively. Contrary to earlier studies, 
the hexagonal closest-packed phases are not of the hP2-Mg but of the hR3Sm type (fig. 
10) with stacking sequence ... ABABCBCAC.. (YOUNG [ 19911). 

The extremely strong dependence of the atomic volume on pressure, which increases 
with increasing atomic number due to the shielding of the outer electrons by the 

References: p .  45. 

孙超
附注
        碱金属和碱土金属属于典型金属，其外层电子占据s轨道，在形成离子时全部失去，因此离子半径比相应的原子半径小很多，例如Li的原子半径和离子半径分别为1.56埃和0.60埃。碱金属中不存在有方向性的化学键，因此原子密堆。碱金属最符合自由电子气体模型。在常温常压下，碱金属的晶体结构为简单的体心立方结构cI2-W。在较高温度下，体心立方结构因具有较高的振动熵而比立方密堆结构和六角立方结构更稳定，而在较低温度或较高压强下，体心立方结构发生马氏体型转变变为密堆结构hR3-Sm或cF4-Cu。早期研究人员认为六角密堆结构为hP2-Mg，但进一步的研究结果表明六角密堆结构是hR3-Sm。

孙超
附注
        原子体积对压强的依赖非常大，而且这种依赖随原子序数增加而增大。在常温下，压强的变化可引起压致相变。
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Fig. 10. Schematical representation of the stacking sequences of the closest-packed structures (a) hP2-Mg, (b) 
C F M U ,  (c) hP4-La and (d) hR3Sm. 
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Table 5 
Structure information for the elements of group 1, alkali metals, and of group 2, alkaline earth metals. In the 
first line of each box the chemical symbol, atomic number Z, and the atomic volume Val under ambient 
conditions is listed. In the second line the electronic ground state configuration is given. For each phase there 
is tabulated: limiting temperature T[K] and pressure P[GPa], Pearson symbol PS, prototype structure FT, and, 

if applicable, the lattice parameter ratio cia. 

T[K] P[GPa] PS PT cia 

Li 3 va=21.mA3 
ls22s' 

B 
Y > 6.9 

Na 11 Vat=39.50A3 
ls?2s2p63s' 
a <40 
P 

<70 

K 19 Vat=75.33A3 
ls22s2p63s2p64s' 

P > 12 
ff 

Rb 37 Va,=92.59A3 
1 s22s$63s2p6d'04s?p65s' 
ff 

B >7.0 
Y > 14. 
6 > 17 
E > 20 

hR3 Sm 
cI2 w 
cF4 Cu 

bR3 Sm 
cI2 w 

cI2 w 
cF4 Cu 

cI2 w 
cF4 Cu 

t14 

Cs 55 V,=117.79A3 
1 s22s2p63s2p6d104s2p6d'05s2p66~1 
ff cI2 w 
B > 2.37 cF4 Cu 
8' > 4.22 cF4 Cu 
Y >4.27 t14 
6 >IO 
E > 72 cF4? 

Fr 87 
ls~s~63s~6d'04s2p6d10f145~2p6d106s$~s' 

T[K] P[GPa] PS PT cia 

Be 4 Va=8.11A3 
ls22s22 
ff 

p >1543 
Y > 28.3 

M g  12 Vat=23.24A3 
ls22s$63s2 

P > 50 

Ca 20 Va,=43.62A3 

a 

ls22s2p63s2p64s2 
ff 

p >728 or > 19.5 
Y > 32 

Sr 38 V =56.35A3 
1 s22s2p63s2p6~'o4s2p65s2 
ff 

p >504 
y >896 or >3.5 
6 > 26 
E > 35 

hP2 Mg 1.568 
cI2 w 
hP8? 0.789 

hP2 Mg 1.624 
cI2 w 

cF4 Cu 
cI2 w 
cP1 a-Po 

cF4 Cu 
hP2 Mg 1.636 
cI2 w 

Ba 56 V =63.36A3 
ls~s2p63s2p6~'04s2p6d105s2p66s2 
ff cI2 w 
P >5.33 hP2 Mg 1.581 

6 > 12.6 
Y > 7.5 

Ra 88 Va=68.22A3 
1 s22s2p63s2p6d'04s2p6d10f'45s2p6d106s2p67~2 
ff cI2 w 

increasing number of inner electron shells, is shown by the example of Cs (fig. 13). With 
increasing pressure, the valence electrons change from s to d character, giving rise to a 
large number of pressure-induced phase transitions at ambient temperature (YOUNG [ 199 I]): 

2.37 GPa 4.22 GPa 4.27 GPa 10 GPa 72 GPa 
a-Cs c3 p-cs e P'-CS e y-cs e 8-cs c3 E-CS 

References: p .  45. 
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Fig. 11. Relationship between body-centered cubic (bcc) a-Fe, cI2-W type, space group I m h ,  No. 229, la: 
0 0 0, and face-centered cubic (fcc) y-Fe, cF4-Cu type, space group F m h ,  No. 225, 4a: 0 0 0. The face- 
centered tetragonal unit cell drawn into an array of four bcc unit cells transforms by shrinking its faces to fcc. 

The alkaline earth metals behave quite similarly to the alkali metals. They crystallize 
under ambient conditions in one of the two closest-packed structures (ccp or hcp) or in 
the body-centered cubic (bcc) structure type and also show several allotropic forms (fig. 
14). The large deviation c/u = 1.56 from the ideal value of 1.633 for beryllium indicates 
covalent bonding contributions. 

For alkali and alkaline earth metals, the pressure-induced phase transitions from 
cI2-W to cF4-Cu occur with increasing atomic number at decreasing pressures. 

3.3. Groups 3 to 10, transition metals 

The elements of groups 3 to 10 are typical metals which have in common that their 
d-orbitals are partially occupied. These orbitals are only slightly screened by the outer 
s-electrons, leading to significantly different chemical properties of the transition 
elements going from left to right in the periodic system. The atomic volumes decrease 
rapidly with increasing number of electrons in bonding d-orbitals, because of cohesion, 
and increase as the anti-bonding d-orbitals become filled (fig. 15). The anomalous 
behavior of the 3d-transition metals, Mn, Fe and Co, may be explained by the existence 
of non-bonding d-electrons (PEARSON [ 19721). 

Scandium, yttrium, lanthanum and actinium (table 6) are expected to behave quite 

Fig. 12. Unit cell of the body-centered cubic structure type cI2-W, space group I m h ,  No. 229, la: 0 0 0. 

孙超
附注
        碱土金属的性质与碱金属相似。在常温常压下，碱土金属可能为立方密堆结构、六角密堆结构或体心立方结构，还可表现出同素异构性。

孙超
附注
        第三组到第十组的过渡金属是典型的金属，它们的共同点是d轨道部分被占据。从元素周期表来看，从左到右，过渡金属的化学性质有明显的差异，原子体积先是随成键d轨道上原子增多而迅速减小，当反键d轨道被填满后又增大，而3d过渡金属Mn、Fe和 Co的在前述原子体积变化规律上的反常表现是由于非键d轨道的存在。

孙超
附注
        钪（Sc）、钇（Y）、镧（La） 和锕（Ac ）具有十分相似的性质。La的hP4结构。镧的hP4结构和钇的hR3 结构是镧系元素的典型结构。
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PRESSURE, GPa 
Fig. 13. The variation of the atomic volume of cesium with pressure (after DONOHUE [1974]). 

similarly. Indeed they show similar phase sequences: the high-pressure phases of light 
elements occur as the ambient-pressure phases of the heavy homologues. The hP4 phase 
of lanthanum, with the sequence ..ACAB.., is one of the simpler closest-packed polytypic 
structures common for the lanthanides (fig. 16 and fig. 10). Another typical polytype for 
lanthanides is the hR3 phase of yttrium with stacking sequence ..ABABCBCAC.. (fig. 17 
and fig. 10). 

Titanium, zirconium and hafnium (table 6) crystallize in a slightly compressed hcp 
structure type and transform to bcc at higher temperatures. At higher pressures the w-Ti 
phase is obtained (fig. 18). The packing density of the hP3-Ti structure with -0.57 is 
slightly larger than that of the simple cubic a-Po structure (-0.52) but substantially lower 
than for bcc (-0.68) or ccp and hcp (-0.74) type structures. Calculations have shown that 
the w-Ti phase: is stable owing to covalent bonding contributions from s-d electron 
transfer. At even higher pressures, zirconium and hafnium transform to the cI2-W type, 
while titanium remains in the hp3-Ti phase up to at least 87 GPa. By theoretical 
considerations it is also expected that titanium performs this transformation at sufficiently 
high pressures (AHUJA et al. [ 19931). A general theoretical phase diagram for Ti, Zr and 
Hf is shown in fig. 19. 

Vanadium, niobium, tantalum, molybdenum and tungsten have only simple bcc 

References: p.  45. 

孙超
附注
        钛（Ti）、锆 （Zr）和铪（Hf）的晶体结构是略微被压扁的六角密堆结构，在较高温度下会转变为体心立方结构。在较高压强下Ti、Zr和 Hf为hP3-Ti结构，堆砌密度约为0.57，比简单立方α-Po结构的堆砌密度（约0.52）稍大一些，但比bcc结构的堆砌密度（约0.68）、ccp和hcp堆砌密度（约0.74）小得多。在更高的压力下，Zr和Hf转变为cI2-W结构，而Ti至少到87GPa仍保持hP3-Ti结构，理论分析表明Ti在相当高的压强下才会转变为cI2-W结构。

孙超
删划线
hP3

孙超
附注
        钒（V）、铌（Nb）、钽（Ta）、钼（Mo）和钨（W）仅有bcc结构，压强曾大到170至364GPa时也没有发现它们各自的同素异形体，这与理论计算结果相符。铬（Cr）可以发生两种反铁磁性相变，但只是使晶体结构发生极其微小的改变。
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Fig. 14. Illustration of the bcc-to-hcp phase transition of Ba. (a) bcc unit cell with (110) plane marked. (b) 
Projection of the bcc structure upon the (110) plane. Atomic displacements necessary for the transformation are 
indicated by arrows. 

structures (table 7). Up to pressures of 170 to 364 GPa no further allotropes could be 
found, in agreement with theoretical calculations. Chromium shows two antiferro- 
magnetic phase transitions, which modify the structure only very slightly (YOUNG 
[ 199 11). 

The high-temperature phases of manganese (table 8), y-Mn, cF4-Cu type, and 8-Mn, 
cI2-W type, are typical metal structures, whereas a-Mn and p-Mn form very compli- 
cated structures, possibly caused by their antiferromagnetism. Thus, the a-Mn structure 
can be described as a 3 x 3 x 3 superstructure of bcc unit cells, with 20 atoms slightly 
shifted and 4 atoms added resulting in 58 atoms over all (fig. 20). The structure of p-Mn 
(fig. 21) is also governed by the valence electron concentration (“electron compound” or 
Hume-Rothery-type phase). The variation of the atomic volume of manganese with 
temperature is illustrated in fig. 22. For technetium, rhenium, ruthenium and osmium, 
only simple hcp structures are known. 

The technically most important element and the main constituent of the Earth’s core, 
iron (table 8) shows five allotropic forms (fig. 23): ferromagnetic bcc a-Fe transforms to 
paramagnetic isostructural p-Fe with a Curie temperature of 1043 K; at 1185 K fcc y-Fe 
forms while at 1667 K a bcc phase, now called &Fe, appears again. For the variation of 

孙超
附注
        在较高温度下存在的锰（Mn）的cF4-Cu型γ-Mn相和cI2-W型δ-Mn相具有典型的金属结构，而在较低温度下存在的α-Mn相和β-Mn相的晶体结构非常复杂，这可能是由它们的反铁磁性造成的。α-Mn和β-Mn的晶体结构分别为为cI58-Mn和cP20-Mn，价电子浓度是决定这两种结构的主导因素。对于锝（Tc）、铼（Re）、钌（Ru）和锇（Os），目前仅发现它们具有简单的六角密堆结构。

孙超
附注
        铁是地核的主要构成元素，也是工业上十分重要的元素。铁有五种同素异形体：铁磁性的bcc结构的α-Fe在居里温度1043K时转变为顺磁性的同构的β-Fe；fcc结构的γ-Fe在1185K以上形成，bcc结构的δ-Fe在1667K以上形成。在压强13GPa以上存在无磁性的ε-Fe，其晶体结构为略微被压扁的hcp结构。
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Fig. 15. Atomic volumes of the transition metals. A means cF4-Cu type, v hm-Mg, 0 cI2-W, other types 
(after PEARSON [1972]). 

the atomic volume with temperature see fig. 24. High-pressure nonmagnetic E-Fe, 
existing above 13 GPa, bas a slightly compressed hcp structure. 

Cobalt (table 9) is dimorphous, hcp at ambient conditions and ccp at higher tempera- 
tures. By annealing it in a special way, stacking disorder can be generated: the hcp 
sequence ..ABAB.. is statistically disturbed by a ccp sequence ..ABCABC.. like 
..ABABABABCBCBCBC.. with a frequency of about one ..ABC.. among ten .. AB ... 
Rhodium, iridium, nickel, palladium and platinum all crystallize in simple cubic closest- 
packed structures. 

3.4. Groups 11 and 12, copper and zinc group metals 

The "mint metals", copper, silver and gold (table 10) are typical metals with ccp 
structure type (fig. 25). Their single ns electron is less shielded by the filled d-orbitals 
than the ns electron of the alkali metals by the filled noble gas shell. The d-electrons also 
contribute to the metallic bond. These factors are responsible for the more noble 

References: p .  45. 

孙超
附注
        钴（Co）在常温常压下为hcp结构，在较高温度下为ccp结构。经过某种特别的方式的退火后可使Co的原子层堆垛无序化：hcp结构的堆垛次序（…ABAB…）被ccp结构的堆垛次序（…ABCABC…）扰乱，从统计结果上看，大约十个“…AB…”中有一个“…ABC…”。铑（Rh）、铱（Ir）、镍（Ni）、钯（Pd）和铂（Pt）的晶体结构为简单的立方密堆结构。

孙超
附注
        “造币金属”铜（Cu）、银（Ag）和金（Au）是典型的具有立方密排结构的典型金属。在这些金属的原子中，满电子的d轨道对最外s层的一个电子的保护作用比碱金属原子中满电子惰性气体层对最外s层的一个电子的保护作用弱，此外，d电子对金属键也有贡献，因此这些金属的活泼性与碱金属的活泼性相比弱，在有些情况下将它们归为过渡金属。
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Fig. 16. One unit cell of the hP4-La structure type, space group P6,/mmc, No. 194, 2a: 0 0 0, 2c: % Y3 %. 

character of these metals than of the alkali metals and that these elements sometimes are 
grouped to the transition elements. 

For zinc, cadmium and mercury (table 10) covalent bonding contributions (filled d- 
band) lead to deviations from hexagonal closest packing (hcp), with its ideal axial ratio 
c/u= 1.633, to values of 1.856 (Zn) and 1.886 (Cd), respectively. The bonds in the hcp 
layers are shorter and stronger, consequently, than between the layers. With increasing 
pressure, clu approximates the ideal value 1.633: for Cd clu = 1.68 was observed at 30 
GPa (DONOHUE [ 1974]), and for Hg, c/u = 1.76 at 46.8 GPa (SCHULTE and HOLZAPFEL 
[ 19931). 

The rhombohedral structure of a-Hg may be derived from a ccp structure by 
compression along the threefold axis (fig. 26). In contrast to zinc and cadmium, the ratio 
c/u= 1.457 for a hypothetical distorted hcp structure is smaller than the ideal value. There 
also exist several high-pressure allotropes (fig. 27). 

3.5. Groups 13 to 16, metallic and semi-metallic elements 

Only aluminum, thallium and lead crystallize in the closest-packed structures 
characteristic for typical metals (table 11). The s-d transfer effects, important for alkali- 
and alkaline-earth metals, do not appear for the heavier group 13 elements owing to their 
filled d-bands. Orthorhombic gallium forms a 63 network of distorted hexagons parallel 
to (100) at heights x=O and 1/2 (fig. 28). The bonds between the layers are considerably 

孙超
附注
        锌（Zn）、镉（Cd）和汞（Hg）的晶体结构因共价键的存在（由满电子d轨道形成）而偏离理想的六角密堆结构。理想的六角密堆结构的晶格常数比c/a=1.633，而Zn和Cd的晶格常数比分别为1.856和1.886。在这些金属中，位于同一六角密堆原子层内的相邻原子间的键比分属两相邻原子层的相邻原子间的键强。随着压强增大，Zn、Cd和Hg的晶格常数比逐渐接近理想值1.633：当压强为30GPa时，Cd的晶格常数比c/a=1.68；当压强为46.8GPa时，Hg的晶格常数比c/a=1.76。

孙超
附注
        α-Hg的斜方六面体结构可以由沿三倍轴压缩ccp结构得到。若将α-Hg的结构看做变形的hcp结构，则也可讨论其晶格常数比，这时有c/a=1.457，晶格常数比比理想值小，这与Zn和Cd的情况不同。Hg有几种高压同素异形体。
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Fig. 17. One unit cell of the hR3-Sm Structure type, space group R h ,  No. 166, 3a: 0 0 0, 6c: 0 0 0.22. 

References: p .  45. 
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Fig. 18. The hP3-Ti structure type, space group P6/mmm, No. 191, la: 0 0 0, 2d: % % %. 

weaker than within. At higher pressure gallium transforms to a bcc phase, cI12-Ga, and 
additionally increasing the temperature leads to the tetragonal indium structure type t12-In (fig. 
29). In an alternative description based on a face-centered tetragonal unit cell with a’ = fia, the 
resemblance to a slightly distorted cubic close-packed structure with c/a = 1.08 becomes clear. 
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Fig. 19. Schematic calculated phase diagram for Ti, Zr and Hf (from AHUJA et al. [1993]). 
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Table 6 
Structure information for the elements of groups 3 and 4. In the first line of each box the chemical symbol, 
atomic number Z, and the atomic volume V, under ambient conditions is listed. In the second line the 
electronic ground state configuration is given. For each phase there is tabulated limiting temperature T[K] and 
pressure P[GPa], Pearson symbol PS, prototype structure PT, and, if applicable, the lattice parameter ratio clu. 

T[K] P[GPa] PS PT cla 

Se 21 V,=24.97A3 
ls22s2p63s2p6d'4s2 
a hP2 Mg 1.592 
p >1610 cI2 w 
Y > 19 tP4? 

Y 39 Vat=33.01 A3 
1 s22s~63sZp6d'04s~6d'5s2 
a hP2 Mg 1.571 

> 10 hR3 Sm Y 
6 > 26 hP4? 
E > 39 cF4 Cu 

La 57 V,=37.17A3 
1 s22s2p63s~6d'04s~6d'05s2p6d16s2 

~3 >583or>2.3 cF4 Cu 

6 > 7.0 hP6 

Ac 89 V,=37.45 A3 at 293 K 
. . . 3s~6d'04s2p6d'Of145s2p6d106s2p6d17s2 
ff cF4 Cu 

p >1751 cI2 w 

a hP4 a - h  2~1.61 

y >1138 cI2 w 

T[K] P[GPa] PS PT cla 

Ti 22 Vat=17.65A3 
ls22s2p63s2p6d24s2 
a hP2 Mg 1.587 

w >2 hP3 w-Ti 

Zr 40 V,=23.28A3 
1 s22s~63s2p6d104s2p6d25s2 
a hP2 Mg 1.593 
p >1136 cI2 w 
6J >2 hP3 w-Ti 
w ' > 30 cI2 w 

p >1155 cI2 w 

Hf 72 V,=22.31 A3 
1 s22sZp63s~6d'04s2p6d'of145s~6d26~2 
a hP2 Mg 1.581 
p >2016 cI2 w 
w > 38 hP3 w-Ti 
w' >71 cI2 w 
Ku 104 
. ..3szp6d'04s2p6d'of145s2p6d10f146s2p6d27s2 

Silicon and germanium (table 11) under ambient conditions crystallize in the diamond 
structure, owing to strong covalent bonding. At higher pressures they transform to the 
metallic white-tin (tI4-Sn) structure. This structure type consists of a body-centered 
tetragonal lattice which can be regarded as being intermediate between the diamond 
structure of semiconducting a-Sn and ccp lead (fig. 30). For an ideal ratio of c/u = 0.528 
one atom is sixfold coordinated. The high-pressure phase hP1-BiIn has a quasi-eightfold 
coordination, the ideal ratio for CN = 8 would be clu = 1. At higher pressures, closest- 
packed structures with twelvefold coordinations are obtained. Thus with increasing 
pressure silicon runs through phases with coordination numbers 4, 6, 8 and 12. 

The effective radius of tin in p-Sn and of lead in a-Pb is large compared with that 
of other typical metals with large atomic number due to uncomplete ionization of the 
single ns electron. This means that in a-Sn, for instance, the electron configuration is 
.. .5s'5p3, allowing sp3-hybridization and covalent tetrahedrally coordinated bonding, 
whereas in p-Sn with ... 5s25p2 only two p-orbitals are available for covalent and one 
further p-orbital for metallic bonding. 

The structure of arsenic, antimony and bismuth (isotypic under ambient conditions) 

References: p.  45. 
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T[K] P[GPal PS FT c/a 

V 23 V,=13.82A3 
ls?2s%63szpdd34s2 

cI2 w 

T[KI P[GW PS FT c/o 

Cr 24 v,=12.00A3 
ls22s%63s%6d54d 

cI2 w 
Nb 41 Vas=17.98A3 
1 s22s~63s~6d'04s~6d45s'  

cI2 w 
Ta 73 Vat=18.02A3 
1 s~s~63s~6d'04s~6d10f145s2p6d36s2 

cI2 w 

MO 42 V,=15.58A3 
1 s~s~63s2p6d'04s2p6d55s1 

c n  w 
W 74 Vat= 15.85 A3 
1 s~s~63s~6d'04s~6d10f~45s2p6d46sz 

cI2 w 

(table 12) consists of puckered layers of covalently bonded atoms stacked along the 
hexagonal axis (fig. 31). The structure can be regarded as a distorted primitive cubic 
structure (a-Po) in which the atomic distance d, in the layer equals that between the 
layers 4. The metallic character of these elements increases for d,/d, approximating to 
1 (table 13). 

The helical structures of isotypic a-Se and a-Te may also be derived from the 

Table 8 
Structure information for the elements of groups 7 and 8. In the first line of each box the chemical symbol, 
atomic number Z, and the atomic volume V, under ambient conditions is listed. In the second line the 
electronic ground state configuration is given. For each phase there is tabulated: l i i t ing temperature T[K] and 
pressure P[GPa], Pearson symbol PS, prototype structure PT, and, if applicable, the lattice parameter ratio c/o. 

T[K] P[GPal PS PT c/a 

~n 25 va,=12.21A3 
i S 2 2 s % ~ p ~ ~ 2  
a cI58 a-Mn 
p >loo0 cP20 p-Mn 
y >1373 cF4 Cu 
S >1411 cI2 w 
TC 43 Vat=14.26A3 
l s ~ ~ 6 3 s ~ 6 d ' 0 4 s ~ 6 d 6 5 s '  

hP2 Mg 1.604 

Re 75 V =14.71A3 
1 s~s~63s~~'04s~6dp6d10f145SZp6dS6SZ 

hP2 Mg 1.615 

T[K] P[GPa] PS FT c/a 

Fe 26 Va,=11.78A3 
ls%%63s~6d64s2 
a cr2 w 
y 21185 cF4 Cu 
6 >1667 cI2 w 
E > 13 hP2 Mg 1.603 

Ru 44 Vat=13.57A3 
1 s ~ s ~ 6 3 s ~ 6 d 1 0 4 s ~ 6 d 7 5 s 1  

hP2 Mg 1.582 

OS 76 V,=13.99A3 
1 s"2s~~s~6d'o~~6d4s"Of'45s2p6d66sZ 

hP2 Mg 1.580 
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Fig. 20. One unit cell of cI58-Mn, space group Id3m, No. 217, with four different types of Mn atoms in 2a: 
0 0 0, 8c: 0.316 0.316 0.316, 24g: 0.356 0.356 0.034, 24g: 0.089 0.089 0.282, shown (a) in perspective view 
and (b) in projection. 'Avo types of Mn atoms are coordinated by CN 16 Friauf polyhedra, one by a CN 14 
Frank-Kasper polyhedron and one by an icosahedron. 

primitive cubic a-Po structure (fig. 32). The infinite helices run along the trigonal axes, 
and have three atoms per turn. The interhelix bonding distance d, plays a comparable 

References: p .  15. 
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Fig. 21. One unit cell of cPZCkMn, space group P4,32, No 213, with two types of Mn atoms: 8c: 0.063 0.063 
0.063, 12d: 0.125 0.202 0.452, shown (a) in perspective view and (b) in projection. The atoms in 8c are 
coordinated by 12 atoms in a distorted icosahedron, the Mn atoms in 12d by 14 atoms in a distorted Frank- 
Kasper CN 14 type polyhedron. 

role for the metallic character of these elements as does the interlayer distance in the 
case of the group 15 elements. Wih increasing pressure, the transition to the metallic 
p-Te phase takes place. 

3.6. Lanthanides and actinides 

Lanthanides and actinides (table 14) are characterized by the fact that their valence 
electrons occupying the f-orbitals are shielded by filled outer s- and p-orbitals. The 
chemical properties of the lanthanides are rather uniform since the 4f-orbitals are largely 
screened by the 5s- and 5p-electrons. The chemical behavior of the actinides, however, 
is somelike in between that of the 3d transition metals and the lanthanides since the 5f- 
orbitals are screened to a much smaller amount by the 6s- and 6p-electrons. With the 
exception of Sm and Eu, all lanthanides under ambient conditions show either a simple 
hcp structure with the standard stacking sequence ..AB.. or a twofold superstructure with 
a stacking sequence .. ACAB ... Samarium has, with ..ABABCBCAC.., an even more 
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T[K] P[GPal PS PT cla 

Co 27 V,=11.08A3 

e hP2 Mg 1.623 
LY >695 cF4 Cu 

ls~s2p63s2p6d74s2 

Rh 45 V,=1?.75A3 
1 

cF4 Cu 

Ir 77 V =14..15%r3 
1 s~s~63s2p6~'04s2p6d10f14Ss2p6d76~2 

cF4 Cu 

29 

T[K] P[GPa] PS PT cla 

Ni 28 V =10.94A3 
ls22s2p63s2pG84s2 

cF4 Cu 

pa 46 v =i4.72A3 
1 s%$63s2p6~'04s2p6d10 

cF4 Cu 

Pt 78 V =15.10A3 
1 s~s~63s2p6~'04sZp6dlaf14SS2p6d96S1 

cF4 Cu 

15.0 I I I I I I 
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Fig. 23. Phase diagram of iron (from VAINSHTEIN e? aZ. [1982]). 

Table 10 
Structure information for the elements of groups 11 and 12. In the first line of each box the chemical symbol, 
atomic number Z and the atomic volume V,, under ambient conditions is listed. In the second line the 
electronic ground state configuration is given. For each phase there is tabulated: limiting temperature T[K] and 
pressure P[GPa], Pearson symbol PS, prototype structure F'T, and, if applicable, the lattice parameter ratio c/u. 

T[K] P[GPa] PS PT c/a I T[K] P[GPa] PS PT c/u 

CU 29 Va,=11.81A3 

cF4 Cu 

Ag 47 Va,=17.05A3 
ls22s~63s~6d'04s~6dp6dlD5S1 

cF4 Cu 

AU 79 V,=16.96A3 
1 s22s~63s~6d'04s2p6d'of14S~2~6d106s1 

cF4 Cu 

Zn 30 Va=15.20A3 
ls22s2p63sZp6d'04s2 

hF2 Mg 1.856 

Cd 48 V =21.60A3 
1 s22s~63s2p6~'04s~6d10Ss2 

Hg 80 V =23.13A3 at 80K 
1 s~s2p63szp6"do4s2p6d'of14Ss2p6d'06s2 
a ~234 .3  hR1 a-Hg 
P >3.7 t12 a-Pa 

8 > 37 hP2 Mg 1.76 

hF2 Mg 1.886 

Y > 12 0p4 
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TEMPERATURE ,OC 

Fig. 24. The variation of atomic volume of iron with temperature (from DONOHUE [1974]). 

complicated stacking order with 4.5-fold superperiod. For all lanthanides the ratio clu is 
near the ideal value of n x 1.633. It is interesting that with increasing pressure and 
decreasing atomic number the sequence of closest-packed phases hP2-Mg (..AB..) 3 

hR3-Sm (..ABABCBCAC..) hP4-La (..ACAB..) j cF4-Cu (..ABC..) 3 hP6-Pr 
appears (cf. figs. 10, 17 and 33). 

Cerium undergoes a transformation from the y to the a-phase at pressures >0.7 GPa: 

Fig. 25. The structure of c F 4 - c ~ .  space group Fmgm, No. 225, 4a 0 0 0. 

References: p .  45. 



32 W Steurer Ch. 1, $ 3  

Fig. 26. The structure of hR1-Hg, space group R3m, No. 166, 3a 0 0 0. 

the ccp structure is preserved but the lattice constant decreases drastically from 5.14 to 
4.84 A owing to a transition of one 4f-electron to the 5d-level (fig. 34). This isostructural 
transition is terminated in a critical point near 550K and 1.75 GPa (YOUNG [1991]). 
Further compression gives the transformation at 5.1 GPa to the a’-phase, and finally at 
12.2 GPa to the &-phase. Europium shows a completely different behavior, as do the 
other lanthanides, owing to the stability of its half filled 4f-orbitals. Thus, it has more 
similarities to the alkaline earth metals; its phase diagram is comparable to that of barium 

0 10 20 30 10 50 
pressure ( Gila ) 

Fig. 27. Schematical phase diagram of mercury (from SCHULTE and HOLZAPFEL [1993]). 
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Table 11 
Structure information for the elements of groups 13 and 14. In the first line of each box the chemical symbol, 
atomic number Z, and the atomic volume Vat under ambient conditions is listed. In the second line the 
electronic ground state configuration is given. For each phase there is tabulated: limiting temperature T[K] and 
pressure P[GPa], Pearson symbol PS, prototype structure PT, and, if applicable, the lattice parameter ratio cla. 

T[K] P[GPa] PS PT cla 

Ga 31 Va,=19.58A3 
ls22s2p63sZp6d'04s~' 
LY oC8 a-Ga 

y >330 >3.0 t12 In 1.588 
p e330 >1.2 c112 

In 49 Vat=2Cj.16A3 
ls'2s'p63s2p6d'04s~6d'05s2p1 

tI2 In 1.521 

TI 81 Vat=28.59A3 
1 s'2szp63s2p6d104~z~6d'of'45~2p6d'06szp' 
LY hP2 Mg 1.598 

Y >3.7 cF4 Cu 
p >503 cI2 w 

T[K] P[GPa] PS PT cia 

Si 14 Va=Z0.02A3 

LY cF8 Cd 
B > 12 t14 p-Sn 
Y > 13.2 hP1 BiIn 
S > 36 O? 

E > 43 hP2 Mg r > 78 cF4 Cu 

Ge 32 V,,=22.63A3 
1 s?2s~63s2p6d104s2p2 
a cF8 C 
P > 11 t14 p-Sn 
Y > 75 hP1 BiIn 
S > 106 hP4 

Sn 50 Vat=34.16A3 at 285K 
1 s~s~63s2p6d~04~zp6d105s~2  
LY <291 cF8 c 
p ~ 2 9 1  t14 p-Sn 
Y > 9.2 t12 Pa 
S > 40 cI2 w 
Pb 82 Va1=30.32A3 
1 s22s~~s2p6d'04s2p6d10f145s2p6d106s~2 
LY cF4 Cu 
B > 13.7 hP2 Mg 
Y > 109 cI2 w 

1 s22s2p63s2p2 

0.552 
0.92 

1.699 

0.55 1 
0.92 

0.546 
0.91 

1.650 

rather than to the other lanthanides. A similar behavior is observed for ytterbium which 
is divalent owing to the stability of the completely filled 4f-orbitals; its phase diagram 
resembles that of strontium. 

The c-lattice parameter of gadolinium exhibits an anomalous expansion when cooled 
below 298 K (fig. 35) due to a change in the magnetic properties of the metal. Several 
other lanthanides show a similar behavior. 

According to their electronic properties, the actinides (table 14) can be divided into 
two subgroups: the elements from thorium to plutonium have itinerant 5f-electrons 
contributing to the metallic bond, whereas the elements from americium onwards have 
more localized Sf-electrons. This situation leads to superconductivity for thorium, 
protactinium and uranium, for instance, and to magnetic ordering for curium, berkelium 
and californium (DABOS-SEIGNON et al. [1993]). The contribution of 5f-electrons to 

References: p .  45. 
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C 
The structure of oCbGa, Crnca, No. 64, 8f 0 0.155 0.081, (a) in a perspective view and 
(010) and (c) (100). showing the distorted hexagonal layers. 

projected 

bonding leads to low symmetry, small atomic volumes and high density in the case of 
the light actinides while the heavier actinides crystallize at ambient conditions in the hcp 
structure type. The position of plutonium at the border of itinerant and localized Sf-states 
causes its unusually complex phase diagram, with structures typical for both cases. Thus, 
monoclinic a-Pu can be considered as a distorted hcp-structure with about 20% higher 
packing density than cF4-Pu owing to covalent bonding contributions from Sf-electrons 
(fig. 36) (EK et al. [1993]). This ratio is quite similar to the above-mentioned one of 
a-Ce and y-Ce, which are both ccp. The phase diagram of americium is very similar to 
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Fig. 29. The structure of tI2-In, space group Wmmm, No. 139, 2a 0 0 0. 

Fig. 30. Relationships between the structures of the two tin allotropes: (a) grey a-Sn, c F 8 4  type, space group 
Fd3m, No. 227, 8a: 0 0 0, % % %, and (b) white p-Sn, t I w - S n  type, space group I4,/amd, No. 141, 4a: 
0 0 0. Note the large difference in the minimum distances: d z z  = 1.54 A and d z ?  =3.02 A. 

those of lanthanum, proseodymium and neodymium. Owing to the localization of 5f- 
electrons it is the first lanthanide-like actinide element. 

Both lanthanides and actinides crystallize in a great variety of polymorphic modifica- 
tions (fig. 37). 

References: p .  45. 
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T[K] P[GPa] PS PT cla T[K] P[GPa] PS PT cla 

AS 33 Vat=21.52A3 
1 
ff hR2 (Y-As 2.805 
P >25.0 cP1 ff-Po 

Sb 51 Vat=30.21A3 
1 s'2s$63s2p6d104s$6d'05s2p3 
ff hR2  AS 2.617 
P > 8  mP4 p-Sb 
Y > 28 cI2 w 

Bi 83 V,,=35.39A3 
1 s22s2p&js2p6d'04s2p6d'af145s2p6d106s~3 - -  
ff -hR2 ~ - A S  2.609 
P > 2.6 mC4 &Si 
Y > 3.0 mP4 P-Sb 
s > 4.3 
E > 9.0 cI2 w 

Se 34 v =27.27A3 

a hP3 a-Se 1.135 
P > 14 mP3 
Y > 28 tP4 
8 > 41 hR2 

Te 52 Va,=33.98A3 
1 s~s'p63szpdd104szp6d105s2p4 
a hP3 a-Se 1.330 
P > 4.0 mP4 P-Te 

l s ~ s ~ 6 3 s 2 p ~ ~ 1 0 4 s ~ 4  

Y > 6.6 OP4 
s > 10.6 hR1 &PO 
E > 27 cI2 w 
Po 84 V,=38.14A3 at 311 K 
1 s22s2p63s$6d104s2p6d10f'45s$6d'06s~4 
CY cP1 a-Po 
P >327 hR1 p-Po 
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Fig. 31. The structure of bR2-As, space group Rjm, No. 166, 6c 0 0 0.277. 

Table 13 
Intralayer (d,) and interlayer (4) distances in a-As-type layer structures, y-de-type helix structures and 

primitive cubic a-Po (PF.~RsoN[1972]). 

Distance d, Distance d, Wdl Element 

a-As 2.51 A 3.15A 1.25 
a-Sb 2.87 A 3.37 A 1.17 

y-Se 2.32 8, 3.46A 1.49 
y-Te 2.86A 3.46 A 1.31 

a-Bi 3.10 8, 3.47 A 1.12 

a -PO 3.37 A 3.37 A 1 .oo 

References: p .  45. 



38 W Steurer Ch. 1, 5 3  

Fig. 32. (a) The structure of hP3-k space group P3,21, No. 152, 3a 0.237 0 %, and (b) its projection upon 
(001) compared with (c) one unit cell of cP1-Po, space group Pmjm, No. 221, la  0 0 0, and (d) its projection 
along [ 1 1  11.  The hexagonal outline of the projected cubic unit cell is drawn in. 
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Table 14 
Smcture information for the lanthanides and actinides. In the first line of each box the chemical symbol, 
atomic number Z, and the atomic volume Vat under ambient conditions is listed. In the second line the 
electronic ground state configuration is given. For each phase there is tabulated: limiting temperature T[K] and 
pressure P[GPa], Pearson symbol PS, prototype structure PT, and, if applicable, the lattice parameter ratio cla. 

T[Kl P[Gl?al PS PT eta 

Ce 58 Vat=34.72A3 
1 s22s$63s2p6d'04s2p6d'ofzSs*p66s2 
a e96 cF4 Cu 
B hP4 a-La 2X1.611 
y >326 cF4 Cu 
s >999 cI2 w 
a' >5.1 oC4 a-u? 
E > 12.2 t12 In 

Pr 59 V =35.08A3 
1 s22sZp63s~~~104sZp6d10f35~~66s2 
a hP4 a-La 2x1611 
p 21068 cI2 w 
Y > 3.8 cF4 Cu 
S > 6.2 hp6 Pr 3x1622 
E > 20 oc4 a-U 

Nd 60 Ve=34.17A3 
ls22szp63s~6d104s2p6d10~5s2p66s2 
a hP4 a-La 2~1.612 
p >1136 cI2 w 

6 > 18 hp6 pr 
Y >5.8 cF4 Cu 

E > 38 mC4 ? 

Pm 61 Vat=33.60A3 
1 s22s~63s2p6d104s2p6d'ofs5s2p66sz 
a hP4 CY-L 
p ~ 1 1 6 3  cI2 w 
Y > 10 cF4 Cu 
s > 18 hp6 Pr 
E > 40 ? 

3~1.611 

2x1.60 

T[K] P[GPa] PS PT cla 

Th 90 Vat=32.87A3 
... 3s2p6d104s~6d10f145s$6d106s2p6d~s2 
Ly cF4 Cu 
p >1633 cI2 w 

Pa 91 V =25.21A3 
... 3s2p6d104sZ~d10f145s2p6d10f26szp6d17s2 
LY t12 @-Pa 0.825 
B >1443 cI2 w 

U 92 Vat=20.75A3 
. . .3s~6d'04s2p6d10f145s~6d10f36s2p6d17~2 
Ly oc4 a-u 
p >941 tP30 p-u 
y >lo49 cI2 w 

Np 93 Ve=19.21A3 
... 3s~6d104s2p6d10f145s2p6d10f56s~67~2 
LY oP8 a-Np 
B >553 tP4 p-Np 0.694 
y >849 cI2 w 

Continued on next page 

References: p .  45. 
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Table 14-Continued 

Ch. 1, 0 3  

T[K] P[GPa] PS FT c/a 

Sm 62 V =33.17A3 
ls~s2p63s2p6~'04s~6d'of65s2p66s2 
a hR3 a-Sm 4.5x1.60f 
p >loo7 hP2 Mg 1.596 

6 > 4.5 hP4 a-La 2~1.611 
e > 14 cF4 Cu 
t > 19 hp6 Pr 3X1.611 
e > 33 mC4 ? 

y >1195 cI2 w 

Eu 63 V =48.10A3 
ls22s~63s$'~'04s$6d4s2p6d10f75SZp66SZ 
a cI2 w 
B > 12.5 hP2 Mg 1.553 
Y > 18 ? 

Gd 64 v =33.04A3 
ls22s2p63s2p'~'04s2p6d10f75s~65d16~2 
a hP2 Mg 1.591 

Y >2.0 hR3 a-Sm 4.5~1.61 
6 >5 hP4 a-La 2X1.624 
E > 25 cF4 Cu 
t > 36 hp6 Pr 

p >I508 cI2 w 

Tb 65 V =32.04A3 
1 s22s2p63s~'~'04s2p6d10~5s~66s2 

a' hP2 Mg 1.580 
p >I562 cI2 w 
Y > 3.0 hR3 a-Sm 4.5x1.6C 
6 > 6.0 hP4 a-La 
E > 29 cF4 Cu 
b > 32 hp6 Pc 3~1.616 

a e220 0c4 ~ - D Y  

T[K] P[GPa] PS PT cia 

Pu 94 Va,=19.88A3 
. . . 3s2p6d'04s%6d'of ''5s2p6d10f66s$%'s2 

p >388 mC34 p-Pu 
y >488 oF8 y-Pu 
6 >583 cF4 Cu 
6' >I25 tI2 In 1.342 
E >I56 cI2 w 
t > 40.0 hP8 1.65712 

a mP16 a-Pu 

Am 95 Va=29.21A3 
... 3s2p6d'04s~6d'Df'45~2p6d10f76s~61 s2 
a hP4 a-La 2~1.621 
p >1042or>5 cF4 Cu 
y >1350 cI2 w 
6 > 12.5 mP4 6-Am 
E > 15 oC4 a-u 

Cm 96 V,=29.98A3 
... 3s2p6d'04s2p6d'of145~2p6d10f76s2p6d11s2 

p >155001>23 cF4 Cu 
a hP4 a-La 2X1.621 

Y > 43 OC4 a-U 

Bk 91 Va=21.96A3 
...3s2p6d'04s2p6d10f ''5s~6d'of86s2p6d'7s2 
a hP4 a-La 2~1.620 
p >125001 >8 cF4 Cu 
Y > 25 OC4 a-U 

Continued on nextpage 
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Table 14-Continued 

41 

T[K] P[GPal PS FT cla 

Dy 66 V -31.57A3 
1 s~s2p63sZp6ad~4s2p6d10f105s2p66sz 

a hP2 Mg 1.573 

Y > 5.0 hR3 a-Sm 4.5x1.6C 
s > 9.0 hP4 a-La 
E > 38 cF4 Cu 

a' e86 d34 ~ - D Y  

p >1654 cI2 w 

Ho 67 V -31.12A3 
1 s~s~63s$~1~4s~6d'Of"5s2p66s2 
a hP2 Mg 1.570 
p >1660 cI2 w 
Y >7.Q hR3 a-Sm 4.5x1.6 
s > 13 hP4 a-La 

Er 68 V -30.65A3 
1 s~szp63s~6~'04s2~6d6d10f125SZp66SZ - -  
# hp2 Mg 1.569 
P > 7.0 hR3 a-Sm 
Y > 13 hP4 a-La 

Tm 69 Va=30.10A3 
1 s22sZp63s$6d104s2p6d10f135szp66~2 
a hP2 Mg 1.570 

Y >9 hR3 a-Sm 
fl >1800 cI2 w 

s > 13 hP4 r~-b 4.5X1.5 

Yb 70 Vat=41.24A3 
ls~szp63s$6d'04s~6dp6d"45s2p66s2 
a <270or >34 hP2 Mg 1.646 
B cF4 Cu 
y >lo47 or >3.5 cI2 w 

LU 71 Vat=29.52A3 
ls~s$63s$6d'04szp6d10f145szp6d16s2 

P > 18 hR3 a-Sm 4.5x1.5: 
hP2 Mg 1.583 

Y > 35 hP4 &-La 

T[K] P[GPal PS PT C h  

Cf 98 Vat=27.41A3 
... 3s$6d'04s2p6d10f145s$6d10f106s2p'%'s2 

P >863or >17 cF4 Cu 
a hP4 a-La 2X1.625 

Y > 30 aP4 y-Cf 
s >41 OC4 a-U 

Es 99 
... 3sZp6d104s~6d10f'45s~6d10f1'6~Zp~~Z 
a hP4 a-La 
P ?  cF4 Cu 

Fm 100 
... 3s~6d'04sZp6d10f145~2p6d10f126s~'%'s2 

Md 101 
... 3szp6d'04s$6d'of145s~6d10f136szp%'sz 

No 102 
. . .3~$~d'~4s~p~d'~f ''5s2p6d10f'46s~67s2 

Lr 103 
. . . 3 ~ ~ p ~ d ' ~ 4 s ~ ~ d ' ~ f  ''5s$6d'of'46s~6d'7s2 

Rflerences: p.  45. 
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Fig. 33. The structure of hP&Pr, space group P3,21, No. 152, 6c 0.28 0.28 0.772. 
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Fig. 34. Pressure dependence of the atomic volume of cerium (from DONOHUE [1974]). 
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Fig. 35. Variation of the lattice parameters of gadolinium with temperature. There are no structural changes in 
this temperature range (from DONOHUE [1974]). 

References: p .  45. 
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Fig. 36. The variation of the atomic volume of the various allotropes of plutonium with temperature (from 
DONOHUE [ 19741). 




