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Preface

Our German textbook “Festkorperphysik” has become rather pop-
ular among German-speaking students, and is currently produced in
its 4th edition. Its version in English has already been ad®pted by
many universities in the United States and other contries. This new
2nd edition corresponds to the 4th edition in German.

In addition to correcting some typographical errors and making
small improvements in the presentation, in the present edition some
chapters have been revised or extended. Panel V, for example, has
been extended to include a description of angle-resolved photoemis-
sion and its importance for the study of electronic band structures.
Section 10.10 on high-temperature superconductors has completely
been rewritten. This active field of research continues to progress
rapidly and many new results have emerged since the publication of
the first edition. These results shed new light on much of the fun-
damental physics.

The new version of Sect. 10.10 has been developed in discussions
with colleagues who are themselves engaged in superconductivity
research. We thank, in particular, Professor C. Calandra from the
University of Modena and Dr. R. Wérdenweber of the Institute of
Film and Ion Technology at the Research Centre Jiilich.

The revision of the problems was done with the help of Dr. W.
Daum, Dr. A. Forster, A. Leuther and Ch. Ohler. We would like to
thank them for their efforts. We also thank Dr. Margret Giesen for
numerous improvements on the manuscript as well as Dr. Angela
Lahee for the competent translation of the revised or new sections.

Jiilich and Aachen, April 1995 H. Ibach - H. Liith



Preface to the' First Edition

In recent decades solid state physics has seen many dramatic new
developments and has become one of the largest independgnt bran-
ches of physics. It has simultaneously expanded into many new areas,
playing a vital role in fields that were once the domain of the
engineering and chemical sciences. A consequence of this explosive
development is that no single university lecturer can today be ex-
pected to have a detailed knowledge of all aspects of this vast subject;
likewise, it is impossible to conceive of a course that could offer
students a comprehensive understanding of the entire discipline and
its many applications.

In view of this situation, it is particularly valuable to have a tex-
tbook that gives a concise account of the essential elements of the
physics of solids. In this book the fundamental aspects of solid state
physics are presented according to the scheme: Chemical bonding,
structure, lattice dynamics, and electronic properties, We believe that
this sequence is the optimum choice for tutorial purposes. It enables
the more difficult concepts to be introduced at a point where a basic
understanding of fundamental ideas has already been achieved
through the study of simple models and examples. In addition to this
carefully structured exposition of classical solid state theory based on
the periodic solid and the one-electron approximation, the book also
includes comprehensive descriptions of the most active areas in
modern research: Magnetism, superconductivity and semiconductor
physics.

The chapter on magnetism discusses the exchange coupling of
both localized and delocalized electrons, and will even guide the
reader to the point when he or she can appreciate modern thin-film
experiments, The standard picture of superconductivity is elucidated
by means of a simplified presentation of BCS theory. A section is also
devoted to the novel high-temperature superconductors. This field,
however, remains in such a state of flux that it was necessary to con-
fine the treatment to some selected experimental results and a few
central ideas about this fascinating phenomenon. The chapter on
semiconductors contains, in addition to a general introduction to
these materials and their properties, detailed descriptions of semicon-
ductor heterostructures, superlattices, epitaxy, and the quantum Hall
effect. .

In solid state physics, the interaction between theory and experi-
ment has always played, and continues to play, a vital role. We have
thus attempted throughout this book to steer a middle course in
which both theory and experiment are adequately represented. Where
a theoretical approach is helpful and not too cumbersome, we have



VIII Preface to the First Edition

not hesitated in challenging the reader with the necessary abstract
concepts. Furthermore, we have tried to include theoretical methods
and concepts, for example, those of group theory, that are indispensi-
ble for an understanding of contemporary original publications deal-
ing with solid state theory.

The concise presentation of the essential theoretical aspects is
complemented by the inclusion of selected experimental methods and
examples, summarized in the form of self-contained panels. These of-
fer the reader the opportunity to test and consolidate the material al-
ready studied and may prove helpful in stimulating further study in
areas of particular interest.

Students will also benefit significantly from working through the
extensive series of problems that relate to each chapter. These ex-
amples are not restricted to calculations based on the methods de-
scribed in the text; in many cases they lead into areas that lie outside
the scope of the main presentation. All of the examples have been put
to the test in our own lecture courses. Nonetheless, the student may
often need a helping hand or some preparatory instruction from a lec-
turer. The problems will be useful to both students and lecturers; they
are designed to stimulate further study and to illustrate the connec-
tions between different disciplines.

This book is a translation of the third edition of the original Ger-
man text. The authorsconsider it their immensely good fortune to
have been supported by Dr. Angela Lahee in the translation and
editing of this work. We are also grateful to numerous colleagues who
over the years have offered valuable suggestions about the presenta-
tion of the boeck or have supplied the experimental material described
herein. For her critical reading of parts of the manuscript and the
page proofs we thank in particular Dr. Angela Rizzi. Other valuable
contributions were made by Dr. W, Daum, Mr. Ch. Stuhlman, Dr. M.
Wauttig and Mr. G. Bogdanyi. The figures were prepared with great
care and patience by Mrs. U, Marx-Birmans and Mr. H. Mattke. The
German manuscript was typed by Mrs. D. Kriiger, Mrs. Jiirss-Nysten
and Mrs. G. Offermann. We express our thanks to Dr. H. Lotsch and
Mr. C.-D. Bachem of Springer-Verlag for the pleasant collaboration.

Jiilich, January 1991 H. Ibach - H. Liith

Preface to the Corrected First Edition

After this textbook on solid state physics was successfully introduced
to the English-speaking scientific community, we thought it would be
worthwhile to make the book available to students for a more attractive
price. This paperback version therefore is a corrected reprint of the first
English edition which appeared in 1991. Apart from minor corrections
only, some new references to recent literature have been added.

Jiilich, June 1993 H. Ibach - H. Liith




Table of Constants

Quantity Symbol Value SI Unit
Velocity of light in vacuum c 2.997925 108 ms~!
Permeability of vacuum o= 1/¢4c 4n 10~7 Vs/Am
Permittivity of vacuum &= 1/pgc 8.854188 102 As/Vm
Proton restmass m, 1.672649 10™% kg
Electron restmass m, 9.109534 1073 kg
Elementary charge e 1.602189 10~ As
Planck’s constant h 6.626176 10775
Planck’s constant h=h/2n 1054589 10735
Flux quantum b, = h/2e 2.067851 107%JA!
Sommerfeld fine-structure constant a = pgce/2h 7.297351 1073
Rydberg-constant R, =uim.e'c’/8n° 1.097373 10'm™!
Bohr magneton Ug =eh/2m, 9.274078 10~% Am?
Avogadro’s number N, 6.022045 10*> mol ™!
Atomic mass unit m,=1u= 1.660566 10" kg
(10} kg mol ™ )/N,
Boltzmann’s constant k 1.380662 10-8JK!
Equivalent Values
Quantity Symbol Value SI Unit
Energy equivalent of the Hertz E[Hz] = 1 Hz)A 6.626176 107343
Frequency equivalent of the vieVl=1eV/h 2.417970 10'* Hz
electron volt
Energy equivalent of the Em '1=(0m Yhe 1.986478 10727
reciprocal meter
Wave-number equivalent of the oleVl=1eV/hc 8.065479 10°m™!
electron volt
Energy equivalent of the Kelvin E[K]l=(1K)k 1.380662 10°2J
Temperature equivalent of the
electron volt T[eV] =1eV/k 1.160450 10°K
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1 Chemical Bonding in Solids

Solid-state physics is the physics of that state of matter in which a
large number of atoms are chemically bound to produce a dense solid
aggregate. The emphasis in this statement is placed on the large num-
ber of atoms involved, since that number is of the order of
10?2 cm™?. At first sight it would seem to be a hopeless task to try to
apply traditional scientific methods for the description of such a vast
number of atoms. However, it is exactly the large number of atoms
involved that in fact makes a quantitative description possible by
means of new models, applicable specifically to solids. A prerequisite,
though, for the success of these models, is that the participating
atoms are not simply chosen at random from the periodic table of
elements; the solid must be composed of a limited number of dif-
ferent elements whose atoms are arranged in space with a certain
order. Thus, for the solid state physicist, the showpieces are the
“elementary” crystals, ie., three-dimensional periodic arrangements
of atoms of one type, or chemical compounds of two elements. An
understanding of solids and of their characteristic properties thus re-
quires that we first achieve a fundamental understanding of two par-
ticular phenomena: the first is that of the forces that hold together
the atoms of a solid, in other words, the-.chemical bonding between
atoms. The second important aspect is the structural ordering of the
atoms within the solid. A consideration of these-two basic questions
forms the content of the first two chapters. In both cases it will only
be possible to give a short introduction and for a more detailed
discussion of these phenomena the reader is referred to textbooks on
quantum chemistry and crystallography.

1.1 The Periodic Table of the Elements

By way of introduction to the topic of chemical bonding, we will take
a brief look at the construction of the periodic table of the elements.

The electronic states of an atom are classified according to the
one-electron states of the radially symmetric potential. Thus we have
1s, 25, 2p, 3s, 3p, 3d, 4s, 4p, 4d, 4f, ... states where the numbers
give the principal quantum number, #n, and the letters s, p, d, f corre-
spond to the values of the electron’s orbital angular momentum (/ =
0,1, 2, 3,...). This classification stems from the picture in which the
potential for each electron includes the effect of all other electrons by
representing them as a continuous fixed charge distribution which, to
a greater or lesser extent, screens the potential of the bare nucleus. In
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addition to the principal quantum number # and the orbital angular
momentum quantum number /, there is also a magnetic quantum
number m which can take (2/+ 1) different values (ranging from —/
to +/). According to the Pauli exclusion principle, each state can be
occupied by at most two electrons of opposite spin. As a function of
increasing nuclear charge this then leads to the periodic tables whose
structure is outlined in Table 1.1. From the order of the energy levels
of the hydrogen atom, one would expect that after the 3 p-states are
filled, the next states to be occupied would be the 3d. But in fact, as
can be seen from Table 1.1, this is not the case; following the 3 p-levels
those next occupied are the 4s. The subsequent filling of the 3 d-states
gives rise to the first series of transition metals (the 3d-metals).
Similarly, one also finds 4d- and 5d transition metals. The same ef-
fect for the f-states leads to the so-called rare earths. The reason for
this anomaly is that the electrons in s-states have a nonvanishing
probability of being located at the nucleus thereby reducing for them
the screening effect of the other electrons. Hence the s-electrons
possess lower energy.

If one considers a thought experiment in which several initially
isolated atoms are gradually brought closer together, their interaction
with one another will lead to a splitting of each of their energy levels.
If a very large number of atoms are involved, as in the case of a real
solid, then the energy levels will lie on a quasicontinuous scale and
one therefore speaks of energy bands (Fig. 1.1). The width of the
band (i.e., the broadening) dépends on the overlap of the wavefunc-
tions concerned. Thus for the deep lying levels the broadening is
small, and these “core levels” retain their atomic shell-like character
even in the solid. For the highest occupied levels, on the other hand,
the broadening is so large that the s-, p- and where present, d-levels
merge into a single band. It is the electrons in this uppermost band
that are responsible for the chemical bonding between atoms, and
hence one speaks of the valence band. The ultimate source of the
chemical bonding is the reduction in electronic energy which results
from the level broadening. This, despite the increase in repulsion be-
tween the nuclei, leads to a decrease in the total energy as a function
of atomic separation until the point where the equilibrium separation
is reached — ie., the point of minimum total energy.

The type of bonding in a solid is determined essentially by the
degree of overlap between the electronic wavefunctions of the atoms
involved. At the one extreme, this overlap may be limited to neighbor-

Table 1.1. The build-up of the periodic table by successive filﬁng of the electronic energy shells. Indicated on the left of each column
is the outer electron level that is being progressively filled, and in brackets is its maximum allowed occupation number

18 (2) H, He
2s (2) Li, Be
2p (6) B—Ne
35 (2) Na, Mg
3p (6) Al=Ar

45 ) K, Ca 5p (6) In—>Xe

3d (10) Transition metals Sc = Zn 6s (2) Cs, Ba

4p (6) Ga—Kr 4f (14) Rare earths Ce — Lu

5s (2) Rb, Sr 5d (10) Transition metals La— Hg
4d (10) Transition metals Y = Cd 6p (6) TI—->Rn
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ing atoms; in other cases the wavefunctions may be spread over many
atoms. In the former case, the degree of overlap, and thus the strength
of the bonding, is dependent not only on the separation of neighbor-
ing atoms, but also on the bond angles. This is referred to as direc-
tional bonding or covalent bonding.

In its purest form, covalent bonding is realized between a few
elements of equal “valence”, ie. elements with the same outer elec-
tronic configuration. However, an equal electronic configuration is
neither a necessary nor a sufficient condition for covalent bonding.
What is important is simply the relative extent of the wavefunctions
in comparison to the interatomic separation. If the extent of the
wavefunctions is large compared to the nearest-neighbor distance,
then the exact position of the nearest neighbors plays an insignificant
role in producing the greatest possible overlap with many atoms. In
this case, the packing density is more important than the position of
the next neighbors. Here one speaks of non-directional bonding. This
regime in which the wavefunctions spread over a distance that is large
in comparison to the atomic separation is characteristic of metallic
bonding.

However, there is a further type of non-directional bonding with
extremely small overlap of wavefunctions; this is the ionic bond. It oc-
curs in cases where the transfer of an electron from one atom to
another is sufficiently energetically favorable. A prerequisite for ionic
bonding is thus a dissimilarity of the atoms involved.

In the following sections we will explore the various types of
bonding in greater detail.

Fig. 1.1. Broadening of the energy levels
as a large number of identical atoms from
the first row of the periodic table ap-
proach one another (schematic). The
separation r, corresponds to the approx-
imate equilibrium separation of chemi-
cally bound atoms. Due to the overlap of
the 25 and 2p bands, elements such as Be
with two outer electrons also become me-
tallic. Deep-lying atomic levels are only
slightly broadened and thus, to a large ex-
tent, they retain their atomic character



