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Advanced Condensed Matter Physics

This graduate textbook includes coverage of important topics that are not commonly featured
in other textbooks on condensed matter physics, such as treatments of surfaces, the quan-
tum Hall effect, and superfluidity. It avoids complex formalism, such as Green’s functions.
which can obscure the underlying physics, and instead emphasizes fundamental physical
reasoning. Intended for classroom use, it features plenty of references and extensive prob-
lems for solution based on the author’s many years of teaching in the Physics Department at
the University of Michigan. This textbook is suitable for physics, chemistry and engineer-
ing graduate students, and as a reference for research students in condensed matter physics.
Engineering students will find the treatment of the fundamentals of semiconductor devices
and the optics of solids of particular interest.

Leonard M. Sander is Professor of Physics at the University of Michigan. His research
interests are in theoretical condensed matter physics and non-equilibrium statistical physics,
especially the study of growth patterns.






Preface

This book is intended as a textbook for a graduate course in condensed matter physics. It is
based on many years’ experience in teaching in the Physics department at The University
of Michigan. The material here is more than enough for a one-semester course. Usually |
teach two semesters, and in the second, I add material such as the renormalization group.

In this book advanced techniques such as Green’s functions are not used. I have tried to
introduce as many of the concepts of modern condensed matter physics as I could without
them. As a result, some topics that are of central importance in modern research do not
appear.

The problems are an integral part of the book. Some concepts that are used in later
chapters are introduced as problems.

Students are expected to have a good background in statistical physics, non-relativistic
quantum theory, and, ideally, know undergraduate Solid State physics at the level of Kittel
(2005).

I decided to write this book as a result of coming back to teaching Condensed Matter
after a number of years covering other subjects. I had hoped to find a substitute for the
grand old standards like Ziman (1972) or Ashcroft & Mermin (1976) which 1 used at the
beginning of my teaching carcer. Though there are newer texts that are interesting in many
ways, I found that none of them quite fit my needs as an instructor. It is for the reader to
decide how well I have succeeded in giving a modern alternative to the classics — they are
very hard acts to follow.

Many people have helped me in writing this book. Craig Davis and Cagilyan Kurdak have
been remarkably generous with their time, and found many errors. Jim Allen and Michal
Zochowski have given valuable advice. | would like to particularly thank Brad Orr, Andy
Dougherty, Dave Weitz, Jim Allen, Roy Clarke, and Meigan Aronson for figures. And, of
course, my students have given invaluable feedback over more than three decades.
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The nature of condensed matter

Condensed matter physics is the study of large numbers of atoms and molecules that are
“stuck together.” Solids and liquids are examples. In the condensed state many molecules
interact with each other. The physics of such a system is quite different from that of the
individual molecules because of collective effects: qualitatively new things happen because
there are many interacting particles. The behavior of most of the objects in our everyday
experience is dominated by collective effects. Examples of materials where such cffects are
important are crystals and magnets.

This is a vast field: the subject matter could be taken to include traditional solid state
physics (basically the study of the quantum mechanics of crystalline matter). magnetism.
fluid dynamics. elasticity theory, the physics of materials, aspects of polymer science, and
some biophysics. In fact, condensed matter is less a field than a collection of fields with
some overlapping tools and techniques. Any course in this area must make choices. This is
my personal choice.

In this chapter | will discuss orders of magnitude that are important, review ideas from
quantum mechanics and chemistry that we will need, outline what holds condensed matter
together, and discuss how order arises in condensed systems. The discussion here will be
qualitative. Later chapters will fill in the details.

1.1 Some basic orders of magnitude
RS R S R ST R SRS R RR R VR s o e s o

To fix our ideas, consider a typical bit of condensed matter, a macroscopic picce of solid
copper metal. As we will see later it is best to view the system as a collection of cuprous
(Cu™) ions and conduction electrons, one per atom, that are free to move within the metal.
We discuss some basic scales that will be important for understanding the physics of this
picce of matter.

Lengths A characteristic length that will be important is the distance between the Cu atoms.
In a solid this distance will be of order of a chemical bond length:

L~3A=~3x10"cm. (1.1)
Note that this is very tiny on the macroscopic scale. The whole art of condensed matter

physics consists in bridging the gap between the atomic scale and the macroscopic propertics
of condensed matter.
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Energies We can ask about the characteristic energy scales for the sample. One important
energy scale is the binding energy of the material per atom. A closely related quantity is the
melting temperature in energy units:

1357 K =0.11 eV. (1.2)

This is a typical scale to break up the material. If we probe at much larger energies (KeV, for
example) we will be probing the inner shells of Cu, namely the domain of atomic physics,
or at MeV, the Cu nucleus, i.e. nuclear physics.

Cu has an interesting color (it is copper colored, in fact), so we might expect something
interesting at the scale of the energy of ordinary light, namely,

E =~ hwop ~ 3 eV (1.3)

which is also the strength of a typical chemical bond. A somewhat larger, but comparable
scale is that of the Coulomb interaction of two electrons a distance L apart:

Ex~e*/L~5eV. (1.4)

These energies are low even for atomic physics. This means that in our study of condensed
matter we will always be interested only in the outer (valence electrons) which are least
bound.

Speeds When a piece of Cu carries an electrical current of density, j, the conduction electrons
move at a drift velocity vq:

j=nevy (1.5)

where n is the number density of conduction electrons and e is the charge on the electron.
For ordinary sized currents we find a very small speed, v; = 0.01 cm/sec.

There is another characteristic speed, the mean thermal speed, vy of the Cu ions when they
vibrate at finite temperature. We estimate vz as follows. From the Boltzmann equipartition
theorem the mean kinetic energy of an ion is:

Mv3/2 ~ kpT. (1.6)

Here T is the absolute temperature, kg is Boltzmann’s constant, M is the mass of a Cu ion,
and v7 is the mean thermal velocity. At room temperature we get vi ~ 3 x 10* cm/sec.

There is a larger speed associated with the electrons, namely the quantum mechanical
speed of the valence electrons. We estimate this speed as [frequency of an optical transition]
x length:

v~ (E/h)(L) = 107 cm/sec. (1.7)

As we will see below, there is another relevant speed, the magnitude of the Fermi velocity,
which is of the same order.
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In any case, all of these speeds are small compared to the speed of light. Thus, we seldom
need the theory of relativity in condensed matter physics. (An exception is the spin-orbit
interaction of heavy elements.)

Large numbers and collective effects The essential point of the subject is that we deal
with very large numbers of ions and electrons, 2~ 1027 in a macroscopic sample. In a famous
essay P. W. Anderson (1972) pointed out the significance of this fact. When many things
interact we often generate new phenomena, sometimes called emergent phenomena. Or.
as Anderson put it, “more is different.” Some examples of collective effects that we will
g. crystalline order,

S

emphasize in this book are the existence of order of various types, e.
magnetic order, and superconducting order.

1.2 Quantum or classical
ERE R R BRI TR TR R s e e

T

We have seen that we are interested in non-relativistic physics. We can go further: for the
case of Cu there are conduction electrons and Cu™ ions. What type of physics is applicable
to each? In particular, do we need quantum mechanics? A useful criterion is to compare the
de Broglie wavelength of the relevant particle, 2 = i/mv, to the interparticle spacing.

For the ions, the relevant speed is v which we estimated above. Thus:

A=h/CMkgT)"?> ~107% ecm << L. (1.8)
This is smaller than the spacing by an order of magnitude. For all ions in solids (except for
He and H at very low temperatures) we can use classical mechanics. (As we will see, for
vibrations of ions at low 7', we need quantum mechanics t0o.)

For the electrons the situation is different because the electron mass, m, is is 63 x 1800
times smaller than the mass of a Cu ion, so we get

A =h/QmkgT)"/*~3 x 107" cm >> L. (1.9)

Electrons are quantum mechanical for all temperatures.

1.3 Chemical bonds

Matter condenses because atoms and molecules attract one another. In the condensed state
they are connected by chemical bonds. This is the “glue” that holds condensed matter
together. We will summarize here some notions from chemistry which we will need in the
sequel.

van der Waals’ bonds At long ranges the dominant interaction between neutral atoms or
molecules is the van der Waals interaction which arises from the interaction of fluctuating
induced dipoles. For two neutral molecules (or atoms) a distance d apart this effect gives
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rise to a potential energy of interaction given by:
Viry~—1/r° (1.10)

This equation is universally true if the molecules are far apart compared to the size of
of their electronic clouds. For closed shell atoms and molecules such as Ar and H» that
do not chemically react, the van der Waals’ interaction is the attractive force that causes
condensation. Since this is a weak, short-range force, materials bound this way usually have
low melting points.

A rough argument for the »~® dependence is as follows: suppose there is a fluctuation
(a quantum fluctuation, in fact) on one of two molecules so that an instantancous dipole
moment, p). arises. This gives rise to an electric ficld of order £ ~ py/d” at the other
molecule. This electric field polarizes the other atom. To understand this, we introduce a
concept that we will use later, the polarizability, «, of the molecule. It is defined by:

Pind = «E, (1.11)

where ping is the induced dipole moment. Note that in our system of units the polarizability,
«. has units of volume. It is roughly the molecular volume. Thus p> ~ apy /d>. This finally

gives for identical molecules the fluctuating dipole-dipole interaction:

V ~ pip2/d? Nap‘;/zl(‘. (1.12)

Since this expression depends on pf there is a time-averaged value for the potential. It is
casy to show that the dipoles will be antiparallel so that the interaction is attractive. An
actual calculation of the coefficient of #~°, that is, of the average ofpf. can be done (in
simple cases) using quantum mechanical perturbation theory.

Ionic bonds The chemistry of the valence electrons in a compound can lead to charge

transfer, e¢.g.:
Na +Cl — Na'Cl . (1.13)

In this case there will be strong forces due to the charges, and the ions will be bound by the
Coulomb interaction:
Vry=Zq\q>/r.

This is called ionic binding. Solid NaCl, table salt, is bound in this way. lonic solids often
have very large binding, and very large melting points.

Covalent bonds In clements with s and p electrons in the outer shell, covalent sp? orbitals
give rise to directed bonds where electrons between ions glue together the material. Semi-
conductors such as Si, Ge, are bonded this way, as well as polymers and many biological
materials. There are intermediate cases between the covalent and ionic materials, such as
I11-V semiconductors like GaAs.

Hydrogen bonds These arise in materials that contain H such as ice. The proton participates
in the bonding. This is very important in biological materials.



1.4 The exchange interaction

Metallic bonding For most light metals like Cu or Na, the outer valence eclectrons arce
delocalized for quantum mechanical reasons which we will discuss in great detail. later.
The electrons act as glue by sitting between the positively charged ions. These essentially
free electrons give rise to the electrical conduction of metals such as Cu.

1.4 The exchange interaction

We have talked about bonds between atoms in terms of spatial degrees of freedom of the
clectrons, but we have not mentioned electron spin. There is another effect, very important
for magnetism, which arises from the interplay between the Pauli exclusion principle, the
spin degrees of freedom, and the electrostatic repulsion of electrons. It occurs. for example.
for atoms which have unpaired spins.

We recall from quantum mechanics that the Pauli principle says that electron wavefunc-
tions must be antisymmetric in the exchange of any two electrons. This implies that when
we bring two atoms together the many-electron wavefunction must vanish when two elec-
trons with parallel spins are at the same position. Therefore electrons with parallel spins
are likely to be farther apart in space than antiparallel ones, and therefore have a smaller
electrostatic repulsion. As a result, if the two atoms have parallel spins the energy is lower.
Thus spins and therefore magnetic moments tend to line up when electrons from adjacent
atoms overlap. This is called the exchange interaction. This is discussed in considerable
detail below, Section 9.2.1, or in standard texts on quantum mechanics, e.g. (Landau &
Lifshitz 1977, Schitf 1968, Baym 1990).

There are a few comments we should make about this. One is that there needs to be
overlap of wavefunctions to have the effect work. The difference in energy between states
with parallel and antiparallel spins on adjacent atoms (the strength of the interaction) is
dependent on the overlap; the exchange interaction is very short range. Also. the size of the
energy difference is basically the electrostatic energy of two electrons an atomic distance
apart, a few electron volts.

Spin and symmetry effects need not favor parallel spins; it depends on the nature of
the wavefunctions and what energies are most important. A simple example of favor-
ing antiparallel spins is the hydrogen molecule, two electrons and two protons. In one
approach to the problem (the Heitler—London approximation) we build up the wave-
function for the molecule from atomic wavefunctions centered on each proton. We can
then form symmetric and antisymmetric combinations of these functions. as above. How-
ever, since the total wavefunction must be antisymmetric, parallel electron spins (total
spin 1) go with the antisymmetric spatial function, and antiparallel spins (total spin 0)
go with the symmetric spatial function; for more details see (Baym 1990). The electro-
static interaction with the hydrogen nuclei favors the symmetric state since the electrons
spend more time between the nuclei, and the kinetic energy of the symmetric state is
lower. As a result the ground (bonding) state of H» has total spin 0, and is symmetric in
space.
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Suggested reading

There are many excellent references and textbooks for this subject that the student can
explore. The classic undergraduate text is by

Kittel (2005).
Successive editions of this book (the current one is the eighth) have been used by generations
of physicists and engineers.

At the graduate level the following old standards are highly recommended:

Ashcroft & Mermin (1976)

Ziman (1972)

Kittel (1963)
More modern treatments can be found in:

Anderson (1997)

Marder (2000)

Grosso & Pastori Parravicini (2000)

Phillips (2003)

Taylor & Heinonen (2002)

Chaikin & Lubensky (1995)
The last book is particularly good on soft condensed matter such as polymers and liquid
crystals, which are not treated in detail in this book.

Problems
O R B R R R O R R R e

1. Calculate the van der Waals’ interaction between two H atoms in their ground state. Use
the Hamiltonian for two single atoms as a reference: 7:10 = pf/Zm —e2/Ir — Ry| +
p%/Zm - c’3/|r3 — R2|. You can put one nucleus at the origin and the other at distance ¢
along the x axis. Use the rest of the energy as a perturbation in second-order perturbation
theory:

Hi = —e2/|r1 — Ra| — €2 /|ra — Ry | + ¢2/ri2. where ri2 = |r| — ra|. See (Schiff 1968)
Assume |r;| << d. You may use only the first excited state of H in your perturbation
theory.



7 Problems

2. Work out the exchange splitting between the singlet and triplet (152s) states of He. (a)
Use hydrogenic ls and 2s states as a basis. Write down symmetric and antisymmetric
2-electron wavefunctions. (b) Show which belongs to the triplet spin state, and which to
the singlet. (c) Figure out the energy difference between the two states in terms of the
direct and exchange integrals (you need not work out the integrals):

% * ()3
/:/H'rldl’zllli,\-(l‘l)1//1\-(!'2),—1//1.\-(1‘1)wz.x(rz)
12

5

&2
J :/t!’rlc/rzllfo(rl)Iﬂik.\.(rz)r—lllu(rz)llfz.v(rl).
12



Order and disorder

We have seen in the previous chapter that chemical bonds are the glue for condensed matter.
If the temperature is low enough so that thermal fluctuations do not break the bonds, it is
no surprise that atoms and molecules condense, i.c. stick together, so that there are large
picces of matter.

However, the precise structure of condensed matter is often quite surprising. For example,
we might guess that the typical result of attractive chemical bonds would be a disorderly
mass of molecules. This does occur; such materials are called glasses. However, very
commonly something else happens: at low enough temperatures the atoms or molecules
form a remarkable ordered structure, a ¢rystal. A crystal is an ordered, periodic array of
atoms or molecules. In the next chapter we will give a precise definition of this concept.
For our purposes, it is enough to understand that crystals are made up of identical building
blocks that are repeated many times. See Figure 2.1 for an example, the face-centered cubic
(fce) crystal structure.

Chemistry tells us that atoms or ions can have a magnetic moment, cither from orbital
currents or unpaired spins. However, you might expect that when large numbers of such
ions are stuck together that the orientation of the moments would be random. This is not
always the case. For some elements, e.g. Fe, Ni, Co, and many compounds the moments
line up in regular arrays of various kinds due to the exchange interaction, discussed above.

(a) (b)

(a) A visualization of the face-centered cubic crystal structure. The nearest and next-nearest
neighbor bonds are shown. (b) The structure may be thought of as a collection of cubes with
atoms at the corners and the middle of all the faces.



