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Foreword and general introduction

Foreword

There are many good books describing the foundations and basics of solid state
physics, such as Introduction to Solid State Physics by C. Kittel (2004) or, on a
somewhat higher level, Solid State Physics by N. W. Ashcroft and N. D. Mermin
(1976). However there is a definite lack of books of a more advanced level which
would describe the modern problems of solid state physics (including some theo-
retical methods) on a level accessible for an average graduate student or a young
research worker, including experimentalists.

Usually there exists a rather wide gap between such books written for theoreti-
cians and those for a wider audience. As a result many notions which are widely
used nowadays and which determine ‘the face’ of modern solid state physics remain
‘hidden’ and are not even mentioned in the available literature for non-specialists.

The aim of the present book is to try to fill this gap by describing the basic
notions of present-day condensed matter physics in a way understandable for an
average physicist who is going to specialize in both experimental and theoretical
solid state physics, and more generally for everyone who is going to be introduced
to the exciting world of modern condensed matter physics — a subject very much
alive and constantly producing new surprises.

In writing this book I tried to follow a unifying concept throughout. This concept,
which is explained in more detail below, may be formulated as the connection
between an order in a system and elementary excitations in it. These are the
notions which play a crucial role in condensed matter physics in general and in
solid state physics in particular. I hope that this general line will help the reader
to see different parts of condensed matter physics as different sides of a unified
picture and not as a collection of separate unrelated topics.

The plan of the book is the following. After discussing the general theory of
phase transitions (Chapter 2) which forms the basis for describing order in solids,

ix
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I go step by step through different specific situations: systems of bosons (phonons
in crystals — Chapter 4, and general Bose systems, including Bose condensation
and superfluidity — Chapter 5). Then follows the important chapter on magnetism,
Chapter 6 (strictly speaking dealing neither with bosons, nor with fermions), and
after that we switch to the discussions of fermions — electrons in solids, Chapters 7—
13. In each topic I have tried to follow the general line which I have already
described above: to discuss first the type of order we have in one or the other
situation, then introduce different types of elementary excitations in them, first
independent excitations, but then paying most attention to the interaction between
them and to their quantum nature. Thus altogether the material presented in the
book is supposed to cover the main situations met in solids.

The theoretical methods used to describe these phenomena are introduced not
so much separately, as such, but in the appropriate places where they are needed,
and in a way which immediately shows how they work in specific problems. Thus,
in studying Bose systems I introduce the widely used Bogolyubov canonical trans-
formation, which later on is also used for treating magnons in antiferromagnets and
for certain problems for electrons. Discussing spin waves, | introduce the method
of equations of motion with corresponding decoupling, later on also used, e.g. for
studying correlated electrons (the Hubbard model). When going to electron sys-
tems, I describe the Green function method and the Feynman diagram technique —
without complete and rigorous derivations, but with the aim of demonstrating how
these methods really work in different situations.

I hope the material covered in this book will give the reader a relatively complete
picture of the main phenomena in modern solid state physics and of the main
theoretical methods used to study them. But of course it is impossible to cover in
one book of modest size this whole field. The most important and evident omissions
are:

I do not practically touch on the broad and important field of transport phenom-
ena (resistivity, thermal conductivity, thermopower, the Hall effect, etc.) This is a
very big topic in itself, but it lies somewhat outside the main scope of this book. I
also do not discuss specific features of such important, but well-known materials
as semiconductors, ferroelectrics, etc. Also the wide field of superconductivity is
touched upon only to the extent it is required to illustrate the general treatment.

Yet another relatively recent and very beautiful topic is missing — the phe-
nomenon of the quantum Hall effect. Hopefully I can ‘repair’ this omission later.

On the theoretical side probably two important methods are not sufficiently
discussed in the book. One is the renormalization group method used to treat
complicated situations with strong interaction. I only briefly mention this method,
but do not describe it in detail. Interested readers may find its description, e.g. in
the books by Chaikin and Lubensky (2000) or Stanley (1987).
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Another theoretical technique widely used nowadays is the use of different types
of numerical calculations. This is a very broad and rapidly developing field which
proved its efficiency for studying real materials and for theoretical investigations
of many situations not accessible to analytical calculations. This is quite a special
field, and it requires special treatment — although when appropriate I present some
of the results obtained in this way.

With all these omissions, I still hope that the material which is included will be
useful for a broad audience and will give the reader a relatively complete picture
of the main phenomena and main problems in modern solid state physics.

A few words about the style of the presentation. This book has grown out of
a lecture course which I gave for several years at Groningen University and at
Cologne University. Therefore it still has some features of the lecture notes. I
present in it all the main ideas, but often not the full derivations of corresponding
results. This is also caused by the fact that the material touched upon in this book
in fact covers a huge field, and it is impossible to present all the details in one
book. There are many monographs and textbooks discussing in detail the separate
subfields presented below. However I have tried to choose the topics and present
them in such a way that the general ideas underlying modern solid state physics
and the internal logic of this field become clear. For more detailed discussions of
particular problems and/or corresponding methods of their theoretical treatment
the readers should go to the specialized literature.

In accordance with this general concept of the book, I did not include in it a
special ‘problems’ section. In some places, however, especially in the first part of
the book, I formulate parts of the material, as Problems. Those who want to get a
deeper understanding of the subject are recommended to stop reading the text at
these places and try to find the answers themselves; the material presented before
usually makes this task not too difficult. The answers, however, are usually given
right after the problems, so that readers can also go on along the text if they do
not have a desire, or time, to do these exercises themselves. Actually most of the
problems, with their answers, form an integral part of the text.

In several places in the text I have also put some more special parts of the text
in smaller type. These parts usually relate to more specialized (although useful)
material.

In addition to the main material I have also included three very short chapters
(Chapters 1, 3 and 7) with a short summary of some of the basic facts from statis-
tical mechanics. I think it would be useful for readers to have this information at
hand.

Some important notions are mentioned several times in different parts of the text.
I did this intentionally, so that different chapters would become somewhat more
independent — although of course there are a lot of cross-references in the text.
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I hope that the book gives a coherent presentation of the main ideas and methods
of the quantum theory of solids.

There are many good books which cover parts of the material contained in the
present book (and actually much more!). I can recommend the following, already
classical books:

1. J. M. Ziman (1979), Principles of the Theory of Solids. A very good and clear
book covering the main topics in solid state physics. Highly recommended.
However, it does not contain more modern methods.

2. N. W. Ashcroft and N. D. Mermin (1976), Solid State Physics. Also a very good
and widely used book, covering the topics in more detail, on a somewhat more
elementary level. Very transparent and useful.

3. M. P. Marder (2000), Condensed Matter Physics. A rather complete book
describing the main phenomena in solid state physics, but not going into much
theoretical detail.

4. C. Kittel (1987), Quantum Theory of Solids. Contains detailed discussion of
many problems in quantum theory, using more modern methods such as diagram
techniques. Somewhat more theoretical.

5. G. D. Mahan (2000), Many-Particle Physics. Gives a very complete treatment
of the topics discussed; it is a kind of ‘encyclopedia’. It uses the Green function
method all the way through. Very useful for theoreticians, and contains all the
necessary details and derivations, etc. However not all topics are discussed there.

6. L. D. Landau and I. M. Lifshits, Course of Theoretical Physics, especially
Statistical Physics (old one-volume edition 1969, or new edition v. I 1980), and
Quantum Mechanics (1977). These classical books contain virtually all the basic
material necessary, and many particular topics important for our problems. If
one can call the book by Mahan an encyclopedia, then the course of Landau and
Lifshits is a ‘bible’ for all theoreticians, especially those working in condensed
matter physics. But these books are very useful not just for theoreticians, but
for everyone looking for clear and precise description of all the basic ideas of
theoretical physics.

7. J.R. Schrieffer (1999), Theory of Superconductivity. A very clear book; contains
in particular a very good and condensed treatment of the Green function method
and diagram technique, in a form used now by most theoreticians.

8. A. A. Abrikosov, L. P. Gor’kov and E. Dzyaloshinsky (1975), Methods of the
Quantum Field Theory in Statistical Physics. One of the first (and still the best)
books on the modern methods applied to condensed matter physics. It gives
a very detailed treatment of the theoretical methods and a good discussion of
specific problems (Fermi and Bose liquids; plasma; electron—phonon interaction
and the basics of the theoretical treatment of superconductivity).



Foreword and general introduction xiii

9. P. M. Chaikin and T. C. Lubensky (2000), Principles of Condensed Matter
Physics. A very good book containing in particular detailed discussion of differ-
ent questions connected with phase transitions. The accent is on general statisti-
cal mechanics; specifically it contains a lot of material on soft condensed matter
physics, but does not discuss such topics as electrons in metals, magnetism, etc.

Some other references will be given later, in the main body of the book. But,
keeping in mind the character of the book (which is practically expanded lecture
notes and which still retain that character), I deliberately refrained from including
too many references — it would be simply impossible to cite all the relevant works.
Therefore I mostly refer not to original publications but rather to monographs and
review papers. Interested readers may find more detailed information on particular
subjects in these references.

General introduction

The unifying concept in this book is the concept of order and elementary excitations;
these are the key words.

One can argue as follows. In general in macroscopic systems with many degrees
of freedom the internal state, or internal motion on the microscopic scale, is random.
However as T — 0 the entropy of the system should go to zero, S — 0; this is the
well-known Nernst theorem, or the third law of thermodynamics. Accordingly, at
T = 0 there should exist perfect order of some kind.

Such ordering sets in at a certain characteristic temperature 7, often with a
phase transition, but not necessarily.

At T « T* we can describe the state of the system as predominantly ordered,
or maybe in a weakly excited state. Such relatively weakly excited states will be
thermally excited, but can appear also due to small external perturbations. Usually
in such a state we can speak of a small number of elementary excitations, or
quasiparticles. Examples are, e.g. phonons in crystals, magnons or spin waves in
ferromagnets, excitons in semiconductors, etc.

Sometimes such elementary excitations are rather strange: instead of electrons
they may be excitations with spin, but no charge (spinons), or vice versa (holons).
There exist also fopological excitations (solitons, vortices, etc.).

In a first approximation we can consider these excitations as noninteracting.
Such are, e.g. phonons in a harmonic crystal, etc. However in the next step we have
to include in general an interaction between quasiparticles.

There may exist interactions between the same quasiparticles. They lead, e.g. to
anharmonic effects in crystals (phonon—phonon interactions); they are included in
the Landau Fermi-liquid theory, and give rise to screening for electrons in metals;
the magnon—magnon interaction can lead, e.g. to the formation of bound states
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of magnons, etc. There also exist interactions between different quasiparticles:
electron—phonon interactions, pairing in conventional superconductors, and inter-
actions between many other elementary excitations. Often due to these interactions
the properties of quasiparticles are strongly changed, or renormalized: an exam-
ple is the formation of polarons (electron + strong lattice distortion). Also new
quasiparticles may be formed (plasmons due to the Coulomb interaction of elec-
trons; excitons — bound states of electrons and holes in semiconductors). Even the
ground state itself, the very type or ordering, may change because of such inter-
actions. An example is the superconducting state instead of the normal state of a
metal.

It is important that these quasiparticles, or elementary excitations, are quantum
objects. Consequently, one should not visualize the order as completely classical:
there are quantum fluctuations (zero-point motion, or zero-point oscillations) even
at T = 0. Sometimes they lead only to minor numerical changes, but there are cases,
especially in low-dimensional or frustrated systems, when they can completely
modify the properties of a system, e.g. destroying the long-range order totally.
They can also modify the properties of the phase transitions themselves, e.g.
leading to quantum phase transitions. Thus the classical picture is always very
useful, but one should be cautious and aware of its possible failures in some cases —
but very often these cases are the most interesting!

In treating these problems a lot of different approaches were used, and different
methods developed. These methods are often used not only in solid state physics or
condensed matter physics in general; many of them are also widely used (and often
have been developed!) in other parts of physics: in elementary particle physics, in
field theory, and in nuclear physics. Methods such as the Green function method
and Feynman diagrams were introduced in field theory, but are now widely used in
condensed matter physics. On the other hand, some methods and concepts which
first appeared in solid state physics (the mean field, or self-consistent field method,
the concept of a phase transition) are now used in nuclear physics, in elementary
particle physics (e.g. quark—gluon plasma), and even in cosmology.

In this book I will try to describe the main concepts and ideas used in modern
many-particle physics, and the methods used to study these problems, such as
the equation of motion method, canonical transformations, diagram techniques,
and the Green function method. Once again, the key words will be elementary
excitations, in connection with order. The illustrations will be predominantly given
for the examples of solid state systems, although, as I said before, many concepts,
notions and methods are also applicable in different fields, and even not only in
physics! Thus, some of the ideas of many-particle physics are now widely used for
treating problems in biology, and even economics and sociology. I hope that such
a general view will help readers to form a unified concept of the main phenomena
in condensed matter physics and related fields.
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Some basic notions of classical and
quantum statistical physics

1.1 Gibbs distribution function and partition function

In this short chapter some of the basic notions from thermodynamics and statistical

physics are summarized.

The probability to observe a state |n) with energy E,, is

w, = Ae E/T

(1.1

this is called the Gibbs distribution. (Here and below we put the Boltzmann constant
kg = 1, i.e. the temperature is measured in units of energy, and vice versa.) The
normalization constant A is determined by the condition that the total sum of

probabilities of all states is 1:
Su=t,

from which we find

2 |
I
(7
=
3
1
N

Here Z is the partition function
Z = Z[E"/T = Tr(e*ﬂ/T> ,
n

where # is the Hamiltonian of the system. Thus

e_En/T

Z

w,; =

(1.2)

(1.3)

1.4)

(1.5)
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The entropy is defined as

Inw, e E/T
S = (lnw,) = _ 2 ane (1.6)

({...) is the symbol for the average). When we put (1.5) into (1.6), we obtain

S IZ+E (1.7)
= 1n —, .
T

where E is the average energy of the system, E = % 3 E,e E/T We can intro-

duce the quantity

n

F=E-TS=-ThhZ, (1.8)
which is called the (Helmholtz) free energy:

F:-Tan:-Tane—En/T. (1.9)

n

1.2 Thermodynamic functions

The Helmholtz free energy, F, is a function of the temperature 7" and of the density
n = N/V,orof the volume: F = F(V, T). One can also introduce other so-called
thermodynamic potentials, expressed as functions of different variables. These are:

At fixed pressure and temperature — the Gibbs free energy
P, T)=E-TS+PV=F+PV. (1.10)

If instead of the temperature 7 we chose as free variable its conjugate, the entropy,
then we obtain the enthalpy

W(P,S)=E+ PV . (1.11)

Enthalpy is often used in discussions of chemical reactions, thermodynamics of
formation of different phases, etc.

The energy itself is also one of the thermodynamic potentials; it is a function of
volume and entropy, E(V, S).

Similar to mechanics, where the system at equilibrium tends to a state with
mimimum energy, many-particle systems at finite temperature tend to minimize
the free energy, i.e. the corresponding thermodynamic potential F' or .

From these definitions it is clear that, e.g.

dF = —SdT — PdV , (1.12)
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from which we obtain

oF
S=—\|—= . (1.13)
T )y
oF
P=—|—]) . (1.14)
v ),
Similarly
d®=-SdT +VdP, (1.15)
0P
S=—|—| , (1.16)
oT Jp
P
V= 0 . (1.17)
oP ),

Other useful thermodynamic quantities are, e.g. the specific heat at constant volume,
cy, and at constant pressure, cp:

—<% —T(ﬁ (1.18)

v=\er), = \or), - '
(oW _T(as (119

Cp = 8_TP_ a—TP. .

One can express cp, cy through F, ®, using (1.12), (1.15).

Using the expressions given above, one can obtain useful relations between
different thermodynamic quantities, e.g. between the specific heat, the thermal
expansion coefficient (the volume coefficient of the thermal expansion 8 = 3«,
where « is the linear thermal expansion)

10V
=+——, 1.20
P +V oT (1.20)
and the compressibility
10V
K=———. (1.21)
VoP

The resulting connection has the form (see, e.g. Landau and Lifshits 1980,
Section 16):
AV /aT)p 2
CP—C\/=—TM=VT}8—. (122)
@V /oP)y K
Similarly one can also find relations between other thermodynamic quantities;
some examples will be given below, especially in Chapter 2.



4 Basic notions

1.3 Systems with variable number of particles; grand partition function

One can also introduce thermodynamic quantities for systems with variable number
of particles N. The thermodynamic potentials introduced above depend on the
particle density N/ V, i.e.

F=NFf (V T)
- 1 Na
® =N fo(P, T) (1.23)

bnn(2Y).

dF = —SdT — PdV + ndN
d® =—SdT +VdP + ndN (1.24)
dE= TdS—PdV +udN .

From these equations we get:

Here we have introduced the chemical potential p which is defined by

IE IF 3D
a= () () —(22) . (1.25)
N Jsy  \oN Jrn  \ON Jp;

From (1.25) and (1.23) we obtain

_ 2 (1.26)
M_N’ .

i.e. the chemical potential is the Gibbs free energy per particle.

One important remark is relevant here. If the number of (quasi)particles N is not
conserved, such as for example the number of phonons in a crystal, then the value
of N is determined by the condition of minimization of the free energy in N, e.g.
dF /0N = 0, etc. One sees then that in such cases the chemical potential is i = 0.
This fact will be used in several places later on.

The chemical potential p and the number of particles N are conjugate variables
(like T and S; P and V). One can introduce a new thermodynamic potential with
W as a variable; it is usually denoted 2(V, T, ). Using equations (1.3), (1.8) we
can write down the distribution function (1.1) as

e En/T F — E,
= - . 1.27
w Z exp ( T ) (1.27)

For a variable particle number N, it takes the form

Q+MN—EnN)

T (1.28)

wyN = €Xp (
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where we have used this new thermodynamic potential €2, instead of the free energy:
QV, T,u)y=F —uN . (1.29)

Thus © is a generalization of the free energy to the case of variable number of
particles. Similar to (1.24), we have:

dQ=—-SdT — PdV —Ndu , (1.30)

i.e. the total number of particles is connected to the chemical potential by the

relation
Q2
N=—|— . (1.31)
o T,V

Problem: One can show that 2 = — P V; try to prove this.

Solution: From (1.29) Q = F — uN. But, by (1.26), uN = &, and, by (1.10),
OP=F+PV. ThusQ=F—uN=F—®=—-PV.

Analogously to (1.5), (1.9), we can write down
QL=—-ThZg, (1.32)

where Zg; is called grand partition function:

Zew = Z(e“N/T Ze—EnN/T) . (1.33)
N n
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General theory of phase transitions

The state of different condensed matter systems is characrerized by different quan-
tities: density, symmetry of a crystal, magnetization, electric polarization, etc.
Many such states can have a certain ordering. Different types of ordering can be
characterized by order parameters.

Examples of order parameters are, for instance: for ferromagnets — the magneti-
zation M ; for ferroelectrics — the polarization P; for structural phase transitions —
the distortion u,g, etc. Typically the system is disordered at high temperatures, and
certain types of ordering may appear with decreasing temperature. This is clear
already from the general expressions for thermodynamic functions, see Chapter 1: at
finite temperatures the state of the system is chosen by the condition of the minimum
of the corresponding thermodynamic potential, the Helmholtz free energy (1.8) or
the Gibbs free energy (1.10), and from those expressions it is clear that with
increasing temperature it is favourable to have the highest entropy possible, i.e.
a disordered state. But some types of ordering are usually established at lower
temperatures, where the entropy does not play such an important role, and the
minimum of the energy is reached by establishing that ordering.

The general order parameter 1 depends on temperature, and in principle also
on other external parameters — pressure, magnetic field, etc. Typical cases of the
dependence of the order parameter on temperature are shown in Fig. 2.1. The
situation shown in Fig. 2.1(a), where the order parameter changes continuously,
is called a second-order phase transition, and that shown in Fig. 2.1(b), where 7
changes in a jump-like fashion, is a first-order phase transition. The temperature T
below which there exists order in a system (1 # 0) is called the critical temperature
(sometimes the Curie temperature, the notion coming from the field of magnetism).

2.1 Second-order phase transitions (Landau theory)

For the second-order phase transitions close to 7. the order parameter 7 is small,
and we can expand the (Gibbs) free energy ®(P, T, n) in a Taylor series. This
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n n

(a) (b)
Fig. 2.1

approach was first developed by Landau, and in this section we largely follow the
classical presentation of Landau and Lifshits (1980).
The expansion of the free energy in small 7 is, in general,

®=dy+an+ A +Cp’ + Bt +--- . 2.1

(It will be clear below why we have chosen such an ‘unnatural’ notation with the
sequence of coefficients A, C, B.) As mentioned above, the state of the system,
in particular the value of the order parameter n (magnetization, or spontaneous
polarization, or distortion, etc.) is determined by the condition that the free energy,
in this case @, has a minimum. The coefficients «, A, C, B are functions of P, T
such that the minimum of ®(P, T, n) as a function of 1 should correspond to
n = 0 above T. (disordered state), and to 1 # 0 (and small) below T.. From this
requirement it is clear that the coefficient « in a system without external fields
should be « = 0, otherwise 1 # 0 at all temperatures: in the presence of the linear
term in (2.1) the free energy would never have a minimum at = 0, which should
be the case in a disordered system at 7" > 7.

The same requirement that = 0 above T, but n # 0 for T < T, leads to the
requirement that the first nonzero term An? in the expansion (2.1) should obey the
condition

AP, T)>0 forT > T,
AP, T)<0 forT <T..

(2.2)

As a result the dependence of ®(n) would have the form shown in Fig. 2.2.

Thus at the critical temperature 7 the coefficient A(P, T') should pass through
zero and change sign. (We assume that it changes continuously with temperature.
We also assume that the other coefficients in equation (2.1) are such that C = 0,
which is often the case, see Section 2.2 below, and B > 0.) Again, making the
simplest assumption, we can write close to T¢:

AP, T)=a(T -T.), (2.3)
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with the coefficient ¢ > 0. Then
& =)+ An> + Bn* = &g +a(T — T)n* + Bn* |. (2.4)

The behaviour of n(T) can be easily found from (2.4) by minimizing the free
energy with respect to n:

P

a_:() — 24n+4Bn® =2a(T —TH)n+4By* =0, (2.5)
n
2o A _ 4 g (2.6)
T =728 T 2BF ' '

This behaviour is shown in Fig. 2.3.

Here in principle all coefficients may be functions of pressure (or other external
variables), a = a(P), B = B(P), T, = T.(P). But in practice the dependence of
T.(P) is the most important one; the coefficients a and B can usually be taken as
constants.

The equilibrium free energy itself at T < T is obtained by putting the equilib-
rium value of the order parameter (2.6) back into the free energy (2.4):

A? a® 2
Ppin=P)— ——=b— —(T.—T 2.7
Y 077 B( c—T) (2.7)
(and ® = P for T > T¢.). Thus ® (and other thermodynamic potentials — e.g. the
Helmbholtz free energy F if we work at fixed volume V and have a second-order

phase transition) are continuous, see Fig. 2.4(a). However the derivatives (0 ®/9T),
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etc. have kinks at T;, and the second derivative would have jumps; this is typical
behaviour of thermodynamic functions at the second-order phase transitions in the
Landau theory.

Problem: Using the definition of specific heat cp (1.19), equations (1.16), (2.6),
(2.7), find the behaviour of specific heat at the second-order phase transition.

Solution: The entropy S, by (1.16) and (2.7), is

So (T > TC)
S=—7r7= i (2.8)
So— 35T —T) (T <Tp)

and, by (1.19), the specific heat is

5S {0 (T > T,
cp=T <—) = (2.9)
P a’T/2B (T <T.).

Note that this expression is valid only close to 7; at lower temperatures the specific
heat may and will deviate from this simple linear behaviour.

At T, the entropy has a kink, see (2.8), and there exists at 7. a jump in the
specific heat at the second-order phase transition:

nep = CL (2.10)
Cp = 2B .
This behaviour is shown in Fig. 2.4(b).
The total entropy connected with the ordering is
T 1
Sord=/ —cp(T)dT . (2.11)
o T

The experimental measurements of specific heat and of the total entropy of the
transition give very important information: the observation of the behaviour of
cp of the type shown in Fig. 2.4 proves that we are dealing with a second-order
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phase transition (see however Section 2.5 later), and the measurement of the total
entropy of the transition (part of the total entropy, connected with the ordering)
tells us which degrees of freedom participate in ordering. Thus, e.g. if we have a
magnetic ordering of spins %, the total entropy of the transition in the ideal case
should be Sy = kg In2 (or kg In(2S + 1) for spin S, where 25 + 1 is the number
of possible states of spin § in a fully disordered state, and this entropy has to be
removed in the ordered state at 7 = 0). If experimentally one finds S, smaller
than this value, then this means that there is still a certain degree of ordering (or
short-range correlations) above T.. If, however, one finds the value of Sy larger
than the expected one, one can conclude that some other degrees of freedom also
order at T¢, not only the ones initially assumed. This is an important test, often used
experimentally.

Problem: Find the connection between the specific heat jump Acp and other
properties of the solid (compressibility, thermal expansion).

Solution: By definition, second-order phase transitions are continuous, so that
along the transition line there is no jump in volume and in entropy, AV = 0,AS =0
(these would be nonzero at the first-order phase transition). Let us differentiate these
relations along the curve 7.(P): we thus obtain, e.g.

av aT v
Al— ) +—| A=) =0. (2.12)
oP ), 0P ; oT Jp
Remembering that the thermal expansion coefficient is § = 3a = %%, and the
compressibility k = —%%, we can rewrite equation (2.12) as
dT. dT.
Ak =3—Aa = AB |. 2.13
K=3gp = gp P @13
Similarly, from the condition AS = 0, we obtain:
N oT as
Al— ) +—| Al—) =0. (2.14)
oP /), 0P . oT ) p
As
0o
S=—(—) , (2.15)
T )p

9S BRI 9 (0D v
9o = (= )=—(Z) . (2.16)
P ), AT dP aT \ 9P aT ),
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this gives the relation

v dT. A
AlZL) = cr 2.17)
9T ), dP T

(here we have used the expression (1.19) for the specific heat cp). In effect we
obtain

dr, 1
dP VT,

3Aa = AS = Acp |. 2.18)

The relations (2.13), (2.18) are known as the Ehrenfest relations. They are the ana-
logues for the second-order phase transition of the well-known Clausius—Clapeyron
relations valid for first-order transitions, e.g. the relation between the jump in vol-
ume and the latent heat of transition AQ = T AS:

AV = aTCAS— ! dT°AQ (2.19)
9P T.dP ’ '

One can easily check that in the limit in which all the jumps at the first-order
transition go to zero, i.e. when the first-order phase transition goes over to the
second-order one, this expression gives equation (2.18): one can obtain this by

applying the operation +; v aT to (2.19) and using S(AQ) = Acp,and B = 3o = %3—‘/

2.2 (Weak) First-order phase transitions

Until now we have ignored the cubic term in the expansion (2.1). Very often it is
indeed zero, just by symmetry. Thus, in an isotropic ferromagnet the states with
positive and negative magnetization should be equivalent, which means that the
free energy may contain only terms even in M (which in this case is the order
parameter), i.e. the term Cn? in this and similar cases should be absent. But there
may be other situations, in which such terms are allowed by symmetry and should
be present in the expansion (2.1).

Suppose now that the term Cn? (cubic invariant) in the free energy (2.1) is
nonzero. One can easily analyse the resulting equation for 1, analogous to (2.5),
and find the properties of the solution. It is also very instructive just to look at the
dependence ®(n, T) in this case, which will immediately tell us what happens. The
corresponding set of curves ®(n) for different temperatures is shown in Fig. 2.5 for
the case C < 0 (the case C > 0 can be studied similarly). For high enough 7', when
the coefficient A in (2.1) is large, we have only one minimum of ®(»), at n =0
(curve 1 in Fig. 2.5.) With decreasing temperature and, consequently, decreasing
coefficient A, the set of curves ®(n) would look as shown in Fig. 2.5, curves 2—6.
At a certain temperature 7* there will appear a second minimum in ®(7), curve 2.
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Initially it is just a metastable state, the absolute minimum is still at n = 0. But with
further decrease of temperature, at 7 < 7", this new state will have free energy
lower than the disordered state with n = 0, curve 4. Note that this will happen
when the coefficient A is still positive. If we wait long enough, at this temperature
the system would jump from the state = 0 to a new minimum with nonzero 7, i.e.
we will have a first-order transition. The disordered state n = 0 will still exist as a
local minimum, i.e. as a metastable (overcooled) state. At a still lower temperature
T** the coefficient A in (2.1) will itself become negative, and the metastable state
n = 0 will cease to exist. The temperatures 7* and 7** are the limits of overheating
and overcooling in such a first-order transition; they determine the maximum width
of hysteresis at such a transition. These points are called spinodal points, and if T
changes, e.g. under pressure, they will form spinodal lines, or simply spinodals.
Thus the behaviour of n(7T") has here the form shown in Fig. 2.6. We see that
the presence of cubic invariants in the expansion of the free energy (2.1) always
leads to first-order phase transitions. Note that here the real critical temperature, the
point TV in Fig. 2.6, is not a singular point of the free energy — it is just the point
at which two minima of the free energy in Fig. 2.5 have equal depths. On the other
hand, the temperatures 7* and 7** (the limits of overheating and overcooling) are
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‘ D

Fig. 2.7

singular points, so that, e.g. the susceptibility would not diverge at 7", but it would
at T* and T**.

When do we meet such a situation? The general principle is the following: we
should write down in the free energy functional (2.1) all the terms permitted by
symmetry. Usually one has to check it using group theory. And if cubic invariants
are allowed by symmetry, then generally speaking they should be present in the
expansion (2.1), so that the corresponding transition should be first order.

There are many examples in which this is the case. One is the structural phase
transition or charge (or spin) density wave transition in a triangular or honey-
comb lattice with the formation of three equivalent waves 1, = ne'2»", with the
wavevectors @1, Q», Q3 at 120° to one another, so that @, + Q> + Q3 =0. Asa
result there exists an invariant Cnjynon3 = Cnle!(@1+ 224097 — Cp3 sothat such a
phase transition should be first order. This is, for example, the situation in transition
metal dichalcogenides such as NbSe,;, TaS,, etc.

One can also show in general that at crystallization (formation of a periodic
structure from a liquid) the situation is the same — and consequently crystallization,
or melting, should be a first-order phase transition (Landau).

2.2.1 Another possibility of getting a first-order phase transition

Suppose the coefficient C in (2.1) is zero, and we have
&P, T)= A(P, T)n* + B(P, T)n* . (2.20)

We have assumed previously that the coefficients A(P,T) = a(T — T.) and
B(P, T) > 0. But the coefficient B is itself a function of pressure, and in princi-
ple it may become negative. Then at T < T, instead of the behaviour shown in
Fig. 2.2, we would have the behaviour of the type shown in Fig. 2.7, i.e. the free
energy (2.20) would have no minima at finite 7. To stabilize the system we then
have to include higher order terms in the expansion for the free energy. Thus, e.g.
we should write

® = An* + Bn* + Dn° (2.21)
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with D > 0. Suppose that the coefficient B < 0, and that the temperature is slightly
above the original T (i.e. the coefficient A is positive but small). Then the behaviour
of @ at different temperatures would have the form shown in Fig. 2.8. When we
approach the ‘old’ T; from above, so that A = a(T — T,) becomes small but is still
positive, the term Bn* with B < 0 starts to be important at small 1, leading to the
situation with three minima of &. That is, in this case the phase transition also
becomes first order. Thus at the point where B(P, T') changes sign, a second-order
phase transition changes to a first-order one. (The point (7, P*)inthe (T, P) plane
is indeed a point: it is the simultaneous solution of two equations A(P, T) = 0,
B(P,T) =0.) Such a point, at which a second-order phase transition changes to
a first-order one, is called a tricritical point. Close to it the phase diagram of the
system has the form shown in Fig. 2.9. Here we have marked the second-order
phase transition by a bold solid line and the first-order transition by a bold dashed
one; thin solid lines are spinodals — the lines of overheating and overcooling.

2.3 Interaction with other degrees of freedom

The Landau method of treating phase transitions is very simple, but extremely
powerful. It permits us, e.g. to study the influence on the phase transition of the



2.3 Interaction with other degrees of freedom 15

interaction with other degrees of freedom. Thus, for instance, we can study phase
transitions (e.g. magnetic) in a compressible lattice. If u is the deformation, we can
write in general (this is a typical situation)

2 4 bu? 2
o = An"+ Bn —1—7—{—)»7714. (2.22)

Here the third term is the elastic energy (b is the bulk modulus, i.e. the inverse
compressibility), and the last term is the coupling of our order parameter with
the deformation, for example the magnetoelastic coupling in the case of magnetic
phase transitions.

Minimizing (2.22) with respect to u, we obtain

P 5 an?
— =bu+rnp =0, Uu=—-——::. (2.23)
ou b
Now, we put it back into ® (2.22):
)‘2?74 )\‘2774 )\’2
d=An+Bn*+—— - "——=An"+(B-=|n*. 2.24
"B+ — 5 n+( 2b>n (224

Thus we see that if the coupling to the lattice A is sufficiently strong, or if the lattice
compressibility is large (bulk modulus b small), the renormalized coefficient of the
n* term in (2.24) may become negative — and this, according to Figs. 2.8 and 2.9,
makes the transition first order. This is a general rule: coupling to other degrees of
freedom gives a tendency to make a phase transition first order (although it may
remain second order if this coupling is not strong enough').

Note that for the coupling included in equation (2.22) the resulting deforma-
tion is u ~ n?, see (2.23). Thus, whereas below 7, we have n ~ /T, — T (if the
transition remains second order), the corresponding distortion changes linearly,
u ~ (T, — T). In principle this effect can be measured directly. In particular, if
the corresponding distortion breaks inversion symmetry and leads to ferroelectric-
ity (i.e. if the polarization P ~ u), then the polarization will be proportional to
the square of the primary order parameter n and close to 7. would also behave
as T, — T. Such systems are known as improper ferroelectrics, in contrast to the
ordinary (proper) ferroelectrics in which the polarization itself is the main, pri-
mary order parameter, n = P ~ /T, — T. A similar situation can exist also in
other systems with coupled order parameters. The resulting properties depend on
the specific type of coupling between such order parameters 1 and ¢: coupling of
the type of equation (2.22), n?¢, or of the type n>¢2, etc. (The detailed type of

! A more detailed treatment shows that the tendency to make a first-order transition due to coupling of the order
parameter to the lattice is actually much stronger than that obtained above, especially when we take into account
coupling to shear strain (Larkin and Pikin).
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such coupling is determined by the symmetry properties of corresponding order
parameters.)

2.4 Inhomogeneous situations (Ginzburg-Landau theory)

Up to now we have considered only homogeneous solutions, i.e. situations in
which the order parameter n — e.g. the magnetization — is taken as constant, the
same throughout the whole sample, independent of the position r. Often one has to
consider inhomogeneous situations, for example in the presence of external fields,
or close to the surface, etc. Then n = n(r), and the total free energy should be
written as an integral over the whole space, of the type

o = /d3r {free energy density ®(r)} . (2.25)

t -

Fig. 2.10

The free energy density ®(r) contains terms of the type (2.1), with the order
parameter n(r) taken at a given point. But the variation of 7 in space also costs
some energy. Thus, e.g. in a ferromagnet all spins prefer to be parallel, 1 1+ 1 1 1 1.
Variation in space means, e.g. the formation of structures of the type shown in
Fig. 2.10 — spirals, or domain walls, etc. It is clear that the canting of neighbouring
spins costs a certain energy (the usual exchange interaction in a ferromagnet pre-
ferring to keep neighbouring spins parallel). For slow variation the cost in energy
should be proportional to the gradient of the order parameter, ~dn/dr = Vn. The
only invariant containing V5 (for scalar n) is (V n)?. Thus, in the same spirit as
before, we can write the simplest generalization of equation (2.1) in the form

&= / &r {A 2(r) + B n(r) + G(Vn(r))z} . (2.26)

This is called a Ginzburg-Landau (GL) functional (sometimes also Ginzburg—
Landau—Wilson (GLW) functional) — the functional of the function n(r). It is widely
used, e.g. in the theory of superconductivity (where it was actually introduced), in
discussion of domain walls in magnets, etc. Minimizing this functional in the order
parameter n(r) (which in the theory of superconductivity is usually a complex scalar
denoted v, and which can be viewed as a wavefunction of the superconducting
condensate) gives not the ordinary algebraic self-consistency equation (2.5), but,
due to the presence of the gradient term in (2.26), a differential equation — the
famous Ginzburg-Landau equation. In the theory of superconductivity it is usually
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(. 2¢ \ s
- —ihV— —A) v+ AY +2B|Y "y =0. 2.27)
m c

(Here A is the vector potential, introduced to describe the behaviour of supercon-
ductors in a magnetic field.) We see that the Ginzburg—Landau equation (2.27) has
aform similar to the Schrodinger equation, but with a nonlinear term ~3. Close to
T., when the order parameter {» — 0, this equation can be linearized, and then it is
indeed exactly equivalent to the corresponding Schrddinger equation. This analogy
is very useful for the treatment of many problems in superconductivity, such as the
upper critical magnetic field H,, the formation and properties of vortices, etc.

Similar equations can also be written down for other physical systems. Thus, the
corresponding equation for ferromagnets (known as the Landau-Lifshits equation)
is widely used for treating the domain structure of ferromagnets, the dynamics of
domain walls, etc.

As we have discussed above, in the usual situation the homogeneous solutions
correspond to the minimum energy, which means that the coefficient G next to
the gradient term in equation (2.26) is positive. But what would happen if the
coefficient G(P, T) becomes negative?

Let us suppose that G < 0. Then it is favourable to have V7 #£ 0, i.e. the
homogeneous solution becomes unstable, and there should occur a transition to an
inhomogeneous state. For instance, instead of a ferromagnet 1 1 1 1 1 we may have
a transition to a spiral state. To find such a solution and to describe its properties we
have to minimize ® now with respect to V7. Again, if the term G(V7)? becomes
negative, we have to write down the next terms in the gradient (but still lowest order
in 7 itself), e.g. E(V?n)?* with a positive coefficient E, to stabilize the system.

Thus we would have in the free energy the terms

G(Vn)> + E(V*p)*. (2.28)

As a function of V1, ® has a form similar to the one shown in Fig. 2.2, see Fig. 2.11.
It is convenient to go to the momentum representation: (Vn)?> — g’n?. Then &
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would contain the terms
Gq*n* + Eq*n*. (2.29)

Now we can find the value of ¢ which minimizes ®:

D

_3q2 = an + 2Eq2r]2 =0, (2.30)
G

0 =g, = ~3F (G <0). (2.31)

That is, in this case the structure with the wavevector Q, or with the period
l =2m/Q, will be formed. In general the period of this superstructure (lattice,
or magnetic, etc.) is incommensurate with respect to the underlying lattice period.

The point where the coefficient G changes sign and at which there is a change
from homogeneous to inhomogeneous ordering is called the Lifshits point. The
typical phase diagram in this case looks like Fig. 2.12. Here the solid lines are
second-order phase transitions, and the dashed line is a first-order transition. Such
is, for example, the phase diagram of CuGeOs (spin-Peierls system, see Section 11.2
below) in a magnetic field.

In general, for certain symmetry classes, there may exist in the free energy also
invariants /inear in the derivatives (the so-called Lifshits invariants), for example
the term M - curl M in magnetic systems. These terms will give helicoidal struc-
tures even for the case when the coefficient G > 0 (instead of (2.29) we will have
an equation for the wavevector of a new periodic structure of the type const - g +
Gg*n? = 0). This is actually the situation in many rare earth metals having dif-
ferent types of such incommensurate magnetic structures. These terms also play
a crucial role in magnetically driven ferroelectricity in the so-called multiferroics.
The microscopic origin of such linear terms is a special problem which we do not
discuss here.
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2.5 Fluctuations at the second-order phase transitions

The theory of second-order phase transitions described above is essentially a mean
field theory. However, close to T, fluctuations become important. They modify the
behaviour at T, of all thermodynamic functions, e.g. the specific heat c, the thermal
expansion «, the compressibility «, etc. For example, instead of a jump in ¢, there
may appear a real singularity, e.g. ¢(T) ~ In(|T — T¢|/T.) or ~|T — T,|™*. One
can estimate the region |T — T.|/T. in which fluctuations become very strong
and the behaviour of many quantities, such as the specific heat, will deviate from
that described in Section 2.1. This region is determined by the condition that
the average fluctuations of the order parameter become comparable to the order
parameter itself, ((An)z) ~ n?. The corresponding criterion for the width of this
region, due to Ginzburg and Levanyuk, has the form

|T — T, B? B’T, 2.32)
T~ ~ = . .
T, 87r2a4TC2506 8n72aG?
Here
G
= 2.33
o " (2.33)

is the so-called correlation length at zero temperature; the parameters a, B, G
are the parameters of the free energy expansion (2.1), (2.26). The correlation
length (2.33) determines, e.g. the typical length-scale at which, in the ordered state
at T = 0, the order parameter recovers its equilibrium value when ‘disturbed’ at
some point, or shows at which length-scale the order parameter changes close to
the surface of the sample.

Inside the temperature interval (2.32) fluctuations are important and modify
the behaviour of all physical characteristics of the system, but outside it (but still
close to T,) we can use the Landau theory. The parameter Gi = B>T./87%aG? is
called the Ginzburg number; if Gi < 1, one can use mean field results practically
everywhere without restrictions.

One sees from (2.32) that Gi « 1 if the correlation length & is large enough.
This is, for example, the case in the usual superconductors, in which &, (also called
there the coherence length) is & ~ 10* A —much larger than the lattice parameter a.
However, for example, in liquid “He, & is of atomic order, and the fluctuation region
is very large, so that the specific heat at the transition to the superfluid phase has the
shape shown in Fig. 2.13, which is sometimes called the A-anomaly. The qualitative
explanation of this behaviour is that due to fluctuations, e.g. above T¢, the ordering
does not disappear immediately, but there exists a certain short-range order, so
that the whole entropy is not released at 7t, but part of it remains also above T.
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This explains the tail of the specific heat at high temperatures. On the other hand,
very close to T; the anomalies of thermodynamic functions may differ from those
assumed in the Landau expansion (2.1), see below.

One can show that the size of the region in which fluctuations are important is
determined microscopically by the spatial extension of the interaction leading to
the ordering, such as the exchange interaction in a ferromagnet: if the interaction
is long-range, the Ginzburg parameter is small, and consequently the fluctuation
region is small as well, and the mean field description, which the Landau theory in
fact is, is applicable. If, however, the corresponding interactions are short-range (as,
for example, the interactions between helium atoms in liquid He), then fluctuations
are important in a broad temperature interval; this is actually the microscopic reason
for the A-anomaly in helium.

The quantity £ has a definite physical meaning, which gave rise to its name
‘correlation length’. If one considers fluctuations of the order parameter at different
points, they are not completely independent but are correlated, very often of the
form

T
(An(0) An(r)) ~ - e s (2.34)

where & is the correlation length. In general it depends on temperature:

T)= G 2.35
61 = [ (2.35)

The quantity &, in (2.33) is equal to &(T = 0). Close to T, £ becomes very
large both when approaching 7;. from below and from above. For T — T, + O the
average equilibrium value is = 0, but there exist fluctuation regions in which
order is already established; and &£(T') is the typical size of such regions, which
tends to infinity for T — 7. Below T there exists long-range order, n # 0, but on
approaching 7. from below there appear disordered regions, whose size is again of
the order (7).
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It is often convenient to describe fluctuations not in real, but in momentum space.
Equation (2.34) then looks as follows:

T 1T &
C AT -T|(1+4%%)  2G(1+4¢%?) "
This is the famous Ornstein—Zernike theory of fluctuations. One can also obtain

the expression for the susceptibility close to the second-order phase transition. It is
given by similar expressions:

(Ang An_g) = (Ing|) (2.36)

x(T) = x(T) = ——— . (237)

2a(T = To)| 4a(T. — T)

c T<TC

i.e. the susceptibility also diverges when T — 7. (see also later, Chapter 6,
(6.40), (6.44)).

In principle the generalized susceptibility is a function of ¢ and w, x(q, ®) (e.g.
the well-known dielectric function (q, ), which is a response function to the
external electric field E(q, w), just as the usual susceptibility of magnetics is a
response function with respect to the magnetic field). There exists a very important
general connection between (g, w) and the corresponding correlation functions
(n(r, 0) n(r’, t)) or their Fourier transforms. For static susceptibility this relation
has the form

1 d’r iar
x@ = / St 0. (e, ). (238)

For the usual susceptibility, e.g. in magnetic systems for which the order parameter
1 is the magnetization, or the average spin S, it gives a convenient relation:

1

== So-Sn) . 2.39
X=x ;< 0 Su) (239)
In general close to T, e.g. for T > T, one obtains from (2.36) and (2.38), that
1 1 1 EXD)
x(q) =— ., (2.40)

-1, 2a(T — To) (1 + ¢?€(T))  2G (1+ ¢%(T))
which for ¢ = 0 gives (2.37).

2.5.1 Critical indices and scaling relations

All the considerations presented above are valid when we proceed from the
expansion (2.26) for the free energy and treat a second-order phase transition
in essentially a mean field way. However, as we have already seen above, close
to T, the fluctuations are always strong (and the width of the region in which
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they are important, given by the Ginzburg—Levanyuk criterion, may be sufficiently
broad). In this region the description of second-order phase transitions should be
modified, and all the anomalies of thermodynamic functions such as specific heat,
compressibility, thermal expansion, susceptibility, etc. are very different from those
predicted by the Landau theory. This is really the field of the theory of second-order
phase transitions, which was especially active in the 1960s and 1970s and which
resulted in a rather deep understanding of the phenomena close to 7. for such
transitions. This is a very big field in itself, which we cannot cover here; one can
find corresponding results and references in many books and review articles, e.g.
Chaikin and Lubensky (2000) and Stanley (1987). The basic conclusion of these
very elaborate studies is that close to 7;. the properties of the system usually have
singularities of the type |T — T.|~*, where the exponents A; (different for different
quantities) are called critical indices. Thus, e.g. the specific heat behaves as 7%,
where T = |T — T.|/T.; the order parameter itself changes close to T, as T, the
susceptibility x as t7, the correlation length & diverges as 77", etc. (This is the
standard notation for these critical exponents.)

The exact values of the critical indices are known only in very few cases;
a notable example is the exactly soluble two-dimensional Ising model, see
Section 6.4.3 below. However, despite the absence of exact solutions in most
cases, there exist very powerful general results in this field known as scaling rela-
tions (Kadanoff; Patashinskii and Pokrovskii). The underlying idea is that when the
system approaches T, the correlation length diverges and becomes infinitely large.
In this case all microscopic details, important at short distances, become irrelevant,
and the properties of the system become universal. Moreover, as T — T all length-
scales become equivalent, and, simply from dimensional arguments, one can show
that for instance when one changes all distances by a certain factor, L — kL, e.g.
doubling the size of the system, different quantities would change accordingly.
From these arguments one can find the relations between different quantities in the
vicinity of the critical temperature. Some examples of these relations are:

a+28+y =2, 2.41)

dv+a=2 (2.42)

(here d is the space dimensionality), etc. The critical indices may be different from
system to system, but relations of the type (2.41), (2.42) are universal. The values of
the indices depend only on the dimensionality of the system d and on the symmetry
of the order parameter (real or complex scalar; vector; isotropic or anisotropic
system, etc.), and for each particular case the critical indices should be the
same, independent of the specific physical situation. These are called universality
classes.
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As mentioned above, the values of the critical indices for different universality
classes are known exactly only in very few cases. But numerical calculations using
powerful computer algorithms have given pretty accurate values of these indices
in many cases. Thus, for example, we have:

1. For the 2d Ising model: o = 0 (logarithmic divergence, which is weaker than
any power law divergence); 8 = é; y = ZT; v=1.

2. For the 3d Ising model: « = 0.10; 8 = 0.33; y = 1.24; v = 0.63.

. For the 3d Heisenberg model: « = —0.12; 8 = 0.36; y = 1.39; v = 0.71.

4. Compare this with the mean field behaviour following from the Landau theory:
a = 0 (the specific heat has a jump, equation (2.9), but no divergence at Tt;
B = %, see (2.6); y = 1 (the well-known Curie—Weiss law, see equation (6.40)
below); v = %, see (2.35).

(98]

We see that indeed the specific behaviour (divergence) of different quantities
as T — T, is different for different cases (different universality classes), but the
scaling relations (2.41), (2.42) and others are fulfilled for each of them.

Theoretical methods used to obtain these results are both analytical (those giv-
ing scaling relations) and numerical (giving specific values of critical indices for
different quantities in different situations). One of the very powerful methods used
to treat these problems, and also many others in which the interaction is strong
and we do not have any small parameter which would allow us to use perturbation
theory or expansion of the type of (2.1), is the renormalization group method. It
originates from field theory, but is now widely used in many difficult problems in
condensed matter physics, such as the theory of second-order phase transitions,
the quantum Hall effect, etc., see, e.g. Chaikin and Lubensky (2000) and Stanley
(1987).

2.6 Quantum phase transitions

Until now we have considered phase transitions occurring at finite temperatures.
The description we used was actually that of classical statistical mechanics. Indeed,
even if the physical nature of some phase transition is of essentially quantum origin,
such as the superconducting transition in metals or the superfluid transition in lig-
uid “He, close to T} the correlation length & becomes very large, see equation (2.35),
i.e. it becomes much larger than the distance between particles or the radius of the
interaction. In this case the behaviour of the system is essentially classical.
However, there may exist situations in which the critical temperature can be
suppressed, e.g. by application of pressure, a magnetic field or some other control
parameter g, see Fig. 2.14 (the grey region is here the region of classical fluctu-
ations). In this case, if T, tends to zero, quantum effects start to play a more and
more important role. The state of the system for g > g. (e.g. pressure P > P.)
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may be disordered even at T = 0, not because of classical, but because of quantum
fluctuations — we can speak of a quantum disordered phase.

There is here no contradiction with the Nernst theorem, which requires that the
entropy of the system should tend to zero as T — O: the state of such a system
at T =0 and P > P, is a disordered one from the point of view of standard
phase transitions (e.g. magnetic ordering may be suppressed for P > P.), but it
is a unique quantum state described by a, maybe very complicated, but unique
wavefunction. Consequently the entropy of such state is zero. A simple example
is given by an ordinary metal (Fermi liquid), as compared, for example, with the
ferromagnetic metallic state: although, in contrast to the latter, a normal metal is
paramagnetic (Pauli paramagnetism, see Chapter 6 below), it is a unique state — the
filled Fermi surface, which has zero entropy. As discussed below, in Section 2.7.3,
this determines, for example, the slope of the high-temperature insulator—metal
transition in V,03.

The behaviour of the system close to the point (7" = 0, g = g.) in Fig. 2.14 is
determined by quantum fluctuations, and such a point is called a quantum critical
point (QCP). One can show that quantum fluctuations dominate the behaviour of
the system ‘above’ QCP — in the region of the phase diagram marked by hatch-
ing in Fig. 2.14 (of course the intensity of these fluctuations and consequently
the amplitude of all the anomalies decreases with increasing temperature). The
proximity to a quantum critical point may strongly influence not only thermody-
namic, but also transport properties of the corresponding systems, leading, e.g. to
a non-Fermi-liquid behaviour, see Chapter 10 below. There are even suggestions
that the proximity to QCP may be important for the appearance of unconventional
superconductivity, in particular for the high-7; superconductivity in cuprates. More
detailed descriptions of these phenomena one can find, e.g. in Sachdev (1999) and
in von Lohneisen et al. (2007).
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2.7 General considerations
2.7.1 Different types of order parameters

There may exist different types of order parameters in different systems. For exam-
ple, they may be scalars, e.g. periodic density in crystals as compared to a homo-
geneous liquid; vectors (or pseudovectors), e.g. magnetization in ferromagnets or
spontaneous polarization in ferroelectrics. Order parameters may also be com-
plex. An example is a complex scalar — the electron (condensate) wavefunction
W(r) in superconductivity. There may also exist more complicated types of order
parameters, for example tensor order parameters (liquid crystals, anisotropic super-
conductivity and superfluidity, e.g. in *He and most probably in high-temperature
and in heavy-fermion superconductors).

2.7.2 General principle

The general principle is that the free energy should contain invariants built in from
the order parameter. Thus, for the vector order parameter M in ordinary magnets, &
may contain (M)? or (div M )2 = (V - M)?, but, in the absence of an external field,
no terms linear in M or terms ~M? because they break the inversion symmetry
(equivalence of the states M and —M).> Similarly, for the complex scalar order
parameter W in isotropic systems the free energy ® should contain |¥|?, but not
W2 etc.

Symmetry considerations are very powerful, and they determine the form of
the Landau free energy expansion. In the general treatment one should always
keep all the terms allowed by symmetry, even if we do not know in detail the
physical mechanisms responsible for their appearance. This was, for example,
the reason why we have included the term ~n?u in (2.22), although we did not
specify the type of the order parameter or its dependence on the lattice distor-
tion. Of course, the coefficients of such terms do depend on the microscopic
nature of the ordering, and to calculate these coefficients is a separate, often
very difficult problem. However we can deduce many general conclusions even
without such a microscopic treatment, using only very general properties such as
symmetry.

2 For magnetic states there is another, even more powerful restriction. All magnetic states break time reversal
invariance; magnetic moments are odd with respect to time inversion. (This becomes clear when one remembers
that the standard way to create a magnetic moment is by a current running in a coil; and time inversion means
that the current would run in the opposite direction, changing accordingly M to —M.) But the free energy
should of course remain the same under time inversion, from which it follows that magnetic vectors should
always enter in even combinations; e.g. M 2 M -curl M, or M - L where L is the antiferromagnetic vector, see
Section 6.2.3.
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2.7.3 Broken symmetry and driving force of phase transitions

At second-order phase transitions the symmetry changes (it decreases in the ordered
phase). Thus, e.g. in a paramagnetic phase there exists spherical symmetry (free
rotation of spins), whereas in a ferromagnet all spins point in the same direction,
the spin orientation is fixed, i.e. we have broken spin rotation invariance.

The situation is similar in liquids compared with crystals: in liquids there is
continuous translational symmetry (shift by an arbitrary vector), whereas in a
crystal there remains only a shift by a vector equal to the lattice period. This means
that we have broken the continuous translational symmetry. The low-temperature
phase usually has lower symmetry than the high-temperature one.

One should keep in mind an important distinction: there exist cases of a broken
continuous symmetry, or of a discrete one. The examples given above correspond
to broken continuous symmetry. But there are also cases of a broken discrete
symmetry. Such is, e.g. the case of strongly anisotropic magnets. Suppose that
spins can take not an arbitrary orientation, but only two: 1 or | .. Again, in the high-
temperature disordered phase there is equal probability of finding spins 1 or | at
a given site. The low-temperature ordered phase would correspond, e.g. to spins
being predominantly 1 (at T = 0, only 1). This is the so-called Ising ferromagnet.
Here a discrete symmetry (spin inversion 1 <= | ) is broken.

As we have already discussed, it is easy to understand why the system goes to
a more disordered phase with increasing temperature. If we start from the low-
temperature ordered phase, we see that the transition to a disordered phase is
driven by the entropy. According to (1.10) the free energy (for fixed pressure) is
® = FE — TS. At low temperatures, e.g. T = 0, to minimize the free energy we
should make the (interaction) energy as low as possible, which is reached in the
ordered phase. However at high enough temperatures to decrease & we should
make the entropy nonzero, and this drives the transition to a disordered phase.
We thus gain in entropy, losing in energy, which, according to (1.10), becomes
favourable with increasing temperature.

We have to include all contributions to the entropy. Sometimes it is not easy to
understand at first glance why the transition occurs in a certain way. A good
example is the insulator—-metal transition (Mott transition), e.g. in V,03, see
Chapter 12 below. Briefly, this is a transition between the state with electrons
localized each at their own site (Mott—Hubbard insulator) and a metallic state with
itinerant electrons. It seems that in this case we should expect the insulating state
to be the stable state at low temperatures (electrons localized at their sites, an
‘electronic crystal’), and the metallic phase to be the high-temperature phase (delo-
calized, moving electrons — an electron liquid), similar to melting of an ordinary
crystal with increasing temperature. However the actual situation is not so simple.
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The experimental phase diagram of V,0;3 looks schematically as shown in
Fig. 2.15. We see that the transition between an antiferromagnetic insulator and
a metal does indeed occur with increasing temperature. However, the ‘pure’ Mott
transition (line AB), not associated with the destruction of magnetic order, is such
that with increasing temperature we go from a metal to an insulator! Why? The
explanation is most probably that in the metallic phase we have a Fermi surface,
and in a sense it is an ‘ordered’ state (a unique state, the entropy of which is small
and at T = 0 would be zero). But the insulating state with localized electrons
also has localized spins, which in the paramagnetic phase are disordered, i.e. the
paramagnetic insulator has entropy (per site) kg In(2S + 1), higher than that of
the metallic Fermi sea. Therefore, according to the general rule, with increasing
temperature the system goes over from the state with lower entropy (metallic state)
to the one with higher entropy (paramagnetic insulator), although at first glance this
looks strange and counter-intuitive. This is not a unique situation, and in each such
case we have to think which entropy drives the observed transition with increasing
temperature.

2.7.4 The Goldstone theorem

There exists one general result which is known as the Goldstone theorem. According
to this, when there is a broken continuous symmetry at the phase transition, there
should exist in the ordered state of the system (without long-range interaction)
a collective mode, an excitation, with gapless energy spectrum (the energy starts
continuously from 0). There exist many examples of such excitations. Here I give
only a few: in an isotropic ferromagnet these are spin waves, with the spectrum
shown qualitatively in Fig. 2.16. In crystals these are the usual phonons, Fig. 2.17.
We will meet many other such examples later in this book.
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Qualitative explanation

In the case of broken continuous symmetry in the ordered phase there exist infinitely
many degenerate states (e.g. in a ferromagnet all directions of spontaneous mag-
netization are possible). All these states have the same energy and are equivalent.
A collective mode with g = 0 describes a transition from one such state to another
(e.g. rotation of the total magnetization of the sample as a whole) — and it should
cost us no energy, hence the spectrum of such excitations w(q) should start from
o = 0, i.e. there exists gapless excitation. This is the content of the Goldstone
theorem; the corresponding gapless modes are often called Goldstone modes.

2.7.5 Critical points

In principle there may exist phase transitions without a change of symmetry, but
only the first-order ones. Such is, for example, the liquid—gas phase transition. The
symmetry of both these phases, gas and liquid, is the same, but they differ in density
(and of course in many other properties, not related to the phase transition itself).
Such a transition can end at a critical point (P, T) (Fig. 2.18): here the thick dashed
line is a first-order transition, and the thin solid lines are the limits of hysteresis. As
in this case there is no change of symmetry across the first-order phase transition,
one can in principle go from one phase to another continuously, e.g. from point
A to point B in Fig. 2.18, moving around the critical point without crossing the
transition line. For the second-order phase transitions this is impossible, because
the symmetry of the two phases, the disordered one and the ordered one (or two
different ordered phases) is different.

The same situation in (P, V) coordinates has a familiar form, Fig. 2.19, where
above the critical point (for T > T, P > P) the state of the system is unique, and
below it the system with fixed total density, or fixed volume in the grey region, would
phase-separate (decompose) into different phases (here gas and liquid), the relative
volumes of which will be determined by the well-known Maxwell construction. The
point (P, T) is the critical point. Above it the P—V isotherms have only negative
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slope,dP/dV < 0, the compressibility (1.21) is positive, and the transition (cross-
over), e.g. from a liquid to a gas state, is smooth. Inside the grey region in Fig. 2.19
there are parts of P—V isotherms with dV /d P > 0, which would imply negative
compressibility, i.e. an absolute instability of the corresponding homogeneous state.
This is in fact the reason for the phase separation in this region.

Critical points can appear even in solids. This is the situation, e.g. for the
isomorphous phase transitions like the y—« transition in Ce or in a high-temperature
metal—insulator transition in V,03 shown in Fig. 2.15, where the point B is such a
critical point.

Concluding this chapter, one general remark is in order. We have seen that the
Landau approach to phase transitions, although conceptually and technically rather
simple, is nevertheless very powerful in describing many quite different situations.
It uses the most general arguments such as those of symmetry, etc. and if there are
no special indications otherwise, makes the simplest assumptions possible, such
as the use of a Taylor expansion in the small parameter n or Vn, to give quite
general and very successful descriptions of very complicated phenomena. Such an
approach is often very fruitful also in many other fields of physics.
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One good example is the treatment by Landau of the extremely complicated
phenomenon of turbulence (see Landau and Lifshits, Fluid Mechanics, 1987). In
this problem it is known that the flow of a liquid remains homogeneous, laminar,
if the so-called Reynolds number R is less than a certain critical value R, and
the flow develops instability (transition to turbulence) for R > R.. Landau again
used here, in the absence of a complete theory (which still does not exist!) an
expansion in terms of the amplitude [T of a new mode of the motion, which
appears for R > R, and breaks the laminar flow. The expansion again has the form
ATI? + BII*, with A = y (R. — R), so that the new mode IT is absent for R < R,
and the laminar flow is stable, and IT # 0 (~+/R — R.) for R > R.. The analogy
with the treatment of the second-order phase transition (cf. (2.1)—(2.6)) is of course
apparent. Again, this approach is limited, and the real theory of turbulence should
be much more complicated, e.g. it may resemble the theory of second-order phase
transitions going beyond Landau’s approach and briefly discussed in Section 2.5.1,
with critical exponents, etc. or be even more complicated. But the Landau theory
gives at least a first orientation in this nontrivial problem. Such an approach is
widely used also in many other fields of physics, including elementary particle
physics and cosmology.
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Bose and Fermi statistics

This chapter is a short reminder and a collection of basic formulae on Fermi and
Bose statistics. For noninteracting particles with the spectrum &, the energy of the
quantum state, in which there are n; particles, is Ey ,, = exny (we incorporated in
the index k also spin indices, and other indices if they exist). Then, according to
(1.32), (1.33), the thermodynamic potential €2 for this quantum state is equal to

Qe =—TIn) (e /Y™ (3.1)
ng

For bosons (the occupation numbers n; can take any value, i.e. the summation
in equation (3.1) goes from n; = 0 to 00), the expression (3.1) converges if
e=#)/T < 1, i.e. we necessarily have 1 < & (or u < 0 if & ~ k?/2m), and after
summation we obtain

QF=TIn(1— W /Ty (3.2)

Then from (1.31) the average occupation of the state k is

0 1
- BM - e(gk_M)/T —1

3.3)

For fermions, due to the Pauli principle, we can have no more than one particle in
a given quantum state, i.e. n; = 0 or 1. Then the thermodynamic potential (3.1) is

Q=—-Tln(1+ "7y (3.4)
and
aQrF 1
~F _ k __
iy = B = ST | (3.5)

31
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Fig. 3.1

In both cases the total number of particles N = ), ny; this condition determines
the chemical potential w(7).

Problem: Discuss the cross-over to Boltzmann statistics. Find the asymptotic
behaviour of (7)) at high temperatures.

Solution: Boltzmann statistics (the classical case) corresponds to the situation in
which all n; < 1 (no double occupancy, etc.), i.e.

e(ﬂ_Ek)/T < 1

(n—ex)/T
ng—=—e . (3.6)
( or e(é‘k_li)/T >> 1 )}

The chemical potential u is obtained from the condition

N / d’k 3.7
n=—= | n——. .
% “@rny
Taking the energy spectrum &; = k?/2m, and going over to the variable & (and then
to the dimensionless variable z = ¢/T), we obtain:

2/ 00 oyt o 3232 oo

= — e\t ¢ ede = et —/ ze *dz.
ﬁn2h3/o ve (e/T=2) V22 Jo vz

(3.8)

n

The integral in (3.8) is the gamma function, I'(3) = \/T;

In effect n = e*/T(T/7)*/?, where t is a constant (a combination of m, ,
fi, ...). Inverting this equality, we find

T\~3/2
Mt =n (—) , (3.9)
T
3 T
M:Tlnn—ETln(?> (3.10)

which is valid at T > t. This behaviour is schematically shown in Fig. 3.1; we
will need these results later on, in Chapter 5.
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Special consideration is required for (quasi)particles, whose number is not con-
served. Such is, for instance, the situation for phonons in crystals or for photons —
quanta of the electromagnetic field. As mentioned in Chapter 1, in this case the
number of particles N itself is determined by the condition of minimization of the
corresponding thermodynamic potential, e.g. the free energy, with respect to N.
From the definition of the chemical potential (1.25) we then see that in this case
the corresponding chemical potential has to be taken as zero for all temperatures.



4

Phonons in crystals

In this chapter we will discuss the first, and probably the best-known example of
bosonic systems — phonons in crystals. According to our general scheme, after
briefly summarizing the basic facts about noninteracting phonons in a harmonic
lattice, we will pay most attention to the next two factors: quantum effects in the
lattice dynamics, and especially the interaction between phonons which leads, e.g.
to such phenomena as thermal expansion, explains the features of melting, etc. But
for completeness we give, at the beginning, a very short summary of the material
well known from standard courses of solid state physics.

4.1 Harmonic oscillator

The classical equation for a harmonic oscillator is

Mk = —Bx . 4.1
Its solution is:

x = xpe'”" , (4.2)
where the frequency is

w=+/B/M . (4.3)

The Hamiltonian of the harmonic oscillator has the form

2

H:f—MJrBsz (pzzi). (44)

In quantum mechanics the energy levels are quantized:

&= (n+1)ho. (4.5)

34
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4.2 Second quantization
The operators of the coordinate X and momentum p obey the commutation relation
[%, pl- =Xp — pX = iF. (4.6)

It is convenient to introduce the annihilation and creation operators of phonons
(in the following we omit the sign " for the operators):

1
b= —Mwx +ip)
V2hMw
) 4.7
bt = ——(Mwx —ip).
V2hiMw
Problem: Check that b, bt obey the commutation relation
b, bT]_ =1 (4.8)
(in future we also omit the minus sign on the commutator [ ]_).
Solution:
1
(b, b = = (M), x] +iMolp, x] - iMolx, pl +[p, pl]
2hMw
1 (=2i)in
= — (=2 = =1. 4.9
o (APl = )

We can express x, p through b, bT, using (4.7):

/] IV2EiMow
_ i — T_
X =\ra "+ b), p= > (0" —b). (4.10)

From (4.4), (4.10) and using (4.8), we obtain

H = ho®b! +blb) = b + o =no(n+ 1), n=blb.

4.11)
For the eigenstates (the states with certain particular value n) equation (4.11)
gives the energy levels (4.5); this is actually the simplest way to obtain the energy
spectrum of the harmonic oscillator. Note the presence of % in (4.11); this term
corresponds to the so-called zero-point oscillations and it describes a real physical
effect, which, as we will see later, often has very important physical implications.

The states with n excitations |n) obey the relations

bln)=+/n|n—1)
bilny =/n+1n+1),

that is, b is indeed an annihilation operator and b' is a creation operator; they
respectively decrease and increase the number of phonons by 1. For the number

(4.12)
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operator 71 we have, as we should,
Aln) =b'b|n) = bl/n|n—1) =n|n) . (4.13)
For the ground state |0) (the state with zero phonons)
b10)=0. (4.14)

From (4.12) we then obtain

1
— Ty
In) = m(b )'10) . (4.15)

Let us now consider not an isolated oscillator, but a linear chain, consisting of
atoms with the harmonic interaction: its Hamiltonian is

H = Z[M” + S Mn+a)2:|- (4.16)

(Here we have introduced the deviation of the n-th atom from its equilibrium
position u,, = x, — x,? .) The equations of motion have the form

Mii, = —BQuy, — Upy1 — Up—1) . 4.17)
We seek the solution in the form u,, = uqeiq". Then from (4.17) we get
Mii; = —n(2 — "1 — ¢7'9%) = —2B(1 — cosqa) u,, . (4.18)

This is also the equation for the harmonic oscillator, with frequency

o, =22 ~ B, (4.19)
K M 2 @q-0 VM

(compare with (4.1), (4.3)).

Problem: Consider a linear chain ‘with the basis’ (two atoms per unit cell — e.g.
with different masses M and M», see Fig. 4.1). Find the phonon spectrum.

Solution: For convenience we introduce two variables, u,, and v,,, for the atoms of
two kinds, see Fig. 4.2. The equations of motion for u,, and v, are:
Myii, = B(vn + U1 — 2un)

(4.20)
M, v, = B(ups1 + uy — 2v,) .
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Let us seek the solution in the form u,, = ue'9"*=®" v, = ve'd"~i®! The solution
of equation (4.20) is now reduced to the diagonalization of the matrix

‘ 2B — M w? —B(1 + ¢7199)

, =0. 4.21)
—B(1 + €'1%) 2B — Myw?

The eigenenergies are

1 1 1 1V 4sin2qa
2
=B|l—+—|E£B,J/|—+— ) —————. 4.22
() (Ml +M2> \/<M1 +M2) MM, (422)
Thus there exist in this case two branches of phonons, see Fig. 4.3: optical phonons
with the spectrum w., which at ¢ = 0 have finite frequency,

1 1
wi(g=0)=2B (Vl + E) , (4.23)

and ordinary acoustic phonons, whose spectrum is obtained by taking the ‘minus’
sign in equation (4.22),

w_(g=0)=+2B/(M| + M,) singa , (4.24)
which for M; = M, coincides with (4.19).

Problem: The the same for equal masses, but alternating spring constants, Fig. 4.4.
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Solution:

B + B,
M

1
wli(q) = + M\/Bf + B2 +2B,Bycosqa . (4.25)

In the general case the Hamiltonian of the harmonic lattice takes the form

qa”qo

H=Y fog (Boby + 1) +const (4.26)
q.0

where ¢ is the (quasi)momentum (in the one-dimensional case —% < ¢ < 7; in
general g lies in the first Brillouin zone), and « is the mode index (denoting
acoustic or optical modes and the corresponding polarization — one longitudinal,
two transverse modes).

4.3 Physical properties of crystals in the harmonic approximation

Phonons are bosons. The number of phonons is not fixed, which means that the
phonon chemical potential should be taken as zero, see Chapter 3:

fpn = 0. (4.27)

Consequently, the phonon occupation number is (cf. (3.3))

1

e el (4.28)

I’lq:

The energy of the mode q is E, = (ng + %)hwq. Thus the total energy (including
the zero-point energy — the term with % in (4.20)) is

1 hwg /T 41
E= Zhwq ( hog/T _ +§> = ;Tehwq/T 1

i 7
_Zﬂc thﬂ_ (4.29)
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General rule

The transformation of the sum in ¢ to an integral is done as follows:

diq in 3d-case d = 3;
2= k=

similarly in one-dimensional and in | . (4.30)
two-dimensional cases (d = 1, 2)
By (1.18) the specific heat (per unit volume) is
OE 1 [ d’q (hwy)*e™/T
ev= (L) = = g (hog) e 431)
T ), T? ) (2n)? (e"®/T —1)2

Later, in most cases we put 7 = 1 (as well as the Boltzmann constant kg = 1).

One can introduce the phonon density of states D(w): d3q/(2n)? = D(w)dw,
where D(w)dw is the number of phonon states at energy w in an interval dw.
Normalization should be such that f dw D(w) over the Brillouin zone is equal to
the total number of phonon modes per unit cell, i.e. equal to the total number of
degrees of freedom. If there are m atoms per unit cell and N, unit cells, there are
3mN. = 3N modes. Then

(@/T) e/

—(ew/T 12 D(w)dw . (4.32)

Different models for the phonon spectra w(q) give different forms of the phonon
density of states D(w) and consequently in general different phonon specific heat:

Cv=3N

(1) Einstein model, w(q) = wy = const. (this is not such a bad approximation for
optical phonons). The phonon density of states is then a delta function, and the
specific heat is

B qn @0/ T) e™T

b =N (4.33)

or, with 7iwy = O, where Qg is the corresponding temperature (we then put
Of in (4.33) instead of wy, or simply take wy in kelvin), it is

O\ )
T—>0 : E(T«op~ 3N<7E> exp(—%) (4.34)
E Op

The expression (4.35) is the Dulong—Petit law, well known from classical
physics (we recall that above we put kg = 1; the standard form of the Dulong—
Petit law is ¢ = 3kgN).

(2) Debye model: we approximate the total phonon spectrum by the spectrum
of acoustic phonons w(q) = sq, with the appropriate upper cut-off, see the
schematic picture in Fig. 4.5. The integration in [ d%q is carried out not over
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Typical ‘real’ density of Debye model (with the
states for phonons approximation w = sq)
Fig. 4.5

the real Brillouin zone, but over a sphere, with the volume equal to the volume
of the Brillouin zone.

The number of g-points in the Brillouin zone is N; their density is V /(27)*;
thus

N L (4.36)
= —TT .
2r)y 3740

where g( — the Debye wavevector — is the maximum wavevector of the equiv-
alent sphere in g-space.
The maximum frequency wp = sqo is called the Debye frequency (s is the

sound velocity); ®p = fiwp is the Debye temperature.

In effect
T\ Op/T 4,
=3N|— -3 ——dx. 4.37
v (®D> [ e e @37
(Here we have used that D(w) dw in (4.29) is

drg*d 3w?
D(@)dw = 225 _ 2% g4, (4.38)

37T4p Wp

and substituted kg ®p for 7iwp.)
The limiting behaviour of the specific heat in the Debye model is

1274 T\
T—0 (T<0Op) : cy ~ N({—]) ., (4.39)
5 Op
T — oo (T > Op) : cy ~ 3N . (4.40)

At high temperatures we have the Dulong—Petit law again. (Actually the cross-
over from the low-temperature behaviour cy ~ T to the high-temperature limit
occurs not at T ~ ®p, but at approximately 7" ~ %@D.) One has to remember
that at low temperatures the phonon specific heat is ~T; this relation is very
important for many experiments.
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Problem: Find the free energy of the harmonic crystal.

Solution: The energy of the harmonic crystal is

E=Y tlog(ng+3). ng=123.... (4.41)
q
The partition function is

Z=E[Zexp{—%(nq+%)} =l;[ e

—nhwe /T °
ng

—hwy /2T

e (4.42)

The free energy (1.9) is then given by the expression

i
F=-Thz= %Zhw‘l +TZIH(1 —e /Ty = TZln [ZSinh%] .
q q q

(4.43)
Here we have used a simple transformation
o"@/2T _ p=hw/2T
In(1 — e "/Ty =1n |:2eh‘“/27 ( 5 )]
= o + In (2 sinh h_a)) . (4.44)
2T 2T

4.4 Anharmonic effects
In general the interatomic interaction, i.e. the potential energy of two atoms with
coordinates xi, x, is U(x; — x2). Previously, in the harmonic approximation, we
used an expansion in small deviations from the static positions
2

V(x; —x2) = Vo + 3B (u1 — us) (4.45)

(x1 =x?+u1, X7 :x§+u2) s
see, e.g. (4.16).

In general there exist anharmonic terms, proportional respectively to (u; — u3)?,
(uy — uy)?, ete.:

_ B 2, & 3, VY 4
U—U0+§(M1—u2) +§(M1—u2) +E(M1—u2) +--- . (440)
B 9%V 9’V 9*v 4.47)
=—, =— v=— ... |. .
dx2 ¢ ax3 x4

The term with the coefficient ¢ gives rise to cubic anharmonism, the one with v to
quartic, etc.



42 Phonons in crystals

()] h . v
armonic .
\ ; harmonic
\ . \ !
\ anharmonic \ I )
\ \ J anharmonic
\\ /I
\ /
\ /
AN Z
X=Xy = Uy —uy
Fig. 4.6
D q q3 q1
C p—4q q4 v q2
(a) ()
Fig. 4.7

Usually the coefficient ¢ is negative, { < 0, and the potential looks like the one
shown in Fig. 4.6 by the solid line, i.e. it is steeper for negative relative distortion
(when two atoms approach one another) and less steep for positive u; — u,, when
the two atoms move further apart. (This is quite natural: the interaction between
atoms becomes stronger when they approach — the overlap of atomic or ionic cores
leads to a very strong, almost hard core repulsion; and this interaction is weaker
when the distance between atoms becomes large.)

One can also write down the corresponding anharmonic terms in second
quantization form, through the operators b, b, and add them to the phonon
Hamiltonian (4.26). Cubic anharmonism will give rise to terms with the struc-
ture ¢ Zp’ q(bl_qb;bp + h.c.), and quartic anharmonism, to terms of the type

V[ prnaas Ohibhbasba, + he) + Yy ik, (bL by by by, +h.c.)], where the mo-
menta involved obey conservation laws g1 + g» = g3 + q4, k1 = ky + k3 + k4 (the
total momentum of created phonons is equal to the total momentum of annihilated
ones).

Anharmonic interactions have several consequences. One is that they lead to
phonon—phonon interactions, schematically illustrated in Fig. 4.7. These processes
are important, e.g. for thermal conductivity. These graphs, Fig. 4.7(a), 4.7(b), at
this stage can be treated simply as pictorial representations of certain processes.
Thus, if we depict the phonon by a wavy line, Fig. 4.7(a) corresponds to a process in
which in the initial state there was one phonon with momentum p, which as a result
of anharmonic interaction is transformed into two other phonons, with momenta ¢
and p — g; such processes are allowed by cubic anharmonism. Correspondingly,
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Fig. 4.7(b) describes the process of scattering of two phonons with momenta g3
and g4 into two others, with momenta g, g,; such processes are contained in the
quartic term of the Hamiltonian. But one can give these ‘pictures’ much more
meaning: they are actually Feynman diagrams, which allow one really to calculate
the probabilities of corresponding processes. This method will be discussed in
more detail in Chapter 8, and in Chapters 9-11 we will show how it works in many
specific problems.

Another important consequence of anharmonic interactions is their role in ther-
mal expansion and in the melting of crystals. This will be discussed in the following
sections.

4.4.1 Thermal expansion

By (4.43) the free energy of a crystal in the harmonic approximation is (putting
n=1)

W
F=TY I [2 sinh ﬁ] . (4.48)
q

With the inclusion of anharmonicity, i.e. of the phonon—phonon interaction, this is
no longer true. But one can still use this expression approximately in the so-called
quasiharmonic approximation, accounting for anharmonicity in the following way.
The phonon frequencies w, in the anharmonic crystal in general depend on the
specific volume, w, (V') (see Fig. 4.6: the curvature of the potential V(x), d*v/dx?,
which according to (4.3), (4.4) determines phonon frequencies, in the anharmonic
case depends on x). Usually this dependence is described by the phenomenological
relation

Vdo dho
wdv = dmy =" 449
which is called the Griineisen approximation; y is the Griineisen constant (usually,
in ordinary crystals, y ~ 1-2).

The total free energy as a function of volume can then be written as

1 (sVY . wg(V)
F(V)= — <7> + TXq:ln [ZSlnh T] . (4.50)

2K

The first term in (4.50) is the elastic energy after deformation §V, and « is the
lattice compressibility (inverse bulk modulus). In equation (4.50) we considered
the situation when we (artificially) fix the volume of the system V, which may
differ from the equilibrium volume without phonons by the distortion 6 V. Then
we indeed should include in the total energy the first term of equation (4.50)
describing such deformation. The second term gives the phonon contribution to the
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free energy, which is calculated by treating the lattice as harmonic, but at a given
volume V (the expression (4.43) for the phonon contribution, strictly speaking, is
valid only for the harmonic crystal). However, whereas in the purely harmonic case
the phonon frequencies are constant, independent of the distance between atoms
or of the volume, here we assume that they do depend on V, by the relation (4.49).
Thus we effectively take into account anharmonic effects, albeit approximately,
via the phenomenological Griineisen relation. Such a scheme is often used in
treating anharmonic lattices, and it is called the quasiharmonic approximation. The
equilibrium volume V in this scheme should be determined by minimizing the free
energy (4.50); due to the presence of the second term the resulting volume would
depend on temperature, and this dependence gives thermal expansion.
Differentiating (4.50) in V and using (4.49), we obtain

18V Wy Wy _

where E(T) is the average energy of the lattice (cf. (4.29)).
Thus the volume thermal expansion  is:
19(V) OE(T) . c

\4
== = =y 4.52
voor TTar VTV (452

where B = 1/« is the bulk modulus.
The linear thermal expansion coefficient is

al 1/3 as B 1oV 19 3al 3
o= — = — - —— = —— = —— = 3 .
aT 3 Var I3 T 19T
Thus
Cy
=y .|, 4.53
*=v 3 (4.53)

This is called the Griineisen equation. We see that we get nonzero thermal expan-
sion only when we include anharmonic effects (the dependence of the phonon
frequencies on interatomic distance or on volume, which is phenomenologically
described by the relation (4.49)). For constant phonon frequencies (Griineisen
constant y = 0) thermal expansion would be absent.

The Griineisen equation (4.53) is very useful, as it establishes the relation
between different measurable quantities and allows us, e.g. to calculate the ther-
mal expansion if the specific heat and bulk modulus are known. It is often used in
practice, to check the consistency of different thermophysical data of real materials.

Why is anharmonism necessary for thermal expansion? The physics of the
expansion is illustrated in Figs. 4.8 and 4.9. At low temperatures the system is
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at the lowest quantum level of the oscillator (state 1). At higher temperatures the
average distance between atoms is given by averaging over all occupied higher-
lying quantum levels. In the harmonic case we have the situation shown in Fig. 4.8,
and the average displacement at each level, i.e. the average lattice parameter, is the
same at each quantum level. Thus it does not change with temperature, and in the
purely harmonic crystal we would not have any thermal expansion.

On the other hand, in an anharmonic crystal the interaction potential qualita-
tively looks as shown in Fig. 4.9 (cf. Fig. 4.6). Then with increasing temperature,
when the higher levels become occupied, the average distance between atoms
(lattice parameter) increases with temperature — and this is the conventional ther-
mal expansion.

4.4.2 Melting

From (4.49) we see that the dependence of the phonon frequencies on the specific

volume can be rewritten as
V -V
= — . 4.54
= (Vo) (39

As the change of volume (due to thermal expansion) is usually small, we can
approximately write instead of (4.54) (and using the definition of thermal expansion

p=da = 3%
V >~ Vo(l +3aT) . (4.55)

This means that
o(T) >~ wy(1 —3ayT) . (4.56)

Actually, as follows from a more complete treatment, see Section 8.6, the descrip-
tion of phonons always contains not the phonon frequency w, but rather ?. Conse-
quently, the equation describing the change of phonon frequencies with temperature



46 Phonons in crystals

T
Fig. 4.10
has not the form (4.56), but is rather
X (T) = wi(1 — 6ayT) . (4.57)
The more general equation for w(7') is
™ (T) = o§(1 — en(T)) , (4.58)

where n(T) = 1/(e®/T — 1) is the average number of excited phonons (this will be
shown later); here ¢ is some constant (~¢2/B?). Then for w ~ wy < T

T
o = w§<1 - C—> , (4.59)

i.e. for high temperatures the expression (4.58) gives the same temperature depen-
dence as (4.56), (4.57).

These expressions give the dependence of w on T shown in Fig. 4.10. At a
certain temperature 7* the phonon frequency w? = 0, and for T > T* it becomes
negative, which means an instability of our system and the transition to a new state,
e.g. melting of the crystal.

I remind readers that in quantum mechanics the time dependence of the
wavefunction is given by ¥ (¢) = ¥(0) expiwt. When »® becomes negative, i.e.
ot = *i|w|t, this would give an exponential growth of the corresponding quan-
tities. In our case, when the phonon frequencies cross zero, this would mean an
exponential growth of the number of corresponding phonons, or of the respec-
tive distortion, which means absolute instability of the initial state, in this case
a crystal. Whether such instability would indeed correspond to melting or to a
structural transition to a different crystal structure, depends on which particular
phonon mode becomes unstable. If this is the phonon with momentum @, then this
implies the change of the crystal structure with the formation of a superstructure
with this wavevector, u(r) ~ exp(i Q - r). Melting corresponds in this language to
the softening of transverse phonons at ¢ = 0 (in other words, the shear modulus
becomes negative).
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Fig. 4.11

In general, the description of structural phase transitions as an instability of the
original crystal structure due to softening of particular phonon modes is known as
the soft mode concept (Ginzburg, Cochran, Anderson). It is widely used in solid
state physics and leads to definite predictions which can be checked experimentally.

Returning to melting, we see that in this approximation the transition would be
continuous, i.e. second order (the phonon frequency goes continuously to zero). But
on general grounds melting should be a first-order phase transition (one can show
that in this case there exist cubic invariants in the Landau free energy expansion,
see Section 2.2 above). How can we correct this drawback? It is more correct to
take in (4.58) not n(T) = 1/(e*/T — 1) (which leads to (4.59)), but the number
of phonons with an already renormalized, new frequency w, 1/(e®/T — 1). Then
instead of (4.59) we would obtain

w = a)o(l — cn(a))) = wy <1 — %) (4.60)

(here we have simplified the mathematics by writing the equation not for w?, but
for w; this is sufficient for our qualitative treatment).
The equation (4.60) is a self-consistent equation for w. Its solution is

@ 9% _ p (4.61)
w=— — —cTwy, .
2 4 0

see Fig. 4.11. We see that in contrast to the previous treatment, the self-consistent
solution with real w exists only up to a temperature 7* = wy/4c (smaller than T*),
after which it becomes complex, i.e. the time dependence of the vibration ampli-
tude (4.2) ~e™® is again diverging, which indeed signals an instability of the
lattice, in our case melting. And in this theory melting would be a first-order phase
transition, with a jump in w, as it should be. The results are qualitatively the same
if we had proceeded from equation (4.58) for w?.
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The softening of phonons means at the same time a decrease of the bulk modulus
of the lattice, B: as w*> = B/M, we get from (4.57)

B(T) ~ By(1 — 6ayT) . (4.62)

But, from the Griineisen relation (4.53), o ~ 1/B, which again gives a self-
consistent equation for B (or for w?), equivalent to (4.58):

2)/2ch
B(T) )~

B(T)= By (1 (4.63)
i.e. we again obtain a quadratic equation for B(7T) similar to (4.60), which will
again give first-order melting.

Once again, strictly speaking an instability of a phonon does not mean necessary
melting; it can signal, e.g. a transformation into another crystal structure. To check
that we will indeed have melting, we have to show that the shear modulus (shear
modes for ¢ — 0) becomes unstable. But qualitatively the picture described is
correct, and it is also consistent with other approaches to melting, described below.

Why does melting occur at all? How can one explain it qualitatively? Let us
extend Fig. 4.6 a bit. From (4.46), U = Vg + 3 Bu® — 5;|¢|u?, i.e. this potential
actually looks as in Fig. 4.12. We see that there exists an infinite motion at high
enough temperature! The lattice is no longer stable, which means melting. Thus
we again see that the melting is intrinsically connected with the anharmonicity of
the lattice.

4.4.3 Another approach to melting. Quantum melting

From equation (4.10) we see that the vibration amplitude can be expressed through

the phonon operators as
N i (b' +b) (4.64)
U=, — .
2Mw
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(for one phonon mode). The average shift from the equilibrium position is of course
zero, (u) = 0, but the square of the average amplitude of vibrations is nonzero:

i
2y = (bt b2 = —— bt +bb+bTb + bt
(w?) 2Mw(( +b)’) Sai b'b 4 bb + blb + bbT)
= oty £ 1) = L+ ) (4.65)
2Mw Mo 2

(we use the commutation relation bbT — bTh = 1).
Thus

2
(u?)

(there may enter some numerical factors such as 3 because of the presence of several
phonon modes). The limiting values of this mean square vibration amplitude are:

72
T—-0 : (W~ (important: note that (u?)7—¢ # 0;
2MOp P r=0 (4.67)
these are the famous zero-point oscillations)
2
. 2 h'r ‘s on'T
T>»0Op: (u) TR (actually it is equal to M—®12) . (4.68)

When the vibration amplitude becomes comparable to the lattice spacing itself,
(u?) ~ a? (actually when (u?)/a® ~ 0.2), melting occurs; this is the Lindemann
criterion of melting.

The factor (1?) also enters into the intensity of X-ray scattering in crystals, in the theory

of the Mdssbauer effect, etc. It enters through the factor e 2V where
3 n°K?
— (T — 0)
5 8 M®p
W ~ (u?), W= ) (4.69)
3 K*T T 6p)
2 M2 o

K is the Umklapp wavevector ~7i/a; the quantity W is called the Debye—Waller factor.

Thus, in melting an important parameter is

A=-—" (4.70)
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the so-called de Boer parameter (usually this term is used at 7 = 0, for zero-point
vibrations; this is then the quantum de Boer parameter). At T = 0

) i ) B
usy ~ — with o=, —. 4.71)

Mo M
The stiffness of the lattice B (the bulk modulus) can be estimated as follows: when
an atom is shifted from its equilibrium position by a distance ~a (a is the lattice
parameter), the change in potential energy ~Ba?® is of the order of the typical

interaction between atoms U(a), i.e.

v
B~—. (4.72)
a

As a result the quantum de Boer parameter A (4.70) becomes

no1
A’\J_

aJ/Mv

If A = 0.2-0.3, the crystal is unstable with respect to zero-point motion even at

T = 0, which means quantum melting. This will also be important for electrons

(see the discussion of Wigner crystals and cold melting below, and in Section 11.8).

When will a substance melt by quantum fluctuations and remain liquid down
to T = 0? According to (4.73), better chances for this exist if:

4.73)

e the mass of the atom M is small;
e the interaction U is weak.

The best candidate for this is helium: it is light, and He atoms have filled 1s
shells (inert atoms), so that the He—He interaction is weak. That is why helium
remains liquid down to 7" = 0 (at normal pressure).

Another good candidate could have been hydrogen. It is even lighter than
helium. But the effective interaction between hydrogen atoms and even between H,
molecules is too strong. Nevertheless there have been active experimental attempts
to stabilize hydrogen in a liquid phase down to the lowest temperatures, i.e. to
prevent its crystallization, with the idea that it would then experience Bose conden-
sation and possibly would become superfluid, as *He. These attempts have not yet
succeeded; instead Bose condensation was reached in completely different systems,
in optically trapped and supercooled alkali atoms (Rb, Cs, etc.).

As we have said, the condition for quantum melting is determined by the value of
the quantum de Boer parameter A. Typical values of A are: Asyge = 0.5, Asyge = 0.4,
Ap, ~ 0.3, Ane ~ 0.1. (In the book by Ashcroft and Mermin (1976) other values
for A are given, which is due to the different normalization used there, but the ratio
for different elements is the same.)
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Under pressure the average distance a between atoms decreases, the atom—
atom interaction U(a) increases, and A may decrease or increase depending on
the behaviour of Va? (see (4.73)). For neutral particles (helium) the interaction
U increases faster, A decreases, and He becomes solid under pressure (the phase
diagram of “He is shown schematically in Fig. 4.13(a)). For electrons the opposite
is true: the characteristic Coulomb interaction between electrons is U = e?/a, and
A = h/a\/me?/a ~ 1/\/a), where a is the average distance between electrons.
Under pressure this distance decreases, the de Boer parameter increases, and there
occurs cold melting of the electronic (Wigner) crystal (Fig. 4.13(b)).

When helium crystallizes under pressure, it still has a large value of A, i.e. large
quantum fluctuations. This means that it is a guantum crystal, for which quantum
effects are important. Thus, for instance, the vacancies in solid He are very mobile,
they behave like quasiparticles. There is even discussion of a possible superfluidity
of vacancies in solid He (‘superfluidity in solid’ — ‘supersolid’). In 2004 there
appeared the first experimental indications that it could indeed be true, although
this question is still controversial.

Yet another manifestation of quantum effects in solid He is their importance
for the exchange interaction, especially in solid *He. The exchange interaction in
solid *He (*He is a fermion!) is usually due to ring exchange in the presence of
vacancies, see Fig. 4.14. As a result of this process, after three steps the atoms 1 and
2 interchange their positions. This can be shown to lead to a partial ferromagnetism
of solid 3He.

4.4.4 Low-dimensional solids; why is our world three-dimensional?

Problem: Using the approach described above (see, e.g. equation (4.65)), discuss
what would be the situation with crystals in the one-dimensional (1d) and two-
dimensional (2d) cases.
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Solution: Similar to the single oscillator case, see (4.65), in a crystal the average
vibration amplitude (u?) is

N e N PR DR A k 1
<“>‘2ka(<"b">+2)_Zka<”"+2)

k k
= / dk _h : + ! (4.74)
) Qry Moy \e/T —1 " 2)° '
1. First consider the case of zero temperature. At 7 = 0, ny = 0, and
5 dk n 1
wy=| ———--. (4.75)
(27‘[)d Ma)k 2

1(a) Atk — 0, wx = sk (acoustic phonons, s is the sound velocity). Thus for
d = 1 (one-dimensional system)

) / dk
(wsy ~ | —, (4.76)
sk

i.e. (u?) is logarithmically divergent! This means that in a 1d system even
at T =0 (u?) — oo, and as a result there is no long-range crystalline
order in this case! Zero-point vibrations are so strong that they destroy the
ordered state even at 7 = 0! Mathematically this divergence is due to the
behaviour of the integral (4.75) at the lower limit of integration k — 0,
or w — 0; this is what is called an infrared divergence. The upper limit
of integration is determined by the upper edge of the spectrum, which in
solids is finite, so that usually there are no divergences there. Therefore
here and in the future we do not specify this upper limit of integration.

1(b) T =0, 2d system. Here d*k ~ k dk, and everything is OK,

kdk

W~ [ —=, (4.77)
sk

the integral is convergent, the mean square vibration amplitude (u?) is

finite, and in general there may exist long-range crystalline order at 7 = 0

in 2d case.

1(c) And of course everything is fine in 3d systems, where d’k ~ k> dk.
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2. T # 0. Again the behaviour as k — 0 is critical; thus we consider the region
wr = sk < T. This part of the spectrum exists if the spectrum is gapless. In this
region

1 1 T
nr = ~ = —,
kT T ] wp/T sk
and from (4.74) we get
5 dk (T 1
wHy~f —|—+=)- 4.78)
Wi Wy 2

In this expression again the most dangerous part is that close to k = 0 or w = 0,

and we can ignore the term with % in the integrand.

2(a) 1d case: (u?) was divergent already at T = 0. At T # 0 it is even more
divergent — the corresponding expression for (1#?) would be proportional
toT % and would diverge not logarithmically, but linearly.

2(b) 2d case: The most dangerous term has the form

() ~ / kdkz- T / k dk 479

212 °
wy, sk

i.e. in the 2d case, (u?) is logarithmically divergent at any finite T. Thus
at finite temperature there is no long-range order either in 1d or in 2d
systems.

2(c) 3d case. Here all is ‘quiet’ even at nonzero temperatures:

k*dk
wy~t [ (4.80)

which is convergent, so that the fluctuations are finite. Luckily for us!
Otherwise everything surrounding us, and maybe we ourselves, would not
be stable. Our bones, and all other tissues would ‘melt’. (If you like, this
may be the physical explanation of why we exist in a three-dimensional
world.)

There exists a general theorem — the Mermin—Wagner theorem — which states
that whenever an ordering corresponds to a breaking of continuous symmetry,
there is no long-range order in one-dimensional and two-dimensional cases at
any nonzero temperature. Actually this theorem is intrinsically connected with the
Goldstone theorem about the presence of gapless Goldstone excitations for a broken
continuous symmetry, mentioned above in Section 2.7.4: we saw above that for the
divergence of the mean square vibration amplitude (#?) and consequently for the
instability of the crystal, it is crucial that the energy spectrum w; which stands in
the denominator in equations (4.74)—(4.80) should be gapless, wy — 0 for k — 0.
All these features are especially important in different magnetic systems, see below,
Chapter 6, but also in low-dimensional superconductors, etc.
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General Bose systems; Bose condensation

5.1 Bose condensation

There exist in nature different kinds of bosons. These may be phonons or photons.
Their number is not conserved, and consequently their chemical potential is u = 0,
see the previous chapter.

We meet a different situation in the case of systems of bosons with conserved
particle number. These are, for example, atoms or molecules with an even spin,
such as *He. For these cases in general the chemical potential is u # 0; it is
determined by the condition (1.25), that is by the requirement that the total number
of particles, or particle density, is fixed. In these cases we meet the phenomenon of
Bose condensation.

Consider ideal noninteracting bosons with the spectrum &, = p?/2m. From
equation (3.3) we obtain the number of bosons in a unit of the phase space
d*p/Qnh)’:

d’p 1
= Qrh)d er—w/T —1° (5.1)
or
_ m? *  Jede s
" V2nend Jo eIt — 17 (5.2)

To show that the phenomenon of Bose condensation considered below is intrinsi-
cally a quantum phenomenon, we keep here the Plank constant 7 in an apparent
way, and do not put it equal to 1, as elsewhere in this book. For a given density
(given number of particles) equation (5.2) is an equation for the chemical poten-
tial u(7T). At high temperatures, u(7) < 0 (cf. (3.10) and Fig. 3.1). As discussed
in the problem in Chapter 3, the chemical potential u increases with decreasing
temperature, and it tends to zero at a certain temperature 7, given by the condition

54
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u
T
Ty
Fig. 5.1
(we use below the dimensionless variable z = ¢/T)
32732 oo [z 4
n=" / Vidz (5.3)
Va2t Joo e -1

see Fig. 5.1. The integral in (5.3) is finite; it can be expressed through the Riemann
¢ function,

oo x—1
/ C A e, (5.4)
0 es — 1

where I'(x) is the gamma function.

Similarly, more general integrals of this type are

[e’e) Z)c—l dZ _ .
fo el USEASNOHOR (5.5)

These formulae will also be useful for fermions later on.

Inour case (x = 3) T'(3) = ‘/T;, ¢(3) ~ 2.61. This finally gives

3.31 7>
0= n*3 . (5.6)

m

As follows from the general principles of statistical mechanics, the chemical poten-
tial u(T) for Bose particles should always be negative (or, in general, should lie
below the bottom of the corresponding band); otherwise the sum over N (from 0
to 0o) in (1.33), (1.32) would not converge, see Chapter 3 (for free bosons we have
to putin (1.33) E,y = €, N, where ¢, = p>/2m).

For T < Tj there is no solution of equation (5.2) with u < 0, but that is a
necessary requirement for a Bose system! Indeed the left-hand side of equation (5.3)
is constant, whereas the right-hand side goes to zero as T — 0.

The solution of this apparent paradox is the following: there is a macroscopic
occupation of the state with p = 0 or with ¢ = 0. The transition from summation
over discrete values of p, > p» to the integral i d’p/@2m)?, which we usually do
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when going from a finite system to a system with infinite volume and which we
‘automatically’ did in writing equation (5.2), is not valid in this case. Due to the
macroscopic occupation of one particular state, here the state with p = 0 (which
is allowed for bosons!), the number of particles in this state is infinite, and in the
corresponding summation over p the firstterm (p = 0, ¢ = 0) tends to infinity. The
remaining sum » po£0 Can then be transformed into an integral in (5.3), which then
can be finite. There is no contradiction any more: the number, or density of particles
for all ¢ > 0, given by the expression (5.3), can indeed go to zero as T — 0, but
the total number of particles can still be conserved: the ‘missing’ particles are now
in the condensate, in the state with p = 0 and ¢ = 0.

Thus at T < Ty, where the chemical potential is identically zero, we have for
the states with ¢ > 0,

vV m3? d
an,| = YT ede (5.7)
>0 ﬁnzh et/T —1
and the total number of particles with ¢ > 0 is
VmTY? [ /zd T\
Ng>0:/d1vg= (m)3/ vadz o (TN (5.8)
2rn Joo et —1 Ty

The remaining

T 3/2
N€=0 =N — N5>O =N (1 - (—) ) (59)
To

particles are in the state p = 0 — in a condensate. This is the Bose condensation
(or Bose—Einstein condensation).

Problem: Check what would be the situation with Bose condensation of an ideal
Bose gas in one-dimensional and two-dimensional systems.

Solution: Why does Bose condensation occur in 3d systems? In equations (5.2),
(5.3) (with the minimal possible value of the chemical potential © = 0) the integral
converges. Then as T — 0 we cannot fulfil the condition (5.3), and we have to put
an infinite number of particles in one particular state — in a condensate.

It turns out that in 1d and 2d cases the corresponding integrals diverge, and there
exists a solution of similar equations with pu # 0 for all T > 0. As a result there
occurs no Bose condensation at any nonzero temperature in 1d and 2d cases!

Indeed, the equation similar to (5.2) has, in general, schematically the form

oo
pa(e)de
n = COHSt./O m (510)
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where at small ¢ the density of states p,(¢) ~ 4/ for the 3d case (d = 3), p2(s) ~

02 = const., and p;(g) ~ 1/,/e.!
Let us make a change of variables, ¢/T = z, u/T = ji. We then obtain

dz
n= Tc/ T E— (2d case) (5.11)

|

and 4
n:cTUZ/WZI‘Z_I) (1d case) (5.12)

(c is a certain constant). The integral in (5.3) is finite even for 4 = 0, and when
T — 0 we have a contradiction: the left-hand side of equation (5.3) is finite, and
the right-hand side goes to zero. The resolution of this paradox leads to Bose
condensation. However, for the 2d case the integral in (5.11) is logarithmically
divergent for i = 0. Thus when T — 0 we can compensate the small factor T
in (5.11) by the corresponding increase of the integral, choosing the appropriate
dependence [i(T) (# 0) so that the product Tc f dz/(e“" — 1) remains finite
(equal to n).

The same is true also for the 1d case: the integral in (5.12) diverges even more
strongly than in the 2d case, which means that there should be no Bose condensation
in one-dimensional systems either.

In an ideal Bose gas one can calculate all thermodynamic functions at the Bose
condensation transition. It turns out that thermodynamic functions E, F, @, §, cy
are continuous, i.e. this transition is not even a second-order phase transition (at
the second-order phase transition there is a jump in ¢). Here, not ¢y but dcy /dT
has a jump, i.e. it is a ‘third-order’ phase transition.

But:

(1) The situation would be different if we were to work not at fixed volume (or
fixed density of particles), as we have until now, but at fixed pressure. In this
case Bose condensation becomes a real second-order phase transition even for
an ideal Bose gas.

(2) The interaction between bosons is especially important — it will also change
the order of the transition. This we will consider in the next section.

! Why do we have this form of the density of states py(¢) at the edge of the spectrum £ — 0? Say, for the 3d case
we had initially d> p, with d® p ~ p>dp which we transformed to p(e)de. In the 3d case, with the spectrum
e(p) = p?/2m, this gives

2
3 ~———~— ~p~.fe.
O sy 5 7 Ve
Similar considerations show that:
In the 2d case: d?p ~ pdp = p(e)de, p(e) ~ p/(de/dp) ~ const.
In the 1d case: d' p ~ dp = p(e)de, p(e) ~ 1/(de/dp) ~ 1/p ~ 1//¢.
‘We will often use these asymptotics of the density of states later on.
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5.2 Weakly interacting Bose gas
Let us include an interaction between bosons

Vir —r)n(r)nr)=v@r —r)V @) V)V E) (), (5.13)

which we will treat as weak.
In the second quantization form it is convenient to work in the momentum
representation. The Hamiltonian in this representation is

H=H0+H,-m=z a a,+ Y V(@a},ah_a,a,  (5.14)

P pr'q

(or > v&;r,ld;rn& psdp,). Here, in the beginning, we keep the notation ~ for
Pitp2=p3+tps

operators.

For simplicity we take the interaction as constant, U = U/2V (the volume V in
the denominator is needed for normalization). Physically this corresponds to the
assumption that the interaction is point-like, and that it does not depend on the
angle, so-called s-wave scattering.

In the Bose condensed state there is a macroscopic occupation of the state p = 0
by Ny particles. This means that for the momentum p = 0,

aja, = No~ N , (5.15)
i.e. ag ~ +/N > 1. In this case the commutator
by, 001 = agal —ala, =1 (5.16)

is small compared with qy itself, and therefore commutation relations for the zero
momentum operators ay are not important. This means that for this particular state
we may treat ay, ag as ordinary c-numbers and not as operators.

Note: a,, ag are complex numbers, that is

a, = V' Nye'?,
ag =/ Noe ¢ .

The phase @ is in general very important, as we will discuss later. In our present
discussion, however, we always have bilinear combinations of the type a'a, and at
this stage we do not have to worry about the phase.

Thus we can treat a,), ag as (large, ~ +/N) c-numbers, and 4 P &,T) as (small) oper-
ators. Let us make this substitution and keep the leading terms in the Hamiltonian,

(5.17)
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of order N2 and N:

U At ta . .
P = 5[ adant + > atala,a + 24 ala
p#0

et + @Y wala, +a,a, +afal )] (5.18)

For noninteracting particles at 7 = 0 all particles are in the condensate, No = N.
For weakly interacting bosons almost all particles will be there, Ny ~ N, N —
No < (N, Np). In the second term in (5.18) we can put aé = N (the second term

is already of first order in the small parameter, due to the presence of a;a »). The
term ag should be treated more accurately, keeping all terms of the same order. As

aj+ Yy ata, =N, (5.19)

we should write

2
al = <N - Za;ap) =N>-2N Y ala, + Y ala,ala, . (520)

p#0 14 p.p'#0

The last term here is only of order 1, thus it can be omitted. In effect equation
(5.18) becomes

U ata | Ata a A
Hine = W[NZ +N Z(Za;al, + aj,aip + apa,p)] , (5.21)

and the full Hamiltonian (5.14) takes the form

UN? 1 p> UN\ ... .+ . UN .. A A
H = +§Z|:(%+—>(a;ap+aipa_p)+—(a;aipﬁ-a a_p)].
p#0

2V

(5.22)
The expression (5.22) is nondiagonal in the operators &;, a,. But it is a quadratic
form and can be easily diagonalized using the so-called Bogolyubov canonical
transformation, or u—v transformation:
a,=uyb,+v,b", 523)
al = u,b! +v,b_,
(here we assume the coefficients u ,, v, to be real).

Problem: Write down b', b in terms of at, a
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Solution: b, = u,a, — vpai » (up, v, are even functions of p), and the corre-

sponding equation for bj, is obtained from this one by Hermitian conjugation.

We require that (we now omit the notation " for operators) b, b are bosons:

bbl, —blb, =8,  byby—byb,=0. (5.24)
In order for this to hold, the coefficients u ,, v, should satisfy the condition
2 2 _
u,—v,=1. (5.25)
Thus we can write
1
ap = —=—=(b, + A,bl )
/1 — Af)
(5.26)
i ! i
a,=—F—=—=(0,+A,b_,),

/I—A%

whereu, =1/./1 — Af,, v,=A,/,/1— A%, (or, equivalently, we can write down
u, = cosha,, v, = sinh«a,, and express everything through o). We can deter-
mine the coefficients u,, v, or A, from the condition that the nondiagonal terms
in (5.22), after making the canonical transformation, drop out. This gives the
equation

2
<p— + nU) 24, +nU(1 + A2) =0, (5.27)
2m P
or
L[ P r’ Y
A,=— | -2 P Lau) —mue |, 5.28
P U 2m " +\/<2m+n nU) ( )

where we have introduced the density » = N/ V. The Hamiltonian then takes the

form
UN? 1 p? p? 2
- — - L au) = (L +nU) — Uy
2v 2% <2m+” ) \/<2m+” ) ()

> (_ T nU) — U)? blp, . (5.29)

The first two terms give the energy of the ground state at 7 = 0, and the third term
describes elementary excitations (cf. phonons (4.26)),

> eblb, . (5.30)

p#0
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€p

Fig. 5.2

with the spectrum

nU
p? 2 Vo P (p—>0)
Ep = (% —|—I’lU) —(nU)? = (5.31)

2
L (large p).
2m

Thus the elementary excitations in a weakly interacting Bose condensed system
have the character of sound at small momenta p (Bogolyubov sound), and they
continuously go over to free particles with the spectrum p?/2m at large p, see
Fig. 5.2.

We should make here several remarks:

e The sound velocity (5.31) coincides with the standard sound velocity of a gas
with density n = N/V and interaction U.

e One can find the coefficients of the canonical transformation (5.23) or (5.26) not
from the condition that nondiagonal terms in the Hamiltonian cancel, but from
the condition of the minimum of the ground state energy.

Problem: Check this: put (5.26) in (5.22), collect the terms without operators,
and minimize the resulting expressionin A .

e One can calculate the total energy of this weakly interacting Bose gas. Usually
one expresses all the quantities through the scattering length a given by
4

U=—a (5.32)
m

(a is the scattering amplitude for energy tending to zero). The resulting energy
is given by the expression

E 2ma 2[ 128
— 14+ ——
% m

— = 32y 5.33
" 507 " ] (5-33)

(T. D. Lee, C. N. Yang, 1957).
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From (5.33) one can find the sound velocity in the usual way, as we are doing

in gases:
V2 92E 4
P - yrran (5.34)
mN 9V? m

which coincides with (5.31) (taking into account (5.32)).

5.3 Bose condensation and superfluidity

The main system for which, for a long time, one applied the concept of Bose
condensation (before the recently observed Bose condensation of optically trapped
supercooled atoms) is superfluid “He. *He atoms are bosons, and helium remains
liquid down to T = 0 (see Section 4.4.3). It goes over to a superfluid state at
T. = 2.4 K (P. L. Kapitza). Superfluidity in *He is attributed to a Bose condensation
of He atoms into the state with p = 0.

There exists in real helium one important difference relative to the previous
treatment: He atoms interact strongly, as a result of which there is a number of
modifications and because of which there exists actually no microscopic theory of
superfluid “He (there is no small parameter — weak interaction — which we have
used in the theoretical treatment above). Nevertheless, the basic concepts described
above apply, with some modifications, also to this case. The main modifications are:

1. The actual number of atoms in the condensate N is finite, but even at 7 = 0 it
is rather small, No/N ~ 8-10% at most.

2. The spectrum of elementary excitations (originally postulated in a slightly
different form by Landau) has the form shown in Fig. 5.3. As p — 0 the
excitations remain phonons (spectrum linear in p). At larger p there exists
an extra minimum — the so-called rotons. Physically the roton minimum is a
consequence of strong interaction in the liquid; it reflects the tendency to crys-
tallization (under pressure the roton minimum becomes deeper, and when ¢,
approaches zero, Fig. 5.4, the corresponding mode becomes unstable, and there
appears a positive increment, i.e. a large standing wave with wavevector py, or
with period a = 7/ py, will develop; this signals the formation of a crystal). Cf.
the discussion of the reverse process of melting in Section 4.4.3, Fig. 4.13(a).
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Fig. 5.5
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Fig. 5.6

Problem: Compare this situation with ordinary phonons in crystals.

Solution: For an ordinary crystal with period a the phonon spectrum in the
first Brillouin zone has the form schematically shown in Fig. 5.5. In the
extended zone scheme it may be represented as shown in Fig. 5.6, with the plot
extended to larger p. If we do not have real long-range crystalline order, but
only short-range order typical for liquids, the spectrum would not go to zero
at p = 2m/a, but would retain a minimum at this wavevector (and of course
would acquire an imaginary part, i.e. would be strongly damped). Thus there is
a close analogy between this situation and that of rotons in liquid helium shown
in Figs. 5.3 and 5.4; that is, the spectrum of Fig. 5.4 with the roton minimum
is not something specific to liquid “He, but in principle such a minimum could
exist in any liquid close to the melting point. An important difference is that in
normal liquids these excitations with short wavelengths are usually extremely
strongly damped, so that there is not much sense in speaking about them there,
whereas they are well-defined excitations in the superfluid phase of “He.

These arguments are of course only qualitative. But one can make them
more accurate. R. Feynman has shown (1954) that the spectrum of elementary
excitations in *He can be written as

p2

Ep = m , (535)
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where S(p) is the static structure factor describing spatial correlation of atoms
in a liquid. At small p S(p) = p/2ms, where s is the velocity of Bogolyubov
sound, s = /nU/m, see (5.31), so that the spectrum (5.35) goes over to (5.31).
For large p, however, S(p) has a maximum at the value py ~ 7 /dy where dj is
the typical distance between He atoms (of the order of the lattice parameter of
solid “He at high pressures); this tells us that the probability of finding an atom
at distance d from a given atom is a maximum at d ~ d,. Correspondingly, the
spectrum (5.35) would develop a minimum at p ~ pg which is nothing else but
the roton minimum of Fig. 5.3.

. An important point: in Bose condensation, and in superfluidity, the order

parameter n (cf. (2.1)) is n ~ {(dp) (it is zero above T, and nonzero in the Bose
condensed phase). This is a complex scalar (see the remark (5.17) in Section 5.2):

(@) = ap = /Ny e'? . (5.36)

At the phase transition, at T < T¢, its phase becomes fixed, i.e. the superfluid
state is a coherent state (phase coherence). But the number of particles in the con-
densate N, fluctuates. The operators N and ¢ are conjugate variables in quantum
mechanics, like £ and p; they obey the uncertainty relation (Heisenberg relation)

ANy Ag ~Ti . (5.37)

Bose condensation is thus a phase transition with breaking of a continuous
symmetry — gauge symmetry (fixing of the phase ¢ which is a continuous
variable). Correspondingly, Bogolyubov sound is the Goldstone mode for this
broken symmetry. This also gives another explanation of the absence of Bose
condensation at any 7" # 0 in the 1d and 2d systems discussed in the Problem
in Section 5.1: phase fluctuations caused by the excitation of this gapless mode
are so strong that in the 1d and 2d cases they destroy the long-range order at
any finite temperature. This is yet another application of the Mermin—Wagner
theorem mentioned at the end of Chapter 4.

The fact that the order parameter in Bose condensed and superfluid systems
is a complex scalar (5.36) permits one also to establish the correspondence
with certain other systems with the same symmetry, notably the anisotropic
spin system — the so-called xy model, in which spins are confined to the
xy-plane. In this case the order parameter takes the form s = |s|e’?, where
the angle ¢ determines the orientation of spin in the xy-plane (see below,
Section 6.4.3). One can use this analogy by ‘borrowing’ the concepts and results
from one field and applying them to the other. Thus one often speaks now about
Bose condensation of magnons, although one must be careful in applying this
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concept. Also, the concept of vortices, first introduced in superfluid He, is now
‘translated’ to magnetic vortices, see Section 6.4.3(b), p. 118.

5. Generalizing the description of a Bose condensed state to the case with
spatial inhomogeneities (cf. Section 2.4 above), we should treat the order
parameter (5.36) as a function of position. The most important is the change in
space of the phase ¢(r). It turns out that the gradient of the phase determines
the local superfluid velocity in the system:

h
vy, =—Vogp. (5.38)
m

Actually the collective mode we have described above — Bogolyubov sound — is
predominantly the oscillations of the phase ¢ and velocity v, (or local currents)
in the liquid.

5.3.1 Landau criterion of superfluidity

Why is “*He superfluid? The answer to this question is given by the Landau criterion
of superfluidity: it turns out that for the excitation spectrum of Fig. 5.3 there is no
dissipation at velocities not exceeding a certain critical value. The corresponding
arguments are straightforward, but require a bit of concentration.

Suppose that a liquid flows with velocity v through a capillary (thin tube).
The elementary processes leading to friction are the creation of excitations in the
liquid, one after another. These excitations should reduce the total momentum of
the flowing liquid. If such processes are allowed, friction would appear, and there
would be no superfluidity.

Let us first consider this situation in the system of coordinates where the liquid
is at rest but the walls of the tube move with velocity —v. Suppose that one (the
first) such an excitation appears, with momentum p and energy &(p). Now let us go
back to the laboratory coordinate frame, in which the liquid moves with velocity v.

In this coordinate system the total energy of the liquid with one excitation is’

Mv? Mv?
E=T+8(p)+p-v=T+5E, where SE =¢(p)+p-v.
(5.39)
Here Mv? /2 is the initial kinetic energy of the moving liquid, and 8 E is the change
in the total energy due to the creation of the excitation. For such a process to
occur we need §E < 0, otherwise the excitation would cost us energy, and such

2 This follows from the well-known formulae of mechanics: energy and momentum are transformed from one
reference frame to another, moving with velocity v, as E = Eg+ po-v+ M v? /2, p = po + Mv, where E
and pg are the energy and momentum in the frame with the liquid at rest. In our case Eo = €(p), po = p, which
gives (5.39).
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an excitation would not be created spontaneously. But for that p should, first of
all, be antiparallel to v, and, most important, the change of the energy § E (5.39)
should be negative, i.e. ¢ — pv < 0. Thus for such a process (friction) to begin, the
velocity of the liquid should satisfy the condition

e(p)
Y 4
P

(at least for some p). That is, the excitations can be created only if the velocity of
the flow exceeds the critical velocity,

V> Ve = <f) , (5.41)
p min

starting from which the flow can slow down, and dissipation, or friction, appears.

If we have a usual liquid or gas, consisting of noninteracting particles, the
excitation spectrum is &, = p?/2m, Fig. 5.7, and there is no superfluidity at any
velocity (the critical velocity vy = 0). But if the spectrum has the form shown
in Fig. 5.8, see equation (5.31), then there exists a finite critical velocity v = §,
which in this case is equal to the sound velocity; for smaller v such excitations
cannot be formed, and the motion is dissipationless, i.e. superfluid.

For real “He the sound velocity s = 2.4 x 10* cm/sec, and this condition would
give the critical velocity which is too large. Experimentally dissipation starts much
earlier. One of the possible explanations is that the real spectrum looks as shown
in Fig. 5.9 and the critical velocity could be determined by rofons. Actually even

(5.40)
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this velocity is too large, and the excitations determining the critical velocity in the
bulk helium in most of the actual experiments are special topological excitations —
vortices (similar to smoke rings from a pipe) — see below, Section 5.3.2. Only in
cases when the formation of vortices is suppressed due to a restricted geometry, for
example in thin films of *He or in very thin capillaries, can we reach the critical
velocity determined by rotons, which is indeed much higher than in bulk “He.

We have seen that if the velocity is below a certain critical value, new excitations
cannot be spontaneously created in the moving liquid. This conclusion is valid not
only at 7 = 0 and not only for the ground state. However, at finite temperature
there are always present thermally excited elementary excitations in the liquid. And
when the liquid flows through a capillary, these excitations can collide with the
walls and can change their momentum. Therefore these excitations, which initially
‘flow’ with the liquid, will gradually slow down, exactly like ordinary gas flowing
through a tube. In effect it looks as though a part of the liquid experiences friction,
whereas the remaining part moves without any resistance. In other words, it seems
as though there exist two components in the liquid; a normal component and a
superfluid one, with the total density p = pnorm + 0s. Such a two-fluid picture
(L. Tisza) gives a very useful phenomenological description of many properties
of superfluid helium. It is also widely used for the description of many properties
of superconductors. But one has to realize that it is only a way to interpret the
properties of these systems; in no way should we take this picture too literally and
think that indeed some of the atoms are moving without dissipation, whereas the
others experience friction. In fact, it is the same atoms which display both types of
behaviour, and the real meaning of these two ‘fluids’ is the one explained above: the
normal ‘fluid’ consists of elementary excitations — collective modes of the liquid
as a whole.

5.3.2 Vortices in a superfluid

As mentioned in the previous section, there is yet another very important type of
excitation in a superfluid liquid: topological excitations, or vortices. If one starts to
rotate a vessel containing a superfluid, initially the liquid remains at rest. However,
starting from a certain critical angular velocity, a vortex will be formed in the liquid:
a circular motion of the superfluid around a certain line which is called the vortex
core. As a result some circulation is transferred to the liquid, i.e. the liquid starts
to participate in the rotation. In a cylindrical vessel vortices start at the bottom
and go all the way up to the upper surface of the liquid, Fig. 5.10; they cannot be
‘interrupted’ and cannot simply end inside the liquid.

Using equation (5.38), we can show that the circulation of velocity around a
vortex should be quantized. Let us integrate (5.38) over a contour ¢ surrounding



68 General Bose systems

Fig. 5.11

the vortex, Fig. 5.11. The circulation is

h
ygvs dl = —Ag, (5.42)
m

where Ag is the total change of phase along the contour ¢. However the total
wavefunction of the superfluid has to be a single-valued function, which means
that A = 27n, where n = 0, =1, &2, . ... Thus the circulation is

7i
%vs -dl = —2nn, (5.43)

m

1.e. it is indeed quantized. Such quantization is a manifestation of the quantum
nature of superfluidity and confirms its interpretation as a ‘macroscopic quantum
phenomenon’ (the whole system is described by one quantum wavefunction ¥ (r) =
/Ny €#7)). The above-mentioned fact that the vortex cannot end inside the liquid
is actually connected with this property: if it were to, we could continuously deform
the contour ¢ in equation (5.43) in such a way that it would be ‘above’ the end of the
vortex, after which we could contract it to zero, with zero circulation — in contrast
to the finite (quantized) value (5.43) we started with. This is why the vortices are
actually topological excitations.

The situation may be much more intricate in superfluid systems with a more
complicated order parameter, e.g. such as that of liquid *He. In these cases the
space of the order parameter is different from the case of *He (which lives ‘on
the circle’ n = [n]e’¥ with 0 < ¢ < 27). Consequently the types and properties of
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topological excitations in such systems, including vortices, may be very different
from those of “He.

As mentioned above, in most of the real experiments the critical velocity in
liquid helium is determined not by the sound velocity and not even by rotons, but
by excitation of vortices in moving liquid He. Vortices are created before the critical
velocity for excitations of sound quanta or rotons is reached, and their creation and
motion leads to dissipation. In a rotating cylinder vortices are parallel to the rotation
axis, Fig. 5.12. In aliquid flowing through a capillary the vortices form vortex rings,
Fig. 5.13, very much like smoke rings from a pipe (as we mentioned before, vortices
cannot be simply interrupted inside a liquid: they either end at the surface of the
liquid, or form closed loops, as in these rings).

Many features and phenomena described above are also met (and are even much
better known) in superconductors. Thus, the general description of superconductiv-
ity as a macroscopic quantum phenomenon is rather similar to that given above; the
Landau criterion of the existence of supercurrents without dissipation works there
as well, and the notion of quantized vortices leading to dissipation plays a very
important role in the physics and application of superconductivity (in the so-called
type-1II superconductors, to which all practically important superconducting mate-
rials, including high-temperature superconductors, belong). Theoretical work by
Abrikosov and Ginzburg laying the foundations of the description of these systems
earned them a Nobel Prize in 2003.
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6.1 Basic notions; different types of magnetic response

I will again start by briefly recalling the basic notions from general physics and
quantum mechanics about different sources and types of magnetic response, which
are actually covered in most of the corresponding textbooks. For simplicity I will
mostly ignore in this chapter the details of atomic structure leading to different
contributions to atomic magnetic moments (e.g. orbital contributions, with the
often important role of spin—orbit coupling), see e.g. Goodenough (1963) and
Kugel and Khomskii (1982), and will consider only the spin contribution, mostly
illustrating the results on the example of spin % More detailed treatments can be
found, e.g. in the books by White (2006) and Yosida (1996), and in many others.
The Hamiltonian of electrons in a magnetic field has the form
He—(p-Sa) - ts.m 6.1
=S s
The first term in this Hamiltonian describes the response due to the orbital motion
of electrons, and the second one is due to the spin of the electron. Here p is the
magnetic moment of spin S. [Often the last term in the Hamiltonian (6.1) is written
as gupS - H, where ug = efi/2mc is the Bohr magneton, and g is the so-called g-
factor, which for free electron spins is ggpin = 2 (and for orbital moments go, = 1).]
In general the vector potential A is a function of the coordinate, A = A(X), and it
does not commute with the momentum p, p- A — A - p = —ihdiv A. However,
we can make a gauge transformation of A, and if we choose a gauge such that
div A = 0, the commutator of p and A will be zero. For example, we can take

A=3[Hxr]. (6.2)
Then

A-t s m. (6.3)

70
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As to the magnetic response of various systems, there exist different situations:

(1) Closed shells with orbital moment L = 0 and spin S = 0. In the ground state
(O|p - A|0) = 0, and here first of all the third term in (6.3) works (see also (2)
below); the energy is

62 2

2 —_—
AE = (H) = 5—(4)" = ecz S[H xr.]* = 12‘;162 H*Y 12 (64)

8m

after averaging over angles, i.e. over all directions of r.
The energy of a system in a magnetic field is

AE=-M-H, ie M=——. (6.5)
oH

As the magnetic moment is M = y H, the susceptibility for N such atoms with
charge Z is, using (6.4),

2 2742

X:_e Zg (:—M). (6.6)

6mc? - 6mc?

This is the standard diamagnetism — classical diamagnetic screening of the
external field. Note again that it is due to the term A? in the Hamiltonian (6.3);
this is also the case in other situations, e.g. in the famous Meissner effect, the
ideal diamagnetism of superconductors.

(2) The term in (6.3) linear in A can admix the excited states with L % 0 to
the ground state: in second order in perturbation theory (using the second term
in (6.3) as a perturbation) we then have the change of the energy in the magnetic
field

2
(O|H - M |n)
AE:—Z ‘ p— (6.7)

n

(here we have used that M = ﬁl:, L =r x p, and we have used the gauge
(6.2)).

This would give positive susceptibility, which in a first approximation does
not depend on temperature. This is the temperature-independent Van Vleck
paramagnetism.’

The two terms described above, the usual diamagnetism and Van Vleck para-
magnetism, are always present in all materials, even in those with much stronger

magnetic response due to localized spins; these contributions are responsible

! Note that in certain cases, where there exist low-lying magnetic excited states close to the nonmagnetic ground
state, the Van Vleck paramagnetism may become temperature dependent. This, for example, is the case for
many compounds containing Eu®*.
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for the temperature-independent ‘background’ in magnetic susceptibility. In
metals there are two extra contributions to the magnetic response.

Free electrons in metals. There exists a diamagnetic contribution to the sus-
ceptibility due to the orbital motion of electrons, which is called Landau
diamagnetism:

(N/V)e2  epe
dmerpt  12m2mc?

XLandau = (68)
The calculations giving this expression are not simple; the physics is connected
with the boundary effects. In classical physics one can show that there is no
magnetism in thermodynamic equilibrium (Bohr—van Leeuwen theorem): if
we apply an external field H to a metal with classical electrons, the diamag-
netic currents created inside the sample will be compensated by the surface
current along the boundary flowing in the opposite direction, see Fig. 6.1. In
quantum mechanics there is no such compensation, which results in Landau
diamagnetism.

The physical reasons underlying the Bohr—van Leeuwen theorem may be

understood if we recall that classically the force acting on an electron in a
magnetic field is the Lorentz force F ~ H X v, i.e. it is perpendicular to the
velocity v and consequently it does not change the energy of the electron. In
effect the magnetic field does not enter the thermodynamic potentials and does
not induce a magnetic response in thermodynamic equilibrium. In quantum
mechanics this is no longer true.
Spins of electrons in metals give rise to Pauli paramagnetism. Its origin is the
splitting and shift of the spin-up and spin-down subbands in a magnetic field,
e(H) = e9 £ wH. This leads to the redistribution of electrons between these
subbands, see Fig. 6.2, because the chemical potential of both these components
should be the same. As a result there appears a net polarization of conduction
electrons, proportional to the magnetic field, M = xp,,; H. Straightforward
calculations give for xp,u; the expression

2
€"PDF

_— 6.9
472mc? (6.9)

Xpauli = Mg p(eF) =
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Fig. 6.2

It turns out that the Landau diamagnetism discussed above is determined by
the same parameters as in equation (6.9), i.e. by the density of states at the
Fermi level p(eg), and is equal to

XLandau = _%XPauli . (6.10)

Localized electrons (localized spins, localized magnetic moments). Why local-

ized electrons exist in certain systems will be discussed later, especially in

Chapters 12 and 13; briefly speaking, this is connected with the existence

of partially filled inner shells and with strong electron—electron interactions.

Typical systems of this type are those containing the following:

o Transition metals with partially filled d shells. In the 3d series (Mn, Fe,
Co, Ni, ...) the d electrons are relatively strongly localized, especially in
compounds such as oxides, e.g. NiO, MnO, Fe,03, etc. In the 4d and 5d
elements (Ru, Ir, Pd, Pt, ...) the d electrons are usually less localized than
those of the 3d series.

® Rare earth elements, containing 4f electrons (Gd, Eu, Dy, ...). The 4f
electrons are almost always very strongly localized (see, however, Section
13.3).

e Actinides with 5f electrons (U, Np, Am, ...). From the point of view of
electron localization these are rather analogous to the 3d transition metals.
However, there is one important difference here: due to the much larger
atomic mass the relativistic effects in actinides, notably the spin—orbit inter-
action, are much stronger than in transition metals (this also applies to rare
earths).

The main interaction of localized electrons with the magnetic field is the

Zeeman term,

M -H=—gupS-H. 6.11)

This interaction gives rise to paramagnetism of localized spins; see the next
section.
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6.1.1 Susceptibility of noninteracting spins

Here we consider the susceptibility of localized magnetic moments without an
exchange interaction between them. First we present the classical treatment,
using Boltzmann statistics. Suppose we have a collection of atoms with mag-
netic moment M. In the magnetic field H the probability of finding the moment
M is

n(M) ~ exp(#) (ks =1) (6.12)

(see (1.1), with the energy (6.5)). From this we find the average moment

[ MMHITqQ
(M) = LR (6.13)
where Q is the solid angle. From (6.13), the magnetic susceptibility is
oM N I Ng?u2 S(S+1)
Xo= N7 ) = —(M?) = =458 , (6.14)
oH T 3 T

which is the well-known Curie law; the index ‘0’ denotes the fact that we are dealing
with noninteracting spins. Here we have already used the connection M = gugs,
see equation (6.11), and also the fact that in quantum mechanics ($%) = S(S + 1).
The factor % comes from averaging over all directions, see e.g. Kittel (1987).

The susceptibility per unit volume is thus

_ NgZugS(S+1)
Y 3T

C
X0 T (6.15)
where C is called the Curie constant.

Consider now the quantum case. Instead of the integral over all orientations of
M in (6.11) we have to take a sum over possible quantum states S* (M* = gugS?,
-5 <85 <09

Thus for § = % we would have (for the field in the z-direction and for the
moment parallel to the field; we omit the index ‘z’ below):

1| esMs3H/T _ p=guszH/T gusH
M= gug(S), (S)=="— —— = tanh
2 o8y H/T o p=gunyH/T 2 2T

(6.16)
Taking into account that for electrons g = 2, we can rewrite equation (6.16) as

H
M = pug tanh <MBT) . 6.17)
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For small H (gugH <« T) the moment M is linear in the field,

N g*ujH
VvV o4r
and
IM N g2uj
=T TV aT

which coincides with (6.15) for § = 1, S(S+ 1) = 3.
For the general case (arbitrary S, or total angular momentum 7):

M(H)=gus J By (gusJH/T) ,

where

1 1 1 X
B7(x) = (1 + ﬁ) coth |:(1 + ﬁ)x] — gcothﬁ

75

(6.18)

(6.19)

(6.20)

is the so-called Brillouin function (used here instead of tanh in equation (6.16),

which was valid for 7 = § = %).

The physics leading to (6.14)—(6.20) is illustrated in Fig. 6.3. In a magnetic field
there occurs the Zeeman splitting of the levels, and with decreasing temperature
more and more spins in our system will accumulate at the lowest level, with the spin
parallel to the field, which leads to the increase of total magnetization (6.13), (6.16)

and to the susceptibility (6.14).

Both equation (6.16) and equations (6.19)—(6.20) describe the saturation of
magnetization in strong fields gug J H > T, see Fig. 6.4. For very large spins the



76 Magnetism

quantum expressions go over to the classical ones, with the substitution S(S + 1) —
S2. This is a general property of any spin system: it becomes classical for § — oo,
because for § — oo the noncommutativity of spin operators is irrelevant, and
quantum effects disappear (cf. the treatment of Bose condensation in Chapter 5).

6.2 Interacting localized moments; magnetic ordering

The main interaction between localized spins is the exchange interaction:

H=D) JijSi-S;—gusH ) Si, (6.21)

ij i

where we have introduced also the interaction with the external field H. This is
the Heisenberg exchange interaction, the simplest form of spin—spin interaction. In
general exchange may be anisotropic, e.g. J; $*S* 4+ J (§*S* 4 $75”); short-range
(Jij = J§;,i+1) or long-range, etc. For higher spins § > % the exchange interaction
may also contain higher-order terms, for example biquadratic exchange S? SJZ; there
may also exist other, more special terms. We will treat below predominantly the
simplest interaction (6.21) or its anisotropic generalizations; the general case is
considered in specialized monographs or reviews on magnetism, e.g. in White
(2006) and Yosida (1996).

Note: often the exchange interaction (our equation (6.21)) is defined differently: some-
times with the opposite sign, — > J;;S; - S;, and sometimes as £2 ) J;;S; - §;; this
corresponds to different definitions of the exchange integral J;;. For example, the defini-
tions of exchange integrals in two of the most popular textbooks, those by Kittel (1987)
and by Ashcroft and Mermin (1976), differ by a factor of 2. It is also important to know
whether in the summation in the Hamiltonian (6.21) each pair ij is counted only once or
the summation is carried out for all i and j independently, i.e. each pair enters twice (we
use the latter convention below); this is in fact the reason for the difference in the factor
of 2 mentioned above. Thus you have to be careful when someone cites the value of the
exchange constant for a particular system; you should always check which definition of the
exchange integral is being used.

Depending on the sign and the detailed distance dependence of J;; = J(R; —
R ;) the exchange interaction can give different types of magnetic ordering:

o ferromagnetic: all spins parallel, + 11 1 1 1;

o antiferromagnetic: in the simplest case, alternating spins, 1 | 1 | 1 | (so-called
Néel ordering);

e spiral, e.g. helicoidal or cycloidal state: T/ 71—\ |/« «~N\T;

etc.
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6.2.1 Mean field approximation

The simplest treatment of the influence of the exchange interaction (6.21) on
magnetic properties of the system, in particular on magnetic ordering, is the mean
field, or self-consistent field approximation. In this method we consider each spin
as being in an average field created by other spins of the system, which has to be
determined self-consistently. This is equivalent to the decoupling

JiSi- Sy == Jy(Si- S+ (S0 S = (S0 -(S))) . (622)
where
(Si) = (S) (6.23)

is the average spin, in the ferromagnetic case independent of the site. The last
term in equation (6.22) is necessary to avoid double counting; this is important
in the calculation of the total energy. If we take z as the quantization axis, only
z-components of the spin remain. Consequently, later on we will omit vector
notation and denote the average spin simply as (S). This mean field approximation
(the decoupling (6.22)) means that we consider each spin, say spin S;, as being in
a molecular field (also called the internal, or effective field) Hjyer created by its
neighbours and given by the expression

g1tp Hinern = —2 ) Jij (S) . (6.24)
J

(We have used here the standard form of the coupling (6.11); the factor of 2
comes from the fact that, according to our definition of the exchange Hamiltonian
(6.21), we sum over all indices ij independently, i.e. each pair of spins is counted
twice.) For the nearest-neighbour coupling ) ; Jij = Jz, where z is the number of
nearest neighbours. Having in mind ferromagnetic interactions and introducing for
convenience the notation J = —J (so that J > 0), we get for the molecular field
the expression

8B Hinern = 2J2(S) . (6.25)
Putting this expression into equation (6.16), we now obtain the self-consistency

equation (the mean field equation) for the average magnetization M = gug(S),
which for the case of S = % (g = 2) with ferromagnetic interaction takes the form

1 Jz(S)
(S) = 5tanh( . ) (6.26)
or
Jz(M
M/up = tanh Z(T/“B) . (6.27)

In the presence of an external field H that field would enter in the numerator in
tanh in (6.27) together with the molecular field (6.24).
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The easiest way to analyse the mean field equations (6.26), (6.27) is the graphical
solution, see Fig. 6.5(a): we plot the curves for the left- and right-hand sides of these
equations and look at their crossings. As we see, for zero external field H = 0 there
is always a zero (nonmagnetic) solution M = 0, or (S) = 0. But for low enough
temperatures there also exists a nonzero solution with finite value M (and also —M).
One can show that these nontrivial solutions, when they exist, correspond to the
minimum of the free energy, whereas the zero solution becomes the maximum.
The temperature dependence of the spontaneous magnetization M, or the average
spin (S), given by equation (6.27), is shown in Fig. 6.5(). The value of the critical
temperature in this case (S = %) is

T.=3Jz. (6.28)

For an arbitrary spin § with nearest-neighbour interaction the corresponding
expression is

T.=3Jz8(S+1), (6.29)

which for § = % reduces to (6.28).

Using equations (6.24)—(6.27) we can also easily obtain an expression for the
magnetic susceptibility of interacting electrons. We can write the magnetic moment
as

M = xo(H + Hintern) (6.30)

where xg is given by the expression (6.15). Using the expression (6.24) for Hipemn,
we finally obtain for a short-range interaction
M = cH , (6.31)
T —T,
where we took into account the expressions (6.15) for C and (6.29) for 7.
The full susceptibility y, defined by the relation M = x H, is given in this case

by the expression

(6.32)
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This is the famous Curie—Weiss law, which is usually written as
_ C
T-0°

In the mean field approximation in the case of only a nearest-neighbour interaction
J, the Weiss temperature is

X (6.33)

O=T. =385+ 1DJz=—-3SS+1Jz, (6.34)

where J = —J is the exchange integral as introduced in equation (6.21) for the
nearest-neighbour interaction. The sign of ® tells us whether the corresponding
exchange interaction is ferromagnetic (® > 0) or antiferromagnetic (® < 0).

In the general case the Weiss temperature is given by the expression

O=-25S+D> Ty, (6.35)
J

where the summation goes over all neighbours with which a given spin interacts.
This general expression (6.35) has broader applicability than the nearest-neighbour
version (6.34). It can happen, for example, that for anisotropic and especially for
frustrated magnets, or for systems with long-range interactions, the value of ® is
very different from 7 or even has the opposite sign. It is important to realize that the
sign of O is determined by the sum of all exchange interactions, with all neighbours
of a given site. If these interactions are predominantly antiferromagnetic, the sign of
® would be negative, and the magnetic ordering would be antiferromagnetic. There
may be situations, however, when the strongest interactions are ferromagnetic,
e.g. a strong ferromagnetic interaction in a magnetic layer, but if the interlayer
coupling is antiferromagnetic (and, e.g. weaker), the resulting state would be also
antiferromagnetic (ferromagnetic planes stacked antiferromagnetically). In this
case at high temperatures we would have a ‘ferromagnetic’ susceptibility (® > 0),
although the ground state is actually antiferromagnetic. On the other hand, for
frustrated systems with antiferromagnetic interactions the value of the critical
temperature (the Néel temperature 7y, see below) may be much smaller than the
typical absolute values of the exchange interaction. In this case |®| may be much
larger than Ty; the small value of Ty/|®| (or large |®|/Ty) is now often taken as
an empirical criterion, a fingerprint of strong frustrations.

A word of caution again: for a different definition of the exchange constant,
when, in contrast to our convention, each pair ij in the summation in the exchange
Hamiltonian (6.21) is counted only once, one would use the exchange integral J’
which is twice our J, J' = 2J; this is, e.g. the definition used by Ashcroft and
Mermin (1976) and Ziman (1979). Then the results (6.29), (6.34) for the critical
temperature T, or for the Weiss temperature ©, written through this J’, would
contain, instead of the factor %, the factor %, and the value of the exchange constant
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Fig. 6.6

determined, e.g. from the high-temperature susceptibility, would differ from the
more conventionally determined one by a factor of 2.

6.2.2 Landau theory for ferromagnets

The mean field approximation gives results equivalent to the general Landau theory
of second-order phase transitions. The Landau expansion of the free energy has
here the form

®=AM?>+BM*—H -M . (6.36)

We have introduced in (6.36) the interaction with the external magnetic field H to
point out two consequences:

1. We can obtain from this approach the behaviour of the magnetic susceptibility
at the phase transition, which turns out to be the same as that obtained above in
the mean field approximation. The equation for M is

od

— =2AM +4BM(M)>* —H =0 . 6.37
o + (M) (6.37)

As M || H, we may omit vector notation here:
2AM +4BM° —H =0, (6.38)
Itis clear that, for finite H, M is always nonzero, even above T, Fig. 6.6. Close to
T. (T > T.), where M < 1, we have (with A = a(T — T,), see (2.3))
H H
M = =",
2A  2a(T - T)
i.e. with M = xy H, we get

(6.39)

1
- 2a(T -T.)°
the standard Curie—Weiss law, cf. (6.32).

X (6.40)
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The expression (6.39) is valid for T > T.. Below T there exists spontaneous
magnetization in the absence of the magnetic field H, so that one cannot define
the susceptibility as x = limy_,o M/H, as is usually done. However one can
always define the differential susceptibility d M /d H. From Fig. 6.6, where the
temperature dependence of the magnetization of a ferromagnet is shown in the
presence and in the absence of an external magnetic field, it is clear that in
the finite external field the magnetization increases both above and below T.
From equation (6.38) we find for 7 < T, (where My_o # 0):

d [0 a (0D d (0D dM
— =)= )+—(—)=—==0, (6.41)
dH \ oM OH \ oM oM \oM ) dH
i.e.
—14+ QA+ 12BM?) am-_ 0 (6.42)
dH '
or
dM 1
Xdiff = (6.43)

dH ~ 2A+ 12BM?°

For T < T, the coefficient A =a(T —T;) <0, M? = —A/2B = a(T, —
T)/2B, and

1 1 1

- ==y 6.44
2A—6A " 4A da@-T) (049

X
Thus the differential susceptibility also diverges as 1/(7. — T) from below, for
T — T. — 0, but with the coefficient two times smaller than above T¢, cf. (6.44)
and (6.40) — see also (2.37); as mentioned there, this is a real effect, measurable
experimentally.

In obtaining equations (6.39)—(6.44) we have taken into account only terms
linear in M and H. However, the full equation (6.38) contains also nonlinear
terms. They become important for higher fields. One can use equation (6.38) as
a very convenient way to determine experimentally the critical temperature of a
ferromagnetic phase transition.

The point is that by just measuring the magnetization in weak fields it is very
difficult to get an accurate value of T;. As is well known, there always appear
in such systems ferromagnetic domains with different spin orientations, which
change with field and temperature and which dominate the magnetic response at
small fields. One can get rid of this problem if one works at high enough fields,
sufficient to orient all spins in one direction. But in this case one has to take into
account nonlinear effects in the M (H) dependence, described by the cubic term
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in equation (6.38). Keeping all terms there, one can rewrite equation (6.38) in
the form

2BM*=H/2M — A . (6.45)

Thus if we plot M? vs. H/M at different temperatures, we should have a series
of straight lines, see Fig. 6.7. The slope of these lines would give us the value of
the coefficient B in the Landau expansion of the free energy, and the offset, the
value at H = 0, would give the coefficient A. Remembering that in the Landau
theory A = a(T — T.), we see that the value of the temperature at which such a
straight line passes through zero would give us the value of 7.

In real situations, due to domain effects, at small fields this dependence could
strongly deviate from that of equation (6.45), but it is usually satisfied at large
enough fields. Thus to determine 7, one has to use the extrapolation of the
curves of Fig. 6.7 measured at high fields to H = 0. This method is widely used
in practice. The plot (6.45), Fig. 6.7, is called the Arrott plot (or sometimes the
Belov—Arrott plot).

. Let us now consider the free energy (6.36) as a function of M for different

temperatures and fields. For T > T it has the form shown in Fig. 6.8, i.e. as a
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function of H the magnetization changes continuously, Fig. 6.9. Now, consider
the situation for T < T¢. The set of curves for ®(M) is now given in Fig. 6.10.
We see that as the field changes sign, the minima with positive and negative
M change absolute values; for H > 0 the minimum with M > 0 lies deeper,
and for H < 0 — that with M < 0. Thus there should be a jump of M, when H
passes zero, very much like in the first-order transitions discussed in Chapter
2! (cf. Figs. 2.5, 2.8). This is nothing else but the well-known hysteresis of
ferromagnets, Fig. 6.11. And it really is a first-order transition. However, not as
a function of temperature, but as a function of field. Thus, the phase diagram
of a ferromagnet in the (7, H) plane looks as shown in Fig. 6.12. There is
indeed a first-order transition line, and the end point of this line (critical point,
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in the terminology of first-order phase transitions) is our old familiar 7, — the
critical point of the second-order phase transition. All the anomalies of different
quantities at the second-order phase transition point are actually the same as in
the critical point of first-order phase transitions, cf. e.g. Fig. 2.9.

6.2.3 Antiferromagnetic interactions

The mean field description of antiferromagnetic ordering coincides with that of
ferromagnetic ordering, with the only difference that we change the spin direc-
tion in one of the sublattices, together with the opposite sign of the exchange
interaction. The corresponding self-consistency equations, analogous to equations
(6.26), (6.27), will now be written for a sublattice magnetization. Below we discuss
the response of an antiferromagnet to an external field, which is different from that
of a ferromagnet.

Let us write down the Landau free energy for an antiferromagnet. In an antifer-
romagnet in the absence of external field there are two sublattices with antiparallel
spins, M| = —M. The order parameter here is

L=M,-M;; (6.46)

it is zero above the critical temperature (usually denoted as Ty, the Néel tem-
perature), and nonzero for T < Ty. The free energy of an antiferromagnet in the
presence of an external field has the form

®=dg+ AL*+ BL* + D(H - Ly — 1 x,H" . (6.47)

It is important that in contrast to ferromagnets the external field H does not couple
to the order parameter L linearly (linear couplings with different sublattices cancel,
because M| = —M), so that the lowest nonzero coupling allowed by symmetry is
quadratic. At the same time there would definitely appear a certain magnetization in
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the external field, even in the absence of antiferromagnetic ordering, e.g. above Tx;
this effect is described by the last term in equation (6.47). (We recall that the
moment M = —3d®/0H, i.e. here it is equal to x,H, as it should be.) Here yx, is
the magnetic susceptibility of the sample in the paramagnetic phase, which is given
by the Curie—Weiss law (6.33) with ® = —%S(S + 1)Jz (6.34).

On the other hand, the presence of antiferromagnetic order below Ty should
modify the susceptibility. Let us consider the susceptibility below the Néel tem-
perature. We have to discriminate two situations: the field parallel to L (or to the
sublattice magnetization) or perpendicular to it. In general the moment is

dD
M= =xH-2DLL-H). (6.48)

(a) For the perpendicular field, H 1 L, we obtain from (6.48) that

XL=Xp > (6.49)

i.e. below Ty the perpendicular susceptibility is constant, independent of
temperature.

(b) For the field parallel to the sublattice magnetization, H || L, the second term in
equation (6.48) also contributes. We then obtain

Da
X|=xp—2DL* =y, — ?(TN -7 (6.50)

(by (6.49) xp = x.; we also took the standard expression for the order parameter
of an antiferromagnet L? = %(TN — T), see equation (2.6)).

Thus we see that below Ty, x; and x are different, see Fig. 6.13. The moment
in the ordered phase is smaller for the field parallel to the sublattice magnetization
than for the perpendicular field. In the parallel field we have to invert some spins,
Fig. 6.14(a), and this costs a large amount of energy, and the resulting suscepti-
bility is small, whereas for the field perpendicular to the sublattice magnetization
moments the sublattices can cant, Fig. 6.14(b), which is much easier. And we
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gain more energy during this process. Therefore in an isotropic antiferromagnet
the sublattice magnetization always orients perpendicular to the external field: in
this case the direction of the sublattice magnetization does not matter and the anti-
ferromagnetic exchange energy is the same, whereas we gain more energy due to
interaction with the external field for the case of sublattices oriented perpendicular
to the field (x1 > x|, see (6.50)).

What if there is a certain anisotropy in a material? For instance there can exist
uniaxial anisotropy which favours all spins being oriented, say, along the z-axis.
(This could be caused for example by single-site anisotropy, described by terms
in the Hamiltonian of the type — K (S%)> with K > 0, or by exchange anisotropy
Jj Zij AN Zij(SfS}C + Sin;), with J; > J;.) Then at zero field and at
small field along the z-axis, when anisotropy dominates, spins will still be parallel
toz, {14 1{ 1¥. However when the external field H | z increases, at a certain
moment, when it exceeds the anisotropy field, it will become favourable to turn all
spins into the xy-plane L. H (and cant them in the direction of the field). We gain in
this process more energy on the interaction with the field than we lose on anisotropy.
Such a transition is called a spin-flop transition: instead of having the structure of
the type 1 | 1 4 1 | N, the structure now looks as N\ /N N/ 1, ie.itis
still antiferromagnetic, but with the sublattices perpendicular to the field and canted
in the direction of the field. At still larger fields the canting angle increases till all
the spins become parallel to the field. This transition to a ‘forced’ ferromagnetic
arrangement is called a spin-flip transition. Thus altogether the behaviour of the total
magnetization in this case has the form shown in Fig. 6.15(a) (at low temperatures
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T « Tn). At higher temperatures this behaviour can be smeared out, Fig. 6.15(b).
The phenomenon illustrated here (a sharp superlinear increase of magnetization at
certain fields) is called metamagnetism; the situation described above gives one of
the possible mechanisms of metamagnetic behaviour. A typical phase diagram of
an easy axis antiferromagnet is shown in Fig. 6.16.

6.2.4 General case

Let us consider now the general case, with the exchange interaction J;; extending
over larger distances and possibly of different sign. To study magnetic ordering
in this case it is convenient to write down the Hamiltonian in the momentum
representation,

H=Y JiSi-S; = Y J@)Sg) S(—q), (6.51)
ij q
where

S(g)=) e 4™s, (6.52)

n
is the Fourier transform of S,,, and similarly for J(q).

The mean field approximation can also be done in the momentum representa-
tion: S(q)S(—q) = S(q){(S(—q)). The energy E = Zq J(q)|S(q)|? reaches the
minimum at a certain value of ¢ = Q, the value for which J(g) is minimal. Then
we can leave only these values of ¢ = @ in S(q):

(S(g)) =(S)8(¢g — Q) . (6.53)
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(Sp) ~ / d>q TR (S(q)) = (S)e' LR (6.54)

Thus we see that for a general case the type of the resulting magnetic ordering (the
one giving maximum energy gain) will be the modulated spin structure (e.g. spiral)
with momentum @ corresponding to the minimum of J(q).

Let us consider several examples, taking the simplest one-dimensional case. For
the nearest-neighbour interaction

Jij =J8ix1 = J(g) =2J cosqa . (6.55)

(1) Let us first take J negative, J < 0. J(g) has a minimum at ¢ = Q = 0.
By (6.54)

(Su) = (S), (6.56)

i.e. we automatically obtain a ferromagnetic solution, 1 1 1+ 1t 1 1.
(2) For J > 0 the minimum of J(g) is at g = Q = m/a. This gives

(Sy) = (S)e' %R = (S)e'™ = (S)(—1)", (6.57)

which corresponds to antiferromagnetic ordering, 1 | 1| 1 |, as it should.
Thus in these two cases this method reproduces the known results.

(3) In general (for longer-range exchange J;;) J(g) can have a minimum at a certain
arbitrary Q, and (S(gq)) will be given by (6.53). In the coordinate representation
this corresponds to the magnetization changing as

(Sy) = (S)e'CFr (6.58)

so that it describes a periodic (e.g. spiral) spin structure with periodd = 27/ Q.

One should be more careful here in treating different projections of the spin; there
may exist different types of structures with period d. Thus, this may be the so-called
sinusoidal structure, with the magnetization at each site parallel say to the z-axis, with
(S%) = (S)cos Q@ - R, see Fig. 6.17(a). Here the absolute value of the average magne-
tization changes in space. This will be, e.g. the situation for strong uniaxial (easy-axis)
anisotropy. (We stress that we are speaking here about the thermodynamic average of the
spin at site n, thus the fact that (S7%) is less than the nominal spin §, and can even be zero,
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does not imply any contradiction: one can visualize such a state as that with a finite average
z-projection of S, S* and S” components remaining fluctuating.)

Another possibility is the helicoidal structure (S;) = (S)cos Q - R, (S7) = (S) sin
0O - R,. In this structure the value of the average momentum at each site remains constant,
but the spin rotates for example in the xy (or in another) plane, see Fig. 6.17(b). If spins
are rotating in the plane perpendicular to the wavevector of the spiral @, e.g. the spins
are rotating in the xy-plane and Q = Q., one can speak about a proper screw structure.
If, however, the spins rotate in a plane containing @, e.g. with the same (S;) and (S;) as
written above but with the vector @, e.g. in the x-direction, we will have a cycloidal spin
structure. (This one, in particular, can give rise to ferroelectricity, which is very important
in multiferroics — materials combining magnetic and ferroelectric properties.)

All such structures are often called spin-density waves (SDW), see also
Section 11.6 below.

Note that in general the period of corresponding structures may have nothing to
do with the periodicity of the underlying crystal lattice. Thus, for example, it can
be incommensurate with respect to the lattice period.

Typical cases in which such magnetic structures can occur are those with com-
peting (long-range) interactions. They are commonly met in metals with special
shapes of the Fermi surface, e.g. in many rare earth metals and compounds, or in
the metal Cr. Another typical example in which such spiral magnetic structures can
appear are the frustrated magnets, with geometrically frustrated lattices (triangular,
kagome, etc.) or with competing interactions.

Problem: Find the most favourable type of magnetic order in a one-dimensional
system with competing nearest-neighbour and next-nearest-neighbour antiferro-
magnetic interactions

H=J> S-S+ D Si-Sija. (6.59)

Crude solution: Let us find the value of ¢ which minimizes the total J(g):

J(q) =2J cosq +2J cos2q (6.60)
dJj , ;. . )
i —2Jsing —4J'sin2qg = —2J sing — 8J'sing cos g

q
J/
— _2Jsing (1 + 4 cos q) —0. (6.61)
The solutions are:

(1) sing =0,i.e.q =00rg = 7.
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From (6.60) we see that ¢ = 0 corresponds to the maximum of J(g),and ¢ = 7
may correspond to a minimum (if « = J'/J < i). The solution with g = 7
gives an antiferromagnetic state (the doubled period [ = 27” =2, 1MLt
(2) Fora =J'/J > 21; there exists yet another solution, which gives the absolute
minimum of J(g) in this case: this is given by the solution of the equation

J’ 1
1+4—cosqg =0, CcoS gy = — .
7 % D=7

(6.62)

The dependence J(g) has the form shown in Fig. 6.18. Indeed, as |cosg| < 1,
this solution exists only when J'/J > JT.

Thus one may expect that the simple two-sublattice antiferromagnetic struc-
ture (the Néel configuration) will become unstable at J'/J > 4—11 and could
be transformed into a spiral with wavevector gg. (Note that a similar spiral
solution exists also for a ferromagnetic nearest-neighbour interaction J < 0 if

TN > 30

Real solution: The actual situation for § = % andfor J, J' > 0is more complicated
and much more interesting than in our mean field treatment. Indeed the two-
sublattice Néel-like configuration becomes unstable for (J'/J )it = i (numerical
calculations give the accurate critical value (J/J' )i = 0.241, not so far from our
mean field result %!). But due to the quantum nature of spins the actual state for
J'/J > (J'/ )i does not have real long-range order, it consists predominantly
of singlets and is of spin-liquid type with a gap in the singlet—triplet excitations
(this state is sometimes called a Majumdar—Ghosh state). But our simple treatment
at least correctly predicts an instability of the simple Néel-like state and gives
the value of the critical coupling close to the actual one. And this, in general,
incommensurate, spiral state can indeed be realized in real quasi-1d materials
when one takes into account the weaker interchain interaction. A similar treatment
may be done for other types of lattices with competing interactions, not necessarily
one-dimensional.
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6.3 Quantum effects: magnons, or spin waves
Again first I give a short reminder:

The commutation relations for spin operators are

(S}, S =iSis . [S).S51=iS56;, S5, S5 1=iS)6;. (6.63)

1

It is convenient to introduce the spin raising and spin lowering operators

+ —
St=8"+i$", S"=¥,
so that (6.64)
B . St —S-
ST =8"—is”, §=— .
2i
The commutation relations for these operators are
[S,-*, S;] = 2878 , [S7, S;f] = Sl-+8[j , [SF, S;] =—S578ij . (6.65)

Thus at different sites the operators St, S~ commute, i.e. they behave as bosons.

But we cannot put two spin-excitations on one site for S = %!
STl=3) =1+3):  ($TPI=3) = 87 (ST|=3) =813 =0, (6.60)
i.e. (§7)? = 0, as for Fermi operators!

Problem: Check that at one site for S = % the operators S*, S~ indeed obey
anticommutation relation for Fermi operators.

Solution:

(§T,8 ) =SS+ 55T =2((8) +(8)°) =2(8* = (5%)

2(60)-0) 26D e

as it should be for Fermi operators. (Note that this is not the case for § > %.)

Thus the spin operators, strictly speaking, are neither Bose nor Fermi operators.
For spin % they behave as Bose operators at different sites and as Fermi operators
at the same site. Sometimes they are called paulions (Pauli statistics, vs. Bose or
Fermi statistics).

But it is often sufficient to treat spin excitations as approximately bosons, when
their density is small and, on average, they are far from each other.
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6.3.1 Magnons in ferromagnets

Let us now consider elementary excitations in a ferromagnet — spin waves, or
magnons. It is convenient to rewrite the Heisenberg exchange Hamiltonian (6.21),
using (6.64), as

M=y Jy [Sisi+ 577 +578D)] - (6.68)

We start with the state ‘ RO T) = |0), and act on this state by the oper-
ator §;: S; 0) = | R R AR N >, i.e. in this state one spin is reversed.

1
The term S S; in (6.68) leaves the reversed spin at the same place, and only gives
an energy cost to reverse it. The terms ;" S;+ S Sj+, on the other hand, move the
reversed spin to another site, i.e. they create a spin wave with a certain dispersion.
The traditional way to treat this problem is the Holstein—Primakoff transforma-
tion. We introduce new operators a', a instead of ST, S:

St =251 —ala,/25) 4

1 (6.69)
ST =+2S8a] (1 —dla,/28)
so that [a;, a;[] = J§;;, the standard commutation relation for bosons.
One can then show that
S=S—ala, . (6.70)

Problem: Check this, starting from the expression (S%)? = (§)? — (§%)* — (8”)?,
using equation (6.69), the commutation relations for a, a' and expanding
(1— aTa/ZS)l/z; use the fact that i = afa commute, [aTa, aTa] =0, and [71, a] =
[afa, a]l = —a. See Kittel (1987).

Usually it is sufficient to keep only the lowest terms in the expansion of (6.69),
ie.

St = V2Sa;, S =>28al; (6.71)

other terms are small at least for large S. For S = % we simply replace S;r and S;”

by a; and al.T . For convenience changing the sign of the exchange constant as in

Section 6.2, J~,, = —J;j, we obtain

M= =3 T[S —alays —ajap +-25ala + aa)]
= =300 5+ Stafa; + a0} — afa, —afay| + 0w . 672

i

Here we have omitted quartic terms in the Hamiltonian, originating from the term
S? S; and describing the interaction between magnons. The resulting expression
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is already a quadratic form, similar to the phonon case, cf. Chapter 4. We can
diagonalize it by the Fourier transform:

‘H = const. + Z(ZS Z Jij (1 — e_i‘l‘(R"_Rf))) a;aq (6.73)
q ij
or

‘H = const. + Z wqa;a
q

(6.74)

q

where the spin-wave spectrum is

w, = +28 Z J(R; — R))(1 — e "0 Ri=RD) = 25[J(g=0) — J(g)] .
(6.75)
As g — 0 the spectrum is quadratic in ¢; for the nearest-neighbour interaction
j,'j = f(S,»_u,-il it is

wg = 28Jq%a*, (6.76)

see Fig. 6.19. Here S is a nominal spin (e.g. for spin %, 2S = 1). (By the way,
from (6.75) we see again that the ferromagnetic ordering becomes unstable if J(q)
has a minimum not at ¢ = 0 but at a certain nonzero q: then the spin-wave energy
wy becomes negative for certain values of g close to g, signalling an instability of
the initial ferromagnetic state and a transition to another type of magnetic ordering,
e.g. the helicoidal one with momentum ¢.)

Spin waves (magnons) a;, a, are approximately bosons (at low temperatures,
when there are only a few of them and they are, on average, far from each other).
Then their occupation number is

1

m . (677)

ng =
(Their number is not conserved, thus, according to the treatment of Chapter 3, we
take their chemical potential  in (3.3) as zero. But the external magnetic field in
(6.21) is linearly coupled to the magnetization, i.e. to the number of magnons, and
it can play the role of their chemical potential.)
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The total number of magnons at temperature 7 is (in the 3d case)

3
1 N T \ [~ d
- f Pang = — [ vrdx (6.78)
Q) 4m2\28J) Jo e —1
Each magnon (spin reversal) reduces the magnetization, i.e. the magnetization is
T /2
M(T)=M@O)|1—const. | —= . 6.79
(T) ©0) [ < >3 J) } (6.79)

This dependence is indeed observed experimentally in isotropic ferromagnets. Note
that the behaviour of the magnetization close to 7 = 0, given by the spin-wave
theory, is quite different from that of the mean field treatment of Section 6.2:
according to the latter, the magnetization would approach the saturation value as
T — 0 exponentially.

How can we visualize a spin wave? Suppose we have created a magnon with
wavevector Q, a; |0) ~ Sé |0). We have to use a (quasi)classical description if
we want to visualize what is going on and want to be able to draw pictures, etc.
Thus we assume that there is a macroscopic occupation of the spin wave with the
wavevector Q. Then the average is

(OIS, 1Q) =adlg — Q) , (6.80)

where a is some (in general complex, a = |a| e~'¥) constant, describing the ampli-
tude and phase of the spin wave. (One can make this treatment rigorous by intro-
ducing the so-called coherent states, equivalent to the classical description of a
coherent electromagnetic wave instead of the description in terms of photons; actu-
ally this state | Q) with the macroscopic occupation is such a coherent state.) Then
the average projection of the spin on the x-axis is

A + S~ {

(Sy) = (Q18)10) = (Ol =——"10) = (0l 5 /dq [eiq"5;+e_iq"S;]}lQ)

iOn+ig —iQn—igp
= |a| {e J;e } — |l cos(Qn + @) . 6.81)
Similarly,
, SH—S, .
(S;)=(01S;10) = (QITIQ)= lalsin(Qn +¢) . (6.82)

And the z-projection of the spins is the same for each site and just decreases slightly,

(8% =1 —(aja,) =1 —lal* (6.83)

n-n 2

cf. (6.70); i.e. the spins are actually only slightly tilted from the original direction.
Actually the phase is ¢ = wt, and at each site one has a picture of precession
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around the average (molecular) field, Fig. 6.20: the spin at each site rotates on a
cone. But the ‘instantaneous’ picture (snapshot) corresponds to a wave ~ cos On
in ($*) and ~ sin Qn in (S”).

The terms omitted in (6.72) include, e.g. terms of the type alataa, i.e. they
describe the interaction between magnons. Because actually magnons are not
exactly bosons, when two of them come together, there is a ‘Pauli-like’ on-site
repulsion. But there also exists a certain attraction between spin deviations, illus-
trated in Fig. 6.21.

InFig. 6.21(a) we show two independent magnons (reversed spins) far from each
other. Each of them ‘spoils’ z bonds (here, in Fig. 6.21(a), four bonds, denoted
by the wavy lines). When two reversed spins come close together and become
nearest neighbours (Fig. 6.21(b)), they cost less energy, as they destroy fewer bonds
(here in total six wrong bonds instead of eight in the case of Fig. 6.21(a)). This
decrease of energy means an attraction between spin deviations; it can in principle
lead to the formation of bound states of two magnons. Such bound states always
exist for the Heisenberg interaction in the 1d and 2d cases, and under certain
conditions in three-dimensional systems too. If, instead of a reversed spin, we
simply remove an electron with a spin, i.e. make a hole-doping, similar arguments
tell us that these two holes may prefer to stay together forming a bound state. This
is, in a nutshell, one of the mechanisms of the formation of Cooper pairs suggested,
e.g. for the high-temperature superconductivity cuprates.

Another way to treat spin waves

There exists another, very powerful and convenient method to study excitation
spectra, which is applicable to many situations — the method of equations of motion.
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The general scheme of this method is the following. The Schrédinger equation for
a wavefunction |W) is

H|W) = E|W) . (6.84)

Let |¥) = A |0), where |0) is the ground state (vacuum), and the (yet unknown)
operator A creates a given state | W) out of |0). Equation (6.84) can then be rewritten
as HA |0y = EA |0), or, adding and subtracting AH, as (7:[14 — AR+ A?—A{) |0) =
E A |0). In other words, the commutator satisfies the equation

[H, A]110) = EA |0) — AH|0) . (6.85)

We assume that the ground state |0) is an eigenstate of the Hamiltonian, 74 |0) =
E( 0); choosing the beginning of the energy, we can put £y = 0, which we will do
below. Then (6.85) takes the form

[H, A]1|0) = EA |0) . (6.86)

We can now treat equation (6.86) not as a Schrodinger equation for the wavefunc-
tion, but can say that the operator A obeys the equation

EA=[H, A]. (6.87)

If this equation is satisfied, then also the original Schrodinger equation (6.84)
will be satisfied. (Until now we have not made any approximations and used only
identity transformations in going from (6.84) to (6.87).) The approach in which,
instead of the Schrodinger equation for the wavefunction (6.84), we consider the
equivalent equation (6.87) for operators, is called the Heisenberg representation (in
this method time- or frequency-dependence is transferred from the wavefunctions
to operators; see the more detailed discussion in Chapter 8).

Actually these two approaches go back to the early days of the formulation of
quantum mechanics. In the 1920s two approaches had been suggested. One was
the method of Schrodinger, which dealt with the wavefunctions and with equations
for them. But slightly earlier Heisenberg suggested the matrix formulation of quan-
tum mechanics, which dealt with matrices, which are actually operators (or, vice
versa, one can represent operators as matrices in a given basis). The terminology
‘Schrodinger representation’ and ‘Heisenberg representation’ reflects the origin of
these two methods.

Consider now a ferromagnet with spin S = % with the ground state |0) =
[T 111 ---). Let us write down the equation of motion (6.87) for the opera-
tor S;”, which, as we have seen above, creates spin deviations and consequently
spin waves. With the exchange Hamiltonian H (6.68) the equation (6.87) becomes,
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using commutation relations (6.65),

ES; =[H.S1=23" {—S;Sj + S,ZS;} . (6.88)
J

(The factor of 2 in (6.88) comes from the terms with / =i and /[ = j in (6.68);
interchanging the summation indices i <> j in the second term we obtain (6.88).)
Now, we have started from the operator S;, and obtained in the right-hand side
more complicated operators, the products S S3, Sij_. Generally speaking, one
now has to write down equations similar to (6.87), (6.88) for these new operators.
One gets, in this way, a set of equations for more and more complicated operators
which one can solve by interrupting, or truncating, these equations at a certain
stage, making certain assumptions about the nature of the ground state. Here we
do it by making a decoupling similar to a mean field: we replace S; by the average

magnetization (S;) = (S;) = (S). Then we obtain

ES; =—=2(8)S7 > Jij +2(8) ) JiS; . (6.89)
In the ferromagnetic case J;; < 0; denote again J; i = —J;j. After Fourier trans-
forming we get
ES™(q)=2(){JO) - J(@)} S (@), (6.90)
which gives the excitation spectrum
E(g) =2(5){J(©0) - J(g)} . (6.91)

The spectrum (6.91) coincides with the magnon spectrum w,, (6.75), with one
important modification:
(S)

E@q) = e wg , (6.92)

i.e. it is ‘self-consistent’, and in this approximation the energy of the spin wave
changes with the average magnetization (S) and with the temperature: the spectrum
becomes softer (the energy of the excitation decreases) when T — T,. This is
indeed very reasonable: as each spin is kept in its direction by the combined action
(molecular field) of its neighbours, the spin stiffness (the ‘cost’ of reversing a
given spin) should depend on the average spin of the surrounding ions and should
decrease with decreasing (S). This is what equation (6.92) corresponds to.

If one now calculates the magnetization M (T') using this spectrum, one obtains
the standard spin-wave law (6.79) as T — 0, and one reproduces the mean field
results M ~ /T, — T close to T, i.e. it is a very good interpolation from T = 0
to 7.
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6.3.2 Antiferromagnetic magnons. Zero-point oscillations and their role

Let us consider now the antiferromagnetic case, J > 0. As the ground state we
take here the state with two sublattices |1 | 1 1} ) = |0) (the Néel state). The
spin operators act on different sublattices as follows:

Sublattice j: +  S510) = +S10), S710) =0,
Sublattice I: | S710) = —S[0), S7[0)=0.

(6.93)

Again we introduce spin deviation operators, as in (6.69), but in this case for each
sublattice separately:

Si= S—ala;,  ST=+v2Sa;, ST =+2Sal,
(6.94)
SS=—S+bb,, S; ~2Sh St~ 25 b] .

Because of the antiferromagnetic (Néel) structure of the ground state, in this case
the creation operators for spin waves are S~ for one sublattice and S* for the other.

Substituting (6.94) into the Hamiltonian (6.68) and making a Fourier transform,
we get (again omitting higher order terms):

H = Eo+25 Y |JO)(afa, +blb,) + J@) (afbl + bya,)} . (6.95)
q

In contrast to the ferromagnetic case, the expression (6.95), albeit a quadratic form,
is still nondiagonal (it contains terms a'b', ab). But we know what to do with
such terms: we can diagonalize this expression using the Bogolyubov canonical
transformation (5.23), as we have done for the Bose gas:

ag = uqoq +v,81 . by =ugBy +v,eb . (6.96)
As ué — vg = 1, we can represent u, and v, for example, as
ug = coshd, , vy = sinh 6, . (6.97)

As in Chapter 5, the requirement of cancellation of ‘dangerous’ terms aa, ofaf,
BB, B1T, or equivalently the minimization of the energy E = (H), gives

tanh 26, = J(q)/J(0) , (6.98)

and in effect we get

H=Eo+» (0, —2570) + ) wylaje, + BB,
q

q

= const. + qu [(a;aq + %) + (,BJ,Bq + %)] (6.99)
q
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with the spin-wave spectrum

wg =28y J*(0) — J%(q) . (6.100)

For ¢ — 0 w, ~ |q|, i.e. we obtain here a linear spectrum (vs. quadratic in the
ferromagnetic case). There are two degenerate modes, o and B. The last two
terms in (6.99) combine and give the term ~2 Zq wg(ng + %), cf. the case of
phonons, Chapter 4.

The presence of % in (ng + %) in (6.99) tells us that, in analogy with phonons in
crystals, Chapter 4, there exist zero-point fluctuations in quantum antiferromagnets,
which reduce sublattice magnetization even at 7 = 0, and which can even suppress
long-range order completely. This is connected with the presence of nondiagonal
terms in (6.95): the initial Néel ground state |0) is not an eigenstate of ‘H, and pairs
of spin excitations at neighbouring sites (in different sublattices) can be created.
(One can easily see that the fully ordered ferromagnetic state |+ 111 ---) is
an eigenstate of the exchange Hamiltonian.) In an antiferromagnet the term S; S, -
in (6.68) gives S;S;r 14 T % M= ¢ T tJ .-+ ), 1.e. it reverses two spins and

J J

creates two excitations, leading to quantum fluctuations. This means that the actual
ground state of the antiferromagnetic Heisenberg model (6.21), (6.68) is not just the
state [14 1) 14 ---) =10) (the Néel state), but contains an admixture of states
with different number of spin flips. In effect zero-point fluctuations are present even
at T = 0, and the sublattice magnetization (S) is less than S. Indeed, the deviation
of the average spin, e.g. in the b-sublattice from the nominal value S, is

2
(85]) = — (S}) = (b{b) = = D (bib,) (6.101)
q

Using (6.96)—(6.98) we can express it in the following way (see the details in
Ziman (1979) and Kittel (1987)):

J(0)
88%) =const. +2 ) —— 3. 6.102
(657 os+;wq(nq+2) (6.102)
where w, is the spectrum (6.100).
Check this, using the relations (6.96), expressing the coefficients ug4, v, through
tanh 26, (6.98), using the bosonic commutation relations for the operators oy, B,

and taking into account that the nondiagonal terms of the type a8, a8 should
drop out.

The expression for spin deviations (6.102) is exactly analogous to the expres-
sion for the vibration amplitude of the lattice (4.74). Therefore we should expect
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that all the consequences thereof, discussed in Section 4.4.4, would also apply to
antiferromagnets. Thus the deviations from the maximum sublattice magnetiza-
tion at 7 = 0 in d-dimensional space are ~ [ d‘q/q, i.e. they are finite for 3d
(d*q ~ q*dq) or 2d (d2 ~ g dq) cases, but for the 1d case the integral diverges
logarlthmlcally, <b1 ~ [dq/q, which means that there is no long-range order
inald antzferromagnet even at T = 0! (cf. the case of crystals, (4.74)—(4.77)).
This is due to quantum fluctuations, driven by the terms S*S~ in the Hamiltonian.
A model without these terms, H = )_ J; iS7 S;, is different in this respect. This
Ising model is in a sense classical (vs. the Heisenberg model which is intrinsically
quantum).

It is instructive at this point to elaborate somewhat on the parallel with ordinary
lattice phonons. We have seen that many features of antiferromagnets remind
us of a harmonic lattice: the spectrum of collective excitations (antiferromagnetic
magnons vs. acoustic phonons) is linear as ¢ — 0; there exist zero-point vibrations,
cf. (4.65), (4.74) and (6.102); because of that, one-dimensional order becomes
unstable even at T = 0, etc. Physically this is connected with the fact that, in
contrast to a ferromagnet, for which a perfectly ordered state is an exact eigenstate
of the Hamiltonian, both in an antiferromagnet and in a lattice the ordered state we
usually start with is not an eigenstate; there are terms in the Hamiltonian which
lead to the creation of pairs of excitations.

Mathematically, as we have seen above, both the linear spectrum of antifer-
romagnetic magnons and the presence of zero-point deviations (6.102) follow
from the Bogolyubov canonical transformation (6.96) (giving the term ) _(ng + %)
in (6.102)). We have seen that the same term % in (n + %) which is responsible
for zero-point oscillations at 7 = 0 (where (ny) = 0) is also present in the case
of phonons. However we did not do any Bogolyubov transformation in Chapter 4!
What is really the connection here, then?

The answer is the following. When considering lattice vibrations, one usu-
ally proceeds classically, treating classical equations of motion for atomic coordi-
nates x;, or for small deviations u;, see Chapter 4. Only at a later stage did we go to
the second quantization formalism and introduced phonon operators b, b. The cor-
responding connection has the form (see (4.10)) u; ~ (bl.T + b,). If we had used this
representation from the very beginning, and written the initial Hamiltonian through
the phonon operators, then, e.g. the term %B(ui ])2 in the lattice Hamiltonian
(4.16) (elastic energy) would contain both the terms bTb and bjbj, b;b;, exactly
as in the case of weakly interacting bosons (5.21) or antlferromagnets (6.95). And
then we should have used again the same Bogolyubov canonical transformation to
get rid of these terms, even in ordinary crystals! Thus it is indeed not accidental that
the behaviour of antiferromagnets (antiferromagnetic magnons) resembles that of
lattice (phonons).
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On the other hand, one can proceed in the opposite way and try to obtain the
magnon spectrum classically, going to the second quantization description at a
later stage (as we have done with the lattice dynamics). This is indeed possible;
the corresponding classical description can be formulated and is actually widely
used in various problems of magnetism. The corresponding equations are the
Landau-Lifshits equations mentioned in Section 2.4. They are especially useful
for discussions of problems such as the dynamics of domain walls, etc.

Whereas at T = 0 the long-range antiferromagnetic order is unstable in one-
dimensional systems, at finite temperatures these deviations may diverge also in
two-dimensional antiferromagnets or ferromagnets.

Problem: For an isotropic ferromagnet show that the magnetization is zero at finite
temperatures in the 1d and 2d cases.

Solution: From equation (6.78), withng = 1/ (e¥/T —1)(6.77), and with wg given
by (6.75), (6.76), we obtain that the deviations from (S) at T # 0 are

diq g% 'dq
R B B . 6.103
(88) ~ (n) /ecqz/T_l G—0) /o q*/T ( )

Thus for the 3d case (8S) ~ T [ q°dq/q* which is OK; spin deviations are finite
(and given by (6.79)).

But already for the 2d case (8S) ~ [ ¢ dq /q* is logarithmically divergent! And
in the 1d case this divergence is even stronger.

Problem: Do the same for an isotropic antiferromagnet at T # 0. Remember
that the antiferromagnetic spectrum is w, ~ ¢ instead of ~¢? for a ferromagnet.
But, on the other hand, the expression for spin deviations in this case is given by
equation (6.102), i.e. it contains an extra w, in the denominator (and also the term
% in the integrand, describing zero-point fluctuations).

Solution: All the calculations here are exactly the same as in the case of phonons,
Section 4.4.4. Thus the conclusions are the same: there is no long-range order in
ldeitherat T =0or T #£ 0,andin2d at T # 0.

Thus for the isotropic (Heisenberg) interaction there is no long-range order at
T # 0in 1d and 2d systems. For 1d antiferromagnets there is no long-range order
even at T = 0. This is again connected with the fact that elementary excitations
(magnons or spin waves) are gapless, their spectrum obeys w, — 0 as ¢ — 0 (and
sufficiently fast).

We want to repeat here this important point, already discussed in Sections 2.6 and
4.4. The general statement (the Goldstone theorem) is: if there exists a continuous
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broken symmetry, there should exist gapless excitations (if the interactions are not
long-range ones).
Once again, here are examples of this general statement in specific cases:

Magnets

The continuous symmetry that is broken in the low-temperature ordered state is the
continuous spin rotation: arbitrary directions, 1, or 7, or \, etc. are allowed and
are equivalent for the Heisenberg interaction (6.21). As a result there exist gapless
spin waves. Spin waves with ¢ — 0 correspond to a rotation of magnetization
(or sublattice magnetization) of the whole sample. As all spin orientations are
equivalent, all such states are degenerate, it costs no energy to go from one to
another, and consequently w(g =0) = 0. But if the interaction is anisotropic (e.g.
JS; Sj — this is called the Ising interaction), then the spin excitations have a gap,
and the conclusions would be different.

Crystallization

In liquids there exists a continuous symmetry: continuous translations r — r + ér
(and continuous rotations). In crystals, however, we have a periodic structure, and
the allowed translations are discrete, r — r + an. Broken continuous symmetry
again leads to a gapless collective mode —acoustic phonons, with the spectrum w, =
sq. The mode with ¢ — 0 corresponds to a shift of the crystal as a whole, which
explains why these phonons are gapless.

Bose condensation

The order parameter here is (ag), or (ap). What is the broken symmetry in this

case? As explained in Chapter 5, there exists a gauge transformation of operators,
an arbitrary change of phase: a;r — e‘i‘/’a;, a, — e¢"%a,. Usually all physical
observables contain all operators always in pairs, ata, ata’aa, etc. and noth-
ing depends on ¢. But in the Bose-condensed state the average, not of a pair,
but of only one operator (aT), is nonzero and plays the role of an order param-
eter, which means a broken gauge symmetry (again it is a continuous symmetry
which is broken: all values of the phase 0 < ¢ < 27 were possible). An ordered
phase is characterized by fixed ¢ (exactly as in ferromagnets, where below 7. we
chose some fixed orientation of M). Consequently in the Bose condensed state
there exists a mode w, without a gap — the Bogolyubov sound. One may thus
connect the Bogolyubov sound with the oscillations of the phase of the order
parameter.

Thus we again repeat: the conclusion is that, because of the presence of such
gapless excitations, there is no long-range order in models or systems with broken
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Table 6.1

Ferromagnetic

Antiferromagnetic

Ground state: [0) =[PP 111 --)

It is the exact ground state of the
Heisenberg exchange Hamiltonian
H= —JZW) Si-S;

Crudely: the long-range ordered state is
the Néel state [0) = [P {11 ---)

It is not an exact eigenstate of H
(mathematically, one has to make
a Bogolyubov transformation to

diagonalize the Hamiltonian and to
obtain the spectrum of elementary

excitations)
Spin waves: wy = ck? Spin waves: wy = ck

Spin deviations: Spin deviations:

dk dk dk
| dkn =T —~T/— ~/_ !
/ i Wy kz Wi (nk + 2)
1d — divergent, no LRO
T = 0: LRO, no spin deviations in 1d, T=0: 2d— Olzven aT =0!
2d and 3d systems 3d— OK

1d — divergent, no LRO
T #0: §2d - divergent, no LRO
3d-0OK

1d — divergent, no LRO
T #0: {2d - divergent, no LRO
3d-OK

continuous symmetry in 1d and 2d cases at T s 0; this is the Mermin—Wagner
theorem discussed in Chapter 4.

We summarize the behaviour of ferro- and antiferromagnetic systems (from the
point of view of the role of fluctuations) in Table 6.1 (LRO stands for long-range
order).

The behaviour at T # 0 is a consequence of the Mermin—Wagner theorem.

Problem (a real problem).

The excitation spectrum (gapless) may be, e.g. wi ~ k or w; ~ k*. In crystals
(sound waves) or in antiferromagnets, for which the simple ordered state is not
the exact ground state and there exist zero-point oscillations, the spectrum is
linear, » = sk, so that [ d’k/wy is divergent for d = 1 (1d systems) but not in 2d
(at T = 0). (At T ## 0 the linear spectrum is sufficient to destroy ordering also in
the 2d case.)

For a ferromagnet the ground state of the type 1 1 1 1 is an exact eigenstate of
the Hamiltonian, and there are no zero-point fluctuations; as a result there exists
long-range order at T =0, (S) =S (e.g. (S)r=0 = +%). At the same time the
spin-wave spectrum is quadratic, w; = ck.
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Is it accidental that the situation with zero-point motion goes together with a
linear spectrum, and an exact state without zero-point oscillations gives quadratic
dispersion?

For instance if there would have been zero-point oscillations, but with excita-
tions with the spectrum wj ~ k?, then the fluctuations (e.g. spin deviations in
magnets), given in this case by an expression of the type of (4.74) or (6.102), at
T = 0 would behave as [ d’k/wy = [ dk/k?, i.e. they would diverge also at
d =2 (2d systems) — and there would be no ordering at T = 0 in both 1d and
2d cases.

But worse than that: then at 7 # 0 we would have had, for example, for a crystal
(cf. (4.78))

d'k dk dk
2
(?) ~ / ikl T/ -y (6.104)

and (u?) would diverge, i.e. the crystal with such a spectrum would be unstable at
any temperature even in our real 3d world! (And even in the 4d case.)

Maybe just because of that, this is not the case? In other words, is there a theorem
that states:

In the presence of quantum fluctuations at 7 = 0 (or of the zero-point motion)
the excitation spectrum (spectrum of the Goldstone mode) is linear (or at least
wr = ck®* with o < %, so as to make a 3d system stable at 7 # 0); and when
we have the exact ground state (an ordered state which is an eigenstate of the
Hamiltonian) and there are no quantum fluctuations at 7 = 0, then the spectrum
of the Goldstone mode may be (should be?) w ~ ck??

Note also: the spectrum of surface modes (vibrations of the surface of a lig-
uid, for example) is wy ~ k*/2, just enough to make the surface stable at 7 = 0
(the amplitude of zero-point oscillations is [ d*k/k*? ~ [ dk/~/k which is
convergent).

6.4 Some magnetic models

The study of different versions of magnetic models is now a rather well-developed
field. We often have a good feeling of what to expect; many mathematical methods
can be used for these systems and were actually developed in this context. It is
also very useful and instructive because it is often possible to map other physical
problems onto magnetic ones and then use the magnetic ‘know-how’ to solve or at
least to better understand these problems.
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6.4.1 One-dimensional models

These models are often exactly soluble (not all of them of course). The results of
the exact solutions are often different from the simple mean field results.

(la) 1d Ising model with nearest-neighbour interaction

The Hamiltonian of the Ising model in one dimension can be written as

H=J)> Sisi=21> Sis, (6.105)
(ij) i

({ij) means summation over nearest neighbours — ‘nn’). It is easy to solve this
model exactly — to find the partition function Z(7, H) at arbitrary temperature and
magnetic field H || z (described by an extra term in the Hamiltonian (6.105) of the
type —H ), S7), see, e.g. Ziman (1979). Note that for the Ising model the situation
for ferromagnetic and antiferromagnetic couplings is practically the same: in both
cases there exists long-range ordering at T = 0, ferromagnetic in one case and a
simple two-sublattice Néel state in the other. One can formally go from one case
to the other by changing the spin quantization axes for every second site to the
opposite.

There exists an elegant method for solving this problem — the so-called transfer
matrix method; it can also be used for treating some other 1d models. One can
write down the partition function as (8 = 1/T)

Z=Tre " =Tr[[exp(—287S:Si1) = [ [ Trexp(—2B7S;Si11)

N
=3 Y epf-287 Y sisia) (6.106)
i=1

N Sn

Taking into account the fact that every Ising spin S; can take only two values, :I:%,
we can write down the partition function (6.1006) as the trace of a product of matrices
Tss such that (S|T|S’) = exp(—2B8JSS") ((+1|T| + 1) = (—1|T| — 1) = e #//2,
(=T[4 1) = (+1|T| = 1) = e™F//?):

Z=Y %" 3 (ST (S TIS3) - - - (Sn|T|Sy)

NN Sy

=D (SUTY|S)) = Tr(TV) =2 + Y, (6.107)
S

where A, and A_ are two eigenvalues of the matrix T, and we have taken the
periodic boundary condition Sy.; = S;. One can easily generalize this treatment
to the Ising model in a parallel magnetic field (with the extra term —Hex ) ; S;
added to (6.105)). Thus the solution of the problem is reduced to finding the
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T/

(maximum) eigenvalue of the transfer matrix T, which in this case amounts to
solving a quadratic equation.

Using this method we can easily obtain all the thermodynamic properties of the
1d Ising model. Thus, for example, the specific heat is (exact result)

J Y J
cy = (?) sech? (?) , (6.108)
see Fig 6.22.

The maximum of ¢y (7T') can be easily understood. The energy spectrum of the
Ising model consists of discrete levels. The energy of a given bond is — % |J| for the
ground state (parallel spins for the ferromagnetic case) and —|—%|J | for the wrong
bond (antiparallel spins). Thus the creation of such a wrong bond costs us |J|; it
is the ‘cheapest’ elementary excitation here. (One can easily see that in fact this
means the creation of a ‘domain wall’ — the spins are, say, 1 1 1 1 1 to the left of
this defect, but | | | | | to the right of it; this character of elementary excitation is
very common in 1d systems, as we will see below. Of course, in a general excited
state we can create many such wrong bonds.) The specific heat (6.108) in this
essentially two-level-like situation has a broad maximum at the temperature of the
order of level splitting — in this case at T ~ J; this is called the Schottky anomaly.

Note once again that for the Ising model the ferromagnetic (J < 0) and anti-
ferromagnetic (J > 0) cases behave in the same way (e.g. cy is an even function
of J). The ground states of the kind 1 1 1 1 for J < 0 (ferromagnetic case) and
14 1] for J > 0 (antiferromagnetic case) are both exact ground states of the Ising
Hamiltonian (6.105), in contrast to the antiferromagnetic Heisenberg model (6.21).
In this sense the Ising model is classical, it does not have significant quantum
effects. The broken symmetry here is discrete, it is the reversal of spin 1 <= |;
the spectrum of elementary excitations contains a gap equal to |J| for both cases,
i.e. there is no Goldstone mode, and correspondingly the Mermin—Wagner theorem
does not apply. However this system is ordered only at 7 = 0, and there is no
long-range order at any finite 7 > 0.
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(a) (b)
Fig. 6.23

(1b) 1d xy model, spins 1/2

In this model the spins are allowed to point in any direction in the xy-plane. The
Hamiltonian of the xy model is

H=1J Z(S;‘S}‘ +8)8) = 27 Z(stj— +5757). (6.109)
(ij) (ij)

Remembering (6.69), (6.71), one may hope to map this model onto a model like
I i aj a, with bosonic operators a, a'. But in the standard Holstein-Primakoff
representation (6.69) the operators a, a' are only approximate bosons. In the 1d
case, and for S = %, quantum effects are especially important, in particular the
on-site anticommutativity of S;r, S, see (6.67). Thus one should expect that the
conventional Holstein—Primakoff approximation would be a rather poor approxi-
mation in this case.

However, there exists another possibility: it is possible to map the model (6.109)
exactly onto a model of noninteracting fermions by the so-called Jordan—Wigner
transformation. In effect SI.Jr is transformed into cj, and §; goes over to ¢; (with
some complicated phase factors), where clT, c; are spinless fermions; the Hamilto-
nian (6.109) is transformed into

H=7) clc;. (6.110)
(ij)

which can be easily diagonalized by the Fourier transform (this is the tight-binding
model for spinless fermions):

H=> ecle,.  e=2Jcosk. (6.111)

The ground state (the state with the minimum energy) is reached when all fermion
states with negative energy are filled. The wavefunction of the ground state is thus
the Fermi sphere of these spinless fermions ¢y, with kp = 7, see Fig. 6.23(a) for
the case J > 0, Fig. 6.23(b) for J < 0.
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One can show that the projection of the total spin is

S =L(N - N) =<Z (chk—%)>. (6.112)

k=—m

Thus, e.g. if all k-states were filled, czck =ng =1 for all k, then from
equation (6.112) S* =N — %N = %N , i.e. this would correspond to all spins
being 4. If all k-states are empty, then S* = —%N , which corresponds to all spins
being |. The ground state (half of the states are filled) corresponds to the total
spin S = 0. But it is not an ordered (LRO) antiferromagnet, although there are
antiferromagnetic short-range correlations, or short-range order (SRO).

Note also that, similar to the Ising model, for the one-dimensional xy model
the sign of the exchange interaction J in (6.109) does not matter: it is clear from
Fig. 6.23 that the change of sign of J corresponds simply to the transformation
k —> k + m, and the properties of the solution remain the same.

This mapping of the one-dimensional xy model into spinless fermions is used
nowadays to discuss many problems, e.g. the physics of elementary excitations in
polymers, etc.

(Ic) 1d Heisenberg model for S = 1/2

The Hamiltonian of the 1d Heisenberg model with nearest-neighbour interaction is
H=0 38 Sim=1J Z[Sfo+1 + LSS, + S,.—S;l)] . (6.113)

We use here the standard way to write down the Hamiltonian of the 1d Heisenberg
model, with the summation over one site index i (cf. (6.21)). Note that the exchange
integral J’ introduced thus differs by a factor of 2 from our previous definition, J' =
2J. This definition here is convenient, because then the energies of the singlet and
triplet states of the pair of spins (S, S,) would be —%J " for a singlet and +%J " for
a triplet, see also below, so that their difference is J'.

The ferromagnetic case is simple: the ordered state with all spins, e.g. up is the
exact ground state at 7 = 0. The antiferromagnetic model is much more interesting
because of the presence of spin deviations in the ground state, as discussed above.
An exact solution of this model was obtained in the 1930s by H. Bethe, who
found an expression for the wavefunction of the ground state and calculated certain
properties. Thus the exact value of the ground state energy is E/N = —J'(In2 — %),
i.e. the energy per bond is between the value —%J " which one would get for an
isolated singlet dimer, and the mean field value —;1‘] ’. The method proposed
by Bethe (which is called the Bethe Ansatz) is rather complicated; still not all
properties are calculated, and many results were obtained only relatively recently.
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It has a number of interesting features, some of which will be discussed in the next
section.

6.4.2 Resonating valence bonds, spinons and holons

The usual semiclassical picture of an antiferromagnetic state of a 1d chain would
be the following:

e The ground state would be of the Néel type: 1+ | 11 1 | 1 .
e The simplest excitation would correspond to one reversed spin: 1 | 4 T
(2

In our previous treatment this approach gave spin waves, or magnons. Such
an excitation changes the total spin by 1, i.e. the quantum number of a magnon
is § = 1. This is actually why magnons could be treated as approximate bosons:
the general rule is that infeger spins correspond to bosons, and half-integer spins
to fermions (although just in the 1d case this rule, strictly speaking, is no longer
true, and the situation may be more complicated).

However, as already discussed above, in the Heisenberg antiferromagnet due to
quantum fluctuations (caused by terms Sf S; + S S;f in (6.113)) the following
process is possible. We start from the state with one reversed spin, Fig. 6.24(a),
and interchange, using Sij_, two spins in the vicinity of the reversed one, as
shown by the dashed arrow in Fig. 6.24(a). As a result we would have the situation
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shown in Fig. 6.24(b). We can continue this process further, and go to the state
of Fig. 6.24(c), etc. In effect one spin excitation (a reversed spin) is split into two
excitations, each of which is actually a domain wall. Between them we again have
good antiferromagnetic ordering, but with even and odd sublattices interchanged.
In other words the sign of the order parameter changes to the opposite, or its phase ¢
changes by 7, see Fig. 6.24(d).

Such domain walls, or solitons, are the actual elementary excitations in the
1d Heisenberg antiferromagnet (although the picture presented above is strictly
speaking not valid, because there is no long-range Néel order in the ground state to
start with). As the initial excitation (reversed spin) had S = 1 and it is now split into
two equivalent ‘defects’, this means that each of these new excitations carries spin
%, i.e. they are more like fermions. In the previous section we saw that the xy model
can be transformed into free fermions. These are related features, but the isotropic
Heisenberg case is much more complicated — it rather gives interacting fermions.
(As mentioned above, strictly speaking, in 1d systems the standard connection
between spin and statistics is not valid, i.e. the fact that these excitations carry
spin % does not yet automatically imply that they are fermions.) But in any case
these solitons are really the elementary excitations in one-dimensional Heisenberg
antiferromagnets, and the treatment of the properties of such systems in terms of
these excitations is definitely much better than the one using ordinary magnons.
The fact that such objects are the actual elementary excitations does not only
follow from our approximate (and in fact not very realistic, see below) treatment,
but has been rigorously proven using the Bethe Ansatz method (Faddeev and
Tachtajan).

Now, the same quantum effects (STS~ terms) which split the spin-wave excita-
tion into two, lead to the fact that the Néel state 1 | 1 | 1 is not really the ground
state: there appears an admixture of configurations with reversed pairs of spins. We
know from quantum mechanics that the ground state of an isolated pair of spins
with an antiferromagnetic interaction is not simply 1 |, but rather an antisymmetric
combination — a real singlet. Therefore it may be worthwhile to study an alternative
trial state, making real singlets in the ground state.

The Néel state is 1 | 1 | 1 | . Its energy is (using the Hamiltonian (6.113))

1
Engel = —ZNJ’. (6.114)
Let us now form real singlets. The singlet state for a pair of spins 1 and 2 is

|Singl.) = % 11420 — 1424) . (6.115)



6.4 Some magnetic models 111

Fig. 6.25
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The energy of a singlet is
. 12 . / 3
(Singl.| J'S; - S, |Singl.) = —J" - i (6.116)

Check: this directly and by using the expression for the total spin (S; + S»)? and
the fact that S = S(S + 1).

Solution: S2, = (S; + S2)° = ST + S5 + 28, - Sy, from which §; -8, =
1(8%, — 8§ — S2). For a singlet state, S, = 0 and for §; = S, = 1, with §? =

S(S + 1), this gives (S| - S») = —%, from which we obtain the result (6.116).

Why does the factor % appear in (6.116)? The term S} S5 gives —%. In the Néel
state only this term contributes. But in a real singlet state (6.115) not only S7S5
contributes, but also S7S; and S S; in S| - S, (the singlet state is spherically
symmetric). Each of them gives the same contribution —}1, that is why the total
energy is —%J/.

Now, let us take instead of the Néel state with the energy (6.114) another trial
state, the one made of singlets (actually we form valence bonds, as in the H;
molecule, see Fig. 6.25):

|W)yg = |Singl.), |Singl.)s, |Singl.)s .. . . (6.117)

The energy of this state is

EVB=—§J’-E =—§J/N. (6.118)

4 2 8
In comparison with the Néel state (6.114) we have lost half of the bonds, but gained
a factor of 3 at each of the remaining singlet bonds. As a result the energy of this
valence bond state, or valence bond crystal, Evyg is less than Eyg. Actually we
can decrease the energy still further by using an exchange between singlets (the so-
called resonance, see Fig. 6.26), i.e. interchanging ‘singlet’ and ‘empty’ bonds. It
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can be shown that this mixing indeed decreases the energy still further. This mecha-
nism of extra stabilization of such a state due to resonance between different config-

urations is known to work, e.g. in the benzene molecule, { © + @ }

The very concept of resonance appeared in this context in chemistry and is largely
due to L. Pauling. In our problem this is what is now called the resonating valence
bond (RVB) state (the concept introduced to solid state physics by P. W. Anderson
in 1973); it is at present a very popular notion, in particular in application to high-T;
superconductors, but not only there.

Let us now consider elementary excitations in the (R)VB state. Similar to the
Néel configuration, we can first create a spin 1 excitation by ‘breaking the pair’ —
exciting one pair from the ground state singlet into a triplet state, Fig. 6.27. Again,
as in Fig. 6.24, we can ‘recommute’ the singlet bond several times, and in effect
we will get two separated spin % objects, between which there will still be a
paired state, but with the interchanged sublattices of singlet and ‘empty’ bonds,
Fig. 6.28. We thus again have created two excitations with spin % —solitons, or kinks
(domain walls between two different domains). From Fig. 6.28 it is clear that these
excitations are indeed § = % objects. These excitations are now called spinons.

One can show that excitations of this kind — spinons — are indeed the actual
elementary excitations in the exact treatment of 1d Heisenberg antiferromagnets.
They have a gapless spectrum. Note, however, that this is not a consequence of the
Goldstone theorem: although we have here a continuous symmetry, this symmetry
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is not broken in the ground state; there is no long-range order in the ground state in
this case. The singlet pairs in the RVB state are spherically symmetric objects, there
is no preferred orientation in the spin direction, and the continuous spin-rotation
symmetry is not broken.

This remark is important when we compare the properties of antiferromagnetic
spin chains with spin % and those with other spins, e.g. spin 1. For a long time it was
believed that all the main features in these cases are the same. However, relatively
recently D. Haldane has shown that this is not the case, and that there exists a gap in
the spectrum of elementary excitations in chains with integer spins S = 1,2, ...,
whereas no gap exists for half-integer spins %, %, .... This Haldane gap is now
indeed observed in several quasi-one-dimensional antiferromagnets with spin 1.

A simple qualitative picture which can illustrate the origin of this difference is
the following. One can treat spin 1 at a site as composed of two parallel spins %
Then one can visualize the following situation: one can form singlet pairs of these
S = % ‘subspins’ with neighbours both to the left and to the right, see Fig. 6.29. In
contrast to the case of spin % considered earlier, here all bonds are equivalent, and
such a state is nondegenerate, whereas it was doubly degenerate for spin % (either
(12)(34)(56). .., or (01)(23)(45)(67). . . singlets). Consequently, we cannot create
here the usual ‘domain walls’, as there are no different domains. This simplified
picture explains the appearance of the Haldane gap, although the real mathematical
proof of that is quite elaborate.

Let us now return to spin % antiferromagnets in higher dimensions and let us see
whether the concept of the RVB state can be used in these cases as well.

Problem: Compare, similarly to the 1d-case, the Néel and VB (or RVB) states in
(a) a 2d square lattice, (b) a 2d triangular lattice.

Solution: The case of a square lattice is simple: the energy of the Néel state shown
in Fig. 6.30 is

En=-J-1-2N=-1J'N, (6.119)

where N is the number of sites, each has four nearest neighbours, or four antifer-
romagnetic bonds per site, but each such bond belongs to two sites.



114 Magnetism

«— > «— >
—> «— > <«

tit
vy
tit
vy
3

Fig. 6.30

Fig. 6.32

A typical valence bond state is shown in Fig. 6.31. There exist actually many
possibilities; we can connect lattice sites by bonds in many different ways which
will give rise to RVB. The energy of each of these states is

EVB:_;;J/'%:_EJ/N' (6.120)
(the energy is —%J " per singlet bond, but there is one such bond per two sites).
Thus the simple valence bond state (without resonance switching of bonds) here
is worse than the Néel configuration. What will be the situation with resonance?
Numerical calculations show that the Néel state of Fig. 6.30 (with LRO, but with
a lot of fluctuations, of course) is still the ground state of the 2d Heisenberg model
on a square lattice.

The triangular lattice is a bit more tricky. Let us try to make the Néel state; we
immediately see that we are in trouble already at the first step, see Fig. 6.32. When
we consider the basic block of such a lattice — a triangle with antiferromagnetic
interactions — the situation is not trivial: if we only consider ordering of spins



6.4 Some magnetic models 115

S

AN ASEAN
Fig. 6.34

up and down, then whatever we do here, one bond is always wrong; this is called
Jrustration. One cannot subdivide a triangular lattice into two sublattices with spins
up and down so that every site of one is surrounded by the sites of the other (i.e.
when all nearest neighbours of one sublattice belong to the other). Thus the simple
Néel solution with collinear spins is not good, and we have to think of something
else. The best classical state is the one shown in Figs. 6.33 and 6.34. In this
state the spins on the triangle are directed at the angle 277 /3 to each other. For such
a state the whole lattice is subdivided into three sublattices, and at each triangle
we have the same situation, all the angles between neighbouring spins are the
same, 257 /3. The energy of such state is

E _ 2r 1 Nz 3,
2 /3 = 'COS? . Z 7 = —g]N, (6121)
——

(Si-S;) (z=6)

where z is the number of nearest neighbours.
The valence bond state shown in Fig. 6.35 has the energy

3, N 3
Evg=—-J-—=—-=JN. 6.122
vb=—71"3 g (6.122)

Thus in a 2d triangular lattice the energy of the valence bond state Evp is equal to the
energy of the best classical long-range ordered state E,, /3, i.e. the valence bond
state (random covering of the lattice by singlets), even without their resonance
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(which would decrease the VB energy still further) is degenerate with the best
‘classical, Néel-like’ state, and the resonance could have made the RVB state the
ground state.

These considerations are of course only suggestive; they do not yet prove that
the RVB state is indeed the ground state of the Heisenberg model on a 2d triangular
lattice. The point is that both the RVB state and the state with some long-range order
would be modified (and their energies would be reduced) by quantum fluctuations.
Thus a priori we cannot say which state would have the lowest energy. The most
detailed numerical calculations carried out until now seem to show that there still
exists in this case a long-range order of the ‘120 degrees’ type. However, for
example, already a small doping can make corresponding systems RVB-like.

The RVB state is a spin liquid (it is made of singlets, but without any long-range
order). The notion of RVB is at present an important concept in different fields,
e.g. in the theory of high-7, superconductivity and in the physics of frustrated
magnets such as, e.g. the kagome lattice, a 2d lattice of corner-sharing triangles, or
the pyrochlore lattice, a 3d lattice of corner-sharing tetrahedrons. What is impor-
tant is the fact that in such spin-liquid states with short-range RVB (short-range
antiferromagnetic correlations) the excitation spectrum is gapful; this is the typical
situation for such quantum liquid states (although there may exist also spin liquids
with a gapless spectrum). This is also important for many situations with quantum
critical points, see Section 2.6 and Section 10.2 below.

One extra interesting and important feature of the RVB state is the unusual
character of elementary excitations in it which we already encountered, when
considering the 1d case. The creation of such excitations is illustrated in Fig. 6.36:
starting from a particular VB state, Fig. 6.36(a), we first break one singlet bond,
making it a triplet, Fig. 6.36(b), and then ‘recommute’ singlets, moving 1 spins
apart, Fig. 6.36(c). Thus, similar to the 1d Heisenberg model we get rwo independent
excitations, each with spin %, which are in fact very similar to the spinons introduced
above for the 1d case. Note that they have no charge (at each site we have a positive
nucleus with charge +e, and a localized electron with charge —e). Let us now
remove an electron, i.e. create a hole (e.g. by doping). It is much easier to remove
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an electron from a broken bond (e.g. from the site 1 in Fig. 6.36(c)) — we do not
have to spend energy to break a singlet. Then we will have the situation shown in
Fig. 6.37, that is we will create a site (a hole) with charge +e and without
spin — a charged but spinless excitation, which is now called a holon.

This kind of decoupling of spin and charge degrees of freedom, or spin—charge
separation, is definitely valid in 1d models. As to the 2d-case, this is still ques-
tionable and not proven. But this is a very appealing picture; it is widely used in
describing systems with strong electron correlations, such as cuprate superconduc-
tors (the main proponent of this idea is P. W. Anderson).

6.4.3 Two-dimensional models

Now, we have already gradually switched from 1d to 2d models. What about them?

(3a) 2d Ising model

The two-dimensional Ising model is exactly soluble on a square lattice and in some
other cases; it was the first example of an exact solution of a nontrivial 2d problem
(the famous solution of Onsager). For the Ising model on a square lattice there is a
real phase transition, and the long-range order appears at

B 17|
B arc tanh(«/z -1 .

(6.123)
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It is a second-order phase transition, but not mean-field-like; thus, e.g. the specific
heat has not a jump, Fig. 6.38(a), but a logarithmic divergence, Fig. 6.38(b), i.e.
close to T, we have ¢(T) ~ —In|T — T|.

One can also calculate exactly some other properties for this case. For example
the order parameter (magnetization or sublattice magnetization) behaves close to
T, as M ~ (T, — T)'/3. Note that these exact results for the specific heat and for
the order parameter satisfy the scaling relations of Section 2.5, as they should (the
logarithmic dependence of the specific heat in scaling relations means that the
corresponding exponent should be taken as zero).

An interesting situation exists in the two-dimensional Ising model on a triangular
lattice. As discussed above, see, e.g. Fig. 6.32, in such a case we have frustration,
and many states have the same energy (the three-sublattice solution with 120° spins,
discussed in the previous section, cannot be formed in the Ising model, where all
spins must be either up or down). And indeed the exact solution of this model
(G. Wannier) shows that there exists a macroscopic number of degenerate ground
states, so that this system has finite entropy at T = 0.

The simplest way to understand this is to form first a two-sublattice antiferro-
magnetic ordering on a honeycomb sublattice of a triangular lattice, Fig. 6.39. Then
the spins at the centres of each hexagon are in zero molecular field, and we can put
their spins at random. All such states will have the same energy. The number of
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such states is 2V/3, i.e. the ground state entropy can be estimated as S ~ %N In2.
The exact value is not far from this simple estimate.

Yet another interesting consequence of this simple picture is that, as one can
easily see, we expect in this case that in an arbitrary small external field, say up,
all these ‘free’ spins immediately orient along the field, so that there appears a
net magnetization of the sample equal to % up per site. Similarly, at any small
H < 0 the magnetization will be negative, —% up. Thus there will be a jump of
magnetization at H = 0, and the second jump to full magnetization 1ug will occur
at still higher critical field (at T = 0). As a result the magnetization at 7 = 0 will
change with (parallel) field as shown in Fig. 6.40. Such magnetization plateaux are
very typical for frustrated magnetic systems.

(3b) 2d xy model. Topological excitations (vortices)

Let us now consider the two-dimensional xy model with the Hamiltonian of the
type (6.109) on a square lattice. In contrast to the 1d case, here one does not yet
know the exact solution. An interesting feature of this model is that it possesses
interesting types of excitations — topological excitations. Thus let us take the simple
ferromagnetic state shown in Fig. 6.41. One possible type of elementary excitation
is ordinary spin waves. But we can also create configurations, e.g. like those shown
in Figs. 6.42 and 6.43.



120 Magnetism

Nt A ¥ om0
X A 7 > y ¥ < \

«— <« « > —> ¢+.+T
K ¥V X\ ™ \ > £
Y ov N N~ Vd
(a) (b)

Fig. 6.42

2\

<— . —>

V' A
/1
Fig. 6.43

Far from the centres of such excitations the spins are locally parallel, as they
should be in a ferromagnet, but when one approaches the centres this rule is
of course violated. We cannot destroy such excitations (defects) by continuously
rotating the spins — they are topological defects. They are very similar to vortices in
liquid He. (Actually, starting from the ground state of Fig. 6.41, we cannot create
one such excitation, because it has a different topological quantum number than
the ground state and will necessarily lead to a distortion of the spin structure at
infinity. But we can create a pair of such excitations, similar to a vortex—antivortex
pair, so that the corresponding ‘field’ (distribution of arrows) will look like the field
of a dipole, and the corresponding distortion will decrease with distance rapidly
enough.)

In a Bose gas the broken symmetry is the gauge symmetry, the phase of the order
parameter, a — ae'?, 0 < ¢ < 2. The order parameter there is (ag) = |ag|e’?. In
the xy model there exists the same symmetry: the order parameter is here the
two-dimensional vector § = |S|e’?, with the phase showing its orientation in the
xy-plane being 0 < ¢ < 27. Thus there exists an exact mapping of the Bose gas
onto the xy model, and not only in the 2d case! The connection between these two
models is the following:

Bose condensation <— ordering in the xy model;
Bogolyubov sound <— spin waves (magnons);
Vortices <—> topological excitations in the xy model.
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In a superfluid the current (or velocity of superfluid motion) is vy ~ Vg, and
in a vortex the current circulates around the core, see Fig. 6.44. In the spin model
this would correspond to a spin configuration shown, e.g. in Figs. 6.42 and 6.43,
i.e. this spin configuration is characterized by nonzero gradient of ¢ such that the
integral along a contour surrounding the centre is

fvgo dl =27 . (6.124)

A defect or excitation of the opposite sign, Fig. 6.45, would correspond to an
antivortex (opposite circulation equal to —27). The circulation around the vortex
is, in general, 2w n, where n is called the winding number. In previous figures
we had n = £1. One can draw spin configurations for example corresponding to
n = 2, Fig. 6.46, etc.

There is no usual phase transition in the 2d xy model at nonzero temperatures,
at which real long-range order would appear (this also follows from the Mermin—
Wagner theorem, see Sections 4.4.4 and 6.3.2), but there is a point 7* at which
the correlation between spins (S - S,), which above T* behaves as ~r~¢ ™) with
¢ =2(T/T*), below T*, still decaying with distance, becomes so strong that
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the susceptibility x ~ Y (So - S,) diverges. This is also a special kind of phase
transition, which is called a Beresinskii—Kosterlitz—Thouless (BKT, or often simply
KT) transition. Although strictly speaking there is no long-range order at 0 < 7' <
T* (the average (S) = 0, in accordance with the Mermin—Wagner theorem), the
fact that the susceptibility diverges means that the magnetic response of such a
system is in many respects similar to that of an ordered state. For example, as
we mentioned already, the Bose condensation phenomenon may be mapped onto
the xy model. It turns out that below the BKT transition the two-dimensional
Bose system (e.g. thin films of liquid “He) would be superfluid, despite the formal
absence of long-range order.

Actually the Kosterlitz—Thouless transition is connected with the topological
excitations — vortices — which we have just discussed. One can show that the
energy of an isolated vortex with one flux (winding number £1) is equal to

R
E,=nJn (E) , (6.125)

where £ is the coherence length (crudely speaking it is the radius of the inner part,
the core of the vortex, where the modulus of the order parameter goes to zero — the
so-called normal core in superfluids or superconductors), and R is the dimension
of the sample. At the same time each core can be at any point of the sample with
the area ~R?, i.e. the entropy of such a system is

R? R
S=In— =2In— . (6.126)

The total free energy of the system is then
R
F=E—TS=(nJ—2T)1nE. (6.127)

When T < T* = 7 J /2, the free energy is minimized when there are no vortices
in the system; such a state would have magnetic stiffness, or, in a 2d Bose system,
superfluid properties. For T > T* it is favourable to create vortices, and these
properties would disappear.

One can also give a somewhat different interpretation of this phenomenon. One
can show that the interaction between vortices separated by distance r is also
logarithmic, ~ In(r/&). This interaction is repulsive for the vortices with the same
circulation and attractive for vortex and antivortex. If there exist in a system vortices
and antivortices (e.g. thermally excited), at T > T* they will be unbound, but for
T < T* they will be bound in pairs (the existence of free vortices is unfavourable at
T < T* by the same arguments as follow from (6.127)). Unbound vortices destroy
superfluidity, whereas the bound ones do not.

One more remark is relevant here. The topological character of ‘vortices’ in
the 2d xy model means that we cannot destroy such excitations by a continuous
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deformation of the spin structure. It turns out that despite the apparent similarity, in
this respect the Heisenberg model is principally different from the xy model. For
the Heisenberg model we can also draw spin configurations similar to those shown
in Fig. 6.42. However in this case we can ‘annihilate’ this defect by continuously
deforming the spin structure, moving spins out of the plane, so that in the end,
for example, all spins would point up, restoring perfect ferromagnetic ordering.
This remark actually has a rather deep meaning: what is important here is the
space of the order parameter. Whereas in the xy model (or, to this end, for the
Bose condensation) the order parameter is a complex scalar, and its possible values
‘live on a circle’ (are characterized by an arbitrary phase 0 < ¢ < 27), the order
parameter S of the Heisenberg model is a vector characterized by its modulus
and two Euler angles, i.e. it can take any value on a sphere with the radius |S|.
The ‘vortex’ of Fig. 6.42 is a state represented by a circle on this sphere, e.g.
its ‘equator’. But we can continuously deform this circle, moving it e.g. to the
‘North Pole’ (all spins pointing up), where it would reduce to a point and finally
disappear. It is clear that this process is forbidden if the space of the order parameter
is not a sphere, but a 2d circle, as for the x y model. Different spaces of possible order
parameters, which can exist in different ordered states in condensed matter systems,
determine possible types of excitations in them, and finally their thermodynamic
and transport properties.

6.5 Defects and localized states in magnetic and other systems

An interesting problem arises when there exist external defects in an otherwise
regular material (e.g. impurities with different spin S’ in a system with spin S,
or a site with different exchange interaction J' # J). A similar (mathematically)
problem arises in lattice theory if there exists an impurity atom with mass M’
different from the mass M of the regular lattice, or in a system of tight-binding
electrons with an impurity.

Often there appear in this case localized states, or impurity states: localized
phonons, or localized magnons, or localized (impurity) electron states.

Mathematically the problem is the following: using the Hamiltonian of the
type of (4.26), or (6.68), or the standard tight-binding description of electronic
systems, see, e.g. the term H’ in (12.4), and adding an impurity at the origin of
the coordinates, we can write down the equations for the corresponding operators
(phonon operators, or the spin ones, or the electron creation and annihilation
operators) in the form

wc; = &c; + Z tijcj + Adioco , (6.128)
J
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cf. (6.89), see also the standard description of the tight-bound model for electrons.
Here the last term describes a perturbation A at the site i = 0 (e.g. different spin,
or different mass, or different potential for electrons).
The standard solution of this problem is the following. Let us make a Fourier
transform ¢; = ) q e Ri ¢q. Then equation (6.128) takes the form

[ — 0 — t(g)] cqg = ASioco =1 Y _ cx . (6.129)
k

From equation (6.129) we find

)»chk _)quCk

w—go—t(q) w—¢g5

g = (6.130)

where g, = g9 + t(g) is the spectrum of the system without impurities. Now, take
> , Of both the left- and right-hand sides of (6.130):

Zcq:Ach-Zw_lg , (6.131)
q k q 1

or, denoting A = ) ¢4, we see that A = LA Y —L_or

e 2
q w—¢gq

1 1
- = . 6.132
A Zq:a)—eq ( )

Let us consider a typical situation in which the bare spectrum is confined, 0 <
&g < €max- If we initially consider the system in a box so that the values of ¢ are
discrete (and ¢, t00), the graphic solution of (6.132) looks as shown in Fig. 6.47.
The solutions are given by the crossing of the straight line 1/A with the curves
representing the right-hand side of equation (6.132). Thus we see that there exist
solutions inside the former band of excitations (each energy is slightly shifted, but
for the volume V — oo these solutions fill the entire initial band 0 < w < &yax,
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the wavy line in Fig. 6.47). But besides that there may appear solutions outside the
band — the localized modes.

For the situation described by equation (6.129) such states, if they do exist, lie
below the band (at ¢* < 0) for A < 0 (attraction), or at £** > g.x, 1.€. above the
continuum of the band states for A > 0 (repulsion).

Now, in which cases do such split-off localized states exist, and how does their
energy depend on the strength of the perturbation A? The answer is different for
1d, 2d and 3d systems.

Let us take a continuous limit of (6.132) (i.e. take f dq instead of ) ¢

1 | s p(e)d
- :/dq =f pe)de . (6.133)
A 0

w— &g w—e

The result depends on the behaviour of the density of states p(¢) at the edge of the
band (¢ — 0, & = &max)-

(1) One-dimensional systems. Here p(g) ~ 1/4/¢ as ¢ — 0 (if the spectrum is
quadratic, g, ~ g, as for electrons or for ferromagnons). The integral in equa-
tion (6.133) is divergent, and we would have the situation shown in Fig. 6.48.
Thus there is a bound (or antibound) state for any A, however small. For
A = —|A| — O the energy of the localized state behaves as

¥~ =A%, (6.134)

The result depends also on the initial spectrum e(gq), of course.

(2) Two-dimensional systems. In the 2d case the typical density of states at the edge
of the band is p(¢ — 0) = const. (for electrons). Then the integral in (6.133)
is logarithmically divergent. The bound state then exists also at any A, and for
small A its energy is

g~ —e W (6.135)
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(3) Three-dimensional case. Here, for electrons, p(g) ~ /€ and the integral is
finite. This means that Fig. 6.47 actually looks like that shown in Fig. 6.49, and
the bound state exists only for A exceeding a certain critical value, |A| > Ac.

For different types of spectrum (e.g. if &, ~ ¢, and not g?) the criteria for the
existence, and the energies of the bound states may be different (and the form of the
perturbation may also be different from that introduced in (6.128)), but the general
scheme is always like the one described above (it is often called the Slater—Koster
method). One can also use the same technique for considering possible bound state
formation due to interaction between excitations (e.g. the formation of the bound
state of magnons, cf. the qualitative discussion in Section 6.3.1, Fig. 6.21, or the
famous solution of the Cooper pair problem which led finally to the Bardeen—
Cooper—Schrieffer theory of superconductivity).
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Electrons in metals

7.1 General properties of Fermi systems

This very short chapter serves as areminder of the main properties of Fermi systems
and a useful collection of respective formulae. We consider here noninteracting
electrons with the spectrum e(p) = p?/2m. In the degenerate Fermi gas the number
of states in the interval (p, p + dp) is (per spin)

v d’p B 4 p® dp B p*dp
Qrn} — Quh} T ot
Fermions obey the Pauli principle, and at 7 = 0 the electrons in metals occupy all

states up to a certain momentum — the Fermi momentum pg, so that the electron
density (for both spins) is

(7.1)

N 1 PE p3
n=<y = 23/ pPdp=—"5. (7.2)
w?h” Jo 3m4h
or the Fermi momentum
pr = @x*)'Pan' (7.3)
and the Fermi energy
2 hz
ep = DB — 322 p23 (7.4)
2m 2m

The distribution function of electrons n(p) has the well-known form shown in
Fig. 7.1. At T = 0, n(p) = 1 for | p| < pr and n(p) = 0 outside this region; |p| =
pr determines the Fermi surface. At finite temperatures some of the electrons
are excited from the states below the Fermi surface to empty states above it,
i.e. there appear electron—hole pairs. Consequently the distribution function n(p)
is broadened, see Fig. 7.1. The width of the region around er in which n(p)
significantly changes is ~7'.

127
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Often one introduces the quantity 7 (the average distance between electrons) by
the relation

vV 1 4xi
A L (1.5)
N n 3
Then one can express different quantities through 7:
o\ 1 192 363 .
pr=|— — = —— = - A, (7.6)
4 h 7y hi 7 Fs/aop
where
72
apg = —2 (77)
me

is the Bohr radius. Usually one uses the dimensionless parameter r; = 7;/ag, mea-
suring 7 in units of the Bohr radius ag, and writes all formulae in terms of r,
omitting ay. Then the situation with r; < 1 corresponds to a high-density electron
gas, and that with r; > 1 to the low-density limit. Typically in metals r; ~ 2-3
(see Table 2.1 in Ashcroft and Mermin (1976)). From (7.6) the Fermi velocity is

_DPr 4.2 g cm

Vg = =—-10°—, (7.8)
m T sec
and the Fermi energy is
50.1eV
or =, (1.9)
rS
or the degeneracy temperature 7 is
erp 58.2 4
Ir=—=—--10"K. (7.10)
kB I’S

Note that the parameter r, is actually a measure of the relative importance of the
Coulomb interaction in a metal. Omitting numerical factors, we see that the ratio of
the typical value of the Coulomb interaction V¢ = e? /7, (the Coulomb interaction
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at the average distance between electrons) to the characteristic value of the kinetic
energy, which is of the order of ¢, is

e? 7> me* _ Ty
VC/SF——/mﬂ:?”s:a—O:”s- (7.11)
(We have used here equations (7.4), (7.5) and (7.7).) Thus the small values of r
(dense electron systems) correspond to weak interactions, Vc/ep < 1, whereas
large values of r; (low-density electron gas) correspond to systems with strong
interactions. These considerations will be very important for us later on, in
Chapters 10-12. Note also that for the typical values of r; for ordinary metals,
ry ~ 2-3, the electron—electron interaction is of the same order as the kinetic
energy or the bandwidth, which is actually the most difficult case for theoretical
treatment. Luckily, in most normal metallic systems one can still use the descrip-
tion very much resembling that of a Fermi gas; the justification of this possibility
is given by the Landau Fermi liquid theory, see Chapter 10.

The density of states of electrons which, in particular, is used in the transforma-
tion from f dp to f p(e)de, for free electrons in the three-dimensional case has

the following form:
() = e (7.12)
€ .
P 2H T2 SF

mpg 3n

Pr = p(ep) = 3 =5 " (7.13)
w2h

At the Fermi level

7.1.1 Specific heat and susceptibility of free electrons in metals

The total energy of the electron system at temperature 7 and the density of electrons
are given by the following general expressions:

= /ds ep(e) f(e) (7.14)
= /de p(e) f(e). (7.15)
Here p(g) is given by (7.12), and f(¢) is the Fermi distribution function (3.5),
1
fle) = m . (7.16)

The chemical potential 1(T") should be determined from (7.15) and put into (7.14),
and then the specific heat, entropy and other characteristics can be calculated.
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The integrals in (7.14), (7.15) — the so-called Sommerfeld integrals — are
calculated as follows (cf. Landau and Lifshits (1980)). The general form is

o0
_ p(e)de
1 _/0 premmy (7.17)

where ¢ is a function such that the integral is convergent. Let us make a change of
variables: ¢ — u = Tz,

o) T wn/T _ oo T
1:/ o+ Z)sz=T/ dz o(u )+T/ dz<p(u+ z).
— 0 0

wr e+l e i 41 et + 1
(7.18)
In the first integral we write —— +1 =1-= +1’ then
" o Tz) — —-T
I = / o(e) de + T/ putTo—ep=-19 , (7.19)
0 0 e+ 1

For low temperatures 7 < eg we can make an expansion in 7z in the second

integral and integrate by parts:
3
1L 4 z'dz
L .
[T e () / e

m 00
1= f o(e)de + 277 /() /
0

"
_ d _T2 / T4 " 7.2
| eterae+ % o)+ T . (7.20)
/oo ¢l dz =1 -=-2"HTx)(x) t(x) = i i is the Riemann ¢ function
o e+1 - ’ - o nx
t3)=261,¢3) =134, ...; TG =31Jm, TG =37, ...
(7.21)

As aresult, from (7.14)—(7.20) we obtain:

n= / p(s)da+{(u—eF)p(8F)+ < —T%p/(er )} (7.22)
0

(with eg = u(T =0)). From the condition that n(7T) = n(0) we find

2 / 2
_ . m o, p(eR) (=T
U = Ef ¢ T o) = ¢€g |:1 3 (28F>i| . (7.23)

For the energy, finally we get

2
E=FEy+ % T2 p(er) (7.24)
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and the specific heat of free electrons is
_(9E\ _n° _mt (TN mN\BmT s
cy = (ﬁ>v = ?Tp(é:p) = 711 <;) = <—) —n /" =yT.
(7.25)
Here we have used (7.13), (7.3), and introduced the standard notation y = ¢(T)/T.

Problem: Find the entropy of a Fermi gas at low temperatures.

S()luti()n:
Cc = = ; C = ; yl dT’ = yl s /26

i.e. the entropy behaves exactly as the specific heat itself.
Problem: Estimate cp — ¢y for T — 0.

Solution:
3s v
ap)r a7 av S
cp—cy = JrT(a)aTVJ , and (—) = —(—) . (727D
(35), ot )y = \ap);
IfasT — 0, S ~ T" (the entropy should go to zero as T — 0, according to the
Nernst theorem, or the third law of thermodynamics), then

99\2
(%)T ~ T2n+1 (7 28)
v : :
(W)T

Thus for electrons, for whichc = yT and § = y T, i.e. the coefficient n in equation

CP—C\/"\’T

(7.28) is equal to 1, cp — cy ~ T3, i.e. it is much smaller than the specific heat ¢
itself. Therefore we can ignore the difference between cp and cy for electrons at
low temperatures.

Yet another conclusion can be obtained from the treatment presented above.
According to general thermodynamic relations, see e.g. (7.27), the thermal expan-

sion satisfies
1 /dV . 108
v\dr) vapr’

thus the electronic contribution to the thermal expansion is ~7', i.e. in metals the
thermal expansion «(7') at low temperatures is linear in temperature,

o(T) ~const- T . (7.29)

This result is very similar to the Griineisen equation for phonons (4.53): here also
the thermal expansion is proportional to the specific heat (and both are ~T'). (Do not
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confuse the Griineisen constant y in (4.53) with the coefficient y in the electronic
specific heat (7.25)!) Sometimes one speaks about the Griineisen constant for
electrons y,, determined by the same relation as (4.53), with « being the electronic
contribution to the thermal expansion, and cy being the electronic specific heat.
Note also that as the phonon specific heat at low temperatures is ~T3, see equation
(4.39), the phonon contribution to the thermal expansion, according to (4.53), is
also ~T3, thus indeed at the lowest temperatures both the specific heat and thermal
expansion in metals are determined by the electron contribution.

Similarly (even simpler) one can calculate the Pauli (spin) susceptibility of free
electrons:

Xp = i P(EF) - (7.30)
Thus both the specific heat ¢ and magnetic susceptibility x are proportional to
p(eg), and we have the ratio (the so-called Wilson ratio)

Ty

Rw =1, (7.31)

3ugy
i.e. the Wilson ratio for free electrons is 1.

When we include an interaction between electrons, both ¢y and x are modified,
in principle differently; and the Wilson ratio tells us a lot about what is going
on. For example, for metals close to ferromagnetism (e.g. Pd, Pt) x is enhanced
(exchange enhancement). Thus the Wilson ratio is ~1-2 for normal metals (Fermi
liquids), and may be >>1 in nearly ferromagnetic metals (see Chapter 10). The
notion of the Wilson ratio is widely used, in particular, in treating heavy-fermion
systems, see Chapter 13.
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Interacting electrons. Green functions and
Feynman diagrams (methods of field theory in
many-particle physics)

In this chapter I will give a short summary of the Green function method and
Feynman diagram techniques in application to condensed matter physics. This in
itself is quite a big field, and the full description of it, with all derivations and
all details, requires a quite lengthy discussion. I will only present the main ideas
of this method and give ‘recipes’ which can be used in practical calculations. The
detailed discussion of these points, with all the derivations and proofs, can be found
in many books specially devoted to these problems, such as the books by Mattuck
(1992) and Fetter and Walecka (2003). This method is also discussed in detail in
the books by Abrikosov, Gor’kov and Dzyaloshinskii (1975) and by Mahan (2000),
mentioned in the Introduction, where also many applications can be found. A very
good summary of this method is also contained in the book by Schrieffer (1999).

8.1 Introduction to field-theoretical methods in condensed matter physics

In general, electrons can interact with external forces or potentials, e.g. impurities,
with phonons, with magnons, and also interact between themselves. Postponing the
discussion of interaction with other excitations till later and concentrating on the
electron—electron interaction, we can write the electron Hamiltonian in ordinary
quantum mechanics as

H=> Hi+3Y Vi—r) (8.1)
n* ’

H; = —V7+0(r). (8.2)
2m

Here U(r;) is the external potential and V (r — r’) is the electron—electron interac-
tion. Thus, e.g. for electrons this is the Coulomb interaction,

2
Vir—r)=

. (8.3)
Ir —r|

133
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In the second quantization the interaction with the external potential has the form

0(r) p(r) = 0(r) Y Wl ¥, (), (8.4)

where \ill (r), U, (r) are creation and annihilation operators for electron with spin o
at position r. The interaction between electrons is

Vir =)o) pry = Y Vi — ) Bl U, $Le) b, . (85)

oo’

Here o, 0’ = :i:% are spin indices.
It is usually convenient to work in the momentum representation. Making the
Fourier transform W(r) = j—ﬁ >, €'P"cp, we get finally for the total Hamiltonian

i)
H = Zspc;gcpﬁ + Z V(q) CprgoCpo
p.o pgq.o
1
toe Y V@ Chigo g i Cp (8.6)

2Q
pp'q.o0’

Here 2 is the total volume (needed for normalization in the Fourier transform; we
use here the notation €2 to distinguish it from the interaction V).
The electron density operator p(r) = Wi(r) W(r) is transformed into

P@ = ChoCpigo - (8.7)

p,o

One can conveniently describe the interaction terms in (8.6) using pictures —
diagrams. Thus, for example, the interaction of an electron with an external (impu-
rity) potential U will look like

p.oc ptq.0
® (8.8)
Particle in the state (p, o) is In the ‘vertex’ (cross) Particle in the state (p + ¢, o)
annihilated (operator ¢, , in stands U(q) is created (operator c:, 4g,0 10
the second term in (8.6)) the second term in (8.6))

In this process the momentum is not conserved, because here we describe scattering
by an external potential, e.g. by an impurity which we assume to be infinitely
heavy and which has no recoil. The line — %7 thus describes the electron with
momentum p and spin o, and the cross corresponds to the interaction with the
external potential.
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The last term in (8.6) (the interaction between electrons) may be depicted as

L4 (8.9)

Here the solid line — £ again describes the electron, and the dashed line

S represents the interaction V(q). Thus in fact here we describe this
process (Coulomb interaction) as an exchange of a virtual photon: one electron
emits a photon ----» -, and another absorbs it. There exists another, alternative

form to depict the electron—electron interaction, which we will also use sometimes:

>< (8.10)

In this form the interaction corresponds to the vertex with two electron lines going
in and two out.

In the process (8.9) the total momentum is conserved (this is why in (8.6) we
have these particular momenta, p, p’, p + ¢, p’ — q: the total sum of momenta of
incoming and outgoing particles should be the same). Sometimes one writes the
interaction term as

1

t
5 > Vpr—pach ey s (8.11)
P1,P2,P3, P4
(P1+p2=p3tps),
oo

A pi-ps (8.12)

(electrons with momenta ps, p4 which were present in the initial state are anni-
hilated, and two other electrons, with momenta p; and p,, are created instead).
Similar pictures can also be drawn for other types of interaction (e.g. for the
electron—phonon interaction, see below).

The most important fact is that such diagrams, ‘pictures’, are not just a way
to depict different terms of the Hamiltonian and different processes; they may be
really used fo calculate many properties of the material. This is one of the virtues of
the Green function method; the corresponding technique is the Feynman diagram
technique.
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8.2 Representations in quantum mechanics

The following section is of a more technical character and can be omitted at
first reading, although it is necessary if one wants to understand better how the
techniques used below can be really derived.

To explain the method of Green functions and Feynman diagrams we have to
go back for a while and discuss different formulations of quantum mechanics —
so-called different representations.

1. Standard quantum mechanics is usually described in the so-called Schrodinger
representation in which the wavefunction W (r, t) is time dependent, and opera-
tors are constant in time:

i%llls(t) = HWs(t) (8.13)

(in the future we often put 7 = 1).
The formal operator solution of (8.13) is

W (1) = e Mg (0) . (8.14)

2. An alternative is the Heisenberg representation, in which we take wavefunctions
as time independent and ascribe all time dependence to operators, with the
dependence

An(r) = M AQ) e (8.15)
and the wavefunction
Wy = Wg(0) = T Wg(7) . (8.16)

Then the physically measurable quantities (averages) do not change:

() = (s0iArso) (= [ wio dvsoar)

P W (0)]e ™ A e W (0) = (Wl An()| W) . (8.17)
Now the W function is taken as constant, but the operator An(r) obeys the
equation (cf. equation (6.87))

3 . .
i An(t) = [An@). H] . (8.18)

3. Yet another convenient form is the ‘mixed’ representation — the so-called inter-
action representation, which is actually the basis of the Feynman diagram
technique.
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If the Hamiltonian consists of two parts,
H=Ho+H, (8.19)

where Hj is the ‘bare’ Hamiltonian of noninteracting particles (or anything
we can solve simply), and H’ is an interaction, then we can introduce the
representation where operators depend on time as in the case of free particles,
i.e. as in (8.15), but with H = H,,

Ai(t) = &M A(0) e ot (8.20)

and the wavefunctions also are time dependent, but only because of the presence
of the interaction H':

Wi(1) = e T pg (1) = Mo e~ Mg (0) . (8.21)

If H' =0, then indeed in (8.21) we have e!"0’e="0" = [ and W(r) (8.21)
becomes identical with Wy (8.16), i.e. time independent. In general, the operators
Ho and H in (8.21) do not commute, and e o' e =i Ho+Ht £ p=iH't

Problem: Try to find the expression for eAeB when the operators A and B do not
commute.

Solution:
eAeB = pATBylAB) , (8.22)

if only one commutator [ff , B ]is nonzero; if the next commutators, e.g. [A , [A . B ]],
are nonzero, then the corresponding formula looks more complicated.

From the previous definitions one can show that
i%\lll(t) = Hi(t) ¥i(2) , (8.23)
where
Hi(r) = M0 i e~ T0! (8.24)

according to the general rule (8.20).

The interaction representation is convenient because we can usually choose H)
such that the time dependence, or w-dependence in a Fourier transform, is simple,
for example starting from the noninteracting electrons (the ideal Fermi gas, see
Chapter 7). Then we can solve equation (8.23) or an equivalent one by perturbation
theory, which in turn can be conveniently represented by Feynman diagrams. This
is actually the main reason for introducing the interaction representation.
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Let us try formally to solve equation (8.23) with H; given by (8.24). We cannot
write the solution as

Wy(7) = const - e~*/ Hi@Har -

because now the operators H;(t) do not commute with themselves at different
moments (¢, #;). But we can try to solve it by perturbation theory. For that we write
down an integral equation for Wi(¢), equivalent to (8.23):

\IJI(t):\IJI(to)—i/ Hi@) (') dt’ (8.25)

and seek the solution as Wy(t) = lI!I(O)(t) + \IJI(I)(t) + - ... In lowest order \III(O) =
Wi(tp) (as though H’ in (8.25) were absent). Then

t
(@)= —i / H(t) dtr - i(to)
fo

. | (8.26)
v = — f Hi(ty) dr f Hi(t2)dt, - Wi(tp) , etc.
to ty
One can write the general solution in terms of the so-called S-matrix:
i) = S(t, 10) Wi(1o) , (8.27)
and for the S-matrix we have the series
141
S(t, to) =1 —if Hi(t)de + -
to
t 3] th—1
+ (=) f Hi(t)dn f Hi()dty - - / Hi(ta) dty
to to Io
+--- (8.28)

Itis important that here we have the sequence of times suchthat? > #; > 6, ...t, >
fy, or, in a general term of the type [ [ [ H{(tm,) Hi(tm,) - . . H{(t,) all operators H’
should be time-ordered (time increases from right to left, #,,, > t,,, > ... > t,,,).
Thus the formal solution for the S-matrix should be written as

t
S(t,t0)=Texp{—i/ H{(t/)dt’} , (8.29)
fo
where by T we mean time-ordering under the integral. Thus in general

TIAAL)A®W)] is A)AR)A®W) if 1 > 1 > 13, or £A(L)A(1)A(13) for
t) > t; > t3, etc. (Do not confuse the symbol T here with the temperature!) Note
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also the signs: for bosons we always have the plus sign, but for fermions one inter-
change of fermion operators gives a minus, two interchanges give plus, etc., which
is the usual rule for fermions.

The connection between operators in the Heisenberg and in the interaction
representation can now be written as

An(®) = S7H0) A) S@) . (8.30)

8.3 Green functions

In this section we give a brief introduction to the method of Green functions. For a
more complete treatment, see e.g. the books by Abrikosov et al. (1975), Doniach
and Sondheimer (1974), Fetter and Walecka (2003), Mahan (2000), Mattuck (1992)
and Schrieffer (1999).

Instead of working with the full many-body wavefunctions, let us introduce
certain combinations thereof — Green functions, which of course contain not the
full information, but nevertheless describe a lot, and through which one can directly
express many different measurable quantities.

The definition of the most common type of Green functions (they are sometimes
called causal Green functions, to discriminate them from the retarded and advanced
Green functions) is:

Goo(ri, 11372, 1) = =i (OIT{ W, (r1, 1) U], (r2, 1)}10) . (8.31)

Here W, (r, 1) is the electron operatorin second quantization form in the Heisenberg
representation (do not confuse it with the wavefunction in (8.13)—(8.16)), (0] . .. |0)
is the average over the ground state (in principle unknown!), and T stands for the
so-called T-product — the time-ordered sequence of operators standing after this
symbol (cf. (8.29)):

G 11ty = —i (01, (r1, 1) Wl (rp, 2)[0) for 1 > 1 63

(O (ry, 1) Vo (ry, 1)[0) for 1y <1y

For nonmagnetic systems Green functions are diagonal in the spin indices, G5, =
G 844 in future we will mostly omit the indices o, ¢’. Different signs for#; > , and
] < tp in (8.32) are needed because of Fermi statistics; for bosons (e.g. phonons)
the sign will be the same.

How can we understand qualitatively why we have introduced such a strange
object, with the T-product? What is the physical meaning of these Green functions?
“The proof of the pudding is in the eating’, according to a British proverb. We will
see soon that Green functions are indeed very convenient objects. One can express
a lot of physical quantities through them. Green functions also give information
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about the spectrum of elementary excitations in the system. But here we will first
present some qualitative arguments:

Consider the initial system in its ground state |0), and let us create an extra elec-
tron at the moment #, at point r;: |2) = Ut(r,, 1,)]0). This electron will propagate
in time, and we want to know ‘the fate’ of this electron, i.e. to look at the probability
that at time ¢; it will be at point | (note that in the process it will interact with
other electrons, the system may be excited, etc.). The corresponding wavefunc-
tion is |1) = Wi(ry, #)|0). The amplitude of the probability we are interested in is
(112) = (01¥ @1, 1) ¥ (2, 12)10).

Similarly, we can consider the process in which we initially create a hole, e.g.
12) = W(r,, 1,)|0), and consider its propagation to the state 1) = W (ry, 1))0).
Then we want to know (1|2) = (0| (ry, 1) W(r,, 1,)|0).

Note that it is reasonable to consider such processes if #; > ¢, (first we create a
particle, and then it propagates to a new state).

It turns out that it is convenient to combine these two objects, (1|2) and (1|2)
(which are both functions of (ry, t1, r», t)), into one, ordering the times as defined
in (8.31), (8.32). The Green function thus defined describes the motion of an
added electron from (r», 1) to (rq, t;), with #; > t,, or the motion of an added
hole from (r, t;) to (r», t>) (and here #, > t;; to combine the description of both
these processes in one function we interchanged (r, t;) <> (r3, 1) for the hole).
Actually this definition goes back to Feynman who described positrons (in our case
holes) as electrons moving backwards in time.

From the definition (8.31) the particle density n(r) (also denoted sometimes

p(r)) is
n(r)=-2i lim G(r, t;r' 1) (8.33)
t’:r«ko
(the factor of 2 comes from summation over spins). For spatially homogeneous sys-

tems G(r,t;r',t") = G(r — v/, t — t’). Its Fourier transform (the Green function
in the momentum representation) G(p, w) is given by

dpd . / ,
Gor—r,t—t)= / ﬁ G(p, w) P r=—ri—et=01 (8.34)

One can show that the momentum distribution function for electrons n(p) is
expressed through the Green function as

s 1: —iwt dw
n(p)=—i lim | G(p,w)e —, (8.35)
t——0 2
cf. (8.33).
One can also express through the electron Green function G(p, w) all thermo-

dynamic properties of the system. There are several ways to do that. One of them
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is to use the general expression for the thermodynamic potential Q (we denote it
here by €2 so as not to confuse it with the volume €2) (1.29), (1.30). At T = 0 the
entropy is S = 0, and

dSd = —pdN . (8.36)

Using the relation

dod?
n= —2i limO/G(p,a))e‘“’t wd P
f—>—

ot (8.37)

following from (8.35) (the factor of 2 again comes from summation over spins)
and integrating (8.36) over wu, we obtain

dod’p

o (8.38)

n
Qp) =2iQ / dy lim f G(p,w)e
0 t—>—00
Thus we see that many important properties of the interacting system may be
expressed through the Green function.

By analogy with the one-particle Green function G(x;x’) or G(p, w), we can
introduce also two-particle and higher-order Green functions. In particular, the
two-particle Green function is important for treating the response of the system
to an external perturbation such as an electromagnetic field, for the discussion
of eventual instabilities of the system and for treating transport properties of the
system, such as resistivity or thermal conductivity.

8.4 Green functions of free (noninteracting) electrons

For free electrons the one-electron operators W(r, 1), W(r, 1) in (8.31), (8.32) are
connected with the creation and annihilation operators cI,, cp by the usual relation

1 .
W(r, f)=—— ) cyelPr=somi (8.39)
V) XI,: ’
Let us put this in (8.32): for Green functions of free fermions G(r, t) we then get
_ _i i[pr—ept] 1 - fp (t > 0)
Go(r, 1) = QXp:e ’ x{_fp (<0). (8.40)

where by ¢, we denote the bare spectrum of noninteracting electrons eo(p), and
fp=(np) = (cj,c,,) is the Fermi distribution function at 7 = 0,

£, = 1 for|p| < pr
P10 for|p|> pr.
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Using this, one can show that

1
Go(p, w) = — 8.41
o(p, @) w —¢&p +idsign(|p| — pr) ( )

where § is an infinitesimally small positive number. (Alternatively we can write in
the denominator i 8 sign(e, — i).)

Problem: Check (8.41) using (8.34)—(8.40).

Hint: Work back from (8.34) using (8.41).

The bare Green function G (8.41) obeys the equation

a
(iE — ep) Go(p,t) =46@1), (8.42)
i.e. it really is a ‘Green function’ as introduced in mathematics (the solution of the
corresponding differential equation with a point source on the right-hand side). But
it will no longer be so simple for interacting systems.

Often one counts the energy from the chemical potential p:

Ep=¢6p— . (8.43)
Then
Go( ) ! ) dsigné& (8.44)
, )= ———— | — s19n . .
olp £, +i0, P gnégp

From equations (8.41) and (8.44) we immediately see that the poles of the Green
function correspond to energies of (quasi)particles. This is true not only for the
Green functions of noninteracting electrons, but also in general; this is one of the
reasons why the notion of Green functions is actually very useful. One can show
(see below) that the real part of the poles gives the energy, and the imaginary part
describes the damping (finite lifetime) of quasiparticles. For free electrons this is
evident: Im G is proportional to § — 0, and the lifetime is infinite, as it should be
for a noninteracting system. For interacting systems the excitations in general have
finite lifetimes. However one can still speak about quasiparticles as well-defined
objects if their damping is not too strong, i.e. if the real part of the pole &, is
Re&, > Im&,. And in this case the poles of G(p, w) describe such excitations.



8.5 Spectral representation of Green functions 143

8.5 Spectral representation of Green functions

One can show that the Green function G(p, w) is an analytical function in the
complex w-plane. In this case one can represent it as

G(p,w) = /OO Alp, @)der (8.45)
o W — W F i

(8 = +0). This is called the spectral representation; the function A(p, w) is the
spectral function. For an ideal Fermi gas (with the Green function Gy(p, ) (8.44))
the function A(p, ') is

A(p, ®) =8(w —[gp — nl) = 8(w — &p) . (8.46)

Thus for free noninteracting electrons the spectral function is the delta function
at the position of the pole — at the energy of the elementary excitation (here at
&p = €p — ). In general A(p, w) may strongly differ from this simple form, but
if it still contains a relatively narrow peak, it can be interpreted as a quasiparticle
(with a finite lifetime determined by the width of the peak). But in general the
spectral function can also contain broad features which describe the incoherent
part of the spectrum, see Section 8.5.2 below.

One can obtain an important expression for the Green function G and for its
spectral function A. From the definition of the Green function one can show that

G(p. 1) = —i{0[T{c, (1) c}(0)}]0)
—i(0]cp(0)e= 1 ch(0)|0) e BT fort > 0

= _ - (8.47)
i(0lch(0)e™c,p(0)]0) e 0 fort <0,

where we have used the definition of the Green function (8.31), (8.32), with the
Fourier transforms of operators c;r,, ¢p, and we took into account (8.17); E(])V is the
energy of the ground state of the system with N electrons. Putting between the ¢ and
cf operators in (8.47) the complete system of functions ) |\IJW’Y jEl)(\ll,’,:’ Hi=1
(here m 1is the index of the quantum state, N £ 1 denotes that we are dealing with
a system with N £ 1 particles, i.e. one electron added to or removed from our
system), we get

. i N+1
i Y (ol e @R for £ > 0

G(p.1) = -
+i Zm|(cp)m,0|2e_’(“’/”V 0t fort < 0.

(8.48)

For the spectral function A(p, w) we then have:

Ap.©) =Y I(chmolP8(@ — o) ™) + Y [cphmol* 8@ — wp ') . (8.49)
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1.e. the positive-frequency part of G and A (w > 0) describes the creation (addi-

tion) of one electron to our system, whereas the negative-frequency part (v < 0)

describes annihilation (removal) of an electron; for more details see Section 8.5.2.

In general one can express A(p, @) through the imaginary part of G(p, w) itself:
—1 A(p,w) for w >0

ImG(p,w+ 1) ={ (8.50)
P T A(p,w) forw <0.

Here we have used the identity

1
x tie

P_.
= —Find(x), (8.51)
x

e—>0

where P is the symbol for the principal part of an integral, P / glx) = ][ g(x).

With equation (8.50), the spectral representation (8.45) gives the Green function
through the integral of Im G — it is the so-called dispersion relation (similar to the
Kramers—Kronig relation in optics).

The general properties of the spectral function A(p, w) are the following: it is
real, positive

A(p,w) = A(p,w) >0, (8.52)
and obeys the sum rule
/ A(p,w)do=1. (8.53)

8.5.1 Physical meaning of the poles of G(p, w)

We have already mentioned that the poles of the Green function describe excitations
(quasiparticles). In general, close to a pole (with some finite (small) imaginary part)
one can write

Zp

G(p, ~
(P, @) w—E&,+iy

(8.54)
(More accurately one has to use here the so-called retarded and/or advanced Green
functions.) Here &, is the energy of the quasiparticle, y is its damping, and the
residue Z, <1 gives the weight of the real electron in the quasiparticle (in an
interacting system the excitations — quasiparticles — are not bare electrons, but are
renormalized, ‘dressed’ by the cloud of other electronic excitations). The factor Z,,
is called wavefunction renormalization, or simply the Z-factor.

One can show that there exists an important relation: there exists in general a
Jjump in the distribution function of electrons n(p) at pg (the same Fermi momentum
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n(p)

free electrons

interacting electrons (7= 0)

Z,6(0~§,)

Nerent part

ep 0]

Fig. 8.2
pr (7.3) as in noninteracting systems), and this jump is given by Z ,:
ng(pp —0) —ng(pp+0) =2 (8.55)

(for electrons with isotropic spectrum Z, = Z is a constant at the Fermi surface;
in general, for a complicated Fermi surface, it may depend on the direction of p).
Thus the distribution function of electrons n(p) looks as shown in Fig. 8.1. In
systems in which Z = 0 the nature of single-particle excitations is similar to those
of real electrons or holes. However, there may be situations in which Z = 0 — these
are the non-Fermi liquid systems (see next chapter).

Problem: Using the properties of the spectral function A(p, @), show that 0 <
Z <1.

Solution: The pole contribution (8.54) corresponds to the spectral function
A(p, w) >~ Z, 8(w — €p). But according to the general properties of the spectral
function A(p, w) it is positive, and the sum rule (8.53) gives that Z <1 (Z =1
for an ideal Fermi gas, and it is less than 1 if there exist, besides the pole, other
(positive) incoherent contributions to A(p, w)).

Actually what happens is that due to interactions a part of the spectral weight
A(p, w), which for the noninteracting system was all contained in the é-function
d(w — &p), is now transferred into the incoherent part, Fig. 8.2, and the weight or
intensity of the remaining pole at &, is decreased. As mentioned above, Z, also
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gives the jump of the electron distribution function n(p) at the Fermi surface; it is
also reduced by interaction.

There is one more very important general result in this field: one can prove that
when one starts from the noninteracting case and then adds interactions, the volume
of the Fermi surface, or in other words the value of the Fermi momentum py, does
not change. This is known as the Luttinger theorem (see Chapter 10 for more
details).

8.5.2 Physical meaning of the spectral function A(p, w)

As discussed above, from the definition of the Green function (8.31), (8.32) and
from equations (8.45), (8.49), one can show (see, e.g. Schrieffer (1999)) that the
positive-frequency part of A(p, w) (for w > 0) describes the process when we add
one electron to our system. This is the process studied for example by inverse
photoemission (IPES or BIS). If we started from the ground state of an N-particle
system |\IJ(1)V ) and created an electron with momentum p, cI,|\IJév ) = |®p), then
the state |®,) is not an eigenstate of the system of N + 1 electrons. One can
decompose |®,) into eigenstates |y +1). Then the probability of finding the
system (after one electron was added) in the state with energy w is
w+do

Pw(p)da)zf Alp, o) dow . (8.56)

w

Thus for w > 0 the spectral function A(p, w) gives directly the intensity of the spec-
trum of angle-resolved inverse photoemission (IPES) — the probability of finding
the system in the state with energy w and momentum p after adding one electron.
Similarly, for w < 0, A(p, w) describes the probability of extracting, removing
an electron, leaving the system in the state with energy w, which is the process
of (angle-resolved) photoemission (ARPES). For the ideal gas there is a one-to-
one correspondence of w and p, i.e. given p we know the energy w = ¢p; this is
described by (8.46). In this case the state C}L, | \IJ{)V ) is an eigenstate with energy ¢, (or
€p + ), and corresponding PES or IPES spectra would formally contain §-function
peaks. But in a system with an interaction this is no longer the case, and there is in
general an incoherent part in the spectral function A(p, w) besides the §-functions
(or Lorentzians with small width) describing quasiparticles. Thus the schematic
form of spectral function shown in Fig. 8.2 (with corresponding broadening) is
actually a typical form of photoemission (or inverse photoemission) spectra.
Thus, an important short summary:

The one-electron Green function describes quasiparticles (if they exist!) — these
are the poles of G(p,w). The real part of the pole gives the energy of the
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quasiparticle, and the imaginary part describes its decay (it is the inverse life-
time of the excitation). The residue of the pole (or its intensity) Z, shows what is
the relative weight of a single electron in the total wavefunction of the excitation.
For Fermi liquids there is a jump of the distribution function of (real) electrons
at the Fermi momentum |p| = pr, coinciding with pr of noninteracting electrons;
Zp. = Z is the magnitude of this jump. The spectral function A(p, @) describes
the probability of observing the system in a state with energy w after an electron
with momentum p was added (w > 0) to or removed (@ < 0) from the system;
A(p, w) is directly related to the spectrum measured by photoemission and inverse
photoemission.

8.6 Phonon Green functions

The Green function method and diagram techniques can also be formulated for
a system of interacting electrons and phonons. The electron—phonon interaction
originates from the change of ionic charge density when ions shift from their
equilibrium positions. Generally speaking, the interaction is proportional to

—epa(r)V (r, r')div <Ze % u(r’)) , (8.57)

where pe is the electron density at point r, N/ V is the density of ions, Ze is their
charge and u(r) is the shift of ions from their equilibrium position. The kernel
V(r, r’) describes the Coulomb interaction between an electron charge at point r
and an ‘extra’ ionic charge at point r’. In metals, due to strong Debye screening,
this interaction is very short-range, and we can replace this interaction by one at the
same point, r = r’. By using second quantization and going into the momentum
representation, one can finally reduce this interaction to the standard form (often
called the Frohlich interaction):

Heph = 9 84 Chiq Cpo by +b1,) . (8.58)
p.q.0

so that the total electron—phonon Hamiltonian (Frohlich Hamiltonian) has the form

H= Zs(p) c;,g Cpot Zwo(q)b;bq + Z &q C}L,Jrq’a Cpo (bq + bT_q) .
p.o q p.q.0
(8.59)

Here, for simplicity, we have left only the interaction of electrons with one phonon
mode, e.g. with longitudinal phonons. The interaction with other phonon modes —
transverse acoustical phonons, optical phonons — can be also written in the same
way as (8.58); all the specifics will be contained in the particular form of the
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coupling constant, or the corresponding electron—phonon matrix element g (which
can in principle depend on both momenta p and ¢q).

For the interaction with longitudinal acoustical phonons one can estimate the
coupling constant g as

eazZe%
sy/p

where a is the lattice constant, s is the sound velocity and p is the density of the
metal. One often introduces the dimensionless electron—phonon coupling constant

g~ : (8.60)

o _ mpeg’

272
where pr is the Fermi momentum, and, according to equation (7.13), the quan-
tity mpg/m? = p(er) is the electron density of states at the Fermi level (do not
confuse this with the density of the metal p in (8.60)). The dimensionless electron—
phonon coupling constant A thus defined is, in typical cases, ~1. It enters into
many important expressions describing different properties of the metal, such as
resistivity due to electron—phonon scattering, etc. Probably the most famous is the
expression for the critical temperature of conventional superconductors in which
superconductivity is due to electron—phonon interactions:

T.=1.14wpe /. (8.62)

) (8.61)

Analogously to the electron Green function one can introduce the phonon Green
function

D(ry, t1;72, 1) = —i (0| T{p(r1, 11) 91 (r2, £2)}10) (8.63)

where the T-product has the same meaning as before, and ¢(r, t) are the phonon
operators in coordinate space.

In the harmonic approximation, taking for ¢ free operators and making a Fourier
transform, we can obtain the Green function of free phonons Dy(gq, w). Depending
on the normalization of phonon operators, there are two different forms of Dy used
in the literature:

With the normalization

9g=b,+b', (8.64)
Dy takes the form (see e.g. Schrieffer (1999))
1 1 2wo(q)
Do<q,w>=[ — — .}= e
w—wy(q)+id w+wy(q)—id w* — wy(q) +id
(8.65)

where wg(q) is the bare phonon spectrum.
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Another often used normalization is

y wo(q)
Pg) = =5 by + bl (8.66)
then using the definition (8.63) but with ¢ — @, we obtain the phonon Green

function in the form

wi(q)

Do(q, w) = :
o(g, @) wz—wg(q)—}—ié

(8.67)

see, e.g. Abrikosov et al. (1975).

Accordingly, there will be certain differences in the matrix element of the
electron—phonon interaction in the diagram techniques which compensate for this
difference and make the physical results independent of the scheme used, as it
should be; but one should be aware of these different conventions.

The fact that it is w? which enters into the expression for the phonon Green
function, in contrast to w in the electron Green function (8.41), (8.54), is actually
connected with the fact that phonons are bosons, and in particular that the number
of phonons is not conserved, so that phonons can be created and annihilated
independently. Consequently, for example, for the electron—phonon coupling the
results would be the same if, say, a phonon with momentum ¢ is emitted or if a
phonon with momentum —gq is absorbed; these processes always enter together,
see equation (8.59). Therefore it is always the combination b, + bT_q that enters
the expressions (8.64), (8.66), (8.59), and in the Green function (8.65), (8.67) both
terms, with +w( and with —wy in the denominator (w(q) = w(—¢q)!), enter on an
equal footing.

8.7 Diagram techniques

The Green function for free electrons is known, see (8.41). For interacting systems
one has to calculate it, usually in a certain approximation.

There exist several methods to do this. One is the method of the equations of
motion, similar to the one used in Chapter 6, equations (6.87)—(6.92): one writes
down the equations of motion for the Heisenberg operators W(r, 1) or W(p, w)
entering the definition (8.31), (8.32) using the rule (8.18). Usually one obtains,
after commutation with the Hamiltonian, the Green functions of higher order (two-
particle Green functions, etc.). To solve this, in principle infinite, set of equations,
one has to truncate these equations, making certain decouplings dictated by some
physical arguments (such as the mean field decoupling used in going from (6.88)
to (6.89)). Usually this is an uncontrolled approximation (there is no small param-
eter here), although it may be physically quite sound. This method is described e.g.
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by Zubarev (1960). (Yet another example of such an approach will be given later
in the treatment of the Hubbard model, see Section 12.4.)

Another, very widely used method is perturbation theory, treating the interaction
as weak. Here we can use the interaction representation, see (8.20), (8.21), and use
diagram techniques which permit us to represent separate terms of the perturbation
expansion by Feynman diagrams and which greatly simplifies the calculations.

The idea of the method is the following. The Green functions (8.31), (8.32) are
defined using the operators W, W1 in the Heisenberg representation, i.e. according
to (8.15), Wy(r) = €M\ (0)e =M. For free, noninteracting electrons H = H,, and
we know both Wy (7) and the corresponding Green function G. Now, suppose we
have an interacting system, H = H, + H’, and we want to treat the interaction H’
as a perturbation. Thus we can keep H, in the exponent in Uy and G, and make an
expansion in H’, e.g. writing in the lowest order

{I)H(t) — eiHoteiH/t@(0)€7iHll€7iH0t
— eiHot(l + iH/l,)[efi'HoleiHot]{I\j(o)[efi'HoteiHot](l _ iH/t)efi’Hot
= (1 +iH,)Y @)1 — iHt), (8.68)

etc. where we have inserted the unity operator [¢ Hot oMot and used (8.20). (Note
that we have to take care of the order of operators Hy, H’, because in general
they do not commute.) Keeping Hj in the exponent means that we can deal with
the operators /7"y (0)e="* and with the corresponding known noninteracting
Green functions (G() and can build our perturbation theory using these as the basis.
Different terms of the perturbation theory expansion can then be conveniently
depicted as different diagrams, n-th order terms containing » interaction lines, or
n interaction vertices.

Note also that what we did here, e.g. the transition (8.68) from Wy = ¢/t Y e~
to e/ Je=Mo* s nothing else but the transition to the interaction representation
described above. Indeed, by putting products e~"7%!¢7! =1 in (8.68) we see
that in each term of the perturbation theory we have both W-operators and the
perturbation ' in the form e/7%0' ¥ (0)e~Hot and e H'e~ Mot but these are
exactly the operators in the interaction representation Wy(1), Hi(1), cf. (8.20), (8.24).

The possibility to formulate conveniently perturbation theory in the interaction
representation was actually the main reason for introducing this representation.
The rigorous derivation of the corresponding rules is described in many books,
e.g. Abrikosov et al. (1975), Fetter and Walecka (2003), Mahan (2000), Mattuck
(1992) and Schrieffer (1999); see also (8.23)—(8.30). For us here it is sufficient just
to formulate the corresponding rules, so as to be able to use them afterwards. These
rules are the following:
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p.o D, p.w Do
— T > —
p,o I
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—n_n e o/
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A~~~ §
p.e p.e
(d) (e)
Fig. 8.3

Each term of the perturbation theory expansion for a Green function is repre-

sented by a certain diagram. The contribution of each diagram, for an interaction
between electrons or an interaction with an external field, is calculated in the
following way:

L.

Write down all topologically inequivalent diagrams with one external electron
line (one going in and one going out). Only connected diagrams are to be
included. Electrons are denoted by solid lines (Fig. 8.3(a)).

. Associate with each electron line with momentum p and energy w the bare

Green function i Go(p, w) (8.41) or (8.44).

. The Coulomb interaction is denoted by a dashed line; it connects two electron

lines, Fig. 8.3(b). In each vertex the momentum and energy are conserved.
Associate with each interaction line the factor V(p — p’); for the Coulomb
interaction (8.3) the Fourier transform is

47 e?

L 8.69
(p—p')? (8.69)

Vip—p)=
The interaction with the external potential U (8.2), e.g. that of an impurity, is
denoted by a cross X, or a dotted line with a cross (Fig. 8.3(c)). Associate with
it the factor U(p — p’) (the Fourier transform of the potential U(x)). Note that
at this vertex the electron momentum p is not conserved (an impurity can take
extra momentum); for elastic scattering the energy w is of course conserved.

. Similarly, one can also include phonons (denoted by wavy lines, Fig. 8.3(d)):

one associates with each phonon line with (g, ) the phonon Green function
Dy(q, w) (8.65) or (8.67). In the electron—phonon vertex, Fig. 8.3(e), one puts
the corresponding matrix element g,.



152 Interacting electrons

6. Multiply by the extra factor (—i)", where n is the number of internal interaction
lines, and by (—1)", where [ is the number of closed electron loops in the diagram.

7. Multiply all these factors together and integrate over all intermediate momenta
and energies,

/ d*pidw, d° prdw,
@Qm*  Qm)t ’

and sum over spin directions at the internal lines.

These rules and examples of the simplest diagrams are presented in many
books (e.g. Abrikosov (1975), Mahan (2000), Schrieffer (1999), and in many
others). Thus, e.g. the lowest-order diagrams for the electron Green function for
the electron—electron interaction have the form

q

O ‘
’ // \\

' p—p'=0
_— LA ,IH . (8.70)
p p p P'=p p pP—q

Note that this is actually a formula, an expression for the Green function =——
(the double line, or thick solid line denotes the full Green function, in contrast
to the thin solid line which represents the bare Green function Gy). Thus
equation (8.70) may be rewritten as

4
G(p)=Go(p) +(— 21)G0(p)/ V(0) Go(f])(2 (§4 Go(p)
d4
+iGo(p)/ Go(p —q) V(q)(2 i Go(p) - (8.71)

In the second term one minus sign comes from the existence of one loop; the
factor (—i) comes from one interaction line, and the factor of 2 from summation
over spins. We have introduced here the shorthand notation p = (p, w), using the

four-vector p.

The second term (diagram _ . ) contains formally V(0) which for the
Coulomb interaction (8.69) is infinite. Actually this term describes the Coulomb
interaction of a given electron with the average density of all other electrons —
this is the Hartree term of the Hartree—Fock approximation. In real systems the
condition of electroneutrality should be obeyed, i.e. there should exist an equal
positive charge density (ions, or structureless positive background — jellium). It
can be incorporated in the external potential U in (8.1), and it will compensate the
contribution of this diagram in a homogeneous system. Therefore in the following
we will always omit this and similar diagrams. One should be aware, however, that
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they may be important in inhomogeneous systems (e.g. in an atom, or at a surface,
or close to a contact of different materials).
As mentioned above, the second term in (8.70) is the Hartree, or density—density

s AN

term of the mean field approximation. The last term, _/ \_, represents an
exchange, or Fock contribution in the Hartree—Fock approximation.

8.7.1 Dyson equations, self-energy and polarization operators

The diagrams presented in equation (8.70) are only the lowest-order contributions
to the full Green function. One should in principle consider also higher order
contributions, the choice of which is dictated by the concrete situation. Often it is
necessary to perform even the summation of an infinite number of diagrams of a
certain class.

There exists a convenient way to carry out such a programme. It is called
the method of Dyson equations; it uses objects known as the self-energy and
polarization operators. Suppose we start from the lowest-order diagrams

(as explained above we can omit the Hartree diagram). At the next step we can
repeat this contribution yet another time, and so on, and we will get a series

—— = + ! o4 v L4 (8.72)
or
G=Go+GpXpGo+ GpXpGoXZpGo+ -, (8.73)
where we have denoted the contribution '\ by Xo(p, w), so that
p’w p’w

d*qdo’

oy (8.74)

Zo(p, ) = / Vig, o) Go(p —q, 0 — o)

One immediately sees that the sum (8.72) is a geometric series which can be easily
summed to give

Gy 1 1

G(p,w) = = = Y
(P, ) 1 — 3Gy GO_I—EO w_gp_ZO(p,a))+l8P

(8.75)
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Another way to perform this summation is to notice that equation (8.72) can be
rewritten as

-—~

e AN

/N
= bl e

(8.76)
G = Go + G()EOG )

The solution of this equation again gives the result (8.75). Equation (8.76) already
has the form of a Dyson equation. However, diagrams of the type (8.72) do not

exhaust all the possibilities. We can have, e.g. terms of the type LNy

. / N / N / NN
which can also be repeated, _ .~ v\ + /7 W\ 17 VN 4.
\\

- < T~ -
7/ NN\ s 7

=<

oo [ %\ , which would give the sum NN+
AN RON O O

L L 1 4., O _u I S| L T
- - -, etc. Each of these series can be summed up, giving a result similar to (8.75),
but with different X’s.

One can formally incorporate all such terms by introducing the object X(p, w)
which is called the self-energy, or mass operator, and which is the sum of all
diagrams of the type

The term X (8.74) is the lowest-order contribution to the total self-energy.
One can express G through this new function ¥ as

=+ (8.77)
G(p’ (1)) = GO(P’ (,()) + GO(P7 C()) E(P, Cl)) G(P7 C()) ’

which can be formally solved, giving

G'=G,' -2, (8.78)

or

1
G(p, w) = . 8.79
o) = S w1 is, .79

Here the self-energy X(p, ) contains all the diagrams which cannot be cut

-—~ -~

e AN e AN

. . /
across one electron line. Thus, e.g. the diagrams _. L L or

— =<~ -~

—~
s/ NN\ s A
/ / \ A4

L L '\ should not be included in ¥ — they are already taken
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into account in the summation leading to (8.75) or to its generalization (8.79). By
comparing (8.75), (8.79) with (8.41), (8.44) one can immediately understand the
origin of the terms ‘self-energy’ and ‘mass operator’: the contribution ¥ is added
to the bare energy of the electron, and, if the pole structure of the Green func-
tion (8.79) is preserved, it will modify the effective mass of the quasiparticle (see
below, (8.85)—(8.91)). The equation (8.77) or (8.78), (8.79) is called the Dyson
equation. The Dyson equation (8.77) is not yet a closed equation for the Green
function: the self-energy X should be calculated separately. Despite this, the use
of the Dyson equation proves to be very useful: the virtue of this approach is that it
permits one actually to sum up an infinite number of terms in perturbation theory
even by including only the lowest-order terms in the self-energy X.

This treatment can also be generalized for the case of electron—phonon inter-
actions: one should only substitute everywhere instead of the electron interaction
line the phonon line -~~~»~~~ with which we associate the phonon Green func-

tion (8.65) or (8.67), and at each electron—phonon vertex +i we put the
electron—phonon coupling constant g,.

Analogously to the electron Green function and self-energy, one can introduce
similar objects also for the interaction lines and for phonons

e e >%¢ (8.80)
ARARAARR = ~~~Pnns WW/WW (8.81)

Here ====2===== is the screened Coulomb interaction (which now becomes also
frequency dependent, or retarded), and ~aassans is the full (dressed) phonon

or

Green function. The ‘bubble’ m [1(g, w) is the so-called polarization
operator. The simplest diagrams for it are

etc. (and the same with phonons). Again, it is an irreducible operator (in the
sense that it should not contain terms like -—-- which can be
cut through one Coulomb (or phonon) line, because these diagrams are already
accounted for when we put the full Green functions ====2===== or A~ A”~ in
the right-hand side of (8.80), (8.81)).

The diagrams shown in (8.80), (8.81) are again equations which can be formally
solved similarly to equation (8.79). We do not present the corresponding results
here, but they will be discussed in detail in Chapter 9.
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8.7.2 Effective mass of the electron excitation

From the general treatment given above we can obtain some important rela-
tions even without detailed calculation of particular diagrams. Let us start from
equation (8.79) expressing the one-electron Green function through the self-
energy X. The bare Green function G((p, w) (8.41) has a pole at the bare spectrum
gp = p?/2m — 1. Suppose that there is a pole (renormalized electron spectrum)
&p also in the interacting system, so that

G(p, w) ~

(8.83)

Ep

From (8.79) the spectrum &, should be a solution of the equation
w—¢p,—ReZ(p,w)=0, or &,—¢,—ReZ(p,&)=0. (884

We ignore for a while the imaginary part of X, which in principle will determine
the finite lifetime of the excitation (assume that close to the pole Im ¥ < Re X, or
that the lifetime is long enough).

Let us expand the Green function close to the pole &,:

1 1
w—¢,— X(p,o) w_gp_[z(p,gp)_,_%‘w_g (w—é,,)]
e 4

G(p,w)=

1

= — . — . (8.85)
®—gp— 2P, &p) — SE(0 —&p)
As, according to (8.84), ¢, + X(p, &p) = &,, we have (cf. (8.54))
1
1 17%|a}:§p Zp
Gp )= ——ge———— = = — S (8.86)
w—E&p — 32 (w—Ep) w—&p w—E&p

Thus we see that because of the interaction the spectrum ¢ is renormalized, ¢, —>
&p, and there appears a factor Z,: the strength of the pole, the residue, is no longer
1 but is
1
Z, = . (8.87)

_E(p,w)
1 ow

w=E,

We have thus managed to express the Z-factor, introduced phenomenologically
in (8.54), through the self-energy X(p, w), which gives in principle a way to
calculate it.



8.7 Diagram techniques 157

One can also obtain a useful expression for the change of the effective mass of
the electron due to interaction. From (8.84), assuming that

p2

2m*
with the bare spectrum being ¢, = p?/2m (actually this is the definition of the
effective mass m™), we obtain:
1:851,:881, (82 +E8§p)
2m*3(p?)  A(pP)  \d(p?)  9E, A(p?)
1 X X &)

_ L = (8.89)
2m 2m o (%) dw ot 8(172)

) (8.88)

Ep =

or, collecting different terms, we obtain

! 1 0% _1 1+ 0% (8.90)
m* dw | T m dep ’ )
&p
1—3—2(
* w |«
m_=¥=i; ) (8.91)
m T E 7,1 e

This is a very important formula which connects the effective mass renormalization
m*/m with the pole strength Z,. One can show that if the interaction leading to
mass renormalization is retarded (for instance, is carried out by low-energy excita-
tions, e.g. is an electron—phonon interaction with wp, < €g), then one can neglect
the momentum dependence of X(p, w),' and we have m*/m = 1/Z p» Which is
necessarily > 1 (as Z, < 1). In particular, for the electron—phonon interaction we
get (see below)

m*=m(l+2x), (8.92)

where A is the dimensionless electron—phonon coupling constant (8.61), entering
also, e.g. into the expression (8.62) for the superconducting 7. in ordinary super-
conductors, in which superconductivity is due to electron—phonon interactions.

! This is connected with the Migdal theorem which states that in typical metals, due to the existence of a small
parameter wp/er < 1, one can keep in the electron—phonon self-energy only the simplest diagrams of the type

JQL and ignore the so-called vertex corrections, e.g. % Similarly, we can keep only the

simplest bubble diagrams (but in general with the full electron Green functions) in the polarization operator, i.e.
we can ignore the diagrams of the type @ which are small if wp/ep < 1.
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Even more interesting is the situation in the so-called heavy fermion systems, see
below, Chapter 13. In this case experimentally m*/m (and the coefficient y in the
linear specific heat ¢ = y T which is proportional to m*, cf. (7.25)), is extremely
large, ~ 10?~10°. One can also describe the renormalization of the effective mass
here as occurring due to interaction with very soft spin fluctuations, and the value
m*/m is also directly related to the pole strength Z < 1.

If, on the other hand, both w and the p-dependence of X(p, w) are important
(e.g. for the Hubbard on-site Coulomb interaction), one cannot draw any general
conclusion about the mass renormalization m* /m.



9

Electrons with Coulomb interaction

Using the techniques described in the previous chapter, we can in a unified way
discuss properties of the electron gas with Coulomb interaction and consider such
effects as optical response, screening, plasmons, etc. In many textbooks these
properties are obtained using a variety of methods. The virtue of the Green function
method is its universality and, I would say, not much simpler, but standardized form.
This method permits one to obtain all the properties mentioned above in the form
of one general expression, and it also gives the possibility to generalize the results
quite easily to the cases of low-dimensional (1d, 2d) systems, or to take into account
the details of the band structure of the material, etc. But more important is the fact
that it leads naturally to a number of special interesting consequences which would
be rather difficult to obtain with the usual classical methods. In this and in the
next two chapters I will demonstrate how to reproduce, using this method, the
familiar results such as Debye screening or the plasmon energy, but I will mostly
concentrate on less frequently discussed effects which are quite naturally obtained
using this technique.

9.1 Dielectric function, screening: random phase approximation

We start by studying the form of the effective electron—electron interaction in
metals. The ordinary Coulomb interaction V(q) = 4we?/q* is modified by the
reaction of the electronic system. The first, well-known effect is just the screening
of the electric charge. But there are other interesting effects as well.

One can describe the modification of the Coulomb interaction using the corre-
sponding Dyson equation (8.80)

or
V(g,w)=V(g)+ V(g (g, w) V(q,w) . 9.2)

159
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Here T1(q, w) is the irreducible polarization operator (8.82), and V(q, w) is the
renormalized interaction which now becomes frequency dependent (this corres-
ponds to retardation effects: the reaction of electrons has a certain characteristic
time-scale, which leads to the retardation of the effective interaction, in contrast
to the initial Coulomb interaction V(¢) which is, in nonrelativistic theory, instan-
taneous or frequency independent). Note that sometimes the polarization operator
is defined with the opposite sign, e.g. our definition of Il(q, w) differs by a sign
from that in the book by Schrieffer (1999): [1(q, ®) = — Pschriefrer(q , ®). Solving
equation (9.1) formally we obtain:

Vig) Vig)
V(g. o) = < = 9.3)
1-Vigll(g,0) €(g,w)
Here we have introduced the dielectric function
€(q,w)=1-V(g)Il(q, v) . 9.4)
Taking the lowest approximation for the polarization operator
ptq
. d*p
Mg o) = > =-2 [ Gp+a) G5t 03
(2m)
P

we obtain what is known as the random phase approximation (RPA) for the dielec-
tric function and for the effective interaction. The Dyson equation (9.1) in this
approximation corresponds to the summation of an infinite set of diagrams of the

type

i.e. we dress the Coulomb line -------- by electron—hole ‘bubbles’

One can show that this is a good approximation for high-density electron systems,
ry < 1 (where r, is the dimensionless parameter characterizing the electron density,
see Chapter 7). The justification of this approximation is connected with the fact
that the Coulomb interaction V(q) is large for ¢ — 0, so that in the perturbation
theory (9.6) higher-order terms contain extra factors e but also (1/g%)?, and we
have to sum all terms of this kind which gives (9.3) with IT = I1j given by (9.5),
i.e. the RPA result.

The RPA form for the dielectric response function, which corresponds to keeping
only the sum of bubble diagrams, may be presented in two equivalent forms:
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One can say that the total interaction is

S — D Al D e
- b <> 9.7)

vV=V+4 VIV (9.8)

1.€.

from which we get the result (9.3) with [T — Ily. Or we can write this also as

7 AVaAVaVarae
TR

S 4o QR 9.9)
1.e.
v=V+VIIV, (9.10)
where
~ KOO
I = @y = <> <>————
SISO
= - - XD 9.11
O+ O ©.11)
or

IT=T,+ ,VIT. 9.12)

(Do not confuse [T = szgitggggzzig& (9.11) with the irreducible polarization operator
M= m defined by equation (8.82)! As is seen from (9.11), in IT we
include diagrams which can be cut across one electron line, which are excluded
in the irreducible polarization operator IT (8.82). On the other hand, in IT we
included only simple electron—hole bubbles, ignoring vertex corrections included
in IT (8.82).)

From (9.11) we find

M= _ o , (9.13)
1 —TIyV
and then from (9.9) we obtain the same expression (9.3) for V:
v=v<1+ﬁv>:v(1+ oV ): v __V 9.14)
1-TI,V 1—TII,V €

The expression (9.13) describes the polarizability of the system (still in the RPA).
One can obtain a similar expression also for the magnetic susceptibility. We have
to consider the response of our system to a magnetic field, causing, e.g. a reversal
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of spin directions. Then the response function is given by electron—hole diagrams
with opposite spins

T

= | + | | +-, (915)
i 1 1 1

where -------- denotes the effective electron—electron interaction (not necessar-
ily long-range Coulomb interaction). Thus, for a local interaction Un;4n; (the
Hubbard interaction) one can easily sum these diagrams and obtain

XO(q ) a))

=2 (9.16)
1+ UTly(q, )

x(gq, ®)
where x0(q, w) is proportional to the same expression (9.5) (the block repeated in
(9.15) is in fact the same product of electron and hole Green functions as in (9.5)),

x0(q, ) = 18°ugTlo(q, ) . (9.17)

Note the change of sign in the denominator of (9.16) as compared to (9.13): it
comes from the fact that for density—density correlations described by I1j or € the
closed loops in the diagrams give an extra factor —1, according to the general rules
of Chapter 8. Here, for the magnetic response, we have rather the so-called ladder
diagrams (9.15). Closed loops here are forbidden because of spin conservation:
electron and hole lines in (9.15) correspond to opposite spins, and these cannot
simply recombine. Nevertheless for a local (or g-independent) interaction the basic
expressions are similar. The expressions (9.16), (9.17) will be very useful later on
in the discussion of magnetic instabilities of electron systems.

The calculation of the polarization operator Iy (9.5) is a straightforward but
tedious task. The first step is relatively easy. We write I, (9.5) as

[o(q, w)
d*pdo

2i /
Cr ) |t —e(pq)+is sign(e(p+a)-u)| [/ —e(p)+is sign(e(p)—w)]
(9.18)

and integrate over ' using contour integration, closing the contour in the upper
half-plane. The result has the form

/d3 n(p) —n(p+q)
2m)3 w+ep+q)—elp)+is’

where n(p) and n(p + q) are the usual Fermi functions, n(p) =1 for |p| < pg
and = O for | p| > pg. Thus the integration region is the hatched area in Fig. 9.1,

Iy(g, w) = — (9.19)
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Fal

P

Fig. 9.1

i.e. it lies inside the sphere |p| = pg, but outside |p + ¢q| = pg, or vice versa.
The origin of the factor n(p) — n(p + ¢q) in the numerator of equation (9.19)
mathematically follows from the position of the poles in the Green functions
entering (9.18) (here the imaginary parts in the denominators of (9.18) play a
role!). Physically this is easy to understand: the polarization operator (9.5) is given
by the electron—hole bubble, and if one particle, e.g. with momentum p, is a hole,
i.e. |p| < pg, then the second one, with momentum p + ¢, should be an electron,
ie. |p + q| > pg. The factor n(p) — n(p + q) reflects just this fact.

Further integration is straightforward but rather elaborate. The result is known
as the Lindhardt function. I will present here only the important limiting cases; for
the full expression see, e.g. Schrieffer (1999).

The static dielectric function €(q, 0) is given by the expression

4me? 4 \"

me"pr (g Is
,0=1-T)V =1 =1

€(q,0) 0 + p— e u(2pp) + (9714) 2 u(x)

2
—1+0.667, <E) u(i) , (9.20)
q 2pr

where x = ¢ /2pg and

1 (1—-x% |1+4+x
=-11 1
u(x) 2[ T n‘l—x

} . 9.21)

From this expression we can easily obtain the Debye screening length rp = «y I

K3 67rne’
e(q, 0)( — 14D R =dnep(er) = L 9.22)
q—0 q EF

(see (7.13)), so that the screened Coulomb interaction (9.3), (9.14) would have the
usual form

2
V()= —e " . (9.23)
r
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€(q,0)

Fig. 9.2

The screening length ky ! coincides with that obtained in the usual semiclassical
approximation (Thomas—Fermi screening). (Note also the convenient result:

Io(g, 0) = —p(er) , 9.24)
q—0

where p(¢ep) is the density of states at the Fermi level (7.13).)

However, this is not really the full story. If we look at the detailed behaviour of
€(q, 0) for arbitrary q, we see from equations (9.20), (9.21) that there is a singularity
in (g, 0) at g — 2pg: de~'/dg — oo at this point, see Fig. 9.2. Mathematically
this singularity is connected with the fact that starting from ¢ = 2 pr the region of
integration in (9.19) no longer changes, see Fig. 9.1. Correspondingly, when we
study how the screened potential V(q, 0) (9.3) behaves in real space, U(r — r’),
we have to make a Fourier transform of U(q) = 4me?/q%e(q, 0) with e(q, 0) given
by (9.20), (9.21), and the presence of the singularity of e(q, 0) at ¢ = 2 pr modifies
the behaviour of the screened Coulomb potential.

Usually the asymptotic behaviour of Fourier transforms (the behaviour of inte-
grals of the type f(x) = fab e'%* f(q)dgq atlarge x) is determined by the behaviour
of f(gq) at the limits of integration (a, b) (here at ¢ — 0), but also by the special
points (singularities in f(q) and its derivatives) inside the interval (a, b), if they
exist. Thus, e.g. if f(g) itself — oo at g = ¢qo, for example, if f(g) contains a
§-function, c8(g — qo), then f(x) would evidently have a contribution ce’%*, or it
will be an oscillating function not decaying at large x at all. A similar situation
exists in our case: because of the singularity of de~!/dq at ¢ = 2pr the screened
Coulomb interaction V(r) is not simply

)
V(r)y=—e " (9.25)
r

as one would expect classically and as is usually taken, but there exists also a
long-range oscillating term

_ cos(2pgr + @)

— 00 1”3

V() , (9.26)

where ¢ is a certain phase.
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Correspondingly, the screening charge around a charged impurity in a metal
would also follow the law (9.26) at large distances. This is known as Friedel
oscillations, and they occur due to the sharp cut-off of the Fermi distribution
function n(p) at p = prp. These oscillations are a real effect; they were observed
experimentally.

As at finite temperatures the sharp Fermi surface is somewhat washed out, these
oscillations will start to decay with increasing temperature. Impurities in the metal
also lead to a similar effect: in the presence of impurities the Friedel oscillations
start to decay as e~"/!, where [ is the mean free path.

This phenomenon is even more important not for charge but for magnetic inter-
action in metals. It turns out that in the first approximation (RPA) practically the
same formulae describe the screening of a localized magnetic moment inserted
into the metal (i.e. the magnetic polarization of conduction electrons by a magnetic
impurity). The magnetic susceptibility x (g, ») is also given in this approximation
by the summation of the same ‘bubble’-like (in fact ladder) series (9.15) (see,
however, the discussion of the Kondo effect below, Chapter 13). The result has the
form (in the static case w = 0):

3 2,,2
x(q, w=0) = Mu 4 (9.27)
8er 2pF

where g is the g-factor of the electron (usually g = 2), ug = e#i/2mc is the Bohr
magneton, and #(x) is the same function (9.21) as in the expression for the dielectric
function. Correspondingly, the spin density s(r) at distance r from the impurity
spin S,,

s(r) = Z X(@e" S, (9.28)

gz 022V
will behave as (9.26) (here J is the contact exchange interaction between an
impurity and a conduction electron, —J S, - s). If we now put another spin S,
(another magnetic impurity) at some point, it will have a similar local exchange
interaction with the conduction electrons polarized by the first impurity S,. As a
result there will be an effective exchange interaction between S, and S, mediated
by the (oscillating) spin polarization of conduction electrons. This interaction is
called the Ruderman—Kittel-Kasuya—Yosida or simply RKKY interaction, and it
has the form

id-r cos(2pgr + @)
ZX(‘I)eq S, Sb,v_#‘

- (9.29)
iV . eF r3

Hrkky ~

This oscillating long-range interaction has a lot of consequences. It gives, e.g. a
broadening of NMR lines. A special form of interaction (9.29) with alternating
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Fig. 9.3

positive (antiferromagnetic) and negative (ferromagnetic) parts gives rise to often
complicated magnetic structures in many metallic magnets, in particular to spiral
or helicoidal structures in rare earth metals. It is also in most cases responsible for
the formation of the so-called spin-glass phase: when we put random magnetic
impurities in a metal, due to the oscillating form of the RKKY interaction (9.29)
the effective exchange interaction, or the effective (exchange) field produced at the
position of a given impurity by all the others, has random orientation. This leads to
a specific state: at low temperatures all spins are frozen, but in random orientations,
so that there is neither total magnetization (no ferromagnetic moment), nor any
other spatial order. However, the susceptibility in this case usually has an anomaly
at the spin freezing temperature, which is different for zero-field and field-cooled
measurements. This anomaly also depends on the measuring frequency. These are
the ‘fingerprints’ which allow one to identify the spin glass state.

9.2 Nesting and giant Kohn anomalies

The same feature — a singularity in the response functions — becomes even more
pronounced in low-dimensional systems or for special shapes of Fermi surfaces.
Both €(¢q, w) and x(q, w) are called response functions, because they describe the
response of our system to external perturbations — external electric or magnetic
fields, charged or magnetic impurities, etc. (By the way, one can easily understand
why we have summation over ¢ in the RKKY interaction: the response to an external
field, e.g. to the electric field E, in optics, is described by the corresponding
Fourier component €(q, 0); however when we are dealing with a perturbation
localized in space, as in the case of impurities, we have to integrate over all
harmonics.)

Whereas in the usual 3d systems the polarization operator I1y(g, 0) has a log-
arithmic singularity in the derivative dI1p/d¢|y=2p., see equations (9.20), (9.21)
and Fig. 9.3(a), the singularities in 2d and in 1d cases have the form shown in
Figs. 9.3(b), (c) (note that with our convention (9.3), I1y(q, 0) is negative). Thus,



9.2 Nesting and giant Kohn anomalies 167

for example, in the 1d case the polarization operator itself has a logarithmic
divergence,

Io(g,0) ~ Inlg — 2pg| . (9.30)

This divergence has important consequences, in particular it leads to instabilities
of one-dimensional metals with respect to the formation of superstructures with
wavevector Q = 2prorperiod! = 2wa/Q. There will be a special chapter devoted
to the detailed discussion of this and other instabilities (Chapter 11); here, antici-
pating this material, we will only point out that, e.g. the renormalization of the
phonon spectrum is determined in the first approximation by the same diagrams
entering the expression for €(q, w),

— +W<W (9.31)

(cf. (9.7)), i.e.

D(q, ®) = Dy + Dy g*Tly D, (9.32)
where g is the electron—phonon coupling constant (vertex MN< ). This gives
1 w(q)

Dy (q. ) — g2Tlo(q, ) @ — wi(q) — g20i(q) To(q, »)
(9.33)

D(q,w) =

(with the normalization (8.67)). Thus, the new renormalized phonon spectrum (pole
of the Green function (9.33)) is given by the equation

@) = @)1 + g Tolg )] (9.34)

so that if I1p(q, w) — —oo (as it does at ¢ = 2pr in the 1d case), the phonon
frequency becomes imaginary (w? < 0) which means absolute instability of the
system (the phonon mode with ¢ = 2pr would ‘accelerate’, leading to macro-
scopic occupation of the corresponding mode, i.e. to a real deformation).! Such
instability in one-dimensional systems is called Peierls instability (see also
Section 11.1 below). The corresponding Peierls distortion is often observed in
real one-dimensional materials, e.g. in some long organic molecules or polymers,

! By the way, we see here why in discussing possible instabilities of an anharmonic lattice and melting in
Section 4.4.2, I said without proof that the actual equation for phonon softening contains not the phonon
frequency w, but w?: the phonon Green function D(q, ) and the renormalized spectrum always contain w?.
Equation (9.34) is written for the phonon renormalization due to electron—phonon coupling, but a similar

expression can also be obtained for the case of the anharmonic phonon—phonon interaction of Chapter 4.
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Fig. 9.4

the best-known example being polyacetylene C, H,,. Note also that the deformation
with the wavevector Q = 2pg gives new periodicity with a new Brillouin zone
and, according to the usual picture of nearly free electrons in a periodic potential,
it produces a gap exactly at the position of our initial Fermi surface (— pg, + pg),
so that the quasi-1d material after such transition acquires a gap and becomes an
insulator.

The anomaly of the phonon spectrum (9.34) in the 1d case is really extreme;
but even if the anomaly is not so strong (in 2d or 3d cases, for instance), still the
singularity of 1y at ¢ = 2 pr is reflected in the phonon spectrum w(q) at the same
wavevector. This anomaly in the phonon spectrum is called a Kohn anomaly. If
such an anomaly is strongly enhanced, as happens in low-dimensional materials,
one speaks of a giant Kohn anomaly. As is clear from the preceding discussion,
this Kohn anomaly is closely related to Friedel oscillations and to the oscillating
long-range character of forces in metals, see (9.26), (9.29).

Up to now when considering 1d, 2d or 3d systems we always had in mind the
situation with isotropic electron spectrum, e.g. e(p) = p?/2m. However, in real
crystalline materials the spectrum may be anisotropic, and the corresponding Fermi
surface need not be a sphere (or a circle in the 2d case); it can and often does have
a very complicated shape. In particular there may be cases when the whole or
parts of the Fermi surface are flat. Such is, for example, the Fermi surface of the
two-dimensional square lattice in the tight-binding approximation for a half-filled
band (one electron per site). In this case the spectrum is (we put here the lattice
constanta = 1)

e(p) = —2t(cos px +cos py) , (9.35)

and the Fermi surfaces for different band fillings have the form shown in Fig. 9.4;
the numbers 1, ..., 5 correspond to increasing electron concentration, such that
the case of the half-filled band (one electron per site, n = 1) is represented by the
square Fermi surface 3. One can check that in this case the polarization operator
[Ty(q, 0) will behave for ¢ — (i, ) exactly as in the one-dimensional case:

Io(g,0) ~Injg — O], Q=(mm). (9.36)
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Fig. 9.5

(This is connected with the fact that for this Fermi surface the region of inte-
gration in (9.19) (cf. Fig. 9.1) will change very rapidly as ¢ — (i, ), as in the
1d case.) Consequently, many properties of such systems will resemble those of
one-dimensional systems, in particular they will be very susceptible to different
instabilities, there may exist giant Kohn anomalies in them, etc.

More generally one needs for this not necessarily flat Fermi surfaces (or flat
parts of Fermi surfaces) but what is known as nesting. Nested Fermi surfaces are
such that different parts of them will coincide when shifted by a certain wavevector.
For example, the Fermi surface for the spectrum (9.35) for n = 1 is a nested Fermi
surface, with the nesting vector Q = (i, 7). But in general we can have nesting
even for curved Fermi surfaces, for example, such as the one shown in Fig. 9.5.
Mathematically what we need is that the energy spectrum satisfies the condition

e(p+ Q)= —&(p) 9.37)

where the energies are counted from the chemical potential. Thus the spec-
trum (9.35) definitely obeys this condition at half-filling (v = 0), with @ = (&, 7).
Similarly, the spectrum of a three-dimensional cubic lattice in the tight-binding
approximation,

&(p) = —2t(cos py + cos py, +cos p;) , (9.38)

has the same property, with Q = (7, 7, 7), and its Fermi surface for n =1 is
also nested, although it does not actually contain flat parts. In this sense a one-
dimensional metal always has a nested Fermi surface: the Fermi surface consists
simply of two ‘Fermi points’ which of course will coincide when shifted by the
‘nesting wavevector’ 2 pg. The property of nesting and respective divergence of the
polarization operator will play a crucial role in discussions of different instabilities
in metals, see Chapter 11.

9.3 Frequency-dependent dielectric function; dynamic effects

Let us now turn to the opposite limit: consider the polarization operator and dielec-
tric function at small g as functions of w. This limit is especially important in
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optics, as the wavevector of light (photons) is small (it can usually be taken as
zero), and we are mostly interested in the optical spectrum, i.e. in the frequency
dependence.

For large w (|o| > (¢* + 2gpg)/2m) one can get from the general expression
for €, obtained from (9.19), that

2

Ree(q,w)=1— o (9.39)

where wy is the usual plasma frequency

,  4mwne?
pl =

) (9.40)

m

(In the case of finite @ we have to be careful: the polarization operator I1y(q, w)
and €(q, w) have imaginary parts.)

Actually the plasma frequency is an eigenfrequency of the density oscillations
of electrons on a positive background. This is how it is usually obtained in most
textbooks; it is essentially a classical notion. However, one can also give it another
interpretation. We see from (9.39) that the plasma frequency is a pole of the
corresponding response function or of the effective interaction U(q, w) (9.3).

Let us consider the process of scattering of an electron and a hole. During this
process they can recombine, emitting a photon, which in turn can be absorbed,
creating again an electron and a hole. One can represent this process by the
diagram

Seemingly another but actually equivalent process is the usual scattering, when an
electron emits a photon, and a hole absorbs it:

~_
T

Topologically these diagrams are equivalent. They represent the first (in the inter-
action) term in the perturbation expansion of the so-called two-particle Green
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function

The next most important terms are our old ‘bubbles’:

| -<otos-

Or, using the summation (9.6), we can write this contribution (RPA contribution)
as

p3

P
> qplpzpzm<
D2

P4

i.e. we putinside the full renormalized interaction V(q, w) = V(p| — p2, @1 — wy).
Consequently the poles of U(q, w) are simultaneously poles of the two-particle
Green function in the corresponding total momentum of the incoming electron
(p1) and hole (— p»). They describe actually something like bound (or antibound)
states of an electron and a hole.

The diagrams (9.41) are of course not all possible contributions to the two-
particle Green functions; there may be, for example, diagrams of the type

l
| N
I or N
l

R E—

etc. Thus the full solution of the two-particle problem in the presence of an interac-
tion is a very complicated problem which can be solved only in a few simple cases.
However, already the ‘simple’ RPA approximation gives a lot of information and
provides if not the full description, then at least a very useful starting point (and
often it is really sufficient for many purposes).

The plasmon pole does not exhaust all eigenstates of a two-particle (two excita-
tion) system, or all zeros of €(g, w). Actually from the expression (9.19) we see that
for a fixed ¢ there are also eigenstates (‘poles’, or zeros of the denominator, which
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in the limit of an infinite system come close together and form mathematically
a cut in the complex w-plane) at all e(p) — e(p + q) for different p. In terms of
the two-particle system these states correspond to scattering states of an electron
and a hole, having a continuous spectrum, whereas a plasmon pole is a bound (or
rather antibound) state. The situation here and the mathematical treatment is rather
similar to that of impurity states in Section 6.5. One can write the expression (9.19)
for I1y(g, w) in the discrete case as

1 1
Molg. )= ) <a)—8(p+q)+8(P)+i3 _w+s(p+q)—s(p)+i3>’

Ipl<pF
|p+q|>pr
(9.42)
and then the poles of €(q, w) (9.4) are the solutions of the equation
1 =V(g) (g, ») (9.43)

which can be analysed graphically, Fig. 9.6, as we did for equation (6.132), cf.
Fig. 6.47: all states with 0 < @ < wmax = prq/m + g*/2m describe scattering
states and form for an infinite system a continuum spectrum (wavy line), and the
special solution lying above the continuum is the plasmon. One can show that
the plasmon pole exists (i.e. does not decay) only for a certain limited range of g.
The total spectrum has the form shown in Fig. 9.7: plasmons exist as real excitations
only for g < ¢g*, and for ¢ > g* plasmons merge with the continuum (the hatched
area in Fig. 9.7) and decay into independent particle-hole excitations.

It is also interesting and instructive (and important practically) to consider what
would become of plasmons in low-dimensional (e.g. quasi-two-dimensional) ma-
terials, such as layered systems or thin films. It turns out that the general treatment
remains qualitatively the same, but the plasmon spectrum starts from zero, Fig. 9.8;
in a pure 2d system it is wp(q) ~ /¢, and in quasi-2d systems, depending on
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the perpendicular component of the total wavevector ¢ = (g, g), it occupies the
whole region, Fig. 9.9 (the curves above the hatched electron—hole continuum rep-
resent plasmon dispersion for different values of ¢, ). And the most straightforward
and standard way to study this problem is to use the Green functions and diagram
technique described above.

One can extend this approach and use the results obtained in the RPA to discuss
the modifications of the electron spectrum brought about by the interaction. This
spectrum is given by the poles of the one-electron Green function (8.79) and can
be expressed through the self-energy or mass operator X, see (8.85)—(8.91). We
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can calculate ¥ in the RPA using the diagrams

q,w
SN 4 O N a /////;L\\\\\
l/ \l + l/ \l + IO Ql 4= " W (944)
P—q, 00—
or
d’qdo’
Z(p.0) =i [ Vg o) Galp — g, — ) 9.45)
2m)
The calculation finally gives the value of the effective mass
1 1
— = —[1-0.083r,(Inr, +0.203)] (9.46)
m m

which shows that the Coulomb interaction leads to a certain increase of the effective
mass.

One can also calculate in this limit the total energy of the electron system
(M. Gell-Mann and K. Brueckner); the result is

Ey 221 0916
N

" " + 0.062 In(ry) — 0.096}Ry (9.47)
s K

where 1Ry = 13.6eV. The first term in equation (9.47) represents the kinetic
energy of electrons (it is equal to %sp, with er given by (7.9)), and the second is
the exchange part of the average Coulomb energy (the direct part of the electron—
electron interaction is cancelled by interaction with the positive background). The
first two terms together represent the Hartree—Fock energy of the electron gas,
and the remaining terms give the so-called correlation energy (by definition the
correlation energy is ‘everything beyond Hartree—Fock”).

These results, and the RPA in general, are valid for dense systems, r; << 1. In the
opposite limit of low-density electron systems the situation is changed drastically,
and perturbation theory in the interaction is no longer valid. In this case we enter
the field of strong electron correlations, which will be extensively discussed in the
last section of Chapter 11 and in Chapter 12.



10

Fermi-liquid theory and its possible generalizations

As we have seen in the previous chapters, interactions, if they are not too strong,
preserve many features of the electronic system which are present in the nonin-
teracting case (Fermi gas, Chapter 7). In general, however, the interactions are
not at all small: for instance in typical metals, r; ~ 2-3, and not r; < 1 as was
implicitly assumed in Chapter 9 and which was actually the condition for the
applicability of perturbation theory used there. Nevertheless we know that the
description of normal metals using the concepts developed for the free Fermi gas
or Fermi systems with weak interactions (such as Drude theory, for example) is very
successful.

An explanation of the success of the conventional theory of metals, and the
generalization of the corresponding description to a more general situation, was
given by Landau in his theory of Fermi liquids. This theory is very important
conceptually, although in the usual metals there are only few special effects which
indeed require this treatment. However, there exist also systems (*He, or rare earth
systems with mixed valence and heavy fermions) for which this approach is really
vital. Also the emerging new field of non-Fermi-liquid metallic systems requires
first an understanding of what is the normal Fermi liquid.

10.1 The foundations of the Fermi-liquid theory

The main assumptions of the Landau Fermi liquid theory are completely in line with
our general approach. Landau postulated that, given the ground state of a metallic
system, weakly excited states can be described in terms of elementary excitations,
or quasiparticles, which are very similar to the usual electrons and holes in a Fermi
gas, despite strong interactions. In particular, these quasiparticles are fermions
with spin % and with charge —e, which can be characterized by momentum p and
energy &(p). A crucial assumption is that there exists a well-defined Fermi surface,
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with the radius pr satisfying the same relation

N 3
=P (10.1)
V. 3mxn

n —
as for the free Fermi gas, cf. (7.2). Thus, the value of the Fermi momentum pg
and the volume of the Fermi surface are determined by the total particle density
N/V and do not depend on the interaction. This statement can actually be proven
in every order of perturbation theory, using the Green function technique, and is
known as the Luttinger theorem. Despite its apparent simplicity, this is a very strong
statement, which leads to a number of experimental consequences and which can be
really checked experimentally, e.g. by angular-resolved photoemission. One should
say right away that it is not the only possible state of an electronic system. Thus, we
know for sure that there exists an alternative state — the superconducting state — in
which the Luttinger theorem formally does not hold and there is no Fermi surface
left (there is an energy gap at the position of the former Fermi surface). There are
also nowadays a lot of discussions about possible breakdown of the Fermi liquid
description and of non-Fermi-liquid states in cases of strong electron correlations
which may (but also may not) be accompanied by a breakdown of the Luttinger
theorem. And finally the whole big field of strongly correlated electrons, discussed
in Chapter 12 below, is a bona fide example of the inapplicability of Fermi liquid
theory. These questions will be discussed later on; now however, having made
these remarks, we continue to discuss ‘positive’ aspects and the formulation of the
Landau theory of Fermi liquids, in cases when this description is indeed valid.

What are the physical reasons which permit one in principle to retain many
essential features of free fermions in a strongly interacting system? The main factor
is the very fact that electrons are fermions, i.e. the Pauli principle. One can show that
because of that the Fermi surface remains sharp, and quasiparticles are well defined
close to the Fermi surface. If we consider one electron with momentum p; > pg
excited above the Fermi surface, one can show that despite interactions with other
electrons its lifetime becomes infinite at the very Fermi surface, when p; — pg.
Indeed the simplest process which can lead to a finite lifetime is the excitation of
another electron from below ¢ to above it due to the electron—electron interaction,
i.e. the creation of an electron—hole pair, Fig. 10.1. (We use here a simplified form
of diagram, ‘contracting’ interaction lines to a point; this is rather convenient in
the case of a four-fermion interaction.) In this process we have as usual p, + p, =
P3+ p4, and &) + &2 = &3 + &4 (here |py|, |p3l, |p4l = pr, |P2| < pr; we also
took &1, €3, €4 > €F, &3 < €F).

From these conservation laws it is clear that when | p;| — pg, all other particles
should also have | p»|, | p3|, |[pa| — pe (this is especially easy to see if we count all
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energies from eg: then €1, €3, &4 > 0, &5 < 0, and the condition €] + &, = €3 + &4
implies that when ¢; — +0, all other &, should — 0).

When p; is slightly larger than pp, all other momenta |p,| — pr should be
of the same order as |p;| — pr. Then by the ‘golden rule’ the probability of the
process shown in Fig. 10.1, i.e. the probability of the decay of an electron (which
determines its lifetime t), is proportional to

W=7~ /5(81 + e —e3—e4)d>prd’ ps (10.2)

(p, is given, and p4 = p, + p» — p3, thus there remain two independent integra-
tions). As both p, and pj lie close to pg, (|p«| — pr) ~ (p1 — pE), this integral is
~(|p1| — pg)?, i.e. the inverse lifetime of the electron with momentum p goes to
zero as p — pg quadratically in (p — pg):

7, ~(p—pp)’. (10.3)

(Here and below p = |p|.) This is essentially the ‘phase space’ argument: because
of the Pauli principle the scattering of weakly excited electrons is confined to
the vicinity of the Fermi surface, which gives (10.3). In the language of Green
functions the condition (10.3) means that the pole w = ¢(p) of the one-electron
Green function is well defined when p — pg: its real part Re e(p) ~ ve(p — pr)
is much larger than its imaginary part Ime(p) ~ 7! ~ (p — pp)*. In other words
this means that the quasiparticles (quasi-electrons and quasi-holes) are well defined
at the Fermi surface and in its vicinity. This does not imply, however, that they
are well-defined objects far away from the Fermi surface: in general they are
not, and the structure of the spectrum far from the Fermi surface often does not
have the character of quasiparticles. However, at low energies and at low enough
temperatures it is sufficient to consider only excitations close to ¢, and for these
purposes the Fermi-liquid description usually works fine.

As to the finite temperature, we have seen in Chapter 7 that the Fermi-distribution
function n(p) is spread over the region ~ T around ep. This gives that, besides
the factor (p — pp)? in 7! (10.3), there may also be contributions of thermally
excited quasiparticles. As we have seen in (7.23), (7.24), actually the corrections to
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the energy and to other properties due to such thermally excited quasiparticles are
~T?p(eg) > T?/sg. Consequently, combining this with (10.3) (with the natural
scale ep in this term too) we get the estimate

Y 2
=g (M + T—) , (10.4)

EF EF

where the constant a is of order 1.

Already from this simple treatment, which actually used only very general
arguments such as the Pauli principle and energy and momentum conservation
laws, we can make several important conclusions. First, as the low-temperature
excited states have nearly the same nature as ordinary electrons, such quantities as
specific heat and entropy will be given by the usual relations (7.25), (7.26), with
the same pg, with the only difference being the substitution of the effective mass
m™ instead of the bare mass m:

c=yT, y ~m* (10.5)

(cf. e.g. (9.46)). In general this mass renormalization can be substantial, and some-
times even extremely large. Thus in heavy-fermion compounds such as CeCug,
CeAls, UBejs, m* ~ 103 m, i.e. the effective Fermi energy &} = pZ/2m* is 10°
times smaller than the typical values for conventional metals like Al; whereas in
these simple cases er ~ 1-10eV, i.e. ~ 10*~10° K, in heavy-fermion compounds
the effective Fermi energy is ef; ~ 103 eV ~ 10K.

From the expression for the electron lifetime (10.4) one can also make interesting
conclusions about some transport properties of the system, in particular electrical
resistivity. From the usual Drude expression for the conductivity

(10.6)

one gets, using ' ~ T2 /sg and also using (10.1), that the resistivity behaves as

o, T*m 1 (TY
R=o'~——~——(=) . (10.7)
EFPRe €“PDF \ €F

One can further transform this expression using the fact that pp ~ 1/7; (see (7.6)),
so that typically pr ~ 1/ag, where ag is the Bohr radius, ay = hz/ me?*. Then
in (10.7) e* pg ~ €?/ay ( ~ Rydberg). In general the functional dependence of the
resistivity due to electron—electron scattering is

R = AT?, A~1/ek. (10.8)

This is an important result; sometimes it is called the Baber law. In ordinary
metals ep is very large, and the contribution of electron—electron scattering is
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masked by other, much stronger contributions, such as electron—phonon scattering,
which typically behaves at low temperatures as pe_pn ~ T3, or impurity scatter-
ing, giving residual resistivity. The T>-dependence of resistivity becomes notice-
able in transition metals where the 3d band is narrower, and it is very clearly
seen in heavy-fermion compounds. The scaling between the coefficient A in the
resistivity (10.8) with the effective mass or effective Fermi temperature is also
confirmed there experimentally: as e = p/2m*, A is proportional to m*2, or
to 2 (10.5).

Up to now we have presented some arguments which helped to justify the
applicability for interacting electrons of ordinary relations valid for free fermions.
However, one can substantially deepen the description of the system, making the
next step and taking into account the fact that the Landau quasiparticles are really
not free fermions (with a different mass), but are still strongly interacting objects.
It is this next step which permits one to get new results and improve the description
considerably. We will describe it only schematically, and will qualitatively discuss
some of the consequences; one can find more detailed discussions, e.g. in Abrikosov
et al. (1975) and Baym and Pethick (1991). Suppose we somehow changed the
distribution of quasiparticles, n(p) = n(p) + dn(p). As quasiparticles interact with
each other, the energy of each of them depends on the distribution function of the
others. Taking into account only the first, linear term of this dependence, we can
write:

e(p) =¢o(p)+ Y _ f(p, p)on(p) . (10.9)

p

This expression, which looks extremely (and deceptively) simple, actually per-
mits one to treat a lot of effects using only the most general properties, such as
Galilean invariance, symmetry, conditions of stability of the system, etc. without
specifying the detailed nature of the interaction. The function f(p, p’) introduced
phenomenologically in (10.9) is called the Landau interaction function; one can
show that it is connected with the scattering amplitude of electrons.

In general the quasiparticle energy, the electron distribution function and the
interaction function f may depend also on spin indices. For a nonmagnetic system
one can decompose f(p, o; p’, 0') into two terms:

f(p.o:p',o")=9(p, pP)1+¥(p. po - o) (10.10)

where 1 is a unit matrix in spin space and o, ¢’ are the Pauli matrices. As the
whole theory is valid close to the Fermi surface, one can also put |p| = |p’| =~ pr
and keep only the dependence on the angle 6 between p and p’. Then one can
use a standard expansion in terms of spherical harmonics (Legendre polynomials
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P,(cos 0)), writing
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o(p, p) = ——AO) = ——[Ao+ A1 Pi(cosO) + - - - ] (10.11)
m= pg m= pg
2% 2%

v(p.p) = B©) = [Bo + BiPi(cos®) +---] . (10.12)

m* pg m* pg
(Here we have introduced the dimensionless interactions A,, B,, normalizing the
interaction with the use of the density of states p(eg) = m* pp/ n2h (7.13).)

The coefficients A,, B, are in general unknown; they are treated as phenomeno-
logical parameters, which are usually determined from experiment. The virtue of
the approach described above is that just a few parameters are usually needed to
explain a lot of experimental data. For electrons in metals, when we more or less
know and can describe important interactions, this approach is, maybe, less signif-
icant, but it is really necessary and extremely useful for strongly interacting Fermi
systems such as, e.g. *He and nuclear matter.

There are several slightly different ways to introduce the Landau parameters.
Often one uses a different notation instead of (10.10)—(10.12):

f(posp,0)=f"+(o-a)f, (10.13)
20 SN

f740) = —— > F P cos0) , (10.14)
m-pr 2,

where ‘s, @’ stands for ‘symmetric’ and ‘antisymmetric’. Sometimes the expansion

is also written with different normalization (note the factors (2/ + 1) in the sum)
243

Z(zl + DE " Pi(cos ) . (10.15)

1=0

e ==

m* pg

In a one-component Galilean-invariant system such as *He, the effective mass is
expressed as

m*

1
w Ty
(Note that in crystals, if the interaction is predominantly local but retarded, such as
the interaction with phonons, the expression for the effective mass may be different
and may contain not F; but F, cf. (8.91), (8.92). In terms of Fermi-liquid theory
0% /0w gives the terms ~ F{j, and 0% /0k contains F;.)

One can also get expressions for some other properties of Fermi liquids. They all
look similar to the corresponding formulae for an ordinary Fermi gas, but contain
the effective mass m* (10.16) instead of m, and are renormalized by the respective

A 3
=1+5 =1+F. (10.16)
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Landau parameters. Thus, the specific heat is

m*

c=—c¢g, (10.17)
m
magnetic susceptibility
_m/m (10.18)
compressibility
m*/m
K= Ko , (10.19)
1+ Fy
etc.

Already from these expressions one can draw certain general conclusions. Thus,
from (10.18), (10.19) one gets the criteria of stability of a homogeneous Fermi
liquid without any extra ordering (the so-called Pomeranchuk criteria'):

1+F >0, 14F>0. (10.20)

Indeed, if, e.g. 1 + Fj < 0, this would give negative compressibility, which means
an instability of the system and will lead to a certain phase transition (e.g. structural
phase transition in metals). One can show that this is actually a general requirement:
the system remains stable if

1 N
Lo B =1+ B> 0 (10.21)

for all /. For instance, for / = 1 the condition (10.21) guarantees that the effective
mass (10.16) is positive. Systems close to magnetic instability have 1 + F§ < 1.
One can experimentally measure this parameter by comparing susceptibility and
specific heat: the Wilson ratio (7.31) becomes in this case

T 1

Rw = =
VT Buke T L+ F

> 1. (10.22)

More interesting are the consequences of quasiparticle interactions, described by
Landau parameters, for collective modes and for transport properties. Thus, e.g.
by considering the nonequilibrium states one can show that there can exist in a
Fermi liquid (with short-range interaction) a collective mode which is called zero
sound. Usually there exists in liquids a sound mode in which the equilibrium is
restored due to collisions — this is the ordinary hydrodynamic sound which exists for

! Very often one speaks of Pomeranchuk instability in a narrow sense, as in the magnetic instability of the normal
Fermi liquid, when Fé’ < —1.
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ot K 1, where w is the sound frequency, and t is the collision time. With increas-
ing frequency, when wt ~ 1, this mode becomes strongly dissipative, and sound
ceases to exist. In an interacting system, such as a Fermi liquid, however, another
mechanism of equilibration exists: collective interactions. As a result the sound
mode exists also in the opposite limit wt >> 1, and its velocity u( or dimensionless
velocity s = ug/vp (Where vp is the Fermi velocity) is given by the expression

s s+1 1
—1n =1+ —.
2 s—1 Fy

(10.23)

For Fj — 0, s — 1, i.e. the velocity of zero sound approaches the Fermi velocity,
ug — vp. This value differs from the velocity of classical hydrodynamic sound
modes, which is v = %
established by electron—electron collisions and where every elementary volume is
in thermal equilibrium. Physically zero sound may be viewed as oscillations of the
shape of the Fermi surface, and not just a density wave.

There may also exist in a Fermi liquid analogous oscillations connected with
fermion spins. They may be called spin collective modes, although formally there
is no magnetic ordering in the usual sense. The velocities of such spin modes
are in general different from the ‘sound’ velocity (10.23) because they contain
other Landau interaction parameters. Such ‘spin waves’ were indeed observed
experimentally in some simple nonmagnetic metals.

One may ask the following question: we have learned before and stressed several
times that the presence of gapless collective modes, in particular sound modes (and
maybe of the electron and hole quasiparticles themselves?) is usually connected
with some ordering of the system and with broken continuous symmetry. And we
see that we have such gapless modes in the normal Landau Fermi liquid. Can we,
then, view the normal Fermi liquid as such an ordered system too, and if so, what
kind of order does exist in it?

This question is now under hot discussion, and it is not finally solved, or at least
the solution is not universally accepted, but one can indeed give some arguments
that this is really the case. The very ground state of the Fermi liquid — the filled
Fermi sea — is a unique well-defined state with zero entropy, and that is what we
usually have in an ordered state! What is then the ‘order parameter’, and which
symmetry is broken here? The possible answer is that the ‘order parameter’ is
the Fermi surface itself. It is a well-defined object, a sharp surface in momentum

vr for a classical electron liquid, where the equilibrium is

space, and the continuous symmetry corresponding to the possibility of arbitrary
shift of all momenta k is thus broken by the presence of this Fermi surface. As
the mathematical quantity characterizing this ‘ordered’ state we can for example
take the Z-factor (8.54), (8.55), which gives the jump in the electron distribution
function n(p) at the Fermi surface, see (8.55); it can play a role similar to that of
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the order parameter in the Landau theory of phase transitions. At high temperatures
the Fermi distribution is broadened, and a sharp Fermi surface, formally speaking,
disappears, but at 7 = 0 we may speak of an ‘ordered state’. In this picture the
zero sound discussed above — the oscillations of the shape of the Fermi surface —
may be naturally treated as the corresponding collective excitation (the ‘Goldstone
mode’).

This general point of view, the notion of Fermi liquid as a special type of
ordered state, does not give us directly any new results, but it is rather important
conceptually. It puts the normal Fermi liquid state in the same row, same category
as other types of ordered states that usually exist in nature when the temperature
goes to zero.

10.2 Non-Fermi-liquid states

There exist, besides normal Fermi liquids, several other possible ground states of
interacting electron systems. The system may become superconducting; different
types of magnetic ordering are possible; there may occur states with inhomogeneous
charge distributions. Some of these states may become insulating. We will discuss
several such possibilities later, but now we ask the following question: is the
conventional Landau Fermi liquid the only possible state of a normal metal without
long-range order of some kind?

This problem has been actively discussed in recent years, in the beginning mostly
in connection with some unusual normal state properties of high-temperature super-
conductors, but now in a much broader context. There are several indications in
the experiment that these and possibly some other materials do not obey the usual
rules and behave in a way that is much different from the normal Fermi liquid.

10.2.1 Marginal Fermi liquid

There exist at present several suggestions or ‘scenarios’ which can in principle give
a non-Fermi-liquid ground state. One of the first was the concept of the so-called
marginal Fermi liquid, formulated phenomenologically mainly by C. M. Varma. In
this theory it is assumed that the polarization operator I1(q, w), see Sections 8.7.1
and 9.1, does not strongly depend on ¢, and its w-dependence is such that

—plep)w/T foro KT
Im (g, ) = { pen e/ (10.24)
—p(er) for7T €K o € we.
Here w, is a certain cut-off frequency, which is supposed to be w. < eg. From the
dispersion relation for IT (similar to the Kramers—Kronig relations well known in
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optics) one then gets
Re (g, w) ~ p(ep) In (;) . (10.25)

Putting these expressions into the self-energy of electrons, we get

7 N ‘7 ANY
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Y= _u L = _u I (10.26)

S(w) = o [m 2 rils sign(w)] (10.27)
We 2

where x = max(w, T'). This gives, using equation (8.87), the quasiparticle weight Z
(residue of the pole of the Green function)

_ 1 1

~ 1-09ReX/dw 1 —2rln(y/w)

z , (10.28)

where y = max[(s p— M), T]. Thus we see that the assumption (10.24) alone tells
us that the quasiparticle weight goes to zero at the Fermi surface, which means
that the jump in the electron distribution function n(p) at the Fermi surface, pro-
portional to Z, disappears, and that the single-particle density of states tends to
zero for ¢ — ep. Simultaneously the quasiparticle lifetime, given by the imaginary
part of ¥ (10.27), is linear in energy, T~! ~ (¢, — w). As a result the quasiparti-
cles are only ‘marginally’ defined at the Fermi surface: in ordinary Fermi liquids
it is required (and assumed) that the lifetime is long enough, T~ ~ (ep — u)?,
see (10.3). If ! were to remain constant at &g, the Fermi surface would be com-
pletely smeared out; here it is still defined, but the properties of quasiparticles are
much different, and the quasiparticles themselves are not so well-defined as in an
ordinary Fermi liquid.

10.2.2 Non-Fermi-liquid close to a quantum critical point

The marginal Fermi liquid discussed above is only one of several possible types of
non-Fermi liquids. In general there can exist many other situations in which a metal
behaves as a non-Fermi liquid. The most widely discussed situation is that with
quantum critical points (QCP) in metallic systems, cf. Section 2.6. As explained in
that section, this is the situation in which the critical temperature of some ordering
is suppressed (goes to zero) by some external parameter (pressure, magnetic field,
etc.). When T, — 0, besides thermal fluctuations always present in the vicinity
of T,, quantum fluctuations start to play an important role. They can significantly
modify the properties of the system in the vicinity of such QCP. In particular,
if we are dealing with a metallic system, which is, say, a normal Fermi liquid
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at high pressures, see Fig. 10.2, often the conventional Fermi-liquid behaviour is
violated in the vicinity of QCP, see e.g. von Lohneisen et al. (2007). Notably,
different thermodynamic and transport properties behave in an abnormal way: e.g.
the specific heat, instead of the standard linear temperature dependence ¢ = y T,
behaves as ¢ ~ T*; the resistivity, instead of the usual Fermi liquid asymptotic
behaviour p ~ AT?, becomes linear in temperature, p ~ T, or p ~ T4/3, etc.

Qualitatively the general explanation of these deviations from the normal Fermi-
liquid behaviour is that close to QCP the electrons strongly interact with collective
modes specific for a particular type of ordering which is especially strong when
T. — 0 and when these modes have strong quantum character. Specific features of
corresponding couplings in general depend on the particular ordering in question,
so that here, similarly to second-order phase transitions, cf. Section 2.5, we may
have in different situations different laws, with different exponents. A microscopic
theory of most of these phenomena is still absent.

Yet another very surprising phenomenon was discovered during the study of
metallic systems close to a quantum critical point. It was found that in many
such cases not only do we have non-Fermi-liquid behaviour, but there may appear
in the vicinity of QCP a novel phase — a superconducting phase, see Fig. 10.3.
Such is, e.g. the situation in some itinerant magnets, e.g. UGe,, URhGe, where
the magnetic ordering can be suppressed by pressure. A similar phenomenon is
observed in several heavy-fermion compounds (see Chapter 13), e.g. in CePd,Si,,
and in some organic compounds, for example in (TMTTF),PFe. There are also
ideas that this is what can happen in high-7; cuprates, although this question is
still very controversial. In any case, there are strong reasons to believe that the
superconductivity which appears in this situation may be not of the conventional
s-wave BCS (Bardeen—Cooper—Schrieffer) type, but is unconventional, e.g. with
the singlet d-wave or triplet p-wave pairing.
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10.2.3 Microscopic mechanisms of non-Fermi-liquid
behaviour; Luttinger liquid

It is not really clear what are the different possible microscopic mechanisms of
non-Fermi-liquid behaviour. Several microscopic models have been suggested:
singular electron—electron interaction originating from scattering on very soft exci-
tons; an interaction with quadrupolar Kondo-centres; etc. None of these mecha-
nisms has been really shown to result in the desired behaviour and to work, e.g.
in high-7; cuprates. Probably the most reliable case is the one-dimensional elec-
tron system, where one can indeed show that there exists a state resembling a
Fermi liquid, but different from it. One can show that in 1d systems of interact-
ing electrons formally there exists a ‘Fermi surface’, but it is not a Fermi surface
of ordinary electrons, but rather of spinons, cf. Section 6.4.2. The real electron
distribution function does not have any jump at e (recall that the existence of
such a jump is a prerequisite for ordinary Fermi liquids), but behaves instead as
n(p) — n(pg) ~ |p — pgl® sign(p — pg), i.e. the momentum distribution and the
single-particle density of states have a power-law singularity at eg. The exponent
8 depends on the electron—electron interaction; in typical cases § ~ % Physically
this behaviour is connected with the spin—charge separation: there exist in this
case two types of elementary excitations, spinons carrying spin but no charge, and
holons which have charge but no spin (the situation here is similar to the RVB
picture discussed in Chapter 6). Such a state is often called a Luttinger liquid.
Simple arguments which show that there should be spin—charge separation in the
one-dimensional case may be given using the example of one-dimensional Hubbard
model with strong interactions (more detailed discussion of the Hubbard model in
general will be given later, in Chapter 12). For one electron per site the ground state
with localized electrons is ‘almost antiferromagnetic’, 1 14 1] 1 { . If we now
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create one hole, then due to the exchange process the hole could move, say, to the
left, see Fig. 10.4, so that as a result the hole, which initially was surrounded by two
spins 1, i.e. 1 o1, finally is surrounded by the ‘correct’ antiferromagnetic spins,
J o7, so that if we ‘contract’ the system by removing the hole, the remaining
spin structure close to the location of the hole would be undisturbed. However,

at the same time in another part of the chain a pair of wrong spins, | 1 1 |, would
remain. Thus the hole would live without disturbing the spin order of the remaining
electrons in its vicinity, but another purely spin excitation — a spinon — would be

created; this is what is meant by spin—charge separation. This is the typical situation
in Luttinger liquids in general. This is the best-proven case of non-Fermi-liquid
behaviour — unfortunately only in the 1d case!

Whether the behaviour of 2d or 3d systems may be in any respect similar to the
one-dimensional case, is not clear at present, although one may think that the RVB
state described above, Section 6.4.2, would lead to a similar picture. However, one
can easily see that in the 2d case the same process as illustrated in Fig. 10.4 would
not lead to simple spin—charge separation; there will be a ‘trace’ of wrong spins
connecting the hole and the remaining spin defect (the original location of the
hole). This will be discussed in more detail in Section 12.4. Thus, unfortunately,
even for the 2d case, not to speak of real 3d systems, there is no rigorous proof that
the state with spin—charge separation and with the properties similar to a Luttinger
liquid can be realized in practice.
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Instabilities and phase transitions in
electronic systems

We have already mentioned several times before (e.g. while discussing the giant
Kohn anomalies in Section 9.2 or the Pomeranchuk criteria of stability of the Fermi
liquid (10.20) in Chapter 10) that there may exist situations when the usual Fermi-
liquid state of electrons in metals becomes unstable, even for weak interactions. In
this case a transition to some new state, often an insulating state, can take place.
In this chapter we will discuss several such cases, using different approaches to
illustrate how the general theoretical methods described above really work. We
start with the Peierls transition.

11.1 Peierls structural transition

One of the first historically, and conceptually simplest and best-known examples
of possible instabilities of the usual metallic state even for weak interactions is
the Peierls instability. We first give a simple qualitative picture, and then present
several equivalent ways to treat it, thus illustrating some of the approaches described
above.

11.1.1 Qualitative considerations

We start with the simplest case of a one-dimensional chain with one electron per
site, treating electrons in the tight-binding approximation. The energy spectrum in
this case is

e(k) = —2tcoska , (11.1)

where ¢ is the electron—electron hopping between neighbouring sites, and a is
the lattice period (see Chapter 12 for more details). This spectrum is shown in
Fig. 11.1(a), and for one electron per site the corresponding band will be exactly

188
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half-filled (Fermi momentum kg = =+ /2a)." If we now double the unit cell, shift-
ing every second atom and forming dimers, Fig. 11.2, the new period will be 2a,
and the new Brillouin zone boundaries, instead of +/a, will be = /2a, i.e. they
will coincide with the original Fermi wavevectors. As always, there appear energy
gaps at the Brillouin zone boundaries, thus the spectrum would change from that
of Fig. 11.1(a) to that of Fig. 11.1(b). Thus we see that in effect the energies of
all occupied electronic states decrease, i.e. we gain electron energy in this process.
Of course we have to deform the lattice, which costs us elastic energy ~u?, where
u is the lattice distortion in going from the regular to the dimerized arrangement
of atoms or ions. But if we gain more than we lose, this process will be ener-
getically favourable, and the homogeneous chain will be unstable with respect to
dimerization.

These were the arguments first given by R. Peierls (2001) in a short section of
his book (first published in 1955). He had indeed found that the electron energy
gain always exceeds the elastic energy loss (the electronic energy goes as ~ u> Inu
whereas the elastic energy is quadratic, ~u?). However, in that book Peierls had
not presented a mathematical proof, thinking that it is either rather self-evident
or too simple (the mathematics is presented in a very nice short book by Peierls
(1991), devoted to some problems he had encountered in the course of his long
life in physics). We will give a mathematical treatment of this situation below,
using several different approaches. This problem, conceptually rather clear, can

! In the physics of one-dimensional systems it is more common to denote momentum by k, and to speak about
2kg- or 4kp-instabilities, etc.; we follow this convention in this chapter.
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give us a good opportunity to illustrate different theoretical approaches which we
have discussed in general above and which are often used to treat this and similar
problems. This is why some of the conclusions of this section are repeated several
times below — just to see how one can obtain them using different methods.

First, however, we note that the conclusion about the Peierls instability of one-
dimensional metallic systems does not apply only to the case of one electron per
site and to tight binding (where it gives Peierls dimerization): one would get the
same instability also for free electrons in a weak periodic potential, and for arbitrary
band fillings.

11.1.2 Peierls instability in the general case

Let us consider in more detail a one-dimensional metal in a nearly free-electron
approximation. As is well known, in the presence of a weak periodic lattice potential
with Fourier component U the electron wavefunction W(x) obeys the Schrodinger
equation

2
[;—m + Ux (e™ + e"’CX)] W(x) =eW(x). (11.2)
Here K are the Umklapp wavevectors; we have also used the fact that due to
symmetry Ux = U_x. Equation (11.2) has solutions in the form of energy bands,
with energy gaps at k = £Kn/2, Fig. 11.3, which appear due to mixing of states
with k and k + n/C (later on we put the lattice constant a = 1).

For weak interactions, when U is treated as a perturbation, the energy spectrum
E (k) close to the points +/C (Brillouin zone boundaries) has the form

2
E(k)zwi\/<m> + A2, (11.3)

2 2

where g; = k?/2m and the energy gap is A = Ug.
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Let us start now with free electrons with the energy band filled up to the Fermi
momentum kg, Fig. 11.4. If we now create a periodic potential with period @ =
2ma/2kg, i.e. with Fourier harmonic IC = 2kp, e.g. if we shift all the atoms of our
one-dimensional chain according to the rule

uy = R, — R = ii cos 2kpx , (11.4)

then we create energy gaps at kg, i.e. exactly at the Fermi surface, see Fig. 11.5.
After such a distortion our system will become an insulator with the gap
2A = 2Uy,. The strength of the extra periodic potential Uy, thus created will
be proportional to the amplitude of the distortion ii.

We see that, similar to the case discussed in Section 11.1.1, after distortion the
energies of all occupied states decrease. Thus we gain some energy in this process.
But by making the lattice deformation (11.4) we also lose elastic energy %Bﬁz,
where B is the bulk modulus. Therefore the energy balance between the electronic
energy gain and the elastic energy loss determines whether such distortion will be
energetically favourable, and if it is, what will be the amplitude of corresponding
distortion.

We can easily calculate the change in the electronic energy using equation (11.3):

kp
86 = / [E(k) — e(k)] dk . (11.5)

kg
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This straightforward calculation shows that the dominant term in §& for weak
distortion i or small energy gap A = Uy, ~ ii has the form

5581:—A2@1n%‘:. (11.6)

Problem: Check this, using the spectrum (11.2).

Solution: The easiest way to get this result is to linearize the spectrum &(k) in
the vicinity of the Fermi points *kg, e(k) = vp(|k| F kg), or to transform the
integral (11.5) to an integral in € by the usual rules [ dk — [ p(¢) de; for simplicity
we consider here the case corresponding to the doubling of the period.

11.1.3 Different theoretical ways to treat Peierls distortion

We see from (11.6) that it is always favourable in 1d metals to make a distortion
with the wavevector g = 2kg: the electronic energy gain ~ A2 In(ep/A) ~ ii* Inii is
always bigger than the elastic energy loss %B ii?. To find the value of this distortion,
we have to minimize the total energy

Azp(ﬁ‘p) EF Bﬁz
—In—+—,
2 A 2
but for that we first have to find the connection between # and A. We consider
below the simplest case of one electron per site, i.e. half-filled tight-binding bands,
in which case 2kg = m and the Peierls transition corresponds to dimerization —
often one uses the term ‘Peierls transition’ just for this case. (We put here the

original lattice constanta = 1.)

The exact relation between Uy, = A and the distortion i can be found from the
following considerations. Usually one writes the electron—lattice interaction in the
form

E(A) = — (11.7)

Heph = Y 8(@) e}y oo B +0_,) (11.8)

k.q,0

(Frohlich Hamiltonian, see Section 8.6). The classical treatment corresponds
to treating lattice displacements with period g = 2kr as static, i.e. substituting
b} +b_, = 2b5(q — 2kg). Separating terms with this g and denoting g(2kr) = g,
w(2kg) = &, we see that the Fourier component of the extra potential Uy, equal
to the energy gap A, is

Uy = A =28b . (11.9)

Remembering now that the distortion u is connected to the phonon operators by

JzitTw(bT + b) (see (4.10)), we have the connection between the energy gap

u =
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and the distortion #(2kg) = i@ in the form
A=38V2M&d-ii . (11.10)

Putting (11.10) into (11.7) and minimizing £(A) with respect to A, we obtain
finally in the weak coupling case (A < ¢g, § — 0)

A =c¢gpe /P (11.11)
where the dimensionless electron—phonon coupling constant A is

_ &pler)
&

Py (11.12)

(here we have taken into account that @*> = B/M).

For arbitrary band filling (2kr # ) the period of the superstructure in general
will be incommensurate with the underlying lattice period; in this case there will be
not 1/2A, but 1/A in the exponent in (11.11).? The instability of a one-dimensional
metal towards lattice distortion with wavefactor 2kr — the Peierls instability —
simultaneously means the creation of charge-density wave (the short notation,
which is now widely used, is CDW). For instance when the period is doubled,
the electron density alternates at consecutive bonds, see Fig. 11.6; this will be
mathematically shown below.

The fact that our one-dimensional metallic system is unstable with respect to the
formation of CDW or to Peierls distortion is connected with the logarithmic diver-
gence of the response function or the polarization operator (giant Kohn anomaly),

cf. (9.20), (9.21), (9.30):
1 2k 1 2k
(g, w = 0) ~ i il PN 1+ 4q/2ks
TVE ¢ 1 —q/2kg

One can see this instability if one considers phonon renormalization: as discussed

. (11.13)

in Chapter 9 (see (9.34)) the phonon frequency w(q) becomes imaginary atg = 2k,
which tells us that if we start from a homogeneous undistorted metallic chain, the

2 The factor of 2 in equation (11.11) is characteristic of a half-filled band (Peierls dimerization) and is due to
Umklapp processes (in this case the processes with momentum transfer 2kp = 7 are equivalent to the Umklapp
process with IC — 2kp = 2w — 7w = 7, which doubles the coupling constant X in equation (11.11)).
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increment of the vibrations with ¢ = 2kg will be positive, and a macroscopic
standing wave with this period will be created, i.e. Peierls distortion will occur.

There are different theoretical methods to consider this situation. One of them
is the ‘classical’ treatment described above. We can also proceed directly from the
electron—phonon Hamiltonian

H= e)c)ycoot Y 8@y qcro @I+ )+ wlghblb, .
k,o

k.q,0 q

(11.14)

We expect that the phonon mode with ¢ = 2k will be macroscopically occupied,
L.e. it will behave classically. Accordingly we replace operators b, _ ;.. by, by
c-numbers, b = (bio,.). Keeping only these main terms, we have

t - By Si2
H= el)c|, et Y &ClinipoCho 2b+ab . (1115)
k,o k,o

Here g = g(2kp), @ = w(2kg); for simplicity we take b to be real (it is quite
easy to include also the phase of b). We also omit for simplicity & signs at 2k,
remembering only that we should take symmetrized sums when necessary, and
take care of momentum conservation.

We can proceed in several formally different but equivalent ways. One is to
use the Bogolyubov canonical transformation: the Hamiltonian (11.15) is already
quadratic, but not yet diagonal; it contains terms C}: 104 Cr- This is done below,
see equations (11.24)—(11.25). Another possible way is to write down the average
energy £ = (H) which will have terms of the type

£= g<Z oo c,w> 2b 4 @b + & (11.16)
k,o

(and similar terms with k + 2kg). Minimizing £ with respect to b, we obtain
p=-8 > el o ) - (11.17)
& £ k—2kg,0 “k,o

We see from (11.17) thatif, as we have assumed, b = (bg=2k;) # 0, then the average
(Zk,g c,i_ZkF’ack’c) is also nonzero. One can show that this implies modulation of
the electron density with the same wavevector 2k, i.e. the formation of a charge-
density wave mentioned above. Indeed the electron density is

p) =D W) We(x) =) py e (11.18)
q q
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Its Fourier transform is

P= 0l oo (11.19)
k,o

(The product in coordinate space, here W) wix), goes over to a convolution in
momentum space.) Thus the average density (p,) is equal to ( Do cz_ 7.0 ck’ﬂ).

If we were to have, as in the normal case, that only (czck) #0,1e. (c,i_ 4C) =

008(q), then, from (11.18), (,o(x)) = po = const. In our case, however, we have
(by=21:) # 0, and, from (11.17), also (o) # 0 (11.19). In other words

(pg) = pPod(q) + p18(qg — 2kg) , p1 = <Z c,i_sz,U c,w> . (11.20)
k,o

From (11.17) we see then that there appears modulation of the electron density
with period (2kg)~!:

i2kex —s po + p1 cos(2kgx) . (11.21)

(p(®)) = po + pre
(In a more accurate treatment of course (p(x)) =Re [po + pleisz"], or, in other
words, if the Fourier harmonic with g = 2kg enters in (11.20), so also does the
harmonic with ¢ = —2kg, which gives ép(x) ~ cos(2kgx) asin (11.21).)

From (11.20), (11.21) and (11.17) we also see that the electron density wave,
or CDW, is proportional to the lattice distortion. Thus indeed the Peierls transition
goes hand in hand with charge-density wave formation; these are different sides
of the same phenomenon. Usually people speak about a Peierls transition when
dealing with one-dimensional systems, and use the terminology ‘CDW’ for similar
phenomena in 2d or 3d materials (such transitions may occur in these cases when
special conditions — nesting of the parts of the Fermi surface — are fulfilled, see
equation (9.37) and discussions thereof).

There is yet another approach to our problem. We can exclude phonon variables
and go over to an effective electron—electron interaction. The correct way to do this
would be, e.g. by writing down the electron—electron vertex due to the exchange

of a phonon,
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One can also proceed in a less rigorous way, starting from equation (11.15).
Putting the expression for b (11.17) back into (11.15) we would get

2
— ] q T T
H= § :5(1‘) ko Cko T & § : ke Cho {Ch2bp 07 b )
k,o kk',oc0’

+ [(_2kF) — (+2kp)] . (11.22)

One may treat this as a mean field decoupling of the four-fermion interaction

8 § : T T
Hint - _5 Ck—q,(T Ck,U Ck/-‘rq,(f/ Ck/’a,/ 5 (1123)
kk' oo’

with g = £2kg; this is exactly the interaction we would obtain by excluding
phonons as mentioned above.

We see that the exchange of phonons leads to an effective electron—electron
attraction. (Actually such interactions will be retarded, or frequency-dependent;
our treatment is carried out in the static limit, « — 0. This attraction is in fact the
mechanism of Cooper pair formation and of superconductivity in ordinary super-
conductors.) We thus see that we can proceed in two ways; either treat electron—
phonon interactions in an apparent way, or first exclude phonons and then consider
electrons with an effective attractive interaction. We would get essentially the same
instability, which in the first method would be ascribed to lattice distortions — here
we use the term ‘Peierls transition’; in the second approach we would speak of a
CDW transition. If there exists an electron—electron attraction of any other origin
besides the electron—phonon interaction, it will also lead in the 1d case to CDW
instability; the lattice will of course then follow. Note right away that if there
exists not an attraction but an effective repulsion between electrons, 1d systems
would still be unstable, however not with respect to charge-density wave, but to
spin-density wave (SDW) formation — see below, Section 11.6.

The treatment given above is not yet the complete solution. We have to
make only one more step. Actually we have already obtained the Hamiltonian
(equation (11.15) or (11.22)) which is quadratic in the electron operators. It can be
written as

M= Z[s(k) N S h.c.] (11.24)
k,o

with (as yet undetermined) A = gb=— %2( > ko cl_sz’U ck,a), which should be
found later self-consistently.

We see that the situation now resembles the case of Bose condensation, Chapter 5,
or the treatment of antiferromagnetic magnons, Chapter 7: the Hamiltonian (11.24)
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is quadratic, but still nondiagonal; it contains terms c,t_ZkF » Cro- Thus we again
have to use the Bogolyubov canonical transformation to diagonalize it:

O g = UpClo + VkCk—2kp,o
(11.25)
Br.o = VkCk,o — UkCk—2kp,0 -

With a proper choice of coefficients uy, v, the Hamiltonian (11.24) now takes the
form

H=> Ek)e,o,+Bl,B,) +const. (11.26)
k,o

with the spectrum (11.3) (with K = 2kg), as of course it should. This transfor-
mation is also very similar to the well-known transformation in the theory of
superconductivity, see below, Section 11.5, equation (11.50). The difference is that
whereas in the latter case we mix electrons and holes, u,¢; , + vkcik’ﬂ, here
we mix two electrons with different wavevectors. Canonical transformations in
the theory of superconductivity imply nonzero averages of the type (cx.sC—k.—o)>
the famous Cooper pairs. Analogously, the transformation (11.25) corresponds
to nonzero averages <CZ—21<F,5 Cr.o)s see (11.17). We may call them electron—hole
pairs, or excitons. Thus we can speak here about an electron-hole, or exciton
condensate.

Note also that this procedure (mixing electron states with momenta k& and
k &£ 2kg) is essentially the same procedure as is usually done in treatments of
the energy spectrum and band formation in a periodic potential, e.g. in the weak
coupling approximation, see (11.2), (11.3) and any textbook on solid state physics.
Similar to this case, we have obtained here that after this transformation the spec-
trum acquires a gap at k = 32k, i.e. exactly at the position of the initial Fermi
surface, in agreement with equation (11.3) and Fig. 11.5.

Thus we see that there are several, technically somewhat different, but con-
ceptually very close ways to treat Peierls distortion: a purely classical treatment
of equations (11.7)—(11.12); a treatment using the electron—phonon (Frohlich)
Hamiltonian with mean field decoupling; the transition to the effective electron—
electron interaction by excluding phonons, with similar mean field decoupling at
this level. At this (mean field) level all these methods are equivalent and give the
same results. However, if one would want to go beyond a self-consistent treatment
and consider fluctuation effects, both classical and quantum, the different start-
ing points (electron—phonon model, or the effective electron—electron one) would
become more, or less appropriate, depending on the effects studied.
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11.1.4 Peierls distortion and some of its physical consequences in
real systems

Peierls distortion is observed experimentally in a number of quasi-one-dimensio-
nal compounds. Although formally in a pure 1d system there should be no phase
transition, in systems consisting of many chains, with weak interchain interaction,
the Peierls transition actually occurs as a real phase transition.

Probably the best-known and the clearest example of a system whose properties
are described using this picture is met in organic materials with conjugate bonds.
Carbon is usually four-valent, but often its s- and p-electrons, due to sp? hybridiza-
tion, form three strong chemical bonds (called o -bonds) lying in one plane at 120°
to one another, and the remaining electron occupies the perpendicular p,-orbital.
This ‘extra’ electron (one per carbon ion) is called a w-electron. These extra elec-
trons can either localize at certain bonds, giving what is called in chemistry double
bonds, or w-bonds; or these electrons may be delocalized, forming broad bands.
They are in fact responsible for electric conduction in graphite, or in (very popular
nowadays) graphene, single-layer sheets of graphite. In small organic molecules
these double bonds can give rise to ‘resonating’ structures, e.g. in the benzene
molecule C¢Hg, see Fig. 11.7 (this actually gave rise to the notion of resonating
valence bonds, discussed above, in Chapter 6). And in some cases these half-filled
m-bands (one m-electron per site!) may show the phenomenon of Peierls distor-
tion. A good example is polyacetylene C,H,,, which is usually depicted as shown
in Fig. 11.8. In chemists’ notation double bonds correspond to shorter distances
between carbon atoms. This structure can be visualized as originating from the

s N NS '
N .

homogeneous one /\/\/\/\ as a result of Peierls distortion with the
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doubling of the period (which actually would have occurred at temperatures much
above the temperature of decomposition of this substance).

There is one very interesting aspect of the physics of polyacetylene and other
similar systems. In this particular case (doubled period) there exist two equiva-

lent configurations: / \/ \/ \/ N\ and \/ \/ \/ \ One
can form a defect — a domain wall / \/ \/\ v \ Similarly to one-

dimensional magnets, this defect may propagate .;sllong the chain, i.e. it forms an
elementary excitation, a soliton. One can see that there are different possible states
of such an object. It may be neutral: each carbon usually has four electrons (four

bonds in Fig. 11.8). When we create a defect of the type / \/ \/\ v \,

an unpaired electron may remain at the appropriate carbon atom (aétually it will
be delocalized over a certain distance £). In this case the object, the soliton, will be
neutral: there will again be four electrons at this site. However, in contrast to the
initial case, when all electrons participate in valence bonds and form singlets, such
a neutral soliton will have an unpaired spin % Thus it is an elementary excitation
which carries spin but no charge.

But we can also create charged excitations. Let us start from the neutral soliton
described above, and let us remove an electron (take it to infinity). The remaining
object will have uncompensated positive charge 41, but no spin. Similarly, we can
put onto a neutral soliton an extra electron which will form a singlet pair with the
existing unpaired one. The resulting object will have charge —1 and again no spin.
Thus we see that, in contrast to the usual electrons in metals or semiconductors,
which carry both charge and spin, there is here a spin—charge separation: neutral
solitons carry spin %, and charged solitons carry charge 41 but no spin. Such
solitons were indeed observed in polyacetylene. (This picture was developed by
Su, Schrieffer and Heeger, and these solitons are sometimes called SSH solitons.)

As we see, there exists a close analogy between the properties of one-dimensional
systems with Peierls distortion (neutral solitons carrying spin %, charged soliton
with spin 0) and the properties of elementary excitations (spinons and holons) in the
RVB state discussed in Chapter 6. This is not accidental: actually the dimerization
in one-dimensional materials leads in the strong coupling case to the formation of
the usual valence bonds (singlet states of two electrons %(1 22} —1121)) well
known in chemistry; we have actually already used this when we depicted possible
states in polyacetylene. Thus one can say that the Peierls dimerization of a half-
filled one-dimensional metal is a first step towards the formation of a molecular
crystal, like molecular hydrogen, consisting of Hy molecules. Actually, this property
of spin—charge separation can be really proven only in 1d systems, whereas its
existence in higher dimensions (e.g. in the 2d case discussed in Chapter 6) is still
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hypothetical. And, as mentioned in Chapter 10, such spin—charge separation is
responsible for the formation of the Luttinger liquid state, one of the very few cases
in which the existence of a non-Fermi-liquid state is really established theoretically.

(Note that the treatment presented above, which gave an insulating state due to a
Peierls or CDW transition, was actually a mean field treatment implicitly relying on
the interchain coupling in a quasi-one-dimensional system. Formally in the purely
1d case quantum fluctuations would be so strong that they would destroy this mean
field long-range order, and consequently there will appear no gap in the energy
spectrum. But the spectrum itself would be very different from the usual electron
spectrum; there will be spinon and holon excitations. This resulting state is just the
Luttinger liquid state mentioned above.)

One more interesting consequence of the picture described above becomes clear
if we consider Peierls transitions for a different band filling, e.g. corresponding not
to dimerization, but to tripling of the period. It is clear that there will now be three
possible degenerate ground states, e.g.

= - - = - -
- = - - = - 1)) (11.27)
- - = - - = 0

and correspondingly more (essentially three independent) types of domain walls,
or solitons. Arguments similar to those given above lead to a striking conclusion:
the charge of these solitons will not be +e, but will be fractional (i%e), like quarks
in elementary particle theory!”

Returning to the case of double periodicity one can show that energetically the
solitons are indeed the most favourable excitations. The spectrum of one-particle
excitations (electrons and holes) is given by equation (11.3) which in the case of a
half-filled tight-binding band looks like the one shown in Fig. 11.9, i.e. it consists
of two subbands, Fig. 11.10. Consequently, the lowest electron—hole excitations
(for a fixed lattice) have minimum energy 2A. It turns out that the soliton level
lies exactly in the middle of the energy gap, Fig. 11.11, thus it costs less energy
to create such an excitation. In the symmetric case the chemical potential p also
lies in the middle of the gap, so it seems that formally the creation of a soliton
would cost no energy. However, to make the soliton we also have to change the
lattice configuration, e.g. create two neighbouring long bonds; this also costs some

3 Indeed the simplest excitation which keeps the state the same at the right and left ends of the molecule would
be the one in which we remove one double bond from one of the states, e.g. from the state (1) in (11.27). But
then we can move the double bonds so as to create a domain wall of the type = E’ = — — = (three
single bonds in a row). We go back to the original domain (1) after three such steps, such domain walls, i.e. the
missing charge —2e (two removed electrons) will now be equally split into three solitons, or domain walls, and
thus the charge of each of them will be —%e.
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energy, so that the resulting energy of the soliton is not A, but %A. Nevertheless it
is still more favourable to create two charged solitons (or soliton and antisoliton)
instead of an independent electron—hole pair; it costs %A instead of 2A. Similarly
charge carriers introduced by doping also create solitons and are bound to them.
An interesting situation may occur if such a CDW superstructure is incommen-
surate with the underlying lattice period. In this case the density wave which has
the form p(x) = py cos(2krx + ¢) may have an arbitrary phase, or may be located
at an arbitrary position relative to the lattice. There exists a collective mode —
oscillations of the phase ¢, the so-called phasons, with the gapless spectrum

Q(g) =aveq , al=1+—. (11.28)

Ay
Physically such a mode (it is also called a Frohlich collective mode) for ¢ — 0
corresponds to a CDW which slides along the chain, Fig. 11.12. Such a sliding mode
contributes to the conductivity of the system, because it carries with itself an extra
charge; at finite frequency it is optically active. This mechanism of conductivity,
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due to sliding CDWs, is called Frohlich conductivity; in fact Frohlich suggested this
picture in the 1950s as a possible explanation of superconductivity. It turned out later
that the real superconductivity is explained differently, but Frohlich conductivity
was observed recently in quasi-one-dimensional system NbSe; and in several other
materials. (Usually a CDW is pinned to the lattice both by commensurability effects
and, e.g. by impurities, defects, etc., thus one needs a certain critical electric field to
set it in motion. Thus experimentally the fingerprint of conductivity due to sliding
CDW is the existence of such a threshold, or nonlinear /—V characteristics. Another
experimental check is the presence of a specific noise spectrum in conductivity.)

11.2 Spin-Peierls transition

There exists another class of systems for which Peierls instability may be important:
these are (quasi-)one-dimensional antiferromagnets. We have already discussed in
Chapter 6 the properties of one-dimensional antiferromagnets and have shown that
the valence bond wavefunction, the structure of the type x—x=  x—=x, gives a
lower energy than the usual two-sublattice Néel structure even without resonance,
see (6.114)—(6.118). In chemical language this corresponds to the formation of
valence bonds, \%(ITN, — 1J21), as in molecular hydrogen H,. Actually in the
spin chain with a fixed lattice and equal distances between spins there is an even
better state in which there exists resonance between these bonds. However, if we
‘release’ the lattice and permit it to adjust to the spin structure, it may turn out
that the state of the type drawn above may become preferential: there may occur a
dimerization of the lattice, leading to an alternation of the exchange constants,

Jons1 = Jo+ 8T - (=)' = Jy £ 87T . (11.29)

One can easily see that this is indeed the case in the one-dimensional xy
model (6.109). We have seen in Chapter 6 that this model can be mapped by a
Jordan—Wigner transformation onto the model of noninteracting spinless fermions
with the spectrum g, = 2J cos k, see (6.111). As discussed there, the ground state
in this case corresponds to a half-filled band, Fig. 11.13. It is evident that when we
now take into account interaction with the lattice and allow the lattice to distort,
there will occur the same Peierls transition, which in this case is called a spin-Peierls
transition. (Of course, here again we have to include coupling to neighbouring spin
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chains, otherwise quantum fluctuations would suppress such long-range order. Usu-
ally one invokes here an elastic interaction between distortions on different chains;
lattice distortion is here treated classically.)

An effective spin—lattice interaction (or fermion—lattice interaction) originates
from the distance dependence of the exchange interaction

a0J
JR)S; - Siy1=J(Ro+u)S; - Sip1 = [Jo + 3R M] Si-S;
=JoS; - Siv1+8S8i-Siq1u (11.30)

i.e. the spin—lattice coupling constant is g ~ dJ/0R. Similarly to (11.11), there
will be a distortion and a gap in the spectrum of spin excitations

2
A~Je VP, o~ (11.31)
a)o]
Consequently, e.g. the magnetic susceptibility of such a system will behave as
x ~ e /T at temperatures below the spin-Peierls transition temperature. The
typical behaviour of susceptibility in this case is shown schematically in Fig. 11.14.
The susceptibility follows the Curie—Weiss law at high temperatures, then passes
through the maximum at about 7* ~ 0.7/ (called the Bonner—Fisher maximum),
and at lower temperature 7, ~ A (11.31) the system has a spin-Peierls phase
transition, below which the susceptibility decreases exponentially. One can show
(this was done by Cross and Fisher) that the Heisenberg model is even more
unstable with respect to the spin-Peierls transition than the xy model, so that the
energy gap is not proportional to the lattice displacement u as in equation (11.10),
butto A ~ u*/3,
An interesting situation occurs when we put a spin-Peierls system in an external
magnetic field H. As discussed in Chapter 6, such a field plays the role of the
chemical potential of Jordan—Wigner fermions,

H=> 2Jcoskcle,—HY cle, . (11.32)
n n



204 Instabilities and phase transitions

~1T
~e T

~

Fig. 11.14

Fig. 11.15

Consequently, for H # 0 the situation would correspond to a fermion band filled
by more (or less) than one fermion per site, Fig. 11.15. This means that the
wavevector of the instability Q = 2kg will be different from 7, i.e. there will
occur not a simple dimerization, but there will appear instead a superstructure
with Q = 2kp, in general incommensurate with the initial crystal lattice, and the
period will depend on the magnetic field. Actually due to the fact that for the
dimerization the effective coupling constant is twice as large as that for other
periods (see (11.11) and discussions there), the energy gain for the dimerization
is larger than for other periods. Therefore, for small enough fields (band close to
being half-filled) the dimerized state will still be the most favourable one (pinning
of the distortion in the commensurate structure), but away from this ‘region of
attraction to dimerization’ the period will indeed change and become in general
incommensurate. This problem may be solved at least close to T, and the resulting
phase diagram has the form shown in Fig. 11.16, where * denotes the point of
cross-over to the incommensurate structure, which is an example of the Lifshits
point discussed in Section 2.4.

The phenomenon of the spin-Peierls transition was experimentally observed in
several quasi-one-dimensional organic compounds and recently in the inorganic
compound CuGeO3 which contains chains of ions Cu>* with spin % The phase
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diagram of the type shown in Fig. 11.16 (which was already presented in the general
discussion in Section 2.4) has indeed been observed experimentally.

There is yet another very interesting aspect of this story. In the first approximation
the distortion in the incommensurate phase is indeed simply u(x) = ii ¢'2*, with the
period [ = 27 /Q in general incommensurate with the underlying lattice period.
We can also write this down as u(x) = ii ¢'*¥), with the phase ¢(x) = Qx, see
Fig. 11.17(a). However, in a more detailed treatment the picture is different. On
average the distortion is similar to the previous case, but actually there appears
inhomogeneous distortion, with the domains of the dimerized phase divided by
domain walls. This is illustrated schematically in Fig. 11.17(b).* These domain
walls are actually the same solitons discussed above, with the difference that here
they are not excitations, but exist in the ground state and form a soliton lattice. Inside
the commensurate domains, spins are paired into singlets, but at each domain wall
there is an unpaired spin. All these spins are parallel to the external magnetic

4 Interestingly, such a curve appeared in 1904 on the first pages of the science fiction novel The Food of the Gods
by H. G. Wells, and with a rather similar scientific content!
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field, and it is this energy gain which in fact leads to the formation of such a state.
Interestingly enough, there may exist also new excitations — oscillations of this new
‘superlattice’, similar to ordinary phonons in crystals, etc. Such a soliton lattice
seems to be observed experimentally in CuGeOs.

11.3 Charge-density waves and structural transitions,
higher-dimensional systems

The idea of the Peierls transition was first put forth for one-dimensional systems.
It was realized later that in principle one may have similar situations also in 2d
and 3d systems with special features of the electron energy spectrum. As already
mentioned in Chapter 9, there may exist situations with nesting of the whole or
parts of the Fermi surface, see equation (9.37). If the energy spectrum satisfies the
condition e(k + Q) = —e(k) (with energies counted from the Fermi energy), the
response functions and polarization operator will behave essentially similarly to
the one-dimensional case, see (11.13). Consequently, such systems will be unstable
with respect to CDW formation and lattice distortion with the wavevector Q (if the
dominant interaction is the electron—phonon interaction; however if the dominant
electron—electron interaction is repulsive, we will have similar instability in the
spin channel, and a spin-density wave — SDW — will be formed instead, see Section
11.6 below).

If the condition e(k + Q) = —e( Q) is not fulfilled over the whole Fermi surface,
but only parts of it are nested, such transitions may still occur; this will lead to
the creation of an energy gap at appropriate parts of the Fermi surface, leaving the
remaining parts intact; see the schematic picture in Fig. 11.18. This phenomenon is
observed in some layered transition metal dichalcogenides (NbSe;; TaS;). In some
of them (e.g. 17-TaS;) when there is strong nesting and the gap covers nearly the
whole Fermi surface, the material becomes practically insulating. In others, e.g. in
2H-NbSe;, there occurs partial gapping of the Fermi surface, but the remaining
parts of the Fermi surface make these materials still metallic below Tcpw (NbSe;
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even becomes superconducting at still lower temperatures). One may expect that
the typical behaviour of resistivity in this case may look as shown in Fig. 11.19:
the removal of a part of the Fermi surface (reduction of the number of carriers)
can increase resistivity at Tcpw (and the system may still become superconducting
at 7. < Tcpw). However, the results may be even opposite and the resistivity
may decrease below CDW formation, if in this process the scattering of electrons
decreases; this seems to be the case in NbSe,.

11.4 Excitonic insulators

(The following section has a somewhat more technical character. But the methods
of the theoretical treatment of the situation discussed below are widely used now
in different situations, and I think this is a good opportunity to learn how these
methods work.)

Phenomena very similar to those considered in the previous sections may occur
in another situation — in the so-called excitonic insulators. These are systems in
which the initial band structure consists of two overlapping bands, one of which
is filled by electrons and the other by holes, see Fig. 11.20. (If the band overlap is
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small, such materials are called semimetals.) There exist in this case electron and
hole pockets of the Fermi surface. If the electron and hole Fermi surfaces coincide,
as in Fig. 11.20(a), or will coincide after a shift by a certain wavevector Q as in
Fig. 11.20(b), then this will be exactly equivalent to the nesting situation (9.37), and
there will exist an instability resembling the Peierls instability in one-dimensional
systems: the attraction between electrons and holes will lead to the formation of
‘excitons’ or rather of an excifonic condensate. As a result the material will become
insulating, with the new band structure shown in Fig. 11.20(c) by thick lines. (I put
‘excitons’ in quotation marks because it turns out that for weak coupling the radius
of such ‘excitons’ is much larger than the average distance between them, so that
such an ‘excitonic insulator’ should be visualized as a collective state with excitonic
correlations, but not actually consisting of real excitons. The situation here very
much resembles that in weak coupling BCS superconductors, where Cooper pairs
strongly overlap and the ground state is a collective state with appropriate pairing
correlations.)

The mathematical treatment of this problem is also very similar to that of the
Peierls transition and of the BCS theory of superconductivity. First of all one can
check that there indeed exists an instability of the normal state. One can see this
by looking at the two-particle (electron—hole) Green function

1 1

where denotes electrons in the conduction band, and 2 denotes

holes in the valence band (in the following discussion I mostly follow the work by
Keldysh and Kopaev who were among the first to study this problem).

(An option: from here on you may first go to Intermezzo, Section 11.5, and then
come back to this page.)
Consider the situation shown in Fig. 11.20(a) and take the spectra

—k? k3
e1a(k) =+ + —E£ (11.33)
2m1,2 2m1,2

(below, for simplicity, we will consider the case of equal masses, m; = m;). The
calculation of the electron-hole two-particle Green function, or, equivalently, the
scattering amplitude for electron—hole scattering I in the usual RPA approximation
(we use here the alternative form of Feynman diagrams for the electron—electron
interaction, rather than the one used in Chapter 9, because it is more convenient,
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but of course equivalent, for four-fermion interactions (11.37))

GEE=C eSS

(11.34)

gives the following result:

A
I'k=0,w)=

1+ (inf 52| %)

Here wy is a cut-off of the order of ¢g, k and w are the total momentum and
energy, and X is the electron—hole coupling constant which depends on the detailed
interaction involved. The origin of the logarithm in the denominator of (11.35) is
actually the same as in the case of the one-dimensional Peierls instability or its
three-dimensional analogue, the giant Kohn anomaly in the case of nesting, cf.
Section 9.2. Here the corresponding expression is written accurately, and one
sees that the electron—hole Green function, or the scattering amplitude, has an
imaginary pole at w = i, if A < 0 (which is the case here, as we have electron—
hole attraction). The position of this pole is given by the expression

(11.35)

Q = 2wpe /M (11.36)

The existence of this pole shows that our system is unstable towards the formation
of electron—hole pairs (excitons) from different bands close to the Fermi surface.
The position of the pole Q = 2wpe~!/*! gives the binding energy of the pair, i.e.
it determines the magnitude of the energy gap in the spectrum, see Fig. 11.20(c).
To find this spectrum and to discuss the properties of the resulting state one can
proceed in different ways. One of the methods is similar to the one which we
have used, e.g. in the treatment of the Peierls transition: one writes the interband
interaction as

Hin= Y VUK, @ el k+q)cl, & — q)cry (k) ey, (k) (1137)

and keeps the most divergent terms which correspond to the scattering of electrons

from band 1 and holes from band 2 with the same wavevector, i.e. the terms with

k + g = k'. Then we make a decoupling

Hin ~ ¢l (k) b () ¢ (') €1 () = Fin ~ €] (k) 3, (k) (1, (R) €, (K))
(11.38)
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and diagonalize the resulting quadratic Hamiltonian H = Ho + Hin, by the
Bogolyubov canonical transformation. The spin structure of the average

(e ) e,y (k)) ~ Aggi(k) . (11.39)

which plays the role of the order parameter, may be in principle different, i.e. exciton
correlations may occur either in a singlet or in a triplet channel. We consider below
the singlet case 0 = ¢’ and omit the spin indices.’

The simplified interaction term Hine (11.38) is still nondiagonal in the band
indices 1, 2, and we have to use the transformation practically identical to the one
used for treating Bose condensation in Section 5.2 or for studying antiferromagnetic
spin waves in Section 6.3.2, with the only difference that because of the Fermi
statistics here the signs in corresponding linear transformations should be different.
Thus we go from the operators cj, ¢, to new operators «, 8, defined as

c1(k) = uga(k) + vi B(k) , (11.40)

etc. and require that in terms of these new operators the Hamiltonian should be
diagonal. We leave the details to the reader (the treatment coincides with that of
Sections 5.2 and 6.3.2; see also the next section). Finally we get the following
spectrum of one-particle excitations:

+ A%, (11.41)

e1(k) +ex(k) \/ [61(k) — e2(k)]°
2 4

where A is equal to Q2 (11.36). This is the anticipated result shown in Fig. 11.20(c).
Note that the ground state thus obtained is an eigenstate of the new operators
o, B, which are linear combinations of the original electrons cy, c;. As a result in
the ground state we have a nonzero anomalous average (cI(k)cz(k)) # 0, which
describes the excitonic correlations (electron—hole pairing) discussed above. This
anomalous average serves as the order parameter of the excitonic insulator.

One can use this model to illustrate yet another method widely used for treating
similar problems — the method of anomalous Green functions. It was introduced by
Gor’kov for treating superconductivity, and the corresponding equations are called
Gor’kov equations. In addition to the usual Green functions G(k, w), G1(k, w)
for the two bands, one introduces new ‘mixed’ Green functions F, FT: in the
coordinate representation they are defined as (cf. (8.31))

F(ri, 1572, 1) = — i(T{W,(r2, ) Wi(ry, 1))

Flr, e, ) = i(T{W,(ry, 1) Wi, ))) .

w1 2(k) =

(11.42)

5 This order parameter can also be imaginary, in which case the resulting state would correspond to that with
orbital currents (B. Halperin and T. M. Rice), see Section 11.7 below.
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These functions are necessary because, according to our expectations and to the
physical picture, there will occur some mixing between the two bands 1 and 2
(proportional to the excitonic average (11.39)). The new Green functions F, F f
introduced above describe just this effect. Writing down the equations of motion
for the ordinary Green function, e.g. G|, we obtain on the right-hand side terms of
higher order which should be decoupled in some way. Similar to (11.38) we keep
the interband terms, which will give the anomalous Green functions F (11.42). The
resulting equations have the form

<a) - sl(k)) Gitk, )+ A Fk, w) = 1

(11.43)
(a) - ez(k)) Flk,0)— AGi(k,w) =0,
where the quantity (c-number) A is
d’pd
A(k):i/F(p,a)V(p—k) Pce . (11.44)
Qm)*
The solution of equations (11.43) has the form
— ek
Gk, w) = @~ ol .
w? — (e1(k) + e2(k))w + £1(k) £2(k) — | A(K)|
A (11.45)
Fk,w) =

2 — (81(K) + &2(0))w + 1 (k) 2(k) — |AK)|

from which we again find the spectrum (11.41), and the solution of the self-
consistent equation (11.45) gives the same energy gap A = Q (11.36).

We have used this model to illustrate how the different methods discussed above
work in a particular case. By studying the scattering amplitude in a normal state
we have detected an incipient instability of this system. Then, guided by the kind
of instability, we devised the method(s) to treat the new state which will appear.
There are different ways to describe this new state (the Bogolyubov canonical
transformation, or the introduction of anomalous Green functions and solutions of
the Gor’kov equations) which give coinciding results and are actually rather close
physically, although technically different.

Returning to the excitonic insulators themselves, one should say that we have
obtained an insulating state which at first glance is rather different from conven-
tional insulators: we treated it in a rather sophisticated way, and used such terms
as ‘electron—hole bound states’, ‘exciton condensate’, etc. The question arises, are
the physical properties of this state very special?

The model we have used is theoretically indeed very nice and rich. One can
use here all the machinery of modern theoretical physics; there are many different
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possible types of orderings accompanying this transition. We did not specify them
above, but in general one can get here structural phase transitions, or spin-density
waves — see the next section — or even orbital antiferromagnetism. However, it turns
out that in most respects such a state is rather similar to the usual insulator. Thus,
there are no ‘supercurrents’ connected with an ‘excitonic condensate’, although
there were attempts to obtain some ‘superproperties’. Probably the most interesting
feature of this state is its close proximity to a ‘prototype’ metallic phase, so that
there may occur here an insulator—metal transition at not too high temperature.
The influence of impurities on such states may also have some specific features.
Nevertheless, most of the properties of excitonic insulators are (unfortunately)
rather similar to ordinary insulators, which nevertheless does not make this model
less attractive and beautiful.

11.5 Intermezzo: BCS theory of superconductivity

It is instructive at this point to compare the treatment presented above with the cor-
responding treatment of superconductivity (Bardeen—Cooper—Schrieffer, or BCS
theory). Superconductivity is a big field in itself, which is well covered in many
textbooks and monographs — see e.g. Schrieffer (1999); we partially follow in
this section the presentation by Abrikosov et al. (1975). Without going into much
detail, we present here only some of the results to illustrate how the general meth-
ods described above work in this case. (Actually some of these methods, like the
Gor’kov equations, were introduced first in the theory of superconductivity, and
later on ‘borrowed’ by other fields.)

We start with the electron—electron interaction and first consider the lowest-order
terms in the electron—electron scattering (as in Section 11.4, we use here the form
of Feynman diagrams convenient for the interaction (11.49)):

> XX
The second diagram can be shown to give the term

a2 (11.46)

where A is the coupling constant (the vertex in these diagrams, see (11.49)), and wy
is a cut-off frequency (since in the BCS theory, devised for conventional supercon-
ductors, the actual electron—electron attraction is due to the exchange of phonons,
this cut-off is usually taken equal to the average phonon energy, the Debye fre-
quency wp, although it may be different for other situations, with other microscopic
mechanisms of pairing). As this lowest-order loop gives a logarithmically large
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contribution, we have to sum the whole series:

<0 XX YOO

which will give us, analogously to (11.35), the effective scattering amplitude, or
electron—electron (two-particle) Green function

A
(2ol ]
Thus for an attraction between electrons (coupling constant & < 0) I'(w) has a pole
atw =192,

I'g=0,0)=

(11.47)

Q = 2wge 2T/ Mmks (11.48)

(cf. (11.35), (11.36)), where w is the cut-off frequency. These results are quite
similar to those presented above for the excitonic insulators, the difference being
that in the case of excitonic insulators this pole corresponded to an electron—hole
bound state (exciton) whereas here it is a Cooper pair (electron—electron pair)
which exists when the electron—electron interaction is attractive (A < 0).

Further treatment of these two problems is also similar. One of the methods
often used is the Bogolyubov canonical transformation. To take into account the
electron—electron correlations (the formation of Cooper pairs — pairs of electrons
with opposite momenta k, —k, and opposite spins,® so that the total momentum ¢
in (11.47) is zero) one has to keep the averages (ck’a cT_ k—o ). Making a correspond-
ing decoupling in the electron—electron interaction term

o~ T T oot
Hmt A Ckl,a Ckz,o’ ck3,cf’ Ck4,<7 = A Ck,a C—k,—cr <C—k’,—zf ck’,a> +h.c.

(ki+ha=ks +ks) <§;i_§ji’j k/)

oO=—0

(11.49)

we diagonalize the resulting Hamiltonian by the transformation (for simplicity we
drop spin indices):

T i i
b, =ugc, — vy, b, =upck — v, , (11.50)
bik = ukcik + V¢ s b_y =uc_, + v .

© We consider here the simplest case of singlet s-wave Cooper pairs. This is the situation in most conventional
superconductors. In principle more complicated types of pairing may exist, e.g. singlet pairings in different
orbital states (thus, such d-wave pairing most probably exists in high-7; superconductors), or spin-triplet pairing
which is realized in 3He and probably in superconducting Sr,RuQj. According to the general rules of quantum
mechanics singlet pairs may have orbital momenta / = 0 (s-wave pairing), [ = 2 (d-wave pairing), [ = 4, etc.
whereas triplet pairing with Six = 1 may exist with odd values of / (I = 1, the p-wave pairing, [ = 3 etc.).
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Note that the transformation (11.50) corresponds to the appearance of anoma-
lous averages (c,tcik) # 0, similar to the excitonic averages (cIkCZk) in excitonic
insulators, cf. (11.39).

The resulting spectrum is the well-known spectrum of superconductors:

E(l) = V/(ex — P + A2 = \[&] + A2, (11.51)

where &, = ¢, — 1 and A is the energy gap equal to €2 (11.48). The coefficients of
the Bogolyubov transformation (11.50) have the form

u2—1 1+ £ _1 1+fk
P== — | = — 22
2_ /5]%+A2_ 2_ Ek_
_ - (11.52)
1 [ i
vp = = R LSy Y PR3 :
2_ /slg_i_Az_ 2_ Ek_

these expressions are very important and often used, e.g. in the treatment of coher-
ence effects in superconductors.

Now we illustrate on the same example the use of anomalous Green functions
and the Gor’kov equations. As the anomalous averages (c,tcT_ &) are nonzero in this

case, we introduce the corresponding anomalous Green functions

Fop(ry, 1312, 1) = <T{‘Ifa(r1, 1) Wg(ra, fz)}> : (11.53)

where «, B are spin indices. The coupled equations of motion for the normal
Green function G(k, w) and the anomalous Green function F(k, w) have the form
(cf. (11.43)):

(w—&)Gk,w) —iAFlk,w)=1
(w+&)Fitk,0) +iAGk,w)=0.

Just these equations were originally known as the Gor’kov equations (although
now this term is used in a broader sense). Their solution has the form

o+ & A

(11.54)

— TSk T I
G(k’w)_wz—glf—Az’ Fl(k,w) = lwz—élf—Az’ (11.55)
where, similar to (11.44),
P’k dw
A= | Fik, 11.56
f k)55 (11.56)

(note that, as compared to (11.42)—(11.44), here the definition of the functions
F, Ft, and A differs by a factor of i). From (11.55) we see that we obtain the
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same spectrum (11.51) (poles of the Green functions (11.55)). The Green functions
themselves can be written in the form

2 2
Gk, w)= ——k 4 Tk
’ —E(k)+i6 Ek)—i8
w (k) +i w: (k) —1i (11.57)
Fitk,w)= —i

(w— E(k) +i8)(w+ E(k) — i)

where the functions ui and v,% are given by the expressions (11.52), i.e. they
coincide with the coefficients of the Bogolyubov canonical transformation.

By putting the expression (11.57) into (11.55), and performing integration over
w with the help of residues, we obtain the self-consistency equation for the energy
gap A:

A d*k
=— 3 f , (11.58)
2(2m )’ /513 A2
from which we finally obtain the energy gap
5 ~  Amk
A=2we, 1=2EE (11.59)
272

This expression coincides with (11.48), as it should. Here we have again intro-
duced a cut-off wy in the integral (11.58), which depends on the physical situation
considered. Thus, for the superconductivity induced by the electron—phonon inter-
action (as in most of the conventional superconductors) wy is the typical phonon
frequency (Debye frequency wp). If pairing is due to some other mechanism of
attraction, wy may be different, coinciding usually with the characteristic energy of
the ‘intermediate quanta’ carrying the interaction (e.g. instead of phonons we can
consider electronic excitations — excitons, or magnons, etc.).

One must say that the BCS theory of superconductivity is one of the most
successful theories in the modern quantum theory of solids. Many concepts and
methods were actually first introduced here and later on transferred to other fields.
This is true in particular for the use of Green functions for treating different non-
trivial situations, where, depending on the specific problem, one has to introduce
different anomalous Green functions and solve the corresponding coupled equa-
tions. The treatment of excitonic insulators presented above gives a good illustration
of that. But we can also use this method, e.g. for considering Peierls transitions or
the formation of CDW and SDW states.
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11.6 Spin-density waves

We have seen above that in certain cases (specifically when the Fermi surface has
nested parts) there may occur a structural phase transition or formation of CDWs
which creates energy gaps at parts or at the whole of the Fermi surface and which can
sometimes lead to metal-nonmetal transitions. Similar phenomena occur in two-
band systems with coinciding electron and hole Fermi surfaces leading to excitonic
insulators. In these cases we had an effective attraction between relevant particles:
the effective attraction via phonons in one-band models, cf. (11.23), or the usual
(Coulomb) attraction between electrons and holes in the two-band case. However,
even if the resulting interaction is repulsive, the system satisfying the nesting
condition (9.37) will still be unstable, however, not in the charge but in the spin
channel, i.e. not CDW, but a spin superstructure with the corresponding wavevector
will be created, known as a spin-density wave (SDW). The corresponding instability
was first discussed in the one-dimensional case by Overhauser and is sometimes
called by his name.

One can see that the same nesting condition leads to an instability in the spin
channel if one looks, e.g. at the expression for magnetic susceptibility for local
repulsion (9.16):

Xo0(g, @) Xo(g, ®)

x(q, w) = = ' (11.60)
14+ UTy(g,w) 11— M—U% x0(q, )

(Remember that with our definitions [Ty < 0, and xo = — MZBI'IO.) One sees that in
one-dimensional systems, as well as in 2d and 3d systems with nesting, we have
the same divergence of magnetic susceptibility in the case of repulsion U > 0 as
we had in the charge response function (dielectric function) for an attraction; this
again signals an instability, here towards the formation of SDW. It will occur in
this case at arbitrarily small repulsion U'. In principle the corresponding instability
may exist even in the case of incomplete nesting or even without it; in this case,
however, we will need the interaction strength to exceed a certain critical value, so
that the condition

U|Ty(q, 0)| > 1 (11.61)

is satisfied. This condition is well known for ferromagnetism (g = 0); as
[1(g — 0,0) = —p(ep), see (9.24), it takes the form

Up(eg) > 1, (11.62)

which is known as the Stoner criterion of ferromagnetism. In general x(q, 0) may
have a maximum at different values of ¢ = @, and the corresponding instability
would first appear at the corresponding wavevector Q. In the case of nesting, where



11.6 Spin-density waves 217

there is a real divergence of Iy(q, 0), the ‘Stoner’-like criterion (11.61) will be
definitely fulfilled at the wavevector ¢ equal to the nesting wavevector, even for an
arbitrary weak interaction.

One can consider the resulting problem similarly to the treatment of the Peierls
transition or CDW (as an example we look below at the 1d case). We start from the
Hamiltonian of the so-called Hubbard model (see Chapter 12) in which one takes
only on-site electron—electron interactions Un;4n; . In the momentum representa-
tion the model has the form

U
H=) e, cot v Yalag g ab, avy, - (11.63)
k,o kk'q

The spin density at point x is given by the general expression
§°(x) = l[cT(x)c () = | (e, 0]
= 5[4 ey
1

= > ek cor = by ey J e (11.64)
kk'

As the susceptibility (11.60) diverges at ¢ = 2kg, we keep in (11.64) only terms
with k — k' = +2kg. Then we have

1 )
(5°00) = 537 D[ {ekr hmner — by i) €2 Hee (1169)
k

(The term with k" = k — 2kg becomes the complex conjugate of the first term
in (11.65) after a change of the summation index k — k + 2kg.) Denoting

1 T i
% Z(CZT Cratet ~ Chy Chratey) = () = Isle” (11.66)
k
we obtain

(S%(x)) = 1Re ({s)e*) = |s| cos(2kpx + @) . (11.67)

Making the corresponding mean field decoupling in the Hamiltonian (11.63) (keep-
ing again terms with ¢ = 2kg) we obtain

H=3 {ero clo o+ (Aclino s +he)] (11.68)
k,o

where A = %(SZ).
Diagonalizing (11.68), we obtain the new energy spectrum

Ev=p+ (s — )+ A2, (11.69)
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All these results are quite similar to those obtained earlier for the Peierls transition
or excitonic insulators; we obtain the spectrum with the gap at +kg, Fig. 11.21 (in
principle there will also be smaller gaps at +2kg, +4kp, etc.). One can visualize the
resulting structure as two density waves, for electrons with spin 41 and spin |, but
being in antiphase, so that the total charge density remains uniform, and the spin
density oscillates with the period [ = 2x /2kp, see (11.67) and Fig. 11.22. Such
spin-density waves are called sinusoidal SDW.

There exists yet another solution, the so-called helicoidal SDW, in which the
magnitude of the spin remains constant, but its direction rotates in the xy-plane,
(S*) = |S]| cos(2kpx + @), (S¥) = |S|sin(2kpx + @), see Fig. 11.23. Usually this
structure is energetically more favourable, because the length of spins at each
site here remains the same, which, e.g. optimizes the exchange interaction (6.21).
Sinusoidal SDW may be stabilized if there is strong uniaxial anisotropy in the
system. Note also that the plane of spin rotation may lie in different directions in
the crystal and should not be perpendicular to the spiral axis: in the absence of
spin—orbit interaction the axes in spin space have nothing to do with the real crystal
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axes! (This is true for all magnetic systems, including those with localized spins,
discussed in Chapter 6.)’

One can also study thermodynamic properties of this model. It turns out that in
the mean field approximation there will be a phase transition in which SDW and the
energy gap in the electron spectrum simultaneously disappear. The corresponding
formulae are very similar to those in the BCS theory of superconductivity.

A similar treatment can be carried out also for higher dimensions with nesting.
Experimentally SDW of this kind were observed in a number of quasi-one-dimen-
sional organic compounds. But probably the most important and the best-studied
example is the magnetic structure of the metal Cr. The explanation of the mag-
netic structure of Cr was provided by this model (or rather by its two-band ana-
logue, similar to the model of excitonic insulators), with the Fermi surface having
nearly nested electron and hole pockets, schematically shown in Fig. 11.24. Similar
physics seems to work also in many recently discovered FeAs superconductors.

It is also instructive to consider a prototype higher-dimensional system with
nesting — the two-dimensional square lattice in the tight-binding approximation.
As shown in Fig. 9.4, for the half-filled band (n = 1) the Fermi surface is a
square, i.e. it is perfectly nested with the wavevector Q = (=, ), see Fig. 11.25.
Consequently in the case of repulsive interactions SDW will appear here with the
wavevector (7, 7)) which will open a gap in the whole Fermi surface, i.e. the system

7 Thus the spins can rotate in the plane containing the wavevector of the spiral; the resulting structure may be
called a cycloidal spiral. Interestingly enough, cycloidal spirals give rise to ferroelectricity (Katsura, Nagaosa
and Balatzky; Mostovoy), i.e. the corresponding magnets will be multiferroic.



220 Instabilities and phase transitions

will become insulating. But an SDW with this wavevector is nothing else but the
IR AR AR

usual two-sublattice antiferromagnetism, | 1 | 1 | 1. Thus one can obtain this state

both in the model of localized electrons (localized spins) with antiferromagnetic
exchange, or proceeding from the band picture with appropriate conditions (one
electron per site, full nesting).

There exist many systems with this type of magnetic ordering. Probably the best-
known nowadays is the insulating La, CuQy, the parent compound for high-T7. super-
conductors. Usually the insulating and antiferromagnetic structure of La,CuQOy is
explained in the model of localized electrons, starting, e.g. from the Hubbard model
with strong coupling, see below, Chapter 12. However, if we did not know that the
electrons in La,CuQ,4 were localized, and tried to describe the electronic structure
of this material in the usual band theory, using the tight-binding approximation, we
would obtain exactly the situation described above — a metal with perfect nesting
and with the Fermi surface shown in Fig. 11.25. But then this situation would
be unstable, SDW would appear, and we would end up in an antiferromagnetic
insulator of exactly the same type as in the usual description! Thus these two
approaches have much in common, and many features are similar, although there
are also important differences, such as the value of sublattice magnetization, which
in the weak-coupling approach used here may be (much) less than the nominal
spin %, and also in the behaviour at finite temperatures: the SDW theory predicts
an insulator—metal transition when the magnetic ordering disappears, whereas in
the localized picture the system remains insulating (Mott insulator) even in the
paramagnetic phase, see Chapter 12.

11.7 Different types of CDW and SDW

In the previous sections we have discussed several cases of instabilities of normal
metals, many of which we could describe as the formation of charge or spin
superstructures (Peierls distortion, CDW, SDW, excitonic insulator formation). We
discussed these cases separately, but actually in all these cases we are dealing with
a very similar situation: due to specific features of the energy spectrum, typically
with nesting, the system is unstable towards the formation of a novel state with
electron—-hole correlations, described by the appearance of anomalous averages
of the type (c,tck +Q), either describing the modulation of charge density, or spin
density; see equations (11.16), (11.39), (11.65). What then is the relation between
these seemingly different phenomena?

The situation with CDW seems to be the simplest. Let us consider the situations
with density modulation (CDW, Peierls distortion); spin superstructures can be
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Fig. 11.26

discussed similarly. Here we describe a new ordering by the anomalous average

A=(che o) #0. (11.70)

where we either assume summation over spins, or, for simplicity, consider spinless
fermions. The vector @ is determined by the nesting condition; let us consider,
as an example, the half-filled one-dimensional band treated in Section 11.1, for
which QO = m. As discussed in that section, the appearance of the anomalous
average (11.70) leads to dimerization of the system and to the opening of the gap
at the Fermi surface.

Generally speaking, the average (11.70), for a fixed value of Q (e.g. equal
to ) can still depend on the momentum k. It can also have an arbitrary phase, in
particular it can be real or imaginary. It turns out that all these possibilities in fact
describe different physical properties of the resulting state.

Let us first take A constant and real, A(k) = Ay. We can calculate (the modula-
tion of) the electron density at site » in the state with this order parameter:

pn = (che,) = %Zeﬂ'k” e (cle,) . (11.71)
k.p

With the only nonzero average (cl Cy +Q> = A, we immediately get that the electron
density will oscillate as

Spn = Nge™ = Ag(=1)" . (11.72)

Thus this solution describes a site-centred CDW — the electron density alternates
from site to site, see Fig. 11.26(a). As the order parameter is here a constant, it
may be called an s-wave CDW (analogous solutions in the 2d and 3d cases would
be spherically symmetric).

How then can one describe Peierls distortion and the modulation of the electron
density connected with it? It is clear that in this case all ions remain identical
and have similar charge, but the bonds are no longer identical: some of them
become shorter, and some longer. Consequently we expect that the electron density
will increase at the short bonds and decrease at the long ones, see Fig. 11.26(b).
(Actually we may think of the process of Peierls distortion as a first step in forming
molecules, like forming H; molecules out of a row of hydrogen atoms.)
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One can show that we can describe this process if we take the anomalous
average (11.70) in the form

A =iApsink . (11.73)

One can easily check that in this case the electron density at each site remains the
same, 8p, = 0. But the bond average 5p,, n+1 = (c,T,an + ciﬂcn) 1S NOW Nonzero.

Check this making a Fourier transform of this ‘bond density’ and taking the
T

anomalous average (ckcp) =iAoS(p —k —m).

As aresult we obtain exactly what we wanted: with the order parameter (11.73)
we see that the ‘bond density’ alternates from bond to bond, 80, ,+1 = Ag(—1)",
Fig. 11.26(b). Thus such a bond-centred CDW, associated with a Peierls transition,
is described by the imaginary k-dependent order parameter (11.73), which because
of its sine-like k-dependence may be called a p-wave CDW.

Similarly, one can also consider other possible types of k-dependence of the
excitonic-like anomalous averages (11.70). Thus, e.g. in the 2d case with a square
lattice, the order parameter Ay ~ Ag(cosk, — cosk,), which may be called a
d-wave CDW, in fact describes orbital currents running around plaquettes, see
Fig. 11.27. This state is better known as a flux phase — there will be magnetic fluxes
alternatingly piercing these plaquettes. Similar states were discussed in connection
with high-temperature superconductivity, with currents running on Cu-O-O
triangles (C. M. Varma). Analogously, if we consider other spin structures of the
averages (11.39), (11.70), we would obtain either states with different spin struc-
tures (site-centred CDW of different kinds, see above), or states with spin currents.

11.8 Weakly and strongly interacting fermions. Wigner crystallization

Yet another situation in which the usual description of electrons in metals (ordinary
band theory, the Fermi surface, etc.) breaks down is the case of strong electron—
electron interactions. We will mostly discuss this topic in the next chapter, but here
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we want to give a general consideration of when we should consider an electron
system as weakly or strongly interacting and which qualitative consequences we
can expect.

It turns out that the answer strongly depends on the character of the interaction
we are dealing with. Consider first the case of short-range interactions; this may
not be very realistic for electrons which always experience long-range Coulomb
interactions, but we can meet this situation in other Fermi systems such as *He or
nuclear matter.

In all these cases we cannot simply take the interaction as weak. Thus, e.g.
both in *He and for neutrons in nuclear matter or in neutron stars, where particles
interact weakly at large enough distances, the interaction definitely becomes very
strong when they come close together: there is always what we may call a hard
core repulsion. But despite this in certain situations we can consider such a system
as effectively weakly interacting, like the so-called nearly ideal Fermi gas. The
condition for this is that the radius of the interaction (e.g. the radius of hard cores)
ro is small compared to the average distance between fermions 7, ~ (V/N)!/? =
n~'73, see (7.5). This will definitely be the case for low-density fermion systems
with short-range interactions.

When the condition

1/3
ro K Fy ~ (ﬁ) (11.74)

is satisfied, we have simultaneously the inequality
kpro/ K 1 (11.75)

for characteristic values of the momentum k ~ kg, because kg ~ (%)1/ 3h, see (7.3).
This means that we are dealing only with ‘slow’ fermions. It is known in quantum
mechanics that for the interaction (collision) of slow particles we can replace the
interaction matrix element by the scattering amplitude, which for small momenta
describes only s-wave scattering and which tends to a constant (—a), called the
scattering length:

M
4 h

— a4 = —

sUp,  Up= / Ur)d’r . (11.76)

The actual small parameter which can be used in perturbation theory is

k
%a <. (11.77)
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In terms of diagrams this corresponds to the summation of the so-called ladder
diagrams. We want to describe the scattering of two particles,

()

The lowest (Born) approximation corresponds to the diagram

where the dashed line describes the interaction U. When we have a low-density
system, the main effect is the multiple (repeated) scattering of the same pair of
particles, which is described by the ‘ladder’ diagrams

T T T T T T
I I I I I I
I I I I I I
I I I I I I
I I I I I I
L L L L L L

All other processes will be connected with the creation of electron—hole pairs, e.g.

or

which is equivalent to

and for low density they can be neglected. Such a ladder summation leads to
effective replacement of the interaction U by the scattering amplitude I" which for
a contact interaction is

U
14+ Up(ep)

Thus even for very strong (hard core) local repulsion the effective vertex

T ~ Ut = (11.78)

( > remains finite, equal to a constant —a (the scattering length),

and for low density one can carry out all these calculations. It turns out that in this
limit the Fermi liquid (or, rather, weakly interacting Fermi gas) picture is valid,
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even far away from the Fermi surface. I will only give here a couple of results
which are obtained in this limit:

e The ground state energy of the system is (K. Huang, C. N. Yang)

3k2 10 kpa 411 —21n2) [ kpa \>
Eg=N—E |14 -2, " =727 | 11.79
0 10m|:+9nh+ 2172 (h) (11.79)

e The effective mass is (A. A. Abrikosov, I. M. Khalatnikov)

*

b8 gma— (ke i (11.80)
— = ——(7In2 — — )
m 1572 h

(cf. the case of Coulomb interaction (9.46)).

We see that these expressions are the first terms of a series in the small parameter
(kpa/7) (11.77). From the treatment given above it is clear, in particular, that
one should not expect any instabilities for a low-density system with repulsive
interactions. In particular one should not expect magnetic instabilities which could
be present in systems with repulsion: e.g. the Stoner criterion (11.62) will not be
satisfied, as we should replace there U by U / [1 +U p(sp)]. Note that the situation
with an attraction is drastically different: in this case, as we know, there may
exist two-particle bound states, and as a result the system becomes unstable for
arbitrarily weak attraction; this is the superconducting instability.

Let us now turn to the case of long-range Coulomb interactions. It turns out
that the situation here is just the opposite. Whereas for short-range interactions
the low-density limit corresponds to a weakly interacting regime, for the Coulomb
interaction, in contrast to that, the low-density situation corresponds to the strong-
coupling case, and the high-density system behaves as weakly interacting. This can
be understood as follows (see also Chapter 3):

We should compare the average potential energy

2

Epu = — (11.81)
Ts
with the average kinetic energy of the electrons
2
Evin = — , (11.82)
mr

N

where 7 is the average distance between electrons. The system can be treated as
weakly interacting if E,o; < Eip, OF
.o . 7y
fs < —5 =ap, ie. re=— <1, (11.83)
me ao
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where ay is the Bohr radius. In the opposite limit, r;, > 1, the interaction becomes
comparable to or bigger than the kinetic energy, and one can expect that the stan-
dard Fermi liquid description breaks down. This indeed happens: it was shown
by Wigner that the better state, the one with lower energy, is reached if elec-
trons, instead of being in a ‘liquid’ state filling the Fermi surface, were localized
in space, forming the so-called Wigner crystal. By doing this we increase the
average kinetic energy of the electrons (due to the uncertainty relation, when
the position of an electron is confined to a certain volume ~ FS?’, 1ts momentum
and corresponding kinetic energy will increase). However, by keeping electrons
apart, as far away from each other as possible, we gain more in potential energy,
ifry > 1.

What is the critical value of ry, beyond which a Wigner crystal becomes stable,
is still a matter of debate. Different calculations give for 3d systems different
values, from r; ~ 10 to ~ 170; the most probable value seems to be r; ~ 80.
There were many attempts to observe Wigner crystallization experimentally. Up
till now it was observed for ions at the surface of liquid He, and there were reports
about observation of Wigner crystallization of electrons in some semiconducting
structures with low electron concentration (the conditions for Wigner crystallization
are less stringent in the two-dimensional case, to which both these examples actually
belong). A phenomenon very similar to Wigner crystallization was also observed in
several transition metal and rare earth compounds with mixed valence: magnetite
Fe;0y4, EusSy, Lag sCagsMnOs. The best-known example is magnetite, in which
the ions Fe?* and Fe** order below ~ 119 K (this transition is known as the Verwey
transition). This ordering can also be visualized as ordering of the ‘extra’ electrons
on Fe>* as compared to Fe3*. However, it is not really clear whether the main
driving force for this ordering is in this case the Coulomb interaction or, e.g. the
electron—lattice interaction.

One can easily calculate the energy of a Wigner crystal. Crudely it is given
by an expression similar to equation (11.81) with the coefficient depending on the
detailed type of the lattice formed. The calculations give for the best of such lattices
the value (in Rydberg)

1.8
Ew=——Ry. (11.84)

Iy

By using two limits, that of a high density (9.47), and the low-density limit giving
Wigner crystals, one can attempt to make an interpolation for the total energy or
for the correlation energy E. defined (see the definition of E. in Chapter 9, after
equation (9.47)) as the difference between the exact and the Hartree—Fock values.
There are several interpolation formulae of this type suggested, e.g. the formula of
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The total energy as a function of r, thus looks as shown in Fig. 11.28 (see (9.47) and
(11.84)) where the dashed line represents the interpolation line (11.85). There is a
certain danger in this interpolation, stressed by P. W. Anderson: actually high- and
low-density curves cross, which in the general thermodynamic treatment implies
a first-order phase transition. This is consistent with the general statement made
in Chapter 2, that the transition between crystal and liquid should always be first
order. Melting of the electronic Wigner crystal is no exception.

The melting of the Wigner crystal presents a rather interesting situation. As
always we can induce melting by increasing the temperature. But there exists yet
another possibility: the Wigner crystal becomes unstable and ‘melts’ even at T = 0
with increasing density of electrons, for example under pressure (so-called cold
melting). The resulting phase diagram looks as shown in Fig. 11.29. (This ‘cold
melting’ of the Wigner crystal presents yet another example of a quantum critical
point, cf. Sections 2.6 and 10.3.)

One can understand the general shape of the phase diagram from the following
simple arguments: at very small density (large ry) the Wigner crystal is stable at
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T = 0, but its energy is ~ 1/r;, see (11.84). Consequently the temperature needed
to melt it will scale as T;,, ~ 1/r;. However, for high density (small r,) the Wigner
crystal will become unstable even at T = 0, so that 73, should go down. One can
see a certain analogy with the phase diagram of the insulator—metal transition, see
the case of V,03, Fig. 2.15. One can also note the similarity of this phenomenon
with the question of the existence of liquid due to quantum effects as compared to
a crystal state, cf. the discussion in Section 4.4.3 (the discussion of the quantum
de Boer parameter, (4.73), and nearby). In this sense we see that the low-density
Coulomb system behaves more or less as a classical one, whereas the high-density
limit (Fermi liquid) is indeed a quantum liquid.

Three extra remarks are in order here. First, when considering the criteria (7 cit)
for Wigner crystallization, one should be aware of other possible instabilities as
well. Thus, a simple treatment shows that a 3d electron gas may develop magnetic
instabilities at the values of r; smaller than those necessary for Wigner crystalliza-
tion; one has thus to consider these different possibilities simultaneously.

The second problem concerns possible magnetic states of the Wigner crystal.
When we form a crystal made of electrons, there will be localized spins % at each
lattice site which should order in some fashion. Most probably this ordering will
be antiferromagnetic (cf. the next chapter). However, this question has not really
been investigated well enough.

And the third point concerns a possible regular description of Wigner crystal-
lization, or at least the instability of the normal Fermi liquid towards it. When
describing different possible instabilities in the first parts of this chapter, in most
cases we could use (and did use) the standard Feynman diagram technique, looking
for some signatures of instabilities, e.g. in the appearance of imaginary poles in
certain Green functions or response functions (imaginary frequencies of certain
collective excitations). As far as [ know there is no similar treatment for the Wigner
crystallization, and it is not clear which response function and which subset of
Feynman diagrams could show the instability towards it. It may well be that this
instability is beyond the standard treatment of most of this chapter: the instabilities
discussed above existed already at weak coupling and were related to the special
features of the energy spectrum such as nesting, and with the corresponding diver-
gences of certain response functions, or susceptibilities. At the same time Wigner
crystallization appears only when the effective coupling reaches a certain critical
strength, i.e. it is actually a signature of strong electron correlations, the main topic
of the next chapter.
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Strongly correlated electrons

In the previous section we have already seen that in the case of strong electron—
electron interactions, when the average interaction energy becomes larger than
the corresponding kinetic energy, one can expect drastic changes of the properties
of the system. Notably, the electrons will have a tendency to localize, so as to
minimize their repulsion at the expense of a certain increase in kinetic energy.
Materials and phenomena for which this factor plays an important role are now at
the centre of activity of both experimentalists and theoreticians; this interest was
especially stimulated by the discovery of high-T7; superconductivity in which elec-
tron correlations play a very important role. But even irrespective of the high-T7z
problem, there are a lot of other interesting phenomena which are connected with
strong electron—electron interactions. These phenomena include electron local-
ization, orbital ordering and certain structural phase transitions, insulator—metal
transitions, mixed valence and heavy fermion behaviour. The very existence of
localized magnetic moments in solids, both in insulators and in metals, is actu-
ally determined by these correlations. That is why this is one of the most actively
studied classes of phenomena at present.

Real materials to which one applies the models and the treatment presented in
this chapter are mostly transition metal and rare earth compounds, although general
ideas developed in this context are now applied to many other systems, including
organic materials, nanoparticles or supercooled atoms. The typical situation in tran-
sition metal compounds is the one with partially filled d-shells. The corresponding
wavefunctions are rather localized; their spatial extension may be smaller than the
distance between these atoms or ions, especially if we are dealing with transition
metal compounds such as oxides, in which typically there are oxygen ions between
transition metal ions. As the effective hopping of electrons between sites deter-
mines the electron bandwidth and their kinetic energy, in these cases we can have
a situation discussed in Section 11.8, in which the kinetic energy is smaller than
the electron interaction. This situation is thus equivalent to a low-density electron
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system, and we can expect that the standard description of electrons as a weakly
interacting Fermi liquid breaks down. What will be the outcome in this case and
what are the properties of corresponding systems constitutes the field of strong
electron correlations.

12.1 Hubbard model

The very idea that in the case of a strong electron—electron interaction one can
expect drastic changes in the properties of the system has already been explained in
the previous section. After the first treatment by Wigner (1937), similar approaches
were applied to this situation by Landau and Zeldovich (1943) and by Mott (1948),
see below. In applications to most of the relevant cases one now usually uses a
somewhat different approach and starts not from free electrons with long-range
Coulomb interactions, but rather from the tight-binding model with only on-site
interactions, the so-called Hubbard model. We consider the system with a fixed
lattice and nondegenerate band. In coordinate space the model has the form

H=—tY clci,+UD niyn . (12.1)
(ij)o i

where n;; = cjgcia and the summation in the first term goes over nearest neigh-
bours (ij).! The negative sign in equation (12.1) is here chosen simply for conve-
nience, so that the bottom of the corresponding tight-binding band (12.2) would be
at k = 0 (although in more complicated cases the signs of different hopping matrix
elements sometimes have to be fixed and can modify the results). The limitations of
this model (omission of longer-range interaction, etc.) are of course rather severe;
however it turns out that even this seemingly so simple model describes very rich

physics and is at present far from being completely understood.

12.2 Mott insulators

There are essentially two parameters in the Hubbard model (12.1). These are the
interaction strength (dimensionless parameter U /t) and the electron concentration,
or band filling n = N/ Nsie. Thus, e.g. the often studied case of one electron per
site n = 1 corresponds to a half-filled band.

The main virtue of the Hubbard model is that it permits us quite naturally to
describe two opposite limits: that of weakly interacting electrons U < ¢, and the
case of strongly interacting, or strongly correlated electrons, U > t.

I More generally we can write down the first term in equation (12.1) as Zi;’o t; jc;ra Cjo, Where t;; describes

hopping between sites i and j which are not necessarily nearest neighbours. For nearest-neighbour hopping we
usually take #;; = —¢, as in equation (12.1).



12.2 Mott insulators 231

A

Fig. 12.1

f
?CGH?

Fig. 12.2

In the first case one expects that the standard Fermi-liquid picture will be valid,
at least in the three-dimensional case. In this situation we can treat the interaction
term in (12.1) as a small perturbation and use all the techniques developed in
Chapter 9.

Consider now the opposite case of strong interactions, U > ¢, for a half-filled
band, n = 1. Formally the standard band theory would give a metal even in this
case: the first term in (12.1) (kinetic energy) will in the momentum representation
have the form

Hyin = Zek c,Tm Cho ex = f(k) = —2t(cos k, + cosky + cosk;) ,

k,o
(12.2)

where 7(k) is the Fourier transform of the hopping matrix elements 7;;, which for
nearest-neighbour hopping and for a simple cubic lattice gives the spectrum (12.2).
Thus we have here a simple tight-binding band, and for n = 1 this band will be half-
filled, i.e. we would have a metal, irrespective of the distance between the ions and of
the value of the hopping matrix element ¢ and of the corresponding bandwidths W =
2zt (z is the number of nearest neighbours), which may be very small! However,
this is a rather unphysical conclusion: one can argue that for a sufficiently narrow
band r <« U (which is definitely the case if the lattice parameter, i.e. the distance
between sites, is much larger than the radius of corresponding orbitals) the electrons
will be localized at each site, and there will be no metallic conductivity. Indeed,
such a localization of electrons helps to minimize the Coulomb repulsion U at the
expense of the kinetic energy ¢, and for n = 1 and U > t such a state is clearly
preferable. (The situation here is very similar to the case of the Wigner crystal,
cf. Section 11.4.)

One can depict such a state as in Fig. 12.1, where we have chosen certain but
arbitrary directions of the spins of the electrons (1 or |). We see that if we start
from this state, then to create charge-carrying excitations we have to transfer one
electron from its site to another, Fig. 12.2. After such an excitation is made, the
electron (doubly occupied site) and the hole (empty site) will already propagate
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freely (if we ignore initially the background magnetic structure). This will give an
energy gain ~ t (both electron and hole will now be at the bottom of respective
bands (12.2)). However to create such a pair one has to spend the energy U, the
repulsion of two electrons at the doubly occupied site. And if U > ¢, this process
costs energy ~ U > t (or rather U > W = 2z¢, where z is the number of nearest
neighbours), i.e. such a system will behave as an insulator with the energy gap
E, >~ U — 2zt. Thus the resulting state should be an insulator — this is the famous
Mott insulator.

Actually in his original publication in 1948 Mott used different arguments
and proceeded from the picture of electrons with long-range Coulomb inter-
actions. He argued that if we start from an insulator, and create electron and
hole excitations, they would be bound to excitons, so that the system would
remain insulating. And only if the concentration of these electrons and holes
exceeds a certain critical value, then the screening of the Coulomb attraction
would be sufficiently strong so that the excitonic bound state would disappear.
(Recall that in quantum mechanics one needs a certain minimum strength of short-
range attraction for the bound state to appear in the three-dimensional case.) The
condition of that is qualitatively that the Debye screening length rp, given by
equation (9.22), rpy 2 = Klz) = 6mne’/eg ~ dmwe’n'/3/ 7 becomes smaller than the
Bohr radius a9 = 7 /me?. From this condition Mott obtained his famous criterion
for the transition from an insulator to a metal:

n'Pay > 0.25. (12.3)

(Note here a certain relation of this picture to that of the excitonic insulators,
Section 11.4, in which, however, due to the assumed nesting, an excitonic insta-
bility and the transition to an insulating state with a gap appeared at arbitrary
small band overlap and respective electron and hole concentration.) As we see
from this estimate, very narrow bands (large values of the effective mass m* and
small Bohr radius ag) always favour the formation of such bound states and pre-
vent the transition to a metallic state, so that such narrow-band materials would
remain insulating.” And only somewhat later, when dealing with transition metal

2 In fact already five years earlier, in a paper published in 1943 (and which largely remained unknown) practically
the same arguments were presented by Landau and Zeldovich [ZhETF 32, 1944 (1943); Acta Phys.-chem.
URSS 18, 194 (1943)] who, in turn, referred to an earlier remark by Peierls. They wrote: ‘A dielectric differs
from a metal by the presence of an energy gap in the electronic spectrum. Can, however, this gap tend to zero
when the transition point into a metal is approached (on the side of the dielectric)? In this case we should have
to do with a transition without latent heat, without change of volume and of other properties. Peierls has pointed
out that a continuous transition — in this sense — is impossible. Let us consider the excited state of the dielectric
in which it is capable of conducting an electric current: an electron has left its place, leaving a positive charge
in a certain place of the lattice and is moving throughout the latter. At large distances from the positive charge,
the electron must certainly suffer a Coulomb attraction tending to bring it back. In a Coulomb attraction field
there always exist discrete levels of negative energy, corresponding to a binding of the electron; the excited
conducting state of the dielectric must therefore always be separated from the fundamental one, in which the
electron is bound, by a gap of a finite width.” This is the same picture as the one first put forth by Mott in 1948,
only the estimate (12.3) had not been made by Landau and Zeldovich.
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compounds, Mott himself used arguments of the type which we started with, which
became standard after the very important contribution of Hubbard in 1964, who
formulated in a clear way and solved in certain approximations (see Section 12.4
below) the model (12.1) which now carries his name.

Actually the situation described by the Hubbard model with t < U is met in
many transition metal and rare earth compounds, typical examples being oxides
such as NiO, CoO. They have partially filled 3d levels, and according to the band
theory they should be metals. Experimentally, however, they are good insulators.
This is explained by the mechanism described above: the radius of 3d orbitals
(~0.6 A) is much smaller than the metal-metal (e.g. Ni-Ni) distance (~3 A), SO
that the effective d—d hopping ¢ (which actually goes via an intermediate oxygen)
is much smaller than the on-site Coulomb repulsion U’

Thus the ground state of the Hubbard model for U >> r and n = 1 is an insulating
state with electrons localized one at each site. Note that this state is an insulator
of a completely different type from those described by the standard band theory:
in the usual cases the conventional band scheme is applicable, and the material
is insulating, or semiconducting, if the valence band(s) is completely full, and
conduction band(s) empty. The energy gap in these cases is determined by the
interaction of electrons with the periodic lattice potential, and interactions between
electrons do not play a crucial role there, i.e. this conventional gap is obtained
already in the one-electron picture. Here, however, the very insulating character
is determined by the interaction between electrons. This is completely different
physics, and consequently many properties of such states are quite different from
those of ordinary band insulators.

In the situation considered (U > t) the theoretical description should be reversed
as compared to the standard one: whereas usually one takes the first term in
the Hamiltonian (12.1) as the zero-order Hamiltonian and treats the interaction
as a perturbation, here we should invert the description and treat the second
term as the zero-order Hamiltonian, the kinetic energy playing the role of the
perturbation:

Ho = UZni¢ni¢ )
i

/ ; (12.4)
H = —1 Zciacja.
(ij).o

3 It turns out that in the oxides of heavier transition metals such as NiO and CoO another process is important:
charge transfer between metal and oxygen, so that just these oxides which are usually cited as typical examples
of Mott, or Mott—Hubbard insulators, are actually insulators of a somewhat different type — they are called
charge-transfer insulators (Zaanen, Sawatzky and Allen), see Section 12.10 below. However, many of their
properties are similar to those of Mott insulators, and very often one also uses for their description the Hubbard
model (12.1) (although there are situations for which this reduction is not valid).
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12.3 Magnetic ordering in Mott insulators

The state with localized electrons (Mott, or Mott—Hubbard insulator) is a ground
state of our zero Hamiltonian Hy. However, it is not yet a unique state. There is
still spin degeneracy left: each localized electron (localized spin) can have two
orientations, 1 or |, thus the degeneracy is 2 where N is the number of sites.
This degeneracy is lifted by electron hopping (the term 7' in (12.4)). This term,
treated as a perturbation, in the first approximation creates a nearby electron—hole
pair (or a ‘doublon’-hole pair), with energy U, i.e. it creates a polar state which
lies outside the degenerate ground-state manifold. However, a second application
of H' can return us to the nonpolar state, so that the second-order terms in the
perturbation expansion in ¢/ U give nonzero average in the subspace of localized
states. It is these terms which lift the spin degeneracy and give magnetic (here
antiferromagnetic) order.

One can explain the tendency to antiferromagnetism very simply. Consider
two neighbouring sites with one electron at each. There are two possibilities:
their spins may be parallel or antiparallel. The processes of virtual hopping of
electrons (the second-order contributions in H’) giving the energy change § E may
be illustrated as shown in Fig. 12.3. There we show the second-order contribution
to the ground state energy for each case. Here #> comes because of applying the
hopping term H’ twice, and U in the denominator is the energy of the intermediate
state, as always in perturbation theory. In the case of parallel spins such hopping is
forbidden by the Pauli principle, thus the corresponding contribution is zero. But
for antiparallel spins it is allowed, and this extra delocalization of each electron
(virtual ‘excursions’ to neighbouring sites) leads to a decrease of kinetic energy,
according to the Heisenberg uncertainty relation. (Recall that in quantum mechanics
the second-order contribution to the ground state energy is always negative.)

Mathematically one has to calculate the second-order term in perturbation theory
(BIH' EO*IHO H'|a), where |a), | B) are states of the 2V -degenerate ground state man-
ifold. In this subspace we obtain the secular equation with the effective Hamiltonian

1
Heff:H/m S Z e o ]U,cjg,. (12.5)
(u)zw’
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In our subspace with one electron per site (n;4 +n;; = 1) the electron operators
can be expressed via the spin operators:

T 1 T 1 T + ] -
CpCip =Nip =3+ S8, ¢ 6 =nip=5=8, e =8 ey =S,

1

(12.6)
Putting these into (12.5) we obtain that the effective Hamiltonian is*
212
Hegr = const. + 7 Z S; - Sj . (12.7)

(ij)
Check this using commutation relations and the expressions (12.6). Obtain the
value of the constant in (12.7). Express the resulting exchange Hamiltonian through
the projection operators onto the singlet state of the pair of spins i, j, Ps -0 =
i —(S; - §;), and onto the triplet state Ps —; = % +(S; - §;), where (S; - §;) is
the spin correlation function, (S; - §;) = —% for the singlet state (total spin of the
pair Siic = 0), and (S; - S;) = }1 for the triplet state (Siot = 1).

The result (12.7) indeed confirms our qualitative considerations and shows that
the ground state of our system is antiferromagnetic. Such an exchange mechanism
is called superexchange (sometimes one also uses the term ‘kinetic exchange’).
It is the main mechanism of antiferromagnetism in insulators. One can calculate
from (12.7) all standard properties such as spin-wave spectrum, etc. as in Chapter 6.

The Hamiltonian (12.7) also describes thermodynamic properties of our system
when T < U. At T = Tx ~ t?/U the antiferromagnetic order disappears, and
the material becomes paramagnetic. Nevertheless the material remains insulating,
because strong electron correlations are still present and still prevent the formation
of charge carriers. This is an essential difference from the case of spin-density
waves (SDW) which exist in the case of weak interaction due to nesting, see
Chapter 11; in this latter case the material can also be insulating in the SDW state,
but above Tspw, when the SDW disappears, it would become a metal. Here, due to
strong correlations, the situation is qualitatively different (although the description
of the ground state itself may be rather similar in both cases).

12.4 One-particle spectrum of strongly correlated systems

The structure and properties of one-particle excitations in the strongly interacting
Hubbard model is highly nontrivial. This is connected with the electron—electron

4 Here, according to our convention of Chapter 6, the summation goes over all site indices i, j independently, i.e.
every bond is counted twice. If one should count every bond only once, the exchange constant in (12.7) would
be 412/ U.
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interaction, which manifests itself in the strong interaction of electron and hole
excitations with the underlying magnetic structure, or, in other words, interaction
between charge and spin degrees of freedom.

12.4.1 Aproximate treatment (Hubbard I decoupling)

Before discussing these particular questions, we present here the general treatment
of the electron spectrum, using the method of decoupling of the equations of motion
(cf. Section 6.3.1), first used for this problem by Hubbard (it is often called the
Hubbard I decoupling scheme). It will also give us a good opportunity to illustrate
how the method of equations of motion works in general.

Hubbard himself used the so-called double-time Green functions which are
slightly different from the usual Green functions introduced in Chapter 8. For our
purposes it is sufficient to write down the equations of motion for operators.

Let us write down the standard equation of motion for the operators in the Heisen-
berg representation. For the Hubbard model (12.1) (with arbitrary hopping #;;) we
have

wCis = [¢io, H] = Zt,-jcj,a +Uni —4Cio - (12.8)

J

Check this using the standard anticommutation relation for fermions ol e+

i,o~j,o
Cj,o’cza = 5,‘1'800/.

On the right-hand side of this equation we have a new operator n; _c; ,. If we
make a decoupling at this stage, n; _,c; s = (1 —o)Ci.s, we would have a closed
equation for ¢; , which can be solved by Fourier transform. This would correspond
to the Hartree—Fock (mean field) approximation with the bare electron energies
ko — ko T UN_y) = &1 + %U(n) (for the nonmagnetic case, (n;,) = %(n)).
However this approximation does not account for the correlation effects; the system
would remain, in this approximation, a metal.

To correct for this deficiency, we have to keep at least the terms describing
on-site correlations, i.e. we keep the term n; _,c; , and write down the equation
of motion for this term; we will make a decoupling in similar terms containing
operators at different sites. Thus we write

wnj —Cioc = [ni,—aci,a, H]
= tini _oCioc+Un; _oCio+ tii cT c c —cT c, ¢
= iji,—oCj,o i,—oCio ij1%i,~6€j,~oCi,0 j,—oCi,—cCio [ -

J J
(12.9)
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The second term in (12.9) takes this form when we take into account that nifc =
n;_s (ni—s is equal to 1 or 0). Now, we make a decoupling in the first term,
Ni—oCjo = (N _o)Cjo (i # j!). Thelast term drops out after a similar decoupling,

and instead of (12.9) we have the equation

N _sCi.g = Ztl'j <ni’_o'>cj’o' +Uni _Cio - (12.10)
J
Equations (12.8) and (12.10) form a closed set of two equations for ¢;, and
n; _sCig-Solving them (e.g. finding n; _,¢; » from (12.10) and putting it into (12.8),
then performing a Fourier transform) we find the energy spectrum consisting of
two branches (we consider here the paramagnetic state with (n; _,) = (n; ) inde-
pendent of the site index i):

U+tk) 1
0y = —+2 ® | 5\/(U — 1(K))* 44U 1(k) (n_y) (12.11)
which for the half-filled band (n_,) = §(n) = § takes the simple form
U+tk) 1
wi = +T() VU + 2. (12.12)

In contrast to the initial spectrum with the single half-filled band, the spec-
trum (12.12) describes two bands, one centred around w = 0 and another atw = U,
see Fig. 12.4. One can show that whereas the original band contained 2N places
(two per site, with spins 1 and | ), these new so-called upper and lower Hubbard
(sub)bands each contain (for the half-filled case n = 1) only N states (N places),
so that the lower band will be completely filled, and the upper one empty, see
Fig. 12.4. Thus this solution gives an insulating state, which is the Mott—Hubbard
insulator. One can check that the solution obtained is exact for the case of an iso-
lated atom: indeed it gives two energy levels, w = 0 (one electron in the atom) and
w = U (two electrons).
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One can also show that in general the one-electron Green function for electrons
with spin o in this approximation has the form
1 —(n_) (n_q)

Go(k, w) = PR (12.13)

For n = 1 in the paramagnetic phase (n_,) = (n,) = %(n) = %, and we indeed
obtain that there are two poles in the Green function, the strength of each being %,
which corresponds to the number of possible electron states in each subband
being N instead of 2/N. Physically the form of the Green function (12.13) is quite
transparent: in accordance with the general considerations of Chapter 8, it describes
the spectrum of strongly correlated systems, and the probability to add an electron
with spin o at site i with energy w_ ~ 0 is equal to the probability that there is
no electron with spin —o at this site (the term with 1 — (n_,) in (12.13)). If, on
the other hand, there is an electron with spin —o at site i, (n; —,) = 1, then when
we add an electron with o at this site, it will have energy w, ~ U (the term with
(n_q) in (12.13)), see Fig. 12.5.

There are several appealing features in the Hubbard I solution; it indeed describes
the insulating state, which appears due to strong electron correlations, and qualita-
tively its properties are reasonable. However, there are also several drawbacks: the
metallic state for n # 1 does not obey the Luttinger theorem, so it does not describe
an ordinary Fermi liquid; for n = 1 there is a gap in the spectrum (12.12) for any U,
including U « ¢, whereas we expect a transition to a metallic state in this case.
Thus, this approximation does not describe the insulator-metal transition (Mott
transition). It is also noteworthy that this is not a variational state: the energy of the
ground state in this approximation is lower than the exact value.

12.4.2 Dealing with Hubbard bands. Spectral weight transfer

One has to be very careful in using the picture of upper and lower Hubbard
bands and the semiconducting-type analogy of Fig. 12.4: these bands should not
be treated as ordinary bands. Thus, as we see from the expression (12.13), the
residues of corresponding parts of the Green function, which describe the ‘capacity’
of each subband, i.e. the number of states in them, depend on the occupation of
corresponding states, in contrast to the usual bands, each of which has 2N places.
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Here, when we add electrons to our system, the number of states in each subband
changes, or there occurs a transfer of spectral weight between subbands. This is
illustrated in Fig. 12.6. Suppose that there are N, electrons in a lattice with N sites.
In this case there will be N, occupied sites with energy @ ~ 0 (below the chemical
potential), i.e. there will be N, ways to extract an electron from the system, e.g.
by photoemission. On the other hand, there will be (N — N.) empty sites. At each
empty site we can add two electrons with energy w ~ 0, with spins 1 and |, i.e.
there will be 2(N — N.) empty states in the lower Hubbard band, with energies
above the chemical potential. Thus altogether in the lower Hubbard band there will
be N. 4+ 2(N — N.) = 2N — N, states. And if we add an electron to an already
occupied site, we can do it on N, sites, each time adding an electron with the
opposite sign. Thus there will be N. empty places in the upper Hubbard band with
the energy ~ U. In effect, the total structure of the density of states would look
schematically as shown in Fig. 12.6(b), where we mark occupied states below the
chemical potential p by the grey region, and unoccupied states are empty. In total
both these bands contain 2N places, as they should. But we see that, as we change
the number of electrons N., the ‘capacity’ of each Hubbard band, i.e. its spectral
weight, changes; only at N, = N, i.e. n = N./N = 1, would the total weights of
the lower and upper Hubbard bands be equal. This spectral weight redistribution is
a very characteristic feature of systems with strongly correlated electrons. It shows,
in particular, that it may be very difficult in this case to isolate only low-energy
degrees of freedom, as one does, e.g. in the Fermi-liquid theory; there may be a
significant admixture to them of the higher-energy states with energies ~ U. Such
effects are indeed seen in many systems with strongly correlated electrons, for
example in their optical properties.

12.4.3 Motion of electrons and holes in an antiferromagnetic background

One of the most important drawbacks in the original treatment of Hubbard presented
in Section 12.4.1 is the assumption of a nonmagnetic ground state, whereas we have
seen that actually for n = 1 and U > ¢ the ground state is antiferromagnetically
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ordered. This factor can significantly influence the motion of electrons and holes
and it modifies the one-particle excitation spectrum.

Qualitatively one can understand this from Fig. 12.7: if we start from the simple
Néel configuration and add one electron to it, e.g. with spin |, then this extra elec-
tron cannot hop onto nearest neighbouring sites because there are already electrons
with the same spin on these sites, and the Pauli principle forbids this. This hopping
would be allowed if there are spin deviations at neighbouring sites of a thermal
or quantum nature. Thus we can expect that the presence of an antiferromagnetic
background strongly hinders the motion of current-carrying excitations — electrons
or holes.

The simplest way to treat this problem is the following (L. N. Bulaevskii and
D. Khomskii, 1967). Let us start from the antiferromagnetic ground state | D)
and consider one extra electron (or hole) at site i, |i) = cl.T, -1 ®o). Such states are
degenerate, and we seek a solution in the form

Zal el ®o) . (12.14)

From the usual Schrodinger equation
H|W) = E|W) (12.15)
we find, with (12.4),

Y ailjIHli) = (E — Eo){jlj)a (12.16)

(the wavefunction |i) is an eigenfunction of H, with the energy Ey = U). The
matrix elements of 7’ entering (12.16) may be expressed through spin operators
via (12.6), and we get

(jIH'|i) =1 (0] ¢j» Z c}ﬁ,cm o,cj(, 0y =1 (5 +(0S; - §;10)) . (12.17)
(Im),o’

Taking into account also the normalization of the wavefunctions |i), given by

(ili) = (Ol¢; jel 10) =

1
i,ovi,o 2

T (0]5710) (12.18)
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and putting (12.17), (12.18) into equation (12.16), we obtain finally the spectrum
of the extra electron added into the antiferromagnet with n = 1:

1 .
E(k) = U+t(k)m . (12.19)

1
Vi—$

Here we have denoted the nearest-neighbour correlation function (0[S; - S,[0)
as (So-S1), and the sublattice magnetization |(0|Sf|0)| = §. In the mean field
approximation (Sg - 8;) = —S?, and the spectrum of electrons (12.19) takes the
form

E(k)=U +t(k),/1 — S2. (12.20)

We can obtain a similar equation also for a hole in the otherwise half-filled lower
Hubbard band, which will have the same form as (12.20) without the constant
term U.

We see that as a result of antiferromagnetic ordering the motion of charge carriers
is indeed severely hindered: the electron and hole bands significantly narrow,
er = t(k) — t(k), /}t — 82 where § = % (only slightly less in the 3d case due to
quantum fluctuations, cf. Chapter 6). Thus we see that there is very strong interplay
between electron or hole motion and the underlying magnetic structure, so that
charge transport may be strongly reduced or completely suppressed. One sees also
that above the Néel temperature, where the sublattice magnetization S in (12.20)
disappears or the spin correlator (So - S1) in (12.19) is strongly reduced, electron
and hole bandwidths may strongly increase, and conductivity may be significantly
enhanced. This factor may play a certain role in the insulator—metal transition
from an insulating antiferromagnet to a paramagnetic metal (L. N. Bulaevskii and
D. Khomskii, 1970); such transitions occur in many transition metal compounds,
c.g. V203.

There is one drawback in the treatment given above. In the picture described
above, see Fig. 12.7, we have considered the motion of an extra electron added
to the system. However, there is essentially no difference between ‘extra’ and
‘own’ electrons. Thus, instead of hopping of the extra electron which is forbidden
by the Pauli principle, an ‘own’ electron may hop instead at each new step, see
Fig. 12.8. It may seem that this process would lead to a free charge transfer on the
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antiferromagnetic background. However, the actual situation is more complicated
and much more interesting.

In the one-dimensional case this is what does indeed happen, and we have a
separate spinon (a pair of reversed spins at the point where we started this process)
and a holon (or, in this case, a ‘doublon’ — an extra electron, forming one doubly
occupied spin singlet site), which could propagate along the chain. But if we were
to carry out this process in two- or three-dimensional cases, we would see that the
charge carriers could indeed move by this process, but they would leave a ‘tail’
along their trajectory, a trace of wrong spins: each of the sites through which the
hole or electron has passed will have its spin reversed; each such reversal would cost
exchange energy ~ J = 2t2/ U, see Fig. 12.9 where the ‘wrong’ bonds are marked
by thick wavy lines. Thus the farther away from the initial position the electron
moves (nowadays, in connection with high-7, superconductivity, one speaks more
often of holes), the bigger is the energy loss: it will be proportional to J/, where
[ is the length of the trajectory (L. N. Bulaevskii, E. Nagaev and D. Khomskii,
1970). As a result it looks as though the hole moves in a potential which increases
at least linearly with the distance R between the sites, see Fig. 12.10 (if we chose
the shortest — straight — trajectory leading from point O to R). Thus there will be
a constant force pulling the hole back to the origin, which leads to a confinement
of the hole (the hole is localized in the vicinity of its initial position). The actual
motion of the hole may be visualized as a ‘wandering’ with predominant return

to the origin, %, and at each step the spin direction is reversed, so that as a

result in this local region the antiferromagnetic order will be strongly disordered or



12.4 One-particle spectrum of strongly correlated systems 243

Fig. 12.11

modified. The situation somewhat resembles a polaron state, and it may be called
a magnetic polaron: the electron or hole distorts the antiferromagnetic background
and is itself localized in this distorted region. The detailed form of the magnetic
state inside this region is rather complicated and is actually not well known.

In fact the extra energy of the electron which moved distance R from the origin
is not simply a function of R, as with an ordinary potential: it depends on the whole
trajectory along which the electron has travelled, and it is proportional to JI, where
[ is the length of the trajectory, see Fig. 12.11. However, if we take into account
only the least costly, the shortest, i.e. straight trajectory (dashed line in Fig. 12.11),
then we indeed reduce our problem to the motion of a particle in an ordinary
potential, linearly increasing with distance, V(R) ~ JR, as in Fig. 12.10. One can
solve the resulting Schrodinger equation, which for the s-wave is reduced to the
Airy equation. The energy of the ground state is (in a 3d cubic lattice)

E = —6t +9.32113 723 (12.21)

Thus only for J = 2¢?>/U — 0 does the extra electron or hole reach the bottom
of the free-electron conduction band —z¢ (which it would do in the ferromagnetic
case); for a finite antiferromagnetic exchange there is a certain loss of kinetic
energy’ ~ t'/3J23 ~ 33 /U213,

This notion of hole confinement is very important in the modern theory of
strongly correlated electron systems. The term ‘confinement’ here is not accidental:
one can indeed establish a close mathematical correspondence with quark confine-
ment in quantum chromodynamics (in particular there the energy also depends on
the trajectory — the famous Wilson loops). There are several important implications
of this picture. One of the most spectacular is probably that it gives a mechanism of
electron pairing which may be relevant for high-7; superconductors. The picture is
qualitatively the following: one electron moving through an antiferromagnet leaves
a trace of wrong spins and becomes localized, which decreases its kinetic energy.
However, if we have two electrons or holes, the second one can move after the first

5 The description presented above is somewhat simplified. This would be more or less true for the case of Ising
interactions between localized spins. In reality, however, in the case of the Heisenberg interaction the ‘damage’,
the trace of wrong spins left along the trajectory of the electron or hole, can be ‘repaired’ due to terms of the type
STS~ in the Heisenberg Hamiltonian. Also one can shift a hole along the diagonal of a plaquette by moving
it around this plaquette 1.5 times (Trugman’s trajectories). Both these effects, however, are weak and do not
change the main qualitative conclusions.
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one, ‘repairing’ the damage done, so that such a motion of the pair would not cost
this exchange energy and the pair would not be confined. As a result the pair would
move freely, and the corresponding gain in kinetic energy may well be the physical
source of pairing in high-7;. superconductors.

12.5 Ferromagnetism in the Hubbard model?

The same physical factors described above were used as an argument that for large
enough U/t one can get ferromagnetic ordering in the Hubbard model. Indeed, the
motion of electrons or holes is completely unhindered if the background magnetic
ordering were ferromagnetic instead of antiferromagnetic. In this case the energy
spectrum is equal to the ‘bare’ spectrum & = t(k), and the electron can gain
energy ~ W, where W is the bandwidth, W = 2z¢ (the electron occupies the state
at the bottom of the band, which for a ferromagnet has the full width 2z¢, without
narrowing due to spin correlations). Nagaoka has proven that this is indeed the
case if we consider the system with U = oo and with one extra electron or hole
(Ne = N £ 1) in a bipartite lattice (which can be subdivided into two sublattices).
This rigorous proof is, however, valid only in this somewhat artificial case; it is not
known whether such a state would exist in the thermodynamic limit, with a small
but finite concentration of holes when the total volume of the system or the total
number of sites goes to infinity.

After the work of Nagaoka the question of the possible existence of ferromag-
netism in the simple nondegenerate Hubbard model (12.1) attracted considerable
attention. Very detailed numerical calculations have shown that there may indeed be
aregion in the (n, U/t) phase diagram in which the ferromagnetic state is a ground
state. However, the exact boundaries of this region are not really known. They can
also depend on the type of underlying lattice, so that for some lattices, such as
simple cubic or bcc, ferromagnetism may even be absent altogether, whereas for
other types of lattices, e.g. for the fcc lattice, it can exist for one type of doping,
e.g. for electrons, but be absent for holes, or vice versa.

There exist special cases (e.g. with flat bands) for which one can rigorously
prove that the ferromagnetic state is the ground state. But these cases are somewhat
artificial. Thus the question of the existence of ferromagnetism in the nondegenerate
Hubbard model in different situations is still not completely solved (see also the
next section).

12.6 Phase diagram of the Hubbard model

Let us discuss the possible states of electronic systems described by the Hubbard
model (12.1) in the whole (n, U/t)-plane. We have seen that for n = 1 the system
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is insulating and antiferromagnetic for U/t > 1. However this state can extend
down to small U for bipartite lattices and for nearest-neighbour hopping: in this
case we have the band structure with the nested Fermi surface (condition (9.37)
is satisfied), and according to the treatment in the previous chapter, an SDW state
will exist even for weak interactions. (In this case the deficiency of the Hubbard I
solution mentioned above — the fact that it gives an insulator even for U < t — is
not really a drawback.) However, if we break the nesting, including, e.g. further
neighbour hopping, the insulating antiferromagnetic state will exist only above a
certain critical value of U/¢. An open question here is whether the magnetic order
and the energy gap would disappear simultaneously; there are some arguments that
this need not be the case, and an intermediate metallic antiferromagnetic phase
may exist.

When we go away from n = 1, there will be competition between the kinetic
energy of extra electrons and holes, which ‘does not like’ antiferromagnetism and
tends to destroy it, and the exchange interaction of remaining localized spins (this
was partially discussed in previous sections). In this situation several possibili-
ties exist: antiferromagnetism may exist up to a certain doping § = |1 — n|, after
which kinetic energy starts to dominate. Antiferromagnetic order is stabilized by
the exchange interaction J = 22 /U. However, as we have seen, in the antiferro-
magnetic state we lose the kinetic energy of extra electrons. If we change the order,
e.g. to ferromagnetic order, we gain kinetic energy ~ ¢|1 — n| = ¢§. Thus one can
expect a cross-over to ferromagnetic ordering at

t
§=[1-nl>—. 12.22
[1=nlz = (12.22)

For U — oo this critical value of doping tends to zero, § — 0, which is consistent
with the Nagaoka theorem. Nagaoka himself obtained the corresponding criterion
in the form

t
02465 > - . (12.23)

However, there exist other possibilities as well. One can show that if one considers
only homogeneous solutions, this cross-over from antiferromagnetic to ferromag-
netic behaviour occurs not abruptly, but proceeds via intermediate phases. One
such phase may be canted antiferromagnetism, Fig. 12.12 (D. Khomskii, 1970). In
this state two antiferromagnetic sublattices are preserved, but their moments are
canted so that a ferromagnetic component appears. The canting angle « increases
with doping 8, and at a certain critical § (close to the Nagaoka estimate (12.23))
o — m/2, i.e. the ordering becomes ferromagnetic. The resulting phase diagram
has the form shown in Fig. 12.13. Yet another possibility is that the intermedi-
ate phase, instead of a canted two-sublattice structure, would correspond to spiral
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ordering with the wavevector @ decreasing with increasing §; at § = §., @ — 0,
i.e. the spiral state becomes ferromagnetic. This possibility may be understood
using the arguments given in the previous chapter in treating charge and spin den-
sity waves: for § # 0 the Fermi momentum of noninteracting electrons deviates
from the value kp, = (%, %, ...) which it had for n = 1 (or § = 0), and the SDW
with the period determined by 2kg(8) may be the most stable solution.

A lot of effort was devoted to the study of the opposite case — the limits of
stability of ferromagnetism when the doping § becomes large, or the concentra-
tion of electrons n becomes small. From the arguments presented in Section 11.7,
cf. equation (11.78), one can conclude that at least in the low-density limitn — 0
our system should be in the nonmagnetic Fermi liquid state even for very strong
interactions. If this is true there should be a certain critical concentration . depend-
ing on U/t, below which ferromagnetism should disappear. Different approximate
schemes give for n.(U/t — o0) the values ~0.2-0.4. Howeyver, this question is still
open: as already discussed in the previous section, first of all it is not yet rigorously
proven that ferromagnetism ever exists in the thermodynamic limit (the Nagaoka
state may be just a singular point). There are some arguments that ferromagnetism
may be stabilized only in the presence of orbital degeneracy or of the other bands.
Second, the applicability of the low-density approximation (ladder summation) of
Chapter 11 in the case of very strong interaction can also be questioned: it may
turn out that the results actually depend on whether we first take the limit n — 0
and then U — o0, or whether we take these limits in the opposite order. Thus the
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real form of the phase diagram of the Hubbard model is actually still unknown.
The situation is even more complicated because of the possibility of the existence
of spatially inhomogeneous solutions; see the next section.

12.7 Phase separation

In the previous treatment we have considered only spatially homogeneous solu-
tions. However, this is not the only possibility. We have already seen that due
to competition between kinetic energy and antiferromagnetic exchange an elec-
tron may become localized in a magnetically distorted region. For example, this
microregion may have ferromagnetic ordering. Such a ferromagnetic microregion
is called a ferromagnetic polaron, or ferron (E. L. Nagaev). Recently the same
object, introduced in the context of high-temperature superconductivity, was called
a spin-bag (J. R. Schrieffer).

One can easily estimate the size of such a ferromagnetic polaron. If we create
a ferromagnetic region of radius R, the loss of exchange energy is 4T”R3J . The
lowest electron energy level in such a potential well is approximately —z + ¢/R?,
so that the total ferron energy is

E(R) = 4—”R3J L (12.24)
3 R?
Minimizing (12.24) in R, we find
1/5
Ry =~ <?> ; Eo=E(Ry) = —tz+1t"P U = —tz 4 P,
(12.25)

Thus the size of such a ferromagnetic region becomes infinite when U — o0, so
that it will occupy the whole sample, in agreement with the Nagaoka theorem.
The general situation can then be visualized as an antiferromagnetic background,
with doped electrons or holes localized in ferromagnetic ‘bubbles’ created by
themselves.°
Now we can take one step further. If one electron is localized in a ferromagnetic
region, why not two, or three, etc.? In other words, would it not be more favourable
to create one big ferromagnetic region, containing all the doped electrons, leaving
the remaining part of the crystal doping-free and antiferromagnetic? This is the
6 Comparing (12.25) with (12.21) we see that for J < 7 (or t < U) the energy of the ferromagnetic microregion
is slightly higher than that of the ‘string’ solution (12.21), which makes the ferron state less favourable,
see Fig. 12.14. Thus one should conclude that most probably the distorted spin microregion would not be
simply ferromagnetic; only for / — 0 or U — oo may they become degenerate. Nevertheless the picture of
ferromagnetic ‘droplets’ accounts for at least a part of the physics involved, and it can be used for qualitative

arguments and for crude numerical estimates (mathematically it is much simpler than the picture of confinement
of Section 12.4).
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idea of phase separation in the Hubbard model, first put forth in 1974 by Visscher
and rediscovered later by many researchers, notably by Emery and Kivelson.

One can indeed give simple arguments that this can be the case in the partially
filled Hubbard model. Suppose that phase separation takes place, and let us calculate
the energy of such a state. If we have the average doping concentration§ = N,/ V =
(N — Ng)/V (Vy is the number of holes), and out of the total volume of the
system V the part V; is ferromagnetic, with all Ny, holes (or extra electrons) inside
it, their actual concentration in this region will be §; = N,/ Vr = (V/V;)$. The
remaining part of the sample V, = V — V; is antiferromagnetic. The energy of this
antiferromagnetic region is

14

The energy of the ferromagnetic region consists of two parts: the magnetic energy
+J Vi and the energy of holes or extra electrons in this region, whichis ~ —rz8;Vy +
tVfoS /3. holes move freely on the ferromagnetic background and occupy the states
from the bottom of the hole band, —¢z, up to the Fermi energy, —tz + tp%, with p13: ~

Vi
Ef~—JV,=—-JV (1——) . (12.26)

d¢. Then the energy of electrons occupying the states up to pg is ~ fop r %zd 3p ~
pf; /m, which, withm ~ ¢~ and pg ~ 8fl / 3, gives the energy presented above. Thus
the total energy of the ferromagnetic region is

Er=+J Vi — 1z Vide + 1 V48, (12.27)

Denoting V;/V by y and minimizing the total energy E, 4+ Ef in y, we obtain
finally (we recall that 6 = (V/ V})é):

% ANG
Yo = (Vf) - (7> 5, (12.28)
0

and the total energy of this phase-separated state is

£2 £\
Ey/V = _E — 178 + 16 (E) (12.29)
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(cf. equation (12.25)). Thus we see from (12.28) that formally the doped system
described by the Hubbard model (with only short-range interactions!) would phase
separate for all doping 8§ = |1 —n| < (¢/U)*>, until the ferromagnetic fraction
y = V¢/V occupies the whole sample.

One should compare this state with other possible states. The possible homoge-
neous states are, e.g. the antiferromagnetic one, the ferromagnetic one and the state
with canted sublattices. The antiferromagnetic state is evidently not good: in the first
approximation electrons in it are immobile, see, e.g. (12.19), (12.20). As we have
seen above, the ferromagnetic state may become favourable for the concentration
of extra charge carriers § exceeding a certain critical value, which for the homoge-
neous case is given by (12.23). The energy of the homogeneous canted phase may
be easily calculated using the scheme similar to the one used above, see (12.27),
but with the effective hopping matrix element ¢t — fo =~ 1 LS5 Cgee (12.19).

J1/4-52
1

For the canting angle o we find (Sp - S;) = —‘1‘(1 —2sin’@), S = (S%) = 5 cosa,
and f. = t sin . Putting these expressions into the total energy

E™) Y = J(So - 81) — terrzd + ter8”/° (12.30)

(cf. (12.27)), and minimizing in o, we find for small &

sU
sino ~ —— | (12.31)
4t

which gives the critical concentration §. for the transition from the canted to the
ferromagnetic state (« — 7/2), a value consistent with (12.23). For § < §. the
energy of the canted state is
canted 2 2
B, _ Uz 8% . (12.32)
1% U 8
If one compares (12.32) with (12.29), one sees that the phase-separated state
definitely has lower energy than ‘the best’ homogeneous state — the canted one —
for small 8.
From (12.28) we find that with increasing § the volume of the ferromagnetic
state increases, and this phase will occupy the whole volume, y = V;/V — 1,
when the doping concentration is

£ N5
§ > ph-sep ~ (5) . (12.33)
Comparing this expression with (12.23), we see that the phase-separated state
survives up to higher values of § than the homogeneous antiferromagnetic state.
The energies of different states discussed have the form shown schematically in
Fig. 12.15. Thus we can conclude from these arguments that the phase-separated
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state is indeed quite feasible for the partially filled Hubbard model at least in the
strong interaction case U > ¢. Thus instead of the phase diagram of Fig. 12.13
we may have not the canted intermediate phase but phase separation in this (and a
somewhat wider) region.

The treatment given above is of course not rigorous. We have not taken into
account possible local spin distortions close to electrons or holes, and we have not
considered quantum fluctuations. We have also compared the energies of only a few
possible states. Nevertheless the conclusion that there may occur phase separation
in the Hubbard model is very plausible. This is also confirmed by recent numerical
calculations (which, however, are mostly carried out in the so-called —J model,
which is often used as a substitute for the strongly interacting Hubbard model —
see the next section).

In real materials there exists a factor which is missing in the Hubbard model —
the long-range Coulomb repulsion between electrons. It is clear that it will strongly
counteract the tendency to phase separation discussed above: the requirement of
electroneutrality is usually very strong and it would prevent large-scale phase
separation. However, such phase separation can still be present if there exist, e.g.
mobile ions in the material which can guarantee electroneutrality; this seems to
be the case in oxygen-rich high-T, superconductors, e.g. in La,CuQOy,,, where
phase separation is observed experimentally. Although it is not yet completely
clear whether the mechanism of phase separation in this case is the one described
above, this is most probably the case.

Another option could be that the intrinsic tendency to phase separation is still
there, but long-range Coulomb forces will prevent the formation of large charged
regions, and phase separation will be ‘stopped’ at a certain length-scale — charged
regions forming, e.g. small droplets each containing a finite number (30, or 130,
or some other number) of doped electrons and holes (‘frustrated phase separation’
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of Emery and Kivelson). These phase-separated regions can also have different
shapes (e.g. linear stripes), they can have their own dynamics, etc.

Note also that the homogeneous canted state described above is actually abso-
lutely unstable. Indeed, according to equation (12.32) its energy is a concave
function of the electron density 6 = N/V or of the volume V. Correspondingly,
this state has negative compressibility, k! = V(32E/dV?) < 0, and formally (in
the absence of long-range Coulomb forces) it would be absolutely unstable with
respect to phase separation.

12.8 7—J model

When considering strongly interacting systems, one often uses instead of the Hub-
bard model the so-called —J model. In the Hubbard model each site can have
four possible configurations, |0), [1), |{) and |1 ). For strong interactions, U > t
and n < 1, the last state — the ‘doublet’ — has much higher energy than the other
three (~ U instead of ~ t). Thus one can project it out and consider only the
states with occupation one (|1), |} )) and zero (|0)).” Of course, as we have seen
above, these doubly occupied states are actually very important: they determine
the antiferromagnetic exchange (12.7), and they participate in the spectral weight
transfer at doping, Section 12.4.2. However, in the superexchange process they
are only virtually occupied; the Hamiltonian (12.7) acts on the subspace of singly
occupied states. Thus we can ‘get rid’ of these states, taking them into account
only implicitly, in the exchange interaction (12.7). As a result we have to keep
in our model terms of two types: those describing magnetic exchange between
neighbouring sites each having one electron, and those describing the motion of
the holes, if present. The resulting Hamiltonian is written as

H=> 18,0+ S-S, (12.34)
ij ij

Here we can treat the parameters ¢ and J as independent parameters, instead of  and
U in the Hubbard model. We can even formally consider the situation with J X ¢
(although strictly speaking one can obtain the exchange interaction — the second
term in (12.34) — from the initial Hubbard model only in perturbation theory in
t/U,i.e.inreality J ~ t?/U should be definitely less than ¢).

One should only be careful in dealing with the model (12.34) in that the operators
&', ¢ are strictly speaking not the usual Fermi operators (although they are often
treated as such): one should remember that they describe the motion of electrons,
or rather holes, on the background of other electrons. Nevertheless with careful
enough treatment the r—J model (12.34) may be used to calculate certain properties

7 Technically one can do this, e.g. by using the so-called Gutzwiller projection, see, e.g. Fazekas (1999).
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of strongly interacting systems. This is especially useful in numerical calculations,
because the reduction of the total number of states in this model as compared to
the Hubbard model is very desirable for such calculations.

The possibility of phase separation exists also in the /—J model, and it is even
much easier to see it here, especially for the somewhat unphysical case of large J /t.
Indeed, when we have, e.g. two holes far from each other, we lose z antiferro-
magnetic bonds around each of them, see Fig. 12.16(a) (in this case four bonds
per hole). However, if we put these holes close together, we lose fewer bonds
(here only six bonds instead of eight), Fig. 12.16(b). Thus if J/¢ is large, we
gain energy by putting holes together, i.e. we have a strong tendency to phase
separation.

12.9 Orbital ordering in the degenerate Hubbard model

The main physical objects for the application of the Hubbard model are transition
metal compounds. If one wants to make their description more realistic, one has
to take into account the fact that, besides the spins, there exist also orbital degrees
of freedom for d electrons. In atoms the d levels (I = 2) are five-fold degenerate
(I* = £2, £1, 0). This degeneracy is partially lifted in a crystal: e.g. in a cubic
crystal field the five-fold degenerate levels are split into a triplet — so-called #p,-
levels, and a doublet e,. Thus, in an octahedral coordination this splitting is as shown
in Fig. 12.17(a). When one fills these levels by electrons, for instance according
to Hund’s rule (i.e. having maximal total spin possible, or, in other words, putting
one electron after the other with parallel spins until they fill all five levels, and
only then starting to fill these levels with electrons with opposite spin), one can
still have situations with orbital degeneracy. This is, for example, the case for Cu?*
(configuration d’, one hole in a doubly degenerate eg level) or for Mn3+ (d*, three
electrons with parallel spins in 7, levels and one electron with the same spin in an
e, level), see Fig. 12.17(b).

There exists the well-known Jahn—Teller theorem which states that the situation
with such degeneracy is unstable (it does not correspond to the energy minimum).
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The only degeneracy permitted in the ground state is the Kramers degeneracy, i.e.
spin-degeneracy, spins 1 and |.® This may be quite simply explained as follows:
suppose we make a certain distortion of the atoms surrounding our transition metal
ion, for example we make an elongation of the oxygen octahedron surrounding
the transition metal ion in an oxide (this is the typical situation in systems such as
LaMnO; etc.), see Fig. 12.18(a). Due to this distortion there will appear a certain
noncubic potential 6V which will be a perturbation in our problem. It will be
proportional to the distortion u, §V ~ Au.

8 Interestingly enough, as Teller himself wrote in the ‘Historical Note’ in the preface to the book of R. Englman
The Jahn—Teller Effect in Molecules and Crystals, John Wiley, London, 1972, the idea of the Jahn—Teller effect
could be attributed to Landau. Teller wrote:

‘In the year 1934 both Landau and I were in the Institute of Niels Bohr at Copenhagen. I had many discussions.
I told Landau of the work of one of my students, R. Renner, on degenerate electronic states in the linear C O,
molecule. . . . He said that I have to be very careful. In a degenerate electronic state the symmetry on which this
degeneracy is based . . . will in general be destroyed. . . .

‘T proceeded to discuss the problem with H. A. Jahn who, as I, was a refugee from the German university.
‘We went through all possible symmetries and found that the linear molecules constitute the only exception. In
all other cases Landau’s suspicion was verified. . . .

“This is the reason why the effect should carry the name of Landau. He suspected the effect, and no one has
given a proof that mathematicians would enjoy. Jahn and I merely did a bit of a spade work.’

Of course Teller underestimated the importance of his contribution: this ‘spade work’ was extremely useful
and played a crucial role in starting quite a big field. But it is also striking how often the name of Landau appears
in this book: Landau theory of phase transitions; Landau criterion of superfluidity; Ginzburg—Landau equations
for superconductors; Landau Fermi-liquid theory. And as we see now, his name is also intrinsically connected
with the Jahn-Teller effect, and also with the insulator-metal (Mott) transitions, see Section 12.2.
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It is known that in the degenerate case the splitting of energy levels is linear in
the perturbation, E.) = Ey £ Au. At the same time the change of the lattice energy
at the deformation is quadratic, Eaice = %Bu2 (dashed line in Fig. 12.18(b)). The
resulting energy levels as a function of distortion look as shown in Fig. 12.18(b).
As a result there will appear a nonzero distortion at any coupling strength A. The
instability towards this distortion is called the Jahn—Teller effect. Due to coupling
between different sites in the concentrated system we have a cooperative Jahn—
Teller effect, which can lead to a structural phase transition which decreases the
symmetry of the crystal and lifts the orbital degeneracy.” (Note the similarity of
this effect and the Peierls instability discussed in Chapter 11, see (11.6), (11.7).)
After this structural transition the degenerate orbital levels at each site are split in
a certain way, and electrons occupy the lowest orbitals. Consequently we can call
this process orbital ordering.

Different orbitals have different wavefunctions and different distributions
of electron density. Thus the two degenerate e, orbitals have wavefunctions
\/Lg(gf —r?) = %8(212 —x2 — y»and %@(x2 — y2) (or their linear combinations).
Correspondingly, in the first one the electron density is predominantly oriented
along the z-axis, whereas in the second one it has the form of a flat ‘cross’ in
the basal plane, see Fig. 12.19. It is clear that occupation of the orbital |3z% — r2),
Fig. 12.19(a), would cause a tetragonal elongation of the Og octahedra around such
anion, like that shown in Fig. 12.18(a): the negative electron density extended along
the z-direction would push away negatively charged apical oxygens O*>~ (and to
conserve the volume the in-plane oxygens would move in). Vice versa, after such
a distortion the Coulomb energy of this orbital would be smaller than that of the
|x? — y?) orbital of Fig. 12.19(b), i.e. the doubly degenerate e, levels of Fig. 12.17
would be split by such tetragonal elongation so that the |3z — r2) level goes down,

% For an isolated centre of this type, e.g. for a Jahn—Teller impurity, the situation may be more complicated:
because of the degeneracy of several minima, e.g. two minima at Fug in Fig. 12.18(b), there may occur
quantum tunnelling between them. The resulting situation is known as the dynamic Jahn—Teller effect.
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and |x% — y?) level goes up. For the orbital |x*> — y?) of Fig. 12.19(b) the situation
would be the opposite: it will be stabilized by the compression of the Og octa-
hedra along the z-axis.'” (For one hole in e, orbitals, as, e.g. in Cu?* with nine
d electrons, the sign of the charge on the ‘hole orbital’ and corresponding distortion
would be reversed, so that, e.g. the |x?> — y?) hole orbital on Cu’>* would coexist
with elongated octahedra.)

When an electron occupies one of these orbitals, the ion acquires a quadrupole
moment; thus we can also say that such an orbital ordering is simultaneously a
quadrupolar ordering (this terminology is often used for similar phenomena in
rare earth systems). Strictly speaking the order parameter for such a transition, in
the sense of Landau expansion, is indeed a second rank tensor — the quadrupolar
moment, although in specific cases one often uses different, technically simpler,
descriptions, see below.

Let us consider, for example, orbital ordering for the case of double degeneracy
for U > t and with one electron per site, n = 1. In this case each localized electron
will be characterized not only by its spin o (0° = j:%), but also by the index of
the orbital occupied, « = 1 or 2. One can map this extra double degeneracy into
an effective pseudospin 7 = %, so that, e.g. orbital 1 corresponds to 7% = —i—%, and
orbital 2 to t° = —%. Orbital ordering in this language corresponds to ordering of
these pseudospins 7. In different situations it may be, for example, a ferro. orbital
ordering (the same orbital is occupied at each site), i.e. local distortions around
each transition metal ion are the same — we have then the total ferro. distortion of
the whole crystal. Or it may be that different orbitals are occupied at neighbouring
sites, and we can then speak about antiferro. orbital ordering.

The mechanisms leading to such orbital ordering may be different. It may be the
electron—lattice interaction which was invoked when we discussed the local Jahn—
Teller effect, Fig. 12.18: the coupling between local distortions on different sites
will finally lead to a cooperative structural transition and to corresponding orbital
ordering. Or it may be an exchange interaction, similar to the one discussed for
the nondegenerate case in Section 12.3, which would couple orbital and magnetic
orderings. The model describing all such situations is the degenerate Hubbard
model

Z Zaﬁ :ra” Cjpo +U an“" Nigo’ — Ju Z(z +28;1-8i2) .
(ij),opB i,ap

o oo’

(12.35)

10 Besides the Coulomb, or point-charge contribution, there exists another factor, adding to the coupling between
local distortion and splitting of degenerate orbitals with corresponding orbital occupation: the covalency
between d orbitals of transition metals and p orbitals of ligands (e.g. oxygens). Usually these factors, Coulomb
repulsion and covalency, work together and add up, stabilizing the same orbitals.
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Fig. 12.20

Here «, B =1, 2 are the orbital indices. We also included the last term which
describes the intra-atomic exchange responsible for Hund’s rule (it is absent in the
nondegenerate case, in which two electrons at the same site may only have opposite
spins).'!
Suppose that there exists only hopping between the same orbitals, t'! = 22 = ¢,
= 0. Then we have the following four situations for the pair of doubly degenerate
sites, shown in Fig. 12.20. (These four possibilities replace the two configurations
which existed in the nondegenerate case, cf. Fig. 12.3.) As in the nondegenerate
case, we have here also an extra energy decrease due to virtual hopping of electrons
into neighbouring sites.
Whereas in the nondegenerate case these virtual hoppings provided the mecha-
nism for antiferromagnetic ordering, we see that here the same superexchange will

t12

lead simultaneously to both spin and orbital ordering: in our simple model the third
configuration (c) (same spin/different orbitals) has the lowest energy, because in
this case in the intermediate state two electrons at the same site have parallel spins,
which decreases the energy of this state (the denominator in Fig. 12.20(c)) due
to Hund’s rule interaction. Thus, one may expect that in a concentrated system in
such a situation there will be ordering ferromagnetic in spin and ‘antiferro.” orbital
ordering. This mechanism of orbital ordering (Kugel and Khomskii, 1972, 1982)
acts simultaneously with that due to lattice distortion (the conventional Jahn—Teller
mechanism), and there are some indications that in some cases it can even be
the dominant mechanism. (Of course, if there occurs orbital ordering due to the
exchange interaction, the lattice would ‘follow’, so that such ordering will always
be accompanied by the corresponding structural change.)

Mathematically one can describe this situation writing down the effec-
tive exchange Hamiltonian analogous to (12.7). Here, however, each site is

11" Actually the Hund’s rule coupling is not really an exchange interaction: it is rather the difference between
direct density—density Coulomb repulsion of electrons with parallel and antiparallel spins. Indeed, due to the
Pauli principle the electrons with parallel spins ‘avoid’ each other (they have an antisymmetric coordinate
wavefunction), so that on average they are further away from each other and consequently experience weaker
Coulomb repulsion, which decreases the energy of such a state. But phenomenologically one can describe this
effect by the exchange interaction (the last term in equation (12.35)).
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characterized not only by the usual spin, but also by the orbital index which can be
mapped onto the pseudospin 7 = %, as explained above. The resulting Hamiltonian
has schematically the form

H = Z{]S Si . Sj + ]f T T + JSr(Si . Sj)(fi . Tj)} , (12.36)

i.e. it describes both spin and orbital degrees of freedom which are coupled by the
last term in (12.36). (The actual form of this Hamiltonian in real systems may be
more complicated, e.g. anisotropic in T operators.)

One of the interesting consequences of this treatment is the possibility of having,
besides the ordinary spin waves, also a new type of elementary excitations: orbital
waves — ‘orbitons’ (they will, however, be strongly mixed with phonons), and
possibly also coupled spin—orbital excitations.

Orbital ordering has important manifestations in many properties of correspond-
ing systems, but especially in their magnetic behaviour. Orbital occupation to a large
extent determines the magnitude and even the sign of the exchange interaction
and, consequently, the type of magnetic ordering. This constitutes the essence of
the so-called Goodenough—Kanamori—Anderson (GKA) rules — see, for example,
Khomskii (2001).

The importance of orbitals for magnetic exchange is already clear from the
simplified Hamiltonian (12.36). Indeed, if for example Jg,; > Jg, then, depending
on the type of orbital ordering, characterized by the correlation function (z; - 7;),
the sign of the total magnetic exchange Jg + Js;(7; - T;) may change.

In general, the GKA rules determine the type of exchange interaction for different
local coordinations and for different orbital occupation. Without going into details,
one can formulate simplified GKA rules in the following way:

(1) If on neighbouring magnetic sites the half-filled orbitals (having one electron)
are directed towards one another, we would have a rather strong antiferro-
magnetic coupling. (In fact, this case is equivalent to the case of the simple
nondegenerate Hubbard model of Section 12.3.)

(2) If, however, on one site we have a half-filled orbital, but on the neighbour-
ing site the corresponding orbital directed towards the first site is empty or
full (has two electrons), then the exchange interaction between these two
ions will be ferromagnetic, but weaker. This is actually the case schemat-
ically shown in Fig. 12.20(c), (d): the ferromagnetic ordering, case (c), is
more favourable, but the energy difference between this and the antiparal-
lel spin configuration, case (d), is small: instead of the conventional anti-
ferromagnetic exchange J ~ t2/U, see equation (12.7), here the exchange
(proportional to the energy difference between parallel and antiparallel spin ori-
entations) is J ~ (t2/U)(Jy/ U) where we have used the expansion in J/ U in
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denominators of the energies in Fig. 12.20(c), (d) (typical values for transition
metal ions are U ~ 4-5¢eV and Jy ~ 0.8eV).

Interestingly enough, the second GKA rule gives the possibility to get ferro-
magnetic ordering in magnetic insulators. This is not a common phenomenon:
most often insulators with strongly correlated electrons are antiferromagnetic, and
we usually get ferromagnetism in the metallic state. This is also clear from the
discussion of Sections 12.5 and 12.6: we saw there that ferromagnetic ordering
appears usually when we have partial occupation of corresponding states, n # 1,
which are metallic (see also below, Section 13.5). And in fact the main mechanism
of making ferromagnetic insulators is that with the appropriate orbital ordering,
described above.

In dealing with real magnetic materials one has to take into account many specific
details, such as the type of crystal lattice, the detailed character of the ‘active’
orbitals, etc. Accordingly, the actual GKA rules are much more detailed than the
simplest cases described above, see, e.g. Goodenough (1963) and Khomskii (2001).
But the general conclusion remains the same; specific types of orbital occupation
largely determine the magnetic properties of corresponding systems.

12.10 Charge-transfer insulators

Until now, even when discussing systems with strongly correlated electrons, we
have only considered the correlated electrons themselves — for example, electrons of
partially filled d shells in transition metal compounds. When we want to describe
real materials, e.g. transition metal oxides like NiO or La,CuQ4 — the parent
compound of high-T, superconductors — we may need to take into account the other
constituent atoms in these compounds, notably oxygen ions. We already partially
touched upon this problem in the previous section when we spoke about crystal
field splitting of d levels due to interaction of d electrons with the surrounding ions.
Since the main objects to which this treatment is usually applied are transition
metal oxides, one often speaks about oxygen ions surrounding a transition metal
ion, see Fig. 12.18(a), although in other cases these may be halogen ions such as
F~,Cl,...,orS?, Se?~, etc. The general term used for such anions surrounding
a given metal ion is ligands, and the splitting of d levels by the crystal field due
to interaction with these anions is also called ligand field splitting. However, the
role of these ligands does not reduce only to determining the detailed character of
d-levels; it may be much more significant.

Consider, as an example, transition metal compounds with the general formula
A BQOs, of the type of LaMnO3 or GdFeOs (they are called perovskites). These sys-
tems basically consist of a simple cubic lattice of transition metal ions (Mn, Fe, . . .)
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with oxygens located in the middle of the edges, see Fig. 12.21. Here crosses are
transition metal ions, and circles are oxygens. A-ions (La, Gd) are located at the
centre of the cube shown in Fig. 12.21. (In real systems there often appear certain
weak distortions of this structure, which, however, are not important for us at the
moment.)

We see that here transition metal ions are separated by oxygen ions, which,
generally speaking, reduce the dd-hopping ¢ in the Hubbard model, and can make
the corresponding system a Mott insulator, with all the consequences thereof. But
this also leads to another consequence: in fact in this case the distance between
d ions is so large that one can practically neglect direct overlap of the d functions
themselves. However, instead we have a relatively large overlap of d orbitals of
transition metals with 2p orbitals, the valence orbitals of oxygen. The hopping of
d electrons from one site to the other actually occurs via intermediate oxygens, see
Fig. 12.22.

In many cases one can exclude these oxygen p orbitals and reduce the problem
to that of d electrons themselves, described by the Hubbard model (12.1) or its gen-
eralization (12.35). However, this is not always possible: there may exist situations
in which one has to take into account oxygen p states in an apparent way.

The general model would then be the one which includes both d electrons of
the transition metal ions and p electrons of oxygens, with the hybridization (or
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hopping) between them. According to our general arguments, for d electrons we
definitely have to take into account the electron—electron (Hubbard) repulsion. As
the p electrons of oxygen have larger radius, one can in the first approximation
neglect the corresponding Coulomb (or Hubbard) repulsion of electrons on oxygens
(but generally speaking one has to include it as well).

Thus the general Hamiltonian describing this situation can be written as

H= €d Zdjodia + €p Z p.J]rUij + Z (I(Pd)i]'d;ropja + hC)
i,o

j.o ij,oo’

+Uda Y nait naiy + Upp D _npisnpjy + Upa Y Naio Npjor - (12.37)

J ij,oo0’

Here we have used the self-evident notation d, d for d electrons and pf, p for
oxygen p electrons. We also consider the simplest case, ignoring orbital degeneracy
of d electrons, and taking into account only one p orbital — that directed towards
neighbouring transition metal ions in Fig. 12.22. In real systems one has to use
different p orbitals for different oxygens surrounding a given d ion. We have also
included not only the dd interaction, but also pp and pd repulsion, although in most
of this section we will only take into account U4, denoting it simply U.

The elementary hopping process described by the Hamiltonian (12.37) is the
transfer of an electron from the filled 2p shell of O>~ to the d ion. This costs the
energy

A=¢g;— &p + Ujg - (12.38)

This is called the charge-transfer energy. It can also be defined as the energy
required to go from the initial configuration d”" p® to the excited configuration
4"+l pS‘

Alternatively one could formulate the model in terms of d and p holes. Then
the hopping process would be the hopping of a d hole from a transition metal to
an oxygen. This is sometimes more convenient, and the corresponding description
is usually used, for example, to describe high-7, cuprates. The corresponding
Hamiltonian would look the same as equation (12.37), but one has to interpret d,
d, p!, p as the creation and annihilation operators not for d and p electrons, but for
d and p holes (and one has to redefine the corresponding energies, see Fig. 12.23).

In the electronic representation the typical energy scheme for the simplest case
with one d electron looks as shown in Fig. 12.23(a), with the charge-transfer
energy marked. One has to remember, however, that this is not a one-electron
energy diagram, and the level g4 4 U is the energy of a state with two electrons on
the same d ion (thus, in the nondegenerate case, necessarily with opposite spins).

An alternative energy level scheme in the hole representation would look simpler,
Fig. 12.23(b). Here the arrow denotes the hole, i.e. one missing electron on the d
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level, and there are initially no holes on the oxygen (O?~ with filled 2p® shell). The
excitation energy will then be simply the energy difference between oxygen and
transition metal hole levels &; and &, and

A=8,—8, (12.39)

which makes it much simpler to draw and to deal with. Thus we will mostly use
this scheme from now on, using the Hamiltonian (12.37), but having in mind that
it describes holes with corresponding hopping and interactions, i.e. Ugq, U, etc.
would denote the hole-hole interaction. (One has to be aware that the definitions of
the hole energies &, and &, in fact should contain the information on the interactions
included in the Hamiltonian (12.37), which become especially important when we
are dealing with the real situation with possibly many d electrons or d holes at a
site.)

Let us consider again the standard situation with one d electron (or, which is
the same for a nondegenerate d level, with one d hole) per site. Let us first treat
the case when both U, A > 1 (recall that here U is Uy, for d holes). In this
case the situation would strongly resemble that of the simple Hubbard model of
Sections 12.1-12.3 in the case of a strong interaction: in the ground state the d
electrons (or holes) would be localized, one at each site, and we would have a Mott
insulator. We will again have localized spins, and the magnetic interaction will
appear when we take into account virtual hopping of d holes, which we can again
treat in perturbation theory.

In contrast to the usual Hubbard model (12.1), however, here virtual hoppings
occur via an intermediate oxygen which is taken into account in an apparent way.
Thus we have to use the hopping term 7,4 p'd in the Hamiltonian (12.37) not twice,
but four times, see Fig. 12.24(a). In this figure we show (in the hole representation)
two neighbouring d sites with an oxygen ion in between, and by wavy lines we show
virtual hoppings of a d hole from one site to the other and back via intermediate
p levels (the numbers near the wavy lines show one particular sequence of consec-
utive hoppings). Once again, this process, if allowed, decreases the total energy,
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but it is allowed only if the spins of neighbouring d ions are antiparallel. Thus in
effect we again obtain the effective antiferromagnetic Heisenberg exchange (12.7),
but the exchange integral will be given by the expression

L2y,
AUy

(12.40)

Indeed, each of four hoppings gives a factor 7,4. After the first hopping the energy
of the intermediate state with one hole on oxygenis &; — &, = A. After the second
hopping this hole moves to the neighbouring d ion, and the energy of this interme-
diate state is U,4. When the hole moves back, we again have the oxygen hole with
the energy A. These three values of intermediate energies stand in the denominator
of equation (12.40).

Note that we can also rewrite the expression (12.40) in exactly the same form
as the exchange integral (12.7) in the simple Hubbard model, if we introduce the
effective dd-hopping

tﬁ 4
P =ty = A (12.41)

This is how, it seems, we can reduce the p—d model (12.37) to the conventional
Hubbard model (12.1).

However, besides the process described by Fig. 12.24(a), in this case there is
yet another process which can also contribute to the antiferromagnetic exchange.
This process is illustrated in Fig. 12.24(b). At first glance it looks identical to that
of Fig. 12.24(a), but in fact it is different: here after first transferring a d hole to
the oxygen from, say, the left d ion, in the next step we transfer to the same oxygen
another d hole, from the right. In effect the second intermediate state does not have
the energy Uy, but instead we have here two holes at the same oxygen. The energy
of this state is 2A, or, if we take into account the repulsion of two holes on the
same oxygen, 2A + U,,. Again, as we can put on the same oxygen p orbital only
two holes with opposite spins, this process will also lead to an antiferromagnetic
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interaction, with the exchange constant
4
415,

J=—1r 12.42
A22A +U,y) (12.42)

(the factor of 4 instead of 2 in (12.42) comes from the fact that there are twice as
many different ‘routes’ in Fig. 12.24(b) than in Fig. 12.24(a): one can interchange
the sequence of electron hops from sites i and j to the oxygens, and of hops back).
The total antiferromagnetic interaction is the sum of both these contributions,
Jiot = J + J/, i.e. introducing the effective dd-hopping (12.41), we can write it as

g = 2 L, 2 N L (12.43)
A2 \ U 2A+ U, T\ Uya A+Uypp) .

Depending on the ratio of the effective charge-transfer energy A and dd Hubbard
repulsion Uy, either one or the other term in equation (12.43) will dominate. If A
(or A + U,p2) is much bigger than Uy, we can keep in (12.43) only the first term,
and then our problem will indeed completely reduce to the ordinary Hubbard model.
In the opposite limit we should rather keep the processes of the second type, with
two oxygen holes, and this regime is indeed somewhat different from the first one.

The difference is not so much in the properties of the ground state: in both these
cases, if only 7,4 < (Ugq, A), the ground state is a Mott insulator, with localized
spins and with antiferromagnetic exchange between them. The real difference is in
fact in the nature of the lowest charge-carrying excitations (here again we follow
our general line: after discussing the type of the ground state we go over to the
excitations). In the case of the Hubbard model such excitations correspond to the
transfer of an electron from one d site to the other, d"(p®)d" — d"+!(p®)d"~!, i.e.
to the formation of a d hole and a doubly occupied d state. This excitation costs
energy Uyy. The state of the O>~ sitting in between remains here the same, (p®).
The extra d electron (the state d"*!) and the d hole (d"~!) thus created can now
move through the crystal and carry current.

However, there exists another possibility: if A < Uy, then the lowest charge-
carrying excitations would be those with charge transfer between a d ion and an
oxygen: d"p® — d"*!p3, which costs energy A. Thus this is in a sense a different
type of insulator: the ground state is in principle the same as in the Mott, or
Mott—Hubbard case, but the lowest charge excitations are quite different; they
correspond to the creation of a doubly occupied d state and an oxygen hole. Such
systems are called charge-transfer insulators. This classification was first proposed
by J. Zaanen, G. Sawatzky and J. Allen, and it is often called the ZSA scheme. One
can illustrate this on the phase diagram of Fig. 12.25 (the ZSA phase diagram). Here
we show different possible states of the general d—p model (12.37) as a function of
A and U, or of corresponding dimensionless quantities A /1,4, U/tpq (U = Uygq).
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If both U, A > t,4, we have an insulating state with localized electrons, but now
this phase is separated into two regions: for A > U we can exclude virtual oxygen
states and go over to the Hubbard model (12.1), dealing only with d electrons, and
this region is a usual Mott—Hubbard insulator. In the opposite limit U > A > t,4
we still have an insulator with localized spins and with antiferromagnetic interaction
between them, but the lowest charge excitations are those with the formation of
oxygen holes, and the exchange integral will be given by the expression (12.42).
This is the region of charge-transfer insulators.

Inreality, e.g. among transition metal oxides, the tendency is such that the oxides
at the beginning of the 3d series (Ti, V), if insulating, belong to the Mott—Hubbard
class, whereas the oxides of heavier transition metals (Co, Ni, Cu) typically are
charge-transfer insulators.

For large values of A, when we decrease the Hubbard interaction U, we expect
a Mott transition to a metallic state. The situation in the left-hand part of the ZSA
phase diagram of Fig. 12.24 (large U, small A) is much less clear. Most probably
when we reduce A, going to the limit of small and possibly negative charge-transfer
gap, we would also have here a metallic state, but it would be an ‘oxygen metal’,
with mobile oxygen holes as charge carriers, but with still strongly correlated
d electrons, hybridized with oxygen states. This situation resembles that of mixed
valence or heavy fermion systems, see the next chapter, and the properties in this
regime may be quite nontrivial. There exist also other options in this regime (e.g.
different types of insulating states); all these questions remain largely open.

The difference between Mott—Hubbard and charge-transfer insulators becomes
especially important if we dope the system by holes. In the Mott—Hubbard regime
these holes would go to d sites, and we would have a situation of partially filled
Hubbard bands, discussed in Sections 12.4—12.8. In the charge-transfer case,
however, it is more favourable to put an extra hole to an oxygen instead of a
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d level. Of course there is always some mixing, hybridization between d and p
states, caused by the third term in the Hamiltonian (12.37), so that the total wave-
function of the hole would always be a superposition |) = «|d) + B|p), but if in
the Mott—Hubbard regime the main weight in this wavefunction is on the d site,
|| > |B], in the charge-transfer case the situation would be the opposite, and in
the first approximation the hole would be predominantly located on the oxygen.
And although even in this case sometimes we can reduce the description to an
effective one-band model, treating these hybridized states as new basis functions
(this is the picture of Zhang—Rice singlets widely used for high-T, cuprates), one
has to be aware that the real nature of corresponding states, and consequently some
of their properties, e.g. such as the distribution of electron and spin density (the
magnetic form-factor), details of magnetic interactions, or transport phenomena,
may be rather different in doped charge-transfer insulators as compared to doped
Mott—Hubbard systems. This one has to keep in mind, especially because many
important materials, such as cuprates with high-temperature superconductivity or
colossal magnetoresistance manganites, belong to this category.

12.11 Insulator—metal transition

Some of the most interesting phenomena occurring in solids are the insulator—
metal transitions which exist in certain materials. These transitions can occur due
to doping, as discussed above. But they may occur even in stoichiometric systems
with a change of temperature, pressure, magnetic field, etc.

There are several possible types of insulator—metal transitions.

1. There may occur insulator—metal transitions which can be explained by the
standard band theory, without invoking any special electron—electron interaction.
Thus the system having an even number of electrons per unit cell may be an
insulator or semiconductor simply because the filled valence band is separated
from the empty conduction band by an energy gap, see Fig. 12.26. Such is, e.g.
the situation in typical semiconductors like Ge and Si. The structure of the energy
spectrum in this case is determined by the type of crystal lattice. If there occurs
a structural change, new bands may in principle overlap, so that the energy gap
would disappear, and the material would undergo an insulator-metal transition.
This indeed happens when Ge and Si melt: the short-range order in liquid Ge and
Si is quite different from the tetrahedral coordination in solids (it is actually similar
to the structure of liquid Pb or Sn), and as a result liquid Ge and Si are good metals.

Another well-known example is the case of tin (Sn). It exists in two forms:
ordinary metallic tin (white tin), and the so-called grey tin which is actually the
stable form of Sn at low temperatures (below 13 degrees Celsius) and which is
an insulator (strictly speaking it is a zero-gap semiconductor, i.e. it lies on the
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borderline between metals and insulators; but in any case it is not a good metal like
white tin). Grey tin has a diamond structure, like that of Ge or Si. The transition of
white to grey tin is accompanied by a large change in the lattice and is known as
‘tin plague’: in the old days sometimes soldiers’ tin spoons or tin buttons of their
uniforms suddenly ‘decayed’, becoming grey powder — especially in winter, after
being stored for some time in cold weather. In the Middle Ages tin organ pipes
also sometimes disintegrated in winter, which was thought to be the work of the
Devil. Thus the white—grey tin transition is one of the earliest known examples of
metal-nonmetal transitions.'”

2. In a certain sense the Peierls transition discussed in Chapter 11 is similar to
the band structure transition, although we described it completely differently, using
all the powerful methods of modern many-body theory. In essence what happens
there is a change of the crystal lattice such that the new energy bands in the new
crystal potential acquire a gap, this gap appearing at the position of the former
Fermi surface. In this case the metal-nonmetal transition is accompanied by the
appearance of long-range order — new lattice periodicity.

3. A similar treatment may be given also to insulator—metal transitions accom-
panying, e.g. spin-density wave formation. An SDW, like the charge-density wave
(CDW), does not necessarily lead to an insulating state, e.g. antiferromagnetic Cr,
in which SDW exists, remains a metal. However, there are also cases in which
the SDW state is really insulating, the SDW energy gap ‘covering’ the whole

12 “Tin plague’ could lead not only to unpleasant, but just curious events such as transformation of a box of
tin spoons into a box of grey powder. Sometimes it can even have tragic consequences. This is at least one
of the explanations of the tragic fate of the famous polar explorer Captain Robert Falcon Scott and his three
companions. They perished in the Antarctic in 1912 on the way back after reaching the South Pole, and one
of the reasons could have been that in such a cold climate the tin-soldered cans in which they stored their fuel
(kerosene) started to leak because of the white—grey tin transition. As a result they lost part of their fuel, which
was one of the reasons for the disaster. I am not sure if this is a true explanation, but in any case in his notes,
found after his death, Scott himself wrote that loss of fuel played a crucial role in their fate.
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Fermi surface. Such is, e.g. the situation in certain quasi-one-dimensional organic
compounds.

An important difference here is that in contrast to previous cases the extra
potential creating the energy gap is not the external potential due to the lattice, but
a self-consistent potential of the electrons themselves. This self-consistent potential
is spin-dependent, and it leads to the splitting of the electron subbands. Thus the
difference is that here the electron—electron interaction is already essential. The
similarity with the first two situations is, however, that the energy gap exists only
to the extent to which there exists new long-range order in the system; above the
Néel temperature, when magnetic ordering disappears, this energy gap would close
and the material would become metallic.

4. And finally there are the situations in which the insulating character of the sys-
tem is completely determined by the strong electron—electron interactions. This is
the case of Mott—Hubbard insulators.'? In this case the materials are insulating even
without any extra order in the system. Thus, e.g. one can in principle describe the
insulating nature of the ground state of materials such as NiO and CoO as connected
with the antiferromagnetic order which can split the original partially filled (i.e.
metallic) bands and create an energy gap. This treatment would then be similar to
the treatment of SDW systems. It is indeed possible in some cases to carry out such
a programme. Thus the standard band structure calculations, using spin-polarized
bands (e.g. LSDA — local spin density approximation) can sometimes give an

13 There exists yet another, fifth case of insulator—metal transitions — transition to an insulating behaviour in
strongly disordered systems. Electron localization in this case (called Anderson localization) occurs in systems
of electrons interacting with a random potential (e.g. random impurities); electron—electron interactions do
not play a crucial role here. The physics of disordered systems is a big special field which I will not discuss
here. Suffice it to say that if the disorder is strong enough (for example, if average fluctuations of the random
potential (V2)1/2 exceed the bandwidth), electrons become localized and do not go to infinity as t — oo,
which means the absence of metallic conductivity. The electron density of states in this case remains finite at
the Fermi level, i.e. the energy spectrum does not have an energy gap, but the electron mobility is zero — there
exists a so-called mobility gap.

The proof of the Anderson result (Anderson localization) is rather involved, but one can qualitatively explain
what is going on using the following arguments. When disorder in a metal increases, the electron mean free
path [ decreases. However, it is hardly possible to imagine the situation when, e.g. / becomes less than the
interatomic distance a; it is clear that the standard description of electron transport (Boltzmann equation, etc.)
would fail in this case. One can show that the conductivity in this case (! >~ a) will be

o =¢?/3ha . (12.44)

The limit of the standard description of conductivity related to the condition / =~ a is known as the Ioffe—Regel
limit. If disorder is so strong that formally we would have / < a, the conventional description breaks down,
and the electron state would become localized — there will occur Anderson localization and the material will
become insulating. The borderline between these two regimes (still a metallic one, in which o (7T") remains
finite as 7 — 0, albeit with short mean free path and small conductivity, and an insulating one, with o (7') — 0
or R(T) — oo for T — 0) corresponds to a value of o similar to the one given by equation (12.44), with a
somewhat smaller prefactor,

Omin = 0.03 ¢*/ha (12.45)

which for a = 3 A corresponds to o ~ 300 Q™! cm™!. This value is known as the Mott minimum metallic
conductivity.
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insulating state (although with a quite wrong value of the energy gap). However, this
approach predicts that in the disordered state, at T > Ty, the gap would close and
the system would be metallic. Experimentally this is definitely not the case in these
materials, and it is just this fact which actually led to the development of the whole
big field of the physics of Mott insulators, strongly correlated electrons, the Hubbard
model, etc.

There are several systems among transition metal compounds in which insulator—
metal transitions are experimentally observed. These are, for example, many oxides
of V and Ti: VO,; V,03; many of the so-called Magneli phases V,0,,_1; Ti»Os3;
and several systems Ti,0,,-; (e.g. Ti4O7). In these materials metal-nonmetal
transitions occur as a function of temperature, and can also be induced by pressure,
doping, etc. Some of these transitions are accompanied by magnetic ordering, but
often such ordering occurs at a temperature not coinciding with Tinsylator—metal- There
is usually a structural change at such transitions, but it is often not clear whether
this structural change is the cause and the main driving force of such transition, or
it is only a consequence of it: in any case the lattice structure is sensitive to the
state of the electronic subsystem, and any change in the latter, especially such a
strong change as a metal—insulator transition (e.g. localization of electrons) should
be reflected in the structure.

There were a lot of theoretical attempts to describe insulator—metal transitions
starting from the Hubbard model. Most of them use certain poorly controlled
approximations, and it is difficult to judge how reliable they are. I will only present
here some of the results of probably the most successful approach developed by
Brinkman and Rice. They used a certain variational scheme (called the Gutzwiller
method) and studied, at T = 0, the behaviour of the metallic state when the Hubbard
interaction U increases. They have shown that in this method the system becomes
insulating (electrons become localized) when U — U, = 8|gy|, where & is the
average kinetic energy of electrons (of the order of the hopping matrix element 7).
When U — U, the electron effective mass diverges as

m* 1

= TSR (12.46)

i.e. the electrons (or rather quasiparticles) become infinitely heavy, and for U > U,
they are localized at particular sites. Using the relations m*/m = 1/Z where Z
is the renormalization factor in the one-electron Green function (8.54), (8.91),
one sees that (12.46) corresponds to Z — 0, i.e. the strength of the quasiparticle
pole goes to zero at this point. Simultaneously, according to (8.55), the jump
of the electron distribution function n(pg — 0) — n(pg + 0) goes to zero, i.e. the
very Fermi surface disappears, and with it the Fermi liquid. In the insulating
state at U > U, the electron distribution function is smooth, Fig. 12.27(a), and it
tends to a constant value, Fig. 12.27(b), for U — oo (the state localized in space,
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W(x) ~ 8(x — xp), gives a constant in momentum space after a Fourier transform,
i.e. all momenta are equally represented in the localized state).

One can also show that at least in this approximation the magnetic susceptibility
also diverges at U — U.:

= pppler) m* (12.47)
1-U/U)>? m

i.e. it is enhanced mainly because of the increase of the effective mass. In terms
of the Fermi-liquid theory this means that the Landau parameter F;} diverges, but
1+ FO“)_1 remains finite as U — U_, in contrast to the usual magnetic transitions,
cf. (10.16), (10.18). This is consistent with our general idea that a Mott transition is
a transition to localized electrons (and consequently localized magnetic moments)
but not necessarily a transition to a magnetically ordered state.

Actually of course the localized magnetic moments which appear in a Mott
insulator should somehow order at 7 = 0. This effect is missing in the original
treatment of Brinkman and Rice. The hope is, however, that this ordering, albeit
important, does not play a crucial role in the very phenomenon of electron localiza-
tion and the corresponding Mott transition, so that the basic physics is accounted
for well enough.

Other methods of treating Mott transitions have also been developed recently.
One of the most successful of these is the so-called dynamical mean field the-
ory (DMFT), see, e.g. Georges et al. (1996). In this method, which is somewhat
similar to the conventional mean field theory, one reduces the description of the
concentrated system to that of one site interacting with the mean field of the sur-
rounding. But, in contrast to the usual treatment, one takes into account dynamic
effects both in the singled-out ‘impurity’ and in the bath. One of the outcomes
of this treatment is a rather appealing picture of what happens when a metallic
system approaches a Mott transition, e.g. with increasing U/t in the Hubbard
model with n = 1. This method gives the following ‘sequence of events’, see
Fig. 12.28: far from the Mott transition we have an ordinary metal, with the density
of states shown in Fig. 12.28 and with the usual Fermi surface. With increasing
electron correlations (increasing U/t) there appear ‘wings’ in p(e) both below
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and above the original metallic band (the position of the Fermi energy here is
taken as zero energy). These broad peaks in p(¢) appear at ~ —U /2 below er and
at ~ U/2 above er. When U/t becomes still larger, the main weight is gradu-
ally transferred to these side peaks, which actually represent the lower and upper
Hubbard bands with the gap ~ U between them. Still, on the metallic side of
the transition there remains a quasiparticle peak at the original Fermi level, with
the constant density of states at eg, but with the width (and correspondingly the
total weight Z) going to zero as we approach the Mott transition. And at a cer-
tain critical value of U/t this quasiparticle peak disappears, and we have only the
lower and upper Hubbard bands with the gap between them. This state is a Mott
insulator.

Actually a lot of questions in this field still remain open. Can a Mott transition
occur ‘by itself’, without being accompanied by a real ordering of some type (mag-
netic ordering, structural distortion)? If so, will this transition be first or second
order? What is the symmetry (if any!) discriminating between insulating and metal-
lic phases (in the sense of the Landau theory of second-order phase transitions, see
Chapter 2)? What would be the corresponding order parameter? It is not even clear
which phase, insulating or metallic, should be considered as the ordered and which
as the disordered phase. The first impulse is usually to treat the insulating state as
the ordered one. However this may not be the case. We have already given earlier
the arguments (see the discussion at the end of Section 10.1) that the very existence
of the Fermi surface in metals may be a kind of ‘ordering’. From this point of view
the metal should be treated as a unique ordered phase with zero entropy, and the
Mott insulator without magnetic ordering as a state with higher symmetry, or a dis-
ordered phase (at least it has spin disorder — cf. the discussion in Section 2.7.3 of the
high-temperature metal—insulator phase transition in V,03 as driven by magnetic
entropy).

All these questions are actually rather deep. It is at present not at all clear
whether one can indeed treat Mott transitions on the same footing as the usual
second-order phase transitions. Thus, e.g. in the conventional theory we define the
order parameter n as the average of a certain operator over the ground state (e.g.
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the magnetization M = (0|M|0), etc.). It is not at all clear whether there exists
such a notion for the insulator-metal transitions. Actually the physical definition
of the difference between an insulator and a metal is connected with the static
conductivity o (w — 0) being zero or finite. But this is not a characteristic of the
ground state, but rather of the lowest excited states: one may define insulators as
systems in which the first excited states are separated from the ground state by
a finite gap, whereas there is no such gap in a metal.'* In this sense there may
be formally no order parameter in the ordinary sense which would discriminate
Mott insulators from metals. If so, the pure Mott transition can only be a first-order
transition, if nothing more intricate takes place here.

Concluding this chapter one should say that the whole field of correlated elec-
trons in general and insulator-metal (Mott—Hubbard) transitions in particular is
still an active field of research, and a lot remains to be understood.

14 But be careful with superconductors! In this sense they are more similar to insulators than to metals. Also in
strongly disordered systems the electronic states can be localized and consequently the conductivity will be
zero, but the energy spectrum may be continuous and have no gap — see the discussion of Anderson localization
above. Thus even this definition applies, strictly speaking, only to nonsuperconducting systems without strong
disorder.
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Magnetic impurities in metals, Kondo effect, heavy
fermions and mixed valence

In the previous chapter we have considered the properties of strongly correlated
electrons. The systems we mostly had in mind were the compounds of transition
metal and maybe rare earth elements with partially filled inner d or f shells. We
have discussed only the correlated electrons themselves, the prototype model being
the Hubbard model (12.1).

When turning to real materials, several extra factors missing in the model (12.1)
are important. One of them is the possible influence of orbital degrees of freedom,
especially in cases with orbital degeneracy, treated in Section 12.9.

In many situations there is yet another very important factor. There may exist in
a system, besides correlated electrons, also electrons of other bands, e.g. electrons
in wide conduction bands, responsible for ordinary metallic conductivity. Such is
for instance the situation for magnetic impurities in metals, or in the concentrated
systems like rare earth metals and compounds in which localized f electrons coexist
with the metallic electrons in broad spd bands. The interplay between localized, or,
better, strongly correlated electrons and itinerant electrons of the wide bands can
lead to a number of very interesting consequences; these will be discussed in this
chapter.

13.1 Localized magnetic moments in metals

When we put transition metal impurities in ordinary metals (e.g. Mn or Fe in
Cu, Au), the result may be two-fold. In certain cases the impurities retain their
magnetic moment, but in others they lose it. Qualitatively this second possibility
is connected with the following process: when the localized electron level, e.g. the
d level of the impurity ¢,, overlaps with the continuous spectrum, electrons on
this level may have a finite lifetime, i.e. the d electron with spin o can escape into
the conduction band, and in its place another electron from the conduction band
may be transferred, possibly with the opposite spin —o. As a consequence of this

272



13.1 Localized magnetic moments in metals 273

£

\ /e
\Z i

d
95

Fig. 13.1

process the localized level acquires a finite width, Fig. 13.1, and there appears a
tendency to reduce or completely quench the moment.

The situation, however, is not so simple. When the d level lies deep below the
Fermi level, all states in the conduction band with energies close to ¢, are occupied,
and this process is suppressed. The large Coulomb interaction of localized electrons
U4 also acts to preserve the localized magnetic moment.

The problem of the appearance of localized magnetic moments at impurities in
metals was treated in detail by P. W. Anderson. He used the model qualitatively
discussed above, with the Hamiltonian

H = ZSkC};UCk,U + &4 Zdida +UndTnd¢+Z<ch;Lgdg +h.C.) .
k,o o k,o

(13.1)

Here di, d, are creation and annihilation operators for electrons on the d level
of the impurity, C,Tw, Cpo are those of conduction electrons, and Vj is the matrix
element of d—c hybridization which describes the process of mixing of d and ¢
electrons. (Note that here and below V is the d—c hybridization, not the volume!)
This model is known as the Anderson model of magnetic impurities.

The approximation used in the first paper by Anderson was the unrestricted (in
other words, spin-dependent) Hartree—Fock approximation, in which the following
decoupling was made:

Ul’ldT ng, — U (”MT) dd¢ + UndT (n,u) -U <ndT> <dd¢> . (13.2)

With this decoupling one can easily find the energy spectrum by diagonalizing the
resulting quadratic Hamiltonian. A convenient way to do this, used by Anderson,
is to write down the equations of motion for the operators ¢k, dy, or for the
corresponding Green functions, which have the form

wdy =€4dy + U (na—o)do + Y _ V{ Chosr »
k (13.3)

WCko = & Cko + Vi dy .
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From these equations, or from the equivalent equations for the corresponding Green
functions, we find for the Green function of the impurity electrons the expression

1
G, = (13.4)

a)—ed—U fldg kagk

or, in other words, (G;‘,d)_1 = w — &g — X7 (w), where the self-energy is

|Vel?
— 8k :

T7(@) = U (14— +Z (13.5)
When the renormalized d level €] = &4 + U(ng —,) lies within the energy band
&k, 3 has both real and imaginary parts, which determine the width of the d level.
Thus one can write down the density of states of d electrons as

r

(W) = — , 13.6
pd( ) T (a)—ed—U(nd,_g))z—i-Fz ( )

where the width I' is given by
F=m) IVilPd — &) = 7| Vil pler) . (13.7)

k

The average occupation of the d level with spin projection o is then given by

e | U ng o) —
(ao) = / pg(w)dwz—arctan(gﬁ <"lj" ) 8F>. (13.8)
oo T

One can also obtain this result directly using the formula (8.37) expressing the
electron density through the Green function (however, one should not integrate
in (8.37) over d’k/(2m)? because we are now studying an isolated impurity).

The equation (13.8) and a similar equation for (n; _,) constitute two self-
consistent equations which should be solved together. There exist in general two
types of solutions depending on the values of the parameters e — 4, U, I'. There
is always a nonmagnetic solution (n44) = (ngq)) = %(nd). However for large U
and small I" this solution corresponds not to a minimum, but to a maximum of
the energy, and there exists another, magnetic solution with (n44) # (ng;). This
solution is doubly degenerate ({n44) > (nq,) or vice versa). For the symmetric
case eg — &4 = U/2 (i.e. when the levels ¢, and ¢, + U are situated symmetrically
below and above the Fermi level) the condition for the appearance of localized
moments is

Upj(ep) > 1, (13.9)

where pJ is given by (13.6), i.e. it coincides with the Stoner criterion (11.62) for
ferromagnetic instability of itinerant electrons. The total density of states then has
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the form shown in Fig. 13.2, i.e. we have two virtual levels with finite width (13.7)
and with the Lorentzian density of states (13.6), (n44) being given by the (grey)
area of the peak on the right-hand side of the figure, with energies up to eg, and
(nq)) being given by the corresponding grey area (¢ < ¢f) of the left peak. The
nonmagnetic solution would correspond here to the situation shown in Fig. 13.3, 1.e.
to equal occupations of the d levels with up and down spins. (We stress once again
that this situation is realized for the symmetric Anderson model eg = ¢4 + U/2;
the conditions for the existence of localized magnetic moments for asymmetric
situations are more stringent.)
For the symmetric case the criterion (13.9) may also be rewritten in the form

U
—>1. 13.10
T (13.10)

(Here we approach the instability from the nonmagnetic side, (n4) = (n;) = %
and we have used (13.6) and the condition g = ¢4 + U /2, which gives p,(eg) =
1/7T".) The region in the (¢4, U/ I') plane where there exists a magnetic solution is
shown schematically in Fig. 13.4. We see that the existence of localized magnetic
moments of the impurity is facilitated in cases of large Coulomb interaction, small
d-f mixing V, small density of states of the conduction band p(eg) (as we see
from (13.7), I' = mp(ep)V?) and symmetric position of the localized level.

Thus the qualitative picture of the appearance (or of preservation) of the localized
magnetic moment in the Anderson model is the following: if the state at energy
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&4 with spin 1 is below the Fermi level and is occupied, then to put another
electron with spin | at the same d level would cost energy U, i.e. one may say
that the second electron will occupy the state with the energy ¢, 4+ U, which for
large enough U will lie above the Fermi level and consequently should be empty.
In this case the impurity has localized moment. When, due to d—c hybridization
the number of spin-up electrons decreases, so does the energy of the spin-down
state located at &4 + Ung4. In effect these two levels, with spins 1 and |, would
move towards each other and approach e, and if this process is strong enough (if
the hybridization V is large and U small), one may end up in the nonmagnetic state
of Fig. 13.3. However, if the conditions (13.9), (13.10) are satisfied, the solution
with localized magnetic moments, illustrated in Fig. 13.2, would be stable.

13.2 Kondo effect

The treatment of the Anderson model given above is still a mean field one. When
one goes beyond the mean field approximation, new effects appear which make the
situation much more difficult but also much more interesting. Notably, it turns out
that the remaining interactions between the impurity electron (or spin) and conduc-
tion electrons, which were not taken into account in the Hartree—Fock treatment
of the previous section, lead to effective screening and eventual ‘disappearance’ of
localized magnetic moments as 7 — 0. Thus the very moment which we ‘created’
with such difficulties only two pages ago would disappear! This is the famous
Kondo effect.

Actually Kondo considered not the Anderson model (13.1), but the so-called s—d
exchange model with localized spin S interacting with the conduction electrons via
an exchange interaction

Hoa = Y Sy y0sa' Cpr S = J5(0) - S (13.11)
k&
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where o are the o-matrices and s(0) is the spin density of conduction electrons at
the position of the impurity. Actually this interaction can be obtained from the
Anderson model (13.1) in the limit in which there exist localized magnetic
moments, see the previous section. In this case, if the d level is deep enough and I'
is small, the total occupation of the d level is close to 1, e.g. (ngy) > 1, (ngy) = 0.
However, as we have already mentioned, there is another degenerate solution with
the same energy, corresponding to (ng;) = 1, (ngy) = 0. Thus, the average occu-
pation of the localized levels in this regime is close to integral (in our case 1), but
there remains spin degeneracy, i.e. spin degrees of freedom. Consequently we may
project out charge degrees of freedom and keep only the spin ones, obtaining the
effective exchange interaction (13.11). This procedure is similar in spirit, and actu-
ally in mathematics, to the one which led us from the Hubbard model (12.1) to the
superexchange Hamiltonian (12.7); here it is known as the Schrieffer—Wolf trans-
formation. In the simplest form one can obtain the s—d exchange interaction (13.11)
starting from (13.1) and treating the hybridization term in perturbation theory up to
second order in V. The processes which contribute to the exchange are virtual tran-
sitions of the d electron to the conduction band and back (process 1 in Fig. 13.5),
and the transition from the conduction band to the already occupied d state and back
(process 2in Fig. 13.5); to put the second electron at the d level costs extra energy U'.
Asinourcaseny ~ 1,n;, ~ 0, we have g4y >~ &4, €4, ~ €4 + U. Again, similar to
the Hubbard model, the resulting exchange interaction is antiferromagnetic, with
the exchange constant

J=2V; ( Ly : ) =2V? v
Tk \ep—ey  eg+U—sep) (ep — eq)(eq + U —¢ep)
(13.12)

Let us consider now the consequences of the exchange interaction (13.11). First
we do it more formally. One of the processes is the scattering of electrons on the
localized spin. There are two possible processes contributing to this scattering:
ordinary potential scattering and exchange, or spin-flip scattering, in which the
electron exchanges its spin with the impurity.
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In the lowest approximation (the first Born approximation) nothing special hap-
pens. The first-order contribution to the scattering amplitude A" will be propor-
tional to Jo - S, and after summation over all spin orientations we obtain for the
scattering rate W ~ |A(D|2 ~ J2S(S + 1). However, in second order the spin-flip
scattering gives a term in the scattering amplitude which is logarithmically diver-
gent. The corresponding processes may be represented by the two diagrams shown
in Fig. 13.6. The diagram 13.6(a) describes the process in which an incoming
electron with momentum p; and spin o is scattered into an intermediate state p'c’
and then goes to a state p,o,. The summation over intermediate states should be
carried out over unoccupied states above the Fermi energy, i.e. it should contain a
factor (1 — f(p’')) where f(p) is the Fermi factor. This term thus has the form

dp' (1— () (056 - S) (050, - S)
J? / ) 13.13
Z @r)? ) —e(p) (13.19)

The diagram 13.6(b) describes the process in which initially an electron—hole pair
is created, the electron being in the state p,o, and the hole in p’c’ (left vertex in
Fig. 13.6(b)), and then the initial electron is scattered from the state p oy into the
state p’o’ which is now empty. Correspondingly, now |p’| < pg, which is taken
care of by the function f(p’), which gives the term

d3p/ f(p/) (O—O'/O'l : S)(Gdzd’ . S)
—J? / . 13.14
Z (2m)3 e(p’) —e(p1) ( )

It is important that the second contribution has the opposite sign which is a conse-
quence of the antisymmetric character of the electron wavefunction.
After summation over spin indices we obtain finally the contribution to the
scattering amplitude
d3 ) N =1
a0 g [ P 2/p) (G, - S) . (13.15)
pip: (1) e(p1) = e(p)
The integral in (12.18) is logarithmically divergent for |p;| — pg or e(p1) — €F
(note that the scattering is elastic, i.e. |p2| = |p1| and e(p2) = &(p1)). Thus the
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second-order term in the scattering amplitude is proportional to In
and the total scattering amplitude up to second order in J is

EE
max{le(p1)—¢rl. T}’

EF
max{|e(p1) — el, T}

Apip, = J(0 - S)oyo, |:1 + J p(ep) In :| . (13.16)

This scattering amplitude determines the electron lifetime 7 —! ~ |A|?, which enters
the resistivity through the usual formula R~! = 0 = ne?’t/m. As a result the
resistivity behaves as

R(T) = Ry(T) + RK(I +2J p(ep) In %F) , (13.17)

i.e. it contains a term logarithmically increasing with decreasing temperature. This
term, together with the usual scattering Ro(7'), gives the famous minimum of the
resistivity, schematically shown in Fig. 13.7. When the second order in perturbation
theory diverges, as in our case, it means that we have to sum many terms of higher
order, which will diverge as (Ineg/T)?, (Ineg/ T)?, etc. Summation of the simple
geometric series of this type gives an expression of the type

Jp
1 —Jpln(eg/T)

This expression formally diverges for antiferromagnetic interactions J > 0 at a
certain ‘critical’, or rather characteristic temperature

(13.18)

T = epe” V/7rPeR) (13.19)

which is called the Kondo temperature — cf. the case of the BCS theory of supercon-
ductivity, equations (11.47), (11.48). Of course, in contrast to superconductivity
in the case of a single impurity in a metal there can be no real phase transition.



280 Magnetic impurities in metals

Rather Tk (13.19) gives the temperature scale at which there occurs a change of
the behaviour of our system: above Tk the perturbation theory described above
is valid, and below Tk it is no longer applicable. Thus, e.g. above Tx there is a
logarithmic term in the resistivity; below Tk the behaviour of R(T) changes, and
actually resistivity saturates. Similarly, there is a cross-over in the behaviour of the
impurity susceptibility: it also increases with decreasing temperature at 7 > Tx,
but saturates at the value ~ 1/Tx at T < Tx.

The divergent contribution we have obtained can be traced back to the fact
that the spin operators which enter into the spin-flip processes do not commute.
Thus the quantum nature of spins, together with the presence of the Fermi surface
which make scattering processes essentially two-dimensional, are responsible for
the Kondo effect (as T — 0O the electrons scatter only at the Fermi surface, i.e.
their momenta are confined to a two-dimensional manifold, to the Fermi surface).
Actually it is this two-dimensionality which gives the logarithm in (13.16); in that
sense the situation is analogous to the formation of the well-known Cooper pairs
in superconductivity — the ‘bound state’ of two electrons which attract each other
but can scatter only above the Fermi energy.

This analogy can actually be made even closer. One can interpret the results
obtained above as a tendency to form a singlet ‘bound state’ of the conduction
electrons with the localized spin. Indeed we can obtain such a ‘bound state’ with
the ‘binding energy’

Ey >~ cpe /7P (13.20)

if we consider the scattering of an electron outside the Fermi surface on a local-
ized spin. Mathematically the corresponding treatment is analogous to the general
treatment of the formation of impurity states given in Section 6.5. The difference
is that here we have to sum in the equation of type (6.133) over unoccupied states
q > pr, which makes the problem essentially two-dimensional. Of course, this
‘bound state’ is not an actual bound state: the energy Ey, (13.20) would correspond
to a decrease of energy relative to eg, and for E}, < & this level would still overlap
with the continuum and would have a certain width. It should rather be treated as
a resonance which for Tx ~ E, < ¢g lies actually at the Fermi surface or very
close to it. This resonance is called Kondo resonance, or sometimes Abrikosov—
Suhl resonance. Actually it describes the screening of localized spins: due to the
antiferromagnetic interaction (13.11) the electrons with spins opposite to S have a
tendency to come closer to the impurity, forming a screening cloud with the typical
size & = hivp/ Tx. At high temperatures such screening is not efficient, and the
system behaves as a real localized magnetic impurity, but with decreasing tem-
perature the screening becomes more and more efficient until it looks as though
the localized magnetic moment completely disappears at T < Tx (when we look
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from outside). Thus qualitatively we may say that the essence of the Kondo effect
is the screening of the localized magnetic moment of an impurity by conduction
electrons, occurring at low temperatures 77 < Tx.

What then is the state of the system as 7 — 07 It is now established that in nor-
mal cases (e.g. for an impurity spin § = % interacting with a nondegenerate band)
the limiting behaviour is again that of the Fermi liquid, but with strongly renormal-
ized parameters. The Kondo temperature and the corresponding energy scale ~Tx
actually play the role of a new effective ‘Fermi energy’. As a result all the usual
expressions for thermodynamic properties presented at the beginning of Chapter 7
remain valid, but with eg — Tk, p(¢g) — 1/ T, etc. Thus, e.g. the specific heat due
to such Kondo impurities tends to ¢(T) ~ T/ Tk, and the susceptibility x |r7, =
w3/ Tk, so that the Wilson ratio Rw = n%x/(Buic/T) remains ~ 1. (Of course
all these contributions are proportional to the concentration of Kondo impurities.)

Qualitative interpretations of this behaviour may be given using the picture of
Kondo resonance: the low-temperature behaviour of this system is that of a Fermi
system with a narrow peak in the density of states (Kondo resonance) very close
to the Fermi energy, see Fig. 13.8 (of course the intensity, the area, or the number
of states in this peak is proportional to the concentration of such impurities).
The width of this peak is ~Tx. At T < Tx we feel a large density of states,
which is reflected, e.g. in the large y-value (y = c(T)/ T ~ 1/Tx). However, when
the temperature becomes larger than Tk, the region ~T around &g contributes to
the thermodynamic properties such as specific heat, etc., i.e. we have to average the
density of states shown in Fig. 13.8 over the interval ~T around ¢f, and the average
density of states decreases with increasing temperature (actually the Kondo peak
itself starts to disappear).

The theoretical problem of how to describe the cross-over from the magnetic
behaviour at high temperatures to a nonmagnetic Fermi liquid as 7 — 0 turned out
to be very difficult, and a lot of effort was required to reach a full understanding.
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And even now the Kondo effect still brings about some surprises. In particular,
relatively recently it was realized that there exist certain special situations (e.g.
the so-called multichannel Kondo effect — the situation when the total number of
degrees of freedom of conduction electrons is larger than the spin of the impurity) in
which the behaviour is very different from the conventional one. This multichannel
Kondo effect can lead, e.g. to non-Fermi-liquid behaviour as T — 0, a problem
which now attracts considerable attention (see Section 10.2).

13.3 Heavy fermion and mixed-valence systems

In the previous section we have considered the case of an isolated magnetic impu-
rity. We have discussed predominantly the situation when the impurity level lies
deep below the Fermi energy, so that the total occupation of this level is close to
integer (e.g. ~1), and only spin degrees of freedom remain. It is very interesting
to lift these restrictions and to study concentrated systems in which the d or f
levels lie relatively close to e or even cross it. It turns out that in this situation we
meet many very interesting phenomena, not all of which are now understood well
enough. These are the phenomena of mixed valence and heavy fermions. There
exist a lot of materials belonging to this class, especially rare earth (4f) and actinide
(5f) compounds. Typical examples of such systems are, e.g. CeCug, CeAls, UBe;3,
U,Zn,7, and many others. As the heavy fermion and mixed-valence states are pre-
dominantly found in rare earth (4f) and in actinide (5f) compounds, we will speak
below about f electrons, using also the corresponding notation.

The properties of these materials are very rich. There are among them normal
metals with very large effective mass, m* ~ 10°~103 electron mass, and with huge
linear specific heat c = yT, y (~ m*) 2~ 10> mJ/mole - K? (in ordinary metals
like Al or Cu y ~ 1 mJ/mole - K?); examples are CeCug, CeAls. In other mate-
rials heavy fermion behaviour coexists with magnetic ordering, but often with
very small magnetic moment (CeAl,, UpZn;7). There also exist heavy fermion
superconductors (CeCu,Sip, UPt;, UBe;3) with rather unusual properties, most
probably having unconventional (d-wave or p-wave) pairing. (Actually the study
of superconductors with unconventional pairing, which is now so popular for
example in high-7; superconductors, was started before the discovery of HTSC in
cuprates, in connection with superconductivity in heavy fermion systems.) There
exists among these systems also a relatively small number of insulating materials
with small energy gap — the so-called Kondo insulators (SmBg, YbB,, CeNiSn).
Some of these substances display very interesting phase transitions as a function
of temperature, pressure, etc. at which the electronic structure and other properties
change drastically (the valence-change transitions), e.g. the y—« transition in Ce,
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‘black—gold’ transition in SmS, etc. And finally, many of these systems display
quantum critical points and non-Fermi-liquid behaviour.

All specific properties of these materials are connected with the interplay of
strongly correlated electrons and the electrons of wide conduction bands. Thus we
are dealing here with the generalization of the Anderson or Kondo models (13.1)
and (13.11) of magnetic impurities to the case of concentrated systems. We thus
obtain the so-called Anderson lattice

H= ZSkaJCkU+8fZﬁsza+UZ flT

+ 3 (Vae c,tyg fio +hc), (13.21)
i,k,o
or Kondo lattice
H= ekch, ot Y JitkChoOoaci o Si. (13.22)
k.o

where i is the lattice index, and where we have used for correlated electrons the
notation f, f7 to stress that we predominantly have in mind f electron systems.

We see that here, besides all the difficult problems we have met for the usual
Anderson or Kondo impurities, we also have to take into account the effects con-
nected with the presence of many such f sites. As a result the properties of these
systems are much richer than in the impurity case.

We cannot cover here all aspects of the theory of these systems; they can be
found in special books and reviews, e.g. Hewson (1993). We will give here only
the basic scheme which permits one to systematize the behaviour of these systems
in different regimes.

The f—f repulsion U is usually very large, and we can take it as the biggest
parameter in our model, as well as the bandwidth W (~¢p) of conduction electrons.
Consider first the case of a deep f level, &y < ¢g. In this case the f level is occupied
by one electron, and we can go over from the Anderson lattice model (13.21) to
the Kondo lattice (13.22).

There are two physical effects (and, respectively, two possible regimes) in this
case. One of them is the RKKY exchange interaction between f electrons medi-
ated by conduction electrons, see (9.29). This interaction would lead to a certain
magnetic ordering at the critical temperature

T. ~ Jrexy ~ pep) J2 ~ J*/er (13.23)

where J is the s—f exchange in (13.22). However, there also exists the opposing
tendency — the tendency to screen out the magnetic moment and to create a non-
magnetic ground state due to the Kondo effect at each site. The scale of this effect
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is given by the Kondo temperature
Tx ~ epe”'//PER) (13.24)

see (13.19).

When T, > Tk, the RKKY interaction ‘wins’, and the ground state will be
magnetically ordered. Such are most of the rare earth metals (Gd, Er, etc.) and their
compounds. However, if Tx > T, then the magnetic moments ‘disappear’ with
decreasing temperature at 7 ~ Tx — before they have a chance to order. In this case
we would end up in a nonmagnetic state. In analogy with the impurity Kondo effect
the energy scale will be given here by Tk, so that the thermodynamic properties
(c(T), x(T)) will be similar to those of the Kondo impurities, with the important
difference that we now have such ‘impurities’ at each site, i.e. we have not 1, but
10?2 of them. Consequently all anomalous properties will be strongly enhanced (in
dilute systems they are of course proportional to the impurity concentration).

Indeed, as we have discussed in the previous section, cf. Fig. 13.8, now these
systems behave at low temperatures as systems with extremely high density of
states at the Fermi energy. Consequently these systems behave at low temperatures
as Fermi liquids, but with a huge enhancement of the effective mass, reaching
~10° my, and all this in systems with 10?? such states. This is the heavy fermion
state. All the anomalies in this regime are really giant, and, as one used to say, these
systems present ‘a paradise for experimentalists’ — but simultaneously ‘a nightmare
for theoreticians’.

An important difference with respect to the impurity case is seen in the behaviour
of the resistivity and in other transport properties. Whereas for the Kondo impurity
the resistivity behaves as shown in Fig. 13.7, i.e. with decreasing temperature it
increases and saturates at 7 < Tk, in regular systems such as the Kondo lattice
there should be no residual resistivity (if there are no extra impurities). Thus, R(T)
should decrease and formally should go to zero for 7 — 0. Experimentally this is
indeed the case: the typical behaviour of the resistivity in heavy fermion systems
looks as shown in Fig. 13.9.

Indeed at high temperatures 7" 3> Tk each f site acts independently, and the
whole system may be visualized as a collection of independent impurities, with the
Kondo-type behaviour of resistivity of Fig. 13.7. However, at low enough temper-
atures a new coherent regime will be formed, and as 7 — 0 the system behaves
as a Fermi liquid with very low degeneracy temperature 7* and high effective
mass m* > m. The resistivity at T < T* is mainly determined by the electron—
electron scattering, and according to the general treatment given in Chapter 10,
it behaves as R(T) = (T/T*)> = AT?, see (10.7). The coefficient A ~ (1/T*)?
scales with the coefficient y in the linear specific heat, y ~ 1/T*. An important
problem, yet unsolved, is whether the coherence energy scale T* coincides with
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the Kondo temperature for an isolated impurity Tk, or whether they are different.
Experimentally, in most cases, the T'2-law of resistivity is observed at temperatures
much lower than the single impurity Tk, but whether it is because of the existence
of two different energy scales with T* < T, or is simply due to a large cross-over
region between the well-developed Fermi-liquid behaviour with R ~ T2 and the
Kondo behaviour at 7 > T*, is not really clear.

We have stated above that the Kondo-like, or heavy fermion behaviour can be
observed if Tx > Tp ~ Jrkky- As Jrxxy ~ JZ and Tx ~ exp(—1/pJ), this is pos-
sible for large enough exchange integral J; at small J the magnetic regime always
wins. If we now remember that according to our previous treatment, see (13.12),
for large U (e.g. U — 00) we have

2V?2

J = ,
EF — &f

(13.25)

we see that J increases when the f level approaches ¢g. Of course, we cannot use
the expression (13.25) for eg — &y — 0; in this case the corresponding derivation
is not valid, but the qualitative tendency given by equation (13.25) is still correct.
Thus we can draw a ‘phase diagram’ of our system in the plane (&7, T') (the Doniach
phase diagram), see Fig. 13.10. In our previous treatment we have considered the
situation with the (almost) integral occupation of f levels, and we have used the
concepts of localized moments, Kondo effect, etc. This picture is valid if the f
levels lie still relatively deep below er. What would happen if we increase ¢;? This
is illustrated in the Doniach phase diagram.

We start with a very deep f level, ey < er. As we have discussed above, in this
case J (13.25) is very small, and T, ~ Jrgxy ~ p(ep)J? ~ J?/eg (13.23) is much
larger than the Kondo temperature T ~ ege~!//P¢F) (13.19). In this regime the
system is magnetically ordered at low temperatures. Such are the majority of rare
earth metals and compounds.
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When we move the f level closer to the Fermi level, the Kondo energy scale
starts to gain, and it may become comparable to or even exceed 7¢.. One can get this
regime for a still relatively deep f level, with occupation ny close to one. This is the
heavy fermion regime. The critical temperature of magnetic ordering by then starts
to decrease because the magnetic moments themselves are reduced due to Kondo
screening, and we see that we can naturally get here the situation with 7, — 0,
which is the typical situation with quantum critical points. That is why many heavy
fermion systems show quantum critical behaviour.

When we move the f level still further up and reach the situation when the f level
gy itself approaches the Fermi level and ¢g — &r becomes comparable with the f
level width T' = mpV? (13.7), we cannot use the Kondo lattice model any longer,
and have to go back to the Anderson lattice Hamiltonian (13.21). The occupation
of the f level in this case will be less than 1 (or in general will be noninteger) — we
enter the regime of mixed valence. (By mixed, or intermediate valence we mean
here just that — noninteger occupation of the usually deep f level with a small radius
of f orbitals, which can normally be treated as belonging to the ionic core and which
do not participate in chemical bonding.) Here we have the situation intermediate
between two different occupations of the f shell. For example, in compounds like
CePd; the average f shell occupation is neither 4f!, corresponding to valence Ce’*,
nor 4f°, which would correspond to Ce**, but has an intermediate value.

Intermediate valence means that there are quantum fluctuations between different
configurations, so that the ground state is a superposition of states with different
distributions of electrons between the f orbitals and the conduction band, e.g.
W) =a|flc") + Bl fOc™*!). The average occupation (ny) then is the weight loe|?
with which this configuration is represented in the total wavefunction. The mixing
is due to the hybridization term Vel fin (13.21). However, the difficult theoretical
problem is how to hybridize correlated bands. The f and c electrons have completely
different properties. The f electrons are strongly correlated: because of strong
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Hubbard f—f repulsion we can put at each f level not more than one electron. At
the same time, conduction electrons are ordinary fermions, and each level may be
occupied by two electrons, with spins up and down. Thus if we have to hybridize two
such different bands, with different ‘capacities’ and actually with different statistics
(ordinary Fermi statistics for c electrons and ‘atomic’ statistics for f electrons),
then we cannot say in advance, for example, how many electrons we can put in the
hybridized band: is it one electron? or two? or 1.5? This is of course a very crude
way to formulate the emerging problems, but it essentially reflects the difficulties
encountered in the theory of mixed valence and heavy fermion compounds. This
field, as well as other topics in the physics of correlated electrons, is now at the
forefront of condensed matter theory.

The properties of the mixed-valence phase resemble those of the heavy fermion
(dense Kondo) phase. Notably, the magnetic susceptibility is Curie-like at 7 >
T* ~ I" (13.7), and saturates at the value ~ u% /T'for T — 0. The difference is that
usually, according to equations (13.12), (13.19), the Kondo scale Tk increases with
decreasing er — &y, but remains small. In the mixed-valence regime the appropriate
scale is larger: if for heavy fermions usually Tx ~ 1-10K, for mixed-valence
compounds typically 7* ~ 103 K.

And finally, if we continue to raise the f level, sooner or later it will be above
the Fermi energy ef; all f electrons would then ‘spill out’ into the conduction band,
and we will end up with a normal nonmagnetic metal with empty f levels. Thus,
the phase diagram displaying the sequence of events as the f level moves upwards
may be finally drawn as in Fig. 13.10, and the evolution of the energy structure
with & would look as shown in Fig. 13.11:

Region I: Magnetic metal with localized magnetic moments. The f level lies
deep below the Fermi level. Usually this state is magnetically ordered at low
temperatures.

Region II: Dense Kondo system. The f level with width T' = 7pV? is closer
to ep. There exists a collective Kondo peak in the density of states close to e,
with width ~Tx =~ epe~/?/. This region is divided into two subregions, Ila
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and IIb. In region Ila, Kondo-like behaviour may coexist with magnetic
ordering of the remaining (often strongly reduced) magnetic moments. In
region I1b, the nonmagnetic (heavy Fermi liquid) state becomes stabilized
down to T' = 0. The f level &/ itself is still below the Fermi level, but there
appears Kondo resonance at ¢r.

Region III: Mixed-valence region. The ground state is the nonmagnetic Fermi
liquid, with moderately enhanced susceptibility and specific heat. It may be
visualized as a fluctuating valence state (quantum fluctuations). This regime
is reached when the f level itself is close to the Fermi level.

Region IV: Normal nonmagnetic metal with an empty f shell (f level above the
Fermi level).

This is a qualitative scheme which describes the general behaviour of concentrated
systems with coexistent correlated and ordinary itinerant (metallic) electrons. We
cannot discuss here the many very interesting phenomena occurring in the heavy
fermion and mixed-valence compounds. Suffice it to say that due to the very large
effective mass and low characteristic temperature Tx or 7* ~ 1-100K (which
plays the role of the Fermi temperature 7+ ~ ep for normal electrons) we have here
aunique possibility to study experimentally both the regimes with T < T* (degen-
erate electrons) and 7 > T* (nondegenerate regime) in one system, which for other
systems would require extreme conditions (extremely high pressures and tempera-
tures, magnetic fields, etc.). Thus, besides their own interest, the heavy electrons in
these systems give us a unique opportunity to model in experimentally accessible
conditions the behaviour of general condensed matter in extreme regimes.

13.4 Kondo insulators

Despite the large variety of properties, all different possible states of the heavy
fermion and mixed-valence systems described above, see, e.g. Fig. 13.11, were
metals — maybe with very strongly renormalized parameters, very large effective
mass, with rather unusual properties, but still metallic. There exists, however,
a small group of these compounds which have very small gaps in their energy
spectrum, i.e. which are strictly speaking insulators. Several examples were already
mentioned above. They are usually called Kondo insulators, although some of
them, e.g. ‘gold” SmS, should be better called mixed-valence insulators. What is
so specific in these materials, which makes them fundamentally different from the
other mixed-valence and heavy fermion systems?

When analysing their electronic structure, we can notice one common feature:
these are the materials which, if the f level had integral occupation, would have
been insulators. Thus, in ordinary conditions SmS (‘black’ SmS), containing Sm>*
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with the configuration 4%, is a semiconductor with the energy gap E, >~ 0.2
0.3 eV. Under pressure it undergoes a phase transition into a ‘gold” modification
which looks like, and for a long time was treated as, a metal; the corresponding
transition was treated as an insulator—metal transition. However, more detailed
studies have shown that the high-pressure ‘gold’ phase is in fact a small-gap
semiconductor. The standard explanation of the transition of SmS is that under
pressure the f level crosses the bottom of the initially empty conduction band, see
Fig. 13.12, and there appear electrons in the conduction band. Note, however, that
the situation here is rather specific: all the electrons in the conduction band are
actually ‘former f electrons’, so that their number is always equal to the number of
‘empty places’, holes in the f level, n¢ond. = 7 £ noles- This is just the situation which
is most favourable for the creation of a gap in the spectrum.

There are several factors which can lead to the opening of the gap at the Fermi
surface in this situation. If we simply use the f—c hybridization (the term V¢ f
in (13.21)) we may think that the bands would simply hybridize and ‘repel’ each
other, as shown in Fig. 13.13. And in the case considered (the total number of elec-
trons is integer) the lower hybridized band may be completely filled and separated
by a gap from the upper empty band. That is why the gap in these insulators is
sometimes called the hybridization gap.

However, this explanation has several drawbacks. First of all we cannot treat
different electrons on an equal footing and consider the usual band hybridization
as though f electrons are uncorrelated. As we have already mentioned above, the
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problem of ‘how to hybridize correlated electrons’ is one of the main problems
in the entire field of heavy fermion and mixed-valence materials. The second
difficulty is that even if we could obtain the hybridized spectrum of this kind,
usually due to different dispersion in different directions the actual gap would not
form.

Thus we have to look for an alternative explanation of the insulating nature of
these materials. The fact that the number of conduction electrons here is equal
to the number of the remaining f holes is still very important, but it can play
a different role. We notice that the situation here is rather similar to the one in
excitonic insulators, considered in Section 11.4. As in that case, we can expect
here the formation of ‘excitons’ due to the attraction of s electrons to f holes. As
we have here an equal number of them, each of the conduction electrons can find a
‘mate’, and the formation of such a state would produce an insulator. In this picture
Kondo insulators would be very similar to excitonic insulators, and the gap would
have a collective nature.

There is yet another picture which can in principle lead to an insulating ground
state. When we considered above the Kondo lattice, we did not specify what was
the relative concentration of the localized moments 7, and of the conduction
electrons n.; or rather we always assumed that n. > ng;,. In that case, even if
the Kondo effect dominates, we would get a (nonmagnetic) metallic ground state,
albeit with strongly renormalized parameters. However, if n. = ngy,, again we
would have a similar situation: each conduction electron would bind to one spin,
and in effect we may get an insulator. (This is actually what gave the name ‘Kondo
insulator’ to these systems.) This would definitely be the case if the f—s exchange
interaction J and the binding energy of the Kondo singlet ~ Tk were very large,
larger than the bandwidth of conduction electrons. Usually, however, we are in the
opposite limit, and the result is not so evident. Theoretically this problem is still
far from being solved: however, qualitatively it seems that the condition discussed
above (equal number of conduction electrons and localized spins of f holes) is a
necessary (and sufficient?) condition for the formation of Kondo insulators, and that
the physical mechanisms discussed above are indeed responsible for the creation
of this state.

13.5 Ferromagnetic Kondo lattice and double exchange
mechanism of ferromagnetism

As we have seen in the previous sections, there exists in the Kondo lattice a com-
petition between the nonmagnetic (e.g. heavy fermion) and magnetically ordered
ground state. Magnetic ordering in this case is realized due to the RKKY exchange
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interaction (9.29) of localized spins via conduction electrons

J? coskgr + ¢)
H ~ JrxkySo - Sr Jrkky (r) ~ 8—:—3(/)
- E

(13.26)

What if we have a system with a small number of conduction electrons, kg — 07
It is clear from (13.26) that the interaction between spins will be nonoscillating (or
rather oscillating with a very large wavelength), and at least for the ferromagnetic
sign of Jrxky We can expect the formation of net ferromagnetic ordering.

Actually in this case we cannot use the standard treatment leading to the RKKY
interaction: this treatment was based on perturbation theory in J /&g, and for small
electron density (small ep) this approach breaks down. One can nevertheless treat
this case proceeding ‘from the opposite end’ — treating the on-site exchange between
conduction electrons and localized spins (often called sd-exchange) as strong and
taking into account the electron motion (the kinetic energy of localized electrons)
later. Typically one considers in this case not an antiferromagnetic, but a ferromag-
netic on-site exchange

Hy ~ —JuS;-0;; (13.27)

physically this corresponds to the Hund’s rule exchange which tends to make the
spins at the same atoms parallel.' In this case we have a system which can be
called a ferromagnetic Kondo lattice; it is described by the model (13.22), but
with the opposite (ferromagnetic) sign of the exchange coupling. In application to
ferromagnetic metals, this model is known as the double exchange model.

Suppose that in this case the interaction Jy is larger than the conduction electron
bandwidth. It is convenient in this case to go back to the coordinate representation
and rewrite the Hamiltonian (13.22) (in the tight binding approximation) as

H=—tY che,— ) chocis S (13.28)
One can also have an interaction between localized spins on different sites, due to

some other mechanism not connected with the conduction electrons; it often has
the antiferromagnetic sign. Then the total Hamiltonian will have the form

H=—tY chcip—InY choc, Si+71) 8-S;. (1329

If there are no conduction electrons, the material would be antiferromagnetic due
to the exchange interaction J > 0. However, one can easily see that the inclusion

! This approach is definitely valid for systems in which both localized and itinerant electrons belong to the
same partially filled d shell (to different d subbands thereof). This is the situation we are dealing with when
considering, e.g. ferromagnetism in metals like Fe or Ni and in compounds of the type La;_,Ca,MnO3. When,
however, localized and itinerant electrons belong to different ions or have a completely different nature, e.g.
f electrons of Ce and conduction electrons in materials like CeAls, the exchange is of Schrieffer—Wolf
type (13.12) and is antiferromagnetic.
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of conduction electrons (e.g. due to doping) would lead to an opposite tendency,
trying to make the system ferromagnetic.

The easiest way to see this is to consider the situation with r < Jy, treating the
spins quasiclassically. Due to the strong Hund’s rule exchange (13.27) the spins
of conduction electrons tend to be parallel to the localized spins. In this case we
can have two situations; either the neighbouring spin is parallel, or antiparallel
to the first one, see Fig. 13.14. In the first case (Fig. 13.14(a)) the conduction
electron can easily hop to the nearest neighbour (this hopping is shown by the
wavy line in Fig. 13.14(a)). Thus in this case the conduction electron can delo-
calize and decrease its kinetic energy. However in the second case this process
is forbidden: the electron at site 2 would have spin opposite to the local spin
there, which for Jy > ¢ would prevent such hopping (the energy loss ~ Ji would
exceed the energy gain ~ t). To decrease its kinetic energy, the conduction elec-
tron should make all localized spins parallel, i.e. it will induce ferromagnetic
ordering.”

We can also use slightly different language and explain the tendency to ferro-
magnetism due to electron motion using Fig. 13.14(c): the electron from site 1
hops to the neighbouring site 2 and there, due to strong Hund’s rule interaction,
‘pulls up’ the spin S,, orienting it parallel to itself, i.e. in the result again making
all its neighbours and finally the total sample ferromagnetic (of course we need a
finite concentration of conduction electrons to accomplish this). This mechanism
of ferromagnetism in metals is called double exchange, it was first suggested in the

2 Strictly speaking, these arguments are not completely correct: if one takes into account the quantum nature of
spins, one can see that the on-site exchange (13.27) does not really require that the spins of the conduction
and localized electrons are parallel, but it tells us that the lowest state should be the one with the maximum
total spin (e.g. for § = %, a triplet state with Sioa1 = 1). This state, however, besides the ‘classical’ possibilities
0181 and 0| S|, can have the z-projection of the total spin S7 , = 0; the corresponding wavefunction is

%(O’TS,L + 0] S1). We see that there is a part of this wavefunction which corresponds to the state (c1S1)
obtained in the situation of Fig. 13.14(b) after electron transfer. Thus the electron hopping will not be completely

forbidden in this case, but will be reduced by the factor 1/+/2 (or 1/4/25 + 1 in the general case) due to the
normalization factor above. This can lead to certain observable consequences, though the gross picture of
ferromagnetism caused by kinetic energy gain of conduction electrons remains the same.
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1940s by Zener, and then studied in detail by Anderson, de Gennes, Nagaev, and
others.

One can notice that the physics of ferromagnetism in this case is rather similar
to the one we saw in the single-band model (Hubbard model) in Chapter 12: in both
cases the motion of electrons is hindered by the antiferromagnetic ordering of the
background (due to the same electrons in Chapter 12, but due to other, localized
electrons here), and the tendency to decrease the electron kinetic energy leads to
the suppression of antiferromagnetic ordering and eventually to the establishment
of ferromagnetism (or possibly some more complicated magnetic structure in the
case of the Hubbard model, e.g. RVB-like states).

When there exists direct S—S exchange (the last termin (13.29)), these two mech-
anisms of magnetic ordering compete with one another. As a result a ‘compromise’
may be reached, e.g. in the form of a canted state: a two-sublattice structure, but
with the spins of the sublattices not exactly antiparallel, but canted at a certain
angle 6 # m, see Fig. 13.14(c) and Fig. 13.15. As we have seen, the electron hop-
ping is strongly influenced by the background magnetic structure. Treating spins
classically, one can get the following expression for the effective hopping matrix
element:

0
teff = t COS 5" (13.30)

Thus for the ferromagnetic ordering (6 = 0) we have the full hopping f.;r = ¢, and
correspondingly the full bandwidth of conduction electrons, and for the antifer-
romagnetic case (0 = ) we have f. = O (this approximation is definitely valid
for large spin S, but, strictly speaking, should be modified for smaller spins due
to quantum effects — see the footnote above; we shall nevertheless ignore these
corrections and use below the expression (13.30)).

One can easily write down the energy of the system with electron concentration
x (« 1) and with canted spin structure. From (13.29), (13.30) one gets (taking
Ju > t, J) the energy per site

E_ JS? 0 t 0 (13.31)
N = Z COS ZXI COS 3 . .

Here z is the number of nearest neighbours. The first term in (13.31) is the energy of
localized spins forming two sublattices at an angle 6, Fig. 13.15. The second term
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describes the kinetic energy of doped electrons with concentration x, moving in a
tight binding band with the hopping matrix element ¢ cos % (13.30) (forx < 1 we
can put all electrons at the bottom of the band and ignore the filling of higher-lying
states in the band, giving the energy ~ x°/3).

Minimizing the expression (13.31) in 6, we obtain

b 13.32

cos 3= 175 (13.32)

Thus in this approximation already at small doping x the antiferromagnetic sublat-

tices start to cant (de Gennes). At x = x. = 4J5%/t, the value of cos % reaches 1,

i.e. the angle between the sublattices becomes zero, & = 0, and the system goes

over to a ferromagnetic state. This mechanism of ferromagnetism is essentially

due to the same tendency which we already saw before in Sections 12.5 and 12.6:

the ferromagnetic state is here stabilized by the decrease of the kinetic energy of

electrons which move much more easily in the ferromagnetic background than in
the antiferromagnetic background.

The double exchange mechanism of ferromagnetism described above may well
be the main mechanism of ferromagnetism in metallic ferromagnets such as iron
or nickel. It is also widely used to describe the properties of metallic ferro-
magnetic oxides, e.g. systems with ‘colossal’ magnetoresistance La;_,M,MnO;
(M = Ca, Sr). And although many details of the behaviour of such systems are still
not clear’ the tendency which we saw above — that the ferromagnetic state usually
goes hand in hand with metallic conductivity, and the antiferromagnetic state is
more typical for insulators —is definitely observed in most of the magnetic materials

(although of course there are also many exceptions to this general tendency).

Concluding this book, I want to say once again that I have tried to give here at
least an impression of the problems physicists are now working on in condensed
matter physics, the language used and the methods employed. Of course I could not

3 Besides the possible importance of quantum effects mentioned above, there exists in the double exchange
model (13.29) the tendency to an instability of the homogeneous canted state towards phase separation into
metallic ferromagnetic regions containing all the doped electrons, and antiferromagnetic insulating regions. This
tendency is again similar to the one we saw in the single-band Hubbard model, Section 12.7: one easily sees
that the total energy of the homogeneous canted state which we would obtain by putting the value cos % (13.32)

into the expression (13.31), would be such that d*> E /dx? < 0. But this is nothing else but the inverse compress-
ibility of the system. A negative value of the compressibility is forbidden by the general rules of thermodynamics;
it means absolute instability of the corresponding homogeneous state. There are, however, other contributions
to the total energy of the system besides the one considered above, notably the long-range Coulomb forces
which favour electroneutrality and thus oppose the tendency to phase separation (which nevertheless seems to
persist, albeit in a modified form) — see the discussion in Section 12.7.
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cover all the interesting and exciting problems in this big field, as well as introduce
all the theoretical methods; for instance I have left out the big and very important
field of transport phenomena. I hope, however, that I have been able to present some
of the unifying concepts underlying modern condensed matter physics, especially
the concepts of order and elementary excitations. I have also tried, and I hope was
able to succeed to some extent, to show, that this relatively old and ‘classical’ part
of physics is still full of surprises, ‘alive and kicking’.
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