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Preface

This document contains the lecture notes defining the curriculum for TFY4245 - Solid State Physics,
Advanced Course at NTNU. The chapters in these lecture notes are heavily based on (and several
parts of the text is taken directly from) the following references:

e Chapter 1: Introduction [3].

Chapter 2: Electrons in the periodic crystal and second quantization [3] [6].

Chapter 3: Optical processes and excitations [3].

Chapter 4: Phonons, plasmons, polaritons, polarons [3], 4, [ [7, [§].

Chapter 5: Dielectrics and ferroelectrics [7), 9, 111, [12].

Chapter 6: Superconductivity [2, [10].

Chapter 7: Diamagnetism, paramagnetism, and ordered magnetic states [6l [, [3].

A few paragraphs and footnotes with extra details have also been adapted from particularly clear
explanations on Wikipedia. These lecture notes should therefore be viewed as a compilation of
various key topics in condensed matter physics extracted from scientific literature across the web,
in particular the references mentioned above which should be given the full credit for the content
in these notes. We will use SI units throughout this document.






Chapter 1

Introduction

Solid state physics (or condensed matter physics) is one of the most active and versatile branches of
modern physics and experienced a tremendous development in the wake of the discovery of quantum
mechanics. The field deals with problems concerning the properties of materials and, more gener-
ally, systems with many degrees of freedom, ranging from fundamental questions to technological
applications. This richness of topics has turned solid state physics into the largest subfield of physics
(one third of all American physicists identify as condensed matter physicists); furthermore, it has
arguably contributed most to technological development in industrialized countries.

Condensed matter (in practice, solid bodies except for Bose-Einstein condensates) consists of ions
(atomic nuclei), usually arranged in a regular elastic lattice, and of electrons. As the macroscopic
behavior of a solid is determined by the dynamics of these constituents, the description of the system
requires the use of quantum mechanics. Thus, we introduce the Hamiltonian describing nuclei and
electrons,

H = He+Hion+Hion—e (11)

where
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Here, m is the electron mass, M; and Z; is the mass and atomic (charge) number of ion j, and e the
elementary charge. Although being accurate, in practice such a Hamiltonian is wildly impractical,
and in fact impossible, to use for a macroscopic number of particles that is present in a real material.
Fortunately, there exists a number of methodologies that are based on clever approximations made
to H which can be used to describe the fascinating physics taking place in materials.

In condensed matter physics, we are dealing with phenomena occurring at room temperature
T ~ 300 K or below, corresponding to a characteristic thermal energy of about £ = kgT ~ 0.03 eV
= 30 meV, which is much smaller than the energy scale that particle physics concerns itself with
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(MeV and higher). Correspondingly, the important length scales in condensed matter physics are
given by the extension of the system and of the spatial behavior of the electronic wave functions.
The focus is thus quite different from the one of high-energy physics. There, a highly successful
phenomenological theory for "low energies” in a particle physics context, the so-called standard
model, exists, whereas the underlying theory for higher energies is unknown. In solid state physics,
the situation is reversed. The Hamiltonian we gave above describes the behavior of the particles
at "high-energies” in a condensed matter physics context and the aim is instead to describe the
low-energy properties using reduced (effective, phenomenological) theories. Both tasks are far from
trivial. Among the various states of condensed matter that solid state theory seeks to describe
are metals, semiconductors, and insulators. Furthermore, there are phenomena such as magnetism,
superconductivity, ferroelectricity, charge ordering, and the quantum Hall effect. All of these states
share a common origin: Electrons interacting among themselves and with the ions through the
Coulomb interaction.

The microscopic formulation in Eq. is too complicated to allow an understanding of the low-
energy behavior. Consequently, the formulation of effective (reduced) theories is an important step
in condensed matter theory. On the one hand, characterizing the ground state of a system is an
important goal in itself. However, measurable quantities are influenced by excited states, so that
the concept of ’elementary excitations’ takes on a central role. Some celebrated examples are Lan-
dau’s quasiparticles for Fermi liquids, the phonons connected to lattice vibrations, and magnons in
ferromagnets. The idea is to treat the ground state as an effective vacuum in the sense of second
quantization, with the elementary excitations as particles on that vacuum. Depending on the sys-
tem, the vacuum may be the Fermi sea or some state with a broken symmetry, like a ferromagnet,
a superconductor, or the crystal lattice itself. According to P. W. Anderson, the description of
the properties of materials rests on two principles: the principle of adiabatic continuity and the
principle of spontaneously broken symmetry.

By adiabatic continuity we mean that complicated systems may be replaced by simpler systems that
have the same essential properties in the sense that the two systems may be adiabatically deformed
into each other without changing qualitative properties. Arguably the most impressive example is
Landau’s Fermi liquid theory mentioned above. The low-energy properties of strongly interacting
electrons are the same as those of non-interacting fermions with renormalized parameters.

On the other hand, phase transitions into states with qualitatively different properties can often be
characterized by broken symmetries. In magnetically ordered states the rotational symmetry and
the time-reversal invariance are broken, whereas in the superconducting state the global gauge sym-
metry is. In many cases the violation of a symmetry is a guiding principle which helps to simplify
the theoretical description considerably. Moreover, in recent years some systems have been recog-
nized as having topological order which may be considered as a further principle to characterize
low-energy states of matter. A famous example for this is found in the context of the quantum Hall
effect.

The goal of these lectures is to introduce these basic concepts on which virtually all more elaborate
methods are building up. In the course of this, we will cover a wide range of frequently encountered
ground states, starting with the theory of metals and semiconductors, proceeding with dielectrics,
ferroelectrics, superconductors, and finally magnetically ordered states. During this journey, we will
encounter several types of emergent quasiparticles that appear in these types of materials, formed
by the interplay of physical electrons and ions, such as plasmons, phonons, polarons, polaritons,
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magnons, and Cooper pairs.

1.1 Is fundamental physics useful for anything?

Is the fundamental research done on quantum condensed matter physics only justified by its poten-
tial to create new devices and technology?

This author believes the answer is no: gaining knowledge on how nature works has intrinsic value.
There is nothing wrong with a long-term vision of technological applications emerging in the future
from basic research, but discovering the solution to what is currently unknown and pushing the
frontier of human knowledge forward, and disseminating these advances to others, is a key to the
very understanding of the world around us.

With this in mind, it is interesting to note that there exist several examples of major technological
breakthroughs that much later originate from what at the time was considered fundamental research
without any orientation toward applications. Indeed, fundamental research has directly led to game-
changing applications that were not anticipated when the research was undertaken. The challenge
for investors is that since most applications arising in this way cannot be foreseen, the time interval
between a basic research discovery and its application in technology may be years and decades.
Below are some examples with text partially from “The value of fundamental research” by Cris dos
Remedios (2006) and Wikipedia.

e Magnetic resonance imaging technology is now used widely for diagnosis (a non-invasive tech-
nique) and for research, with an increasingly wide variety of applications. Key developments
include Carr and Purcell, who in 1954 described the use of magnetic field gradients to re-
late NMR frequencies to spatial position. Subsequently, magnetic resonance imaging became
a multi-million industry although none of the early scientists had any idea that their work
would lead to medical imaging technology of such practical significance.

e It is well known that fundamental studies of electromagnetic fields by Hertz and Maxwell un-
derpin radio and television, developments that they clearly could not have imagined. The laser
also falls into that category. The first working laser was built by Theodore Maiman in 1960.
This idea came directly from atomic physics and, in particular, from principles of stimulated
emission discovered by Einstein several decades before. With the subsequent development of
gas lasers, these intense and coherent light sources found applications in experimental physics,
enabled holographic and interferometric studies, and later were used for range finding and sur-
veying. But the most important applications came with the development of solid state lasers
and their use in fibre optic communications. Lasers are now used throughout the world in
medicine, in consumer electronics, and in scanning and printing technology. Modern commu-
nications and data storage technologies depend on laser optics and in the next decade or so,
optronic laser-based computers will supersede the electronic systems of today.

e The giant magnetoresistance effect is a good example of how an unexpected fundamental
scientific discovery can quickly give rise to new technologies and commercial products, which
is a strong argument for both public and private support of basic research. It has been
noted that GMR can “be considered one of the first real applications of the promising field of
nanotechnology.”

e The exactness of the quantized Hall conductance was discovered during routine resistance
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measurements. Actual measurements of the Hall conductance have been found to be integer
or fractional multiples of €?/h to nearly one part in a billion. It has allowed for the definition
of a new practical standard for electrical resistance, based on the resistance quantum given
by the von Klitzing constant. This is named after Klaus von Klitzing, the discoverer of exact
quantization. Since 1990, a fixed conventional value RK-90 is used in resistance calibrations
worldwide. The quantum Hall effect also provides an extremely precise independent deter-
mination of the fine structure constant, a quantity of fundamental importance in quantum
electrodynamics.

The first working transistor was invented in 1947, and its discoverers shared the Nobel Prize
in Physics in 1956. The transistor originated from experiments performed at Bell Labs in
New Jersey where researchers performed experiments and saw that when two gold point
contacts were applied to the material germanium, a signal was produced with the output
power greater than the input. The group leader for solid state physics William Shockley saw
the potential in this, and over the next few months worked to greatly expand the knowledge of
semiconductors. The most widely used transistor is the metal-oxide-semicondutor field-effect
transistor (MOSFET) which properties is a direct interplay between the fundamental physics
of three types of materials: metals, semiconductors, insulators. Transistors are the key active
components in practically all modern electronics. Their primary use is to amplify or switch
electrical signals. Because the controlled (output) power can be higher than the controlling
(input) power, a transistor can amplify a signal. Many people consider transistors one of
the 20th century’s greatest inventions, as they enable compact, powerful computers and cell
phones.



Chapter 2

Electrons in the periodic crystal and
second quantization

One of the characteristic features of many solids is the regular arrangement of their atoms forming
a crystal. Electrons moving in such a crystal are subject to a periodic potential which originates
from the lattice of ions and an averaged electron-electron interaction (like Hartree-Fock approxima-
tion). The spectrum of extended electronic states, i.e. delocalized eigenstates of the Schrédinger
equation, form bands of allowed energies and gaps of "forbidden” energies. One can understand
band formation in two complementary ways: (1) the free electron gas whose continuous spectrum
is broken up into bands under the influence of a periodic potential and (2) independent atoms are
brought together into a lattice until the outer-most electronic states overlap and lead to delocalized
states turning a discrete set of states into continua of electronic energies - bands.

In this chapter we will address the emergence of band structures of electrons in a periodic crystal.
The band structure of electrons is essential for the basic classification of materials into metals and
insulators (semiconductors).

2.1 Symmetries of crystals

Most solids consist of a regular lattice of atoms with a perfectly repeating structure. Defects may
be present in realistic experimental samples, such as missing atoms, which can be treated as im-
purities in the system. However, we first consider a perfect crystal to establish the foundation for
describing the behavior of electrons in such materials. The minimal repeating unit is the unit cell.
The symmetries of a crystal are contained in the space group R, a group of symmetry operations
(translations, rotations, the inversion or combinations) under which the crystal is left invariant. In
three dimensions, there are over 200 different space groups.

All symmetry transformations form together a set which has the properties of a group. A group G
combined with a multiplication * has the following properties:

e The product of two elements of G are also in G: a,b€ G —axb=ce€g.
e Multiplications are associative: a * (b* ¢) = (a % b) * c.

e A unit element e € G exists with exa=axe=a for all a € G.

e For every element a € G there is an inverse a~! € G satisfying a ' sa=a*xa ! =e.
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A group with a b = b+ a for all pairs of elements is called an Abelian group, otherwise it is known
as non-Abelian (meaning the elements do not commute with each other). A subset of elements G’
from the group G is called a subgroup of G if it satisfies the criteria of a group as well.

We consider here a crystal displayed as a point lattice, each point symbolizing either an atom or
a whole unit cell. See Fig. for a square lattice geometry. Translations in the space group are
represented by linear combinations of a basic set of translation vectors {a;} (so-called primitive
lattice vectors) connecting lattice points. Any translation between arbitrary lattice points is then a
linear combination of {a;} with integer coefficients:

R, = nja; + naas + n3as. (2.1)
° ™ ° ° ° ° °
° ™ ° ° ® ° °

f
I =

Figure 2.1: Crystal point lattice in two dimensions: the vectors a; and as form the basic set of
translations and R = 2a; 4 as in the figure. The shaded area denotes the Wigner-Seitz cell which
is obtained by drawing perpendicular lines (planes in three dimensions) through the center of all
lines that are connecting neighboring lattice points. The Wigner-Seitz cell also constitutes a unit
cell of the lattice. Figure taken from [3].

General symmetry transformations including general elements of the space group may be written
in the notation due to Wigner

' =gr+a={gla}r (2.2)

where g represents a rotation, reflection or inversion with respect to lattice points, axes, or planes.
The elements g form the generating point group P. In three dimensions there are 32 points groups.

We can distinguish between the following basic symmetry operations:
e Basic translations {F|a}.
e Rotations, reflections, inversions: {g|0}.

e Screw axes, glide planes: {gla}.
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Here, E is the unit element (identity) of P. A screw axis is a symmetry operation consisting of a
rotatioan followed by a translation along the rotation axis. A glide plane is a symmetry operation
with reflection at a plane followed by a translation along the same plane. The symmetry operations
{g|la}, together with the associative multiplication

{gla}{d|la"} = {g9d'lga’ + a} (2:3)

form a group with unit element {E|0}. In general, these groups are non-Abelian, i.e. the group
elements do not commute with each other. However, an Abelian subgroup of the space group R
always exists, namely the group of translations {E|a}.

The elements g € P do not necessarily form a subgroup, because of some of these elements (such
as screw axes or glide planes) leave the lattice invariant only when combined with translation. If P
is a subgroup of R, then R is said to be symmorphic, in which case the space group contains only
primitive translations and neither screw axes nor glide planes.

The most fundamental type of lattice is called a Bravais lattice. There are two equivalent definitions.

e (a) An infinite array of discrete points with an arrangement and orientation that appear
exactly the same, from whichever of the points the array is viewed.

e (b) A lattice consisting of all points with positions vector R of the form
R =nijaq1 + noas + nzas (2.4)

with integer n;. This can also be restated as saying that every point of a Bravais lattice can
be reached from any other point by a finite number of translations.

Non-Bravais lattice contains points which cannot be reached by translations only. Rotations and
reflections must be used in addition to tramslation. Non-Bravais lattices can be represented as
Bravais lattices with a basis consisting of more than one element. One example of this is graphene
(see exercise).

2.2 Reciprocal lattice

We define the reciprocal lattice which is of importance for the electron band structure and x-ray
diffraction on a periodic lattice. The reciprocal lattice is also perfectly periodic with a translation
symmetry with a basic set {b;} defining arbitrary reciprocal lattice vectors as

G, = m1by + maby + m3bs. (2.5)
Above, m; are integers and
a;-b; =2md;j, 1,7 =1,2,3. (2.6)
while we have
b= 2B XMoo b X b (2.7)

ai-(ajxak)’ bi-(bijk)‘

The reciprocal lattice can be equal to the real space lattice in the simplest cases, for instance for
a square or cubic lattice. For more complicated lattices, this is not the case. For instance, a body
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simple cubic body centered face centered
cubic cubic
a a a
a a a
a a a

Figure 2.2: Real space unit cell and reciprocal space unit cells for cubic, bce and fee lattices. a is
the lattice constant, whereas the points I', P, N, et.c. denote particular points in the BZ. These
are points of high symmetry, called critical points. The center of the Brillouin zone is universally
denoted I'. The specific definition of the remaining points depends on the precise lattice structure.
For instance, for a simple cube one has M: center of an edge, R: corner points, X: center of a face.
For a body-centered cubic, H: corner point joining four edges, N: center of a face, P: corner point
joining three edges. For a face-centered cubic one has K: middle of an edge joining two hexagonal
faces, L: center of a hexagonal face, U: middle of an edge joining a hexagonal and a square face, W:
corner point, X: center of a square face. Figure taken from [3].

centered cubic (bcc) lattice has a face centered cubic (fcc) reciprocal lattice and vice versa, as shown
in Fig. The Wigner-Seitz cell (unit cell) in reciprocal space is called the first Brillouin zone.
From the above relations, it follows that any real space lattice vector R,, and any reciprocal lattice
vector G, have the property that

G, R, = 27r(m1n1 + mong + mgng) =27 N (2.8)

where N is an integer. This permits us to expand any function f(r) which is periodic in the real
lattice as a Fourier series:

fr)=>" fae'@r, (2.9)
G
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since this ensures that the periodicity property f(r + R,) = f(r) holds. The coefficients in this
expansion may be obtained via

1 —1Gr
fG:QTc Ucd3rf(r)e G (2.10)

where the integral runs over the unit cell of the real-space lattice with the volume Quc.

2.3 Bloch’s theorem and Bloch functions

We consider a Hamiltonian H of electrons invariant under a discrete set of lattice translations,
meaning that the potential felt by the electrons must be periodic. Because of this symmetry, the
translation operator T, commutes with the Hamiltonian H , [Ta, H] = 0. The translation operator
is defined via

Tulr) = |r + a). (2.11)
Neglecting electron-electron interactions, we are faced with a single-particle problem:
H — Hy + p*/2m + V(7). (2.12)

Here, © and p are position and momentum operators while

V(r) =2 Vi(r - R;) (2.13)

describes the potential landscape that the electrons move in via the ionic background, and R is the
position of the j-th ion. The potential is periodic, V(r + a) = V(r). It is clear that Hy commutes
with Ty. Therefore, these operators have a common set of eigenstates. Bloch’s theorem states
that the eigenvalues of T, lie on the unit circle in the complex plane, which makes its eigenstates
extended as we’ll see below. We have

Tap(r) =¥ (r — a) = Xat(r), Tiath(r) = ¥ (r —la) = Toyp(r) = A (r). (2.14)

Above, [ is an integer. On physical grounds, the probability density for electrons should be equal
on each lattice sites, since the system is periodic. This gives

W) = [o(r +1a)* = Mg Pl ), (2.15)

requiring that [Aq| = 1, so that A\, = e¢’=. The eigenstate ¢ (r) satisfying the above equations is
a product of an extended plane-wave ¢’*7 and a Bloch function ug(r) which must have the same
periodicity as the lattice:

1

¢(’l") = wn,k(r) = —=e¢' 'Tun,k(r)' (216)

5

Thus, we have the relations
Tatin (1) = tn (1), Tan k(1) = Ypp(r + a) = %, (7). (2.17)

These states are also eigenstates of Hy, so we have Hot)p, k(T) = €5, k%n k(7). The integer n is a quan-
tum number called the band index, k is the pseudo-momentum (also known as crystal-momentum or
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wavevector) and (2 is the volume of the system. An important property of the eigenvalue of v, x(7)
with respect to Ta, e @ ig that it is periodic in reciprocal space. This is because e!(kTG)a — ¢ik-a
for all reciprocal lattice vectors G. Therefore, it is sufficient to consider values of k inside the first
Brillouin zone. This means that any k outside the first Brillouin zone can be mapped back into it,

making the first Brillouin zone sufficient to describe the electronic states.

Bloch’s theorem then simplifies the initial problem to the so-called Bloch equation for the periodic
function wug:

((i) + hk)?

S+ V(f’))uk(r) = eup(r). (2.18)

We suppressed the band index n to simplify the notation. There exists different numerical methods
which allows one to efficiently compute the band energies € for a given Hamiltonian H.

2.4 Nearly free electron approximation

We here provide a solution strategy to obtain the eigenvalues and eigenenergies when one can assume
that the periodic potential V(r) is weak. First, we expand the periodic potential as follows

V(r)=> Vge'cr, (2.19)
G

1 )
— / d3rv (r)e G, (2.20)
ucC

Veu —
¢~ Que

The potential is real, and assuming that it is also invariant under inversion V(r) = V(—r), leading
to Vg = V*4. The uniform component Vg—( corresponds to an irrelevant energy shift and may be
set to zero. Because of its periodicity, we can also express the Bloch function as

ug(r) =Y cge G (2.21)

G

where the coefficients cq = cg(k) depend on k in general. Inserting the above expansions into the
Bloch equation gives a linear eigenvalue problem for the band energies ¢g:

2
(2hm (kl — G)2 — Ek)CG + Z Va'—q cgr = 0. (2.22)
G/

This is an eigenvalue problem with c¢g (k) as components of the eigenvectors and € as eigenvalues
(band energies). The latter include now corrections to the bare parabolic dispersion, 6;60) = h2k? /2m
due to the potential V(7). The dispersion is parabolic in the absence of V (r) since the eigenstates

are simply plane waves.

As a lowest order approach for the energy spectrum of electrons in a crystal, we neglect the term with
Ve _- The energy spectrum then consists of all parabolic bands of the type ex(G) = h?(k—G)?/2m
centered around the reciprocal wavevectors G (see dashed lines in Fig. . This is an "empty lattice
approximation” which introduces the effect of the periodicity of the lattice on the band structure,
but with zero potential.



2.4. NEARLY FREE ELECTRON APPROXIMATION 15

We then proceed to illustrate the nearly free electron method on a 1D lattice when including a
non-zero magnitude of the potential. Assume that the periodic potential is weak in the sense that
[Va| < h2G?/2m for the reciprocal lattice vectors G. Consider first the lowest energy eigenvalue
close to the center of the Brillouin zone k = 0, i.e. |k| < 7/a. The solution of Eq. is then
obtained by using the values for c¢g in the second term of Eq. corresponding to lowest energy
eigenvalue for Vi = 0 (since the right-hand side will otherwise be of order O(V2)). The lowest
energy eigenvalue at kK = 0 occurs at G = 0 in the absence of a potential. The belonging coefficients
for this case are C(GO ) o = 1 (since the solution for u is just a plane-wave: the normalization constant is

already accounted for by a factor 1/ V/Q that appeared earlier) and c( ) — 0 otherwise. Inserting this
into the second term of Eq. - ) then gives V_g = Vig. Since we set Vg—¢ = 0 in the beginning
of this section, we obtain the solution:

1for G=0 (2.23)
cqg =~ .
“ %<1fOTG#O

which gives the energy eigenvalue for G = 0:

h2k2 Ve |? h2k2
-y o Vg 5~ 5+ Eo (2.24)
&20 aml(k — G)? — k2] m
where
h2G? Va
- olP——— = —7— 2.2
3 NeP T A6 = e (225)
and the effective mass m — m* > m:
1 1
——[1-4 2] .
= w1 (2.26)
G#£0

This solution corresponds to the lowest branch of the band structure within this approach (see Fig.
. The parabolic approximation of the band structure at a symmetry point with an effective mass
m™*, is a standard way to approximate band tops or bottoms. Note that we have actually provided
what can be thought of as a low-energy effective theory for the band structure, since we found the
solution for |k| < m/a where the band energies in our case is minimal.

The band structure can be extended beyond the first Brillouin zone since it is periodic through the
relation ez g = €x. We have ¢, = e_j due to parity (and time reversal symmetry), like for free
electrons.

Let us now consider higher energy bands. We stay at the zone center ¥ = 0 and address the
eigenstates which have their dominant contribution associated with the parabolas centered at G+ =
+27/a = +G (see Fig. . In effect, the coefficients c, ~ essentially determine these eigenstates.
The belonging energy bands cross for k& = 0 in the case without potential at a value h2G? /2m.
Restricting ourselves to these two G-components, we obtain a two-dimensional eigenvalue equation

System

2 M2 *

2 (k= G e Vag = 0. (2.27)
VZG‘ (k: + G)
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Figure 2.3: Band structure obtained by the nearly free electron approximation for a regular 1D
lattice. The dashed lines are the allowed energy eigenvalues for zero potential, whereas the full lines
are the solutions when a weak potential is taken into account. This leads to formation of band gaps.
Figure taken from [3].

The eigenvalues are obtained by setting the determinant of the matrix equal to zero, as usual, and
this gives two solutions:

€he = ;[Z{w + G2+ (k- é)?} + \/(hQ{(k +G)2 = (k- (;)2})2 +4yv2@|2}
h2

h2
2m7

= 5GP Vol +

2m

k? (2.28)
with the effective mass

! (T£2Ms7h). (2.29)

:7
mi m

Thus, we see that m* > 0and m* < 0as|A\z| < 1. This gives rise to an energy band gap separating
two bands with opposite curvature, as shown in Fig.
2.5 k- p approximation

Above, the periodic potential V' was considered the perturbation. A different method called the
k - p-approximation ("k-dot-p”) utilizes a different perturbation to approximate the band energies.
It goes as follows. Consider the Bloch equation Eq. (2.18) which has the Hamiltonian

H = Hy+ H, (2.30)
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where we let

9 21.2
Ho = §—m+V(%) ,’c_%JrhkTp. (2.31)
The unperturbed Hamiltonian is Hy, which includes the periodic potential, which is in fact exact at
the I' point k = 0. The perturbation is Hy,. The result of this perturbation analysis is an expression
for €, and wu, j in terms of the energies and wavefunctions at k = 0. Note that the perturbation
term gets progressively smaller as k approaches zero. Therefore, k - p perturbation theory is most
accurate for small values of k.

Standard perturbation theory provides the following expression to lowest non-trivial order

h U k-plu
Up kg = Up,0 + . Z (wwolk - pl n’0>un',0,

n'n En,O - En’,O
h2k? [(un,olk - plun o) |?
E,r=FE —_— E . 2.32
n,k n,0 + om + nO _FE .0 ( )

The elements (un o|p|u, o) are known as optical matrix elements (note how k can be pulled outside
of the expectation value since it is not an operator).

2.6 Tight-binding approximation

We consider now a regular lattice of atoms which are well separated such that their atomic orbitals
have small overlaps only. Therefore, in a good approximation the electronic states are rather well
represented by localized atomic orbitals, ¢, (7). The discrete spectrum of the atoms is obtained by
solving the atomic Schrodinger equation

Ha(ra R)an(r - R) = €n¢n(r - R) (2'33)

for the wavefunction of an atom located at position R, so that

.9
p
H,(r,R) = o +Vi(r — R) (2.34)
where V,(r) is the atomic potential shown in Fig. [2.4(a). We let n denote all relevant quantum
numbers, such as principal quantum number and angular momentum (I, m) and spin. We suppress
the r dependence of H, for brevity of notation in what follows. The total Hamiltonian for a singe
particle combines all the potentials of the atoms

H_—+ZV H.(R;) + AVR,(r), (2.35)

where we singled out one atomic potential (the choice of R; is arbitrary) and introduce the correction

AVg,(r)= Y Vi(r—Ry). (2.36)
/#RJ

The eigenstates of the above total Hamiltonian will be either localized atomic orbitals or extended
states, depending on their energy, as shown in Fig. [2.4b)
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Q) o) v
extended stafes
f\ N\ //\
Iocollzed
atomic orbitals

Figure 2.4: Potential landscape for a) a single atomic Coulomb potential yields a discrete spectrum
electronic states and b) atoms arranged in a regular lattice give rise to a periodic potential which
close to the atom sites look much like the attractive Coulomb-like potential. Electron states of low
energy can be considered as practically localized at the atom sites, as the extension of their wave
functions is very small. The higher energy states, however, extend further and can delocalize to
form itinerant electron states which form bands. Figure taken from [3].

2.6.1 Linear combination of atomic orbitals (LCAO)

We use here a linear combination of atomic orbitals (LCAO) to approximate the extended Bloch
states

Yk (T \/72 *Rig,(r — Rj), (2.37)

where N denotes the number of lattice sites. This superposition has the properties of a Bloch
function since it satisfies Vg (T + @) = e %),1(r) for all lattice vectors a
First, let us determine the norm of the Bloch function:

/ & () (1) = (D (k) = = S / Bre* BB g (1 — R\ (r — Ry)

RJ,R ’
R / Are g (r = Ry (r)
f(sm + ) e R, (R). (2.38)
R,;#0
Here, we were able to set R;; = 0 and eliminate the sum over R; due to translational invariance

in the lattice, and thus cancelling also the factor 1/N. The energy can now be estimated by first
computing:

By 0) =5 32 [ e ¢~ Ry)[Ho(Ry) + AV, (P67 — Ry)
RJ,R ’
= B (Dn (k) + AEp + > e Fin 1 (Ry) (2.39)

R;#0
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where
AE,,, = /dSrcbfL(r)AVRj,:g(rMn/ (1) (2.40)
and
ot (Ry) = / @16 (r — Ry)AVir, —o(r) (1) (2.41)
Now, the band energies may be computed through the secular equation
det [(H)nn/(k:) - ek<1>m,(k)} ~0. (2.42)

The merit of the approach is that the tightly bound atomic orbitals have only weak overlap such
that both oy, (R;) and 7,/ (R;) fall off very quickly with growing R;. Mostly it is sufficient to
take R; connecting nearest-neighbor and sometimes next-nearest-neighbor lattice sites. This is for
example fine for bands derived from 3d-orbitals among the transition metals such as Mn, Fe or
Co etc. Also transition metal oxides are well represented in the tight-binding formulation. Alkali
metals in the first row of the periodic table, Li, Na, K etc. are not suitable because their outermost
s-orbitals have generally a large overlap. Note that the construction of the Hamiltonian matrix
ensures that k — k 4+ G does not change € if G is a reciprocal lattice vector.

2.6.2 Band structure of s-orbitals

Let us apply this framework to the simplest case of a non-degenerate atomic orbital with s-wave
symmetry, meaning it is rotationally invariant and has vanishing angular momentum [ = 0. The
rotation symmetry dictates that ¢s(r) = ¢s(|r|), and the matrix elements only depend on the dis-
tance between the sites, |R;|.

As an example, consider a simple cubic lattice with nearest-neighbor vectors R; = {%(a,0,0)
,£(0,a,0) ,£(0,0, @)} and next-nearest-neighbor vectors R; = {(£a, t'a,0), (+a,0,+'a), (0, £a, t'a)}.
We will here neglect the overlap integrals css(R;) as they are not important for the essential feature

of the band structure. We thus have

—t if R; connects nearest neighbors
%s(Rj) = /. . (2.43)
—t" if R; connects next-nearest neighbors.
This provides us with the band energy
€, = FEs + AE, — tz e Ry _ g Z e kR
R; R;
= FE, + AE, — 2t[cos(kga) + cos(kya) + cos(k.a)]
= —4t'[cos(kga) cos(kya) + cos(kya) cos(k.a) + cos(kza) cos(kya)] (2.44)

Note that AVR].(T) < 0 in most cases due to the attractive ioniic potentials, so that ¢,¢' > 0. We
thus obtain a single band from this s-orbital. This is shown in Fig. The nomenclature T', X,
R, M refers to specific high-symmetry points in the reciprocal lattice as described previously.
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€k

\

r X R r M

Figure 2.5: Band structure derived from atomic orbitals with s-wave symmetry. Here, ¢’ = 0.2t was
chosen. Figure taken from [3].

We may obtain the effective mass of the electrons close to the k = 0 point by expanding the cosines
using cosz = 1 — 22/2 + ..., yielding

h2 2
ek:Es+AES+6t+12t’+2 — ... (2.45)
m
where
1 2
= ﬁ(t +4t'). (2.46)

Note that ¢t and ¢’ both diminish quickly when the lattice constant a increases due to the reduced
overlap of atomic orbitals.

2.6.3 Wannier functions

An alternative approach to the tight-binding approximation is through Wannier functions. These
are defined as the Fourier transformation of the Bloch wave functions,

Uk(r) = VIVN Y e*Ru(r — R), w(r — R) = VIVN Y e *Fyy(r) (2.47)
R k

where the Wannier function w(r — R) is centered on the real-space lattice R. We consider here a
situation of a non-degenerate band analogous to the atomic s-orbital case, such that there is only
one Wannier function per site. These functions obey the orthogonality relation

" 1 ik-R—ik'-R' .
/d3rw (r— R)w(r — R) = N Ze keR-ik R /d3T¢k/(r)¢k(7’)
kK’
1 ik-R—ik'-R/
kK’

The single-particle Hamiltonian has the usual form H = —h*V2/2m+V (r), with a periodic potential
V(7). Then, we obtain the band energy

€% = / By (rYHig(r) = % D ek (RR) / Brw*(r — RYHw(r — R)

RR'

= Ze_ik'R / Brw*(r — R)Hw(r) (2.49)
R
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where we used the translational invariance of the lattice. With the definitions
/ d3rw* (r)Hw(r),
= /d?’rw R)Hw(r) for R # 0, (2.50)

the band energy can be written as

e=reo+ Yy t(R)e *E (2.51)

This is the same type of tight-binding structure we derived above from the LCAO technique.
The Wannier function approach can be extended to the case of several bands, like p-orbital bands.
In that case, one writes

¢nk \/7 Z ik chn )wn (7’ - R) (2'52)

where for all k we have

D cam (k) = S (2.53)

m

The matrix ¢, (k) performs a rotation from the band basis into the atomic orbital basis. For
instance, in the p-orbital case with [ = 1 it rotates from the energy bands into three Wannier
functions with a p;, py, and p.-wave symmetry. The band energies can again be expressed in a
tight-binding Hamiltonian form:

emke = Y Y Chim(k)emn(k)e™ * Bt (R). (2.54)

R nn'

2.7 Second quantization

The tight-binding formulation of band electrons can also be implemented elegantly in a so-called
second quantization language and provides a rather intuitive interpretation using creation and an-
nihilation operators.

2.7.1 Introductory remarks and key results

First quantization

The original form of quantum mechanics where physical quantities such as position and momentum
are converted into operators. A typical first quantized Hamiltonian could then look like:

H:i( h2Z2+U ) ZV (2.55)
i=1

1753

where U is the single-particle potential whereas V' contains the interactions between particles at
various positions.
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Second quantization

Also known as canonical quantization in quantum field theory, one here upgrades the fields in the
first quantization formalism to field operators. Second quantization is expressed via creation and
annihilation operators in such a way that the matrix elements (expectation values of operators)
remains the same both in the first and second quantized formalisms, as they have to since matrix
elements may correspond to physical observables.

The main motivation for considering second quantization is that if we are working with an N-
particle system where N is large, it is really inconvenient to work with huge wavefunctions which
not only are products of each individual particle wavefunction, but which are linear combinations
of such products (expressed as determinants) in order to satisfy e.g. the correct Pauli principle for
fermions. Instead, it is far more convenient to work with the second quantized formalism which we
explain below.

To be concrete, one converts from first to second quantization as follows. For single-particle opera-
tors, we have:

N
=3 hirs) > i = (alhlB)ccs, (2.56)
=1 a,B

where we defined the matrix element:
(alip) = [ dr (mhr)oatr). (2.57)

For two-particle operators, we have:

N 1 1

_ X X i

H=3 ZU(W,W) =3 > (aBlilyd)clchescy,
Z#] a?/BI’Y15

where (a[0]8) = / / drde’ & ()85 ()0(, 7)o () o (). (2.58)

This procedure holds for both fermions and bosons. The equivalence between the Hamiltonians
may be verified by computing matrix elements (¥,|O|¥,) for some operator O between any basis
states |V,) and |¥}p) and see that the same element is obtained with both Hamiltonians. In the first
quantization case, the basis states are Slater determinants (wavefunctions) whereas the basis states
in the second quantization are of the type |n) = |n1,ng,...) (there is a unique state of this type for
each Slater determinant).

Note that one can also use real-space field operators instead of creation and annihilation operators
to formulate second quantization. In this case, one considers the field operators w(r) and wT(r)
expressed via creation/annihilation operators in some other basis {|y} as:

B =Y tlr o) = 3 ¢, (r)el.
Y il
bo(r) = Y (riohe, = 3 éro(r)e,. (2.59)

~

These field operators create and annihilate a particle at the position r with spin o. The quantity
¢~,0 is the single-particle wavefunction that emerges from the overlap between the single-particle
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ket |y) and the position-spin eigenstate |r, o).

Let us now connect this to our earlier tight-binding framework. For simplicity, consider the single-
orbital case and define the following fermionic operators:

T

¢js Creates an electron of spin s on lattice site R;,

¢;js annihilates an electron of spin s on lattice site R; (2.60)

in the corresponding Wannier states. Our Hamiltonian then takes the form
H = Z Eoc;f»Sst + Z tijcjscj& (261)
Jjs ij

where t;; = t;; can be taken as real. The ¢;;-coefficients are called hopping matrix elements, since
cgscjs annihilates an electron on site R; and creates one on site ;. In this way, the electron moves
(hops) from R; to R; and represents the kinetic energy of the electron. Since the Hamiltonian
couples operators with different lattice indices, it is not diagonal. We can diagonalize it by the
following Fourier transformation , which is equivalent to the transformation between Bloch and
Wannier functions:

T 1 T —ik-R; ., __ 1 ik-R;
st - \/N %akse 7, CJS - \/N % Qfs€ 7. (262)

Here, aLS (ags) creates (annihilates) an electron the Bloch state with pseudo-momentum k and
spin s. Due to the Pauli principle, these fermion operators must satisfy anticommutation relations
analogous to the commutation relations satisfied by the bosonic ladder operators for the harmonic
oscillator:

{clg cjrat = 053050, {ehy chiy} = {cjsciw} = 0. (2.63)
Inserting Eq. (2.62)) in Eq. (2.61]) gives
1 (b )R, 1 R ik
H = Z |:N Z Eoel(k k ) R; + N Z tijeZk R] ik T'u:| QL/SakS = Z ekaLSakS' (264)
kE's i ij ks

The combination aL saks = Nks is the number operator for electrons. The band energy is naturally
the same as obtained above from the tight-binding approach. In what follows, we will mostly make
use of the second quantized formulation of the Hamiltonian since it is highly suitable for dealing
with many-body systems, as explained in detail in the following sections.

Additionally, the real-space formulation of the kinetic energy allows for the introduction of disorder
which destroys periodicity (as is relevant for real experimental samples). This can be most straight-
forwardly implemented by site-dependent potentials ey — €p; and to spatially (bond) dependent
hopping matrix elements t;; = t(R;, R;) # t(R; — R;).

We now proceed to give a detailed derivation of the above results [6]. In terms of curriculum for
this course, you are expected to be able to sketch the general strategy for deriving the second
quantized expression, but not be able to reproduce all details in the derivation in the remainder of
Sec. from this point onward. The interested reader may of course delve into the full details of
the derivation.
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2.7.2 Systems of identical particles

Since quantum mechanics introduces the concept of identical particles, unlike classical physics where
particle trajectories can in principle always be distinguished, we know that there is a constraint on
the many-particle wavefunction describing a system of many identical particles (such as electrons).
Let U(xy1,x9,x3,...) be this wavefunction where we let z; = (71, s;) denote the position and spin
coordinates of particle ¢. Since the probability density must be invariant under an exchange of two
identical particles:

\\I/(azl,...,:z:j,...,a:k,...a:N)\Q = ‘\11(371,...,JI]C,...,IIZ]',...J?N)‘ 5 (265)

we are left with only two possibilities in 3D systems (we exclude here consideration of anyons which
may exist in 2D):

U — 4+ or U — —V. (2.66)

This is the bosonic and fermionc case we have treated earlier, and this symmetry property has
profound implications for the physical behavior of an ensemble of such particles at low temperatures.
The energy distribution of such particles are in the non-interacting case described by the Bose-
FEinstein and Fermi-Dirac distribution, respectively.

2.7.3 Many-particle wavefunctions

Just like single-particle wavefunctions satisfying the SE are usually expanded in some complete
basis, we can do the same for many-particle wavefunctions. An additional aspect to take into con-
sideration compared to the single-particle case is, however, that the many-particle wavefunction
basis set must have the appropriate symmetries under particle exchange as discussed above.

We start by considering a very general Hamiltonian of the type
H=Hy+ H; (2.67)

where we defined
N - . R
Hy =3 h(wi), h(z) = =5 Vi +U(:) (2.68)

and z; is the coordinate and spin of particle i. This is a sum over the single-particle kinetic energy
and potential energy U(z;) and an interaction part which will be a sum of terms that involve coor-
dinates of multiple particles (such as Coulomb-interaction).

Our strategy will now be to set up a basis set where the many-particle wavefunctions in this basis set
are eigenfunctions of a single-particle operator, such as h(x;). Assume then that these are known:

The index v describes a set of quantum number (assumed to be discrete for concreteness) which
characterize the single-particle states ¢,. These states are taken to form an orthonormal and
complete set. We thus have for instance

> oh(@)du()) =6z —2') = 6(r — )0, (2.70)
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We will use the notation
/d:c = Z/dr. (2.71)

Using these single-particle wavefunctions, we can now construct a many-particle wavefunction which
is correctly symmetrized. For bosons, we have

ghoson(z1 L gy) =

1
- - P ¢y (1) buy (22) - . . by (). 2.72
VNIVIL () P% Prr1) s (2] G (o) 27

The sum goes over all permutations P of the N coordinates {x;} while Sy is the set of these per-
mutations. In total, there are N! permutations. The prefactor nesures that the state is normalized
to 1. Since bosons have no restriction regarding how many particles that can be in the same single-
particle state, ®"°°" can in general be non-zero even if two indices v; are the same. For instance,
if v7 = v there are two bosons in the single-particle state v7 so that n,, = 2.

For fermions, we instead have:

CI)fermion(xl, .. Z sgn(P) - P ¢u, (21) .. oy (TN)- (2.73)

The dependence on n,! is gone, compared to the bosonic case, since for fermions n, is 0 or 1, in
which case n,! = 1. Moreover, there is a sign factor accounting for the antisymmetric property
under exchange of two fermions. The sign of P is defined in the following manner. A permutation
has a positive sign if it can be arrived at by an even number of two-particle permutations. It has a
negative sign if one requires an odd number of two-particle permutations.

As expected, we can also write the fermionic many-body wavefunction as a Slater determinant

1 ¢V1 (‘771) oo ¢V1 (xN) ( 74)
= — e o - . 2.
a Pun (1) oo Puy(TN)

The Pauli exclusion principle discussed earlier is manifested in that the determinant, and thus wave-
function, vanishes if v; = v; for some ¢ # j. It is not possible to put more than one fermion into a
specific single-particle state.

(I)fermmn

Both in the fermionic and bosonic case, the many-particle wavefunctions fermion/boson

functions of the non-interacting part H of our Hamiltonian. Their eigenvalues are

E= Ze,,n,, (2.75)

are eigen-

where n, is the number of particles that reside in quantum state v. The point is now that we can
use these wavefunctions ® as a complete, orthonormal basis set for the wavefunctions ¥ that solve
the interacting problem:

U(zy,. .. Zfa (z1,...zN) (2.76)
where f, are expansion coefficients and the wavefunctions satisfy

/ ANz @iy = b4, (2.77)
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2.7.4 Second quantization (aka occupation-number formalism)

The wavefunction formalism we have discussed in the preceeding sections is known as first quan-
tization. Although we can in principle make use of the above treatment in order to deal with
many-particle basis wavefunctions, there exists a more elegant and practical formalism. This is the
second quantization procedure also known as the occupation-number representation. The essence
of this formalism is that the many-body state can be described in a very succinct manner, as the
relevant information consists of only two parts:

e The occupation number for each single-particle state (0 or 1 for fermions).

e The symmetry or antisymmetry of the state under an exchange of particles.

2.7.5 Fermionic case

To describe second quantization for fermions, we shall make use of creation and annihilation opera-
tors ¢/ and ¢ which act on specified single-particle states. The antisymmetry propertey of fermions
will then be taken care of via the anti-commutation relations that these operators satisfy.

The many-particle basis states that we used previously were Slater determinants. Now, we shall use
products of creation operators acting on the ”*vacuum™ state (with no fermions) as our many-particle
basis state which then automatically has the correct anti-symmetry property under exchange of
particles. Let us consider an example consisting of a 3-particle state where the single-particle states
2, 4, and 6 are occupied whereas the rest are empty. The analogue of the unique Slater determinant
for this state (once we have agreed upon an ordering of the states 2,4,6) in the occupation number
representation (rather than the position-space representation) is then:

0,1,0,1,0,1,0,0,0,...) (2.78)

which states that there 0 particles in single-particle state 1, 1 particle in state 2, and so forth. An
arbitrary many-particle basis state can then be written as

’77,1,77,2,713,. . > (279)
The creation operator C,T,, where v labels the single-particle state, is defined as
chiny,ng, . omy, . ) = (=1)Ze<e ™ (1 — ) |ny, ng, .. 1y, .. ). (2.80)

Here, 0, = (—1)2#@ " is a phase factor equal to +1 or -1 which ensures the correct antisymmetric
property of the state vector. To see this, we first realize that the phase factor depends on whether
the total number of fermions in single-particle states with labels less than v is even or odd. If we
start with the vacuum state |0) = (0,0,0,...) and first create a fermion in state 1, we get

oy =11,0,0,...). (2.81)
If we subsequently create a fermion in state 2, the final state is:
chel 0y = —[1,1,0,...) (2.82)

where the minus sign came from the phase factor (—I)ZM@”“. But if we instead had created the
fermions in the opposite order (first state 2, then state 1), we would have obtained

debjoy =11,1,0,...). (2.83)
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Thus, the creation operators anticommutate which ensures the antisymmetry property of the state

vector: {c;r, c;} = 0. An arbitrary many-particle basis state which has the correct antisymmetry

property under exchange of particles may then generally be written as
In1,n2,mn3,...) = ()™ (ch)™ ... |0). (2.84)

Moreover, the factor (1 — n,) ensures that if a fermion already exists in state v, then acting with

CJL gives 0 due to the Pauli principle.

The annihilation operator is defined in a similar manner
colni,ng, .. my, .. ) = (=1)Zu<v™nylng, .. .0, ). (2.85)

The result is non-zero only if there already existed a fermion in state v due to the prefactor n,.
This is reasonable as we cannot annihilate a fermion that does not exist in the first place.

Fock space

If we let |¢hx) be a state with N fermions, then c}|iy) and cp|thy) are states with N +1 and N — 1
fermions, respectively. We can thus say that ¢, and ¢}, are mappings between fixed particle-number
fermionic Hilbert spaces H whose particle numbers are different by 1:

¢y HN — Hn_1,
C;r, Hy — HN—H- (2.86)

These mappings hold for any value N and the collection (direct sum) of all these fixed particle-
number fermionic Hilbert spaces {Hy} (N = 0,1,2...) are referred to as the Fock space F. It is
therefore common to see many-particle states being referred to as Fock states in the literature and
that they reside in Fock space. The operators ¢, and cj, are thus operators which map between
states in Fock space.

From the way we defined the creation and annihilation operators in Eq. (2.80) and (2.85]), we can
prove that the operators satisfy the following anticommutation relations:

{C;u Cl/} =0,
{C}Lu Cl} =0,
{C}Lp e} = Opuw- (2.87)

Another useful and commonly encountered operator is the number operator n, = clcy. To see why
it earns its name, consider that

eyl ny, ) =0muel| .0, ) =020, (1-0)]...,1,,...)
=ny|...,np,...) (2.88)

since #2 = 1. Therefore, a basis state |n) is an eigenstate of 7, with eigenvalue n,: the operator 7,
counts the number of fermions in the single-particle state v. The total number operator is then:

N=% "4, (2.89)

so that
Nln) = ny|n) = N|n). (2.90)
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2.7.6 Second-quantized representation of operators

The next step is to figure out how operators in general are expressed in our newly formulated
second-quantized language. We here confine our attention to the two most common and important
types of operators: single-particle and two-particle operators.

Single-particle operators, such as the Hamiltonian Hy for a collection of free particles, can be written
as a sum of terms and each term only involves the coordinates of a single particle. On the other hand,
two-particle operators can be written as a sum of terms which each involve the coordinates of two
particles. An example of the latter is the Coulomb interaction between electrons. We summarized
the procedures for how to convert first-quantized operators to second-quantized operators initially
in this chapter:

e Single-particle operators:

N
Hy=> h(xzi) =Y (alhlB)cles (2.91)
i=1 af
where we defined
(ali}p) = [ oo, (a)iw)05 (o). (2.92)
e Two-particle operators:
N 1 1
H; = 3 Zf}(a}i,xj) =3 Z <a6[ﬁ]’y§>c&c£c§c% (2.93)
i#j apyé
where we defined
(@Blold) = [ [ dade's (@065 )0(.a")6, ()" (2.9

However, we not only wish to state this, but let us now prove this. The equivalence of the first- and
second-quantized formalisms can be proven by considering matrix elements since these correspond
to physically observable quantities (expectation values). The key point is that matrix elements of
the type

(®4|0|®s) (2.95)

for an operator O and two basis states |®,) and |®;) should yield the same value regardless of
which formalism (first or second quantization) that is used to calculate it. We know that in the first
quantized formalism, the basi states are Slater determinant wavefunctions. In the second quantized
formalism, the basis states are the Fock states |n) = |nj,ng,...). There exists a unique correspon-
dence between each Fock state and each Slater determinant.

It is clear from the outset that a matrix element involving a single-particle operator will be zero if
the two Slater determinants differ in the occupation of more than two single-particle states (since
such states are orthogonal). This can be seen easily in the second quantized version, where a single-
particle operator is in general a sum of terms which each only changes (at most) the occupation
of two single-particle states. For instance, CLCﬁ transfers a fermion from state 8 to state a. In
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the same way, a matrix element for two-particle operators if the occupation between the two states
differ with more than four single-particle states.

Before proving the above correspondence between first- and second-quantized operators, let us
briefly go through the second quantization procedure for bosons.

2.7.7 Second quantization for bosons

Whereas the fundamental (anti)commutation relations for fermions were discussed above, bosonic
operators b satisfy [b, bf] = 1. In the occupation-number representation, many-particle basis states
for bosons read

|n) = |ny,ng,...). (2.96)

Unlike fermions, bosons can have an occupancy of a particular single-particle state that exceeds 1.
In fact, n, can be any nonnegative integer. Just like there was a unique correspondence between
fermionic Slater determinants and fermionic many-particle basis states in the occupation number
representation, the same one-to-one correspondence exists between Eq. and states of the type
shown in Eq. . The bosonic creation and annihilation operators are defined by

biloomy, )=V + 1., + 1,0,
byl sy o) =~/nyl ...,y — 1,000, (2.97)

The bosonic number operator for state v is n, = bhb,. An arbitrary and properly noramlized
many-particle basis state can now be written as

T\n.,
mnasns, ) = [[ 2L o) (2.98)

» 1!

where |0) as before is the vacuum state with no bosons. The operators satisfy

[buv bu] = 07
Tt —
[b,,b)] =0,
[bua bJL] = 6u,u- (2.99)

The conversion between first- and second-quantized single and two-particle operators for bosons is
identical to that of fermions shown in the previous section.

2.7.8 Basis transformations

We need one final piece of the puzzle before we can prove the equivalence of first and second-
quantization, namely how to do basis transformations. We have thus far only used a particular
basis set {¢q ()} of single-particle wavefunctions, but let us now investigate how to proceed if we
wish to use some different single-particle basis set.

We let |a) be the single-particle ket whose overlap with the position-spin eigenstate |z) is the the
wavefunction ¢, (z) we’ve been using:

ba(z) = (2|0). (2.100)
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Both in the bosonic and fermion case we may write
la) = al|0) (2.101)
T

where a/, is the creation operator for a particle in single-particle state . Consider now a different
single-particle basis set {14 (z)} whose associated single-particle kets are denoted |n):

va(z) = (x]a), @) = af[0). (2.102)

Here, ag is the creation operator for a particle in the single-particle state characterized by quan-
tum number(s) @ For instance, {|a)} could be the set of eigenstates for the kinetic energy
operator p?/(2m) whereas {|@)} could be the set of eigenstates for the total Hamilton operator
p?/(2m) + U(2).

If we want to transform between the two single-particle basis sets, we make use of the completeness
relation in single-particle Hilbert space:

1=> "|a)(a| = Z &) (@l. (2.103)

It follows that

F10) = Ja) =Y Ja)(ala) = Y (ala)a0). (2.104)

a a
By comparing the leftmost and rightmost side of the above equation, we see that
af, = (ala)al. (2.105)
&
Taking the adjoint produces the relation for how to transform annihilation operators:
a4 =Y = {ald)as. (2.106)
&

Using these transformation rules, it is straightforward to show that the wavefunction ¢, (z) = (x|a)
transforms as:

ba(z) = Z<d|a>ca(x) (2.107)

where (5(z) = (z|@). Such basis transformations as above are unitary transformations. This can
be proven by defining the matrix D which have elements Dso = (&|a). If D is unitary, we must
have DDT = 1 so that (DDT)ag = 0,7 We obtain:

bap = (alB) = > _{aln)(11B) =D _(ah) (Bl
2 Y
=2 DayDjy =) Day(D¥)y5 = (DDN)ag. (2.108)
v vy

which shows the unitarity. It is also important to note that basis transformations preserve anti-
commutation and commutation relations: the new creation/annihilation operators satisfy the same
kind of relations as the ones in the old basis.
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2.7.9 Proof of the second-quantized representation of single-particle operators

Finally, we are ready to give the proof for how to second-quantize single-particle operators. The
proof for two-particle operators is performed analogously.

Consider an arbitrary single-particle operator
N
0=> o (2.109)
i=1

We choose the set {|@)} to be the single-particle basis of eigenstates of 6, meaning that

6|@) = 0a|d). (2.110)

=)}

Thus, og is the eigenvalue of ¢ associated with the eigenstate |&).

Our first claim is that the second-quantized representation of O can be expressed as
O = Zodﬁd (2.111)
&

T
&
element of O in both the first- and second-quantized formalism and show that the result is identical.
We use a many-particle basis that is built from single-particle basis {|&)}.

where & = a-ag is the number operator for the state |&@). To show this, we compute the matrix

Consider the matrix element (®'|O|®) where |®) and |®') are two arbitrary basis states in this
many-particle basis set. We obtain

(®'|O]®) = (nh,, s --- | > 0ahalnas NGy, - )
&
= Zodndm’dl,ngz, ooy, nag, - -)
@&
= (5@7(1)/ Z OaMNa- (2.112)
é

If we instead compute the expectation value using first quantization, we obtain:

N

(@'|0|®) = /deQ>’*(1:1,...,mN)Zé(xi)CD(ml,...,xN)
i=1

= Zodnd/de@’*(xl, N ,mN)<I>(:z:1, e ,a:N)

= (5@7@/ Z OaMNg- (2.113)
a

where we made use of Eq. (2.75)). This proves that we get exactly the same result when computing
the expectation value both in first- and second-quantization for this particular basis choice.

We should in fairness state that we used a particlar single-particle basis here, namely that one that
diagonalizes 6. The expression Eq. (2.111]) is therefore not valid for an arbitrary basis. However,
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we can start from that expression we can use the basis transformations considered in the previous
subsection to derive an expression for the operator O that is valid in an arbitrary basis:

- Z odaga& = ZO&(Z(@\&)@L) (Z(oﬂﬁ)c@)
a a a B
= Z<a\<z |5é>0d<5é|)|5>a£a5 = (alo|B)alap. (2.114)
a,f a

apf
Above, we used that

0=0-1=0 oala@)(a Q)o, 2.115
> ola) Z a){al = Z\ (2.115)
a

The matrix element («|6|53) is

(alo]8) = / / ddz (o]z) (zlo)) (o' 6) = / d{alz)o(z) (z]B) = / dxdt (x)6(x)a(z),  (2.116)

where we used that (z|6]2’) = 6(x)d(z—2'). We know from the calculation above, using the |«)-basis,
that O gives exactly the same expectation value as the first-quantized formalism, and therefore we
have now derived a general prescription for how to second-quantize an operator in an arbitrary basis.

This framework provides a great flexibility in that any complete set of basis vectors can be used to
second-quantize the Hamiltonian. The corresponding general eigenstates are then Fock-type state
vectors which are characterized by the number of particles for each possible eigenvalue. However,
it is worth noting that some basis choices are definitely more convenient than others in terms of
evaluating what the expectation value («|6|3) actually is. In the diagonal basis, as we saw initially,
it is trivial. We can choose any other basis set, even a basis set which does not appear physically
reasonable for the given system at hand, but the evaluation of this expectation value will then be
much more cumbersome.

2.7.10 Field operators

Finally, we consider creation and annihilation operators in the single-particle basis consisting of
the states |x) where z = (r,s) as before. In this basis, rather than the occupation number basis
considered above, the creation and annihilation operators are referred to as field operators and
denoted ¢f(z) and 1 (z). Note how we have put the state label as an argument rather than as a
subscript (this is just notation). We know how to transform operators from one basis to another,
so we can immediately write down

Oi(x) =) (ale)al, = dh(x)al,
172)(1’1) = Z<x|a>aa = Z‘ba(x)a(r (2117)

The field operators create and annihilate a particle at space-spin coordinate x and obey the proper
(anti-)commutation relations:

(@), § ()5 = d(x — ). (2.118)
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Here, F refers to bosons/fermions. The above relations follow immediately from the commutation
relations of the second quantized operators {aq, CLL}. The Dirac-delta function comes from (x|z')
which cannot be normalized to 1 since z is continuous. Using the {|z)} basis, the second-quantized
representation of single- and two-particle operators is

iy = [ dwif (@)h(a)i(a),
Ay = % / / dada' Dt ()1 ()02, 2) (2 ) (). (2.119)

This can be verified by inserting Eq. (2.117) into Eq. (2.119) and observing that this reproduces
the general second-quantized form of operators mentioned earlier in the occupation number basis.
Alternatively, one can insert the inverse transformations

0 = [ dadi@)o(e), af, = [ doou(a)il@) (2.120)
into the previously obtained expression

H=> (alh|p)alag (2.121)
af
which gives

= X .’L’/ )] pare T]I {ZZI IL’/. .
H—//d d gﬂx 1118) (zl) (@) (Bl Yy (') (2.122)

Now, all the expectation values are scalars and commute with the operators. Specifically, ¢, (z)

and 1T (2) commute just like a wavefunction uy, and operator CL commute since c}; acts on the Fock

states |ng) while ¥T(z) acts on the states |z). Therefore, we move terms inside the integral to
obtain:

i = [ [ dods’ S0l @(ala)alhl) sl o). (2.123)
af
Using now the completeness relations for |a) and |3), we obtain

H= / / do da' v (2) (2] |2 Y (). (2.124)
But as shown e.g. in the QM II lecture notes, we have
(z|h|z") = h(z")o(z — 2'). (2.125)

Therefore, we end up with

= JTTCCA.’IJ XT). .
H—//dw)h( () (2.126)
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2.8 Symmetry properties of the band structure

The symmetry properties of crystals are a helpful tool for the analysis of their band structure. They
emerge from the symmetry group (space and point group) of the crystal lattice. Consider the action
Sigla} of an element {g|a} of the space group on a Bloch wavefunction vy (r):

Stalayr(r) = Yr({gla} 'r) = Yr(g~'r — g 'a). (2.127)

This relation is seen to hold by using the Dirac notation where we write for the Bloch state wave-
function with pseudo-momentum k

Vi(r) = (7| (2.128)
The action of the operator S on the state |r) is given by
Stglayr) = |gr + @) and (r|Sye) = (¢7'r — g 'al. (2.129)
The latter relation follows by noting that since

= (gr + algr + a)

= (gr + algr + a)”

= (g7 + a|S¢ga}[T)”

= (r|S], .y lo7 + @), (2.130)

we have Sf{rgm}\gr +a) = |r). Taking the adjoint of this equation gives (g7 + a|S(4)q) = (7], and so

with r = g7l — g~ 'a we find precisely (w\g{gm} = (g}

to prove that:

x — g~ 'a|. Therefore, we are finally able

(r|Siglay - [k) = (g7'r — g " alyn) = vrlg'r — g 'a). (2.131)

Because {g|a} belongs to the space group of the crystal, it must commute with the Hamilton-
operator since the Hamilton-operator must have the same symmetries as the crystal structure it
describes: [5’{9|a}, H] = 0. Applying now a pure translation Ty = 5’{ Ela} to this new wavefunction,
we obtain using our previously mentioned associative multiplication rule Eq. that:

TarS(glay (1) = Siglay Ty-1a0tk(r) = Sgglaye™ ™0y (r)
= Stglaye” Wy (r)
= e ilgk) S(glatoi(r). (2.132)

Thus, we find that S{g|a}¢k(r) is an eigenfunction of T, with eigenvalue e~#(9%)@’  According to

the Bloch theorem, we know that our basis {¢} are eigenstates of both Ta/ and H. Thus, the effect
of a symmetry transformation {g|a} on the wavefunction ¥ (r) corresponds to a rotation from k
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to ¢~ 'k and multiplication with a phase factor E

Stalay k(1) = Aglay e (r), (2.134)
where |>\{g|a}|2 =1or
S{g|a}|k> = >‘{g|a}|gk> (2135)
in Dirac notation. The point is now that it follows:
o = (gklH|gk) = (6S{,j o) HS(glay k) = (kI HII) = ex. (2.136)

Consequently, there is a set of equivalent points gk with the same band energy (— degeneracy) for
each k in the Brillouin zone, as shown in Fig.

)

A

5 DG o
&gl
T
=t
v
.

Figure 2.6: A "star” of k-points in the Brillouin zone with degenerate band energies. Left panel: star
of k. Right panel: contour plot of a 2D band e = —2t[cos(kgza) + cos(kya)] + 4t’ cos(kza) cos(kya).
The dots correspond to the star of k with degenerate energy values, demonstrating €,; = €, gk-
Figure taken from [3].

The symmetry analysis of the band structure is useful to identify energy-degenerate points k in the
BZ, which in the case of multiple bands can lead to band crossings. Changing the symmetry of the
system, and thus the band structure, by external stimuli such as strain can thus change the band
crossings and induce gaps in the band structure. This can have important consequences with regard
to e.g. how conductive the material is.

IThe detailed calculation is as follows

& 1 4 ik-r i1G-r 1 ik (g 'r—g la iG (g 'r—g la
Sglaytr(r) = ﬁs{gm}ek ch(k)eG = ﬁele(g g )ch(k)ec(g 9 ta)
G G

1 —1 ‘a1 - 7 - —1 ‘a 1 7 - 1G-r
— = o ilgk)ailgk) ZCG(’G)G (9&)r _ —ilgk)a_- . ilgk) ch—lc(k)e G
G G

Va va

_ —i(gk)a_ L i(gk)r iGr
=e e ca(gk)e = Ayla T), 2.133
S EG c(gk) {gla}¥or(T) ( )

where we used that cg = cg/(k) is a function of k with the property c,-1g(k) = ca(gk), in effect S'{gm}uk (r) = ugr(r).



36 Chapter 2. ELECTRONS IN THE PERIODIC CRYSTAL AND SECOND QUANTIZATION

2.9 Band-filling and materials properties

Due to the fermionic character of electrons each of the band states |n, k, s) can be occupied with one
electron taking also the spin quantum number into account with spin s =1 and | (Pauli exclusion
principle). The count of electrons has profound implications on the properties 23 of materials. Here
we would like to look at the most simple classification of materials based on independent electrons.

2.9.1 Electron counting and band filling

We consider here the most simple band structure in the one-dimensional tight-binding model with
nearest-neighbor coupling. The lattice has N sites (N even) and we assume periodic boundary
conditions. The Hamiltonian is given by

N
H = —tz Z (C}L-H,scjs + c;r-sc]url,s) (2.137)
J=ls=1,]

Note that H = HT, as it should. This Hamiltonian is diagonalized by a Fourier transformation

1 iRk
Cjo = ——= Y _ agse’Y (2.138)
VN %
which leads to

H =" eraf ars with ¢, = —2t cos(ka). (2.139)
ks

To implement periodic boundary conditions, we impose the equivalence j + N = j between lattice
sites. Therefore, we demand that

etfak — Dk _ 1) — Nak =270 — k = Q—Wn = 277771 (2.140)
L Na

The pseudo-momentum k lies within the first Brillouin zone —7/a < k < 7/a and n is an integer.
On the real-space lattice, an electron can take 2V different states: N difference lattice sites and a
factor 2 for spin. Thus, for k£ we find that n should take the valuesn = —N/2+1, -N/2+2,...,N/2
in order to preserve the number of degrees of freedom. Note that k = —7/a and k = 7/a differ by
a reciprocal lattice vector G = 27 /a and are therefore identical: that is why k = —7/a is excluded
from the values k can take if kK = 7/a is permitted.

We now fill these states with electrons following Pauli’s exclusion principle. In Fig. we show
two typical situations. (1) N electrons correspond to half of the possible electrons which can be
accommodated leading to a half-filled band. (2) 2N electrons exhausting all possible states repre-
senting a completely filled band. In the case of half-filling we define the Fermi energy as the energy
er of the highest occupied state (here ez = 0). This corresponds to the chemical potential u at
T = 0: the energy necessary to add an electron to the system. At finite temperature, er and p are
different: p is the energy at which there is a 50% chance that an electron occupies the state, as
given by the Fermi-Dirac distribution function.

An important difference between (1) and (2) is that the former allows for many different states
which may be separated from each other by a very small energy. For example, considering the
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ground state for N = 8 shown in case (1) in Fig. and the excited states obtained by moving one
electron from k = 7/2a to k' = 27(1 + N/4)/Na [corresponding to the quantized values n = N/4
and n =1+ N/4], we find the energy difference
27 1
AE =€ — € ~2l— x — 2.141

e — e = 2t o (2.141)
which shrinks to zero for N — oco. On the other hand, for case (2) there is only one electron
configuration possible and no excitations within the one-band picture.

kK
half filled band

e =

AT

completely filled band

Figure 2.7: One-dimensional tight-binding model with N = 8 and periodic boundary conditions.
The dispersion has eight different k-levels whereby it has to be noticed that m/a and —7/a are
equivalent. The condition of half-filling and complete filling are shown, where for half-filling a
ground state configuration is shown (note there are 4 degenerate states). For the completely filled
band all &k levels are occupied by two electrons of opposite spin. This means in real space that also
all sites are occupied by two electrons. This is a non-degenerate state. Figure taken from [3].

2.9.2 Maetals, semiconductors, and insulators

The two situations depicted in Fig. show each atom (site) in a lattice contributing an integer
number of electrons to the system. We can distinguish the behavior of the conduction properties of
the system when there is an odd or an even number of electrons per unit cell (note that for more
complicated lattice geometries, the unit cell may contain more than one atom, unlike the situation



38 Chapter 2. ELECTRONS IN THE PERIODIC CRYSTAL AND SECOND QUANTIZATION
insulator metal
semiconductor metal semimetal
FE
EF __________

Figure 2.8: Material classes according to band filling. Left panel: insulator or semiconductor
(partially filled bands with the Fermi level in band gap). Center panel: metal (Fermi level inside
band). Right panel: metal or semimetal (Fermi level inside two overlapping bands). Figure taken
from [3].

shown in our tight-binding example above). This is because the number of electrons per unit cell
says something about whether an energy is fully or partly occupied.

e An important point is most easily illustrated using our 1D chain of equidistant atoms above.

Due to conservation of degrees of freedom, there are N permitted k-values in the BZ if there
are N atoms (unit cells). But there are 2N possible electron states due to spin. A single band
therefore has room for 2 electrons per unit cell. If there is an even number of electrons per
unit cell, the band will therefore be completely empty or full. If there is an odd number of
electrons per unit cell, the band is partially filled. This means that it is possible for electrons
to move in response to an external field since excitations (bumping electrons up to higher
energy states) with arbitrarily small energy can be made. The following rule may then be
formulated generally (which holds when electron-electron interactions can be neglected, as we
have done here): A material with an odd number of electrons per unit cell is a metal.

If the material has an even number of electrons per unit cell, it can be either a metal, insulator
or semiconductor depending on the details of the band structure, in particular whether or not
a gap is present between energy bands. In Fig. a), the lower band is completely filled
whereas the upper band is completely empty. The chemical potential then lies within the
energy gap separating the highest filled and lowest empty band. If the band gap E, is much
smaller than the bandwidth (in practical terms, gaps smaller than 1 eV), we call the material
a semiconductor. If E, is comparable to the bandwidth (greater than 1 eV), it is a band
insulator. We underline band insulator here, because we will later encounter another form
of an insulator called Mott insulator whose insulating behavior is not governed by a band
structure effect, but by a correlation effect through strong Coulomb interaction. For both a
semiconductor and an insulator, at temperatures ' < E,/kp the the application of a small
electric voltage will not produce an electric transport. The highest filled band is called valence
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band, whereas the lowest empty band is termed conduction band. Examples for insulators are
C as diamond and for semiconductors Si and Ge. They have diamond lattice structure with
two atoms per unit cell. As these atoms belong to the group IV in the periodic table, each
provides an even number of electrons suitable for completely filling bands.

e [f the number of electrons per unit cell is odd, the uppermost non-empty band is half filled,
see Fig. [3.2(b). Then the system is a metal, in which electrons can move and excitations with
arbitrarily small energies are possible. The electrons remain mobile down to arbitrarily low
temperatures. A standard example of a metal are the Alkali metals in the first column of the
periodic table (Li, Na, K, Rb, Cs), as all of them have one mobile electron per ion.

e In general, band structures are more complex. Different bands need not to be separated
by energy gaps, but can overlap instead. In particular, this happens, if different orbitals.
are involved in the structure of the bands. In these systems, bands can have any fractional
filling (not just filled or half-filled). The earth alkaline metals are an example for this (second
column of the periodic table, Be, Mg, Ca, Sr, Ba), which are metallic despite having two
(n; s)-electrons per unit cell. Systems, where two bands overlap at the Fermi energy but the
overlap is small, are termed semi-metals. The extreme case, where valence and conduction
band touch in isolated points so that there are no electrons at the Fermi energy and still the
band gap is zero, is realized in graphene.

2.9.3 Experimental measurement of electron energy-bands

Angle-resolved photoemission spectroscopy (ARPES) is an experimental technique used to measure
the allowed energies and momenta of the electrons in a material. It is based on the photoelectric
effect: an incoming photon of sufficient energy ejects an electron from the surface of a material.
By directly measuring the kinetic energy and emission angle distributions of the emitted photoelec-
trons, the technique can subsequently determine the properties of the state in the material that the
electron was ejected out of. In this way, one maps the electronic band structure and Fermi surfaces
of the material. This technique is commonly used in modern research been used by physicists to
investigate a wealth of different materials.

The energy of the incident photon needs to be higher than the binding energy of the electron in the
solid in order to eject it. In the process, the electron’s momentum remains virtually intact (at least
if it is scattered from the surface), except for its component perpendicular to the material’s surface.
As the electron crosses the surface barrier, losing part of its energy due to the surface work function
El only the component of momentum that is parallel to the surface is preserved. This is consistent
with the absence of translational invariance in the direction L to the surface.

By measuring the freed electron’s kinetic energy, its velocity and momentum magnitude can be
calculated. By measuring the emission angle with respect to the surface normal, ARPES can also
determine the two in-plane components of momentum that are in the photoemission process pre-
served.

2The work function is the minimum energy required to remove an electron from a solid to a point in the vacuum
right outside the solid surface.
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Chapter 3

Optical processes and excitations in
semiconductors

The technological relevance of semiconductors can hardly be overstated. In this chapter, we review
some of their basic properties. Regarding the electric conductivity, semiconductors are placed in
between metals and insulators. Normal metals are good conductors at all temperatures, and the
conductivity usually increases with decreasing temperature. On the other hand, for semiconductors
and insulators the conductivity decreases upon cooling.

We can gain insight in the temperature dependence of the conductivity by considering the intuitively
appealing Drude-model. Consider a material with a density n of charge carriers that have charge q.
When a uniform dc electric field E is applied. The electron scatters on impurities after (on average)
a time interval 7. At any given instant in time, an electron will then on average have been travelling
for a time 7 since its last collision, and accumulated a momentum

A(p) = qET. (3.1)

However, during its last collision, the electron will just as likely have scattered forward as backward,
so all earlier contributions to the electron’s momentum can be disregarded. This results in

(p) = qET. (3.2)

We can then relate the current density to the electric field via (p) = m(v) and J = ng(v), resulting
in Ohm’s law:

7- ("), (3.3)

m

This is the Drude formula, and the conductivity is

(3.4)

This argument can be generalized if there are more than one type of carrier density n; (which also
can have different charges ¢;). The more frequent the impurity scattering, the smaller 7 and the
smaller the conductivity.

We see that temperature now enters both via the density n and the impurity scattering time 7. In
metals, n is independent of temperature, whereas the scattering time 7 decreases with increasing

41
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temperature. Thus, 7 determines majorly the temperature dependence of the conductivity in metals.
On the other hand, insulators and semiconductors have no mobile charges at T" = 0. At finite
temperature, charges are induced by thermal excitations which have to overcome the band gap E,
between the valence and the conduction band, yielding. One may derive the following expression
for the temperature-dependent density of electrons in the conduction band (see exercise):

n = 2(27Tn2€;kBT)3/2e_E9/2kBT (3.5)
For insulators, the energy gap E, is huge, for instance 5.5 eV for diamond. The resulting charge
carrier density at room temperature 7' = 300 K is around n = 10727 cm™3. To achieve an appre-
ciable density of charge carriers in the conduction band, smaller gaps 0.5 - 1 eV are thus necessary.
Materials with a band gap in this regime are termed semiconductors. However, the carrier densities
of both insulators and semimconductors are dwarfed by the electron density in metals that con-
tributes to charge transport (nmetal ~ 1023 — 10?4 cm™3). Nonetheless, adding a small amount of
impurities in semiconductors in the form of atoms from a differen tmaterial, a process called dop-
ing witha cceptors or donors, the conductivity can be manipulated in different ways, which makes
semiconductors immensely useful as components in technological applications.

3.1 Semiconductors/insulators in group IV

The most important semiconductor in technology is probably silicon (Si) which - like carbon (C)
and germanium (Ge) - belong to group IV of the periodic table. These elements have four electrons
in their outermost shell belonging to orbitals (ns)? and (np)? where n = 2 for C, n = 3 for Si and
n = 4 for Ge. All these elements form crystals with a diamond structure: a face-centered cubic

lattice with a two-atom basis, so that a unit cell contains two atoms located at (0,0,0) and (1,1 1).

1401
This is shown in Fig.
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Figure 3.1: Left: crystal structure of diamond corresponding to two face-centered cubic lattices
shifted by a quarter of lattice spacing along the (1,1,1) direction. Middle and right: illustration of
direct and indirect band gaps. Figure taken from [3].

The band structure of these materials can be found around the I'-point by applying the free-
electron approximation discussed in the previous chapter, and one finds that the materials display
both direct and indirect band gaps (see Fig. . Because of these gaps, the materials are not
conducting at 7' = 0. When the gap is indirect, it means that the minimum of the conduction band
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and the maximum of the valence band lie at different points in the Brillouin zone. An example of
a semiconductor with a direct band gap is GaAs.

e Carbon has an energy gap of 5.5 €V in the diamond structure, causing it to classify as an
insulator. The large energy gap means that diamond is transparent to light in the visible
range (1.6 - 3.3 eV), since the EM energy cannot be absorbed by electrons.

e The energy gap of silicon is 1.12 eV and is indirect.
e Germanium has an indirect gap of 0.67 eV.

e GaAs has a direct energy gap of 1.43 eV.

3.2 Elementary excitations

We now develop a simple two-band model to illustrate basic properties of excitations in semicon-
ductors. The Hamiltonian is

H =" evicl Vs + D €CkChp CChs (3.6)
k,s k,s

where €y/(¢) x are the band energies of the valence and conduction band, respectively. The operators

cil ks Creates an electron with crystal momentum k and spin s in the band n € {V,C}. The ground-

state is

|@0) =[] el l0) (3.7)
k,s

so that the valence band is completely filled whereas the conduction band is empty. The product
on the right hand side runs over all wavevectors in the first BZ. The ground state energy is Fy =
2>, €vk whereas the total momentum and spin of the ground state vanish. We next consider
excitations above the ground-state.

3.2.1 Electron-hole excitations

A simple excitation of the system consists of removing an electron, and thus creating a hole, from
the valence band and inserting it into the conduction band. We write this excitation as

|k +gq,s:k,s) = cg’kﬂ’scm,s\@@ (3.8)

since we remove an electron with momentum k and spin s’ in the valence band and replace it by an
electron with k 4 g and s in the conduction band. We thus include the possibility to alter both the
momentum and spin of the electron in the process. We assume that the state |k + g, s; k, s’) has
been normalized. The electron-hole pair may either be in a spin-singlet state (pure charge excitation
s = §') or a spin-triplet state (spin excitation s # s’).

A particle-hole excitation costs energy, a so-called excitation energy. To compute this energy, we
first note that filling an electron state at k4 q costs an energy €pq. However, removing an electron
at a filled state k also costs energy. Let us explain why this is so.
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Hole excitations

Excitations can occur both as electrons or holes: absence of electrons. Consider for simplicity first
a single band where all states up to the Fermi level are filled at T'= 0. An excited electron should
find its place outside the Fermi sphere whereas a hole (an unoccupied state) corresponds to remov-
ing an electron occur inside the sphere. In the latter case, it might appear at first glance that we
are actually removing energy from the system. It is then unclear how this can be considered an
excitation. The resolution lies in the fact that the remaining state with the vacant electron state is
actually an excited state compared to the ground-state of the remaining electrons. The hole may
be formally considered as a quasiparticle, and we here consider its properties more carefully.

A good place to start in terms of understanding how hole excitations behave is energy balance. The
excitation energy of the system is:

E—Ey=) E(k)fr— ) Bk), (3.9)
k

k<kp

where Ej (the last term) is the energy of the system at 7' = 0 with all states below kr being
occupied. We have omitted the spin index in the argument above for simplicity. The quantities
E(k) and fi represent the energies of electrons with momentum & and the distribution function
(takes a value between 0 and 1, the probability that a state E(k) will be occupied by an electron),
respectively. We can rewrite this equation as

E-Ey= Y E®)fi— Y BR)(1-fi)= Y k) fi+ D le®)(1 - fi), (3.10)

k>kp k<kp k>kp k<kp

where we have defined the relative excitation energy with regard to the Fermi level e(k) = E(k)—EF.
To get this equation, we made use of the fact that

o h=>1 (3.11)
k

k<kp

due to conservation of particle number. Thus, the total excitation energy of the system can be
written as the sum of the energies of all electrons and holes, these energies being defined as the
positive energy difference between the energy F(k) of the particle and the Fermi energy.

Let us now explain why creating a hole, corresponding to removing an electron below the Fermi
level, requires energy even though it actually looks like we are removing energy from the system.
Consider first a normal metal at T'= 0. The ground-state consists of all states up to kp filled with
electrons. Let us denote the total energy of this system as Fy, as above. We now add an extra
electron to the metal, which will occupy one of the states k& > kp since the others are filled. The
ground-state of the system with this extra electron is

E, = Ey + k}./2m (3.12)

since the lowest energy-state of the system with an extra electron would have been to put that
electron at the Fermi level. To be very accurate, we would have to put it at k = k., but we assume
that next available state is infinitesimally close to kr so that we can set k}; = kr. Instead, with the
electron put at k > kr the energy of the system is

Eyyst = Eo + k%/2m. (3.13)
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The excitation energy of the system is now the difference in energy between the energy of the system
and the ground-state of the system:

Eox = syst — Eg = k2/2m - Ep, (3.14)

where Frp = k% /2m. This energy increase is equal to the energy of the elementary excitation and
the system’s momentum will be k, namely the momentum of the elementary excitation. Thus,
adding an electron at k > kp is a positive excitation with energy Fey relative the ground-state.

Now we turn to the hole excitation case. Consider again the ground-state of the normal metal,
but this time we remove an electron from k < kp. The resulting state can also be treated as an
elementary excitation, because its energy is greater than the ground-state energy of the remaining
electrons. The energy of the system after removing the electron is

Esyst = Eo — k2/2m. (3.15)
But the ground-state of the remaining electrons (after we have removed the electron at k < kp) is:
E, = Ey — k% /2m. (3.16)

This can be understood by taking an electron at the Fermi level and putting it into the place of
the missing electron in order to obtain the ground-state for the remaining electrons. Now, just like
in the electron case, we obtain the excitation energy of the system by subtracting the ground-state
energy from the system energy:

Eex = Lugyst — Eg = EF - k2/2m (317)

This is an energy increase (since k < kp) and it is is equal to the energy of the elementary hole
excitation. The system’s momentum will be —k since we removed an electron, and —k is then the
momentum of the elementary hole excitation. Thus, removing an electron at k < kg is a positive
excitation with energy Fex relative the ground-state.

Note that the total crystal momentum ), kfj, is not a conserved quantity as one increases temper-
ature in an out of equilibrium situation. Increasing temperature changes the distribution function
and increases the total momentum of the gas. This can be understood from the fact that increasing
temperature increases the kinetic energy of the particles in the system, corresponding to an increase
in total momentum for a free electron gas. However, if fi = f_, then the total crystal momentum
is still zero.

Properties of holes

A hole is a quasiparticle representing a missing electron. Consider a normal metal. If the electron
has mass m, momentum k, charge —e, and spin o, the hole has the following properties:

e Opposite mass, —m.
e Opposite momentum, —k.
e Opposite spin, —o.

e Opposite charge, +e.
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Going now back to our electron-hole excitation in the system with valence and conduction band,
we first determine the chemical potential. Assume a simple band structure for a direct-gap semi-
conductor based on the k - p approximation:

h2k? h2k?
V=5 €Ok = Ey +
my

. 3.18
S (3.18)

Next, compute the electron distribution. The overall electron density is n:

3
n:% D! :2/ (;lwl)sgl. (3.19)

keBZ s BZ

The density of the electrons in the conduction and valence band are then given by an integral over
the probability of occupation, i.e. the Fermi-Dirac distribution function:

— 2/ dsk ( )_/ @ 1
Ne = .- (27T)3nF €ECk) = 57 A3 eﬁ(fc,k_#) +1
B(u—Eg)

—Bleck—n) — & 92 T)3/2
7 43" 473 (2mmckpT)™,
Y T
V= By 4m3 FVik)] = gz 4m3 e Blevie—n) 4 1

Assume low temperature T’ d3k‘ Bley k—1) 6_6“ 3/2
~ —efleviemn) — 2rmy kpT)/2. 3.20
/BZ 43¢ 473 (2mmy kpT) (3:20)

Assume low temperature T / dgk
B

By low temperature, we explicitly mean that both p and Ey — p are much larger than kT = 1/6.
The total electron density naturally has to satisfy nc 4+ ny = n, which means that we can equate

the above two lines and find the chemical potential satisfying this equation:
Eg 3 my
=294 kT 1 <—) 3.21
p= + ksl -In{ 0 (3.21)

At T = 0, the chemical potential is exactly in the center of the band gap and then moves with
increasing T, if the effective masses are different.

So the chemical potential p lies inside the band gap at low temperatures and has some positive
value. Therefore, the excitation energy according to our above reasoning is

E = Eelectron + Ehole

h2k? h2k>
=(E —
( g+2mc u)+(2mv+u)
= €Ckt+q — €Vik- (3.22)

The spectrum of the electron-hole excitations with a specific momentum g can be quantitatively
described using the spectral function which we define as

I(q,E) = Z |<k +4q,s;k, S,’CTC,k:+q,sCV:k,S’

!
k,s,s

®0)[*0[E — (€cykrq — €vi)]- (3.23)

It can be formally derived using Green functions, but this is beyond the content of the present course.
Excitations exist for all values of F, q for which I(q, E) # 0. Finite values of the spectral weight
requires a g-dependent threshold for the energy E. If the band gap is direct, the distance between
conduction and valence band is minimal at ¢ = 0, which corresponds to the energy threshold for
creating an excitation. If the bandgap is indirect, the threshold energy is obtained for g # 0.
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Figure 3.2: Left: electron-hole excitation spectrum for kg # 0. Excitations exist in the shaded
region where I(q, E) # 0. Right: qualitative form of the exciton spectrum below the electron-hole
continuum. Figure taken from [3].

3.2.2 Excitons

When we include the Coulomb interaction between the electrons, another class of excitations arises
called excitons. To show this, we include the Coulomb interaction in our Hamiltonian through a
term

2

—~
—
S
w
—~
=

V= Z / Prdr i)t () — ) (3.24)

dmeg|r — /|
where the field operators are defined via (see the chapter on second quantization)

Z Z nk zk:'rcmk’S (3.25)

nVCk:

and u,, i, are the Bloch functions of the band C, V. Consider now a general particle-hole state

ZA )t q.sCVikst [ R0) = ZA )k +q,s:k, ) (3.26)

and demand that it satisfies the stationary Schrédinger equation (H + V)|®4) = (Ep + Eq)|®q)-
This two-body (electron and hole) problem can then be expressed as

Y (k+q, sk, |HA+VIE +q,5K, ) AK) = (B + Eq)A(k) (3.27)
k/

The matrix elements are given by

<k +q,s; k, S,‘H‘kl +q, s; k/, S/> = 5k,k’(EO + €ckt+q — GV,k); (3.28)
and
(k+q,sk, s|VIK +q,sk',s) =
2055/ Brd3r’ I, * N ,—ig-(r—7r') e?
0z rd’r'ug k:+q( )Uv,k(r)uc,k'+q(7' )Uv,k/ (r')e m
1 * * i(k'—k)-(r—r' 62
—@ dgrdgrl'll,c’k_,'_q(r)uv’k(T/)Uc7k/+q(7')uv’k/(T'l) X e ( ) ( )m (329)
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In the last expression, the first term is the exchange term, and the second term is the direct term of
the Coulomb interaction between an electron in the conduction band and an electron in the valence
band. This is seen from the spatial argument of the uc and uy factors. The exchange term arises
as a quantum mechanical effect due to the indistinguishibility of electrons. In our expression for
V, the CTC’V operator from wl (r) can combine with the ccy operator from either vy (r') or ¢s(r),
which is what provides the two terms in Eq. .

The electron and hole can now be bound together by the Coulomb interaction, forming a so-called
exciton. In principle, one could proceed with Eq. and solve this for the energy eigenvalue F.
We will instead a simpler and more intuitive picture, including the effective mass approximation,
to find the exciton spectrum. Consider the Schrodinger equation for a two-body wavefunction ¥
describing the electron and hole at coordinates r. and rp:

2

[(p?, + EG) + Pi - }‘I’(Te,rh) = E¥(re,Th). (3.30)

2m 2mj  Ame|re — )

This includes the kinetic energy operators for the electrons and holes (p, ; are momentum oper-
ators), the extra energy shift Fg due to the electron residing in the conduction band, and the
Coulomb interaction between the electron and the hole. Note that the semiconductor is a dielectric
medium with a dielectric constant €, which is why we have used the effective, screened Coulomb
interaction in the Schrodinger equation right away.

Now introduce a center of mass coordinate R and relative coordinate r:

mere +myry

R:

* * ?
mg +my,

r="Tc—Th. (3.31)

The first describes the movement of the electron and hole as a whole, whereas the latter describes
their relative separation distance. Since

9 0RO _ord

= — 3.32
or.  or.OR ' or,or (3:32)
and similarly for é%ﬁ we obtain
2 2 2
Pr Dr e
—* 4+ F - =FEU . 3.33
o T O + 2m,  Ame|r| (re,71) (re,7n) (3.33)

Here, we have defined the total mass M = m} + mj and the reduced mass 1/m, = 1/m} + 1/mj.

We may now observe that the SE permits a separable solution
U(re,r) = A(r)B(R) (3.34)
where A(r) describes the relative motion of the electron and hole whereas B(R) describes their
center of mass motion. Inserting this ¥ into the SE gives us an eigenvalue equation for A(r):
2

2
Dr _ € _
o, + Eg 747r6’r| A(’I‘) EAA<’I’). (3.35)
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This is recognized as the SE for a hydrogen atom, and we immediately know that the eigenvalues

FE 4 are characterized by quantum numbers n = 1,2,... so that
4
mpre
Ey=FEq+E,=FE¢— —555—>- 3.36
A G+ B ¢ 32m2e2p2n2 (3:36)
The eigenvalue equation for B(R) takes the form
Ph
—t B(R) = FpB(R). 3.37
P p(R) =y B(R) (337)
Again, we immediately know the solution: this is a free particle SE with eigenvalues
h2q2
Ep=— 3.38
p=1 (3.38)

where q is the wavevector of the plane wave eigenstate. The total energy eigenvalue £ = E4 + Ep
is then

m,«e4 h2 q2

32m2e2h2n? o
This shows that excitations exist right below the conduction band (F4 at g = 0), see right panel of
Fig. This non-trivial quasiparticle is called an exciton.

E=Eq-

n=12,... (3.39)

Its wavefunction has a free-particle term, showing that the exciton can move freely as a unit through
the crystal. It also has a bound-state term, describing that the electron and hole must move to-
gether in the bound-state known as the exciton. In the present approximation, the exciton thus
takes the form of a two-particle (particle-hole) excitation where screening is taken into account. In
this sense it can be viewed as a collective excitation, since the modified dielectric constant includes
the polarization by all electrons.

Note that when screening is neglected, meaning one uses the vacuum permittivity, which moves the
energies of the excitons far below the band edge. Instead, for the case of a weak binding energy
which shifts the exciton energy only slightly below the continuum of states, the excitation is called
a Wannier exciton. Using reasonable values for ey ~ m/10 and ¢ = 10, as well as for the electron
density n, one obtains that the excitons reside in the meV range below the gap edge. The reduction
in energy can be understood as a bound-state formation of the oppositely charged electron and hole
lowering their energy due to the Coulomb interaction. The exciton is thus a composite boson since
it consists of two fermion excitations (particle and hole).

The exciton levels are dispersive, and their spectrum becomes increasingly dense with increasing
energy, similar to the hydrogen atom. When the levels merge with the continuum band, the exciton
state is ionized so that the electron and hole dissociate and behave like independent particles, since
there are now available states in the conduction band. Strongly bound excitons are called Frenkel
excitons. For very strong binding, the pair is almost local in the sense that the excitation is re-
stricted to a single atom rather than involving the whole semiconductor band structure.

Excitons are mobile, but carry no charge. Their spin depends on s and s’. If s = s/, the exciton is
a spin-singlet, while for s # s’ it has a spin triplet character. For small densities, excitons approx-
imately obey Bose-Einstein statistics, and in special cases Bose-Einstein condensation of excitons
can be observed experimentally. Excitons are important in the optical spectra of semiconductors,
in particular at low temperatures, but also with respect to device applications. This is because light
emitting diodes and semiconductor lasers often involve excitons.
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3.3 Optical properties

Excitations in semiconductors can occur via absorption of EM radiation. The energy and momentum
imparted by the photon is hw and hq, respectively. With the light dispersion w = ¢|q| and setting
E, ~ 1 eV, meaning that the photon must carry an energy of at least 1 eV to excite an electron
from the valence to conduction band, the corresponding momentum transfer is estimated to

w hw E 27 27
Z = or~ Horg = a— — 3.40
c he T he Ta=a a < a ( )

q =
Here, c is the speed of light, a the lattice constant and o ~ 1/137 is the fine structure constant. We
see that the momentum transfer from a photon to the excited electron is much less than the 1BZ
boundaries and can be neglected. In other words, purely electromagnetic excitations lead only to
"direct” excitations.

For semiconductors with a direct energy gap (such as GaAs), the photo-induced electron-hole exci-
tation yields absorption rates with the characteristics (computed from Fermi’s golden rule)

(hw — E,)'/2, dipole-allowed

3.41
(hw — E,)3/2, dipole-forbidden. (3.41)

Fabs (w) 08 {

Here, the terms dipole-allowed and dipole-forbidden have a similar meaning as in the excitation of
atoms regarding whether matrix elements of the type (uy g|r|uc k) are finite or vanish, respectively.
We see that dipole-allowed transitions occur at a higher rate for photon energies right above the
energy gap F,.

For semiconductors with indirect energy gap (such as Si and Ge), the lowest energy transition con-
necting the top of the valence band to the bottom of the conduction band is not allowed without
the help of phonons (quantized lattice vibration). These phonons contribute little energy wg, but
much momentum transfer Q since hwg < hw since wg = c¢g|Q| and the sound velocity ¢s < c. The
phonon-assisted photon absorption in a semiconductor with indirect gap is shown in the left panel

of Fig.

The requirement of a phonon assisting in the transition changes the transition rate to
Taps(w) o< ey (hw + hwg — Ey)? + c— (hw — hwg — E,)*. (3.42)

Here, c+ are constants and @ corresponds to the wave vector of the phonon connecting the top of
the valence band and the bottom of the conduction band. There are two ways this can happen:
either the phonon is absorbed (ci-process) or it is emitted (c_-process).

In addition to the absorption into the particle-hole spectrum, absorption processes involving our
exciton states discussed above exist. They lead to discrete absorption peaks below the absorption
continuum, as shown in the right panel of Fig. It is also possible for electrons and holes
to recombine (de-excitation of an electron). In a radiative recombination, a photon is emitted.
Other recombination channels, such as recombination at impurities and interfaces are also possible
(due to scattering). The radiative recombination for direct-gap semiconductors is most relevant for
applications.
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Figure 3.3: Left: phonon-assisted photon absorption in a semiconductor with indirect gap; phonon
absorption in the left panel and phonon emission in the right panel. Right: absorption spectrum
including the exciton states for a direct-gap semiconductor. The exciton states appear as sharp
lines, due to their discrete nature, below the e-h continuum starting at fww = E,. Figure taken from
[3].

3.3.1 Experimental measurement of excitons

To determine the position of an excitonic energy level, one has to identify the difference between
the electrical band gap (energy difference between valence and conduction band) and the optical
gap. The latter is the energy difference between the valence band and the lowest-lying exciton
level. The optical gap is thus smaller than the electrical band gap, and the difference between the
two can be experimentally measured via optical absorption. As shown in Fig. the absorption
displays sharp peaks when the photon energy matches the optical gap to different exciton levels,
and instead turns into a continuous curve as the photon energy becomes large enough to excite
across the electrical band gap. The binding energy of the exciton is then identified as the difference
between the electrical band gap and the optical gap.

3.4 Doping semiconductors

Let us replace a Si atom in a Si semiconductor by aluminium Al (group III) or phosphorous P (group
V), which then act as impurities in the crystal lattice. Their electron configurations are given by

Al: [(15)%(25)*(2p)°](35)(3p)
P: [(1s)*(25)*(2p)°](35)*(3p)°. (3.43)

Thus, the compound Al (P) has one electron less (more) than Si.

3.4.1 Impurity state

Consider the case of a P-impurity contributing an additional electron whose dynamics is governed
by the conduction band of the semiconductor. For simplicity, let the conduction band be a single
isotropic band with effective mass m¢:

h2k?
- 2mc

€r +E,. (3.44)
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Compared to the Si background, the phosphorous ion is a positively charged center which attracts
its additional electron. We can describe this situation by a Schrodinger equation for the effective
"hydrogen” atom (positively charged center)

[—W ¢ F(r) = EF(r) (3.45)

ome  Amelr]

where screening of the ionic potential by th surrounding electrons is accounted for via €. Analogous
to the discussion of the exciton states, F'(r) is an envelope wavefunction of the electron. Therefore,
we know that the low-energy states of the additional electron must be bound states around the
P ion. The electron becomes mobile when this "reduced hydrogen atom” is ionized. The binding
energy relative to the minimum of the conduction band is given by

meet

En = Eq =  3272Rh2e2n2

(3.46)
for n € N and the effective radius (corresponding to the renormalized Bohr radius in the material)
of the lowest bound state reads

47 h?
ppo= e T (3.47)

m*e?2  mc

Here, ap = 0.53 Ais the Bohr radius for the hydrogen atom. For Si, we find with m. = 0.2m and
€ ~ 12 that

Ey — E;~ —20 meV and ry ~ 30A. (3.48)

The resulting state is thus weakly bound, with energies inside the band gap. The net effect of
the P-impurities is therefore to inroduce additional electrons into the crystal whose energies are
situated just below the conduction band (E,; ~ 1 eV while E; — E; ~ 10 meV). These impurity
states can be easily transferred to the conduction band by thermal excitation. One then speaks of
an n-doped semiconductor, where n stands for negative charge. In full analogy, one can instead
consider Al-impurities, thereby replacing electrons with holes. An Al-atom introduces an additional
hole into the lattice which is weakly bound to the Al-ion (its energy is slightly above the band edge
of the valence band), and may dissociate from the impurity by thermal excitation. This case is
called p-doping, where p stands for positive charge. In both cases, the chemical potential is tied to
the dopand levels: in effect, it likes between the dopand level and the valence band for p-doping
and between the dopand level and the conduction band in the case of n-doping.

The electric conductivity of semiconductors, in particular at room temperature where thermal exci-
tations are more likely than at lower temperatures, can be tuned strongly by doping with so-called
donors (n-doping) and acceptors (p-doping). Practically all dopand atoms are ionized, with the
electrons/holes becoming mobile. Combining differently doped semiconductors, the possibility to
engineer electronic properties is enhanced further. The is the basic reason for semiconductors being
so frequently used in modern electronics.
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Figure 3.4: Position of the chemical potential in semiconductors. Figure taken from [3].
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Chapter 4

Plasmons, phonons, polarons, polaritons

The electronic states in a periodic atomic lattice which are extended have an energy spectrum
forming energy bands. In the ground state these energy states are filled successively starting at
the bottom of the electronic spectrum until the number of electrons is exhausted. Metallic behav-
ior occurs whenever in this way a band is only partially filled. The fundamental difference that
distinguishes metals from insulators and semiconductors is the absence of a gap for electron-hole
excitations, which we will explain in this chapter. In metals, the ground state can be excited at
arbitrarily small energies which has profound phenomenological consequences.

We will consider a basic model suitable for the description of simple metals like the Alkali metals
Li, Na, or K, where the (atomic) electron configuration consists of closed shell cores and one single
valence electron in an ns-orbital. Neglecting the core electrons (completely filled bands), we consider
the valence electrons only and apply the approximation of nearly free electrons. The lowest band
around the I'-point is then half-filled. First, we will also neglect the in uence of the periodic lattice
potential and consider the problem of a free electron gas subject to mutual (repulsive) Coulomb
interaction.

An important point is that there exists not only excitations corresponding to electrons, but also
with respect to the behavior of the crystal lattice (ion) itself, called phonons. There can also exist
hybrid excitations which are combinations of electrons and phonons, called polarons. Even light
can be part of the excitations of a metal when combined with a phonon, called a polariton. The
electron excitations themselves can also come together and form a so-called collective excitation in
which the electrons do not act individually, but are each part of a larger excitation called a plasmon.
We now proceed to describe all of these excitations in detail.

4.1 Fundamental quantum properties of metals

To introduce quasiparticles such as plasmons, we first need to talk a bit about some of the properties
of metals. The jellium model is probably the simplest possible model of a metal that can capture
qualitative and to some extent even quantitative aspects of simple metals. The main simplifictation
made is to replace the ionic lattice by a homogeneous positively charged background (the so-called
jellium) which the electrons move in. The uniform charge density enjo, is chosen such that the
whole system - electrons and ionic background - is charge neutral: ni,, = n where n is the electron
density. Since the periodic lattice is now gone, the system is fully translationally invariant, and the
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plane waves

1 .
Vs(T) = 1| =T (4.1)
’ Q
represent the single-particle wavefunctions of the free electrons. Here, €2 is as before the volume of
the system and k, s denote the wavevector and spin, respectively. Assume a cubic system of side
length L and volume © = L2, and impose periodic boundary conditions for the wavefunction

wk,s(r + Lel) = wk,s(T)a 1= z,Y,z. (42)
Then, reciprocal lattice space is discretized as
2w
k= f(nx,ny,nz) (4.3)

where n; € Z%. The energy of a single-electron state is e = h2k> /2m and the ground-state of
non-interacting electrons is obtained by filling all single particle states up to the Fermi energy with
two electrons. Expressed through second quantization, we thus have

o) = [ ]ck.l0- (4.4)

|k|<kp s

where c}; ¢ Ck,s create and annihilate an electron state. The Fermi wavewector kr is determined by
equating the filled electronic states with the electron density n:

3 T 3
Z 1 —2/ d k _ B (2];)3 (4.5)

\k|<k

so that kp = (37%n)'/3 is the radius of the Fermi sphere in k-space around k = 0.

4.1.1 Basic thermodynamic properties of metals

The thermodynamic properties of a free electron gas are obtained using the Fermi-Dirac distribution
function f(eg), which tells us the probability that an electron state € is occupied:

1

Her) = ot (4.6)
The density of states is also useful:
d®k Q m
=20 E — 1h*K*/2 / Qdkk* ——
Za /(2ﬂ)35( R2k?/2m) = AR S50 (ks — V2mER)
Q m3/2 3N E\1/2
_ S (AN E e SN (B 4.7
27‘(’2(h2> 26F<6F) ( )

for F > 0 and with NV = n{) being the total number of electrons. Note that the d) inside the
integral in the upper line does not mean integration over volume, but over solid angle element.
The chemical potential can be expressed analytically up to second order in temperature at a fixed
electron number N, by using

> . 7T2 2 a1/
AEPMICE | rENE) = [T anNE) « TN ) + . (45)

0
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where we utilized the Sommerfeld expansion E| assuming T' < Tr = ep/kp. We now use

/Ou dEN(E) ~ /OEF dEN(E)+ (u—e€r)N(ep) = N+ (1 —ep)N(ep) (4.13)
leading to
N>~N+ (u—e€p)N(ep) + 7TfQ(k‘ T)’N'(¢) = u(T) = ep — 7L2(k T)ZN,(GF) + (4.14)
= 2 F F 6 B 12 F 6 B Nem) .

where N'(ep)/N(ep) = 1/2ep. We can also determine the internal energy

& See exercise for derivation 2
U(T) = / dEEN(E)f(E) < N o + = o (k5T)’N(er). (4.15)
0
The specific heat is then given by
10U 2
= Q9T - ~T where v = 3—Qk129N(eF) (4.16)

and is thus linear in T where ~ is the Sommerfeld coefficient, proportional to the DOS at the Fermi
energy.

Consider now the effect of a magnetic field coupling to the electron spin so that e — exs =

€ — supB with pup the Bohr magneton and B the external magnetic field with s = +1. The
magnetization generated due to the spin polarization of the electrons can then be computed as

M = up(Ny - N_) = LB ] /0 T ABN(E)(E - ppB) ~ [ T AEN(E)H(E + D)

2
=12 [ amn ) (- )
=BV Ger) [ (= 02) =B ) (4.17)

!The Sommerfeld expansion consists of the following. In the limit kgT < ep, the derivative 8f(E)/OE is very
sharp and narrow (almost Dirac-delta function-like) around E = u. Therefore:

/ 4Eg(E a](;( )) - /,: dE[g(”) + (B —p)g'(n) + (E_M)Qg”(u) +~-'K_ %)

=g+ S [" ape -y (- 2B 4= g+ g T . (49)

and analogous

[ B (%42 58) = gt + g ke T)? + . (4.10)
Here we used the definition
9(E) =/ dE'T(E —>/ dET(B)f(E) = [ dET(E)+ %Q(kBT)QF/(M) T (4.11)

Note that

oo ﬁerﬂx B 71__2
/700 dxm =35 (4.12)
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Taking the derivative with respect to B we find for the Pauli paramagnetic susceptibility

oM oM

P= o "M T popEN (er). (4.18)

X
Here, we used that B = pH ~ poH for a small susceptibility x, < 1 since pu/po = 1+ xp. The
Pauli susceptibility is indeed typically small. We will discuss paramagnetism of the electron gas in
more detail in a later chapter.

4.1.2 Stability of metals: a Hartree-Fock approach

For the jellium model to make sense, it has to be a stable physical system. To check this, we
compute its ground state energy variationally, using the density n as a variational parameter. This
will give is an understanding of the stability of the metal, in effect the cohesion of the ion lattice
through itinerant electrons. The variational ground state is denoted |¥) from Eq. for a given
kr. The Hamiltonian consists of four terms:

H= Hkin + Hee + Hei + Hii (419)

where the various terms describe the kinetic energy of the electrons, electron-electron interactions,
electron-ion interactions, and ion-ion interactions:

— T
Hiin = Y €kCly Chs
k,s

2

Hee = ;2 / e K COLOC

dmeglr — T

Hi=-Y / Brdr' i ryu(r)

dmeg|r — /|
1 n2e?
Hy == | &rd® ——M 4.20
" 2/ rer dmeg|r — /| (4:20)

where we introduced the second quantized electron field operators, as discussed previously:

+ _ 1 § : T —ikr
%(7‘) \/ﬁ - Ck,s©
1 ik-r
Ys(r) = 76 Ek c,w(a’c ) (4.21)

We now want to minimize the variational energy E, = (Vg|H|¥) with respect to n to see if a sta-
ble metallic state with non-zero n can really be obtained. The variational energy has four different
contributions.

First, we have the kinetic energy
=Nk, s
——
Byin = (ol Hign|Wo) = > en{Toc}, ,cr,s|To)
k,s

d®k 3
= 29/(27{_)36167/”6,8 = gNEF (422)
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where we used that

1 for |k| < k
T e (4.23)
0 for |k| > kp
Second, there is the Coulomb repulsion energy between the electrons
_ 1 3 43 e? / + T /
Eee = 2/d rd°r m ZSS <\IJ0’\I’S(7')\IJS/(T' )\I’SI(T )\IIS(T)|\IJO>
See exercise 1/d3rd3r’62 n?—Gr—r)=E + E (4.24)
- 2 47’[’60‘7" — ’l"/| — L/Hartree Fock- .
where
9?2 (kp|r|cos(kp|r|) — sin(kp|r|)
G(r) ==~ ( ). 4.25
=" (k] 429

The Coulomb repulsion Hee between the electrons combined with the fermion statistics (Pauli prin-
ciple) that the field operators W4(r) have to satisfy thus leads to two terms. The first term is the
direct, or Hartree, term describing the Coulomb energy of a uniformly spread charge distribution.
The second term is the exchange, or Fock, term resulting from the exchange of two of the electron
coordinates in the upper line of Eq. which is possible due to the indistinguishibility of any
two electrons.

The third contribution originates from the attractive interaction between the ionic background and
the electrons

2
/ rar 47r60‘7._7./|nzs:< O| s(T) (’f’)| 0>

2,2
— — | Bra3—" 4.9
/ " T47reo\r—r’| (4.26)

since (Wo|Wl(r)W,(r)|To) corresponds to the uniform density n.

Finally, there is the repulsive ion-ion interaction:

n2e?

1
By = (Vo|H;i|Wo) = 2/d3rd3r’ (4.27)

deglr — 7|’
We can now verify that the three contributions Emartree, Fei, and Ej compensate each other to
exactly zero. Interestingly, these three terms are the only ones that would arise in a classical
electrostatic calculation. This implies that the stability of metals will be determined by quantum
effects. The remaining terms are the kinetic energy and the Fock term. The latter is negative and

is evaluated to

9In? €2 kp|r|cos(kp|r|) — sin(kg|r|)\2 3¢?
B — 02 [ g3 ( ) = Nkp-—. 4.28
Fock 4 / T47T60|r\ (kp|r|)? "ar ( )

Therefore, we find the total variational energy per electron

N 5 2m 1672¢q =

E, 3h0kE 3¢ <2.21 0.916) Ry (4.29)

2
rs Ts



60 Chapter 4. PLASMONS, PHONONS, POLARONS, POLARITONS

1

5 ke (rb—r’)

Figure 4.1: Pair correlation function in the electron-electron interaction energy. Figure taken from
13].

where 1 Ry = €2/(8mepap) ~ 13.6 eV with ap being the Bohr radius and the dimensionless quantity
rs defined via
d 9r\1/3  me?
re=—=|— —_— here d is defined via n = —.
s ap ( 4 ) 4ﬂ€0ﬁ2kp, v M 47Td3
The meaning of d is thus the average radius of the volume occupied by one electron. Minimizing
the energy per electron with respect to n is then equivalent to minimizing it with respect to rg.

This provides

(4.30)

Pomin = 4.83 — d =~ 2.5 A. (4.31)
This corresponds to a lattice constant of
a=(47/3)"/3d ~ 4 A. (4.32)

Such an estimate is in good agreement with the lattice constants found in alkali metals: rs1; =
3.22, 75 Na = 3.96, 75k = 4.86. Therefore, in metals the delocalized electorns are responsible for the
cohesion of the positive background and yield a stable solid.

The good agreement of this simple estimate with the experimental values is due to the fact that
the Alkali metals have only one valence electron in an s-orbital that is delocalized, whereas the
the core electrons are in a noble gas configuration and, thus, relatively inert. In the variational
approach outlined above correlation effects among the electrons due to the Coulomb repulsion have
been neglected in the choice of variational ground-state. In particular, electrons can be expected
to ’avoid’ each other not just because of the Pauli principle, as in |[¥g), but also as a result of the
repulsive interaction. However, for the problem under consideration the correlation corrections turn
out to be small for 75 ~ rg in which can be seen from a more sophisticated quantum field theoretical
analysis.

4.1.3 Charge excitations and the dielectric function

In both metals and semiconductors, which we will consider in detail later, the elementary excitations
are electron-hole excitations. For metals, these can have arbitrarily small energies due to the absence
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of a gap in the band-energies at the Fermi level. One drastic consequence of this behavior is the
strong screening of the long-ranged Coulomb potential. As we will show, a negative test charge
in a metal reduces the electron density in its vicinity. This can be modelled as an induced cloud
of positive charges relative a uniform charge density, which weaken the Coulomb potential in the
following way

—r/l
V(r) o ! = V'(r) « S
r

- (4.33)

The Coulomb potential is thus modified into a short-ranged Yukawa potential with screening length
[. In contrast to metals, the finite energy gap for electron-hole excitations the charge distribution in
semiconductors reduces the adaption of the system to perturbations, so that the screened Coulomb
potential remains long-ranged,

1 1
V(r)oc == V'(r) oc — (4.34)
r Err
where ¢, is the relative permittivity (¢ = €,69). The semiconductor acts as a dielectric medium
and its screening effects are accounted for by the polarization of localized electric dipoles. This
renormalizes the Coulomb potential inside the semiconductors by &,..

Dielectric response and Lindhard function

We now determine the response of an electron gas to a time- and position-dependent weak external
potential V,(r,t) based on the Heisenberg equation of motion. The total Hamiltonian is

H = Hgn+ Hy =) ekcgsckﬁ +) / BV, (r, ) Ul(r)Uy(r) (4.35)
k,s s

and the second term is considered as a small perturbation. We first consider the linear response
of the system to the external potential. We consider a harmonically varying potential (one Fourier
component in the spatial and time dependence), and the math is more convenient by representing
the potential as a complex number, similarly to how one works with complex numbers (phasors) in
ac electric circuits with inductors and capacitors. The potential has an amplitude and a phase, and
SO we may write

Va(r,t) = Vo(q,w)e'dm—whent (4.36)

where the physical potential is just the real part of this quantity. This complex representation works
because we will work with linear response, i.e. linear differential equations, ensuring that the real
and imaginary parts of the potential do not get mixed up in an incorrect way (which could happen
if we had higher-order equations in the potential). Above, n — 0T models that we adiabatically
switch on the potential.

To linear response, this potential is assumed to induce a small modulation of the electron density
n(r,t) so that

n(r,t) = ng + 0nina(r, t) (4.37)
where

OMind (’I‘, t) = 0Mind (q> w)eiqr—iwt (438)
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Any phase-shift between the oscillations in the induced density dnj,q and the applied potential is
encoded in the relative phase between V,(g,w) and dning(q,w).
Fourier-transforming the density operator p(r), we obtain

g 1 1
Pq = Z/d?’r‘yi(?‘)\l’s(?“)e iqr _ ol ZCTk,sck+Q7S =5 thq’s (4.39)
S k,s k,s

where we defined py g5 = cL <Ck+q,s- The perturbation term may then be rewritten as
1 i
Hy = a Zqu’sVa(q,w)e wient, (4.40)
k,s

To describe the time-dependent electron density in the metal, we need to determine the time-
dependent density operator pg(t) in the Heisenberg representation. Recall that operators are time-
independent and states are time-dependent in the Schrodinger picture, whereas operators are time-
dependent and states are time-independent in the Heisenberg picture. Operators in these two
pictures are related via Ay (t) = UT(t)Ag(t)U(t) where U(t) is a time-evolution operator and Ag(t)
is the operator in the Schrédinger picture. Thus, Ay (t) gains a time-dependence even if Ag has no
explicit time-dependence. The equation of motion determining the time-evolution of an operator
Ap(t) in the Heisenberg picture is generally
diAH(t) == %> :
t h ot /H
Here, the density operator has no explicit time-dependence, so the partial derivative above is zero.
We thus have the following Heisenberg equation of motion for the density operator (dropping the
H subscript):

[Hia(8), A (8)) + ( (4.41)

L d
Zhﬁpkqus - [pk7q75’ H]

= (€k+q — €k)Pk,q,s + (C;c,sck,s — cLJrq’SckJrq,s)Va(q,w)e_ment. (4.42)

We now compute the thermal average (expectation value) of the above operator equation according
to

Tr[Ae=PH]

(4) = Tr(e #H)

(4.43)

and following the linear response scheme by assuming the same time dependence for (pg q.5(t)) o
e~ Wit as for the potential (there can still exist a constant phase-offset). The equation of motion
then reads

(hw +ilm){pr.q.s) = (€kt+q — €k)Pk,g,s T (Nok,s — Nok+q,5) Va(q: w) (4.44)

where nog s = (c}; <Ck,s) and therefore

1 1 Nok+q,s — N0k,s
0MNin , = — s) = — : ~—V.(q, 4.45
n d(q (.U) Q ;@k,q, > Q ; 6k+q — € — Fio — ZFL?’] (q (.U) ( )

The dynamical linear response function which determines the induced electron density due to the
external perturbation can then be defined as

5nind(q7w) = XO(qvw)Va(qvw) (446)
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where we thus have derived that

Nok+q,s — NOk,s
—. 4.47
ksek+q—ek—ﬁw—zhn ( )

1
XO(qvw) = Q

The response function yo(q,w) is known as the Lindhard function. The Lindhard function thus
expresses the charge response of a free electron gas to an external electric potential perturbation.
This is closely related to so-called electron-hole excitations, which we will cover in more detail in the
next section, since the major contributions to xo are seen to come from eg1q — €5 — fiw = 0 which
corresponds exactly to a electron-hole excitation: the Fermi sea is imparted a little bit of energy w
which promotes a particle from k (thus creating a hole) to a state at k+q (thus creating an electron).

In computing the linear response of the system due to an external perturbation, we have neglected
any feedback effect due to the interaction among the electrons. In a more accurate treatment, the
density fluctuation dn(r,t) can be thought of as a source for an additional Coulomb potential V.
This potential can be determined by means of the Poisson equation arising from Maxwell’s equation
V-E =p/ep:

2
V2Vsa(r, 1) = — —6nina(r, ). (4.48)
€0
In Fourier-space, this reads
o2
‘/Bn(qa w) = @(hlind(q’ w)- (449)

If we thus allow feedback effects in our system with the external perturbation V,, the effective
potential V' experienced by the electrons is determined self-consistently via

V(qvw) = Va(qvw) + %n(qaw)
2
(&
=Vulq,w) + —=nina(q,w 4.50
(@) + -~ 0mia(q.0) (450

where we write

on(q,w) = x(q,w)Va(q,w) (4.51)

Here, we have used our previous result Eq. for the induced electron density but written the
response function as x. This is because since there is now an extra term Vj,(r,t) in the Hamilto-
nian, which couples to the electrons and depends on the induced density itself (hence the necessity
for a self-consistent approach), the response function is in general different from the free-electron
response function xg.

At this point, we can make an approximation that ¥ = xg. In effect, we are replacing the proper

response function with the non-interacting response function. Then, the relation between V and V,
may be written as

V(gw) = ~28v) (4.52)
where

er(qw) =1— ;m(q, w). (4.53)
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Here, £,(q,w) is the dynamical dielectric function (momentum and frequency dependent relative
permittivity) and describes how the external potential is renormalized due to the dynamical response
of the electrons in the metal. We can also write expression Eq. in an alternative way so that
the information about electron-electron interactions is contained in the response function itself:

on(g,w) = xo(q,w)V(q,w) = x(q,w)Va(q,w). (4.54)
The response function x(q,w) defined above is then

Xo(q,w) (4.55)
1- 6722X0(q7 w)

€0q

x(q,w) =

and contains information about both the renormalization of the electric potential as well as the
excitation spectrum of the metal. This way of computing the dynamical response function x(q,w)
is known as the random phase approximation (RPA). The key approximation we made was thus to
set the proper response function equal to the non-interacting one.

We briefly comment on the origin of the name of this approximation. The above equation can be
written in the form of a geometric series
(@) = (@)1 + ~x0(a.0) + (o) (4.50
x\q,w :quaw[ + —5Xolq,w +(7X0q7w) +} .
€0q? €0q>

From a perturbation theory perspective, this series corresponds to summing a limited subset of
perturbative terms (which can be represented as Feynman diagrams) to infinite order. In effect, a
more accurate treatment of x(g,w) would yield even more terms than written in the above expansion.
The particular summation over terms above is known as the RPA and is based on the assumption
that the phase relation between some of the terms entering the perturbation series are random,
meaning that interference terms vanish on average.

4.1.4 Electron-hole excitation

To describe simple particle-hole excitations in a metal, we may neglect the Coulomb interaction
between electrons and study the bare response function xo(g,w). First, separate xo into a real and
imaginary part

Xo = Xo1(q,w) +ixo02(q,w). (4.57)

Now use the Sokhotski-Plemelj theorem which states that when integrating over z, the following
relation holds

. r /1 .
nlg& e P<Z> +imd(z) (4.58)

where P is Cauchy’s principal value. The Lindhard function then is split into

1 N0 k+q — 10,k
Xoi\q,w) = = P( : ; )7
( ) ka,s ek+q—ek—hw

1
xo2(q,w) = > (Noktq — 10k)0(€hrg — €k — hw). (4.59)

k,s
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The real part will get more attention in a later subsection when discussing instabilities of metals. We
focus here on the imaginary part which expresses the absorption of energy by electrons subject to
a time-dependent external perturbation. In particular, note that xg2 corresponds to Fermi’s golden
rule known from time-dependent perturbation theory, i.e. the transition rate from the ground state
to an excited state of energy hw and momentum gq.

* kK+Q

Figure 4.2: Schematic view of an particle-hole pair creation (electron-hole excitation). Figure taken
from [3].

As mentioned earlier, the relevant excitations described by the Lindhard function are particle-hole
excitations. Starting from the ground state of a completely filled Fermi sea, one electron with mo-
mentum k is removed and inserted again outside of the Fermi sea in some state with momentum

k + g (see Fig. [4.2).
The excitation energy is:

n%(k + q)*
2m

h2k2} _ h2g? N Rk - q

Era = { 2m

- 6F} + [EF - (4.60)

2m m
The maximum value that |k| can have is kr. The energy above is then maximized if k || g, while it
is minimized if k || —q. Thus, the spectrum is for positive ¢ limited according to Funi, < E(k,q) <
FE.x where

h? h2qkp

Emin/rnax = q72m + m (461)

This is shown by the shaded region in the left part of Fig. which is the particle-hole excitation
continuum. The leftmost parabola of the shaded region is Fy.x whereas the rightmost parabola is
Fnin, and the parabolic shape of these boundaries follows by completing the square in Eq.
and plotting it as a function of ¢ at a fixed kp-value.

4.1.5 Kramers-Kronig relation for response functions

Response functions to external stimuli share common properties, which we describe in this section.
The goal of response theory is to figure out how a system reacts to outside influences. These outside
influences are things like applied electric and magnetic fields, or applied pressure, or an applied
driving force. This is metaphorically like sticking a spoon into a quantum liquid and stirring. Our
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purpose here is to explore the more general case of time dependent influences. As we will 1l see, by
studying the response of the system at different frequencies, we learn important information about
what is going on inside the system itself.

Consider a simple classical dynamical system with some generalized coordinates x;(¢) which depend
on time. If left alone, these coordinates will obey some equations of motion:

T; + gi(:b, x) =0. (4.62)

The outside influence in this example arises from perturbing the system by the addition of some
driving forces Fj(t), so that the equations of motion become

i+ gi(, ) = Fi(t). (4.63)

In this expression, x;(t) are dynamical degrees of freedom. This is what we are solving for. In
contrast, F;j(t) are not dynamical: they are forces that are under our control, like someone pulling
on the end of a spring. We get to decide on the time dependence of each F;(t).

Instead, in quantum mechanics we introduce the outside influences in a slightly different manner.
The observables of the system are now operators, ;. We will work in the Heisenberg picture, so
that the operators are time dependent: O = O(t). Left alone, the dynamics of these operators will
be governed by a Hamiltonian H(QO). However, we have no interest in leaving the system alone. We
want to give it a kick. Mathematically, this is achieved by adding an extra term to the Hamiltonian

Hsource(t) — ¢z (t)oz (t) (464)

The ¢;(z) are referred to as sources. They are external fields that are under our control, analogous
to the driving forces in the example above. Indeed, if we take a classical Hamiltonian and add a term
of the form x then the resulting Euler-Lagrange equations include the source on the right-hand-side
in the same way that the force appears in Eq. .

Linear response

We want to understand how our system reacts to the presence of the source or the driving force.
To be concrete, we’ll chose to work in the language of quantum mechanics, but everything that we
discuss in this section will also carry over to classical systems. Our goal is to understand how the
correlation functions of the theory change when we turn on a source (or sources) ¢;(x).

In general, it’s a difficult question to understand how the theory is deformed by the sources. To
figure this out, we really just need to sit down and solve the theory all over again. However, we can
make progress under the assumption that the source is a small perturbation of the original system.
This is fairly restrictive but it’s the simplest place where we can make progress so, from now on, we
focus on this limit. Mathematically, this means that we assume that the change in the expectation
value of any operator is linear in the perturbing source. We write

5(Oi(t)) = / iy ()5 (1), (4.65)

Here, x;(t,t") is known as a response function. We could write a similar expression for the classical
dynamical system Eq. (4.63) where 6(O;) where is replaced by z;(¢) and ¢ is replaced by the driving
force Fj(t). In classical mechanics, it is clear from the form of the equation of motion Eq. (4.63)) that
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the response function is simply the Green function E| for the system. For this reason, the response
functions are often called Green functions and you will often see them denoted as G instead of x.

From now on, assume that our unperturbed system is invariant under time translations. Then, we
must have

Xij (t, t/) = Xij (t - t/) (471)

and it is useful to perform a Fourier transform to work in frequency space. We define the Fourier
transform of the function f(¢) to be

flw) = [ dtet p(e) and 1) = [ G ) (4.72)

In effect, we are using here the convention that the function and its Fourier-transform are distin-
guished by looking at their argument. In general, f(w) is not the same function as f(t) only with ¢
replaced by w, but should be denoted f(w), but as explained above we simplify the notation here.

Taking the Fourier-transformation of Eq. (4.65)) gives

= / dt’ / dte™x;(t —t')pj (')
= [ar [[aretet o - e gy (4.73)
= Xij(w)d;(w). (4.74)

We see that the linear response is local in frequency space: if you shake something a frequency w,
it responds at frequency w, just like we saw in our perturbative treatment of the electron gas in
response to a time-dependent potential. Anything beyond this lies within the domain of nonlinear
response.

2A Green function G(z, s) of a linear differential operator L = L(z) is any solution of
LG(z,s) = 6(s — x). (4.66)

Here, ¢ is the Dirac delta-function. This property of a Green function can be exploited to solve differential equations
of the form

Lu(z) = f(x). (4.67)

To see this, multiply LG(z,s) = d(s — x) with f(s) and integrate with respect to s. We obtain

/ LGz, 5)f(s)ds = / 5z — ) f(s)ds = f(x). (4.68)
Since L = L(x) is a linear operator and only acts on the variable z, we may take it outside of the integration:
L(/G(x,s)f(s)ds) = f(z). (4.69)
This means that
= /G(:c, s)f(s)ds (4.70)

is the solution to the equation Lu(z) = f(x).
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In the following section we will describe some of the properties of the response function x(w) and
how to interpret them. Many of these properties follow from very simple physical input. To avoid
clutter, we will mostly drop both the ¢, j indices. When there is something interesting to say about
them, we will put them back in.

Analyticity and causality

Working with a real source ¢ and a Hermitian operator @ (which means a real expectation value
(O0))), then it follows that x(¢) must also be real. Let us see what this means for the Fourier
transform y(w). It’s useful to introduce some new notation for the real and imaginary parts:

x(w) = Rex(w) + imx(w)
=\ (w) +ix" (w). (4.75)

The real and imaginary parts of the response function y(w) have different interpretations. Let us
look at these in turn.

Imaginary part
We can write the imaginary part as

X'(6) = —2[x(w) ~ X" ()]
-3 / Z d ()]t — ]
=2 [ et — (- (4.76)

We see that the imaginary part of x(w) is due to the part of the response function which is not
invariant under time-reversal t — —t. In other words, x”(w) knows about the arrow of time. This
suggests that x” should be related to dissipative processes in the system, since such processes are
not invariant under time-reversal. Indeed, x”(w) is called the dissipative or absorptive part of the
response function. Note that it follows from the above equation that x”(w) is an odd function:

X'(w) = =x"(=w).

Real part
The same analysis as above shows that

o
YW =y [ (o) + (- (4.77)
—00

In effect, the real part stems from the part of the correlation function that does not care about the
arrow of time. It is called the reactive part of the response function, and is even: x/'(w) = x/(—w).
Before moving on, we briefly mention what happens when we put the labels 7, j back on the response
functions. In this case, a similar analysis to that above shows that the dissipative response function
comes from the anti-Hermitian part:

7

W (@) = =5 brig ) = X)) (479)

An important point which is unfortunately often not mentioned in lecture notes discussing the in-
terpretation of the response function is that the imaginary part of y(w) is the dissipative response
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only when the observable and applied stimulus have the same parity with respect to time-reversal.
If they have opposite parity, then it is the real part of y(w) which describes the dissipative response.
Often, one the observable and stimulus have the same parity. This is the case for the magnetization
(observable) induced by an magnetic field (stimulus): both are odd under time-reversal. It is also
the case for the electric polarization (observable) induced by an electric field (stimulus): both are
even under time-reversal.

But the observable and stimulus can have opposite parity. This is the case for conductivity o.
Consider the linear-response equations for polarization density P and current density J, both
induced by an electric field E:

P(t) = o / dt'x(t — ) E(#),

J(t) = / ot — VBt (4.79)

Here, we have for simplicity assumed that the response is along the same direction as the stimuli,
whereas y in general will be a tensor instead of a scalar. The current J is odd under time-reversal,
but E is not. This causes a /2 phase-shift (in effect, factor i) between the response functions o and
€ = ¢g)x in terms of how they affect a given physical quantity. To see an example of this, consider
Ampere’s law

oD
VxH=J+—. (4.80)

ot
Now Fourier-transform this equation and use that a time-derivative amounts to multiplying with
iw. Then express J and D in terms of the Fourier-transforms of the response functions: J(w) =

o(w)E(w) and D(w) = ¢gE(w) + P(w) = €(w)E(w). This gives
V x H = (0 +iwe)E. (4.81)

Now we can see what was stated above. An electric field generates H in an electromagnetic wave
through both o and e, but they are shifted by /2. So if the imaginary part of € describes dissipation
in this process, then so does the real part of o.

Causality

We cannot affect the past. This statement of causality means that any response function should
satisfy

x(t) =0 for all t < 0. (4.82)

For this reason, x is typically referred to as the retarded Green’s function and is sometimes denoted
GR(t). Let us see what this simply causality requirement means for the Fourier-expansion of y:

0= [ S, (4.83)

—0o0
When t < 0, we can perform the integral by completing the contour in the upper-half place so that
the exponent becomes —iw X (—i|t|) — —oo. The answer has to be zero. Of course, the integral is
given by the sum of the residues inside the contour. So if we want the response function to vanish
for all t < 0, it must be that x(w) has no poles in the upper-half plane. In other words, causality
requires:

X(w) is analytic for Imw > 0. (4.84)
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Kramers-Kronig relation

The fact that x is analytic in the upper-half plane means that there is a relationship between the
real and imaginary parts, x’ and x”. This is called the Kramers-Kronig relation. Our task in this
section is to derive it.

Given any analytical function y in the closed upper half-plane, the function y(w')/(w’ —w) where w
is real, will be analytic in the open upper half-plane (in effect, excluding the real line). The residue
theorem consequently states that

w —w

7{ XW) g2 (4.85)

for any closed contour within this region of the complex w’ plane. Choose now this contour to
trace the real axis, a semicircular hump over the pole at w’' = w with a radius that we set to be
infinitesimal, and a large semicircle in the upper half-plane. We now look at the contribution to the
above integral along each of these three contour segments. The length of the semicircular segment
increases proportionally to |w’|, but the integral over it vanishes as the radius of the semicircle is
taken to the limit — oo. This is because x(w’)/(w’ — w) vanishes faster than 1/|w’| so long that
X(Ww' — o0) — 0. It is reasonable that the response function should vanish at w — oo, since the
system will not be able to respond to a stimuli that changes infinitely rapidly. We are then left
with the segments along the real axis and the half-circle around the pole. The contribution from
the half-circle C' with infinitesimal radius around w’ = w is evaluated by using first

This is ok since y will be constant on the infinitely small semicircle. Then, we substitute w’ = re’®
where r is infinitesimal and integrate over ¢:

W' 0 jret®
xw) [ =t [Tl — i) (4.87)

w —w

Overall, we have therefore found:

osz “d P/ X&) gy (). (4.88)

W —w

Rearranging, we arrive at the compact form

[e.e]

X@) (4.89)

w—w

x(w) = *7’

I )

The ¢ in the denominator is crucial. It means that we can write, by taking the real and imaginary
parts,:

T W —w

/
I
Rey(w) = P / da’ Tmx(w') (4.90)
and

Tm(w :—P/ dw’ Rex(w) (4.91)

T W —-w
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These are the Kramers-Kronig relations. They follow from causality and a vanishing response
function at w — oo. They tell us that the dissipative, imaginary part of the response function x”(w)
is determined in terms of the reactive, real part, x’(w) and vice-versa. However, the relationship is
not local in frequency space: you need to know w’(w) for all frequencies in order to reconstruct x”
for any single frequency. In effect, if you know either the real or imaginary part of y, then you can
construct the entire response function y(w).

4.2 Plasmons

For the electron-hole excitation the Coulomb interaction was ignored by using yo(q,w) instead of
x(q,w), such that the bare Linrdhard function provides information about the single-particle spec-
trum alone. Including the Coulomb interaction, we now see that a new collective excitation arises:
the so-called plasma resonance. For a long-ranged interaction like Coulomb, this resonance appears
at a finite frequency for small momentum q. We derive it here using the response function x(q,w).

Assuming small momentum |g| < kp, the goal is to expand x(q,w) = xo(q,w)/er(g,w) which we
found earlier. This means we must find the low-momentum (long wavelength) expansion of x( and
€. To do so, note that

€ktq = €k T q - Vier + ...
ong
no,k+q = N0,k + gq . Vk;€k + ... (492)
Note that the Fermi-Dirac distribution function satisfies Ong/0ex, = —d(ex — €p) at T = 0 and
Vier = hvg is the velocity. Focusing on states located near the Fermi energy, vg = vpk/|k| is the
Fermi velocity. We then obtain for the bare response function

3k q-vpd(ex — )
o) =2 [ s T,

oy [ A [+ (D) (B )
kiq® ( 3 vig? )

= 3m2m(w + in)? 5 (w + in)?

2 2 9
noq ( 3 vpq )
=14+ - 4.93

m(w + in)? + 5 (w +1in)? ( )

Since we previously derived €,(q,w) =1 — 4727225())(0(% w), we get

2
93 ) w. . . . . .

‘li‘m (9,) =1- —g (= er, relative electric permittivity) (4.94)
q|—0 €0 w

where

2
2 e TL()
= . 4.95
“p gom ( )

This allows us to finally approximate the response function that takes into account the Coulomb
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interaction: x(q,w). We get

nog*[R(g, w)]?
(w+1m)? = e2ngR(q,w) /o

x(q,w) =~

_ no?R(q,w) [ 1 _ 1 } (4.96)
2mwy, w+in —wpR(q,w) w4+ in+wyR(q,w)
Here, we introduced
3,02 q2
P=14+ L 4.
[Rlg,))? =1+ 2] (197
Applying Eq. (4.58), we get
moR(q,w
tmfx(g.0)} = TG (50, o i )~ 60+ wpR(a, )] (4.98)
P

From this, it is clear that a sharp excitation modes exist when the argument of the delta-functions
vanish:
2 2

w(q) = wyR(q,wp) = wp [1 + ?% +. ] (4.99)
which is called a plasma resonance with w, as the plasma frequency. Similar to the exciton con-
sidered in the semiconducting case, the plasma excitation has a well-defined energy-momentum
relation (called dispersion relation) and may consequently be viewed as as a quasiparticle called the
plasmon. When the plasmon dispersion merges with the electron-hole continuum (see left part of
Fig. , it is gradually damped (called Landau dampaing) since it can decay into the electron-hole
excitations. This results in a finite lifetime of the plasmons within the electron-hole continuum,
which corresponds to a finite width of the resonance of the collective excitation when measuring
the response function. In effect, it isn’t infintely sharp as the §-function of Eq. , but becomes
smeared. Experimental values for the plasma frequency of different metals are shown in Table
[taken from Ref. [3]], in addition to the predicted w, value according to Eq. where the free
electron mass was used for m and n determined through r,1; = 3.22, rs na = 3.96, rg x = 4.86.

Metal wj(DeXp) [eV] wz(,theo) [eV]
Li 7.1 8.5
Na 5.7 6.2
K 3.7 4.6

Table 4.1: Measured and predicted values for the plasma frequency for different metals [3].

The plasmon excitation can also be considered from a classical perspective. Consider negatively
charged electrons in a positively charged ionic background. This is a plasma: a medium with an
equal concentration of positive and negative charges where at least one charge type is mobile (in
our case, the negatively charged electrons moving against the fixed positive charge of ion cores).
Now displace the negative charge upward by a small distance u, creating a negative surface charge
density 0 = —neu at the top and a negative charge density —o at the bottom (see right part of
Fig. [4.3] Using the integral version of Gauss law, we find that the electric field inside the slab is
E = neu/ep pointing upwards. The equation of motion for an electron in the system then takes the
form:
d*u
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Region of (b)

negative charge

(e)

Region of
positive charge

Surface charge density
o =-neu

g = +heu

Figure 4.3: Left: schematic view of an particle-hole pair creation (electron-hole excitation). Figure
taken from [3]. Right: (a) shows a thin slab or film of a metal. A cross section is shown in(b), and
the whole slab is electricall neutral. In (c), the negative charge has been displaced upward uniformly
by a small distance u. In (d), this displacement establisheds a surface charge density —neu on the
upper surface and opposite in the lower where n is the electron density. An electric field E = neu/e
is produced inside the slab, which tries to restore the electron sea to its equilibrium position. Figure
taken Ref. [7].

This is a simple harmonic oscillator equation of motion with a frequency of precisely w, = ne?/(egm):
the plasma frequency. The electric field tries to restore the equilibrium configuration of the electron
density. The plasma oscillation (of which the plasmon excitation is the quantum mechanical version)
can therefore be thought of as a longitudinal oscillation of the whole electron gas cloud on top of
a positively charged background. Based on this picture, it is clear that the plasmon is a different
type of excitation than a single electron moving from inside the Fermi sea to outside of it. Instead,
the plasmon is a collective excitation involving the whole electron gas cloud and can be shown to
have a bosonic character rather than fermionic nature.

We can also derive an expression for the permittivity e(w) when a time-dependent electric field is
applied to the above system. Assume that we are applying an oscillating electric field E oc e =™,
which according the above equation means that the displacement w should have the same time-



74 Chapter 4. PLASMONS, PHONONS, POLARONS, POLARITONS

dependence. We get
—w?mu = —eFE — u = eF/mw?. (4.101)

The dipole moment generated by a single electron (against the ionic background) is —eu = —e?E /mw?.
The polarization, defined as the dipole moment per unit volume, is then

ne’E

P=—neu=— 5
mw

(4.102)

where n is the electron density. Now, the electric permittivity at frequency w is generally given by

(), PW)
) gy B (4.103)

Inserting the above polarization, we find the permittivity of the free electron gas

2
£(w) ne? Y
€0 gomw? w?

(4.104)

We see that exactly the same plasma frequency as previously derived appears in this expression. To
see the physical interpretation of the system’s behavior when w = wy, we first note that e(w,) = 0.
In a non-magnetic isotropic medium, the electromagnetic wave equation reads

9*°D

—> =V’E 4.105
o5 ( )
Looking for a plane-wave solution E = Eye'd"~“! we obtain the following dispersion relation for
the electromagnetic waves

e(g, w)pow? = ¢* (4.106)
by using that D = e(q,w)E. We see that:
e If £ is real and > 0: for a real w, ¢ is real and the EM wave propagates.

e [feisreal and < 0: for a real w, ¢ is imaginary so that the wave is damped with a characteristic
length 1/|q|.

4.2.1 Experimental measurement of plasmon dispersion

The plasma frequency w, has special meaning since it marks the separation between positive and
negative values of €. For a metal, if the frequency is lower than w,, the real part is negative meaning
that the light is completely reflected. The electrons near the surface can screen the electric fields
of the light before it gets into the bulk. But if the frequency is higher than the plasmon frequency,
the real part is positive and the metal behaves like a dielectric medium.

In general, the plasmon dispersion w(q) is not simply equal to wp, but is momentum-dependent.
Then, one can map out experimentally the plasmon energy-momentum relation by measuring how
light with various frequencies (energies) and different angles of incidence is reflected, in effect via
optical reflectivity measurements.
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4.3 Screening

4.3.1 Thomas-Fermi screening

In metals, it is often stated that the Coulomb interaction can be neglected due screening by the free
electrons. We now this show mathematically. Consider the potential V' experienced by electrons
exposed to a static field w — 0. Considering the long wavelength limit ¢ — 0, and using the

expansion Eq. (4.92), we obtain

1 1 k2 3no
x0(q,0) ) kz; (€ — €F) 2 Tor Ser ( )
This gives
k’2
er(q,0) =1+ qif (4.108)

with the so-called Thomas-Fermi wavevector kng = 6me’ng /er. The effect caused by the acquired
g-dependence of the renormalized dielectric function is best understood by considering a bare point
charge V,(r) = 47fjor which in momentum space reads V,(q) = e?/(4mepq?). The renormalized
version of this in momentum space is according to our previous treatment given by

Vig) = Va(q) 4e?

— = . 4.109
er(q,0) ¢+ kip (4.109)

Transforming back to real space, we obtained the desired result: a screened Coulomb potential

62

_ —kTrr

V(r)= Keoe . (4.110)
This screening can be visualized as a rearrangement of the electrons, turning the long-ranged
Coulomb potential into a Yukawa potential with exponential decay. The length scale of the screening
is k:,f}l?, the so-called Thomas-Fermi screening length. In ordinary metals, ktg is of the same order
of magnitude as kr, meaning it is of order 0.1-1 nm, which is comparable to the distance between
neighboring atoms. As a consequence, external electric fields cannot penetrate a metal, but are
screened over a distance 1/krp. This legitimates one of the basic assumptions used in electrostatics
with metals.

This result can also be derived from Gauss law when placing an external "test” charge inside an
electron gas residing on an ionic background. Locally, electrons form a Fermi gas with Fermi
energy €r and electron density ne(er) which neutralizes the ion charge. Assume that the external
charge distribution pex(7) creates an electrostatic potential ®(r). This potential, in turn, induces
a redistribution of the electron charge relative ne(er). We call this redistribution of charge piq (7).
Within the above approximation of how the electrons behave locally, we can then write

Pind (1) = —€[ne(er + e®(r)) — ne(er)] (4.111)

where

nep) = (4.112)
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and ep = th% /2m. This approach should be reasonable so long that the spatial variation of the
potential ®(7) is slow compared to kb, so that we can indeed locally describe the electron gas as a
filled Fermi sphere of corresponding electron density. The Poisson equation now follows from Gauss
law V - E = p/ey with E = —V®, so that

one
V(1) = [pima + peclfe0 = [0 D) )] oo

€e=€p

= kAp®(r) — pex(T) /€0 (4.113)
Here, we defined
One(€) 6me?n

2 2Y1%e o e

kTF = 4re 86 = e (4114)
€e=€ep

with ne = ne(ep). For a point charge @ located at the origin as our external charge distribution,
pex = Q4(T), we obtain
e*kTFT

Ar) = Q7 (4.115)

This corresponds precisely to the Yukawa potential (energy) obtained above.

4.3.2 Friedel oscillations

The static dielectric function above was obtained by considering the long wavelength limit ¢ — 0
of the response function x¢(g,0). However, it is in fact possible to find an exact expression for
X0(g,0), and thus €,(q,0), for a free electron system (see exercise for derivation):

Ame? m [quJr(k% q2>ln MH (4.116)

> m2h3ql 2 2 8/ lq/(2kp) —1

2 8
The permittivity (also known as dielectric function) does not vary much at small ¢ < kp. At
q = £2kp there is, however, a logarithmic singularity, corresponding to a momentum transfer from
one side of the Fermi sea to the exact opposite side.

€T(q7 0) =1 +

Let us examine the effect that the dielectric function has on the induced charge that arises when we
introduce a point charge at the origin. This point charge has a charge density en,(r) = engod(r)
which Fourier transformed gives nq(q) = nqo. Generally, a function which is strongly localized in
real space is nearly constant in reciprocal space and vice versa. We can now determine the spatial
variation of the induced charge density by first Fourier-transforming Eq. to obtain:

2
g’ Va(g) _ 1-¢(q,0)
on(q) = —2Vsn(q) = L0V .0 = (g, 0). 4.117
edn(q) = =5 Vn(@) = x0(q,0)V(a) + xo(q )g(q,O) @0 " (¢,0) (4.117)
Fourier-transforming back gives the real space distribution
d3q 11 , 1 [
0 = —— —1|ng(q)e'?" = —= a i d 4.118
ntr) = [ e e = netae®™ = =2 [T wmal@ysintary dg (a1
with
er(g) — 1
glg) = LD -1 (4.119)
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Note that g(g) vanishes for ¢ — co. After lengthy calculations, one arrives at

cos(2kpr)

3 (4.120)

In(r) o< ngo

in the limit kpr > 1. We will give a simplified calculation below which shows the same qualitative
result. The appearance of oscillations can be understood from the fact that electrons behave as
waves quantum mechanically, so the interference between many such electron waves in the total
distribution of electrons at different distances from the inserted static charge interfere destructively
at some points (lowering the density) and constructively at other points (increasing the density)
since the electrons all have different wavevectors.

Similar physics takes place not only in the presence of an inserted external charge, but whenever
there is an abrupt change in the charge density, such as at the edge of a material (vacuum interface).
Let us give a simplified mathematical model to describe the essence of the physics. Consider first the
Friedel oscillations of the electron (charge) density induced by a hard wall. Consider an incoming
electron with energy £ and momentum k = v/2mFE which scatters on the hard wall at z = 0:

R (4.121)

The reflection probability R = |r|? is unity and r is in general complex since the energy is smaller
than the potential barrier. The density of the electron wavefunction is

p=[Y|* =1+|r]> + 2Re{re 2}, (4.122)
The reflection coefficient is generally:
k—q
= 4.123
r k+ q’ ( )

where ¢ = \/2m(E — V). For V > E, as appropriate for a hard wall, the reflection coefficient is
r ~ —1. Therefore, we get

p =2+ 2cos(2kx). (4.124)

To find the total electron density at a point x, we have to take into account the contribution from
all possible wavevectors. At zero temperature, all wavevectors from 0 to kpr will contribute:

ke in(2k
Prot(T) = / dkp(x) = 2kp + sm(xe) (4.125)
0

It is clear that an oscillating component appears which decays away from the interface. The physics
behind this is that different wavelength electrons will be in phase close to the interface, but even-
tually start to interfere destructively since they oscillate over different length scales.

4.3.3 Dielectric function and susceptibility in various dimensions

Above we have treated the dielectric function for a three-dimensional parabolic band. Similar calcu-
lations can be performed for one- and two-dimensional systems. In general, the static susceptibility
is given by

21, | 142/
—%alnll_wz n 1D
Xo(q,w =0) = — 15[l —0(s —2)\/1 - (2/5)?] in 2D
2




78 Chapter 4. PLASMONS, PHONONS, POLARONS, POLARITONS
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Figure 4.4: Left: Friedel oscillations of the charge distribution. Right: Lindhard functions for
different dimensions. Figure taken from [3].

where s = q/kp. We see that there is a singularitylﬂ at ¢ = 2kp in all dimensions. In one dimension,
there is a logarithmic divergence, in two dimensions there is a kink, and in three dimensions only
the derivative diverges. Later we will see that this behavior may lead to instabilities of the metallic
state, in particular for the one-dimensional case due to the strong singularity at ¢ = 2kp.

4.4 Phonons

The atoms in a lattice of a solid are not immobile but vibrate around their equilibrium positions.
We will describe this new degree of freedom by treating the lattice as a continuous elastic medium
(Jellium with elastic modulus A). This approximation is suffcient to obtain some essential features
of the interaction between lattice vibrations and electrons. In particular, renormalized screening
effects will be found.

Phonons can be excited in different ways. One type of excitation is the acoustic phonon, which
is characterized by a dispersion F¥ = ck for small k where ¢ is the speed of sound. This type of
phonon correspond to a coherent movement of atoms in the lattice displaced out of their equilibrium
position. The displacement can be both in the direction of propagation of the phonon (longitudinal
acoustic or LA phonon) or transverse to the propagation (transverse acoustic or TA phonon), the
latter being similar to waves travelling on a string. When the wavelength (wavevector) of an acous-
tic phonon goes to infinity (zero), it corresponds to a simple translation of the entire crystal, which
thus has zero energy as nothing is deformed. The name acoustic derives from the similar behavior
of these excitations to sound waves in air.

Another type is an optical phonon, which has a gap in its spectrum: its energy is not zero for k — 0.
The optical phonon mode is excited by neighboring atoms moving in opposite directions. This can
happen if the lattice basis consists of two or more atoms. If the crystal is ionic, so that neighboring
atoms have opposite charge, this creates an oscillating dipole which interacts with electromagnetic

3Recall that a mathematical singularity is a point where the function is either not defined, diverges, or is not
differentiable.
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radiation (hence the name optical). For instance, optical phonons can absorb light and they can
be excited by light because their energies are comparable to light in the e.g. infrared regime. In
contrast, acoustic phonons typically have very small energies at small k& compared to light. Optical
phonons can also be longitudinal (LO) or transverse (LO).

Our approach will here be limited to mono-atomic unit cells for simplicity.

4.4.1 Vibration of a isotropic continuous medium

The deformation of an elastic medium can be described by the displacement of the infinitesimal
volume element d®r around a point r to a different point 7/(r). We may then introduce the so-
called displacement field w(r) = r’(r) — r as a function of 7. In general, u can also depend on time.
To lowest order, the elastic energy cost associated with small deformations of an isotropic medium
is
A 3 2

Fa=) / BV - u(r,t)] (4.126)
where A is the elastic modulus. We can understand this expression intuitively: there is no deforma-
tion energy if the medium is just shifted uniformly, in which case u # 0 but V - u = 0. Moreover,
the energy depends only on the magnitude of the deformation (guaranteed by the square operation)
in an isotropic medium and not its direction.

The energy term above produces a restoring force trying to bring the system back to an undeformed
state. In the model above, we have neglected shear contributions E] The continuum form above is
valid for deformation wavelengths much longer than the lattice constant, so that details of the
arrangement of atoms in the lattice can be neglected. The kinetic energy of the motion of the
medium is given by

8u(r,t))2 (4.128)

Eyin = @ d3T< ot

2
where pg = M;n; is the mass density with the ionic mass M; and the ionic density n;. To find the
physically realized displacement field u(r,t), we need to solve its equation of motion that follows
from variation of the Lagrangian functional L[u] = Eyi, — Ee with respect to w(r,t). This gives
the Euler-Lagrange equation

1 6?

——u(r,t) — V[V -u(r,t)] =0. 4.129
2 pau(rt) — VIV (1) (1129)
This is a wave equation with sound velocity ¢2 = \/pg. An arbitrary vector field u can always be
resolved into a longitudinal and transverse component u = wy, + up where wy, has no curl while up

4The most general form of the elastic energy of an isotropic medium takes the form

Ba= [d'r Y [5@mua)@5us) + n(0aus) (Ouus)] (1.127)

a,BEw,y,z

The so-called Lamé coefficients A\ and p characterize the elastic properties. The elastic constant A describes density
modulations of the underlying lattice leading to longitudinal elastic waves, whereas p corresponds to so-called shear
deformations which lead to transversely polarized elastic waves. The latter are in many cases less important for the
coupling of electrons and lattice vibrations than the former.
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has no divergence. Using that V x (V x a) = V(V - a) — V2a, we obtain by insertion

1 92 0?

cj@uL(rat) - VzuL(T7t) =0, @UT(Tvt) =0. (4130)

This is the standard wave equation and we can set ur = 0 to exclude any linearly increasing solution
in time. That leaves us with only the longitudinal part w;, (drop the L subscript from now). The
resulting displacement field can be expanded into a complete set of so-called normal modes,

w(r 1) = \/15 zk: ex (g ()™ + gi(1)"e 7). (4.131)

where ey, || k to ensure that u is curl-free. Here, every g (t) satisfies the equation

d2
—— Qi + Wiqe = 0, (4.132)
dt

with the frequency wr = cs|k| = csk and the polarization vector eg has unit length. The total

energy expressed in terms fo the normal modes reads

E =" powilar(t)ai(t) + gt (t)ar (1)), (4.133)
k

Next, we switch from a Lagrangian to Hamiltonian description by defining new canonical variables
(as can be verified from Hamilton’s equations):

d , *
P = - Qr = —iwr/polgr — dk)- (4.134)
The energy is then given by
1
E=; > (P + wi@Q3). (4.135)

k

This shows that the system is equivalent to an ensemble of independent harmonic oscillators, one
for each mode k. Since the classical Hamiltonian is now in place, the procedure to go quantum
mechanical is clear: we promote the canonical variables to operators, Pr — Pk and Qp — Qk,
which by definition then obey the commutation relation

[Qkes Prr] = i1y - (4.136)

We can then introduce lowering and raising operators

. 1 . .
by = (wiQrk + 1 Py),
ka
R 1 R .
bl = (wiQk — iBy). (4.137)

T

ka

These satisfy the commutation relation

[br, b)) = O g (4.138)
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and every other commutator equal to zero. The physical interpretation of these relations is that
these operators create and annihilate quasiparticles following Bose-Einstein statistics. The QM
Hamiltonian corresponding to the classical energy in Eq. (4.135)) is then

e 1
H =" hw(bfby, + 5)- (4.139)
k

These bosonic quasiparticles are called phonons and have a well-defined energy-momentum relation
wk = cs|k|.
The displacement field u(r) can now be promoted to a quantum mechanical operator 4(r):

s L [ h G ik it ik
u(r)—mzk:ek 2P0wk[bke + bge ]. (4.140)

As mentioned above, the continuum approximation is valid for long wavelengths only, corresponding
to small k. For wavevectors at the edge of the BZ, k ~ 7 /a, the discreteness of the lattice begins
to make itself known in the form of corrections to the linear dispersion wg above. Since the number
of degrees of freedom for a system of N; atoms is 3NV;, there exists a maximal wave vector called
the Debye wavevector kp. This allows us to define the corresponding Debye frequency wp = cskp
and the Debye temperature ©p = hwp/kp. Finally, inclusion of optical phonons requires that the
arrangement of atoms within a unit cell has to be considered, whereas in our simple picture of a
continuous medium only acoustic phonons exist.

4.4.2 Phonons in metals

Our considerations so far apply well to semiconducting materials, where ionic interactions are medi-
ated via short-ranged covalent bonds (neighboring ions sharing electrons) so that oscillations around
the equilibrium position may be approximated by a harmonic potential, as above. The situation is
however more subtle for metals, where ions interact through the Coulomb interaction and are held
together through an interplay with the mobile conduction electrons.

Looking at the positively charged background first, let us approximate it as an ionic gas. Similarly
to the electronic gas, this background then exhibits well-defined collective plasma excitations at the
ionic plasma frequency

02 47rni(Zi6)2
p M,

which we obtained by taking Eq. with ng — n; = ng/Z;, the density of ions with charge
number Z;,e — Z;e, and m — M; the atomic mass. Apparently, the above excitation energy does
not vanish as k — 0. Therefore, it looks like the background of a metallic system can not be
described as an elastic medium where the excitation spectrum is expected to be linear in k.

The missing aspect is indeed the feedback effect of the electrons, which react nearly instantaneously
to the slow ionic motion, due to their much smaller mass. The finite plasma frequency is a conse-
quence of the long-range nature of the Coulomb potential (as mentioned when we discussed plasma
oscillations of the electron gas). However, we have seen that the above electrons tend to screen
these potentials, especially for small wavevectors k. Therefore, the "bare” ionic plasma frequency
(2, above is thus renormalized to

(4.141)

) = K ~ (cok)2. (4.142)
er(k,0) k24 kA

Wi =
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when the presence of the electrons is taken into account, due to the modified Coulomb potential

by a factor 1/e,(k,w). Note that we have set w = 0 in £(k,w) since phonon energies are typically

much smaller than the electronic plasma frequency, so that we may approximate e(k,wy) ~ (k, 0).

Having included the back-reaction of the electrons, we then recover a linear dispersion of a sound
wave (wg = cs|k|) is recovered with a new velocity of sound which reads

cg o~ Q—z = meg = 1Zv%ﬁ.

ke  Mikiz 37 7 M;

(4.143)

We see that the phonon velocity is much smaller than the Fermi velocity. We can also compare
energy scales for the ions and electrons, and find

SN (4.144)

where we used that kgTr = er and kp >~ kp.

4.4.3 Kohn anomaly
Employing the general expression for €, (k,0) given by the Lindhard form, rather than the Thomas-

Fermi approximation, we find from the expression
2
o
er(k,0)

wi = (4.145)
that wy is singular when |k| = 2kp. Note that this relation is valid even for large wavevectors k
since phonon frequencies are small compared to the electronic plasma frequency. In particular, it
follows from the general expression we have provided of €, (k, 0) in terms of the susceptibility xo(k, 0)
that %Lk’“ either diverges or is not well-defined in the limit £ — 2kr due to the singular behavior of
Xo(k — 2kp,0). This behavior is called the Kohn anomaly and results from the interaction between
electrons and phonons. In effect, it is not contained in the initial elastic medium model we did to
begin with which neglects ion-electron interactions. Below, we shall show the anomalous behavior
explicitly for a one dimensional system.

4.4.4 Peierls instability in one dimension

The Kohn anomaly has particularly dramatic effects in a one-dimensional electron system. Here, we
show that the electron-phonon coupling leads to an instability of the metallic state. Consider a 1D
jellium model where the ionic background is treated as an elastic medium with a displacement field
u along the extended direction (z-axis). To treat this analytically, we neglect both electron-electron
interactions and the slow time evolution of the background modulation, giving us a Hamiltonian

H = Hiso) + Hint (4146)

where the isolated electronic and ionic systems are described by

h2k? A du(z)\?
Huor =Y 5 —clor+ 3 / dm( d(x )> (4.147)

,S

whereas the interactions between the systems comes in via the Coulomb interaction

Hine = —no Z //dwd:p’V(x — x')dz(;)@(x')@s(x') (4.148)
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In the general theory of elastic media V - u = —dn/ngy describes density modulations due to the
deformation E The interaction term above models the coupling of the electrons to charge den-
sity fluctuations of the positively charged background through the screened Coulomb interaction
V(xz —a'). Thus, we are here for simplicity only taking into account the ion-electron Coulomb inter-
action caused by a deformation of the ion lattice due to phonons. We are not including the Coulomb
interaction between ions and electrons in the absence of phonons, which we know is responsible for
setting up the periodic potential that electrons move around in Instead, here we want to study the
coupling between electrons and phonons.

We note in passing that transverse phonon modes, defined by V - w4 = 0, thus do not couple
to electrons to lowest order. Consider the ground state of N electrons in a system of length L,
leading to an electronic density ng = N/L. For a uniform background w(z) = constant, the Fermi
wavevector of the free electrons is determined by

L [kr L
N=Y — 1=2"2 4.1
Z: o /_ . dk o 2kr (4.153)

so that kp = mng/2.

Consider now the Kohn anomaly of this system. For a small background modulation u(x) #
constant, the interaction term Hiy is treated perturbatively and leads to a renormalization of the
elastic modulus A, which we now show. It will be useful to express the full Hamiltonian in momentum
space

h2k? Qpo
Hisol = E o Ckscks + 7p E w? g UgU—g;
k,s

Hint =1 Z —quqck+q s V;IU_QCLkaJrq’S], (4154)
7q S

5Consider a small three-dimensional volume V of a body. When the body is deformed, an infinitesimal element of
area dA(r) on the surface of a small volume V is displaced a vectorial distance w(r). This means that it sweeps out
a volume u - dA. Therefore, the total change in volume produced by a small displacement field w is:

6V:/dA~u:/dVV-qu~u/dV:(V-u)V. (4.149)

Above, we used Gauss’ theorem and in the third equality approximated that V - w is essentially constant throughout
the volume due to the smallness of the volume. Thus, we have proven that the change in volume is given by
5V
\%

As the volume is deformed, the mass m originally present in the volume nevertheless must remain the same. The
original mass density is no = m/V. Now, the change in mass density on will be given by

=V u. (4.150)

on=—1r_

T V46V VvV
m 1% m

~o(1-) -2
7(-F) -7
m 1%

- V(_ 7) (4.151)

This means that

N __v.u (4.152)
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where we used that \¢? = powg which we found earlier. Moreover, we defined
1 .
u(x) = —= ) wuge"”,
AT
1 ~
= — Ve, (4.155)
KT

Here, f/q = ¢2/[¢*¢(q,0)]. Now, we compute the second order correction to the ground state energy
using Rayleigh-Schrodinger perturbation theory (the linear energy shift vanishes):

1 2 1 2
AE® = Zq AR qz [(Roley, sChtqs|m) =+ [(Roley g sCh,sIn)]

EO - En
7qs
Nk+q — Nk
= Vo 2Pugu_ Sl S
Sl 3
= QZ Val2a*x0(q, 0)uqu_q. (4.156)

q

Here, the states |n) are electron-hole excitations of the filled Fermi sea. This term gives a correction
to the energy eigenvalue of Hlsol The phonon frequency is therefore renormalized from its value
without coupling to electrons, w = (\/po)g* = 2¢%, to

(wgen)2 ~ wg + Q|T~/q|2uqu,qq2)<0(q, 0) (4.157)

where x0(q,0) = In|(¢+2kFp)/(¢ — 2kr)|. From the behavior for ¢ — 0, we infer that the velocity of
sound is renormalized. The modification becomes drastic at ¢ = 2kr. The phonon spectrum grad-
ually ’softens’, meaning the frequency is reduced, and even becomes negative. The latter behavior
is unphysical and is an artifact of the perturbation approximation we have made. This behavior
nevertheless suggests an instability in the system which cannot be treated via perturbation theory
around the uniform state: the system apparently takes on a completely different characteristic.

4.4.5 Peierls instability at ¢ = 2kp

The new behavior turns out to be a Bose-Einstein condensation of phonons with wavevector ¢ =
2kp. This means that a macroscopic number of phonons condense into the same quantum state
q = 2k, and such a coherent superposition corresponds to a static periodic deformation of the ionic
background with wavevector 2kr. To be specific, our hypothesis is thus that the phonons form a
coherent state (analogous to the coherent state of a harmonic oscillator):

|BE) = e~lal/2 Z ”|0 (4.158)
As with every coherent state, the phonon number for a given quantum number @ is not sharply
defined (as the state is instead phase-coherent). The occupation of a given coherent state @ is then
(@F"|bhbo|2E"™) = |of? (4.159)

and moreover, we find that the expectation value of the displacement operator is:

(@F"i(z)| 2E") = (e’ 4 a*e19%) =y cos Qu (4.160)

2L powq
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Figure 4.5: Kohn anomaly for the one-dimensional system with electron-phonon coupling. The
renormalization of the phonon frequencty is divergent at ¢ = 2kp. Figure taken from Ref. [3].

where uy = ha/poLwg assuming that « is real. Motivated by this, we therefore investigate our
hypothesis by assuming that the ionic background at ) = 2kp shows a periodic density modu-
lation corresponding to the coherent phonon state and use a variational approach rather than a
perturbative approach. In effect, we fix

u(z) = up cos Qx (4.161)

with Q = 2kp and aim to identify the energetically most favorable value of wg variationally. We
now that show that this modulation actually lowers the energy of the electrons. Assuming that ug is
small, we can evaluate the electronic energy using the approximation of nearly free electrons where
() appears as a reciprocal lattice vector. According to our previous treatment of the band structure
for nearly free electrons, the electronic spectrum for 0 < k& < @) is then approximately determined
by the secular equation:

K g A

2m

Ar PEQ2 g

=0 (4.162)

where A follows from the Fourier transform of the potential V' (x):
A = —iQuonVyp (4.163)
with

Vo = /da:eiQxV(:n). (4.164)

From the above equation, we obtain the energy eigenstates

(k= Q2+ 2 & = QP — PP + TonPI AP/, (4.165)
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The total energy of the electronic and ionic system is then given by

ALQ?
4Q ul (4.166)

Biot(ug) =2 Y Ep_+
0<k<@
where all electronic states of the lower band Ej_ are occupied and all states of the upper band Ej
are empty. The amplitude ug of the modulation is now found by minimizing Fi. with respect to
Up:

0= ldEtOt
L dug
8Qmn2V2 K2k A
Q : F 2
= —Uuyg——— ~arcsmh(7~ ) + —Qug. 4.167
0 2 9 nVQuo 2Q 0 ( )

Since ug is assumed small, we solve this equation by using the approximation arsinh(z) ~ In(2z)
for > 1 and find

o = = F_o=1/N(O)g (4.168)
k‘F nVQ
where ep = h?k%/2m is the Fermi energy and N(0) = 2m/(nh?kp) is the density of states at the
Fermi energy. We introduced the coupling constant g = 4n21~/5 /A: the coupling is stronger the more
polarizable (softer) the ionic background is, in effect when the elastic modulus A is small. Note that
the static displacement uy depends exponentially on the coupling and on the density of states.
The opening of an energy gap AF is a key reason for this so-called Peierls instability to occur:

AFE = E,| — E; = 2|A| = 8epexp[—1/N(0)g], (4.169)

at k = +kp. The gap results in a lowering of the energy of the electron states in the lower band
in the vicinity of the Fermi energy. For this reason this kind of instability is called a Fermi surface
instability. Due to the gap, the metal has now turned into a semiconductor with a finite energy gap
for all electron-hole excitations.

Figure 4.6: Change of the electron spectrum when the ionic background has a Peierls instability.
The modulation of the ionic background yields gaps at the Fermi points and the system becomes
an insulator. Figure taken from Ref. [3].

The modulation of the electron density follows the charge modulation due to the ionic lattice
deformation, which can be seen by expressing the wavefunction of the electronic states
1 Aegikz + (Ek _ Ek)ei(k—Q)a:

Pp(r) = NN TN

(4.170)
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(which can be found using the treatment of nearly free electrons we looked at earlier). This is a
superposition of two plane waves with wavevectors k and k — @), respectively. Hence, the charge
density from a given mode k reads

pr(x) = —e| gy (a)[? (4.171)

and its deviation from the homogeneous distribution —en is given by

e (FFdk  m|Alsin(Qx)
Spla) = 3 pula) = (—em) = § [T GE o S
p K2k K2 + m2|A
_en]A]L 2y
o ln(m>sm(2kpa:). (4.172)

Such a state with a spatially modulated electronic charge density is called a charge density wave
(CDW). This instability is important in quasi-1D metals (weakly coupled 1D chains) which are
realized in for instance organic conductors. In higher dimensions, the effect of the Kohn anomaly
is generally less pronounced, so that spontaneous deformations are less likely to occur. However,
CDW instabilities can also be observed in two dimensions or more in systems with so-called nested
Fermi surfaces. The nesting means that large parts of the Fermi surface are connected to each other
via a well-defined wavevector. These systems resemble in some respects 1D systems. Finally, we
note that the electron-phonon interaction is also crucial for another kind of Fermi surface instability:
when metals exhibit superconductivity (more on this later).

4.4.6 Dynamics of phonons and the dielectric function

We know by now that an external potential V, is screened by the polarization of the electrons. As
the positive charged ionic background is also polarizable, its effect should also be included int he
renormalization of the external potential. In general, the fully renormalized potential Vien should
therefore be expressed via

Vien = Va/er (4.173)

with a relative permittivity that includes both the contribution from the ions and electrons. In order
to determine Ve, and e, we first define the 'bare’ (not renormalized) electronic and ionic dielectric
functions 5$l and £°". The renormalized potential in Eq. acn be expressed by considering
different viewpoints. Firstly, if the ionic potential Vo, is added to the external potential V, the
remaining screening is due to the electrons only:

£MWien = Vo + Vien. (4.174)

Secondly, the electronic potential V, may be added to the external potential V, so that the ions
exclusively renormalize the new potential:

N on = Vi + Vi (4.175)

Note that in the above equation, all effects of the electron polarization are included in Vg so that
the dielectric function results from the ’'bare’ ions. Finally, we use the fact that the renormalized
potential must be the sum of all the potentials:

V}en = Va + V;;l + ‘/Eon- (4176)
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Combining the above equations provide us with
(e + " — €)Vien = Vi + Vi + Vion (4.177)
so that we may identify

er = 4 glom 1, (4.178)

T

Taking now into account our previous results discussions of the plasma excitation of the bare ions
and electrons, we found for small wavevectors k — 0:

2

6ion —1— %
r w2’
el k%F

In effect, 6§1 expresses the effect of plasma oscillations of the ionic lattice on the potential, whereas

glon expresses the effect of plasma oscillations of the free electron gas on the potential.

k, € k+q, e+®

k', e’ k’—ql e

Figure 4.7: Diagram for the electron-electron interaction involving also electron-phonon coupling.
Figure taken from Ref. [3].

For the electrons we used the result from the quasi-static limit Eq. (4.108) since the electrons
respond very quickly to a perturbation due to their low mass. The full dielectric function can now
be identified:

&
o

Here, we used our previously derived expression for the renormalized phonon dispersion relation wyg.
With this full dielectric function, the time-independent Coulomb interaction

62

= 4.181
“ dmqe ( )
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between the electrons is thus in a metal replaced by an effective interaction

62

V = -
R 4ng2e(q,w)

2

e 1 w?

= Ines R _wg. (4.182)
This reveals a very interesting and surprising feature for the effective electron-electron interaction
where the effect of phonons have been taken into account. The above interaction corresponds to
the matrix element for a scattering process of two electrons with momentum exchange q and energy
exchange w. The phonon frequency wgq is by definition always less than the Debye frequency wp.
Hence, the effect of the phonons is almost irrelevant for energy exchanges w that are much larger than
wp. For such large frequencies, the time scale is too short for the slow ions to move and influence
the interactions. However, the repulsive bare Coulomb potential is renormalized to an interaction
which can actually be attractive for w < wp. This can be understood physically as an electron
temporarily polarizing the ion lattice, leaving an effective positive charge in its wake which attracts
a second electron. This aspect of the electron-phonon interaction is crucial for superconductivity,
as we will see in a later chapter.

4.4.7 Experimental measurement of phonon dispersion

Two common ways to measure the phonon dispersion (energy vs. momentum) are inelastic neutron
scattering and X-ray scattering. The idea is that the neutrons E] or X-ray photons will change
their energy and momentum as they interact with the crystal lattice, and thus the phonons. By
measuring the change in the energy and momentum of the neutrons and X-ray photons that emerge
from the material after having interacted with it, one can map out the phonon dispersion relation.

4.5 Polarons

When an electron moves through a lattice, it will temporarily polarize the ion lattice, as discussed
above. This causes a spatial deformation of the lattice and thus excites phonons. We now show
that the electron moving through the lattice, inducing a phonon cloud in its wake, can be thought
of as a new type of quasiparticle called a polaron. This polaron acts like an electron, but is heavier
since it has to drag along with it a phonon cloud (which costs energy).

We begin by taking our Hamiltonian describing the interaction between phonons and electrons and
inserting the quantized version of the displacements u,. This is the Fourier-transform of u(x),
omitting here the hat index for the operator:

Uy = \/lﬁ > eTry(x) (4.183)

for our simplified 1D model with longitudinal phonons. Straightforward insertion of this into Eq.
(4.154) produces the so-called Frolich Hamiltonian:

H=> epcer+ Y hwgblbg + > My(bl, +by)el, e (4.184)
k q kq

5You may wonder how neutrons, void of any net charge, interact with the crystal lattice. This is via nucleon-nucleus
scattering, which is primarily governed by the strong interaction (with some contribution from the electromagnetic
and weak interaction, depending on the energy of the incident neutrons).
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where the amplitude M, describing the electron-phonon coupling is

- [ h
M, =iqgV_ 2—. 4.185
q qV—q 0k ( )

Note that we have omitted spin indices for simplicity, since spin is conserved during these electron-
phonon interactions. Longitudinal phonons carry no spin, whereas transverse phonons (similarly to
transversely polarized photons) carry spin S = 1.

The above Hamiltonian thus contains an unperturbed part, describing free electrons with disper-
sion €, and free phonons with dispersion wy, and a coupling term. In one case, ch,t +qCh scatters

an electron by the absorption of a phonon with momentum ¢. In the other case, biqck +4Chk Scatters
an electron by emission of a phonon with momentum —¢q. The total momentum of the creation
operators equal that of the annihilation operators. These momenta could in principle differ by a re-
ciprocal lattice vector, corresponding to so-called Umklapp scattering, but we will neglect this. We
now want to consider how the excitation spectrum of the electrons changing due to the interaction

term.

Treating the interaction term as a perturbation, we can compute the change in total energy compared
to the ground-state |®) which has energy Ej, where |®) is a state in Fock space comprised of a
product of single-particle electron and phonon states. Thus, the total energy is Fy + E5 since the
first order perturbation correction vanishes:

Ey = Z ex(nk) + Z hwq(Ng), (4.186)

k q

where ny = CLCk and N, = bzbk, whereas the second order contribution is obtained as (see one of

the exercises)

(V) N+
€k — €k—q T hw_gq € — €x—q — Iy

By = 3 M P (ni(1 = mie—))|

kq

(4.187)

where (...) denotes the expectation value of the operator in the unperturbed state |®y). For in-
stance, (ng) = fr with fi being the Fermi-Dirac distribution function.

Now, the electron part of the ground state energy Ej is given by ) g ex(nk), so that the electron
excitation energy is given by €, = 0FEy/0(ny). This expresses the change in energy due to a change
in electron occupation of the electron state with momentum k. To find the effective energy ) of an
electron excitation when the interaction with phonons is taken into account, we can thus analogously
compute

o 8(E0 + Eg)
F O(ng)
1 — (ng) (na)
= M| — 4.188
Ek_'_;’ k k’ Lk—ekz—hwq ek/—ek—ﬁwq ( )

where we assumed low temperatures so that (N;) < 1. The electron excitation energy is modified
by the presence of scattering on phonons. This changes the group velocity of the electrons from its
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bare value hv) = de/Ok = h*k/m. Instead, one finds after some algebra and approximations (not
curriculum):

hwy = O¢),/0k = v (1 — a). (4.189)

where « is a positive parameter proportional to the momentum-averaged value of the scattering
amplitude M, and the electron density of states at the Fermi level. This is equivalent to an effective
electron mass of

m

= . 4.1
m=g—_>m (4.190)

The polaron particle this appears heavier than the bare electron. The extra mass comes about due
to the interaction between the electron and the ions. The electron induces a change in the spatial
position of the ions in its vicinity. This change in position corresponds to an excitation of phonon
modes. Namely, quantum mechanically the amplitude of the ion displacements are not allowed to
take continuous values, but only discrete amounts. When the electron moves through the lattice
with a given momentum, it thus drags this ionic deformation along with it, which costs energy. The
drag effect is what causes the mass to increase of the effective quasiparticle. The polaron can thus
be thought of as an electron dressed with lattice polarization (a cloud of virtual phonons).

4.5.1 Experimental measurement of polaron dispersion

Since polarons are electrons “dressed” with phonons, one can use the previously mentioned ARPES
to measure the influence of phonons on the electron energies. The emission of photoelectrons is
very fast compared to the sluggish motion of atoms, meaning that the lattice does not have time
to relax while the electron is being removed. Therefore, the energy measured by the photoemission
corresponds to the polaronic energy. More specifically, one has hw — Ej, — ® = E,,; where w is the
photon energy, Ej is the kinetic energy of the emitted electron, and ® is the work function of the
material.

4.6 Polaritons

Polaritons is a type of excitation which results from the coupling of electromagnetic waves with an
electric or magnetic-dipole carrying excitation, such as phonons or excitons. Polaritons are collective
excitations (bosonic quasiparticle) and is thus different from the polaron (fermionic quasiparticle),
which we have seen is an electron plus an attached phonon cloud.

Whenever the electromagnetic field couples sufficiently strongly to e.g. the phonon, plasmon, or
exciton, the model of photons propagating freely in the crystals is inadequate. An important char-
acteristic of polaritons is the strong dependency of their propagation speed (i.e. velocity of light)
through the crystal on the frequency of the photon.

Here, we consider in more detail the phonon-polariton which describes excitations due to the cou-
pling of phonons and photons (light). Other types of polaritons exist as well, such as exciton-
polaritons.

4.6.1 Phonon polariton

These are quasiparticles generated in solids when photons couple to transverse optical phonons with
the same frequency and wavevector. The presence of an optical phonon branch requires that there
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is at least two atoms in the unit cell basis. Let us first show this before moving on to the polaritons.

Consider a linear chain of atoms with distance a between each atom. The chain consists of alter-
nating atoms of different types: one with mass m and one with mass M. Thus, we can in the end
recover the case of a monoatomic chain if we set m = M. For now, keep the masses different. Let
the atoms on even sites have mass m and the ones on odd sites have M. Assume that we have a
harmonic oscillator type restoring potential between each pair of atoms and set the spring constant
K in this potential to equal for all pairs for simplicity. Let u,(t) = z,(t) — na be the deviation from
equilibrium for the n-th atom. The Hamiltonian for this system is then

Qmj

J

2
pj K
H = E 7j+§ E (uj—uj,l)z (4191)
J

where m; is the mass of the atom on site j and p = ma,. From Hamilton’s equation of motion, we
0

have p, = —7,~. This gives us the equations of motion
milgn, = —K(2u2n — U2n—1 — U2n11),
MﬁQn_H = —H(2u2n+1 — U2y — u2n+2). (4.192)

We impose periodic boundary conditions u,+n = u, for a chain of total length of N sites. For
a large value of N, the precise choice of boundary conditions becomes insignificant. Using the a
plane-wave ansatz for the solutions:

Uy = Aesznafzwt, Ugpy1 = Be2zkna71wt7 (4193)

we see that the solutions are invariant under k — k + 7/a. This means that the 1st Brillouin zone

_ T T
2a’ 2a

since the periodicity of the lattice has been doubled due to the diatomic basis. Plugging the ansatz
into the equations of motion gives us a relation between the amplitudes A, B:

G RO T R

This is an eigenvalue equation for the phonon dispersion w. It is solved in the standard way of
rewriting the above equation to the form Px = 0 where the determinant of the matrix P has to be
zero, providing

corresponds to k =€ [ ) which is half the size of a monoatomic chain. This is reasonable

2

K
w :wi:—

—; [M +m+ /(M —m)+4Mm COSQ(]{}(L):|. (4.195)

Thus, we obtain two phonon branches: wy. The key thing to note here is that there exists an energy
gap between them. At the edge of the BZ k = +7/2a, we obtain a gap

Mwi — w-)|p=str/2a = IV2E (4.196)

1 1
Thus, the upper branch wy is the optical phonon whereas w_ is the acoustic phonon. Note how
the gap vanishes when m = M, and we only obtain an acoustic phonon w_ which has a vanishing

dispersion w_ — 0 as £ — 0. But what about w;? It seemingly does not vanish at k& — 0 even if
M = m. The explanation is that for M = m, w4 is just the part of w_ that would belong to the
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regimes k € [ -, %), [%, g) if we had done the analysis for a monoatomic chain, in which case
the allowed k-values would have been | — 7, g) So for M = m, wy is just the acoustic phonon

dispersion folded back into the BZ corresponding to the diatomic case.

We can also see from the above analysis what kind of motion the acoustic and optical branches of
the phonons correspond to in the case m # M. This is seen most easily by considering £ = 0. In
this case, the acoustic branch w_ = 0 and has eigenvector (A, B) = (1,1). The atoms thus move
in phase in the acoustic branch. However, in the optical branch, we have wy = \/ 2k(m~1+ M~1)
with eigenvector (A, B) = (M, —m). In the optical branch, the atoms therefore move out of phase.

Light

(D Optical Phonon
A

Acoustic Phonon

>k

Figure 4.8: Qualitative sketch of phonon and photon dispersion relation. Figure taken from Physics
Stack Exchange.

Let us now return to the phonon polaritons. Fig. shows a qualitative sketch of a photon dis-
persion relation and both acoustical and optical phonon excitations. The steep photon dispersion
comes from the fact that light travels much faster than sound. At the point where the photon
dispersion crosses the optical phonon branch, polaritons can be formed. This typically occurs at
very small k-values due to the large speed of light.

Let us derive the essential features of the dispersion relation of polaritons, which are thus hybridized
phonon-photon excitations, from a simple model. To do so, consider first the optical phonon which
at k — 0 (meaning a small energy and a resulting small displacement, causing a restoring force
which is linear in the displacement) can be modelled as a charge on a spring, assuming the atoms
in the basis are charged. This charge satisfies the equation

d’x
mog = —eE —Cx (4.197)
where z is the displacement of the charge, E is the electric field, and C is the spring constant of the
system. This causes an atom oscillation with the phonon frequency wp = 1/C/m. The oscillation
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of charges also causes an electric polarization
P = —Nex (4.198)

where N is the number of displaced atoms. Assuming a plane-wave trial solution for x, E, P, so
that = = 2e/®¥=“) 4 h.c. and similarly for the other quantities, we obtain
Ne? 9 9
—FE+ (w*—wp)P =0. (4.199)
m
Now we consider the equation obeyed by the photon in matter. Maxwell’s equation reads (in the
absence of free charges and currents):

9°D
o2

where u, is the relative permeability, which we set to unity for simplicity. A few comments are in
order here. First, we wrote the displacement of the atoms (x) above as a plane-wave propagating
in the y-direction. This corresponds to transverse optical phonons. For such phonons, V- E = 0,
as explained in Fig. The form of Maxwell’s equation in Eq. is only valid precisely for
V - E =0, so our treatment is only valid precisely for transverse optical phonons.

V2E = prpo (4.200)

fx

TO phonon LO phonon

Figure 4.9: Relative displacements of the positive and negative ions at a given instant of time
for an optical phonon travelling along the z-axis. The planes of nodes (zero displacement) are
shown. For long wavelength phonons, the nodal planes are separated by many planes of atoms. In
the transverse optical phonon mode, the particle displacement is perpendicular to the wavevector
K. The macroscopic electric field in an infinite medium will lie only in the £ direction for the
mode shown, and it follows that V - E = 0. In the longitudinal optical phonon mode, the particle
displacements and hence dielectric polarization P are parallell to the wavevector, so that V- E # 0.
Figure taken from Ref. [7].

Now use the relation between the electric displacement field and the electric field

D =eE + P. (4.201)
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Employing again our plane-wave trial solution, we obtain:
(pocow? — k*)E + pow®P = 0. (4.202)

Now we have two coupled equations for £ and P. A non-trivial solution exists for the dispersion
relation w(k) if the following determinant is zero (corresponding to the linear equation system):

2 2 2
po€ow” — k How
Ne? 9 9 (4.203)

m w” — Wy

Two solutions exist for w for each k-value, and upper and a lower branch. Fig. shows the dis-
persion of light, the optical phonon branch, and the lower and upper branch of the new dispersion
relation we have obtained through the coupling of light and sound. The acoustical branch is not
shown, since it does not participate in the polariton formation.

60F
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Figure 4.10: Photon, optical phonon, and polariton branches in GaAs. Figure taken from A.
Mitridate et al. , Phys. Rev. D 102, 095005 (2020).

The lower branch of the new dispersion is first photon-like, since it follows the photon-dispersion,
until it comes close to the region where the photon and phonon branches would normally cross.
The lower branch then starts to progressively look more and more similar to the phonon dispersion.
The opposite happens for the upper branch. Using a second quantized formalism, both phonons
and photons are bosonic quasiparticles, and so polaritons are also bosonic.

We see that the upper branch begins at the longitudinal optical phonon dispersion. To see why this
is so, recall from Fig. [1.9] that longitudinal phonons have V- E # 0, but V-D = 0 (no free charges).
Since D = ¢(w)E in general, the only way to satisfy this equation is to have e(w) = 0. The zeros
of the effective permittivity thus determine the longitudinal optical phonon energy wro at k — 0.
We can obtain an analytical expression for €(w), and thus identify wr,o, as follows.

Since D = ¢(w)E and D = ¢oFE + P, we have that

(4.204)
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From Eq. (4.199), we find P/E and insert it into the above equation:

N 2
e(w) = £(00) + s / - (4.205)
W — w
where we used that g = (00). We can rewrite this as
wi
e(w) = g(00) + [e(0) — £(00)] — (4.206)

2
wr w

Since we know that the longitudinal optical phonon energy is defined by e(w = wy) = 0, it follows
that

e(00)w? = (0)w?. (4.207)

This value for wy, can be verified to be exactly where the upper polariton branch begins at k = 0
from our determinant expression above, where one obtains the solutions

N62>.

w? = i(w?p + (4.208)

meo

Thus, at k-values near the avoided crossing, the dispersion neither looks like photons or phonons -
here, we talk about polaritons. A gap in the dispersion relation arises due to the avoided crossing.
As a consequence, light will reflect (via Bragg scattering) more effectively for frequencies inside the
gap, since there are no available modes present in the material. For instance, in the material AlAs
light frequencies between about 11 THz and 12.3 THz will be reflected.

4.6.2 Experimental measurement of polariton dispersion

The way to observe polaritons is therefore via optical measurements, i.e. to look at the reflectance
of the material under investigation. One of the reflectance peaks correspond to the band gap which
arises due to the formation of polaritons. One can also use Raman spectroscopy to map out a more
complete energy-momentum relation for the polaritons. In such a scenario, a laser is pointed at the
material being studied. Choosing a suitable laser wavelength, this laser can induce the formation
of a polariton in the sample. Looking at the Stokes shifted |Z] emitted radiation and by using the
conservation of energy and the known laser energy, one can calculate the polariton energy, from
which one can construct the dispersion relation.

"Stokes shift is the difference in energy between positions of the maxima of the absorption and emission spectra
of the same electronic transition. When a system, such as an atom, absorbs a photon, it gains energy and enters an
excited state. The system can relax by emitting a photon. The Stokes shift occurs when the energy of the emitted
photon is lower than that of the absorbed photon, representing the difference in energy of the two photons.



Chapter 5

Dielectrics and ferroelectrics

To understand dielectric and ferroelectric materials, we must first understand the relation between
an applied electric field and the internal electric field in a crystal. In particular, what is the rela-
tion in the material between the polarization P and the macroscopic electric field E in Maxwell’s
equations? And what is the relation between the polarization and the local electric field which acts
at the site of an attom in the lattice?

We will begin this chapter with a few sections briefly reviewing basic concepts that you partially
may have seen in other courses, and then move on to more advanced topics.

5.1 Polarization

The polarization P is defined as the electric dipole moment per unit volume. The total dipole
moment is defined as

P=) duTn (5.1)

where 7, is the position vector of the charge ¢, and the summation goes over all charges n. The
value of the sum is independent of the origin chosen for the position vectors, provided that the
system is neutral: ) ¢, = 0. This can be seen by letting r], = r, + R where R is some arbitrary
vector and computing p = >, ¢,7,.

The electric field at a point r from a dipole moment p is given by a standard result of elementary
electrostatics (see for instance the Griffiths book):

3(p-r)r —1r’p

E(r) = dmeqrd

(5.2)

The forcelines of a dipole pointing along the z-axis are shown in Fig.

5.2 Electric field properties

The total electric field inside a body has two contributions: the applied electric field Ej, defined
as the field produced by fixed charges external to the body. The other contribution is the sum
of the electric fields of all the charges that constitute the body itself. If the body is neutral, the

97



98 Chapter 5. DIELECTRICS AND FERROELECTRICS

Figure 5.1: Electrostatic potential and field components in CGS unit at position r, 0 for a dipole p
directed along the z-axis. To get SI units, replace p by p/4meq. Figure taken from [7].

contribution to the average field may be expressed in terms of the sum of the fields of atomic dipoles.

We define the average electric field E(rg) as the average field over the volume of the crystal cell
that contains the lattice point rg:

B(ro) = 1 [ dV Buca(r). (5.3)

Here, E)ycal(r) is the microscopic electric field at the point r. The field E is a much smoother
quantity than FE.cal, since it is averaged. The dipole field given in the previous section is precisely
Eca1(7) since it is a microscopic unsmoothed field.

We refer to E as the macroscopic electric field. It is the adequate quantity to consider for all prob-
lems in the electrodynamics of the crystals provided that we know the connection between E, the
polarization P, and the current density j, and provided that the wavelengths of interest are long
in comparison with the lattice spacing.

To find the contribution of the polarization to the macroscopic electric field, one can simplify the
sum over all the dipoles in the body. By a famous theorem in electrostatics, the macroscopic electric
field caused by a uniform polarization is equal to the electric field in vacuum of a fictitious surface
charge density o = 7o - P on the surface of the body El . Here, n is the unit normal to the surface,
drawn outward from the polarized matter. To see how this works, we can apply the result to a

1For a single dipole p, the electric potential is Vi(r) = 47360 %” assuming that the separation distance d between

the opposite charges in the dipole is small compared to r. This is seen by Taylor expanding the combined potential
of two opposite charges separated by d. For an infinitesimal dipole moment dp = Pdf), where df) is an infinitesimal




5.2. ELECTRIC FIELD PROPERTIES 99

thin dielectric slab as shown in Fig. [5.2{a) with a uniform polariation P. The electric field E;(r)
produced by the polarization is equal to the field produced by the fictitious surface charge density
o on the surface of the slab.

The electric field E1 due to these charges has a simple form at any point between the plates, bu
comfortably removed from their edges. Namely, using Gauss’ law Ey = —|o|/eg = —P/eg. Thus,
the total macroscopic field inside the slab with z as the unit vector normal to the plane is:
P

E=FEy+FE,=FEy— gz. (58)
Therefore, F; is the field of the surface charge densities and is smoothly varying in space inside
and outside of the body. It is smooth indeed when viewed even on an atomic scale since we have
replaced the discrete lattice dipoles p; in the material with the smoothed polarization P.
The field E1 is known as the depolarization field, since it tends to oppose the applied field E( inside
the body, shown in Fig. [5.3] Specimens in the shape of ellipsoids, a class that includes spheres,
cylinders, discs, has the advntageous property that a uniform polarization produces a uniform de-
polarization field inside the body.

Generally, if P; (j = z,y, z) are the components of P relative the principal axes of an ellipsoid, the
components of the depolarization field are

N;P;

Eyi=—
J £0

(5.9)

Here, N; are depolarization factors: their specific values depend on the ratios of the principal
axes. They are positive and satisfy ) j N; = 1. For a sphere, N; = 1/3. Values of N parallell
to the figure axis of ellipsoids of revolution are plotted in Fig. The depolarization field can
be suppressed to zero in two ways: either by working parallel to the axis of a long specimen or by
making an electrical connection between electrodes deposited on the opposite surfaces of a thin slab.

volume element, the total potential is therefore

V) 1 /i)-dp 1 /i)'P(r/)dQ'. (5.4)

- 4eq p?  dmeg p?

Here, we defined the coordinate p = r — v’ where the source coordinate of the dipole is #’. The integral thus goes over
the entire volume of the material, adding all contributions from infinitesimal dipole moments at various ' to produce
the total potential at . Now, we note that V'(1/p) = p/p?, where we have differentiated with respect to the source
coordinate. Therefore, we may write

1 1N ey
= P. —)dQ. .
1% 4MO/ Y (p)d (5.5)
Using the product rule P - V'(1/p) =V’ - (P/p) — (1/p)V' - P and Gauss law, we obtain
v ! y{fdA’Jr ! /(—v P) v (5.6)
4meg p 4meg p

The first integral goes over the surface of the sample dA’ = fidA’ and the second over the volume. For a uniform
polarization P, the second term vanishes. We can then write the above in terms of an effective surface charge

o, =P -n:
1 Ob ’
= —dA". .
mﬁ%pd (5.7)

which completes the proof.
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E](T) EI(I')
(a) (b)

Figure 5.2: (a) A uniformly polarized dielectric slab, with the polarization vector P normal to the
plane of the slab. (b) A pair of uniformly charged parallel plates which give rise to the identical
electric field E; as in (a). The upper plate has surface charge density o = +P and the lower
o = —P. Figure taken from [7].

CGS SI
1.0 T 1.0
0.8 —10.8
———
06 —0.6
~— &
E, § =
04— —04
——
~—
02— —02
0 | | | | 0
0 1 2 3 4 5 6
cla

Figure 5.3: Left: the depolarization field E; is opposite to P. The fictious surface charges are
indicated. The field of these charges is E; within the ellipsoid. Right: depolarization factor N
parallel to the figure axis of ellipsoids of revolution, as a function of the axial ratio ¢/a. Figure
taken from [7].

A uniform electric field Ey will induce a uniform polarization in an ellipsoid. The dielectric suscep-
tibility x is defined via
P =¢)xE (5.10)

and can in general be a tensor. It connects the macroscopic field E inside the ellipsoid with the
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polarization P. In the special case where E{ is uniform and parallel to a principal axis of the
ellipsoid, then £ = Ey — NP/ey, as we have seen, and thus

XE0
P = E
1+ Ny 0

(5.11)
so that the value of the polarization depends on the depolarization factor V.

Before proceeding to discuss the polarizibility of a material, we need to talk about the local electric
field of an atom. This is generally different from the macroscopic electric field E. As an example,
consider the local field at a site with a cubir arrangement of neighbors in a crystal, and the crystal
itself has a spherical shape. The macroscopic electric field in a sphere is

1
E=FEF +FE;,=FE;— —P. (5.12)
360
But consider now instead the field that acts on the atom at the center ofthe sphere. If all dipoles
are parallell to the z-axis and have magnitude p, the z-component of the field at the center due to
all other dipoles is according to Eq. (refeq:Eduetodipole):

2 2
P 3z — i
5

4meq T3

(5.13)

Edipole =

The summation over the x,y, z directions are equivalent because of the symmetry of the lattice and
of the sphere:

2 2 2
r4-v4-23 511
it it i 0

from which we may conclude that Egipole = 0. The correct local field is there just the applied field

E\oca1 = Eq for an atomic site with a cubic environment in a spherical specimen. This is different
from the macroscopic average field E above, which includes the depolarizing field.

5.3 Dielectric constant and polarizibility

The (relative) dielectric constant e, of an isotropic or cubic medium relative vacuum is defined in
terms of the macroscopic field £

_60E—|—P

=1 . 5.15
Er o +x (5.15)

The susceptibility x is related to the dielectric constant via

P

= =c—1. 1
X o € (5.16)

In a noncubic crystal, the dielectric response is instead described by the components of the suscep-
tibility tensor or of the dielectric constant tensor

Pu - qugoEu, Euv = 6;w = 5/ux + Xpw- (5.17)
The polarizibility « of an atom can now be defined in terms of the local electric field of the atom:

P = aFiocal (5.18)
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where p is the dipole moment of the atom. This polarizibility is thus an atomic property, but the
dielectric constant will depend on the manner in which the atoms are assembled to form a crystal.
For non-spherical atom, « will be a tensor. Polarizability thus to the tendency of matter, when
subject to an electric field, to acquire an electric dipole moment in proportion to that applied field:
the polarizibility is responsible for a material’s dielectric constant.

The polarization of a crystal may be expressed approximately as the product of the polarizibilities
of the atoms times the local electric field:

P = anpj = anajEloc(j) (519)
J J

where n; is the concentration of atoms (number per volume) and «; the polarizibility of atoms j,
while Ejoc(7) is the local field at atomic site j.

To relate the dielectric constant to the polarizibility, the result will depend on the relation that
holds between the macroscopic electric field and the local electric field. We use the previous relation

found for a sphere, Eq. (5.12]), to express

P => njo;(E + P/3e). (5.20)

Then, we may solve for P to find the electric susceptibility

p 225 iy
X=—%= 2 : (5.21)
€0 g0 — 3 Zj njozj
Using the definition €, = 1 4 x, we finally obtain the so-called Clausius-Mossotti relation
er—1 1
=— Q. 5.22
Er + 9 350 ZJ: o ( )

It relates the dielectric constant to the electronic polarizibility for crystals for which the Lorentz
local field relation Eq. holds. It can also be viewed as connecting the bulk behaviour (polar-
ization density due to an external electric field according to the electric susceptibility x = er — 1)
with the molecular polarizability «@ due to the local field.

The total polarizibility a generally depends on the frequency of the local field w and may usually be
separated into three parts: electronic, ionic, and dipolar. These contributions dictate to what extent
a dipole moment p is formed due to the local electric field. The electronic contribution arises from
the displacement of the electron shell relative to a nucleus due to the field; the ionic contribution
comes from the displacement of a charged ion with respect to other ions; the dipolar polarizibility
arises from molecules with a permanent electric dipole moment that can change orientation in an
applied electric field. In general, the polarizibility is a tensor.

We can give an approximate (classical) estimate of the electronic contribution to the polarizibility.
An electron bound harmonically to an atomic will show a resonance absorption at a frequency
wo = v/ B/m. The displacement z of the electron caused by the application of the field Ej is:

—eEo. = Bx (5.23)
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so that the static electronic polarizibility is
el = p/Broc = —ex/Eoc = 62/777,0.)3. (5.24)

As mentioned above, the electronic polarizibility will depend on frequency. Consider a time-
dependent local electric field (sinusoidal) so that the equation of motion becomes

d*x 9 .
m—s + mwir = —eFjoe sin(wt). (5.25)
For z = xgsin(wt), we thus obtain
m(—w? 4+ wi)zg = —eBje. (5.26)
The dipole moment has the amplitude
Po = —exg = ¢ Ploc (5.27)

m(wg — w?)’

which gives the frequency dependent polarizibility

e?/m
0

5.4 Structural phase transitions

It is common for crystals to transform from one crystal structure to another as the temperature or
pressure is varied. A stable structure, call it A, at absolute zero generally has the lowest accessible
internal energy of all possible structures. However, the structure A can be varied with application
of pressure. This is because a low atomic volume will favor closer-packed structures, turning even
hydrogen into a metal under extreme pressure.

Another structure, call it B, may have a softer or lower frequency phonon spectrum than A. As
temperature is increased, the phonons in B will be more highly excited (higher thermal average
occupancy) than the phonons in A. Since entropy increases with the occupancy, the entropy of B
will become higher than the entropy of A as T increases. Then it is possible for the stable structure
to transform from A to B with increasing temperature. This is because the most stable structure
at any given, constant temperature 7" is determined by the minimum of the Helmholtz free energy
F =U —TS. Thus, a transition from structure A to B will take if a temperature T, exists (below
the melting point of the material) such that Fu(T.) = Fp(T¢).

Often times, several structures have nearly the same internal energy at absolute zero. The phonon
dispersion relations for the structures may nevertheless be rather different. The phonon energies
are sensitive to the number and arrangement of the nearby atoms, and these quantities change as
the structure is changed.

Some structural phase transitions only have a small effect on the macroscopic physical properties
of the material. Other structural phase transitions can have a spectacular effect on the macro-
scopic electrical properties. Ferroelectric transitions are precisely such a subgroup of structural
phase transitions: they are marked by the appearance of a spontaneous dielectric polarization in
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the crystal. Ferroelectrics are of high interest, both theoretically and practically, as they display
electro-optical effects, piezoelectric effect, pyroelectric effect, and often have unusually high and
strongly temperature-dependent values of the dielectric constant. We now look deeper into this
class of materials.

5.5 Ferroelectric crystals

A ferroelectric crystal exhibits an electric dipole moment even in the absence of an external electric
field. Let us first examine this in terms of symmetry which is a very important concept in physics
and is a fundamental way of expressing its laws since it is related to the conservation of quantities
such as energy, momentum and charge. Symmetry breaking is equally as important though and can
make a system more complex. In a ferroelectric crystals, inversion symmetry must be broken in the
ferroelectric state. This means that the unit cell of the material does not have parity symmetry:
there exists no point in the unit cell around which you can perform the transformation r — —r
and obtain the same arrangement of atoms that you had in the first place. In the ferroelectric
state of a crystal, the center of positive charge does not coincide with the center of negative charge.
Ferroelectricity is in many ways analogous to ferromagnetism, with electric polarization playing the
role of magnetization.

However, noncentrosymmetricity is not the only requirement for ferroelectricity. In addition, the
lattice structure must be such that it hosts a net electric dipole moment. It is possible to have a
lattice structure that is noncentrosymmetric but without any net dipole moment. This is called a
non-polar lattice structure (shown in A in Fig. [5.4)). A polar lattice structure shown in B, in which
case a net electric dipole moment does exist.

Moreover, ferroelectric materials must be insulators in order to host a spontaneous electric field
inside the material. Were they metals, the itinerant electrons could simply have moved to rearrange
as to cancel the total electric field.

A plot of the polarization versus applied electric field for a ferroelectric material shows a hysteresis
loop meaning that the polarization depends on the history of the sample for a given value of the
applied electric field. Ferroelectricity disappears above a certain temperature called the critical
temperature T, (or transition temperature). Above the transition, the crystal is said to be in a
paraelectric state. The dielectric constant can vary strongly with temperature, as shown in Fig.
In the paraelectric state, the dielectric constant drops rapidly as temperature increases since the
material is then in a non-polar phase without any electric dipole moment present and due to the
increasing thermal energy of the system which makes it harder to create order. However, in the
ferroelectric phase, the dielectric constant can also drop after 7.. The reason for this can also be
understood in terms of the thermal energy of the dipole moments created by the atoms in the unit
cells. Namely, in order for the dipole moments to orient along an applied electric field, a certain
energy barrier must be overcome due to crystal field anisotropies in the unit cell. As temperature
is reduced, there is less and less thermal energy available for atoms to overcome this energy barrier
and for their dipole moment to point in the favorable direction parallel to the electric field. This
“orientational” mode of the dipole moment thus freezes out as temperature is reduced, so that fewer
and fewer atoms can contribute to the electric susceptibility (y =&, — 1).
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A+ B) +

- +

Figure 5.4: A) The structure is non-polar, as there is no displacement of the central atom, an no
net dipole moment. Note that the unit cell is still noncentrosymmetric: applying » — —r does not
leave the structure invariant. B) The central atom is displaced an the structure is polar. Now, there
exists an inherent dipole moment in the structure. Figure taken from https://www.doitpoms.ac.
uk/tlplib/ferroelectrics/printall.php.
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Figure 5.5: The temperature variation of the dielectric constant &, of PbTiOs. Figure taken from
1.
Classification of ferroelectric crystals

We list in Fig. below some of the crystals commonly considered to be ferroelectric, along with
their Curie point T, at which the crystal changes from the low-temperature polarized state to the
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high-temperature unpolarized state. Thermal motion tends to destroy the ferroelectric order, and
some ferroelectric crystals in fact have no Curie point because the physically melt before leaving
the ferroelectric phase. The figure also includes values of the spontaneous polarization Ps.

T.,in K P, in pCecm 2atTK

KH,PO, 123 .75 [96]
KD,lro, 213 4.83 [180]
RbH,PO, 147 5.6 [90]
KH,AsO, 97 5.0 [78]
GeTe 670 — —
Tri-glycine sulfate 322 2.8 [29]
Tri-glycine selenate 205 3.2 [283]
BaTiO, 408 26.0 [296]
KNbO, 708 30.0 [523]
PHTIO, 765 =50 [296]
1iTa0, 938 50

LiNbO, 1480 71 [296]

Figure 5.6: Properties of ferroelectric cyrstals. The last five belong to the class of materials called
perovskites. Figure taken from [7].

The ferroelectric transition in crystals may be classified into two main groups: order-disorder or
displacive. In an order-disorder ferroelectric, there is a dipole moment in each unit cell, but at high
temperatures they are pointing in random directions. Upon lowering the temperature and going
through the phase transition, the dipoles order, all pointing in the same direction within a domain.
This is similar to how magnetization arises in most ferromagnets, with electron spins playing the
role of dipole moments.

The character of the transition can also be defined in terms of the behavior of the lowest frequency
(’soft’) optical phonon modes. If a soft mode can propagate through the crystal even at the transition
from the ferroelectric to the paraelectric state, then the transition is displacive. We will focus below
on this type of transition into the ferroelectric state, which typically taktes place in crystal structures
closely related to the perovskites. An example of a material in this class is barium titanate BaTiOsg,
which has an observed saturation polarization Ps at room temperature of approximately 3 x 107!
C-m~2. The volume of a cell is (4 x 107%)3 cm?, so the dipole moment of a cell is

p~2x107% Cm (5.29)

5.6 Displacive transitions

The ferroelectric displace transition can be understood in terms of a so-called polarization catastro-
phe. This catastrophe occurs when some critical condition for the polarization is satisfied, causing
the polarization to become very large. When this happens, the local electric field caused by the ionic
displacement causes a larger force than the elastic restoring force, thus giving an asymmetrical shift
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Figure 5.7: (a) The crystal structure of barium titanate. The structure is cubic, with Ba?* ions
at the cube corners, O?~ ions at the face centers, and a Ti** ion at the body center. (b) Below
the Curie temperature, the structure is slightly deformed with Ba and Ti ions displaced relative
to the O ions, thereby developing a dipole moment. The upper and lower oxygen ions may move
downward slightly. Figure taken from [7].

in the position of the ions. Higher order restoring forces will limit the shift to a finite displacement.

The occurrence of ferroelectricity (and antiferroelectricity) in many perovskite-structure crystals
suggests that this structure is favorably disposed to a displacive transition. Typically, the 0%~
ions do not have a cubic surrounding and the local field factors turn out to be unusually large.
Let us provide a simple analysis of the catastrophe theory. The local field at all atoms is equal to
E + P /3. We previously found for the dielectric constant that

c— 1 +2/3Eo Zz n; o
C1-1/350>; Nii

(5.30)

Here, «; is the electronic plus ionic polarizibility of an ion of type ¢ and n; is the number of ions ¢ per
unit volume. We see that the dielectric constant becomes infinite, permitting a finite polarization
in zero applied field, when

Zniozi = 360. (5.31)
i

This is the abovementioned condition for the polarization catastrophe. The condition can be trig-
gered and ferroelectricity correspondingly ensue due to a structural phase transition as temperature
is varied, as described in the previous section.

Let us examine how the permittivity changes when we have a small deviation from the condition
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triggering the polarization catastrophe. Let us define s < 1 according to

1
3 Z nio; =1 — 3s, (5.32)

i
so that 3s is the deviation from the critical value, the dielectric constant takes the simple form
e=1/s. (5.33)

Measurements of the electric permittivity and its temperature-dependence reveals that it varies
linearly according to

s~ (T-T,)/¢ (5.34)

where £ is a material-dependent constant. Such a variation of s, or correspondingly «;, can come
from the thermal expansion of the lattice as temperature varied: when temperature increases, the
number of phonons increase and the amplitude of the lattice vibrations grows, causing the atoms to
have a larger average distance between them. Measurements of € versus temperature show excellent
agreement with the above formula for s, see Fig.

5.7 Modern theory of polarizibility

We know that an electrically neutral object with some separation between its positive and negative
charge constitutes an electric dipole. A great example is a water molecule, which has a little bit
of excess negative charge on the oxygen atom, and a little deficit of electrons on the hydrogen atoms.

Once we pick an origin for our coordinate system, we can define the electric dipole moment of some
charge distribution as p = [ rp(r)d®r, , where p is the local charge density. Earlier in these notes,
we have discussed an induced dipole: the dipole moment that is produced when some object like a
molecule has its charges rearrange due to an applied electric field. In that case, p;,q = aF , where o
is the polarizability. In general « is a tensor, since p and E don’t have to point in the same direction.

If we stick a slab of some insulator between metal plates and apply a voltage across the plates
to generate an electric field, we know from elementary electromagnetism that the charges inside
the insulator slightly redistribute themselves - the material polarizes. If we imagine dividing the
material into little chunks, we can define the polarization P as the electric dipole moment per unit
volume. For a solid, we can pick some volume and define P = p/V | where V is the volume over
which the integral is done for calculating p. .

We can go farther than that. Say that the insulator is built up out of a bunch of little polarizable
objects each with polarization « , where we let each polarizable object see both the externally ap-
plied electric field and the electric field from its neighboring dipoles. If we know the total electric
field around the polarizable object, we can solve for P and therefore the relative dielectric constant
in terms of a . This the essence of the Clausius-Mossotti relation we derived earlier.

For finite and neutral systems, such as molecules or atoms, the above treatment poses no concep-
tual or practical problems. The definitions p = ), ¢;r; and the generalized d = [ p(r)rdr are
well-defined and can be evaluated to yield results which are consistent with experiments.
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Figure 5.8: Dielectric constant versus 1/(T — T.) in the paraelectric state T" > T, of perovskites,
after G. Rupprecht and R. O. Bell. Figure taken from [7].

In crystalline solids, however, it turns out that there is a serious problem that we have not con-
sidered yet. Because the charge in a crystal is distributed periodically in space, the definition of
P given above is ambiguous because there are many ways to define the ’unit cell’ over which the
integral is performed. This is a big deal, as we will now show.

The usual way to define intrinsic quantities in macroscopic systems is to introduce the property per
unit volume or mass. For example the magnetization is the magnetic moment per unit volume, and
the bulk analog to the electric dipole moment, the electric polarization, should be represented by
the electric dipole moment per unit volume. The relevant quantity is then evaluated within a small
repeat unit — the unit cell — of the solid, and normalized with the volume of the chosen unit cell.
The problem with this simple method in the case of electric polarization can be understood in the
simple one-dimensional cartoon of Fig. 1: without performing any calculations, we can see that the
two equally valid unit cells shown with dashed lines have completely opposite orientations of the
polarization!

In a periodic system, there thus appears to be a fundamental problem with defining uniquely the
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Figure 5.9: One-dimensional chain of alternating anions and cations, spaced a distance a/2 apart,
where a is the lattice constant. The dashed lines indicate two representative unit cells which are
used in the text for calculation of the polarization. Figure taken from [9].

polarization, meaning the dipole moment per volume. This problem can be resolved by looking at
polarization differences rather than absolute polarizations, which is typically what is measured in
experiments anyway: for more details on this, see one of the exercises. In the modern theory of
polarizibility, one therefore instead operates with polarization differences which are expressed using
quantum mechanical Berry-phases obtained from the band structure of the material. For instance,
to compute the spontaneous polarization of a ferroelectric material, one evaluates the difference in
polarization between the polar phase of the material and its centrosymmetric phase (final, polarized
state and initial, unpolarized state). This is beyond the scope of this course. It is interesting to
note that this modern theory of polarizbility is rather new: it was developed in the 1990s.

We end this section by noting that the modern theory of polarizibility is a necessity when working
with truly translationally invariant systems, meaning periodic boundary conditions for a lattice. As
we stated in the beginning of this section, there is no ambiguity in calculating the polarization of a
finite-sized object. If we can compute the dipole moment of a neutral atom, then we can also do it
for two atoms. If we can do it for two atoms, we can in principle do it for an entire material since it
is built up by many atoms. In practice, this may however not be so easily done, and could require a
lot of computational power to truly model a finite-size macroscopic material. It is analytically easier
to compute a quantity for a translationally invariant system, since we can then work in k-space,
and this is where the modern theory of polarizability shines.

5.8 Landau theory

We start by developing the general framework for Landau theory and thereafter apply it specifically
to ferroelectrics.

5.8.1 General theory

Phase transitions are a core topic in condensed matter physics. In a large class of phase transitions,
the system undergoes a symmetry change. This is the domain of Landau theory. There exists an-
other type of phase transition called topological phase transitions which cannot be described within
the Landau theory framework, for instance in the two-dimensional XY spin model, but this will not
be covered here.

Here, we will learn about Landau theory. Let us commence with a few generic facts about phase
transitions.
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e A phase transition can be driven by many parameters - temperature, pressure, magnetic or
electric field to mention a few. If the driving parameter is temperature, the high-temperature
phase is usually more disordered, meaning it has a higher symmetry than the low-temperature
phase.

e Phase transitions signal a change in the entropy of the system. This change can be discontin-
uous or continuous.

1. If it is discontinuous, the phase transition is accompanied by a release of heat (called
latent heat) and all the other thermodynamics quantities (internal energy, entropy, vol-
ume, and so on) are discontinuous as well. Such a phase transition is called a first-order
transition.

2. If it is continuous, the thermodynamic quantities are continuous across the transition and
there is no release of heat. However, the first derivatives of thermodynamic quantities
are discontinuous. In particular,a the specific heat has a pronounced anomaly which we
will look at below.

The order parameter

To characterize the change in symmetry as one moves from one phase to another in a system. To
do so, an immensely useful concept is the order parameter. This measures the degree of departure
from the high symmetry, disordered phase. The order parameter should have the property that it
is finite in the ordered (low-symmetry) phase and zero in the disordered (high-symmetry) phase.

There are many different order parameters, depending on the system at hand and the type of order
we are dealing with. The order parameter can be a vector, namely the magnetization, as in the case
of ferromagnets. It can also be a scalar in the case of superconductivity (see later chapter in these
notes). It all depends on what type of ordering we are facing in the material: order parameters
can also be exotic objects like pseudoscalars which transform differently than scalars under certain
operations, and they may even be complex quantities.

The Neumann principle

When a phase transition occurs, the symmetry of the ordered phase is usually a subgroup of that
of the disordered phase. Symmetry may be lowered because of loss of translational and/or rota-
tional invariance. Changes in point group symmetry (i.e., loss of rotation/mirror symmetries) are
extremely important, since they allow new macroscopic physical phenomena. This is expressed in
the famous Neumann Principle (from Franz Ernst Neumann 1798-1895):

The symmetry elements of any macroscopic physical property of a crystal must include the symmetry
elements of the point group of the crystal.

When a phase transition results in the development of a new macroscopic property that couples
to an external field, it is said to be a ferroic transition. All ferroic transitions reduce the point-
group symmetry. The two most famous examples of ferroic transitions are treated in this course:
ferroelectricity and ferromagnetism.
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Phenomenological considerations

One of the most significant contributions of Lev Davidovich Landau (1908-1968) — one of the great
physicists of the 20th century — has been the theory of phase transitions bearing his name. Landau
theory is of central importance in many fields of condensed matter physics, including structural
phase transitions, magnetism and superconductivity (the latter through a modification of the orig-
inal theory known as Ginzburg-Landau theory.

The essential feature of Landau theory is that it is a phenomenological theory. This means that,
unlike a microscopic theory, it is not concerned with the details of the interactions at the atomic
level that ultimately should govern the behaviour of any system. For a structural phase transitions,
microscopic interactions would be ionic and covalent bonding, Coulomb interactions, Van der Waals
interactions etc.; for a magnetic system, exchange and dipole interactions; for a superconductor,
pairing interactions, and so on. Instead, Landau theory is chiefly concerned with symmetry — in
fact, it only applies to phase transitions entailing a change in symmetry. One of the upshots of
this is that systems with similar symmetries — even very different systems, which we might expect
to have very different microscopic theories — would look very similar within Landau theory. This
connection between very distant branches of physics might be thought of as the origin of the idea
of universality, which was to play a fundamental role in further developments of Landau theory.
Despite not saying anything about the microscopic origin of the phase transition, Landau theory is
therefore immensely useful across a broad range of material systems.

The Landau free energy

The central idea of Landau theory is the construction of a quantity, known as Landau free energy or
F', which describes the energetics of the system in the vicinity of a phase transition. The free energy
F', which can be usually thought of as an approximation to the Helmholtz or Gibbs free energy per
unit volume, is a real quantity. It depends on temperature, pressure and any other relevant external
parameter (such as electric or magnetic field, stress, and so on). The Helmholtz free energy is used
when temperature is fixed, whereas the Gibbs free energy is used when pressure is fixed. The latter
is the relevant free energy to use in the presence of external fields that apply a force (i.e. pressure)
on the system. Crucially, the Landau free energy also depends on the order parameters of the system.

The free energy should obey two conditions in Landau’s prescription:
e Be analytic in the order parameter(s) and its gradients.
e Obey the symmetry of the Hamiltonian.
For a given set of external parameters, the stable state of the system is the one for which the Landau

free energy is minimal as a function of all internal degrees of freedom.

As we just mentioned, F' depends on the internal variables of the system through the order pa-
rameter. In the Landau construction, one thus implicitly assumes the existence of a high-symmetry
phase somewhere in the phase diagram, most likely at high temperatures. In this state, all the order
parameters are zero. One can therefore naturally decompose F' as:

F = Fy+ AF(n"). (5.35)

Here, Fjy does not depend on the order parameter(s) and has no influence on the phase transition.
The part AF of the free energy depends on the order parameter(s) and is small in the vicinity of the
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phase transition, since it is zero once the transition is crossed into the high-symmetry disordered
phase. We consider here for simplicity only real order parameters n* € R.

The following statement is the point of departure for the Landau analysis: for any value of the
order parameters, AF is invariant by any element g of the high-symmetry group Gy. In addition,
AF may possess the additional symmetries of free space (such as parity and time-reversal) except
if external fields are present which break any of these symmetries.

Since AF is assumed small near the phase transition, the next natural step is to perform a Taylor
expansion of AF(n") in powers of n*. Consider a simple real, one-dimensional order parameter. The
expansion is then

a c b
AF = —nH + 50’ + 3773 + 50t +O00). (5.36)
The odd-power terms are restricted by symmetry: they are not present if n — —n is an allowed
symmetry in the system. For instance, if the energy of a magnetic system is equal regardless of
whether a magnetization m points up or down, then +m are energetically equivalent solutions and
the free energy must be invariant under m — —m.

In any case, finding the stable states of the system entails minimizing the free energy AF as a func-
tion of the order parameters. We now continue with this simple free energy example and simply
remark that order parameters will in general be more complicated, for instance having vectorial
nature or being complex fields.

In Eq. (2), we assume that the order parameter n has been normalized in such a way that the
coeflicient of the coupling term —nH which describes how 7 couples to the generalized external field
H is -1. We now proceed to discuss the physical meaning of each term in the above expansion.

The linear term in 7

In the Landau free energy, there cannot exist a linear term in the order parameters that does
not couple to external fields. The reason is that if such a term was present, then the conditions
providing the minimum free energy configuration [0F/0n = 0 and 9*p/dn? > 0] would yield a
solution 77 £ 0 at any value of the expansion coefficients, i.e. any temperature. Then n would not
be a suitable order parameter since it is supposed to be zero above the critical temperature. An-
other reason is purely mathematical: if a linear term exists, it can simply be removed by shifting n
by a constant value, n — n+C = 7, and the new expansion in terms 7] would not have a linear term.

The coupling term to the external field —nH can be present, but not always (for ferroic transitions,
it is by definition, as mentioned earlier). Introducing a generalized polarization as
oF
P=——, 5.37
OH ( )
it follows that for ferroic transitions the order parameter 7 is the generalized polarization (for in-
stance the magnetization of a ferromagnet).

The quadratic term in n
The second term is generally allowed in the expansion, and its sign has an important consequence.
Namely, a phase transition occurs when the coefficient of the quadratic term in the order parameter
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expansion (a above) changes sign from positive to negative. If the parameter driving the phase
transition is temperature, the coefficient of the quadratic term is usually written a = /(T — T¢)
where T, is the transition/critical temperature.

The cubic term in 7

Landau free energies would not be well-defined if the Taylor expansion stopped at an odd-order
term, because the free energy would in that case be unbound from below. Nevertheless, cubic terms
are very important in the Landau expansion, because if present they force the transition to be
first-order (see one of the exercises). However, symmetry places restrictions on whether cubic terms
are allowed. For instance, if the transformation 1 — —n is a symmetry of the system, cubic terms
are disallowed. Thus, in order for the phase transition to be continuous (second order), the cubic
term in the Landau expansion must be forbidden by symmetry.

The quartic term and higher-order terms in 7

The quartic term is essential in producing a well-behaved free energy that is bound in energy from
below, the requirement being that F' — oo when || — oo. In our simple example aboave, this is
satisfied when b > 0. If higher-order terms are present, such as 6th order terms which are generally
also present and allowed by symmetry), the quartic term can be negative. In such a case, it is pos-
sible to chose the value of the expansion coefficients so that a Landau free energy with a negative
quartic term can produce a first-order phase transition. In fact, a change in sign of the quartic term
is probably the easiest mechanism to produce a change in character from second to first order of
the phase transition.

Analysis of a free energy
Let us now analyze a simple type of Landau free energy, namely our above expansion but without

the odd-order terms:

a b
AF:—mH+§ﬁ+Z#. (5.38)

We now know that this free energy describes a continuous phase transition. Our purpose is now to
extract a few relevant thermodynamic parameters both above and below the phase transition.

Let us start with the order parameter, which is the generalized polarization due to the existence of
the coupling to an external field. We minimize AF with respect to 7:

~H+d (T —T.)n+bn?=0. (5.39)

In zero field, any non-trivial solution for n will be a sopntaneous polarization occuring in the material.
The above equation has two simple solutions for H = 0. One is n = 0, which is allowed for any

temperature. The other one is
a/
n:i—#ﬂ—ﬂ%, (5.40)

and this solution is only allowed below T since 7 is assumed real. Analyzing the second derivative,
it follows straightforwardly that n = 0 is the global minimum for 7' > T., whereas for T' < T, it
is a local minimum. The situation is shown in Fig. [5.10[(a). Had we included a cubic term in the
expansion, the transition would have changed to first order. This is seen from the free energy curve
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in Fig. [5.10(b) by noting that the value of  at which the global maximum of the curve occurs
changes abruptly from finite to zero at a certain temperature.

Had we included H # 0, the a solution 1 # 0 exists both above and below T.. In other words, the
external field breaks the symmetry of the disordered, high-symmetry phase above T, and there no
longer exists a true phase transition.
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Figure 5.10: Two examples of the temperature dependence of Landau free energy. The different
lines correspond to different temperatures 1. Left: Simple form with quadratic and quartic terms
produces a 2nd order phase transition. Right: Adding a cubic term produces a 1st order phase
transition. Figure taken from [12].

The generalized susceptibility
The generalised susceptibility (magnetic susceptibility for a ferromagnetic transition, dielectric con-
stant for a ferroelectric transition, etc) can also be calculated from the Landau free energy as

_on
X~ oH
meaning that the susceptibility expresses how much the order parameter changes when changing

the external field H. Since we generally have ' = —nH + AF’(n), where AF’ contains all terms
depending on 7 except its coupling to the external field, we can write

/
OF _ g2 (5.42)

(5.41)

o - Ty
This is true for all values of the field since the value of the order parameter which is physically
realized is the one that minimizes the free energy, as we have seen above. Taking now the total
derivative of Eq. (5.42) with respect to H, we obtain
O’AF' On
— =0. 5.43
on? OH (543)

This gives the formula for the susceptibility expressed in terms of the Landau free energy:

1 O*AF

. (5.44)
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With our simple free energy considered above, we obtain
x 1 =d(T -T.) + 3n. (5.45)

At zero external field, one therefore finds (using the value of 1 that minimizes the free energy)
different temperature dependence above and below the critical temperature

(5.46)

1 Jd(T—=T,) for T > T
2d(T, —T) for T < T

Note how the zero-field susceptibility diverges at the critical temperature. The negative power-law
behavior of the generalized polarization (order parameter) and the divergence of the susceptibility
near the transition are essentially universal properties for continuous (2nd order) phase transitions.
However, the critical exponents (often referred to as 8 for the generalized polarization and /' for
the susceptibility above/below T.) will in practice be quite different from the Landau predictions
above of f = 1/2 and v = 4/ = 1. More accurate predictions for these exponents which match
experimental results better can be recovered by using a more complex theory that takes into account
the effect of fluctuations of the order parameter.

5.8.2 Landau theory of the ferroelectric phase transition

From the above, we know that a ferroelectric with a first order phase transition between the ferro-
and paraelectric state has a discontinuous change of the polarization at the transition temperature.
For a second order phase transition, the polarization and degree of order goes to zero in a continuous
manner, so that the polarization can become arbitrarily small as one approaches T.. Recall that
in a second order transition, there is no latent heat: the order parameter (the polarization in the
case of ferroelectrics and the magnetization in the case of ferromagnets) is not discontinuous at the
transition temperature T.. In a first order transition, there is a latent heat as the order parameter
changes discontinuously at the transition temperature.

Following the procedure explained in the general case for a Landau theory, we expand the free
energy in the polarization P as the order parameter. Generally, we should be able to expand it as

1 1
F(P,T,E) = —EP + gy + §g5P2 + Zg4P4 +... (5.47)

where all coefficients g, may depend on temperature. Here, P is the polarization, E the external
electric field, and T" temperature. Note that the free energy does not contain any terms which are
odd powers of P in the absence of an external field. This is the case when the unpolarized crystal
has a center of inversion symmetry: if the crystal is noncentrosymmetric, odd terms in P are allowed
by symmetry. This is because the free energy must respect the symmetries obeyed by the physical
system itself. If the crystal in the paraelectric state has a center of inversion, then the spontaneous
polarization appearing below T, is a spontaneous symmetry breaking: this means that both P and
— P are energetically equivalent solutions. Instead, if the crystal in the paralectric state does not
have a center of inversion, the system has already explicitly broken inversion symmetry: this means
that P and —P in the polarized state are not energetically equivalent.

The value of P that is realized in the actual material in thermal equilibrium at a fixed temperature
is given by the minimum of F. In effect, one differentiates the Helmholtz free energy (isothermal)
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to obtain the equilibrium polarization value:
or
5F =
and solves for P. We disregard here any depolarization field effects (covered previously in this
chapter), and thus effectively assume that the material under consideration is a long rod with the
external applied field E parallell to the long axis.

0=—FE+gP+gP+... (5.48)

To obtain a ferroelectric state, the coefficient go must pass through zero at some temperature Tj:
92 =(T —Tp) (5.49)

where « is taken as a positive constant and 7y may be equal to or different from the transition
temperature T.. A small positive g means that the lattice is ”"soft” and close to an instability. A
negative value of go means that the unpolarized lattice (P = 0) is unstable, so that the ground state
of the system must have P # 0. The temperature-dependence of g, comes about due to thermal
expansion and other effects from anharmonic lattice interactions (in effect, going beyond quadratic
displacements of the lattice from its equilibrium position, resulting in anharmonic vibrations and
phonon behavior).

5.8.3 Second-order transition

If g4 > 0 in our expansion, no qualitatively new physics comes about due to gg, so let us truncate
the expansion after P%. The polarization for zero applied electric field is found from 0F/9P = 0:

AT —Tp)P + g4 P = 0. (5.50)

This has two solutions. One is P = 0, which corresponds to an unstable point. The other is
P? = (v/g4)(To — T), which is a minimum of the free energy. For T > Tp, the only real root of
this expression is P = 0 since v and g4 are both positive. Thus, Tp is the Curie temperature in our
model. For T' < Ty, the minimum of the Landau free energy in zero applied electric field occurs at

|P| = (v/ga)"*(Ty — T)'/2. (5.51)

This is a monotonically decreasing function as 1" approaches Ty from below. The phase transition
is a second order transition since the polarization goes continuously to zero as Ty is approached.
This type of ferroelectric transition takes place in e.g. LiTaOs.

5.8.4 First order transition

The transition is first order if g4 is negative. However, I’ can then grow indefinitely in the negative
direction unless we keep gg and keep it positive in order to put a lower bound on F'. The equilibrium
condition at F = 0 is then given by

YT — Ty) P — |g4| P? + gs P° = 0. (5.52)
As before, there are two solutions. Either P = 0 or
YT = Tp) — |ga| P* + g6 P* = 0. (5.53)

Comparing the values of the free energies in the paraelectric (P = 0) and ferroelectric phase (P # 0)
at the transition temperature T' = T,, where the minimum in the ferroelectric phase becomes lower
than in the paraelectric phase, one finds that they are equal. The free energy versus polarization
as well as the characteristic variation of P with temperature for this first-order phase transition is
shown in Fig. Such a transition occurs in BaTiO3.
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Figure 5.11: Left: Landau free energy function versus square of the polarization in a first-order
phase transition at representative temperatures. At 7., the Landau function has equal minima at
P =0 and at a finite P, as shown. For T < T, the absolute minimum is at larger values of P. As
T increases above T, there is a discontinuous change in the position of the absolute minimum. The
arrows mark the minima. Right: Calculated values of the spontaneous polarization as a function of
temperature, with parameters as for barium titanate. Figure taken from [7].

5.9 Antiferroelectricity and ferroelectric domains

A ferroelectric displacement is not the only type of instability that may develop in a dielectric crys-
tal. Other deformations occur which, even if they do not give a spontaneous polarization, may be
accompanied by changes in the dielectric constant. One type of deformation is called antiferroelec-
tric and has neighboring lines of ions displaced in opposite senses. The perovskite structure appears
to be susceptible to many types of deformation, often with little difference in energy between them.
The phase diagrams of mixed perovskite systems, such as the PbZr03—PbTiO3 system, show tran-
sitions between para-, ferro-, and antiferroelectric states.

Ferroelectric materials generally also feature so-called domains. Consider a ferroelectric crystal
(such as barium titanate in the tetragonal phase) in which the spontaneous polarization may be
either up or down the c-axis of the crystal. A ferroelectric crystal generally consists or regions called
domains within each of which the polarization is in the same direction, but in adjacent domains the
polarization is in different directions. In Fig. the polarization is in opposite directions. The
net polarization depends on the difference in the volumes of the upward- and downward-directed
domains. The crystal as a whole will appear to be unpolarized, as measured by the charge on
electrodes covering the ends, when the volumes of domains in opposite senses are equal. The total
dipole moment of the crystal may be changed by the movement of the walls between domains or by
the nucleation of new domains. The domain boundaries change size and shape when the intensity
of an applied electric field is altered.
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Figure 5.12: (a) Schematic drawing of atomic displacements on either side of a boundary between
domains polarized in opposite directions in a ferroelectric cystal. (b) View of a domain structure,
showing 180° boundaries between domains polarized in opposite direction. Figure taken from [7].

5.10 Pyro- and piezoelectricity

Pyro- and piezoelectric materials are closely related to ferroelectric materials. They also require a
noncentrosymmetric lattice structure, and all ferroelectric materials are in fact pyro- and piezoelec-
tric. The reverse is not true, as seen from Fig.

Absence of a center of
symmetry in the crystal structure

Figure 5.13: Relation between dielectric, piezoelectric, pyroelectric, and ferroelectric material.
Taken from kemet.com

Pyroelectricity is a property of certain crystals which are naturally electrically polarized. It can be
described as the ability of certain materials to generate a temporary voltage when they are heated
or cooled. The change in temperature modifies the positions of the atoms slightly within the crystal
structure, so that the polarization of the material changes. This polarization change gives rise to
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a voltage across the crystal. If the temperature stays constant at its new value, the pyroelectric
voltage gradually disappears due to leakage current. The leakage can be due to electrons moving
through the crystal, ions moving through the air, or current leaking through a voltmeter attached
across the crystal.

All crystals in a ferroelectric state are also piezoelectric. Applying a stress Z to the crystal changes
the electric polarization, as shown in Fig. This is because the stress alters the distance between
the atoms, which in turn changes the electric dipole moment in the ferroelectric state. The relation
between these quantities may be written phenomenologically

P=2Zd+eyExe, e=2Zs+ Ed. (5.54)

Here, P is the polarization, Z quantitifies the applied stress, d is the piezoelectric strain constant,
is the electric field, y. the dielectric susceptibility, e the elastic strain, and s the elastic compliance
constant. This relation displays the evolution of the polarization by an applied stress and the
development of elastic strain by an applied electric field. Note that a crystal may be piezoelectric
without being ferroelectric. This is the case for e.gq. quartz, whereas barium titanate is both.
Piezoelectric materials are used for instance in medicine to monitor blood pressure and respiration.

Stress

(a)

Figure 5.14: (a) Unstressed ferroelectric crystal and (b) stressed ferroelectric crystal. The stress
changes the polarization by AP, the induced piezoelectric polarization. Figure taken from [7].



Chapter 6

Superconductivity

6.1 Fundamental properties

Superconductivity is characterized by a vanishing static electrical resistivity and an expulsion of
the magnetic field from the interior of a sample. Superconductivity is somewhat related to the phe-
nomena of superfluidity (in He-3 and He-4) and Bose-Einstein condensation (in weakly interacting
boson systems), but we will not go into details on this phenomena here.

After H. Kamerlingh Onnes had managed to liquify Helium, it became possible to reach tempera-
tures low enough to achieve superconductivity in some chemical elements. In 1911, he found that
the static (dc) resistivity of mercury abruptly fell to zero at a critical temperature T, of about 4.1
K. In a normal metal, the resistivity decreases with decreasing temperature but saturates at a finite
value for T" — 0. The most stringent bounds on the resistivity can be obtained not from direct
measurement but from the decay of persistent currents, or rather from the lack thereof. A current
set up (by induction) in a superconducting ring is found to persist without measurable decay after
the electromotive force driving the current has been switched off.

Assuming exponential decay, I(t) = I(0)e"*/7, a lower bound on the decay time 7 is found. From
this, an upper bound of p < 10726 Qm has been extracted for the resistivity by File and Mills
(1963). For comparison, the resistivity of copper at room temperature is p ~ 1.7 x 1078 Qm.

The second essential observation was that superconductors not only prevent a magnetic field from
entering, but actively expel the magnetic field from their interior. This was observed by W. Meissner
and R. Ochsenfeld in 1933 and is now called the Meissner or Meissner-Ochsenfeld effect. Thus, su-
perconductor have a negative susceptibility x < 0 and in fact zero magnetic permeability: they are
perfect diamagnets. It costs energy to make the magnetic field nonuniform although the externally
applied field is uniform. It is plausible that at some externally applied magnetic field B.(7T") this
cost will be so high that there is no advantage in forming a superconducting state.

6.1.1 Conventional vs unconventional superconductivity

To specify which superconductors discovered after Hg are conventional, we need a definition of
what conventional means in this context. There are at least two inequivalent but often coinciding
definitions: Conventional superconductors

e Show a superconducting state of trivial symmetry: the superconductor does not break any
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normal metal s

superconductor

0 (b)

Figure 6.1: (a) Resitivity vs. temperature for Hg showing an abrupt drop to zero resistivity at the
critical temperature 7, when the material enters a superconducting state. (b) An electric current
can be induced in a ring by magnetic induction, forming a test for the decay of superconducting
currents. (c¢) The Meissner effect consists of superconductors shielding external magnetic fields
from entering their interior. This occurs via shielding supercurrents circulating at the surface of the
superconductor. Figure taken from [2].

additional symmetry beyond a global U(1) phase symmetry, which we will discuss in more
detail later.

e Result from an attractive interaction between electrons mediated by phonons. We have already
alluded to how this can occur in a previous chapter in these notes.

Conventional superconductivity was observed in quite a lot of elements at low temperatures. The
record critical temperature for elements are T, = 9.3 K for Nb under ambient pressure and T, =
29 K for Ca under high pressure. Superconductivity is in fact rather common in the periodic table,
about 53 pure elements show it under some conditions. Many alloys and intermetallic compounds
were also found to show conventional superconductivity according to the above criteria. Of these,
for a long time Nb3Ge had the highest known 7T, of 23.2 K. But it is now thought that MgBy (T, =
39 K, discovered to be superconducting in 2001) and a few related compounds are also conventional
superconductors in the above sense. They nevertheless show some interesting properties. The rather
high T, = 39 K of MgBs is interesting since it is on the order of the maximum T} ,x ~ 30 K that
was originally expected for phonon-driven superconductivity. To increase T, further, the interaction
between electrons and phonons would have to be stronger. However, it was thought that stronger
interactions would make the material unstable towards a charge density wave. MgBo would thus be
an "optimal” conventional superconductor.

Superconductivity with rather high T, has also been found in fullerites, i.e., compounds containing
fullerene anions. The record Tc in this class is at present T, = 38 K for body-centered cubic CszCgg
under pressure. Superconductivity in fullerites was originally thought to be driven by phonons with
strong molecular vibration character but there is recent evidence that it might be unconventional
(not phonon driven). The received wisdom was challenged by the discovery of superconductivity in
hydrogen sulfide at up to 203 K under a high pressure of above 150 GPa (corresponding to about
1.5 million standard atmospheres), see Drozdov et al., Nature 525, 73 (2015). The responsible com-
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pound is thought to be H3S forming a body-centered cubic lattice. Amazingly, superconductivity
in this system appears to be phonon driven and in this sense conventional. The presence of the
light hydrogen atoms is crucial for this. That H atoms could favor superconductivity at high tem-
peratures was already proposed by N. W. Ashcroft in 1968. There is an ongoing search for high-Tc
superconductivity in other hydrogen compounds. Recently, this effort has led to the discovery of
superconductivity with T, ~ 250 K in LaH;g at high pressure, see Drozkov et al., Nature 569, 528
(2019). The material is a clathrate, in which the metal atom is surrounded by a cage of hydrogen
atoms.

By the late 1970s, superconductivity seemed to be a more or less closed subject. It was well under-
stood based on the BCS theory and extensions thereof that dealt with strong interactions. It only
occured at temperatures up to 23.2K (NbsGe) and thus did not promise widespread technological
application. It was restricted to non-magnetic metallic elements and simple compounds. This sit-
uation started to change dramatically in 1979. Since then, superconductivity has been observed in
various materials classes that are very different from each other and from the typical low-T, super-
conductors known previously. In many cases, the superconductivity is unconventional and often T,
is rather high.

The most dramatic development occurred in 1986, when J. G. Bednorz and K. A. Miiller observed
superconductivity in Lag_,Ba,CuQOy (the layered perovskite cuprate LagCuO4 with some Ba sub-
stituted for La) with Tc on the order of 35 K. In the following years, many other superconductors
based on the same type of nearly flat CuOy planes sketched below were discovered. The record
transition temperatures for cuprates are T, = 138 K for Hgy §Tlp.2BagsCasCusOg s at ambient pres-
sure and T, = 164 K for HgBasCasCusOg, s under high pressure. Many experimental probes show
that the cuprates are unconventional superconductors. High-T,. superconductivity in the cuprates
was historically important since many advanced methods of many-body theory have been devel-
oped motivated by the desire to understand this phenomenon. Superconductivity is believed to
be unconventional in the cuprates, since the order parameter describing the superconducting phase
breaks additional symmetries than in conventional superconductor and because it is heavily debated
if electron-phonon coupling is the glue binding the electrons together.

6.2 London equation

In 1935, F. and H. London proposed a phenomenological theory for the electrodynamic properties
of superconductors. It is based on a two-fluid picture: the basic assumption was that there exists
electrons behaving as a normal fluid of concentration n, and a superfluid of concentration ng,
where n,, + ng = n = N/V . Such a picture seemed quite plausible given the properties observed
in superconducting materials, although nobody yet understood how the fermionic electrons could
microscopically form a superfluid. The normal fluid is postulated to behave normally, i.e., to carry
an ohmic current

Jn=0nE (6.1)

governed by the Drude conductivity

(6.2)
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E| The superfluid is assumed to be insensitive to scattering. This leads to free acceleration of
the charges. The Londons have assumed that n, and ns are both uniform (constant in space)
and stationary (constant in time). These are serious restrictions of London theory, which will be
overcome by Ginzburg-Landau theory that will developed later. With the supercurrent

Js = —engv, (6.6)
and Newton’s equation of motion
d E
%US:F/m:—e— (6.7)
it follows that
dj e’ng
- E 6.8
ot m (6:8)

This is called the first London equation.

Next, we note that the curl of the first London equation is

0 e2n,g e2n, OB
—V-j,= VxE=-— — 6.9
TR m m Ot (6.9)
where the last equality is obtained via Faraday’s law. The equation can now be integrated in time
to give
. €2ns
VXjs=— B+ C(r) (6.10)
m

where the last term represents a constant of integration at each point r inside the superconductor.
The constant C(r) should be determined from the initial conditions. If we start from a supercon-
ducting body in zero applied magnetic field, we have j, = 0 and B = 0 initially so that C(r) = 0.
To describe the Meissner-effect, we have to consider the case of a body becoming superconducting
(by cooling) in a non-zero applied field. However, the outcome cannot be derived within London

1 This expression can be derived intuitively as follows. Assume that particles with charge ¢ and mass m in a material
are exposed to an external electric field E that is uniform and constant in time. Electrons can scatter on impurities
and phonons in the material, and thus can only accumulate a finite momentum between each collision. Assume that
each collision occurs on average every 7 seconds. Then, an electron will accumulate a momentum ¢ET (force times
time) between two collisions. However, each collision may in the simplest approximation be equally likely to bounce
the electron forward as backward. On average, all prior contributions to the electron’s momentum can therefore be
ignored, and the average momentum of the electron can then be taken as

p=qET. (6.3)
Substituting the relations

p = mv,

J =nqv, (6.4)

results in the formulation of Ohm’s law with precisely

E (6.5)

This result can also be formally derived in a more accurate theory utilizing the so-called Kubo formula.
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theory since we have assumed the superfluid density ns to be constant in time.

To account for the flux expulsion, The Londons postulated that C = 0 regardless of the history of
the system. This leads to

Vj,=——8B (6.11)
This is the second London equation.

To show how this gives rise to a decaying magnetic field inside the superconductor, precisely in line
with experimental observations, we take the curl of Ampere’s law:

VxB=puj=poG,+7s (6.12)
and obtain

2
VxVxB=-"p_, 98 (6.13)
m ot

We can drop the last term since we are considering a stationary state, and then use an identity from
vector calculates for a double cross product:

e’ng

~-V(V-B)+V’B = B. (6.14)

m

Introducing the London penetration depth which thus appears as a characteristic length scale for

the magnetic field in the superconductor
[ 'm
AL = —— 6.15
L e2ng ( )

1
V:B = A—zB. (6.16)
L

we have arrived at a simple equation

To solve this, consider a semi-infinite superconductor filling the half space = > 0. An external field
B = By is applied parallel to the surface. It follows that the equation above is solved by

B(z) = Bexiije ¥/ for > 0. (6.17)

The magnetic field thus decreases exponentially with the distance from the surface of the super-
conductor. In the bulk, we indeed find B — 0, which is the Meissner effect. Put differently, the
photon has become massive inside the superconductor and decays as it propagates in it. This is
a physical manifestation of the Higgs mechanism and spontaneous symmetry breaking for those of
you familiar with that from e.g. particle physics: U(1) symmetry is spontaneously broken in the
superconductor, and local gauge invariance renders the gauge field to become massive.

We can also obtain the supercurrent inside the superconductor from the second London equation,
now that we have computed the magnetic field. From

1
L
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and the continuity equation for charge current
V-3,=0 (6.19)

we find that

1
jo(2) = —EBextée_x/ AL for x> 0. (6.20)

Thus, the supercurrent flows in the direction parallel to the surface and perpendicular to B and
decreases into the bulk on the same scale as A;,. The supercurrent can therefore be understood as
a screening current required to keep the magnetic field out of the bulk of the superconductor.

The two London equations can be summarized using the vector potential A since —0;A = E and
VxA=B:

e2ng

Js=——~ A. (6.21)
This equation at first glance seems highly problematic since it is not gauge-invariant: changing
A — A+ Vyx changes the supercurrent. The two London equations are in contrast gauge invariant
since they are expressed in terms of the physical and gauge invariant fields E and B. The solution
to this is that the above equation is only valid for a specific choice of gauge A. Firstly, charge
conservation requires V - j, = 0, so the vector potential satisfying the above equation must be

chosen as transverse:
V-A=0. (6.22)

This is called the London gauge in this context and the Coulomb gauge more generally. But even
this equation is not sufficient to uniquely determine A. In order for us to write that the supercurrent
is proportional to the vector potential, the vector potential must fulfil the properties of a physical
charge current both at the surface of the superconductor and in the bulk. In other words, we
must also have A = 0 in the bulk of the superconductor (which is consistent with the decay of the
magnetic field) and we must have A - n = 0 at the surfaces of the superconductor, where n is the
normal vector at the surface of the superconductor.

6.3 Ginzburg-Landau theory

As we described in a previous chapter, Landau introduced the concept of the order parameter to
describe phase transitions. In this context, an order parameter is a thermodynamic variable that is
zero on one side of the transition and nonzero on the other. In ferromagnets, the magnetization M
is the order parameter. The theory neglects fluctuations, which means that the order parameter is
assumed to be constant in time and space (Ginzburg-Landau theory will go beyond this!). Landau
theory is thus a mean-field theory. Now the appropriate thermodynamic potential can be written
as a function of the order parameter, which we call A for superconductors, and certain other
thermodynamic quantities such as pressure or volume, magnetic field, etc. We will always call the
potential the free energy F', but whether it really is a free energy, a free enthalpy, or something else
depends on which quantities are given (pressure vs. volume etc.). Hence, we write

F=F(AT) (6.23)
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where T is the temperature, and further variables have been suppressed. The equilibrium state at
temperature 7" is the one that minimizes the free energy. Generally, we do not know F' = F(A,T)
explicitly. Landau’s idea was to expand F'in terms of A, including only those terms that are allowed
by the symmetry of the system and keeping the minimum number of the simplest terms required
to get nontrivial results.

Lacking a microscopic theory for superconductivity, which was developed in 1957 by Bardeen,
Cooper, and Schrieffer, a reasonable attempt would be to state that the superfluid electrons respon-
sible for the superconducting properties were described by a wavefunction v which in general could
be complex. The magnitude of this wavefunction should be related to the density of superfluid elec-
trons, so that 1|2 oc ns. Thus, let us propose the complex wavefunction 1 as the order parameter
for a superconductor. The phase of a wavefunction should not have physical consequence since the
global phase of quantum states is generally not observable, providing the expansion

F = alul?+ Dt + O ). (6.2

We have not included any odd powers in |¢| since they are not differentiable at ¢ = 0 (the value of
the derivative is different depending on which limit you approach ¢ = 0 from). If 8 > 0, F(¢) is
bounded from below, as it should be physically. Now there are two different cases

e If « >0, F(¢) has a single minimum at ¢ = 0. Thus, the equilibrium state has ny = 0. This
is clearly a normal metal/fluid (n,, = n where n is the total electron density n = ns + ny,).

e If & < 0, F(¢) has a ring of minima with equal amplitude [¢)| but arbitrary phase. We see
that
oF

ol =20y + 2B[Y|> = 0 — || = 0 (this is a maximum) or || = /—a/p. (6.25)

Note that the radicand is positive.

The behavior of the free energy is shown in Fig. a). For a < 0, F(v) is often called the
Mexican-hat or wine-bottle potential (imagine this figure rotated around the vertical axis to find F
as a function of the complex v). In Landau theory, the phase transition clearly occurs when o = 0.
Since T' = T, then by definition, it is useful to expand « and 3 to leading order in T around t..
Hence,

a~d(T-T,), o >0
[ ~ constant. (6.26)

Then, the order parameter below T, satisfies

lv| = \/g\/Tc —T. (6.27)

The scaling || o (T, — T)/? is characteristic for so-called mean field theories, where fluctuations
of the order parameter are neglected and the value of the order parameter is taken to be a fixed value.

All solutions of ¥ which has the above value of |¢)| minimize the free energy. However, for a given
material in a given experiment, only one such i can be realized. The order parameter in the equi-
librium state is thus 1 = |1|e’® with some fixed phase ¢. This state is itself not invariant under
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rotations of the phase, even though the free energy is. We then say that the global U(1) symmetry
of the system is spontaneously broken since the free energy F' has the symmetry, but the particular
equilibrium ground-state realized in the material does not. It is called a U(1) symmetry since the
group U(1) of unitary 1 x 1 matrices contains precisely phase factors e’?.

Note also that the expansion of F' up to fourth order is only justified as long as v is small. Its
quantitative validity is thus limited to temperatures not too far below 7T,.. However, it is still possible
to gain insight into the qualitative behavior of a system by applying Landau theory outside of this
range.

(a) F (b)
o>0 a=0
- |y
oa<0
ol T T

Figure 6.2: (a) Free energy as a function of the complex order parameter (along the real axis of
the latter) for different choices of a. (b) Temperature-dependence of the order parameter in a
superconductor. Figure taken from [2].

We now take the step to a more realistic and general situation where we allow the order parameter
to be spatially nonuniform. To do this, we have to include terms in the free energy expansion that
involve gradients V.

It is instructive to first disregard the charge of the electrons, so that they do not couple to any
external fields. In effect, we are then considering a neutral superfluid where particles can move
without loss, but without carrying charge. After doing this, we introduce charge to the particles so
that we describe a superconductor.

We now allow our order parameter 1) = 1(r) to depend on position. Any spatial changes of ¥ (r)
are expected to cost energy. The reason for this expectation is that we know that a quantum
mechanical wavefunction increases its kinetic energy the more rapidly it varies in space, due to
the kinetic energy term —V?2/2m. We thus include the simplest terms containing gradients of v
which are allowed by symmetry (invariant under a phase change ¢ — ¢+ ¢ of the order parameter

b = [9]e*):
Flgl = [ rlatof? + J1uit+4vP (6.28)

Here, we have slightly changed the definition of o and 5 compared to the uniform case since there
is an additional integral over space (which is simply the volume of the system in the uniform case).
We must have v > 0 in order to prevent the system from being spontaneously highly nonuniform:
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a variation in v should cost energy. The above expression is a functional of . Strictly speaking,
calling it a free energy is an abuse of language since the proper free energy is only the value as-
sumed by F[¢] at its minimum. Free energy functional would be more suitable, but in practice it
is often referred to simply as the free energy. To put the gradient term into a more familiar form
resembling kinetic energy, we define v = h?/2m* where m* is the effective mass of the particles that
the superconducting wavefunction expresses.

From the above F[¢)], we can now derive a differential equation for the function () that minimizes
F. The derivation is similar to the derivation of the Lagrange-Eulerequation from Hamilton’s
principle .5 = 0 in classical mechanics where S is the action of the system. Here, we similarly want
to find the stationary point of the free energy: 6F = 0. We write

P(r) = tho(r) +n(r) (6.29)

where ¢y(r) is the as of yet unknown solution and 7(r) is a small deviation from it. Then:

OF = Flio +n] — F[to]

= /d37" [041/1877 + an*ho + Bplvol*n + Bn* ol Yo + 2;* (V5)Vn + 2;* (W*)W}o}

+ 0, (n)?]

= /d3r [awén + o + B [ol P + B [tbo| P — 2;* (V25)n — 27:;* (n*)V2¢0]

+ O, (%)) (6.30)

where we obtained the last line by doing an integration by parts. If 1 is to minimize F', the terms
linear in n,n* have to vanish. In effect, the prefactors of 7, 7* have to vanish for all ». We conclude
that

h?
2m*

aro + Blebol* o — V4o = 0. (6.31)

Let us for brevity drop the subcript 0 from now on and rearrange terms slightly to reveal a striking
similarity to the time-independent Schrodinger equation:

h?

5 V Yoot + Bliol*do = 0. (6.32)
m

The first two terms look like kinetic energy and a potential, whereas the last term is nonlinear.
We now use this to find the solution for ¢ (r) close to a surface. Imposing a boundary condition
1 (0) = 0 and considering 1D for simplicity, we also need a second boundary condition since it is a
second order differential equation. But we have such a boundary condition since we’ve seen that
deep inside the bulk of the superconductor the solution should read

limg oot (z) = —%. (6.33)
Writing ¢ in terms of a dimensionless function, ¢ (z) =, /=5 f(x), we thus obtain
h? 3
f(@) + f@) = [f(@)]" = 0. (6.34)

2m*o
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Note that we can choose f(z) to be real since all coefficients in the equation for ¢(z) are real. The
above equation reveals that a new characteristic length scale has appeared, namely
h? h?

2 _ ~
&= 2m*a ~ 2m*o/(T. —T) > 0. (6:35)

This is called the Ginzburg-Landau coherence length and has a strong temperature dependence, in
particular close to T,. One can solve this equation, and finds that

f(z) = tanh (6.36)

T
V2
satisfies the proper boundary conditions both at z = 0 and « — co. The order parameter 1 in the
superconductor thus monotonically recovers as one moves from the surface into the bulk. Thus, the
coherence length ¢ is the characteristic length for spatial variations in ¢ (z).

With the above analysis in hand, we now take into account the charge degree of freedom, as we should
since the electrons are not neutral. However, to do so, we have to perform the standard procedure
of replacing canonical momentum with the gauge-invariant kinetic momentum (also called minimal
coupling):

h h
SV SV g4, (6.37)

where A is the vector potential. We are taking into account the possibility that ¢ may not be —e by
using a general charge. The above substitution introduces a coupling between the electromagnetic
field A and the matter described by . We should also include the energy density B2/2pug of the
magnetic field, since we now allow A to be present. Finally, what about spin? Since supercon-
ductors experimentally are known to expel magnetic fields, it seems likely that the condensate of
superconducting electrons E| should not carry any net spin polarization. This is true for all conven-
tional and most unconventional superconductors.

We then obtain the total free energy functional
Pl Al = [ drfalof + Slolt +

= [arfaluP+ Sttt + v (57 - aa) o+ T} (6.39)

2Some useful definitions follow. Condensed matter physics: a field of physics dealing with the physical properties
of matter in all its phases, in particular the solid and liquid phase (but also including gas and plasma). The largest
subfield of physics. Solid state physics: a field of physics dealing with the physical properties of matter in a solid
state. A subfield of condensed matter physics. Soft matter or soft condensed matter: a field of physics dealing with
matter where the physical mechanisms dictating the behavior of the material (such as deformation of a foam or gel)
occur at an energy scale of similar magnitude as room temperature thermal energy kg7. Quantum mechanics plays
no particular role in the description of such types of matter. A subfield of condensed matter physics. Condensate:
here we must delineate between the meaning of this word in a classical and quantum physics context. In a classical
physics context, a condensate is the liquid phase of matter produced when a gas cools down and condensates. In a
quantum physics context, it has a different meaning. A condensate is a state of matter where a macroscopic number
of particles occupy a quantum state which is either identical or share at least one key property. These particles can
be composite. If the particles are bosons, they can all occupy exactly the same quantum state. If the particles are
composite bosons, like electron pairs in superconductors, they can share one or more key properties, such as having the
same phase. If the particles are fermions, they can share a common property, like a macroscopic number of electrons
in a ferromagnet all having spin 1 in a given direction. A magnet can thus be called a spin condensate.

gl (i —04)] + 3
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Minimizing with respect to ¥, we can follow the same procedure as in the previous section:

L (59— 4A)"s + o + Blufu 0. (6.39)

2m* \ 1

To minimize F' with respect to A, we write A(r) = Ag(r) + a(r) and obtain

. Qv b ve) a
m 2

Flp, Ag + a] = FW,AO] i /d?’r[—

(v x Bo) - } +O(a?). (6.40)

Here, we used V x Ag = B and Gauss’ theorem. Again, at the minimum the coefficient of the
linear term in @ must vanish. Dropping the subscript, we obtain

—1 hq (VY™ — ¢*V) + L2|¢|2A + iv xB=0 (6.41)
2m* m* Lo ’ ’

With Ampere’s law j = %V x B, we thus arrive at

2

§ =i (ol — vy~ Ljypa, (6.42)
where we dropped the subscript ’s” on the current j, since we assumed that the normal current
is negligible. This equation shows that when a material can be described by a macroscopic order
parameter ¢ = |1|e’®, which spontaneously breaks U(1) symmetry, a current can flow without any
electric field (and is instead driven by a gradient in the phase ¢ if we consider a situation without
magnetic field and thus set A = 0) and consequently without any voltage drop: this is a supercur-
rent. This does not happen in a normal metal, since the electrons cannot be described by a single
coherent macroscopic wavefunction.

Equations (6.39)) and (6.42)) are called the Ginzburg-Landau equations. If we take the limit uniform
¥(r), Eq. (6.42)) simplifies to
20,112
jo I, (6.43)

m*

In order to be consistent with the London equation we derived earlier,

A (6.44)

we must have

20,/,(2

en
a “ﬁ' =0 (6.45)
m m
In superconductors, experiments show that electrons form pairs by attracting each other via an
exchange of phonons. Such pairs are called Cooper pairs and the complete microscopic theory
describing how these pairs make up the superconducting state was developed by BCS. We should

therefore set ¢ = —2e and m* = 2m,, which leaves us with a superfluid density
ns = 2| (6.46)

London theory thus follows as a special case from Ginzburg-Landau theory.
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6.4 Flux quantization and vortices

The two characteristic length scales we have found in our analysis are:
e \: the magnetic field penetration depth into a superconductor.

e &: the coherence length providing the characteristic length for spatial variations of the order
parameter.

Superconductors can now be divided into two types depending on the ratio of these parameters,
called the Ginzburg-Landau parameter k = A/€. If k < 1, the superconductor is said to be of type L.
If k > 1, it is said to be of type II. The separating value is x = 1/4/2, and we will justify this below.
Since both A and £ in our treatment scale as (1. — T)_l/ 2k is roughly temperature-independent
in the superconducting state.

Type I and II superconductors behave differently in an applied magnetic field. This is because the
value of k determines whether it is more energetically favorable for the magnetic field to be shut
out from the superconductor all the way up to the normal phase transition at T' = T, or if is
actually energetically favorable to partially transmit the magnetic field through the superconduc-
tor through magnetic "channels” called vortices. We here give a simple argument for this distinction.

Consider a type I and type II superconductor near an interface (r = 0) where superconductivity is
absent. The superconductivity then recovers over a distance £, whereas screening extends over a
distance A. The ratio between these length scales are different in type I and type II superconductors,
as explained above. We now analyze the energy gain and loss in the system due to the expulsion of
magnetic field and suppression of superconductivity.

To expel the magnetic field from the volume of the superconductor costs an energy equal to the
magnetic field energy. This is B?/(2u0) per volume. Since this happens over a volume A\A, where
A is the interface area, we are reducing the amount of energy in the system by Ey = AAB2/(2u0).

At the same time, the formation of Cooper pairs is also suppressed in a volume £A since super-
conductivity recovers over a distance £. Remarkably, it turns out that the energy gain (so-called
condensation energy) from having a superconducting condensate is also equal to Bg /(2u0) per unit
volume H Therefore, by suppressing superconductivity close to the interface, we are increasing the

3The appropriate free energy describing a system at a fixed temperature T and with an applied external field poH
is the Gibbs free energy G. Let g = G/V denote the Gibbs free energy density. Upon changing the external field by
dH, the change in energy density is dg = —poMdH. This holds both in the normal and superconducting state. To
find the total free energy change upon increasing the field from H to the critical field H. at a constant temperature
in the superconducting state, we obtain

H. He
/ dgs = —puo M(T, H)dH. (6.47)
0 0

Consider now a type I superconductor. The Meissner state is characterized by B = 0 inside the superconductor, in
effect M = —H. Therefore,

Hc(T) Hc(T) I
/ dgs = —uo/ (—H)dH = ?OHE(T). (6.48)
0 0
On the left hand-side, we obtain

HC
/ dgs = go(T, H,) — g+(T}0), (6.49)
0
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energy of the system by an amount E¢ = EAB2/(2u0).

The energy difference
AE = E¢ — By = (£ = N)AB2/(20) (6.53)

then determines whether or not the system wants to maximize the surface area between supercon-
ducting and normal regions. This shows that if & > A, it is not beneficial energetically for the
superconductor to set up interfaces to normal regions since AE > 0. This is the type I case, up to
a factor of 1/v/2. Instead, if £ < A, there is an energy gain when the superconductor maximizes the
number of interface areas to non-superconducting regions. This is precisely what happens when the
superconductor allows the formation of the aforementioned vortices, which are tubes of magnetic
flux where superconductivity is suppressed that penetrate through the superconductor. This corre-
sponds to type II superconductivity.

We note in passing that when taking into account specific sample geometries, there are so-called
demagnetization effects taking place. This means that the induced magnetic field from the super-
current alters the net magnetic field at the edges of the superconductor so that it differs from the
external field. In effect, due to the magnetic response of the superconductor, the field right outside
of it is not in general simply equal to the external field. It can for instance focus the magnetic field
lines in certain parts of the sample, depending on its shape. This also causes the net magnetic field
inside the material to deviate slightly from the applied magnetic field. As a result, it is possible
to reach a magnetic field value inside the material exceeding the critical strength B. even when
applying an external field that is smaller than B..

But this seems to give rise to a paradox. If superconductivity is destroyed by a field smaller than
B., then upon entering the normal state there are no induced supercurrents which try to screen the
external field. This means that the field inside the material is equal to the external field, which is
smaller than B.. Then, it looks like we have destroyed superconductivity with a field that is smaller
than B.. The solution to this is that the superconductor compromises. It allows thin normal lami-
nae to form, so that part of the material can still benefit from the condensation energy. For a small
demagnetization factor, the superconductor does not enter this so-called intermediate state until
the field becomes very close to the critical field.

so that
MO g2
0.(T, He) - g.(T, 0) = 22 H2(T). (6.50)

We now want to calculate the energy difference between the normal and the superconducting state. This will tell us
which of the two states that is thermodynamically favored as the ground-state. To do so, recall that the magnetic
susceptibility x in a normal metal is usually small, x < 1. This means that the Gibbs free energy in a normal
metal at a field H. is practically the same as the Gibbs free energy in a normal metal at zero field. Thus, we write
gn(T, He) = gn(T,0). At the critical field H., the free energies of the superconducting and normal states are equal:

gn(T, He) = gs(T', He). (6.51)
Inserting now gn (7, He) = g (7,0) and Eq. (6.50) brings us to
1
9n(T,0) = s(T;0) = 5 B(T). (6.52)
m

This is an interesting result: the difference in the free energy density between a normal metal and a superconductor
can be expressed in terms of the critical field B. of the superconductor. It shows that the normal-state has a higher
energy than the superconductor at zero field, and thus the superconducting state is the preferred ground-state.



134 Chapter 6. SUPERCONDUCTIVITY

Type Il

B(r) ( )P \

Figure 6.3: Left: variation of the magnetic field B and superconducting wavefunction 1 near a
boundary where superconductivity vanishes for a type I superconductor. Right: Same for a type II
superconductor. Figure taken from [10].

The flux penetrating vortices can only take certain quantized values. We now examine such vortices
in more detail. Let us start by establishing the quantization of flux. Consider the surface of a
superconductor S and a closed path 05 enclosing the surface. Assume an external magnetic field
has been applied so that it penetrates this surface, as shown in the left part of Fig.

_— Vvortex core
B

i

N

Figure 6.4: Left: magnetic field penetrates a superconducting surface. Right: magnetic flux can
penetrate a type II superconductor through vortices, which are accompanied by a circulating su-
percurrent at the surface of the superconductor. Figure taken from [2].

The magnetic flux through this loop is

(I)z/da-B:/da-(VxA):%ds-A (6.54)
S S
where we used Stokes’ theorem. By means of the second Ginzburg-Landau equation

qh
2m*

2
§ =g (Vo — ¥ Ve) — |y A, (6.55)
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Figure 6.5: Sketch of the solution for ¢ (r) and B near a vortex in a superconductor. Figure taken
from [2].

we can replace A in the flux equation with
@:% ds-{ — — +1i V¥ — p*V
b s { - hPi iy W([ Wl - v ) |

:fgsds'{ !ZSJH;( %)V}

h
=" dsov,— ¢ ds-Vo. (6.56)
e Jos 2e Jos
Here, we renamed m, to m and also defined the superfluid velocity vy = —j/ens. The order

parameter ¥ (r) must be a single-valued quantity at any point in 7 to be physically acceptable. This
means that the last term containing the integral over V¢ must equation an integer multiple of 27
in order for v to be single-valued and continuous:

% ds-V¢=—-2mn, n €Z. (6.57)
oS
The minus sign is conventional, since n can be any positive or negative integer. Thus, we find that

h
o ds-vs = —2mn = ndg (6.58)
€ Jos 2e

where &g = % is known as the flux quantum. Evidently, the flux and the circulation of the supercur-
rent around the surface must be quantized in units of ®3. However, deep inside a superconducting
region the current vanishes (since it decays on a length scale of the penetration depth A, as we
showed previously), and thus the flux ® alone is quantized. It is experimental measurements of the
quantized value of the flux which reveals that the effective charge of the superconducting wavefunc-
tion is ¢ = —2e, which we alluded to above.

This leads us to the concept of vortices. The manner in which flux can pass through the supercon-
ductor, accompanied by a circulating superfluid current, is via a vortex (see right part of Fig. .
Consider the smallest amount of flux that is permissible, namely n = 1 corresponding to a single
flux quantum. Following our above arguments, the phase ¢ of 1 changes by —27 as one circles a
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vortex in the positive direction, where /by convention) the direction of a vortex is the direction of
the magnetic field B. In the center of the vortex, called the vortex core, the phase is undefined
since the length of the circulating path is zero. This is only consistent with a continuous 1 if » =0
in the vortex core. The phase winding of 27 occurs for any closed path around the vortex and thus
does not depend on the precise shape of the path, nor on the magnitude of 1 so long that it is finite.
In this sense, the phase winding is a topological property of the vortex as it cannot be changed by
any continuous deformation of 1, and can only vanish if ¢ itself vanishes. Therefore, vortices are
called topological defects of the superconducting state.

To describe the order parameter profile ¢(r) and magnetic field B in a superconductor which
includes a vortex along the z-axis, one has to solve the GL equations together with Ampere’s law
with the following boundary conditions

P(r —0) =0,
|1 (r — 00)| = o, (6.59)
B(r — o) =0, (6.60)

where r = |r|. The boundary conditions express that the order parameter should vanish in the vor-
tex core whereas the bulk solution for both ¢ and the magnetic field (which is completely screened in
the bulk of the superconductor) has to be recovered far away from the vortex. Due to the non-linear
term in the first GL euqation, this can only be done numerically in general. We sketch the solution
in the figure below.

The order parameter recovers over a distance comparable to the coherence length £, whereas the
magnetic field is suppressed over a distance comparable with the magnetic penetration depth, per-
fectly in line with our understanding of these quantities described earlier. In a type II superconduc-
tor, the Meissner state thus persists up to a critical field B.; where the field is large enough that
one flux quantum can penetrate the superconductor. It does so in the form of a vortex. Afterwards,
more and more vortices are generated as B increases, until superconductivity is finally destroyed all
together at the second critical field B.. The complete destruction of superconductivity will take
place when the field B = B,s is large enough that there are so many vortices that their vortex cores
start to overlap. In this case, there are no more places for the Cooper pairs to exist.



Chapter 7

Diamagnetism, paramagnetism, and
ordered magnetic states

7.1 What is magnetism?

It has been known since antiquity that “loadstone” (magnetite, Fe304) and iron attract each other.
Plato and Aristotle mention permanent magnets. They are also mentioned in Chinese texts from the
4th century B.C. The earliest mention of a magnetic compass used for navigation is from a Chinese
text dated 1040-1044 A.D., but it may have been invented there much earlier. It was apparently
first used for orientation on land, not at sea.

Thus magnetism at first referred to the long-range interaction between ferromagnetic bodies. In
this chapter, we will address magnetic order in solids, of which ferromagnetism is the most straight-
forward case. This begs the question of what it is that is ordering in a ferromagnet.

Oersted (1819) found that a compass needle is deflected by a current-carrying wire in the same way
as by a pemanent magnet. This and later experiments led to the notion that the magnetization of
a permanent magnet is somehow due to pemanent currents of electrons. Biot, Savart, and Ampere
established the relationship of the magnetic induction and the current that generates it. As we
know, Maxwell essentially completed the classical theory of electromagnetism.

7.1.1 The Bohr-van Leeuwen theorem

Can we understand ferromagnetism in terms of magnetic dipole moments created by electron cur-
rents in the framework of Maxwell’s classical electrodynamics? To answer this, consider N classical
electrons with positions r; and momenta p;. The partition function in classical statistical mechanics
reads as

7 /HdSTidSpiexp[—ﬁH(rl,...;pl,...)], (7.1)
where f = 1/kgT and H is the classical Hamilton function
1 2
H= Z(pi +eA(r:))? +V(ry,...) (7.2)

Here, A is the usual vector potential providing the magnetic field B = V x A. This means that the
magnetic field is generated due to currents via the Biot-Savart or Ampere-Maxwell laws, in addition

137
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to a possible external magnetic field, because there is no spin degree of freedom included here or
magnetic field dependence in the potential V' (such as dipole-dipole interactions). The electron
charge is —e.

But now we may perform the variable substitution p; — p;, = p, + eA(r;) in the integrals, providing
- 1 .
7 / H d3md3piexp[ — 5<% szz + V):| . (7.3)
K3 1

We see that the vector potential A has been eliminated from the partition function. The magneti-
zation is computed from the free energy via

oF
M=—-—— 7.4
8B ) ( )
and the free energy is determined from the partition function F' = —1In(Z): it follows that M = 0.
This is called the Bohr-van Leeuwen theorem.

I

This proves that one cannot obtain equilibrium ferromagnetism in a theory that

e is classical and

e assumes that the magnetic field to be due to currents alone.

Yet we know that ferromagnetic materials exist, so what is missing? The solution is that we require
an intrinsic magnetic moment carried by the electrons, which is attributed to an intrinsic angular
momentum, the spin. As we will show in this chapter, ordered magnetic states in solids is a quantum
mechanical effect and arises due to two main ingredients: the Coulomb interaction and the Pauli
principle, the latter being a purely quantum mechanical concept. In principle, one could argue that
the classical dipole-dipole interaction could provide magnetic ordering, but taking into account the
strength of this interaction (which depends on the distance between neighboring magnetic moments
and the size of the magnetic moment), one finds that the ordering temperature T, becomes orders
of magnitude lower than what is observed experimentally. Thus, there has to exist a different
much stronger interaction between magnetic moments which causes them to order even at high
temperatures.

7.2 Paramagnetism of the electron gas

Before proceeding to discuss how magnetic ordering arises in materials due to quantum mechanical
effects, we consider as a preliminary magnetic properties in the absence of the Coulomb interaction,
i.e. the free electron gas.

Paramagnetism is due to the presence of unpaired electrons in the material, meaning that most
substances with incompletely filled atomic orbitals act paramagnetically, although exceptions exist
(such as copper). A rule of thumb is to say that if an atom or molecule has electrons which all are
paired in their orbitals, then it will act diamagnetically - if it has unpaired electrons, it will act
paramagnetically.

Electrons possess a spin with quantum number s = 1/2 and a spin magnetic moment my = gup/2 ~
up oriented oppositely to the spin. The energy of a free electron in a uniform magnetic field is then

_ h2 k2 gupB
= + o
2m 2

€k, y O :T’iz +1. (75)
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The total energy is
E = ZékanF(é‘ka — ) (7.6)
ko

where p is the chemical potential. The magnetization is given by the difference of the total spin up
and down electrons:

_ _94B
M = W;UTLF(QWN) (7.7)
and thus the susceptibility is
oM xgt - OM HoghB ' 322 giB
= — ~ [— = — 2 — =
X= 30 Py e Zanp(h k*/2m — p)o 5
B=0 = ko
2,2
Hog~H
=-—0v B Zn%(h2k2/2m — 1) (7.8)
k

where we defined n'n(x) = dnp(x)/dx. The density of states for a single spin direction is D(g) =
% >k 0(e — R2k?/2m), giving us

2,2
Y= _’mQQ‘LB/ng(g)ng(g ). (7.9)

So long that kT < u, which is typically the case for metals since a thermal energy of 1 eV requires
T = 10* K, we can approximate np by a step function so that n’z is close to a Dirac delta-function:
n'p(e) ~ —d(e). We arrive at

_ hog*uED(u)

X=T

This is called the Pauli susceptibility, describing Pauli paramagnetism of an electron gas. The result

is valid for any didspersion, not just for free electrons, if the appropriate density of states is inserted.

Note that the above expression is equal to our expression for the Pauli suscpetibility derived in an
earlier chapter, by noting that the total DOS is N () = 2D(p) and g ~ 2, giving x = pouip N (p).

= XPauli- (710)

Note that this is quite different from the Curie law for the paramagnetic behavior of local magnetic
moments, where x o< 1/7. Unlike Pauli paramagnetism derived above, which is suitable for metals
where conduction electrons are weakly interacting and delocalized in space forming a free gas,
Curie paramagnetism occurs in materials with a very different electronic structure cmopared to
simple metals such as rare earths (Sc, Y, La) and transition metals. Take the iron group transition
elements: the 4s state is filled before the 3d ones, so that the inner electrons form an incomplete
shell and produces a permanent magnetic moment. This causes the transition elements to produce
a strong susceptibility, as indicated by the 1/7 dependence in the Curie law. Note that they are still
paramagnetic, and not ferromagnet, so long that the permanent magnetic moments of the atoms
do not align spontaneously with each other.

7.3 Diamagnetism of the electron gas

There is also a diamagnetic contribution to the susceptibility of free electrons, which is due to
the magnetic moments generated by charge currents. It would still be present if the electrons had
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no spin (or rather no spin magnetic moment). We know from the Bohr-van Leeuwen theorem
that this diamagnetic response has to be a quantum-mechanical phenomenon. Interestingly, the
dimensionality of the electron gas is crucial with respect to the magnitude of the diamagnetic
contribution.

7.3.1 The 2D electron gas

Consider a two-dimensional electron gas in a uniform magnetic field

H= L[p + eA(r)]? (7.11)
m

where we ignored the Zeeman term, since we already know that this leads to Pauli paramagnetism.

Consider a uniform field B = Bz and choose a Landau gauge A(r) = (—By,0,0). In this gauge,

we find that [H,p;] = 0 since H does not contain x. Therefore, p, is a constant of motion and

can be replaced by its eigenvalue hk, since the wavefunction must have a planewave form in the

x-direction. Defining

Yo = %kx, We = %, (7.12)
we can write
H= Lp2 + 1mw?(y — o). (7.13)
2m Y 2

Here, w, is the cyclotron frequency. The resulting Hamiltonian has a well-known form: it describes a
harmonic oscillator with potential minimum shifted to yg. The eigenvalues are immediately known:

B, = hwe(n+1/2), n=0,1,2,... (7.14)

The energies do not depend on k, and are thus hugely degenerate. Note that the apparent asym-
metry between the z- and y-direction in B is gauge-dependent and therefore without physical
consequence. We could have chosen the vector potential A to point in any direction within the
xy-plane. The isotropy of two-dimensional space is not broken by the choice of a special gauge.
The presence of the magnetic field transforms the continuous spectrum of a 2D electron gas, Fr =
n2 (k2 + k;) /2m, into a discrete spectrum of Landau levels enumerated by the quantum number n.
For B = 0, the density of states is

D(e) = / ﬁ5(5 — WK% /2m)

(2m)?
1 [ _2m
=— | dEZ"6(e—E
47 0 h (6 )
m

The DOS is thus constant. For B > 0, it is replaced by equidistant J-function peaks as shown in
Fig. since the integrand becomes momentum-independent.

The degeneracy of the Landau levels can be obtained by considering a system of size L x L. Using
periodic boundary conditions, e.g. (x + L;) = 1b(x) o e*=* for the wavefunction, the allowed
values of the momentum is k, = 2wn, /L, where n; are integers. Note that using periodic boundary
conditions allows us to use free-particle wavefunctions to count the number of states in contrast to
hard-wall boundary conditions where ¢ = 0 at the edges, while still obtaining the same density of
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Figure 7.1: Left: DOS for a 2D electron gas with magnetic field. Right: DOS for a 3D electron gas
with magnetic field. Figure taken from [I].

states. In turn, this means that the allowed values for yo = hk, /eB are separated by Ayg = h/eBL,.
The number of available positions for 39 then becomes:

L eB (I)tot
Ay ho hfe O F (7.16)

Here, ®; = L?B is the total magnetic flux through the area L x L. We may conclude that each
Landau level contains the same number of states: ®io/(h/e). Each state is then associated with
the flux quantum ®¢ = h/e.

The degeneracy level is thus the same for all levels. At low temperatures, the low-energy states
are filled successively until all N electrons are accommodated. If N = 27Ny with n =1,2,..., the
lowest n Landau levels are completely filled while the others are empty. The factor 2 comes from
two possible spin directions, as we have neglected the Zeeman-energy. The total energy of the N
electrons is

i—1
1
E =) 2Nphwe(n +1/2) + (N = A2Np)hwe (i — 3) (7.17)
n=0
where we defined 72 = [5X-] and the function [z] is the largest integer smaller or equal to z. The

2N
first term in F describes thLe filled Landau levels, and the second the partially filled one. Introducing

the filling factor v = N/Np, we obtain the energy per electron:

n—1
2 - -
E/N =) “hwe(n+1/2) + (1 = 20 /v)hewe(7 +1/2). (7.18)
n=0
While this function is continuous as a function of B, it is not everywhere differentiable, as seen in
the figure. In the figure, B, is the field for which v = 2, i.e. for which the lowest Landau level is
completely filled:

N N h N

N _ _op NN 7.19
N eBL?h - T 2e 12 (7.19)

The magnetization is generally M = —%8F /OB where F' is the free energy of the system. At low
temperatures, this is simply the internal energy E of the system (without the contribution —7'S
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from entropy), so the magnetization at low 7' can be estimated as

1 OF

where we use L? for V since we have a 2D system. Numerical evaulation of this expression shows
that it oscillates with a periodicity o 1/B, a phenomenon known as de Haas-van Alpen oscillations.

E (au.) M (a.u.)A
s T Tt i B

wV

Figure 7.2: Left: energy of the 2D Landau level system as a function of magnetic field. Right:
magnetization of the 2D Landau level system as a function of magnetic field. ”a.u.” means arbitrary
units. Figure taken from [1].

We would now like to compute the susceptibility corresponding to this magnetization. The problem
is that limp_,oM does not exist and neither does the limit limp_.gx for the susceptibility x =
toOM /OB. The reason for this unphysical behavior is that we set T' to strictly zero. At any 7" > 0,
the thermal energy kpT will be large compared to the energy spacing hw. between the Landau
levels as long as B is sufficiently small. In this regime, we can neglect the discreteness of the levels
and write

N/2Ng 2¢B . heB Nh/2eBL?
ol / dn2N fuwen = == 1222 [ 2] T
0

h m L21o
NZp% 1
= S 12" (7.21)
The magnetization thus vanishes
1 0F
-~~~ _0. .22
L2 0B 0 (7:22)

This means that the susceptibility x = pgdM/IB = 0 of a 2D electron gas vanishes: it cannot be
magnetized.

7.3.2 The 3D electron gas

The Hamiltonian of free electrons in 3D in the presence of a uniform magnetic field B = B2 reads
as

VA

o (7.23)

1 1
[P+ eA(r))? = —pi + —mwl(y — yo)? +

1
H =
2 2m 2

2m
upon choosing again the Landau gauge. Now, we have free motion along the z-direction (generally,
the direction of the applied field) in addition to shifted harmonic oscillators in the xy-plane. The
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eigenenergies can immediately be written down for such a physical system

h2k?

En,kz,ky,kz = hwc(n + 1/2) + (7.24)

The DOS is therefore the sum of the density of states of a 1D electron gas (in the z-direction) shifted
to the minimum energies hw.(n + 1/2), n =0,1,2,.... For one spin direction, this gives

_ N~ L m e — hurln _ o(n +1/2)]
nggﬂh¢ﬂ€—m%m+lﬂﬂg< Pusel +1ﬁﬁ - QE:Vk— hwo(n + 1/2)

For kpT <« hw,., the low-energy states are again filled up until all electrons are accommodated. We
therefore also expect to find special features whenever the chemical potential p reaches fw.(n+1/2),
as seen for instance in the DOS.

We now want to compute the magnetic susceptibility for small fields. Thus, we have hw, < kT

and we still assume kpT < p as for a typical metal. The total energy at low temperature (where
the Fermi-Dirac distribution is unity below the Fermi level) is

o
E:2V/)%dX@ (7.25)
0
where 2 is for spin. Inserting the DOS provides (see exercise for details):

_ _ 1 VI
E=E(B=0)+ 12772‘/th (7.26)

so that

1 0F 1 e f
M=V 0B T e v 720

and finally we arrive at our desired susceptibility

pOM __ 1 €V (7.28)
0B 672 \/2mh’ '

This can be expressed in terms of the zero-field density of states in the system D(p) = m+/2mpu/ (272h3):

62h2 g2 92M2
N D) %= —IHE ). (7.29)

X~ "%m 6

This shows that the diamagnetic susceptibility, called the Landau susceptibility, satisfies:

1

5 XPauli- (730)

X = XLandau = _3

This describes Landau diamagnetism: the orbital motion of the electrons generates a magnetic
moment which opposes the external field. The result is essentially temperature-independent as long
as kT < p. The total susceptibility is obtained by adding the paramagnetic and diamagnetic
contribution, so that

2
5 XPauli- (7.31)

X = XPauli T XLandau = 3
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Examples of Pauli-paramagnetic metals are W, Al Li, Mg, but in some metals the diamagnetic
contribution can actually be stronger. This occurs when the diamagnetic contribution from closed
shell inner electrons (which have been neglected in this free electron gas analysis) is larger than the
paramagnetic term of the almost free electrons of the outer shells, such as in Au.

Thus, we have seen that Pauli paramagnetism and Landau diamagnetism are consequences of the
spin and the free electron model: the paramagnetism occurs due to intrinsic spin of electrons,
whereas diamagnetism arises because of their orbital motion. It should be noted that diamagnetism
is always present because such a response does not require any finite magnetic moment to exist. In
contrast, a paramagnetic effect can only take place is a net magnetic moment of the atom exists,
causing this magnetic moment to align with the external field.

7.4 Exchange interaction

Since the magnitude of the dipole-dipole interactions apparently do not cut it in order to explain
magnetic order at high temperatures, we need to look elsewhere to find a stronger interaction be-
tween electrons that could account for the observations. It was Heisenberg who in 1928 realized
that the Coulomb repulsion between electrons can explain magnetic order at high temperatures.
This might seem strange at first since this interaction is spin-independent. The point is that when
combined with the intrinsic spin selectivity of quantum mechanics coming from the Pauli principle,
stating that two electrons with parallell spins cannot be at the same place at the same time, a spin-
dependent strong interaction is produced. Below, we derive how precisely a spin-spin interaction of
the type s; - s; arises in this way.

The Coulomb interaction reads
1 1
He = - / By, PTVPT2). (7.32)
2 47T€0 |’l°1 — ’I"Q|

It has the familiar form of the product of the total electron density (hence sum over spin) at two
points 71 and 79 divided on the distance between the points. In the second quantized formalism,
p(r) becomes the operator of charge density

p(r) = —e>_ Bl(r)s(r) (7.33)

According to the general result in Chapter [2] for how second quantization of a two-particle operator
term in the Hamiltonian should be constructed, the operators must be normal-ordered in the second
quantized version of the Hamiltonian:

1 e /d3r1d3r22 wr(rl)w(t/(w)?ﬁa'(7“2)1,%(7‘1)

2547760 |r1—'r2|

He . (7.34)
oo’
The second quantized field operators were discussed in the initial chapter of this course and satisfy

the usual fermionic anticommutation relations such as {1, (r1), 1#:52)(7‘2)} = 051,0,0(T1 — T2).

The field operators ¢ can be expanded into any orthonormal set of single-electron wave functions.
Considering a crystal of ions as our model for a solid-state system, it is reasonable to use a set of
orbital wavefunctions ¢ (7) which are localized around ionic positions R (Wannier functions):

Yo(r) =Y OR(r)cRo, (7.35)
R
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where cg, are fermion annihilation operators, satisfying the same anticommutation rules as 1, (r).
Inserting this into H¢, we obtain:

1 e2
He = 3 Z (R1, Ro| — | R3Ry) % Z 0%101022026R3702CR4,01 (7.36)

dmeglry — T
R,,R3,R3,Ry 0’ 1 2‘ 0102

by using the orthonormality of the spinors and we have defined the quantity:

2

e 2

(R1, Ry |R3Ry) = /d3T1d3T2¢El(T1)¢*R2(T2) bRs(r2)9R, (1), (7.37)

47T60|’I"1 —7‘2| 47T|’I"1 —7‘2|

To make the sum over ionic position more managable, we consider the contribution Ry = Ry =
R3 = Ry first, i.e. the on-site contribution of the Coulomb interaction. We then get:

1
HC,on—site = 5 Z Z KCJ}LUl C;LJQCR,UQCR,UU (738)
R 01,02
with
K= [ Endnlo)P ol (7.30)
= T T r _— r . .
1d°ra 1 pr—— 2

Using the fermionic anticommutation relations for the cg s-operators and rearranging the operators
in Hc on-site, We obtain:

1 1
HC,on-site = 5 %: Kngnp + 5 %: KnR, (740)

with the number operator np = >, ch +CR,o- The last term simply corresponds to a change in
the reference energy level for each electron (renormalization of the chemical potential) and can be
disregarded. The first term is the density-density interaction of the Coulomb repulsion (the so-called
Hubbard U-term).

To see how spin-dependent interactions come into play in our model, we now consider the contri-
bution to H¢ from different ionic sites R;. As a first-order approximation, we can assume that
orbitals ¢ g(r) at different sites R have negligible overlap. In this case, we only have a contribution
to the integral when Ry = R4 and Ry = R3 or if R = R3 and Ry = Ry4. Inserting this into the
Hamiltonian, and using that

1
Z CTPZ,O’lchogcTR,,O'QCRyUl = §anR + 28R : 'SR (741)
701,02
where s§ =>"_ CTRp(O'gJ,)CR’a/, we get:
1 1
He exchange = 3 Z [(Ku - §J12)n1n2 —2J1281 - 82 (7.42)
Ry,Ry

upon defining

2
e
K12 = KR, R, = /d3T1d37‘2|¢R1 (T1)|2m|¢m(r2)|2,

2
Ji2 = JRy R, = /dgndgrw;zl (r1) @R, (r2) PR (12) PR (T1)- (7.43)

47T|’r’1 — ’I"g’
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We see that a spin-dependent interaction has arisen and in fact one may show that Jio > 0.
This means that the Coulomb repulsion between electrons in orthogonal orbitals always leads to
a ferromagnetic exchange interaction. Physically, one may think of this as follows: by making
their spins parallell, the electrons cannot occupy the same position in space and thus avoid strong
Coulomb repulsion. This makes their energy lower compared to if their spins were antiparallell. To
see that Ji5 > 0, we use that

1 . 4
= [ @k (2r)3ekrr2) 44
e [ nizmpe o (7.44)
we get
3 3 e? 2
Jiz = | Pk2r)>P——|I(k)? >0 (7.45)
eok?

having defined I(k) = f d37”1¢721(7“1)¢1{2 (,r.l)eik'rl'
Had we allowed for the possibility of multiple orbitals m per ionic site, i.e.

wU(T.) = Z ¢R,m(T)CR,m,aa (746)
Rm

we would also have obtained an exchange integral involving wavefunctions at different orbitals even
when just considering one particular ionic site R; = R. The conclusion, similarly to before, is
that electrons with parallel spins cannot occupy the same orbital and therefore avoid the strong
intra-orbital Coulomb repulsion.

7.5 The Heisenberg model

The above form of the spin-spin interactions can be generalized to the Hamiltonian on a lattice:

1
H=3 Z Ji;Si- 8. (7.47)
i#]
Here, we allow the coupling constant J;; to vary in strength depending on which lattice sites one

considers (a homogeneous coupling is achieved by setting J;; = J). Moreover, S; are spin operators
defined on lattice sites. They will obey the standard angular momentum commutation relations

(52,871 =1 €apyS], (. B,y = 2,y,2) (7.48)
Y

and spins on different sites commute with each other. The spin operators all have spin S where S in
principle can be integer or half-integer. This is a more general model than the spin-spin interaction
we obtained for fermions in the previous section, and it is known as the Heisenberg model. The
origin of the spin-spin interaction in the fermionic case is the exchange interaction coming from the
Coulomb interaction and the Pauli principle.

While any lattice geometry can be considered, we restrict our attention to a hybercubic lattice in
d dimension, d = 1,2,3. This is simply a chain of equidistant atoms in 1D, a square lattice in
2D, and a cubic lattice in 3D. Moreover, we will make the simplifying assumption (which is often
realistic) that the spin interactions are negligible between spins that are not nearest-neighbors, i.e.
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Ji;j is nonzero only if ¢ and j are nearest-neighbor lattice sites, in which case we further assume
Jij = J where J is a constant, and J;; = 0 for any other sites. There are then two different cases
to consider, J < 0 and J > 0. For J < 0 the interaction energy of two spins favors them to be
parallel; this is the ferromagnetic case. For J > 0 antiparallel orientation is instead favored; this is
the antiferromagnetic case.

In the previous section, we saw how the Coulomb interaction could give rise to a ferromagnetic
spin-spin interaction. We now show how antiferromagnetic spin-spin interaction also can come
about from the Coulomb interaction. It turns out that the magnetic properties of many insulating
crystals can be quite well described by Heisenberg-type models of interacting spins. Let us consider
an example based on assuming that the electrons can be described in terms of the so-called Hubbard
model, with Hamiltonian:

H=—t Z (C;FJC]‘J + hC) + UZ NNy . (749)
(i,5)0 )
T

This is probably the most important (and famous) lattice model of interacting electrons. c; . creates
an electron on site ¢ with spin o, and n;, = c;.racig counts the number of electrons with spin ¢ on site
1. In this model there is therefore one electronic orbital per site. The first term in Eq. is the
kinetic energy describing electrons hopping between nearest-neighbor sites ¢ and j, and the second
term is the interaction energy describing the energy cost U > 0 associated with having two electrons
on the same site (these electrons must have opposite spin, as having two electrons on the same site
with the same spin would violate the Pauli principle). Note that the interaction energy between
electrons which are not on the same site is completely neglected in this model. The Hubbard model
is the simplest model de- scribing the fundamental competition between the kinetic energy and the
interaction energy of electrons on a lattice. Despite much research, there is still a great deal of
controversy about many of its properties in two and three dimensions (the model has been solved

exactly in one dimension, but even in that case the solution is extremely complicated).

Rather than giving a strict mathematical derivation (which is definitely possible), we will instead
provide a physical picture for how the Hubbard model under specific circumstances gives rise to an
antiferromagnetic Heisenberg model, which provides a much stronger qualitative understanding of
the underlying physics than a purely technical derivation.

Consider a system with IV lattice sites, and assume that there are also N electrons in the system, so
the average number of electrons per site is 1. This is called the half-filled case because maximally
the system could contain 2 electrons per site (one for each spin projection T,]) and thus a total
electron number of 2N. Assume further that U > ¢. This suggests that to find the low-energy states
we should first minimize the interaction energy and then treat the kinetic energy as a perturbation.
The interaction energy is minimized by putting exactly one electron on each site; then no site is dou-
bly occupied so the total interaction energy is zero. Furthermore, whether the electron on a given
site has T or |-spin is clearly unimportant; thus any spin distribution gives the same interaction
energy, leading to a large (2N-fold) degeneracy. Moving an electron to a different site containing an
electron with opposite spin creates a doubly occupied site which is penalized by a large energy cost
U. Thus as long as we’re only interested in understanding the physics of the system for energies
(and/or temperatures) much less than U, we can neglect configurations with double occupancies.
Then, the interaction energy completely determines the charge distribution of the electrons while
putting no constraints on their spin distribution.
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However, if we now consider the kinetic energy term (cx t) as a perturbation, it is clear that (see Fig.
if neighboring electrons have opposite spins, an electron can hop (virtually, in the sense of 2nd
order perturbation theory) to a neighboring site and back; this virtual delocalization reduces the
kinetic energy. The fact that the kinetic energy is reduced by this process can be understood from
the formula for the energy correction in 2nd order perturbation theory, which is always negative
for the ground state. In contrast (see Fig. , if neighboring spins are parallel such hopping is
forbidden, as the intermediate state with two electrons on the same site with the same spin would
violate the Pauli principle. Therefore in this situation an effective interaction is generated which
favours neighbouring electrons to have opposite spin, i.e. antiparallel orientation. The resulting
effective model, valid at temperatures and energies < U, is thus the Heisenberg antiferromagnet
for the S = 1/2 electron spins, with J = 4¢2/U. Tthis expression for J can be understood from 2nd
order perturbation theory: there is one factor of ¢ for each of the two hops (first to the neighboring
site, then back) and a factor U coming from the energy denominator due to the larger energy of the
intermediate state. Therefore, the antiferromagnetic exhange interaction J comes about due to an
interplay between electron hopping, the electron-electron interactions, and the Pauli principle; the
effect of the antiferromagnetic exchange is to reduce the kinetic energy of the electrons.

Jaihal  shale Inbermediale  shale
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Figure 7.3: Illustration of why an effective antiferromagnetic interaction is generated in the half-
filled Hubbard model with U > ¢. In both (a) and (b) the transition shown is between an initial
state with an electron on each site and an intermediate state where the electron initially on site 2
has hopped to site 3. See text for further explanation. Figure taken from [6].

Finally, let us discuss the behavior of the spins, as a function of temperature, in materials described
by the Heisenberg model. At high temperatures there are strong thermal fluctuations so that the
spins are disordered, meaning that the expectation value of each spin vanishes: <S’Z> = 0. (Here the
brackets represent both a thermal and quantum-mechanical expectation value.) However, below
some critical temperature T, it may be that the spins order magnetically, meaning that the spins on
average point in some definite direction in spin space, <SZ) = 0. Whether or not such magnetic order
occurs depends on the dimensionality and type of lattice, and the range of the interactions (we will
limit ourselves to hypercubic lattices and nearest- neighbor interactions in our explicit investigation
of the Heisenberg model). If magnetic order occurs with T, > 0, then, as the temperature is lowered
from T, down to zero, (S’Z> will increase and reach some maximum value at zero temperature.
The critical temperature T, is called the Curie temperature (T¢) in ferromagnets and the Neel
temperature (Tx) in antiferromagnets. The spin ordering pattern in two magnetically ordered
phases are illustrated for a square lattice in Fig. In the ferromagnetic case (J < 0) all spins
point in the same direction while in the antiferromagnetic case (J > 0) neighboring spins point in
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opposite directions.

Figure 7.4: Average spin directions in phases with (left) ferromagnetic and (right) antiferromagnetic
order on the square lattice. The ordering direction is arbitrary. Figure taken from [6].

7.6 The Holstein-Primakoff representation

Note that the commutator of two spin operators is itself an operator (see Eq. ), rather than
just a complex number (c-number). This makes it much more complicated to work directly with
spin operators than with canonical bosonic (fermionic) creation and annihilation op- erators whose
commutators (anticommutators) are just c-numbers. It would therefore be advantageous if one
could represent the spin operators in terms of such canonical bosonic or fermionic operators and
work with these instead. Fortunately quite a few such representations are known. In these lectures
we will make use of the so-called Holstein-Primakoff (HP) representation which expresses the spin
operators on a site j in terms of canonical boson creation and annihilation operators al and aj as

J
follows:

+ o A~
Sj = \/23 — njaj,

— 4 -
Sj = CLJ»\/QS — Ny,
S =S8 —n;. (7.50)
Here, we have introduced the raising and lowering operators Sji = Sf :tiSjy. The operator f; = a;r-aj
is the number operator for site j, counting the number of bosons on this site. AS the allowed
eigenvalues of Sf are —S,—S +1,..., we see that the boson number must satisfy the constraint

(Ry) < 28. (7.51)

Also note that the expressions for S;f and S; are Hermitian conjugates of each other, as they should
be. It can be shown that the spin commutation relations Eq. and the relation % = S(S + 1)
follow from the HP representation and the bosonic commutation relations [a;, a;'-] =1 etc. As will
hopefully become clear in the next couple of sections, the HP representation is very useful for study-
ing magnetically ordered states and their excitations. The reason for this is related to the fact that
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the vacuum of the a; bosons (i.e. the state with no such bosons) is the state corresponding to the
maximum eigenvalue S of S7.

Performing the HP transformation on the Heisenberg Hamiltonian, one generally obtains linear
terms in a,a’. However, these terms must vanish so long that the we are expanding around the
classical ground-state spin configuration. The reason is as follows. The classical ground-state yields
the lowest energy. Thus, introducing any additional parameters in the model which change the spin
configuration (which is what the HP transformation does) can only increase the energy. Considering
then a,a as such additional parameters, it is clear that the ground-state of H(a,a') is obtained at
OH/0a = OH/da’ = 0 since this minimizes H with respect to the additional parameters. Therefore,
the coeflicients associated with the linear terms must vanish, and thus the linear terms vanish all
together. In summary, the zeroth-order contribution gives the classical ground-state energy, the
terms linear in the boson operators vanish when the classical ground-state is used to define the local
spin frames, and the quadratic terms describe the spin-excitations.

7.7 Ferromagnetic Heisenberg model: magnons and Mermin-Wagner the-
orem

We will now begin our study of the Heisenberg model Eq. using spin-wave theory. We will
first consider the ferromagnetic case, with J < 0 (which can be written J = —|J|). It will be
convenient to rewrite the Hamiltonian in terms of the raising and lowering operators S]j-c. Also since
we’re only considering nearest neighbor interactions we can write j = ¢ + § where d is a vector
connecting nearest-neighbor sites. Actually to avoid counting each interaction twice we will take &
to run over only half the nearest neighbor vectors. We will consider hypercubic lattices only. Thus
in 1D, we take § = +2, in 2D § = +Z,+9 and so on. This gives

H o= 03 (L7 8505+ 5, 50,5+ 57505 (75
2,0

The state with all spins pointing along z, i.e. S7 = S'is a ground state of the Heisenberg ferromagnet.
This should be intuitively quite reasonable, and it can be proven easily. First let us show that it is
an eigenstate. When we apply Eq. to this state, the part involving the ladder operators give
exactly zero because the operators S;-r kill the ground state since it already has maximum S5 which
therefore cannot be increased further. Acting with the S7S% gives back an energy —|J |S2Nz/2
times the same state, where z is the number of nearest neighbors. This shows that this state is an
eigenstate. To show that it is also the ground state, we note that the minimal energy possible is
given by

By =—|J|Y max(S; - Sis). (7.53)
,0
It can be shown that max(S; - S;is) = S?, which gives Ey = —|J|S2Nz/2, the same as above.

Hence, the state in question is indeed a ground state.

We will now use the HP representation to study the Heisenberg ferromagnet, especially its excita-
tions. As noted earlier we will consider a hypercubic lattice in d spatial dimensions, i.e. a standard
lattice in one dimension, a square lattice in 2 dimensions, and a cubic lattice in 3 dimensions. The
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theory that will be developed is known as spin-wave theory. A natural guess for the low-energy
excitations would be that they just correspond to small collective oscillations of the spins around
the ordering direction (which we choose to be the z direction). Thus these oscillations, which are
called spin waves, make <Sj> less than the maximum value S. In terms of the HP representation
this means that the boson number (f;) is nonzero, see Eq. (7.50). If this boson number (f;) is much
smaller than S the reduction in S7 is small (i.e. very weak oscillations) and one might expect that
an expansion in a small parameter proportional to (7;)/S would make sense. One might expect this
to work better the larger S is, since one might guess that increasing S would make this parameter
smaller (we’ll verify this explicitly later). On the other hand, if it should turn out that (n;)/S is not
small (this is something we’ll have to check at the end of our calculation), then our basic assumption,
that spin-waves are just weak oscillations around an ordered state, is wrong or at least questionable,
and we may have to conclude that the system is not magnetically ordered after all. For example,
this will be the conclusion if (7;) /S turns out to be divergent, which we’ll see some examples of later.

The above indicates that spin-wave theory is essentially a 1/S expansion. It is semi- classical in
nature, which follows since the limit S — oo corresponds to classical spins, which can be seen e.g.
from the fact that the eigenvalues of S’lz are S(S+1) = S?(1+1/5). If the spins were just classical
vectors of length S, the square of their length should be just S2. Instead we see that there is a
correction factor (14 1/S) due to the quantum nature of the spins. As the correction factor goes
to 1 in the limit S — oo, this limit corresponds to classical spins.

7.7.1 Magnons

Let us now discuss the spin-wave theory for the Heisenberg ferromagnet in detail. As noted earlier,
in both the quantum and classical ground state all the spins point along the same direction, which
we will take to be the z direction. We then rewrite the spin operators in the Heisenberg Hamiltonian

in terms of boson operators using the HP representation. We write /25 —n; = vV25,/1 —n;/25

and expand the last square root here in a series in the operator 7;/2S. This gives

H = —|J|INS?2/2 — |J|S Z[agﬂsai + a;ai_i'_& — a;rai - aj+5ai+5} (7.54)
7,0

Here, N is the total number of lattice sites and z is the number of nearest neighbors and given by
z = 2d for a hybercubic lattice. Note that after performing the summations, the two last terms
inside the square brackets are in fact identical. We have only included terms of O(S) and O(S?) in
the Hamiltonian. To this order, the HP representation reduces to

Sj— ~V QS’aj,
S7 ~28al,

S5 =8 - a}aj. (7.55)
The term linear in S is quadratic (also said to be bilinear) in the boson operators and can be di-
agonalized. As it is quadratic, it corresponds to noninteracting bosons. Terms in the Hamiltonian
which are higher order in the 1/S expansion (not shown) contain four or more boson operators and
thus represent interactions between bosons. However, these are suppressed at least by a factor 1/
compared to the O(S) noninteracting term and one can thus hope that their effects are small (at
least at large S and when the boson number is small) so that they can either be neglected to a first
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approximation or be treated as weak perturbations on the noninteracting theory.

We now proceed to diagonalize the Hamilton-operator. In the ferromagnetic case, this can be
accomplished by first introducing Fourier-transformed boson operators as follows:

1 —ik-r;
ap = —— e g, 7.56

This is just a variable transformation so that there as many operators ag as there are operators a;.
The inverse transformation is

a; i (7.57)

1
= — e
o
By using periodic boundary conditions, we impose specific values that k can take. Such boundary
conditions imply that for instance a; = a;4 N,z where NN, is the number of sites in the z-direction.

This is satisfied if e?*=Ne = 1, so that ky = 27n, /N, where n, is an integer. It is customary to
choose n, to take N, successive values

N, N, N
- ——4+1,...— -1 .
e (7.58)

For simplicity, we assumed here that N, is even so that N,/2 is in fact an integer, but one can
choose such a series of values even if N, is odd. Then, k, takes values in the interval [—m, 7). Doing
the same for all directions, the resulting k values lie within the first BZ. An important aspect of
the above transformation of the a-operators is that it preserves the commutation relations, so that
[ak, a;rc,] = 0p g7 and so on. Using that ) ; eilk—k)ri — Ny, p (see exercise for proof), one obtains

H=FEy+ ZwkaLak, (7.59)
k
where
Ey = —|JINS?2/2, wp, =2|J|S Y (1 —cosk - §). (7.60)
4]

This equation describes a Hamiltonian which is simply a bunch of independent harmonic oscillators,
each labelled by a wavevector k. The quanta of the harmonic oscillators are called magnons: they
are the quantized spin wave excitations (just like phonons are the quantized lattice vibrations in a
crystal) with energy wg. It is also referred to as a free magnon gas. In the limit k — 0, we have

wi >~ | J|S|k|?. (7.61)

As a magnon with wavevector k costs an energy wg > 0, the ground state has no magnons, i.e.
(ng) = 0 at zero temperature. The ground state energy is therefore simply Ey which is the inter-
action energy of all spins pointing in the same direction with maximal projection S along the z
axis. As the temperature is increased, magnons will be thermally excited. Since they are just non-
interacting bosons, the mean number of magnons with momentum k is given by the Bose-Einstein
distribution function

(k) = —Z5— (7.62)
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The magnetization M = % >_;(8i) is a natural measure of the strength of the amgnetic order
in the system. If M = |M] is positive (zero) we say that the system is (is not) ferromagnetically
ordered. The larger M, the stronger ferromagnetic order. We say that the magnetization is an order
parameter for the ferromagnetic phase. By definition, as we have seen earlier, an order parameter
for a given type of order is a quantity that is nonzero in the phase(s) where that order is present
and is zero in other phases. With the ordering direction being the z direction, we get

1 . 1 A\

M:NZ@» ZS—N%:(W =S5 — AM. (7.63)
7

Let us compute AM at low temperatures. First, introduce an artificial wavevector cutoff ky which

is the smallest wavevector in the k-sum: the real system is then obtained by taking ko — 0. We

also introduce another wavevector k > ko which is defined by wg < kgT < |J|S. This means in

particular that for |k| < k, the quadratic form of the dispersion is valid. This gives

1 1 1
aM=5( Y et X mmro1) (7.64)

ko<|k|<k |k|>k
The second term is independent on k¢ and finite. However, we may neglect it because the first term
turns out to be infinite! To see this, convert the sum to an integral and expand the exponential
(using |J|S?k? < kgT) to get

k
AM / dk k41 (7.65)
k

0

k:BTOCkBT kio+...,d:1
|J|Sk2 ~ |J|S | —logko +..., d =2

Therefore we see that, at nonzero temperatures in one and two dimensions, AM diverges as the
cutoff kg is sent to zero. Therefore our initial assumption that this correction is small, is found to
be wrong for these cases (note that the quantity AM/2S is the expectation value of the average
over all sites of our original expansion parameter n;/2S, which we assumed to be small when we
expanded the square roots in the HP expression). Thus we conclude that M = 0 (i.e. there is no
ferromagnetic order) at finite temperatures for the Heisenberg model in one and two dimensions.
For the case of three dimensions, it can be shown that AM o« T3/2 as T — 0. Thus, spin-wave
theory predicts that ferromagnetic order is stable, in effect M > 0, at sufficiently low temperatures
in three dimensions (see one of the exercises for derivation).

7.7.2 Mermin-Wagner theorem

In quantum field theory and statistical mechanics, there exists a famous theorem which provides
limitations on when long-range order, such as a ferromagnetic phase, can exist. This is known as
the Mermin-Wagner theorem [Mermin and Wagner, Phys. Rev. Lett. 17, 1133 (1966)]:

At any non-zero temperature, there can be no long-range order coming from the spontaneous break-
g of a continuous symmetry in a one- or two-dimensional system with isotropic and sufficiently
short-ranged interactions.

This theorem indicates that long-range fluctuations can be generated with little energy, thus low-
ering the entropy of the free energy F' = U — T'S of the system, and destroying any order. This
is exactly what we saw happen due to the spin-waves above for d = 1 and d = 2 dimensions. In
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the ferromagnetic case, we are spontaneously breaking the spin-rotational symmetry of the Hamil-
tonian, causing a long-range ordering of the electron spins.

The situation changes if we add a magnetic easy-axis to the system. This means that there exists
a direction in space along which it is most favorable for the spins to point. The physical origin of
such a magnetic easy-axis is spin-orbit interactions. This causes an anisotropy in the Hamiltonian,
described by an additional term — ) . K Sgﬂ-. The origin of a favored magnetization direction can
be understood by noting the the electron spins in the atomic orbitals will interact with the crystal
structure via spin-orbit interactions in the following way. The electron spin moments are coupled
to the spatial distribution of the electron cloud (the orbitals) via spin-orbit interactions x S - L
where L is the orbital angular momentum of the electron. If we try to rotate the electron spins
with a magnetic field, the orbitals will thus try to follow them by also rotating in space, as shown
in Fig. The orientation of the orbitals relative neighboring orbitals will now determine the
energy cost of this. If the orbitals overlap along a certain direction, an additional energy cost can
be incurred due to Coulomb repulsion. Therefore, some orientations of the magnetization caused
by the electrons are favorable. This produces so-called easy-axes in a magnet.

Put differently, the electron spin orientation affects the orientation of the electronic wave-functions

due to spin-orbit interactions. Since different electronic wavefunctions have different Coulomb in-
teraction, the spin orientation has an associated energy.

overla

Higher energy

%%%N%%
%%%%%

small overlap Lower energy

Figure 7.5: Illustration of how orbital overlap determines a preferred magnetization orienta-
tion in a ferromagnetic crystal. Figure taken from https://magnetism.eu/esm/2023/slides/
esm2023-iglesias-slides—-1.pdf.

The presence of an anisotropy breaks the assumption of isotropic interactions in the Mermin-Wagner
theorem. The system is no longer isotropic: the z-axis is special in the example above. Inserting
the HP-transformation into such a term can straightforwardly be seen to introduce a gap « K in
the dispersion relation wg for the magnons, so that wr—y o K. With such a dispersion, magnetic
order is stabilized even in d =1 or d = 2.
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Another way to break the Mermin-Wagner theorem is by making the interactions sufficiently long-
ranged. The precise mathematical criterion for ’sufficiently’ can be found elsewhere. Here, we
merely give an example. For instance, had we assumed a longer-range interaction between the
spins in our model of a ferromagnet (coming e.g. from dipole-dipole interactions), the dispersion
relation wy, would have changed. In turn, this could remove the divergence coming from the lower
integration limit (ko) in the magnetization integral, again providing a finite magnetization even at
zero temperature.

7.8 Antiferromagnetic Heisenberg model and magnons

We next turn to the antiferromagnetic case J > 0 of the Heisenberg model. As the ground state for
classical spins has the spins on neighbouring sites pointing in opposite directions, one might naively
guess that the ground state in the quantum case is analogous, thus having maximal and opposite
spin projections +.S on neighboring sites. Such a state can be written

1S I =S =IN). (7.66)

jEA leB

Here A and B denote the two sublattices such that the spins on A (B) sites have spin projection S
(—S), i.e. the states | £ S) are eigenstates of S, for the given lattice site with eigenvalue +S. It is
however easy to see that | V) can not be the ground state, and is in fact not even an eigenstate, for
the Heisenberg model for finite values of S. Acting with the Heisenberg H on this state, the quantum
fluctuation terms involving the spin raising and lowering operators change the state so that H|N)
is not proportional to |N). Note that this did not happen in the ferromagnetic case because then
the ST operators always killed the ferromagnetic ground state, leaving only the contribution from
the 5757 part of the Hamiltonian. Consequently, quantum uctuations play a much more important
role in the antiferromagnetic case, as they change the ground state (and its energy) away from the
"classical” result. Although the ground state is not given by |N), it may still be that the ground
state has antiferromagnetic order, i.e. that the spins on sublattice A point predominantly in one
direction (taken to be the z direction here) and the spins on sublattice B point predominantly in
the opposite direction. (If so the state |[N) captures the structure of the true ground state at least
in a qualitative sense.) To investigate this possibility we again develop a spin-wave theory based on
expanding the square roots in the HP expansion. On the A sublattice where the spin projection is
4S5 we use the standard expressions:

Sjgj =4/25 — a;r»ajaj,
Zj = ; 25 — a}aj,
Si; =S —alaj. (7.67)

However, on the B sublattice where the spin projection is —S, we must modify the HP expressions

according to reflect this:
S, =bl\/28 — blb;,

Sp; =1\/25 —blbjb;,
Sh; = —S+bib;. (7.68)
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Compared to the expressions on the A sublattice, these modified expressions correspond to the
changes ST <+ S, §% — —S%, which preserve the commutation relations, which shows that the
HP expressions for sublattice B are indeed correct. Note that different boson operators a; and b;
have been introduced for sublattices A and B respectively. The indices j run over the sites in A
and B respectively. Inserting the HP expressions in the Hamiltonian, expanding the square roots
and keeping terms to order S in the Hamiltonian, we get

H=17" [S(ajbjss+hc)+ S(ala; + bl sbj\5) — 57
jEA
. 4 al aeis) — G2
+J > [S(bjajis +he) + Sblb; +al, sa5.5) — 57, (7.69)
jEB,S

Introducing Fourier-transformed operators we get
ag = 1 Z e FTig;
VNA S "

1 .
b = e kg, 7.70
e JGZ; (7.70)

where Ng = Np = N/2 is the number of lattice sites in each sublattice.
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Figure 7.6: Crystal Brillouin zone and magnetic Brillouin zone in (a) one dimension and (b) two
dimensions. Figure taken from [6].

The commutation relations are standard bosonic, i.e. the only nonzero commutators are [ag, aL,] =

[k, b};,] = O k- We choose the k-vectors to lie in the Brillouin zone associated with each sublattice.
(Since the two sublattices are identical, their Brillouin zone is also identical). This Brillouin zone is
called the magnetic Brillouin zone to distinguish it from the Brillouin zone associated with the full
lattice which is called the crystal Brillouin zone. In one dimension periodic boundary conditions
gives ajyn,.2: = a; (the factor of 2 comes from the fact that the spacing between neigboring sites
in the sublattice is 2, not 1) which gives k, = 2mn,/(2N4). Choosing the N4 values of n, which
lie closest to 0 (i.e. ny = —Na/2,...N4/2 — 1) then gives k, [[r/2,7/2). Thus the length of the
magnetic Brillouin zone is half the length of the crystal Brillouin zone |7, 7). In two dimensions the
two sublattices are oriented at a 45 degree angle with respect to the full lattice and have a lattice
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spacing which is /2 larger. It follows from this that the magnetic Brillouin zone is a square oriented
at a 45 degree angle with respect to the crystal Brillouin zone and has half its area. These facts are
illustrated in Fig. To distinguish k-sums over the full and magnetic BZ, we will use k € O and
k € o, respectively.

. i(ke—k'Y .. . . . .
Using > JEA eilk=k)"rj — N A0 and inserting our Fourier-transformed operators, we obtain

H=-NJS*2/2+ 7Sz k € ofyu(arb_i + afb’ ;) + afar + bjbi] (7.71)

where we defined
2
= - k-0). 7.72
=2 S etk (.72

This Hamiltonian can now be diagonalized (see one of the exercises) and one arrives at the following
Hamiltonian describing a free magnon gas with two species of magnons « and f:

H = Ho+ Y wilofor + BLBk). (7.73)

keo

Here, we have defined the magnonic dispersion relation

wy = JSzy/1— 7 (7.74)

and the ground-state energy

Ey=-NJS?2/2 - NJSz/2+ ) wi (7.75)
keo

The operators aL and ﬁ,t create magnon excitations with wavevector k and energy wg. These

magnons are bosons, and are noninteracting in the approximation used here (i.e. when only including
terms of O(S) and O(S?) in the Hamiltonian). Note that in this antiferromagnetic case, for each
k there are two types of magnons which are degenerate in energy. On the other hand, the k sum
goes over the magnetic Brillouin zone which only has N/2 k-vectors, so the total number of magnon
modes is 2- N/2 = N, the same as for the ferromagnetic case. Note that as k — 0,wg — 0 as in the
ferromagnetic case, but unlike the ferromagnetic case, for which a quadratic dispersion wy oc |k|?
was found in this limit, in the antiferromagnetic case we have instead a linear dispersion,

wk x |k| as k — 0. (7.76)

In the ground state of H, let’s call it |G), there are neither o or 5 magnons since they cost an
energy wg > 0. Thus, we can define the ground state by the relations

ag|G) =0, Bk|G) = 0 for all k. (7.77)

This gives H|G) = Eo|G). The first term in Ey, which is oc S2, is just the ground state energy of a
classical nearest-neighbor antiferromagnet of spins with length S. The other terms, which are o S,
represent quantum corrections to the classical ground-state energy. The resulting correction AF is
actually negative:

AE =) w,—NJSz/2=J52) [\/1-12—1]<0 (7.78)

k k
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Thus, quantum fluctuations lower the energy of the system. Note that AE = 0 in the ferromagnetic
case, so there are no fluctuations in the FM ground state.

Let us next investigate the amount of magnetic order in the system. Thus we need to identify an
order parameter for antiferromagnetic order. Note that the magnetization M = (1/N) " .(S;) can
not be used since it is zero in the presence of antiferromagnetic order, because the two sublattices
give equal-magnitude but opposite-sign contributions to M. Instead the natural order parameter
is the so-called sublattice magnetization, defined by averaging (S;) only over the sites of one of the
two sublattices. Without loss of generality, let us pick sublattice A, where the putative ordering is
in the z direction. The magnitude of the sublattice magnetization is thus

My = z\}A S (55 =5 - A; S (alax)- (7.79)

JEA keco

The correction AM 4 to the classical result S is therefore

1 f
AMa = Na %;fakak)

_ NZA S 2 (afan) + vl (B-kBT , + ukvr(aRBog +hec)]. (7.80)
keo

These expectation values are both thermal and quantum, and are evaluated (see one of the exercises)
to yield

AM, = —%—Fiz (nk+1># (7.81)

NAkeo 2 \/1_7]3

This expression has a temperature-dependent part coming from nk (note that ng = 0 at 7' = 0)
and a temperature-independent part coming from the two terms containing the factor 1/2. Let us
first consider the case of zero temperature. In one dimension the k-sum (note that v, = cosk in
one dimension) becomes:

1 1 T2 gk
N—Zi x lim / — (7.82)
A & 1— 7]% ko—0 ko Sin

The most important contribution to this integral comes from the small-k region where we can ap-
proximate sin k ~ k. Thus the leading term becomes fko dk/k = —log(ko) — oo for kg — 0. Thus
AM 4 diverges even at zero temperature. We must therefore conclude that for this one-dimensional
case our assumption that the system was magnetically ordered is invalid and so is our truncated
spin-wave expansion. Note that this conclusion holds for any S. In two dimensions at zero temper-
ature AM 4 is still nonzero so quantum uctuations do reduce the magnetization, but the correction
turns out to be small enough, AMy ~ 0.2 so that even for the lowest spin, S = 1/2, spin-wave
theory indicates that the system is ordered at zero temperature for a square lattice. This is also
in agreement with other methods. In three dimensions AM4 is even smaller so the order is more
robust then. Next we consider finite nonzero temperatures. We just summarize the results that are
ob- tained by analyzing the above expression for AM 4 (which, we stress, is valid for a hypercubic
lattice). In one dimension there is of course no antiferromagnetic order since none existed even at
zero temperature. In two dimensions it turns out that the order does not survive at finite temper-
atures, so the spin-wave approach again is invalid. In three dimensions the system is ordered at
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sufficiently low temperatures.

In Fig. below we summarize the main conclusions we have obtained from applying spin-wave
theory to the Heisenberg ferromagnet and antiferromagnet on a hypercubic lattice in d spatial
dimensions (d = 1,2,3). ”Ordered” means spin-wave theory predicts magnetic ordering of the
ferromagnetic/antiferromagnetic type, ”disordered” means spin-wave theory predicts the absence of
such order.

Ferromagnet Antiferromagnet
d=1,T=0 Ordered Disordered
d=1,T>0 Disordered Disordered
d=2,T=0 Ordered Ordered
d=2,T>0 Disordered Disordered
d=3,T=0 Ordered Ordered
d=3,T >0 | Ordered (at low 7) | Ordered (at low T')

Figure 7.7: Summary of magnetic order at zero and finite temperature for different dimensionality
for both FM and AFM order. Figure taken from [6].

7.8.1 Experimental measurement of magnon dispersion

One of the most prominent ways to characterize magnetic materials is neutron scattering. This
is made possible due to the fact that neutrons have spin and a magnetic moment E] This allows
neutrons to investigate the magnetic structure of materials, including magnetic excitations. The
energy lost in the neutron beam is left in the sample, as shown in Fig. and can excite spin waves.

By measuring the intensity of neutrons at wavenumbers shifted from the initial neutrons, the magnon
dispersion can be reconstructed. More specifically, the scattering cross section of the neutrons for
scattering on phonons and magnons with a given dispersion relation can be derived analytically.
One then compares the experimentally observed differential scattering cross section and its angular
dependence with this analytical expression. This provides information about how the phonon or
magnon dispersion must look like in order to match the experimental data. One can distinguish
between the contribution from phonons and magnons by looking at for instance how the scattering
cross section depends on the momentum transfer Q = ky — k; of the neutrons. This dependence is
different for phonons and magnons. The magnitude of the inelastic scattering cross section of the
neutrons can be of similar magnitude for phonon and magnon scattering.

7.9 Magnetic resonance

In this chapter we discuss dynamical magnetic effects associated with the spin angular momentum
of nuclei and of electrons, rather than static phenomena and ordering considered in the previous
sections. The principal phenomena are often identified in the literature by their initial letters, such
as

!The neutrons have zero net charge but still feature a magnetic moment due to its internal charge-structure from
the quarks.
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Figure 7.8: Bombarding a sample with neutrons, which carry magnetic moment, allows them to
interact with magnetic excitations in the material due to their dipole-dipole interaction. By compar-
ing the outgoing neutron momentum with the incoming momentum, one infers information about
the magnetic excitations in the sample that the neutrons have scattered on. Figure taken from [13].

e NMR: nuclear magnetic resonance
e EPR: electron paramagnetic resonance
e FMR: ferromagnetic resonance

e AFMR: antiferromagnetic resonance

Resonance studies provide information about the internal effective magnetic field in a sample (which
can have a lot of different physical contributions), mechanisms providing relaxation of magnetiza-
tion dynamics, and collective spin excitations in a material.

It is best to discuss NMR as a basis for a brief account of the other resonance experiments. A great
impact of NMR has been in organic chemistry and biochemistry, where NMR provides a powerful
tool for the identification and the stnicture determination of complex molecules. A major medical
application of NMK is magnetic resonance imaging (MRI), which allows the resolution in 3D of
abnormal growths, configurations, and reactions in the whole body.

7.9.1 Nuclear magnetic resonance

Consider a nucleus that has a magnetic moment g and an angular momentum AI. They are related
by

p = ~yhI (7.83)

where the gyromagnetic ratio v < 0 is constant. The energy of interaction with an applied magnetic
field B, is

U=—p-B,. (7.84)
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For B, = Byz, we get
U = —~yhByl, (7.85)

and the allowed values for I, are my = I,1—1,...—I. In a magnetic field of a nucleus with I = 1/2
there are two energy levels corresponding to m; = +1/2. Let hwy denote the energy difference be-
tween the two levels, from which it follows that wg = vBy. This will turn out to be the fundamental
condition for magnetic resonance absorption: when the frequency of an applied ac radiation field
matches wg, a resonance occurs.

For the proton, v = 2.675 x 10® s™! T~!, giving
v(MHz) = 42.58 By(Tesla) (7.86)
where v is the frequency of the applied radiation field. For the electron spin, one instead obtains

v(GHz) = 28.0B(Tesla) (7.87)

Equations of motion
The rate of change of angular momentum of a system is equal to the torque that acts on the system.
The torque on a magnetic moment w in a magnetic field B is g x B, so that we get the equation

hdI/dt = pu x B, (7.88)
which can be rewritten to
dp/dt = yp x By. (7.89)
The nuclear magnetization M is the sum ), u; over all the nuclei in a unit volume. Thus,
dM /dt =~vM x B, (7.90)

Note that the same equation would apply to the magnetization from other sources, like from polar-
ized itinerant electrons or localized polarized electrons in orbitals. Let B = BgZz be a static field. In
tehrmal equilibrium, the magnetization will point along z: M, = M, where My is a material-specific
constant.

The magnetization of a system of spins with I = 1/2 originates from the population difference
Nj — Ny of the lower and upper energy levels, so that M, = (N7 — No)u where the N's refer to
the population in a unit volume. The population ratio in thermal equilibrium is provided by the
Boltzmann factor from statistical mechanics E] for the energy difference 21 By:

(~:

N1>o — exp(—2uBo/k5T) (7.91)

so that the equilibrium magnetization is My o p - tanh(uB/kpT). When the magnetization M, is
not in thermal equilibrium, it is reasonable to suppose that it over time will approach its equilibrium
value at a rate proportional to the departure from Mjy:

dM. My — M,
a

(7.92)

2Boltzmann postulated that in a system with a macroscopic number of particles, the probability that a certain
energy level should be occupied is a function of the temperature and energy of the level according to e #F /Z where
Z is the partition function. Thus, the ratio of probabilities is governed by the energy difference between two states.



162 Chapter 7. DIAMAGNETISM, PARAMAGNETISM, AND ORDERED MAGNETIC STATES

It is standard to refer to 717 as the longitudinal relaxation time or the spin-lattice relaxation time. If
an unmagnetized speciment is placed in a magnetic field Byz at t = 0, then using this as a boundary
condition for the above equation of motion provides the solution

M (t) = Mop[1 —e7¥/T1]. (7.93)

The physical origin of the relaxation is the interaction of the magnetization with other degrees
of freedom in the system, such as phonons, causing it to relax back to its ground-state. Typical
processes whereby the magnetization approaches equilibrium are shown in Fig. The dominant
spin-lattice interactions of paramagnetic ions in crystals is by the phonon modulation of the crys-
talline electric field. Relaxation proceeds by three principal processes: direct emission or absorption
of a phonon; Raman scattering of a phonon; and Orbach intervention of a third state.

We can now include the relaxation coming from spin-lattice relaxation in the equation of motion in

Eq. (7.90):

dM,

MO - MZ
dt '

Th

=~v(M x B,), + (7.94)
If in a static field Bpz the transverse magnetization component M, and M, is not zero, then they
will decay to zero which is their equilibrium value. To describe this, we introduce the transverse
relaxation time 75 entering the equation of motion as

dM,

M
Y — (M X B)yy — —2¥, 7.95
dt ,‘Y( X )x,y TQ ( )

Since the magnetic energy —M - B, does not change as M, , varies, no energy needs to flow out
of the magnetic part of the system during relaxation of M, ,. Which one is greater of T and T3 is
material-specific. The above set of equations for the magnetization components M, , . are collec-
tively known as Bloch equations. The time 75 is a measure of the time during which the individual
moments that contribute to M, , remain in phase with each other. Different local magnetic fields
at the different spins will cause them to precess at different frequencies. If initially the spins have
a common phase, the phases will become random in the course of time and the values of M, , will
become zero. We can think of 75 as a dephasing time.

In experiments an rf magnetic field (this is what we previously referred to as an AC radiation field)
is usually applied along the & or ¢ axis. Our main interest is in the behavior of the magnetization in
the combined rf and static fields, as in Fig. We first determine the frequency of free precession
of the spin system in a static field B, = Byz with M, = M. The Bloch equations turn into

S = 1BoMy — o=, T —BoM, — ¥, S (7.96)
We look for damped oscillatory solutions of the form
M, = me T cos(wot), M, = —me """ sin(wot). (7.97)
Substituting into the Bloch equations gives
wo =By, T' = Ts. (7.98)

This is exactly the announced resonance frequency condition for free precession. We could have
started with a more general ansatz for M, , in terms of amplitudes and harmonic functions, but the
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Insulator Metal

Direct Raman Orbach
UT) =T UT, « T7 or T® T, « exp(-A/kgT)

Figure 7.9: Upper row: Some important processes that contribute to longitudinal magnetization
relaxation in an insulator and in a metal. For the insulator we show a phonon scattered inelastically
by the spin system. The spin system moves to a lower energy state, and the emitted phonon
has higher energy by hwp, than the absorbed phonon. For the metal we show a similar inelastic
scattering process in which a conduction electron is scattered. Lower row: Spin relaxation from
2 + 1 by phonon emission, phonon scattering, and a two-stage phonon process. The temperature
dependence of the longitudinal relaxation time T is shown for the several processes. Figure taken
from [7].

solution would nevertheless have ended up being the same. The behavior of M, ,(t) is similar to
that of a damped harmonic oscillator in two dimensions. The analogy suggests correctly that the
spin system will show resonance in the absorption of energy from a driving field near the frequency
w = wy, so that constantly supplying radiation at this frequency will enable the magnetic system to
uphold its precession. The frequency width Aw of the peak shown in the absorption of the system
as a function of the frequency of the driving field will scale like 1/75.

The absorption of the energy can be shown to be determined by the imaginary part of the dynamic
magnetic susceptibility. In other words, magnetization relaxation will cause a broadening of the
resonance peak. This is a general feature of states with a finite lifetime, also seen in completely
different fields of physics. In particle physics, the production of particles with a finite lifetime
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Specimen

To f supply and circuit
for measuring inductance

|B0 (static)
and losses.

Figure 7.10: Left: schematic arrangement for magnetic resonance experiments. Right: experimental
measurement of proton resonance absorption in water as a function of the frequency of the rf field.
Figure taken from [7].

will turn up as resonance peaks when measuring the scattering cross section for a process. The
shorter the lifetime of the particle is, the broader the peak is. In our particular example above, one
proves formally that the width of the resonance peak scales like 1/75 by including the rf magnetic
field in the analysis and identifying the steady-state solution of the Bloch equations (i.e. where
dM;/dt = 0). Fig. shows the absorption peak due to magnetic resonance of protons in water.

Note that the presence of internal fields, such as dipolar interactions, will affect both the value of the
resonance frequency and the line width of the peak. For instance, at a fixed frequency the resonance
of a nuclear spin is observed at a slightly different magnetic field in a metal than in a diamagnetic
solid. The effect is known as the Knight shift or metallic shift and is vahiable as a tool for the study
of conduction electrons. The interaction energy of a nucleus of spin I and gyromagnetic ratio vy is:

U = —(—1hBo + a(S:)) 1 (7.99)

where the first term is the interaction with the applied magnetic field By, and the second is the
average hyperfine interaction of the nucleus with the conduction electrons. The average conduction
electron spin (S,) is related to the Pauli spin susceptibility xpawi, of the conduction electrons:
M, = gNup(S.) = xpauwiBo. Therefore, the interaction may be written as

aXPauli AB

U= ( — il m)BOIZ — —y1hBo (1 n B—O)IZ. (7.100)

The Knight shift K is defined as

AB -
K =22 _ _9XPauli (7.101)
By gNupyrh

and thus provides an effective fractional change in the gyromagnetic ratio y; due to the response
of the conduction electrons. In metallic elements like Al, K, V, Cr, the Knight shift is typically of
order a few percent.

7.10 Electron paramagnetic resonance

The phenomenon of electron paramagnetic resonance is conceptually similar to nuclear magnetic
resonance, except that it is the spins of unpaired electrons rather than nuclei that respond to the
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magnetic field and radiation.

In the presence of an external field By, the separation between the lower and upper energy level for
an electron due to Zeeman-splitting is AE = g.upBy. An unpaired electron can change its electron
spin by either absorbing or emitting a photon of energy Aw so long that the resonance condition
AFE = hw is fulfilled. By experimentally measuring at what frequencies electromagnetic radiation
is absorbed/emitted from a material subject to an external field By, one thus gains information
about the spin splitting of energy levels in the materials. This can in turn be used to determine the
effective g-factor for electrons in a material, which due to interactions between the electron and its
environment can deviate strongly from the free electron value g, ~ 2.

A simplified way to think of this is the following. An unpaired electron will feel not only an applied
external field By, but also any local magnetic field provided by the atom or molecules. The effective
field Beg felt by the electron can therefore be written

Bet = Bo(1 — o) (7.102)

where o can be both positive or negative and accounts for the effect of local fields. The resonance
condition for EPR is then

hv = gejip Begr (7.103)
which can be rewritten as
hv = gegiipBo where gef = ge(l - 0-)~ (7104)

This equation can then be used to determine the effective g in an experiment by measuring the field
and the frequency at which the resonance occurs. The magnitude of change of g, which can arise
for instance due to spin-orbit coupling, then gives information about the atomic orbital containing
the unpaired electron.

7.10.1 Ferromagnetic resonance

Spin resonance at microwave frequencies in ferromagnets is similar in principle to nuclear spin res-
onance. The total electron magnetic moment of the specimen precesses about the direction of the
static magnetic field, and energy is absorbed strongly from the rf transverse field when its frequency
is equal to the precessional frequency. We may think of the macroscopic vector S representing the
total spin of the ferromagnet as quantized in the static magnetic field, with energy levels separated
by the usual Zeeman splitting.

It turns out that the shape of the specimen plays an important role due to demagnetization factors
coming from the demagnetization field. The demagnetization field is a magnetic field generated by
the magnetization of a material. It is a field that therefore appears in ferromagnets, but also in
superconductors due to the magnetization created by screening currents. The demagnetization field
can be understood by considering the fundamental equations V-B = 0 and B = po(H + M) which
are combined into

V-H=-V-M. (7.105)

In the simplest case where M is constant inside a magnet (homogeneous ferromagnet) and zero
outside, the gradient is finite right at the edge of the material. Due to the minus sign in the above
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equation, the demagnetization field H has to provide a flux in the opposite direction as M and
thus has to act as to partially cancel the total magnetic field inside the ferromagnet. The manner
in which this is realized is illustrated in Fig.

-

B H M

NN =\

Zin=zNNZN

Figure 7.11: Illustration of the magnetic field B and the corresponding H and M fields for a
cylindrical bar magnet. The field H is referred to as the demagnetization field. The picture is
taken from Wikipedia.

Let us show analytically why the demagnetization field (known as the stray field outside of the
ferromagnet) points in the opposite direction of M. The main point is that we can show from
Maxwell’s equations for the magnetic field that in the situation above H acts mathematically anal-
ogously to an electric field E created by a charge distribution. Therefore, we can think of H as
created by fictious magnetic monopoles just as an E-field can be created by electric monopoles.
These magnetic monopoles are positioned at the N and S poles of the magnet, and give rise to an
H-field which points either inward or outward as shown in Fig.

Consider Maxwell’s equation for the H-field in the absence of any macroscopic currents in the
material and time-varying electric fields. This is the situation of a ferromagnet in thermodynamic
equilibrium. Maxwells equation then reads

VxH=0 (7.106)
which means that we can write H = —VU(r) where U(r) is referred to as a magnetic potential.
Furthermore, since V - B = po(B + M), it follows that V2U(r) = V - M. Outside of the material
where M = 0, we have V2U(r) = 0.

To solve the above equations, we need accompanying boundary conditions. The continuity condi-
tions for H and B at the surface of the material dictate that U(r) has to be continuous at the

surface and that
() (3

(%) —M-n (7.107)

where m is the surface normal.

The above system of equations and boundary conditions is analogous to the problem of an electro-
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static potential produced by charge distribution. The solution for U(r) can be shown to be:

Ury= | - VV'M(T/)dr’+ /S Mds’] (7.108)

T |r — /| |r — /|

The first term is zero in our case of a homogeneous ferromagnet since V- M = 0 inside the material.
The second term of the potential is the potential associated with the surface density of "magnetic
poles” 0 = M - n. These poles arise due to the discontinuity of the magnetization at the surface.
The magnetic poles are positive at N, where the magnetization points out of the surface, whereas
they are negative at S. Therefore, the belonging H-field points in opposite directions at the two
poles, just as the E-field of two opposite charges.

The demagnetization field is thus created by the magnetization itself and acts to reduce the total
B-field inside the magnet. If an external field is also present, we would write the total H-field as

H=H,+H, (7.109)

where H, is the applied magnetic field and H; = H 4(M) in general has a complicated dependence
on the magnetization M, as shown by the analytical expressions above. For certain shapes of
the magnet, the expression for the demagnetization field becomes more tractable. In particular,
for an ellipsoidally shaped magnet the demagnetization field inside the material is uniform if the
magnetization is uniform and takes the form

H;=-NM (7.110)
where N is a tensor.
We can then generally write the components B; of total magnetic field inside the material as
B; = Bj ext + po(M; — N; M;) (7.111)

The term poM; will not contribute to the spin equation of motion since we should take the cross
product with the magnetization itself. Thus, we obtain for an applied static field Byz:

dM,

at = ’Y(lwsz - lusz) =[Bo + (Ny - NZ)/‘OM]HOMZ,M

dM W

Wy = ’Y[,UOZM (—Nx M, — M.CI}(B() - N, M )] = _’Y[BO + (Nm - Nz) ]MOMCE (7'112)

where we approximated M, = M and dM,/dt = 0 by assuming a weak precession with small trans-
verse components M, ,. Stationary solutions of the above equation system with a time dependence
e~ ™! (the actual magnetization components are then obtained by taking the real part of M, ., which
is allowed since the equations are linear in M, ) exist if

iw V[Bo + (Ny — Nz)poM]

—v[Bo + (Ny — N,) o M| i (7.113)

One obtains this equation by demanding that the linear system of coupled equations has a non-trivial
solution.

wi = ~?[Bo + (N, — N,)uoM][Bo + (N — N,)poM]. (7.114)
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The frequency wq is called the frequency of the uniform mode, in distinction to the frequencies
of magnon and other spatially nonuniform modes. In the uniform mode all the moments precess
together in phase with the same amplitude.

For a sphere N, = N, = N, we obtain wg = vBy. For a flat plate with By perpendicular to the
plate, N, = N, =0 and N, =1, so that

wo = ¥(Bo — poM). (7.115)
If By is instead parallell to the plane of the plate, then N, = N, =0 and N, = 1, giving

wo = y[Bo(Bo + uoM)]M2. (7.116)

Spin-wave resonance

Uniform rf magnetic fields can excite long-wavelength spin waves in thin ferromagnetic films if the
electron spins on the surfaces of the film see different anisotropy fields than the spins within the
films. In effect, the surface spins may be pinned by surface anisotropy interactions. If the rf field
is uniform, it can excite waves with an odd number of half-wavelengths within the thickness of the
film, see Fig. Waves with an even number of half-wavelengths have no net interaction energy
with the field.

The condition for spin wave resonance (SWR) with the applied magnetic field normal to the film is
obtained by adding to the right-hand side of Eq. the exchange contribution to the frequency.
The exchange contribution may be written as Dk? (as we derived for magnons in ferromagnets
earlier), where D is called the spin wave exchange constant. The wavevector k for a mode of n
half-wavelengths in a film of thickness L is k = nn/L and n has to be odd to obtain SWR as
mentioned above.

7.10.2 Antiferromagnetic resonance

The magnetizations on each sublattice in an antiferromagnet, displaying staggered magnetic order,
can also exhibit resonance behavior. Consider a uniaxial antiferromagnet with spins on two sublat-
tices, 1 and 2. Assume that the magnetization M on sublattice 1 is directed along the 4+2 direction
by an anisotropy field B42. The anisotropy field is an internal field in the ferromagnet originating
from spin-orbit interactions which makes the sublattice spins have an energetically preferred direc-
tion in space. Conversely, My on sublattice 2 is directed along —2Z.

In an antiferromagnet, M1 and M, are coupled in an antiparallell way due to the exchange inter-
action. Therefore, we can introduce the exchange fields

Bl,exc = _)\M27 BQ,exc = —-AM;. (7117)

When A > 0, these internal fields acting on the sublattice magnetizations will favor an antiparallell
alignment of M and M. In the absence of an external magnetic field, the total fields acting on

M 5 are shown in Fig.
We again assume a small deviation from equilibrium, so that M7 = M and M5 = —M. The
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Figure 7.12: Left: spin wave resonance in a thin film. The plane of the film is normal to the
applied magnetic field By. A cross section of the film is shown here. The internal magnetic field is
By — oM (shown in CGS units in the figure). The spins on the surfaces of the film are assumed
to be held fixed in direction by surface anisotropy forces. A uniform rf field will excite spin wave
modes having an odd number of half-wavelengths. The wave shown is for n = 3 half-wavelengths.
Right: Spin wave resonance spectrum in a Permalloy (80Ni20Fe) film at 9 GHz. The order number
is the number of half-wavelengths in the thickness of the film. Figure taken from Ref. [7].

linearized equations of motion are then

T = MY + B) - M(-AM)]

N ) IM(-AMF) ~ MEOM + By,

DL = AMY(-AM — Ba) — (~M)(-AMY)]

N ) [(-M)(-AME) ~ MMM — By (7.118)

We define M;" = M +iM}, My = Mg +iMJ. Assuming again a time-dependence e~%0? for Mfo,
we obtain

—iwM;" = —iy[M; (Ba + AM) + M AM],
—iwMy = iy[My (Ba + AM) + M{*AM]. (7.119)
These equations have a solution if

v(Ba + Bg) — wo VB

vBE ¥(Ba + Bg) +w (7.120)

where we defined the exchange field Bg = AM. Thus, the antiferromagnetic resonance frequency is
given by

wi =~v2BA(Ba + 2Bg). (7.121)
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Figure 7.13: Effective fields in AFM resonance. The magnetization M of sublattice 1 sees a field
—AM 4y + B 4z. The magnetization My sees —AM 1 — Bs2z. Both ends of the crystal axis are "easy
axes” of magnetization. Figure taken from Ref. [7].

A notable quantitative difference between the magnitude of the resonance frequency for ferromagnets
and antiferromagnets is that while the former typically lies in the range of GHz, the latter has
resonance frequencies in the range of THz due to the very strong exchange field Bg. For instance,
antiferromagnets MnO and NiO have resonance frequencies 0.82 THz and 1.09 THz, respectively.
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