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Chapter 1

Preamble

1.1 Scope

Solid state physics deals with the properties of condensed matter in its solid state,
that is in the phase in which the relative position of nuclei is fixed on average.
This definition excludes liquids but includes amorphous systems such as glasses, or
partially ordered systems such as liquid crystals. By properties we mean the way
solids behave in the presence of external stimuli such as a mechanical action, a heat
pulse, or an electromagnetic field in the broad sense (electric field, magnetic field,
electromagnetic wave). This subject is extremely vast, and it is absolutely necessary
to make a selection. The goal of this course is twofold:

1. Develop modern tools and concepts that allow one to deal with problems of
current interest in fundamental and applied research in solid state physics
(second quantization, degenerate perturbation theory, canonical transforma-
tions,. .. )

2. Use them to study a number of problems chosen for their intrinsic interest
(magnetism, Quantum Hall Effect, superconductivity, etc.).

This is not the only way to proceed. Indeed, once they are well understood, essen-
tially all phenomena discovered in solids can be described by elementary methods
with appropriate ingredients. It is thus perfectly possible to teach advanced solid
state physics without resorting to these sophisticated techniques. However, these
tools are of current (not to say systematic) use in contemporary scientific literature.
Besides, they are essential to convince oneself of the validity of the simple descrip-
tions of the phenomena. This justifies the choice of developing them in detail so
that they can be used in other contexts.
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1.2 Organization of the manuscript

These lecture notes are still a work in progress and will be updated throughout the
semester. The main differences from the original lecture notes by Prof. Mila lie
in the presentation and the organization of the sections. We will partially reshuffie
the manuscript to match the order used in the course. Additionally, we will try to
visually separate the main content of the course from the proofs and computations
(shown in dark gray). We emphasize that these computations are crucial: as physi-
cists, we must be able to calculate. While a good conceptual understanding remains
most important, it is not possible to neglect the process of computing, which will
be a large part of your work should you continue in academia.



Chapter 2

Introduction

2.1 A universal model with emergent properties

In this course, we explore the physics of materials. These are composed of a tremen-
dously large set of atoms and electrons interacting primarily through the Coulomb
force, as other fundamental forces are negligible at the energy scales we consider.
Consequently, the "theory of everything" in solid-state physics reduces to a decep-
tively simple, universal Hamiltonian:

& s (—¢)gy ¢4 ce

H = — Ap. — A, J v .
; 2M; RJJF; 2me ]+Z|rz‘— j|+ IR; — Ry " r; — 1
j= j= ij

(2.1)

Here, R; corresponds to the position of an atom of mass M; and charge ¢;, while r;
is the position of an electron of mass m. and charge —e.

A central theme of our study will be how this conceptually straightforward equa-
tion gives rise to an astonishing array of complex and diverse behaviours. Many of
these are emergent phenomena, arising from global, collective particle motions that
cannot be deduced from the properties of any single constituent. This semester, we
will focus on three principal topics that exemplify this emergence:

1. (Frustrated) Magnetism: In certain materials, electrons and atoms are largely
immobile, and the key excitations are spin waves—Ilarge-scale collective oscil-
lations of the valence electrons’ spins. The resulting magnetic regime (ferro-,
antiferro-, or paramagnetic) depends critically on the geometry and properties
of the atomic lattice (see Fig. 2.1). In some geometries, frustration can pro-
duce an exponential number of classical ground states. In the quantum regime,
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(a) (b)

Figure 2.1: Coulomb interactions can freeze electrons at a density of one valence
electrons per (relevant) atomic site. The remaining degree of freedom is then the
electronic spin. If the effective interaction is antiferromagnetic, certain lattices (e.g.,
(a) triangular, (b) Kagome) can be frustrated: no classical solution minimize the
energy. On the other hand, bipartite lattices (such as (c¢) honeycomb) admit solu-
tions close to the classical limit. Fig. taken from Chinese Physics B, 2018, 27(10):
106101.

this often leads to novel exotic states known as quantum spin liquids, whose
properties and conditions for existence are subjects of very active research.

2. Quantum Hall effect: Classically, a two-dimensional electron gas in a perpen-
dicular magnetic field exhibits a non-zero transverse conductance; applying an
electric field in one direction induces a current in the perpendicular direction.
The quantum mechanical discovery, made in 1980, was far more remarkable:
at low temperatures in clean samples, the longitudinal resistance vanishes
while the transverse conductivity becomes quantized in integer multiples of

the conductance quantum,

62

Ty = X1, (2.2)

where v € N is related to the electron density. An experimental plot is shown
in Fig. 2.2. This quantization is incredibly robust against impurities (stable
up to 107%), leading to its use in metrology to define the ohm. The subsequent
1982 discovery of the fractional quantum Hall effect, with stable plateaus at
non-integer v, revealed a complex emergent phenomenon driven by electron
interactions. Both effects are deeply connected to topology, and the nature of
the fractional states remains a vibrant area of research.

3. Superconductivity: First observed in 1911, superconductivity is characterized
by a complete disappearance of electrical resistance, usually at low tempera-
tures, and the expulsion of magnetic fields—the Meissner effect. A theoretical
understanding of conventional superconductivity was not achieved until the
1950s. The pivotal BCS theory (Bardeen, Cooper, and Schrieffer, 1957) ex-
plains it through the formation of bound electron pairs (Cooper pairs), whose


https://cpb.iphy.ac.cn/article/2018/1958/cpb_27_10_106101.html
https://cpb.iphy.ac.cn/article/2018/1958/cpb_27_10_106101.html
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Figure 2.2: Experimental measurement of the diagonal resistivity p,, and transverse
resistance p,,. Stable plateaus of quantized transverse resistance at observed at
integer filling (see for example the plateau at v = 1 or v = 2) accompanied by a
vanishing of the longitudinal resistivity. Secondary plateaus at fractional filling (see
v =2/5 at ~ 307T") are also visible: the fractional Quantum Hall effect. Fig. taken
from Phys. Rev. Lett. 59, 1776 (1987).


https://doi.org/10.1103/PhysRevLett.59.1776
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Figure 2.3: Left: original resistance measurements from Kamerlingh Onnes in mer-
cury. At a critical temperature, the resistance abruptly vanishes, marking the open-
ing of the superconducting phase. Right: a partial list of discovered superconduc-
tors with their critical temperature. Fig. from Superconductors at the Nanoscale
by Wordenweber and Vanacken.

condensation into a superfluid state yields superconductivity. Although elec-
trons repel each other via the Coulomb force, phonons (collective atomic vi-
brations) mediate an effective attraction that enables pairing. The late 1980s
saw the discovery of unconventional superconductors like the cuprates, which
superconduct at temperatures above 150 K and defy explanation by BCS the-
ory (see Fig. 2.3). Understanding these materials remains one of the most
significant open challenges in condensed matter physics.

Of course, the Hamiltonian in Eq. (2.1) is utterly unsolvable due to the many-

body Coulomb interactions that couple all particles. Indeed, the system’s dynamics
are chaotic in the classical limit with just three particles, a famously difficult prob-
lem illustrated by the three-body problem in celestial mechanics here.!
This intractability defines the core task of a condensed matter physicist: to derive
and study simpler effective models. By judiciously freezing degrees of freedom or
cutting off interaction ranges, we aim to isolate physically relevant regimes that can
be studied analytically or numerically. We operate on the well-justified assumption
that the results from these simplified models remain qualitatively, and often quan-
titatively, valid in the real world.

A prime example of this approach is the Born-Oppenheimer approximation, which
leverages the vast mass disparity between nuclei and electrons (a factor of = 1800).

'If a student is motivated to realize a similar simulation replacing the three stars and gravity
by a mix of positive and negative particles, let me know!


https://www.researchgate.net/publication/319673324_Tutorial_on_nanostructured_superconductors_From_Basic_Research_to_Applications
https://github.com/kirklong/ThreeBodyBot
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This difference means atoms move on a much slower timescale than electrons. Thus,
for low-temperature electronic properties, we can often treat the atoms as frozen,
simplifying the Hamiltonian (2.1) into

N h
T e TR =

=1

(2.3)

j |

ZV(FJ‘)
J

Here, the atoms generate a static external potential V' in which the electrons move.
Determining the stable configurations of the atoms themselves — the domain of
ab initio computations — is a separate crucial challenge. We will employ this ap-
proximation in our studies of frustrated magnetism and the quantum Hall effect.
Interestingly, understanding the origins of superconductivity will require us to par-
tially relax this very assumption and reconsider the dynamics of the atoms.

2.2 Independent electrons in a periodic potential

A large number of mysteries have been elucidated in solid physics by considering the
electron gas as a gas of non-interacting fermions moving in a periodic potential. In
this section, we will focus on these non-interacting models. It is largely a reminder
of what you have seen in previous solid state classes.

2.2.1 Bloch theorem

We consider a single electron moving in a three-dimensional periodic potential U (r),
for example generated by the atomic centres in the Born-Oppenheimer approxima-
tion. The basic Hamiltonian will be

(<30, 7+ U0 000) = 200 (2.4

where U(r) is a periodic potential (U(r + R) = U(r) if R = Y, nja; with a; 3

linearly independent vectors and n; three integers). The fundamental theorem is
Bloch theorem.

1: Bloch theorem (first version)

The solutions of Eq. (2.4) are of the form
Y (r) = e u(r)

where u(r) is a function that has the same periodicity as U(r).
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2: Bloch theorem (second version)

The solutions of Eq. (2.4) satisty

Ur(r + R) = e® Ry (r).

Comment. Bloch theorem is in fact a simple consequence of the translation in-
variance. It can be understood as a decomposition of the space of solutions in terms
of irreducible representations of the discrete translation group.

Equivalence of the two formulations. Let us first prove that the two formu-
lations of Bloch theorem are indeed equivalent :

1. Let us suppose that ¢y (r) = e®Tuy(r), where u has the periodicity of the
lattice. We have :

(r+R) = eik'Reik'ruk(r +R)

— €ik‘R6ik'ruk(I’) _ 6ik.ka(r)

2. Conversely, let us suppose that :
Ui(r + R) = ey (r)
and let us define the function uy(r) by :
w(r) = e~ %y (r)
We have :

Uk(r + R) — e—ik.r e_ik‘ka(r 4 R)
Yi(r)

= uk(r)

= wuy is indeed periodic.

Proof of Bloch theorem. Let us now prove the second formulation of Bloch
theorem. For this, we introduce the translation operator Tg defined by

Try(r) = ¢(r + R) (2.5)

We first prove that it commutes with H. Without lack of generality, we take R = aX.
Trivially,

OyTrY(r) = 0¢(z + a,y, 2) = (Oy¢)(z + a,y, 2) = TrO,Y(r)
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and
O, TrY () = Optp(x + a) = m CZE(JJ +a) = (0,0)(x 4+ a) = TROY(2)

=1

This is true for all a, hence in particular for the lattice translations. So, Tg commutes
2
with —2=V?. Besides,

TaU(r)é(r) = Ulr+R)u(r + R)
= U)e(r + R) = U)Tris(r)

So Tgr commutes with H.

Now, if some operators commute, one can diagonalize them in a common basis.
So let us look for the eigenstates of T,,. They must satisfy :

Taj¢<r) = /\jﬁ)(ﬂ

With Born-Von Karman (i.e., periodic) boundary conditions :

Y(r + Nja;) = 1(r)

for a system with N = N; Ny N3 unit cells, one must have :

ng (r) = ¢¥(r + Nja;) = ¢(r)

2

But  TN(r) = \u(r) = A = 1= A =™

- 27 .
leijJ"J

Finally, TrY(r) =€ Y(r)

24

£ My q*
Nj

~~&; where the vectors
i J

The expression 57m;n; can be written as ik.R with k = }°
J
aj are defined by :
ai.aj = 271'(51']'
They define the reciprocal lattice.

This leads us to the second formulation of Bloch theorem :

U(r + R) = ™ By (1),
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Brillouin zones

The reciprocal lattice is defined as

G =) mja; with a;.a} = 21d;; and m; € Z (2.6)
J

such that
GR= Z 2rmin; = gGR — 1 = gktGR _ kR
J

This implies that two wave-vectors k lead to the same solution if they only differ by
a vector of the reciprocal lattice. It is thus sufficient to consider a unit cell of the
reciprocal lattice, for instance the 15t Brillowin zone. It is important to emphasis
here that the Brillouin zone is a (n-dimensional) torus, i.e., it is periodic. Two
points k and q are connected by any vector of the form q —k+ G, and therefore the
distance separating them is mci'n |la—k-+Gl|. Finally the vectors G (or equivalently,

a;) defines the lattice dual to the lattice generated by R.

Example : For a square lattice of parameter a.

R . 2 . 2
a; =aX, aga=ay > a; = —X, a;, = —y
a
T
| a JM
i X
¥ ¥
-~ o
e a a
. —
a

For a triangular lattice of parameter a.

. . V3. . 4 3. 1, . AT
a; = aX, az = a(; +7 ):>a1—m(7x—§Y)a =7y

DO | =

2.2.2 Band theory

Electronic bands and orbitals.

If one looks for the solutions of the Schrodinger equation of the form iy (r) =
e® Ty (r), the function u(r) must satisfy another differential equation that we can
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simply determine :

V (™" u(r)) = ike™Tup(r) + €T Vg (r)

V2 (eik'ruk(r)) = k2™ u(r) + ike™ " YV (r) + ike™ T V() + ™"V (r)
e (K2 + 2ik.V + V?) uy(x)

[—271; (—k2 + 2ik.V + V2) + U(I’)] u(r) = exuk(r) (2.7)

In general this equation has an infinite number of solutions that can classified ac-

cording to an additional quantum number n called the band index. The functions
€nk constitute the band structure, shown below.

€3k

— | ™
X €2k
I N

€1k !

k

At this stage, it is important to take into account the spin % of the electrons that we
have neglected so far. In general, each quantum state (or orbital) is characterized
by its energy €,x,, ¢ =T or J. In the absence of a magnetic field, and if the system
has an inversion center, e, = €pk| -

In band theory, one assumes that the electrons do not interact with each other.
The many-body states with N electrons are obtained by choosing a set of N quantum
states which will be occupied by an electron and will have total energy

E = Z Enk,o

occupied

The groundstate with IV electrons is therefore obtained by filling the N lowest-energy
quantum states.

Tight-binding approach

The band structure can also be seen as the result of hybridizing atomic levels. This
is the tight-binding approach. The starting point is a set of atomic orbitals |n) of
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energy €, located at the sites i of a lattice (typically different (Wyckoff) positions
in the crystal generated by the atoms). Let us denote by |i,n) the associated ket.
In the absence of hybridization between the states, i.e., in the limit where the sites
are very far apart, each energy level ¢, is N-fold degenerate, where N is the number
of sites. If the sites are brought closer to each other, a coupling will develop as
electrons will be able to tunnel from one site to the next. It will take the form of a
perturbation V' that lifts this degeneracy. Assuming that the coupling decays fast
with distance, and considering a single orbital per site for simplicity, one can assume
that only nearest-neighbor sites have a significant overlap:

(1,0|V']4,0) = —t if i and j are nearest neighbors
(1,0]V'|4,0) = 0 otherwise

where —t is the hopping amplitude (the minus sign is conventional). We drop the
band index in the following. Then, according to degenerate perturbation theory, the
effective Hamiltonian is given by

Ho= =t ()] + 1)) + eo X [i) il (2.8)

(i.4)

where the sum over (7, j) runs over pairs of neighbouring sites.

Let us assume for simplicity that the orbitals sit on a cubic lattice of parameter
a in dimension D, and let us define the Fourier transform of the states by

1 ) 1 )
k= S e R s |j >= TR e*Rilk > (2.9)
J k

The Fourier transform diagonalize translation-invariant system (this is the analogue
of Bloch theorem for tight-binding Hamiltonians). Indeed, |k) is an eigenstate of H
with energy

D
Ex =€ — 2t cos(kqa), (2.10)

a=1

where « runs over the directions of space.
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Proof: application of the state. Applying the Hamiltonian to this state leads
to:

1 ,
Hk > = elk>+—=Y e *Ri(¢ 47>
| ol \/NZJ:G ( )ZT:U T

1 } ‘
= alk >+ () T 7>
T j

— €0|k > —tzeik.‘r‘k >

= (e —2t)_cos(kqa))lk >
(0%
where the vectors 7 are the vectors connecting a site to its nearest neighbors.

Proof: transformation of the Hamiltonian.

t i i =i i+7 € i(k— i
M= —o 303t @R+ k) (q| + hec. + NO Yo > eI Rifk) (g

JT kg J kg
= —t Z Z 5k7q67iq'T‘k> (q] + h.c. + € Z Ok,qlk)(ql
T kyaq k.q

= (e0—2t)_cosk.m)[k)(k|,

where we used
Ze’Lk.R‘j — N(;k,O
J
if k is a vector of the reciprocal lattice.

This band is centered at €y, and the band width is given by W = 4Dt. In the
lowest-energy state, the particle goes to the bottom of the band. Its energy is lowered
by half the bandwidth W/2 as it delocalizes through the whole system.

Physical implications of band theory

Placing ourselves in the thermodynamic limit, there will in general be energies
that do not correspond to any single-particle energy ¢,x, for any quantum num-
bers (n,k, o). These energies form intervals known as gaps. Conversely, two bands
sharing exactly the same energy are said to be degenerate; this often indicates the
presence of a (possibly non-Abelian) symmetry.

As a reminder, the ground state of a bulk system is obtained by filling the energy
levels starting from the lowest one. There are three possibilities:

1. All bands are either completely filled, or completely empty. The first excited
state is separated from the ground state by the energy A that separates the
last occupied state from the first empty one. The system is said to be gapped.
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As a consequence, it is impossible to move electrons by applying an arbitrarily
small voltage =-, the system is an insulator. Since there are 2N states per
band (due to the spin degeneracy, assuming no spin splitting), this is only
possible if the number of electrons per unit cell is even.

2. One or several bands are partially filled. The system is said to be gapless. The
energy of the last occupied state is called the Fermi energy and is denoted by
er. In that case, the separation between the last occupied state and the first
empty one goes to 0 when N — oo. The system can react to infinitesimal
excitations. Such systems are called metals (or conductors).

3. Bands are either completely filled, or completely empty, but two bands are
touching at the Fermi energy. The state is therefore gapless, and will typically
correspond to a semi-metal or a semi-conductor.

Note: Strictly speaking, gaps only exist for infinite solids. When a surface is
present, other solutions exist whose energy can fall into a gap. These solutions can
look like:

d(r+R) = zi(r)

where z is a complex number of modulus not equal to 1. Note that the Bloch theorem
do not a priori apply as the system is not fully translation invariant. Such solutions
are not acceptable in the bulk because their norm diverges exponentially with the
size of the system, but they are acceptable when there is a surface if the function
decreases away from the surface. Such states are called surface states. They have
been observed and play an important role in the electronic properties of surfaces
(catalysis, ...). The Born-Von Karman solutions, which impose |z| = 1, do not
allow one to describe surface states.

Strengths and limits of band theory

This classification is probably the greatest success of band theory. Before this theory,
the existence of metals and insulators was a great mystery. Many consequences of
this theory have been verified. For instance, this theory predicts the existence of a
particular set of wave vectors called the Fermi surface defined by the equation :

Enke — €F

The topology of this surface has truly remarkable consequences. In particular, it
can lead to a conduction by holes, hence to a positive Hall coefficient, a result
impossible to understand in the context of Drude or Sommerfeld theories of metals.
It also has direct consequences for the de Haas-Van Alphen effect (oscillations of
the magnetization of metals with the magnetic field) or for the Chubnikov-de Haas
effect (oscillations of the magnetoresistance with the field) - see chapter on Electrons
in a Magnetic Field.
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Besides, the density of states at the Fermi level can be very different from its value
in the Sommerfeld theory. Indeed, it is given by :

)=
IEE) = [o er) 47 [Ven (K))|

where the integral runs over the Fermi surface. The density of states can have
singularities if the gradient vanishes, or even divergences in dimension 2 or 1. This
density of states directly enters quantities such as the specific heat:

772 2
Co = ngTg(ap)

or the Pauli susceptibility:
X = 1pg(er)

The semi-classical theory of transport based on band theory in general explain
many properties of materials.

Nevertheless it is not possible to stop at the description in terms of independent
electrons for two very different reasons :

1. Problem of principle: The Coulomb interaction between electrons is not neg-
ligible. It is not even small:

4 2
V(q) = ZS diverge pour g — 0

Why does this approximation of independent electrons, that consists in re-
placing this interaction by an average effective potential, work so well in a
large number of cases? To answer this question, and to understand the lim-
its of validity of this theory, it is necessary to work with many-body wave
functions. The only convenient representation goes under the name of second
quantization (see Appendix 7).

2. The failures of band theory: in spite of considerable effort, including by Bloch
himself, it has turned out to be impossible to explain superconductivity with
band theory. One knows by now that superconductivity corresponds to a state
described by a wave function that is radically different from the eigenfunctions
of band theory (see Chapter 6 on superconductivity). This failure is not a
complete one however since superconductivity is accurately described as an
instability from a state well described by band theory.

But there is a far more radical failure : certain systems with an odd number
of electrons per unit cell are insulators, something rigorously impossible in the
framework of band theory. This problem is the subject of the following section.
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Figure 2.4: LAPW energy bands for La,CuO, along symmetry lines in the bct
Brillouin zone. L.F. Mattheiss, Phys. Rev. Lett. 58, 1028 (1987).

2.3 Mott insulators

In 1937, only a few years after the development of band theory (Bloch 1928, Peierls
1929, Wilson 1931), de Boer and Verwey observed that NiO, an insulator with a band
gap of approximately 4eV, should, according to band theory, be a metal. During
the discussion following their presentation, Peierls suggested that this discrepancy
might be a consequence of electron—electron interactions. It was only several years
later that Mott formulated this explanation in a precise way. Since then, many
counterexamples have been discovered. The most famous is LasCuQOy4: when doped
with Sr (forming Las_,Sr,CuQOy), this compound becomes superconducting below
40K, a discovery for which Bednorz and Miiller were awarded the 1987 Nobel Prize.

The band structure of LayCuOy4 was calculated by Mattheiss in 1987 (see Fig. 2.4).
Since there is an odd number of electrons per unit cell, at least one band must be
partially filled. This is indeed the case : one band is half filled.

To understand this band structure, it is useful to begin by viewing the solid as a
collection of atoms, each with specific atomic orbitals that are more or less filled.
The atomic electron configurations are

La : [Xe] 6s* 5d!
Cu : [Ar] 3d'° 4s!
O : 15?2 2p*

The relative energy positions of the valence orbitals control their filling in the
solid. It turns out that the 2p orbitals of the oxygen lie lower in energy than the
valence orbitals of Cu and La. As a result, the electronic configurations in the solid
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become
La3t :  [Xe]
Cu*t . [Ar] 3d° Thus, the compound LaltCu?tO3?~ is charge-neutral, as
0?7 1s? 252 2p©

expected.

Within a tight-binding approach, the hopping integrals between Cu-3d and O-2p
orbitals are substantial (~ 1eV), and the energy separation between their atomic
levels is modest (~ 2¢V). This leads to significant hybridization between these
orbitals. The Fermi level consequently lies within an energy region where 17 bands
overlap: 5 from Cu-3d orbitals and 12 (from 4 O atoms x 3 p-orbitals each) from
O-2p orbitals.

Although this approach is generally applicable and successfully describes metallic
band structures, it fails to accurately capture the ground state of this compound.
The central argument advanced by Mott involves studying the electronic excitations
in a solid composed of hydrogen atoms as a function of interatomic distance. For
simplicity, consider an imaginary solid consisting of hydrogen atoms arranged on a
square lattice. With one hydrogen atom per unit cell and one electron per atom,
band theory predicts metallic behavior. However, if a denotes the distance between
atoms, the system cannot remain metallic as a becomes very large. To induce a
current, an electron must be moved far away, which in a metal should require only
infinitesimal energy. Let us estimate the energy cost of this process.

For large a, the system begins with one electron per site. Moving an electron to
a distant site creates one hole and one doubly occupied site:

C
7

The potential energy of this excited state is approximately
E(H )+ E(H") —2E(H),

where H~ and H* represent the local holon and doublon. Without hopping, this
energy is strictly positive because of the Coulomb repulsion between the electrons
which we denote by U.

However, the system can gain kinetic energy through the delocalization of the
hole and the doubly occupied site. Assuming for simplicity that all singly occupied
sites have the same spin (e.g., 1), both the hole and doublon can be described by a
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tight-binding model with hopping amplitude —t. If W is the associated bandwidth,
the hole and doublon each gain at most W/2 by occupying the band bottom. In
reality, spins may vary, so W/2 is an upper bound, but the order of magnitude
remains valid. In two dimensions, the dispersion is

E(k) = —2t(cos k, + cos k)

and the bandwidth is given by W = 8t.

Finally, the energy of a configuration with one hole and one doubly occupied site
is given by:
A.=U-W

In this expression, U is essentially independent of the lattice parameter a because
it is an atomic quantity. By contrast, W depends strongly on a. When a is large
compared to the Bohr radius ag, the overlap between wavefunctions that enters the
calculation of the transfer integral ¢ involves the exponential tails of the wavefunc-
tions, and ¢ o< e @ is exponentially small. In that limit, A, ~ U is a positive
and large number = the system is an insulator. Such insulators are called Mott
insulators. A, is then called the charge gap.

When a decreases, t increases, and there is a value of the order of ay for which
U = W. Below this value, the calculation of A, is not valid anymore as a gap
cannot be negative. Mott’s argument thus predicts the existence of a metal-insulator
transition when a increases.

In principle, this transition can be observed by applying pressure to a Mott in-
sulator to reduce a and increase t. Historically a transition of this type has been
observed for the first time in V503 in the early seventies. T here are other ingredi-
ents that make the transition in that compound more complicated, but the validity
of Mott’s argument is now generally accepted.

There is a fundamental difference between a Mott insulator and a band insula-
tor. Indeed, if it is necessary to pay an energy A. to make a charge excitation in
a Mott insulator, it is not necessary to pay this energy to make a spin excitation:
one can overturn the spin of an electron without creating a doubly occupied site.
The description of the magnetism of Mott insulators is treated in the next chap-
ter. To discuss this physics in a precise way in a general framework that includes
simultaneously charge and spin excitations, one must master tools that allow one to
describe interacting electrons. The best adapted formalism, the second quantization,
is presented in the last Appendix.



Chapter 3

Magnetism of Mott insulators

3.1 Low-energy models in the Mott regime

3.1.1 Introduction

As we have seen in the previous chapter, Mott insulators are radically different
from band insulators because they possess low-energy magnetic excitations. Indeed
the insulating state correponds to a configuration where each atom carries an odd
number of electrons, say 1 for simplicity, and the spin of this electron can be 1 or
4. In the purely atomic limit where atoms are infinitely far apart, the excitation
spectrum is very simple. We assume the presence of a single orbital per site (x2
with the spin degeneracy). The ground state corresponds to all configurations with
one electron per site. It is thus 2%V fold degenerate, and its energy is equal to Ne,
where €y, the energy of an electron on a site, can be taken as the reference of energy
(60 == O)

The first excited state corresponds to a configuration where one site is empty and
one site is doubly occupied. Its degeneracy is N(N —1)2V~2, and its energy U. And
soon ---

Groundstate manifold: £ = 0 N,
1st excited manifold: £ = U N(N —1)2N2
2nd excited manifold: £ = 2U

If one brings the atoms closer to each other, the first effect will be to lift the degen-
eracy in the subspace £/ = 0. The minimal model to describe this physics is called
the Hubbard model. 1t is defined by the Hamiltonian

H=—t ) (c;focj,a + h.c.) + U nitniy. (3.1)

<t,7>,0

19
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The first term is a hopping term between nearest neighbours. This is the term that
dominates the charge transfer processes when one brings atoms together from infin-
ity. The second term measures the number of doubly occupied sites. It is a minimal
representation of the Coulomb repulsion.

To determine the effective Hamiltonian that describes the lifting of degeneracy
in the ground state manifold — when U > |t|— it is thus necessary to carry on
degenerate perturbation theory with respect to the kinetic term

Him = —t Y (cwcj »+h.c ) (3.2)

<t,j>,0

Remark: Here, the particle density will be fixed, but it is possible to introduce
a chemical potential

—H Z Njo
3,0

if we want to study the system in other regimes. Similarly, one could introduce a
Zeeman spin coupling with a magnetic field, with

X do( 8] an
a.p

j,a,ﬁ Y=2,Y,2

where 07 are the Pauli matrices and B is the magnetic field.

3.1.2 Elementary two-site calculation

To understand the effect of the kinetic hopping term, it is useful to start with a two-
site calculation. Let us keep track of the two sites with indices 1 and 2. There are
four possible quantum states for a particle defined by the creation operators cﬁ, cﬂ,
3 et ¢z, Let us build the two-particle states in the Fock space [niy, 1y, nap, nay).

There are (g‘) = 6 of them, given by:

1) = [1,0,1,0) = ¢f,c3,|0)
2) = [0,1,0,1) = ¢f,c3,]0)
3) = [1,0,0,1) = ci;¢3,]0)
14) = 10,1,1,0) = ¢ c3,|0)
B) = [1,1,0.0) =0

) 1) = )

6) = 10,0,1
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Applying the full two-site Hamiltonian to these states leads to:

HIL) = 0

H2) = 0

HI3) = —t([5) +|6))
HI4) = #([5) +|6)

HI5) = UJ5)—t(|3) - |4))
HI6) = Ul6) —t(]3) — |4))

These results are straightforward given the form of the Hamiltonian, up to one
subtlety, the sign, due to the fact fermionic anticommutation.

Indeed, let us consider for example the effect of the term cicl , on state |4). We
get:

C£C1¢’4> = cicucﬁc;ﬂ@
= Ci(l - 0ﬁ61¢)0§¢|0>
= C;¢02+¢|0>
= —C;TCQUO}
= —6)

The eigenvalues of the system are simply given by 0 (three times degenerate), U

and
5. — U+ vU? + 16¢2
+ = 5 .
We can notice that
(B
V2

() o)
so that we have only a 2-level system to solve:
() - s(258)

i.e. we need to diagonalize

0 -2t U -Y -2
<2t U ) = ld+ (—Qt L )
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It is now convenient to use the fact that the eigenvalues of
H= Y nyo
V=Z,Y,2
are simply given by ||n||. The proof is straightforward:

1
H? =3 nynao’o® = 2”3(07)2 + 2 > nyng(c7o® +0%7)
7 VEa

’\{7&

We now use {0%, 0%} = 24, 5 to obtain
2 _ 2
H* = Z n,
v

Using Tr(H) = 0, we conclude.
In our case, the corresponding eigenvalues are

U+ VUZ 1 1682

Ey 5

Up to second order in ¢, these energies are given by

4t? 4t?
EF =—— FE, =U+—
U " U
The ground state is thus a non-degenerate state of energy —%, the first excited
state has energy 0, and it is three-fold degenerate. The other excited states are at
energies of order U, more precisely U and U + %. There are indeed four states
whose energy would be equal to 0 if the hopping integral ¢ was equal to 0. They
correspond to the four states with one and only one electron on each site (2 states).
T he hopping term partially lifts the degeneracy and organizes the spectrum into a
2
singlet of energy —‘% and a triplet of energy 0. This is exactly what one would get
for two spins 1/2 coupled by the Hamiltonian
4t 1
H=—(S;-Sy— - 3.3
(818, - ) (33)
We are now going to show that this is indeed the form of the effective Hamiltonian
to second order in t¢.

Remark: the existence of a triplet of degenerate states should alert you. In the
absence of symmetries, generic Hamiltonian are never degenerate (the ¢t = 0 limit
of the Hubbard Hamiltonian is far from generic). Stable degeneracies are typically
the symptom of a (non-Abelian) symmetry. Here, in particular, the existence of a
singlet and a triplet of states strongly suggest the existence of a SU(2) rotational ,
with a spin-0 and spin-1 state. And indeed, the Hamiltonian in Eq. (3.3) is invariant
under a global rotation of the spins.
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3.1.3 Effective Hamiltonian

There are two primary methods to rigorously derive the form of the effective Hamil-
tonian to second order: canonical transformations and degenerate perturbation the-
ory. Note that this distinction is somewhat arbitrary and is largely a matter of
perspective. We will use a canonical transformation later in this course. In the
present case, one can directly apply degenerate perturbation theory. We recall in
the following the expressions for degenerate perturbation theory (which is in fact
generic).

3: Degenerate perturbation theory (1st order)

We consider an Hamiltonian ‘H = Hy + V. Let Ej be the groundstate energy
of Ho and E; the first excited energy, such that V = [||V||| < E; — Ep. Let
P be the orthogonal projector on the groundstate manifold. To first order in
V/(Ey — Ey), the effective Hamiltonian describing the perturbation induced
by V on the groundstate manifold is

Hes = Eo + PVP.

4: Degenerate perturbation theory (2nd order)

Let @ be the orthogonal projector on the excited manifold, such that P+ Q) =
Id. The second-order correction to the effective Hamiltonian is

@_ _pyg_Lt _qvp
Heff QHO _ EOQ

Let us apply these formula to our example.

The low-energy subspace include all states with a single electron per site, and
arbitrary spins (2% states). To first order, following Th. 3, since My, lets one
electron hop from one site to another, it necessarily creates an empty site and a
doubly occupied site. Its matrix elements in the ground state manifold thus vanish
identically, and one must push degenerate perturbation theory to next order. To
second order, denoting by |m > and |n > two elements of the low-energy subspace,
the matrix elements are given by

1< m\?—lkin\k >< k|7—lkin|n >

< m|Hegln >= B _E,

k>

where the sum ZI > 1s restricted to states which do not belong to the groundstate
manifold. We can additionally restrain them to have a single doubly occupied state
(and a single empty site), given the groundstate manifold. Consequently, Fy = U
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and we obtain

1
< m|Heg|n >= —EZ' < m|Hyin|k >< k| Hyin|n >
k>

The operator Eik> |k >< k| is the identity in the subspace of states with a single
doubly occupied site. It is convenient to replace it by another representation of the
identity in this subspace, namely 3, n;,n; ., leading to

Z] njvgnjv_

7_[eff = PHkin U UHkinP

Let us consider the j-th term of this sum. Only terms of the type
Z C;:gci,a
i(j),0

will contribute, where i(j) means that one sums over the neighbors of j. The
corresponding term of H.;; can be written

t2
— Z C+ Cig'Migh; C+ Ci 5
U ’L,U’ 2,0 2,0°%3,—0 j,O’” 1,0
i(j)o'a”

There are four cases to be considered:

+ + . . ) ot
Ci,ﬂcj’o—njva'nj)ia'cj,a'Ci,g - n270-n]770-c]70n]70-cj70"
Now
. s — .
Cj,oNjoCj o = (1 —mnj,)
since

cn=ccte=(1-c"c)c=c=cc" =1—n.

The term of the Hamiltonian then takes the form:
+ + _
Ci,o'Cj70'njvgnj7fgci,o'cj’0 - ni7gnj770(1 - nj7U)

But in the subspace in which H.¢; operates, all sites are occupied by one and only
one electron. Thus we have:

Njo +Mj—o=1=1=mn;,=n;_,.
Besides, since n; _,n;_, = n;_,, we get the following contribution:

+ + _ . .
Ci,0Cj,oMj,oMj,—0Ci o Cj,0 = NioTlj,—0-
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In the same way,

+ + _ . .
Ci,—oCj,—oTj,0Nj,—0C; —5Cj,—0 = Thi,—oMj,0-

o'=—-0'=o0
+ + S , e
C’l:,7UCj7_onj7Unj7_ch,UCi7a' - cl’,*UClyo C])_a'n.])_a' n.]zo-cj,d
—_———
¢j,—o ot
2,0
_ + .t
= T6,-0Ci0C6C~0-
o'=—-0'=-0
Similarly,
+ + I P
C’L',O'Cj»o—nj7o'nj7_o'c',70'07:7_0- - _C’L',fa'clya'cj,ﬂ'cjz_o"
Collecting all terms, we get:
2t? + +
Hepr = U > (—”i,anj,fa +ci,—aciﬂcj,acj,*0)
<t,j>,0

where the prefactor 2 comes from the fact that, for each pair < i,7 >, one term
comes from the term n;,n; o of the sum 37, n;,n; ,, and one term from n; ;n; 5.

Now, in second quantization, the spin operators can be written (see exercises):

S7 =3 (nip —niy)

()

+ _ .+
S = Ci4Ci |
-+
S; = €, Cit

and the density operators n; = n;+ +n; . Using the following identities:

zZ Q=7 1 1
5i 55 = 2" T Ty (Ripmgy 4 164m51)

+o— T + + +
S8+ S8 = clhei i ey + o cireihey
on can rewrite the effective Hamiltonian in terms of spin operators as:
4¢*
Mot =7 2

<i,j>

I T
(5255 = gnams + 5 (5157 +5781)).
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But S; - S; = S7S7 + 2 (SfS; +S{S}“) and n; = n; = 1 in the ground state
manifold. Finally, the effective Hamiltonian takes the form:

4¢* 1
Hop=— 3 (si-s-—).
U <1,5> ’ 4

Importantly, this Hamiltonian does preserve the groundstate manifold: we do not
to add constraints. Up to a constant, this is the Heisenberg model defined by:

Heeis = J Z Sz ’ Sj7 (34)

<ij>

with the coupling constant J = %. This constant is positive. This Hamiltonian

tends to favour configurations where nearest-neighbour spins are antiparallel. The
physical reason is very simple: if two electrons on neighbouring sites have parallel
spins, none of them can hop on the other site because of Pauli principle. By contrast,
if they spin are antiparallel, each electron can hop on the neighbouring site, and these
processes allow the system to lower its energy.

3.2 The Heisenberg model

3.2.1 General considerations

The Hamiltonian that we have obtained in the previous section is a particular case
of the Heisenberg model which can be defined by the more general Hamiltonian:

H= Y J3sese.

(27j) 7a:w7y’z

The symbol (7, j) means that one sums over pairs. The parameters that determine
the properties of this model are:

1. The sign of the couplings. If the couplings are positive, as in the previous
section, they tend to align the spins in opposite directions. One then speaks of
antiferromagnetic couplings. If they are negative, they tend to align the spins
in the same direction. In that case, one speaks of ferromagnetic couplings.
Beware! It is not unusual to write the Hamiltonian with a minus sign in front,
in which case J > 0 corresponds to a ferromagnetic coupling and vice versa.

2. The anisotropy of the couplings. If the couplings J*, JY and J* are equal,
like for the model derived from the Hubbard model, one speaks of isotropic
couplings. Otherwise the model is said to be anisotropic. The most important
special cases are the Ising model (J* = JY = 0) and the XY model (J* = 0).
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3. The range of the couplings. One often considers couplings limited to first
neighbours, but they are physical situations in which one must consider longer
range couplings, with consequences that can be quite dramatic (see the last
section of this chapter). This will depend on the nature and size of the valence
orbitals, and of the lattice spacing.

4. The value of the spin S. In the case of the Hubbard model, one gets a
model with spin 1/2. But the spin of a magnetic system can a priori take any
half-integer or integer value S. Some properties depend in a crucial way on the
value of S. It is sometimes very useful to consider that the spins are vectors
of length 1 and not operators. This is called the classical limit. It corresponds
in a certain sense to the S — +o00 limit of the quantum case.

5. The dimensionality of space. Most of the properties are radically different
depending on whether one deals with a system (and a lattice) of dimension 1,
2, or 3.

It is to a large extent the large number of parameters that makes magnetism a vast
subject, and we will limit ourselves to the investigation of a few special situations.
Besides, there are only a few cases where exact results could be obtained, usually
with rather involved calculations, and in most cases one has to resort to approximate
methods to study a given property. The relevant methods depend on the energy
scale, or equivalently on the temperature scale, that we study. If we study low-
temperature properties, i.e. T/J < 1, one should typically try to determine the
groundstate and the low-energy excited states. The most commonly used analytical
approach is spin-wave theory. By contrast, if one is interested in temperatures of
the order of J or larger, all states play an important role, and a good understanding
of the low-energy states is no longer sufficient. The relevant techniques are those of
statistical physics: mean field, renormalization group, etc. In both regimes, a large
variety of numerical methods (Monte Carlo, exact diagonalization, tensor networks,
machine learning) have been proposed.

3.2.2 Spin algebra

The commutation relations between spin operators are

[ (57, SY] = iS*? ] (3.5)

with the convention A = 1. These commutation relations define the generators of
the complex rotation group SU(2) (up to some global factor). The ladder operators
defined by

[ St =8%41i9Y ST =5 —5Y ]
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satisfy the commutation relations:

[ST,87] = [S%, —iSY] + [iS¥, 5%] = 25>

The action of the spin operators on a state of total spin S is given by

Stim > =\/S(S+1)—m(m—+1) |m+1> 37)
STIm > =,/S(S+1)—m(m—1) |m—1> '
With some minor algebra, we recover, for a spin S state,
(5%)% + (S¥)* + (S7)* = (S*)* + ;(S+S +S575T)=85(S+1) (3.8)

3.2.3 Symmetries

Let us determine the symmetries of the spin Hamiltonian

(4.4)

Let us define Siot = >; S;. One can prove that:
e [S2 H| =0, a==xy,z2+,—
* [Sh, H] =0

Proof:

77 3 1) K3

— iSYST —iSTSY

.8:-8) = [57.871S% + (57, 5]

[S7,8i-8;] = S7[S:,S%]+SY[Sz,S8Y]

R
= iS;S! —iS]SY
[S7 + 55, S~-S-] =0
35088y
[Sfotﬂ Si-Sj] =0
[StzotﬂH] = O

R
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Since the Hamiltonian H only involves scalar products, this relation must be true
for any direction:

[Se, H =0, a==x,y,z
In addition, since Si; et Sy are linear combinations of ST, et S, one also has:
[Stth] = [Stet, H] =0
Finally, sinceS?, = (52,)* + (SZ,)* + (S)?, one sees immediately that:
{Sfot? H] = 0.

As the total spin commutes with the Hamiltonian (with isotropic), it is a conserved
quantity. Physically, it means that the Hamiltonian is invariant under rotation of all
spins, that is to say that there is no prefered direction. It is rather straightforward
given the structure of the model. We can therefore classify the eigenstates depending
on their total spin: the Hamiltonian do not couple states with different SZ., or S=.
Additionally, states of total spin S are necessarily 25 + 1 degenerate. Indeed, given
an eigenstate 1) >, Si[1) > is either 0 or an eigenstate of same energy. This is a

consequence of the non-Abelian nature of SU(2).

3.3 Ferromagnetic case

Let us consider the Hamiltonian

H=—-JY 8;S;, J>0

<i,7>

where 3°_; ;~ denotes the sum over nearest-neighbour pairs on a Bravais lattice.

3.3.1 Ground state

Classical case:

It is often very useful to start by studying the so-called classical limit in which spins
are assumed to be classical, 3-component vectors of unit length. In the case of a
ferromagnetic system, the energy is minimal for the configurations where all spins
point in the same direction since such a configuration independently minimizes the
energy of each term of the sum.

Quantum case:

By analogy with the classical case, one looks for the quantum equivalent of states
where all spins are aligned. To achieve this, one proceeds in three steps. We denote
N the total number of sites.
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|[F >=|my = S,my = S,...,my = S > is an eigenstate. S;S; = 5%, S5
gives 0. This state is thus an eigenstate of energy:

E=-J Y 88=-Js* (IN)
<ij> 2

number of pairs

This is the state of lowest energy.

For this to be true, it is sufficient to prove that:
<8, S; >< 5
But

{(Sz‘ +8;)" — 87 — Sﬂ

N~ DN —

(Si+S;)* —S(S+1)
and the maximum of S; - S; is given by:

max(S; - S;) — ;maX(SmLSj)Z—S(S—i—l)

_ ;25(23 1) =SS +1) =S

Degeneracy: 2N S + 1.

The state has total spin N.S, as

S| >=2NS,
SHIF >=0.

Due to the SU(2) invariance, the degeneracy is 2N .S+ 1. The proof can also be
constructive. Since Si,; commutes with the Hamiltonian, one gets new ground
states from the previous states by applying successively Si,, until one reaches
the state |m; = —S, my = =S, ...,my = —S >, which is annihilated by Sg.

Note that the groundstate multiplet is actually the only spin-/N.S multiplet.
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3.3.2 Exact low-energy states:

Let’s consider the state
li>=1]5...5—-1S5...>
W—/
In other words, it is a state with a single lowered spin at position i. They are simply
related to the polarized state |F' >:
1
——=S;|F > and S|i >= V2S|F > .
V28

We introduce its Fourier transform, the spin-wave |k >

li >=

—ik-R;

k >= li >,

1
—— > e
VN5
where R,; are the sites positions. They are eigenstates of the Hamiltonian with
energy

Ek = E0+JSZ(1 —€ik.T> s
where 7 labels the hopping directions.
Let us act on it with the components of the Hamiltonian:
Hli> = —J Y §:87)i >= —JS? (;N - z> i > —JS(S —1)2]i >
<kl>

- (—JS%N 4 JS2)|i >= (Ey + JS2)|i >

1
HYi > = —Jzé SFS;y +S7SF | i >
i(i) —
J
—=> 57 Sfli >
2 T N——

i@ =V2S|F>
J
- 3> esli>
2 =
3 (@)

= —JSY |j>
3(%)

Acting on the state |k >, this Hamiltonian gives:

1 .

B = SR
1 ) .

_ N(_JS> Z 6Zk-'r Zefzk-(RrF'r)‘Z- +7>

= —JSY Tk >
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—
Hk> = Elk>+JSzk>-JSY e*7k >
= Ek’k >
with
Ek = E() + JSZ (1 — e“”)
Remarks.

For k = 0, one finds Fy = Ejy. Is this normal? Yes, it is part of the groundstate
multiplet as |k = 0 > S |F >.

The excitations are slowly oscillating spins as shown in Fig. 3.3.2

This calculation is very similar to that done for the tight-binding model. Let
us compute the dispersion on a cubic lattice. Using e’*7 + =7 = 2 cos(k - 7),
and 7 = taz, +ay, taz,

S (1-e™) = 4;sin2 (l‘“‘;a>

T

The dispersion, represented in Fig. 3.1, is

Ey = Ey + 4JSZsin2 (/C;CL)

For small k: sin? (%) ~ #. The dispersion is therefore quadratic for small
k.

Ex. = FEy+ JSk?d?

The excitations |k > have total spin NS — 1, except for |k = 0 >. They are
also macroscopically degenerate (2N S — 1 times).

In principle, we can conclude from SZ |k >= NS—1]k > and Si|k # 0 >= 0.
We nonetheless show an explicit computation below.

We need to evaluate < k[S7, [k >=< k| ¥ > 575k >
1,] «
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| Emax 23Sz

Figure 3.1: Schematic dispersion of the low-energy band in the ferromagnetic Heisen-
berg model.

Let us first look at

_ I kR oe ot -
Now
Silj >=1/S(5+1) — S(S — 1)|F >= V25|F >
and
S; 81§ >= V2SS |F >=2S|i >
So
28 .
STSTk >= ——e *Ri|j >
FSi Ik Sty
In the same way, using [S™*,S™| = 25%, one shows that:
_ 2S5 xR .
SjS] ‘k >= ﬁe kR ] > +2(51’]Sl |k > .
We then get:

1 o 25 .
<k|5 (SS; +878 ) k> =  cosk (Ri—Ry) + 05 < k|S7[k >
Summing over all positions cancel the cosine if k # 0, such that

- k\;z (5587 +575 ) k> = 3 <KSi|k >= NS - 1.
J

(2

We now look for the expectation value of < k|S7S%|k >. Following the same
procedure, we get:

n#j
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When i # 7,

1 A , .
S2S7k >= —— S2e R Bun 5> +5(S — e ™ Ri|j > +5(5 — 1)e *Ri|j >
flko>= (ng;# n > +5(S = e Rlj > +5(S — e

1 , ,
<k[S/Sik > = Y ek Rm ( S SPe B < min >>
m neinj

>R (S(8 = 1)e ™R < mlj > +5(8 = 1e ™R < mfi >)

2= == =

[ > 52+S(S—1)+S(S—1)]
ntin
2
— 2_
= S NS

independent of the indices ¢ and j.

When i = 7,

1 , _
(557l >= (Z S2eT Ry > (5 — 1)%e R >>
n#j

1 . _
< k|(Sj)2|k > = S ek RmGRem kR < >
m,n#j
1 , .
t ¥ S ek Rm(S —1)%e R < mj >
1 2 2
n#j
2 1
— 2 = o
= YNt
Consequently,
2 2 2 2 2 1
< k|S; |k >= N(N-1)(S —NS)—i—N(S —NS—FN)—FNS—l = NSX(NS-1)

Technically, we should still prove that |k > are eigenstates, but it is straight-
forward.

The existence of a low-energy branch whose dispersion goes to 0 as k goes to
0 is a consequence of the (Nambu-)Goldstone theorem (see Th. 5).
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N

1
k

Figure 3.2: The spinwaves have period ~

5: Nambu-Goldstone theorem

Consider a system invariant under a continuous symmetry. If the
groundstate is not invariant under the symmetry, i.e. it belongs to an
irrep of dimension > 1, then there exists a massless mode of vanishing
dispersion.

Note that this theorem also put constraints on the number of Goldstone modes
depending on the generators of the symmetry group.

Are there other low-energy states? Yes, of course. One can flip 2 spins, 3 spins,
etc ..., but there are some difficulties. |k, k' >= & ¥, ; ¢!tk g G0 F >
is not an eigenstate of H. Indeed, for the one magnon states, one looks for
the solution as |¥ >= 3", A;S; |F > and we have seen that A; = e™®Ri allows
one to diagonalize H. For the two-magnon states, one must look for a solution
of the form [V >= 37, s A; ;5; S; |F >. But the coefficients A;; must satisfy
different equations depending on whether ¢ and j are nearest neighbours or not.
In other words, the effective models for more than a single flip are strongly-
interacting. This problem does not have an exact solution except in dimension
1 for spins 1/2 (Bethe ansatz, 1931).

3.3.3 Holstein-Primakoff transformation

We now want to study excitations around the groundstate |F' >. As we discussed,
direct study is complex for more than a single spin flip. Consequently, we intro-
duce a convenient transformation where we will map the spin degrees of freedom to

bosonic degrees of freedom.

Exact representation:

-

S-Z:S—ajai

T
Sy =V25 a1 - %

(3.9)
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Let us check the commutation relations:

[ST,57] = StS™ -85~ 8
_ S B L T P
= 25|4/1 25 4% 1 5G a; (1 ZS)az
L 1+a1ai
_ "y - e = g~ M
= 25_(1 25)+ 1 5% 1 55 a; (1 25’)(12

Using the relations:

ajaiai = (amT Da;

P

n;a; = a;nN; — a;

and
- n; aln;a;
aT<1—7/>al = ala; — ————
! 25 ‘ 25
= ala <1_m>+m
o 25/ 28
leads to:
= e (- (- B
157,571 Stmas T ag)n 25) " " 25
= 25{1—@_25—%_252.
In the same spirit,
1 S+ n
——[8%,87] = |[n, = —[n,y/1— —aq;
==157.5% = o) = o1 - g2al
n
= —-n 1—2Sai+ 1—ﬁaln
Jr
= — l—ﬁ[n,ai]:— 1- >

Approximations: Using the exact representation defined above does not typi-
cally simplify our Hamiltonian. The Hamiltonian remains strongly-interacting, and
we have to deal with the square root of operators. The bosonic density also is
bounded from above. It is instead typical to proceed to a series of approximations
which will be valid when S > 1 and S >< a'a >.

e One forgets that the condition a;-r a; < 25 should be fulfilled.
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o We only keep terms linear in S in the Hamiltonian.

assume S;7 = v/2Sa; and S; = v/ 25@}.

Under

these approximations, the effective Hamiltonian simply becomes

37

In particular we can

H=FE;+ Zek ay ax with e = JSZ (1 — eik'T) ) (3.10)
k T

Let us now calculate the Hamiltonian:

1
H = —J ( > oS- Sala; — Sa;aj + §2S(ajaj + a}ai))
<ij>

Nz

= _J752 —JS Z (—a}ai — a}aj + a}aj + a}aZ)
<ij>

N JS

= —JTZS2 — 7 Z (—ajai — aLTaHT + aj-aHT + aLTai)

©,T

Let us define the Fourier transforms as:

ap =
T
i

LT, a= ke
T

1 —ik-r; 1 ik-r;
\/Nzke Ay, A = \/NZke "ax

7Z’k-1‘i Qa;
7

The Hamiltonian can be written:

Nz, JS 1
RN PS

0T ki,ko

(_e_ikl'ri+ik2'ri o e—ik1~(1‘,‘,+7’)+ik2~(ri+T) + 6—ik1~r7;+ik2~(ri+T) + e—ik1~(ri+7)+ik2~ri)

T
akl a/k2

Nz, JS o |
_JTZSQ 2 Z Z <_1 — e taThiaT g gllaT €_zkﬂ) 5k1,k2aL1ak2
T ki,ks

—J]\;ZS2 — Jf ZZ (—1 — 1+ 4 e_“”) aTkak
Tk

Interpretation: We can represent our states | > and |k > in terms of their
bosonic occupations.

0,
0,

|0’...’

0> — Ground state

1,---,0> — one magnon state

by

1,.--,0,---, 1 ,---,0> — two-magnon state:--
~~ ~~

ki ko
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Thermodynamics of spin waves: Due to the simple nature of the Hamiltonian
(3.10), we can straightforwardly study it at finite temperature. Of course our results
will only be valid at low enough temperature. We remind that for a boson of energy

€ at inverse temperature § = ,%%T, the occupation number is

1
efe — 17

<n>= (3.11)

The magnetization is given by:

_r so_g_ L fo
<m> = N%:<Si >=9 Nzi:<aia’>

1
= S—Nzk:<a;r{ak>
1 1

B S_Nzk:eﬁfk—l

1 dk
B S_(QW)D/e&k—l'

Remember that e, ~ JSa’k?. Let us evaluate the contribution from small wave-
vectors:

B / dk a” / dk
m>=9— —— _ dk
(2m)P Jik|<ko €875k — 1 (2m)D Jik>ky €F — 1

I

Let us suppose that 3 is fixed. For k small enough, e?75°¥* ~ 1 + 3.JSa2k?. The
integral I becomes:

D

;o @ / dk
—(27)P Ji<ko BT Sak?

o« 3D: This is a convergent integral because dk o< k*dk. To get the temperature
dependence, we go back to the original integral and perform the change of
variables u = y/Bk. This leads to:

k%dk 1 u?du .
/6@750‘2’“2 1 e / piSa? _ 1 e (3.12)

This is Bloch’s law: the correction to the magnetization of a ferromagnet at
low temperature is proportional to 7°%/2.

a’ 1 ko kdk

97 575 o 12 Diverges!
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e 1D:

a 1 ko %
(2m) BJS Jikj=0 k?

Diverges even more!

In D = 1and D = 2, there is no magnetic order at finite temperature (Hohenberg-
Mermin-Wagner theorem). By contrast, in dimension 3, there is a finite magnetiza-
tion if the temperature is not too high.

3.4 Antiferromagnetic case

Let us now consider the Hamiltonian

H:JZSZS], J > 0.

<i,7>

We will limit ourselves in this section to bipartite lattice. In a bipartite lattice, we
can split sites into two independent sublattices A and B, such that A sites (resp. B)
are never directly coupled. A cubic or a honeycomb lattice with nearest-neighbour
couplings are examples of bipartite lattices/models. The triangular lattice is not.

3.4.1 Classical case

The classical ground state is the Néel state with all spins 1 on sublattice A and all
spins | on sublattice B:

T4l
PTIT

3.4.2 Quantum formulation
By analogy with the ferromagnetic case, we can consider the state

=-5>.

A A B
lmy =S, ,m%:S,m1 =-S,---,m

M‘ZU:J

Is this the ground state? Certainly not: it is not even an eigenstate (and not an

eigenstate of SZ)!

To see this, let us consider two neighbouring sites (i € A, j € B):

S8y imA = 8,mP =-S5 >=0
Sy St mA =8,mP = -5 >=2V25|m* =S5 -1, mP =-S5 +1>
S;S¥mA = S,mP = - >= —5?
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This state is coupled to other states. How to proceed?” The situation is somehow
similar to the ferromagnetic case at 7" > 0. One must include fluctuations.

Holstein-Primakoff transformation Since spins point in different directions
on the two sublattices, one must distinguish two cases:
Sublattice A

Sz =S —ala
S,j_:\/2S 1-%&1
S; =v2S al\/1 -2

n

Sublattice B

SJZ =-9 + CL}L-CLJ'
_ ./ T nj
S =V25/1 - ;‘g a;

Keeping only terms of order S? and S, the Hamiltonian becomes

—JSQJ;[Z + J2S N (Qakak + axa_xe ™ +ajal elkT) : (3.13)
P

Keeping only terms of order S? and S, the Hamiltonian becomes:

H = JZZ(SQ+SaIai+Sa;aj 225 (aia; + a f))

1€A j(i)

— —JSQZZ +SJ Z Z (GICM + aLTleT + ;i + @LT@LT)

zEA T
_ _JSQE ZZ Z [( —ikir;+ikaor; + 6( k1+k2)(ri+7)) aquakQ}
2 T k1 ko
+ = Z Z kzk |: Zklrﬂrzkg I'r‘rT) akl ak2 + e*iklrifikg(rri»’r) alT(l aL2:|
T 1,k2

— —JS2 z+ 7 Z > (akak + af ay + ara_ye T + alT(aT_keikT)
K

Problem: The Hamiltonian is not the sum of harmonic oscillators because it
contains terms of the form axa_y and afa’ . In the next section, we will see how to
solve generically this family of models. As they remain bilinears in terms of bosonic
operators, these models are still Gaussian and therefore can be solved.
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3.4.3 Bogoliubov transformation

The systematic way to solve the Hamiltonian (3.13) is called the Bogoliubov(-de-
Gennes) transformation. The core idea is to work with new bosonic operators ay =
ukak+vkaT_k. A boson ay is a superposition of a boson a propagating at momentum
k and a hole at momentum —k. The Hamiltonian then takes the simple form

H = —JS(S + 1)Z;V + X e (o + ;) , (3.14)
k

where

we = JSz\/1 =12
1

Yk = —Zcosk-T.
< T

JSz + Wk .
we= [T = sign(n)
ka

JSz — wy
2wk

For small k, wy is linear in k. In an antiferromagnet, the dispersion of spin waves is
linear in k, and not quadratic. The groundstate of the Hamiltonian (3.14) is simply
the empty state for the bosons ay, i.e. the state where

< ozltozk >= (.

Importantly, as a’s are superposition of a’s and a'’s, the groundstate will generally
have

< aTkak > 0.

Proof: If the Hamiltonian was of the form:

H= Z wkozltozk + Cte
Kk

one would have:

[H, Ozk] = —WkOk
Now, since
[ T ] T - T _
G Qx, k| = A ax Qg axay ax = —dak,
v
—1—0—(1,1((1{(

[“L@ikv ax] = [@L, ak]aik = _“ik-
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on gets the following expression for the commutator:
JS ) )
[H,ay] = Y > <2ak +al (eZkT + e_’kT))
= —JSZ (ak + aikcosk . 7') )

Similarly, since

[a;f(ak, alT(] = alT( akalT( —alT(alT(ak = aL,

1+aLak

[axa_x, al] = +a_x
one gets:
[H,a',] = JSY (aT_k + ax cosk - 7') :

Since [H,ay] and [H,a' ] are linear combinations of a, and a',, it must be

possible to bring the Hamiltonian into the required form with bosonic operators oz;r{

and ay that are linear combinations of ay et aik. We define
k. = Ukayx + vkaT_k
The coefficients uy and vy are determined by the conditions:
Hya] = JSY [(—uk + v cosk - 7) ax + (vx — u cosk - 1) aT_k}
= —wk;k , wi >0
which leads to:

{—ukJSz + UkJSZk = —WkUk

— U J Sz + v J Sz = —wrvk
where we have introduced the notation:

Zk:ZCOSk'T
T

Solutions exist provided:

(—wi — JS2) (JSz — wi) + (JSz)* =0

= wlz( = (JSz)2 — (JSzk)2
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Besides, to ensure that [ozk,alu = 1, the coefficients uy and v, must satisfy the

normalization condition ui — v = 1. But from the above equation we get

2wk

2 9 o
_ukJSz+wk'

Uy, — Uy

Since JSz + wy > 0, this imposes to choose wy > 0:

wk = JSzy/1 =i

with v = % = cos k, inlD, %(cos ky + cosk,) in 2D ---

The eigenvalue equations imply:

— = ————— =gign(z
Uk JSz 4+ wy B2k

. JSZ — Wk
= sten(ay Te

Besides, the normalisation condition imposes

2wk

2

— ] =1
Yk (JSz —i—wk)

One can thus choose as solutions

o [JSz + wy v = sign(z) [JSz — wy
k = 72%{ k = SIgN{ZKk 72&}1{

The Hamiltonian is thus of the form:

V(JSz — wie) (JSz + wye)
) JSz 4+ wy

H = Z wkaLak + Cte
Kk

To determine the constant, one must invert these relations

{Ozk = Ukak + Uk(lT_k

Of]:k = ukaik + vkak

which leads to:

aik = —UkQyK + ukatk a_x = —UkQ’L + Uxor_x

{ak = Uk — UkOéJLk (IL = uk()é;f( — VO _x

and introduce these expressions into the Hamiltonian written in terms of the alT( ,
ax given by:

o zN JS

H=-JS - + - Z (22altak + Zxaxa_y + zkaLaiQ
Kk
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Now,

aax = (ukOé;f{ — vka,k> (ukak — UkOéT_k>

2 2
= uy ole(ozk + Vg Oc_kozT_k — Uk Vk (aLaT_k + aka_k)

_ 2 1 2 f 2 ot
= Ui Q0K + UV O, 0k + UV — UV (ozkosz + apa_k

axa_yx = (ukak — vkoﬂ:k) (—vkaL + ukoz_k>

= —UkVk (OékOéL + OéT_kOéfk) + ui o0k + U12< Oj—ka;fc

2 2
= —UrVk (ole(ock + ozT_koz_k) — UgVk + U Oy + Vi ozT_kole(

alT(aT_k = (ukole( — vkoz_k) (—Ukak + ukozT_k)

= —UrVk (aLak + oz_kozik) + ui aLaik + 1)12{ Q_K Ok

2 2
= —ukUg (af{ak + aT_ka,k) — UkVk + Uy aLoﬂ_k + v QO

Let us regroup the terms:

The constant term is given by 2zvf — 2z,uv,. But according to the eigenvalue
equations, one has:

UkJSZ — UkJSZk = —WkUk

and so:
5 (e ) = 3 (s8a0 — S
- Z Wiy
: JSz

B JSz —wik 1
= —zk:(,dk o 2 zk:l-l-2zk:wk

——
N

The constant term of the Hamiltonian is thus equal to:

N 1
—JS(S+ 1)+ 2w
2 24
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The non-constant terms are given by:

aLOzk X (22u12( + 227}12( — 4zkukvk>

= aLak ((2zuy — 22x0k) uk + (220 — 22Uk ) Vk)

2 2
= OszOék (szkui — wkvi>

2
75k

= OzLOék
which leads to a contribution to the Hamiltonian equal to > WkQLak- Finally,

a0y X (—2zukvk + zkui + zwﬁ)
= axa_x ((zrux — 2vx) uk + (20K — 2uk) Vk)
= Oax0_k (wkukvk - wkukvk)

= 0

This leads to our final result:

N 1
k

Staggered magnetization: The equivalent of the magnetization of the ferro-
magnetic case is the staggered magnetization defined by

1 A .
Moy = <y SL-> 8>
i€A i€B
According to the Holstein-Primakoff transformation, we have:
1

Malt:S_ Z<GL(lk>
Nk

Using the expression of alT(ak in terms of the operators ole(, g, we get:
afa, = ud aloy + v} (1 + ozLozk)>
= (ui + vﬁ) ozLozk + 1112(
o T = 0: we compute expectation values in the groundstate of Eq. (3.14), i.e.,
where af oy >.

JSz —w

T 2 k

ik Yk 2wy 7

These are the so-called quantum fluctuations: the groundstate is not the clas-

sical groundstate, but has non-zero vacuum fluctuations.
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- D=

2 (o JSz—w
<m>=S8—— / ) i
2m Jo 2wk
But for k small, wy ~ k. As a consequence, the integral diverges and
there is no antiferromagnetic order.

— D > 2 There is antiferromagnetic order if the integral is smaller than
S. Tt is often true. For instance, on the square lattice, the integral is
approximately equal to 0.2. This calculation thus predicts that there
must be antiferromagnetic order for all S.

« T #£0:
cdar > JSz 1 +JSz—wk
aayx >=
KTk Wi el —1 2y
—_—

Nk%for k small

The integral diverges if D < 2 — no long-range antiferromagnetic order at
T > 0 (Hohenberg-Mermin-Wagner theorem).

Spin-wave ground state: The vacuum for the a' bosons is the Néel state. This
is not the ground state! The ground state satisfies ai|AF >= 0. Indeed, denoting
|0, > the empty state for the bosons a:

(ukak + vkaT_k> 0, >= vkaT_k\Oa > 0.

One can show that the ground state is given by:

1
|AF >= |0, >= H/— exp (—vkaLaT_k) |0q > (3.15)
K Uk Uk

where [];, means that the product is restricted to wave vectors k such that k # —k.
Note that this groundstate is technically not unique, as wg = w, = 0 (where k = 7
is a short hand for the vector (m,,...)). This technically means that we can also
chose an arbitrary value for the values of ag or a,. We also have not carefully re-
viewed the occupation numbers of other symmetric points in the Brillouin zone —
this is left as an exercise.

To this end, one much show that:
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: _ T
with ax = ugay + vgal .

v
alAF > = a]] o €XP (—UIaIaT1> 10, >
1 1

ot "
1 1 “+00 _7ka a'
— H /7exp (_Ula;faTl> akz[ Uy k' k} |0a>
l#k,—k 4 u ko =1 n

where the sum starts at n = 1 because the term n = 0 gives 0 since |0, >= 0.
Now,

[ax, (af)"] = n(ag)" !
Let us prove this by recurrence. This is true for n = 1 since [ay, alu = 1. Let us
suppose this is true for n — 1. Then:

[alﬂ (al‘()n} - [akv (aL)n_l]aTk + (a;[c)n_l[akv au
= (n=1)(a)" *af + (ap)" "
= nfa))"!
Thus,
a(af)" =n(a)" "+ (af)"ax
——

gives 0 on the vacuum

and one gets:

1 v 1 vk)n (IT n—1 CLT_ )n
alAF > = J['—exp <—laIaL) 1 &R (=) ()" (el 0. >
12k, —k U1 U Uk 1 (n—1)!
1 I —v
= I " oxp <_GIGT1) ——=al exp (—aLaT k> 0, >
14k, —k W Uk Uk
Finally:
ucax|AF >= —vgal ( |AF >
so that

Oék’AF >= 0.

Finally, let us check the normalization of |[AF >.

1 2n _ n( T T n
< AF|AF > = < 0@|H’72 Z <_Uk> ((1 kak> (akafk) ‘Oa >
k u n Uk

. nl?
_ H/iz <_,Uk)2n
o Up S Ui
B H/i 1
k ui 1 - (%)2
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3.5 Frustrated magnets

Definition: Frustrated magnets are magnets for which it is impossible to minimise
simultaneously the energy of each bond in the classical case.

Examples:

o Triangular lattice — topological origin

o Square lattice with first and second neighbour interactions

J2

3.5.1 Looking for the classical ground state

This is a problem that has no general solution. The solution is known however when
the magnetic moments sit on a Bravais lattice (i.e. when there is one magnetic site
per unit cell).

To see this, let us consider the energy of a configuration

1
E= 5 > Jr.SR, - Sri+R.,

i Rp
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There is a factor % because each bond appears twice in this formulation. Importantly,
the sum over R, is a sum over all sites: the restriction in the form of the couplings
is entirely contained in the function Jg,. We look for the minimum under the
constraint ||Sg,||* = 1 for all sites.

Fourier transform:

ﬂ\H

1 .
Sk=—=) Sie "R —
vig> ;

Jk — Z JR, —1k-Rp, — JRn N Z zk R,
n k

[\ \

ZZ S i Siy - Siep e Rt Rictes (RiRa)
R;

Rn k1k2k3

=—> ko = —k3 = k;. The energy can be written as:
1
E = *ZJkSk'S—k
2%

On then proceeds in two steps:

1. One solves the problem under the weaker constraint 3=, ||S;||* = N.

2. One checks if one can find a ground state that satisfies the stronger constraint
|S;||* = 1 for all sites.

Now

1
ZS? B Nk Z atlerR 1'Sk1
— 378,-Sk
k

One must thus minimise
1
=3 Z JeSk - S_xk
k

under the constraint > Sy - S_x = N = cst.

Let’s assume that Jy is minimal for k = ky. The minimum of the energy is
obtained iff Sy = 0, k # ko, —ko and Sy, S_k, + S_x,Sk, = V.

In real space, the spins are then given by

S = L (SkoeikO'R + S,koe*ikO'R)

VN

Can one find Sy, and S_j, such that:
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* Si, S =Y

but also such that the local constraints:
e S, réel
o [ISil]* =1

are satisfied for all 7 Yes! For example:

VN VN
2 2
Sko Zg S ko — Zg
0 0
leads to:
cos (ko - R)
Si sin (ko . R)

One get a helical structure of pitch vector ky.

/7

S\ |/ =\

Figure 3.3: Example of a 1D helix of wave vector ky =

2m

12a”

Conclusions:

o The structure of the classical ground state is a helix whose wave vector is given
by the minimum of Jy.

o If there are several wave vectors that minimise .Jy, one can often make linear

combinations of the solutions, and therefore there is a continuous (infinite)
degeneracy of the ground state.

Example: J; — J; model on the square lattice

H —

J1 Y Si-S;+ Y, Si-S;

<ij>

- Z J(k)Sk - S_x

<<Lt,j>>
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f

J1 J2

%

J(k) _ Jl (eikx _l_e—ikx +eiky +e—iky)
+ ] (eik(x+y) 4 ofkOx=y) | pik(xty) 4 eik(—x+y))

= 2.J; (cos(k,) + cos(ky)) + 2J2 (cos(ky + ky) + cos(k, — k)
= 2J; (cos(k;) + cos(ky)) + 4J5 cos(k,) cos(k,)

The minimization leads to:

g];] = —2J; sin(k,) — 4J2sin(k,) cos(k,) =0
0J _ .

— = —2Jysin(k,) — 4J2sin(ky) cos(k,) =0
Ok,

or

which is only possible if ;712 <1l— % < Js.
ky=Fk,=0— Jk)=4J;+4J;
ky =0k, =7 — J(k)=—4J,

k’x:ky:W%J(k):—ﬁljl—i‘ﬁljg

cosk, = cosk, = 5—;21

—2J J2
5 J(k) = 2J; (y;) +4J24—J122
2R B R

Js +J2_ Jo
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But if J; < 2J5, —4J5 < i]—‘f The ground state is thus reached for k, = 0,k, =7
or ky = m, k, = 0.
For ‘% = 1, the minimum J(k) = —2J; is reached for

ky=nm,Vk, ou k,=mVk,

Finally, for J; < 2.J5, one can make a linear combination of two helices. This leads
to a continuous family of degenerate classical ground states.

4\/ + comb. lin.
\L/ kx =0, ky =Tt

L \ /

—_— = ==
_——— ==

E indep. dea

J2/

3.5.2 Spin waves in a helical system

Let us consider a system described by the Hamiltonian

1
H = 3 > Y Jr,Si- Siir,

i Rp

J(k) — ZJRnefik-Rn
Rn
and let us suppose that J(k) is minimal for k = Q.
We are going to perform a rotation in spin space such that the classical ground

state is described by S =S/ =0, S" = 1.
To achieve this, let us suppose that the ground state is described by

0
cos(Q - Ry)
and let us perform a rotation of angle ; = Q - R; around S*:

Su — S.’E
SY = cos§;5Y — sin 0,5%
S% = sin 0;5Y + cos 6,5%.
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In the new basis, the Hamiltonian takes the form

H= % >3 Jr, [S;‘S;ﬂm + cos(6; — Oi1n) (SZ}S;}—M + S;”Sﬂn)
i R.

t+sin(6; — Oin) (SIS, — SESHL)] | (3.16)

Proof:
1 u QU
H = 9 > JIr, 8] Sy
i Ry
+ (cos6;S] 4 sin6,;5;")(cos 6,4, S\, + sin0;1,5;%,)
+ (—sin6;S; + cos 0;S;")(—sin 0,4, 57, ,, + €08 0;1,5;%,,)]
since

SY = cos;S] +sin6,;S;"
S* = —siné;S; + cos 6,5/

H o= 535 Jn S!S,

2T R
Sy SY ,(cosb; cos by, +sinb;sinb; )
Si Sitn
Sy S, (cos 0;sin 0; 1, — sin6; cos 6;4,,)

SISy

+n

; SN Tr, [SESH, + c08(0; = Oiyn) (SVSPn + SESE,) + 50 — O;4n) (SSPy, — SISE

i Rp

(sin ; sin 6; 1, + cos 6; cos b;4,)

+ o+ o+ o+

(—cosB;sin by, + sinb; cosb;y,)]

Next, we perform the Holstein-Primakoff transformation:

S}”:S—azai

S =8"+iSP ~2Saq;
S =S —iSY ~ /254
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The Hamiltonian now takes the form:

H = 3 Z Z JRTL alaH’” + azaj—i—n)(l - COS(Qi - 07,+n)>
i Rnp

S
+ Slalain +alina) (1 + cos(t; — i)
+ [S* = S(ala; + al,,aisn)] cos(6; — Oiyn)

S\/_

(al + a + Qiyn + aern) SIH(Q - 92+n)]

At this point, we have not specified the transformation 6;. It needs to minimize the
classical energy

1
class = 5 Z Z JR COS - 92’+n>7

i Rnp

which get rid of terms linear in a and af. We obtain the final Hamiltonian

1
> {Jk 5 (Jkeq + Jica) = QJQ] g
k

1
5 = 5 Ve + e-a)] (acoosc+ afaly) | 3.17)
k

This Hamiltonian has the same for as in the antiferromagnetic case, and a Bogoli-
ubov transformation leads to:

wk = 5\/(Jk —Jq) (3 (krq + @) — Jq)

. k=0 (3.18)
we =0 =i
k=4+Q
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Detailed computations:

S i (S +57) (Sfhn + Siin)

= g (a Qigp + CLZ H—n + a;a I—l—n +a; az-l—n)
SV Sthn = i (5" = 57) (Stn = Si3n)

= g (alawn + aZ Z+n GiaLn - a;r ai+n)
Swse. = S%—S(ala; +al,ain)
SUSY, = ng_s (aitn +als)
sese, = 5\2/2_2_5 (a; +af)

A priori this Hamiltonian contains one-operator terms of the form a; et a . But
the classical energy, which is given by:

1
Eelass = 5 Z Z JR COS - 91+n)

i Rp

must be minimal. If one groups the terms containing a given angle 6;, one gets

Z JR,, cos(0; — O;4n)

since each pair appears twice in the classical energy. Besides, the condition that the
energy be minimal imposes

aE’class
00;
— Z JRn sin(Qi — Qz—i-n) = 0

Ry
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As a consequence, the one-operator terms linear in a; et aZT. drop.

1 1
=Xy

Z Ji oK1 Ra {S (ak ax pikaritiks:(ri+Ra)
1 2 3
ki,ko,ks 2

. . . eiQ'R’ﬂ _I_ e*iQ'Rn

+ a;r(QalT(3efzkg-rlfzkg-(rﬂar)) (1 _ 5

S T —tko-ri+iks-(ri+Rn) T iko-r;i—iks-(ri+Ry)
+ 7( k2ak3€ 2 3 i mn +ak3a/k2€ 2 3 i n)

2

eiQ'Rn + e_iQ'Rn
X 1+
2
eiQ-Rn + e—iQ-Rn
+ S?
2
- g (alT( akgefikz-r¢+ik3-ri —i—aL akgefikz-(ri+Rn)+ik3-(r¢+Rn))
2 2

X

¢iQRn | o—iQRx
()

Let us look at the terms:

eiRn(k1+k3)€iri(k2+k3) kl — _k3 , k2 — _k3

1 S
— = J-aka-
2k k2akak

o 6iRn(k1+k3+Q)61’1“i(k2+k3) kS — _kl . Q 7 k2 — kl + Q

1 S
— ==Y Jk_q=aka-
4k szakak

o eRn(kitks—Q)iri(k2+ks)

1 S
— _Z Z Jk+Q§aka_k
k

eiRn(ki—k3) o —iri(k2+k3)

e

S
Jx §GL6LT,1{

DN | —
=[]
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eiRn(ki—k3+Q) p—iri(ka+ks)

1 S
— _Z Z Jk_Q—alT(aT_k
. 2

eiRn(k1—k3—Q) o —iri(ka+ks)

1 S
= =72 Sk agaly
14 2

eiRn (k1 +k3) eiri (7k2 +k3)

1 S
— 2;(]_1(2@:(&1(

e and all the other terms:

1 S
— - Z J,k,Q—aLak
14 2
1 S
— Z Z J_k_i_QaaLak
k
1
— 5 ; JkECLlT(CLL
1 S
— Z Z Jk+Q§aLak
k
1 S
— Z Z Jk—QEG’Lak
k
1 QR QR
= 52.2.5m, - 26 =
i Rn
S
— —ZJQaLak
S
— —ZJ_Qakak
S
— —ZJ,Qakak
S
— _Z‘]Qakak

S2

=2N

2

1
2

(Jo +J-q)

o7
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Let us group the terms:

(aka x taxa_ k)

S
"’(ZLCLk [4 Z (J

k

1

> <J 3 (Jrrq + i Q))
k

1

5 (Jox+q + Jx-q) + Jx

1 S
+5 Vg F Jk—Q)) — 5ot J—Q)}
512

+2N(h+L)

or, since Jy = J_x:

N52
H = JQ + — Z [Jk + = 5 (Jk+Q + Ji_ Q) — ZJQ} ay Gy

o
1

1

+ Z[ — 5 (Jieq + Ji-a)
k

(aka,k + CLLaT_k)

3.5.3 Bonus: J; — Js; model

Let us describe some effects of quantum fluctuations in the case of the J; — J, model.

Jy > %: lifting of the classical degeneracy by zero-point fluctuations.

1
E = cst—i—Z(ozf{ak%—z)wk(ﬁ)
K
— Ey = cst+ Y wi(0)
K

The collinear structures are selected:

(O
Vo

-J2<A:

<m>:S—/dkf(k)

—_——
A<m>
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f(k) — cst when k — 0.

The correction will thus be large if the spin-wave velocity is small. But
2 2\ 3
we = {[Shz+ Sz — 1)) = (STizm)*}
1 , 1 .
W = - Z ezk-ﬁ , Bk i Z e’Lk'TQ
z - z -

Expanding at small k leads to wy ~ ck with ¢ — 0 when J, — J?

— the correction diverges:

VS

Pas d' ordre longue distance

J2/J1

Is this true for large S7 Probably not. The correction is infinite for S infinite,
but for S < 400, one must take the higher order corrections into account. It turns
out that A < m > diverges as In S:

— <m>=8S—cstxInS >0 when S — +c0

What happens for S = %? Another kind of ground state, a product of dimer
singlets, has been suggested, but this is still an open problem.

Simplest example: 1D, J; — Jo model with J; = 2.J5.

Before we study this problem for S = 1/2, let us look at the 1D classical J; — Jo
model:

J(k) = 2Jycosk + 2Jycos2k
0J . :
% = —2J;sink — 4Jysin 2k
= —2sink (J; +4Jycosk)

L k=0 = J(k)=2J+2J]
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CHAPTER 3. MAGNETISM OF MOTT INSULATORS
2. k=r = J(k)=—-2J +2J,

R J
3. cosk = 3L (si Jo > )

—2J? J?
J(k) = Lo (2L —1
= () i 2<1GJ22 )
1J}
= ——L_9J
4.7, ?
J (arccosijf) < J(m)
1.2
—C 90, < =2, 4 2J
& 17, 2 S 1+ 2J9
1J}
&~ o <4]
17, s
& 0< J:—8J1Jy+16J3
s 0< (4, —0)? OK

J(k=0)

I(k=T)
' ' : 3201

J(arccos -J1/4J2)

Let us come back to the quantum case and consider the model:

H = JZ (QSZ . Si+1 -+ Sz . Si+2) s N sites
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with (Jl = 2J2, J2 = J) and (S = %)

The Hamiltonian can be rewritten as:

H=J(2S1-So+ (S1+52)-S5+S2-(S3+Sy) +---)

or
H=1J Z 2S; - Siv1 4+ (Si +Sit1) - Sivo + Sit1 - (Siz2 + Sits)]
i odd
Let us consider the state |¢ >= [1,2] ® [3,4] ® --- where [j, k] = (| Tide>

—| 4;1%>) is the singlet built out of the pair of spins (7, k).

What is (S; - S2) [1, 2] equal to?

|:(Sl+82)2 —2 X i

S1-8y =5 [(S1 48"~ 87 -8} =

N |
N | —

and (S; + Sg) [1,2] = 0 since [1,2] is the singlet.
One thus has (S; - S) [1,2] = —2[1,2].
Calculation of (S; + Sz) - S3[1, 2]:

1 1
(S1+82) -85 = (S7+55) 85+ (S5 +55) 85 + 5 (Sy +85) 8y,

and the state is given by [1,2]os = % (| > —| I1>) ® |os >.

Let us then look at the action of each of the three terms:
. s 1 1 1
(ST +53)8; = ﬁ <_4U3 + 403) [1,2]o5 =0

1 . _ ) .
(57 +58) 55 = {ﬂ<lﬁ> ) [ 45=0 si o=

0 otherwise

|

_ 0 if 0'3:l
ST+ S5) Sy = 2

DN | =
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One is left with (S; +S5) - S3[1,2] = 0.

Finally, acting with the Hamiltonian H on the state |¢ > gives

Hlp >= (¥ x 2] x ) [¢ >= —3JN|¢ >

So, |¢ > is an eigenstate of energy —%JN.

Let us now try to show that this is the ground state. One can rewrite H as:

H == Zz hl Wlth hl = J (SiSi-‘rl -+ Si—i—lSi—i—Q + SlsH_g) But

J
hi = 5 [(Sz +Siy1 + Si+2)2 - S7 - S?ﬂ - S?+2}
J 3
= 3 |:(Sz +Sip1 + Si—|—2)2 —3x -
2 4
The sum of 3 spins % is a spin % or a spin %
1(1 3
L(Liq)=23
— Sl + SZ + SZ 2202 (2 4 3.19
( +1 +2) {Oug (% + 1) = % ( )

The smallest eigenvalue of h; is —%J . Now
H = Z hz - Efond(H) Z ZEfondhi
-3
EES Efond(H> > N x TJ
since E(¢) = —3NJ.

4

So, |¢ > is indeed the ground state.



Chapter 4

Electrons in a magnetic field

This chapter is devoted to the properties of itinerant electrons in a magnetic field.
This is a very vast subject that one cannot fully cover in a few hours. We will
concentrate on three remarkable effects: the de Haas-van Alphen effect (studied as
an exercise, but extremely important), the integer Quantum Hall Effect, and the
fractional Quantum Hall Effect. All these effects rely in an essential way on the
quantization of the motion of a charged particle in the presence of a uniform mag-

netic field B = B2.

Loic Herviou: 1 changed the units used in this chapter to the standard SI units
(instead of CGS). If you catch a remaining line where this change has not been done,
please contact me.

4.1 Landau levels

4.1.1 Classical problem

In the presence of a magnetic field, a particle of charge ¢ is subject to the Lorentz
force

Uy
F=qgvAB)=¢B| —u,
0

with v, = & and v, = ¥, so that

mx = qBy
my = —qBT
mz =

63
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In the z direction, this is the motion of a free particle.

In the plane perpendicular to the field, one gets:

{j = wel (4.1)

g = —WeT

with w, = %. These differential equations can be integrated:
{l‘ = wc(y - yO)
U= —we(r — x0)
leading to

2

(o

j=—w

Let us define n, = 2 — 29 and n, =y — yo. We get:
{nx = _wgﬁm N {773: =Tz Sin(wct + @m)
My = _Wgny Ny = 1y cos(wet + py)

But 7, = ryw, cos(w.t + ¢,) must be equal to w,n,, so

{rm =Ty, =T
Po =Py =@
{x = g + rsin(w.t + @)

= yo + 7 cos(wet + @)

The motion of the particle projected on the plane corresponds to a uniform motion
along a circle of center (x¢,yo) and of radius r at the cyclotron frequency

We = —. (4.2)

4.1.2 Lagrangian approach

The equations of motion can be rederived from the Lagrangian

L=Ly+1imz?, (4.3)
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with

T S S . .
Ll :8,9) = 5ml@? +7) + a[Au + Ay (14)

where A, (z,y) and A,(x,y) are the components of a vector A such that B = rotA,
or B =0,A, — 0,A,. Indeed the Euler-Lagrange equations

doL oL

0, (4.5)

lead to:

d
T (ma + qA;) — q[20, A, + 90, A, = 0,

d¢
{mi + @O A, + q (20, A, + Y0, As) — q (20, A, + 90, A,) =0
my + qor Ay, + q (x'arAy + yayAy) —q (iayAw + yayAy) =0
If the magnetic does not depend on time, §;A, = 9;A, = 0.

(my + qA,) — q[20,A,; + y0,A,] = 0.

N mi = qy (0,4, — 0,A;)
my = qi (0,A; — 0;4,),
or

. qB.

rT=—y
m

= . qB.

Yy =—2x.
m

4.1.3 Hamiltonian formulation

One must express the velocities in terms of the momenta.

oL
Pr = = = mi + qA, i’:i(px qA;)
ozx = m
. ) 1
Py = % my + qA, y=— (py — qAy)

= Hauy = ;m (4% +47) = 2171 [(px — ¢Au)* + (py — qA,)’]

Finally,

M= (p—qA). (4.6)
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4.1.4 Quantum treatment

Let us start from the Hamiltonian formulation, and let us suppose that , 9, p., Dy, ...
are operators satisfying the commutation relations

We remind that this canonical approach to quantization is to relate non-trivial
commutator for quantum variables to non-trivial Poisson bracket. The resulting
Hamiltonian is simply

1
(P2 — qAa:)Q + o (py — qu)2 +

1 1,
- — 2 4.8
H 5 5P (4.8)

Let us define I, = p, — ¢A, and II, = p, — gA,. Since A, and A, do not depend
on z,

[Pz, 1] = [p., I1,] = 0.
Let us calculate the commutator [I1,, IT,],
(Lo, Iy = [pe — qAz, py — ¢ Ay = —q[pe, Ay — Az, py] -
But
[Pz, [ (2)]p(x) = —ihdy (f(2)p()) + f(2)ihdep(x) = —ih(0. f (2))p(),

= [pe, f(2)] = —ih0. f (2).

So
Dz, Ay] = —ih0 Ay, Az, py] = +ih0, A,

leading to

or

[I1,,11,] = ihqB. (4.9)

From dimensional analysis, it is interesting to introduce the magnetic length

5= — (4.10)

L, 11,] = —i'e. (4.11)
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Let us define P =11, Q = —Bquy. We have [Q, ﬁ’] = ¢h and

1 4 1 A 1
L pr s 2002 2
H 5 + 5T Q° + ol
with 1 . ]
71—12 — 2 H2
om v 2 ¢2B2Y
2p? B
w? =1 o Soit W = =, (4.12)
m m
With these variables, the Hamiltonian reads:
1 4 1 A 1
= —P?+ —mwrQ* + —p-. 4.13

The Hamiltonian can thus be written as the sum of a harmonic oscillator of
frequency w,. and of the Hamiltonian of a free particle in the z direction. The eigen
energies are thus of the form:

h2k?
2m

Eng, = hwe(n+3) + (4.14)

Each of these curves corresponds to a Landau level.

4.1.5 Degeneracy

For a given value of k., how many levels are there per level? Importantly, we
obtained only two quantum numbers for a three-dimensional system! To get a first
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rough idea, let us consider the number N of quantum states whose energy is between
E et E + hw,. in a free electronic model without magnetic field. To calculate this
number, we write that it is the volume in k space of the points such that

27.2
E <

< E + hw, (4.15)

m

divided by the elementary volume per k point. In 2D, in a box of dimension L, x L,),

this elementary volume is given by % The volume of k points satisfying (4.15)
is a surface defined by:

ko ]{Z2 _ kQ
o | kdk = 2721, (4.16)
k1 2
with
h2k? h2k?2
EF=—"" FE+hw.=—2 4.17
5 BT 5 (4.17)
1 2m 21
— 27T X 5 X ﬁh{dc = %wcm. (418)

The number of quantum states we are looking for is thus given by:

(4.19)

This number is independent of E (the density of states is a constant in 2D). So
this a good candidate for the degeneracy of a Landau level. This is a macroscopic
number: in the thermodynamic limit, it is infinitely degenerate. To confirm this
result more precisely, one should calculate the exact spectrum of a system with
periodic boundary conditions, a problem which unfortunately does not have a simple
analytical solution.

Nevertheless, we can convince ourselves that this result is correct by going back to
the solution of the problem. The motion in the x, y plane is described by 4 operators
2, Pz, U, Dy Now, we have shown that the Hamiltonian only involves two operators
I, = p, — 1A;, II, = p, — 2A,. So there must be two degrees of freedom that do
not enter the Hamiltonian. From the classical solution, these degrees of freeedom
are yp =y — wicx and xg =z + wicy, or, in the Hamiltonian formulation,

(4.20)
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Since [z,1I,] = [y, II,] = ih, one gets:

1
[XvY] = [$+ I,y — Hx]
mw, mw,
1 1
= — 1L, — I, y| — ——=|11,, 11,
mwc[x7 ]_'_ mwc[ Y y] mgwg[ Y ]
2
= — th + 1thqB
mwe m2w?
h

The elementary volume in phase space associated to these variables is given by
27?qu (for  and p, it is given by 27h, i.e. 27|[Z,p]|). In a sample of dimension
L., L,, the total volume is L,L,,

L,L
deg = 22 Y4B = — 4.92
g = -4 % (4.22)

In this expression, ® is the total magnetic flux going through the sample, and ¢y is
the quantum of flux for particles of charge ¢.

4.1.6 Density of states

Let us consider the density of states of one band n. It is given by:

dk L.L, q¢BL
EYdE = 2n(k,)dk, =2 x d = =2 =Y o - Edk,. 4.2
n(E) n(k:)dk. X egXZW/Lz X 2 X ho2r ° (4.23)
But E = hw(n+ 1) + 2k
2k, m
dE =2 Sy dk, = dk, = hQ—kZdE (4.24)
and 5 ]
s 2m
2= (E ~ we(n+ 2)) , (4.25)
m dFE
dk, = — st B> hwe(n + 3) (4.26)
h2 /'%ﬁ—mc(m%)
so that
B [om©O (E — hw.(n+ 3
n(E) = V q m ( ( 2))

472 B\ B2 \/E—hwc(n—i—%)

Vo 2m\¥? 0 (E - hw(n+ 1))
)

8 h \/E — hwe(n + 1)

(4.27)
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Finally, the total density of states, including a factor 2 for the spin, is given by:

1% - <2m>3/2 © O (E — hw.(n + %))

n(E) = — — :
8 h? n=0 \/E — hwe(n + 1)

(4.28)

L8

-y
i) \/\
L {

"*\"0 S‘kwc }EC >

c

The dashed line represents the density of states for B = 0. It is given by

n(E) = )V (?)3/2 VEdE. (4.29)

472
The curve in the presence of magnetic field is very different from a simple square
root. It exhibits singularities at energies given by hw.(n + 3).
This property of the density of states is responsible for a remarkable phenomenon:

many quantities such as the magnetization or the resistance exhibit oscillations as
a function of %.

Indeed, when B varies, one gets a new singularity when

Br="8 (4 1),

2

m
or 1 A
__ne 1
B~ b (n+13). (4.30)

If one calculates any thermodynamic quantity as a function of %, it will have
regularly spaced anomalies. For the small values of B, these anomalies lead to a
regular behaviour that shows up as oscillations in %. These oscillations are called
the de Haas - van Alphen effect for the magnetization and the Shubnikov - de Haas
effect for the resistance.
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4.1.7 Exact solutions of the Landau problem

In many situations, it is useful to know the eigenfunctions of the problem. For a value
of k., each Landau level has a degeneracy deg = LxLygTBh. This degeneracy leads to
different choices of basis. A convenient way to construct a basis of eigenfunctions of

H,, consists in choosing a gauge. Two choices are particularly useful:

o Landau gauge

A,=—By, A,=0, A. =0 (4.31)

In this gauge, the directions x and y are treated differently. It is useful for
problems in rectangular geometry. We can of course exchange the roles of z

and y:
A, =0, A,=Bz, A, =0. (4.32)
o Symmetric gauge
B B
A, = —Ty, A, = Tx A, =0. (4.33)

This gauge leads to eigenfunctions that turned out to be essential in the con-
struction of variational wave functions for the fractional Quantum Hall Effect.
It is equivalent, in cylinder coordinates, to
A, =0, Ay= B;, A, =0. (4.34)
A case study: the Landau gauge
Let us assume that we are in the Landau gauge. We will now rederive the degen-
eracy of the groundstate, and compute exactly the eigenfunctions of the Landau
Hamiltonian. We will assume an infinite plane, in order to avoid having to deal
with boundary conditions. Our choice of gauge is also compatible with periodic
boundary conditions in the z and z directions. It will correspond to a quantization
of the respective momenta.

1 , 1 1
= 5 x A:v — 2 —p?

H = (Pe — qAz)" + 5Py T 5P
= L eyt L Ly (4.35)
T gy WPeTIRY omPy o P '

p. and p, commute with H. Thus one can look for eigenfunctions of the form

o(z,y,z) = e"k”eikzzgp(y). (4.36)
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We then need to solve

1 9 h? 0%  h2k?
— | (hk B - R =F 4.
7o Lz + 4By | oy) = 3025 + SR e(y) = Bely) (4.37)
Let us define . B
x q
= =12 4,
Yk, /B et we - (4.38)
We get:
I, 9 n? 0%  Rk?
- _ - - z =F . 4.
5w (Y =y )" p(y) — 5 - o7 " am p(y) = Eoly) (4.39)
This is a shifted harmonic oscillator of frequency w.,
h2k?
— 1 z
Bk, = hwe (n+5) + 5=, (4.40)

The energy is independent of k,. This leads again to the degeneracy already calcu-
lated for the Landau levels. Indeed, k, must be quantified in units of i—:, and the
coordinate yi, must lie between 0 et L,

2m 1 <L,=>p< LoLyqB

<h
0w = "o

(4.41)
Finally, we can easily deduce the eigenfunctions using the standard formula for the
harmonic oscillators:
' ' 1 _ (=ypy)? y—y
Gk (1,y,2) = Feteihes 5o Z e M [, (72, (4.42)
2nnll B\/E lB

where lg = h/|q|B is the magnetic length. The position of the center of the orbital
(yx,) depends on the momentum of the particle in the orthogonal direction. This is
the so-called position-momentum coupling characteristic of the movement of charged
particles in the magnetic field. While the exact form of the wavefunctions depends of
the choice of gauge (unlike any observable), this coupling remains true in all gauge.
It is one of the core components of the phenomena we will study in the rest of the
chapter.

4.2 The integer Quantum Hall Effect

4.2.1 The classical Hall effect

The Hall effect, discovered by Hall in 1879, consists in the fact that, in the presence
of an applied magnetic field B = BZ, a current in the x direction j = jZ induces in a
conductor a voltage in the g direction (or conversely, a voltage induces a transverse
current).
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B o ok lln
/] 4

This effect can be understood in the context of the Drude theory:

dp p > p
L = ¢(E+=AB)-= 4.43
dt e( +m T ( )

where 7 is the relaxation time. The stationary solution is given by

dp
AT (4.44)
so that
—6<Ex+pyB) Py
m 4 (4.45)
—e(Ey—pr> Py
m T

Let us rewrite these equations with the help of the cyclotron frequency w,. = % and
of the Drude conductivity o¢ = %ZT One gets:

ool = —ne& — HG@WCT
m m
o Dy (4.46)
oolly = ne—w.T — ne—
m m
The current density j is defined by:
j=-—nel (4.47)
m
This system can be written:
E = pj (4.48)
. 1 1 WeT -B
with p= p (_%T 1 ), and Ry = pys = v (4.49)

where Ry is the Hall resistance. The conductivity tensor is obtained by a matrix
inversion: o = p~!. Now

1 WeT I —wer) (10 2,2
(—wCT 1 > <wc7' 1 ) B <O 1) (1 T weT ) (4.50)
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so that
o= <"L _"H> (4.51)
OH 0L
. 00 WeT
with o[ = W and og — O—OW (452)

If 7 — oo (no dissipation),

(0 —Ry ([ 0 Ry
p= (RH 0 ) and o= <—RI_{1 0 > (4.53)

In 1980, Von Klitzing has investigated the Hall effect in a 2D electron gas. He
observed plateaus in the function p, ,(B) for values of Ry given by:

h1
|Ry| = <2> —, n integer. (4.54)
e?)n

Inside these plateaus, p,, =0

62

o =N (4.55)

This is the Integer Quantum Hall Effect. In 1983, Tsui, Stormer and Gossard
discovered additional plateaus at rational values:

e? p
=v— == 4.56
OH =V v . ( )
This is the Fractional Quantum Hall Effect. The integer Quantum Hall Effect is
a consequence of Landau levels and of disorder. The fractional Quantum Hall Effect
is a consequence of the repulsion between electrons. Fig. 4.1 shows the experimental

results by Willet and al, in 1987, as an illustration.

4.2.2 Hall effect and Landau levels

To discuss the integer Quantum Hall Effect, let us redo the calculation in the Landau
gauge with an electric field in the y direction. As we consider electrons strictly
confined in two-dimensions, we drop the variable z. If the field is uniform, the
potential is given by V(y) = —Fy, and the Hamiltonian becomes:

H—H+eEy

1 , 1
= — (p, —eB —p? 4 el
2m(p ¢By) —|—2mpy+e Y

(4.57)

Let us consider again ¢(z,y) = e*+%¢(y). The eigenvalue equation is given by

1

5 (hhe — eBy)* + 5} + eBy| oly) = <0(y) (1.59)
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Figure 4.1: Experimental measurement of the diagonal resistivity p,, and transverse
resistance p,,. Note the presence of very stable plateaus of p,, at filling v =1 (or
v = 2). This is the first integer quantum Hall plateau, accompanied by a vanishing of
the longitudinal conductance. Additional plateaus can be seem at fractional levels.

Fig. taken from Phys. Rev. Lett. 59, 1776 (1987).

It is again a shifted harmonic oscillator, but this time the center of the harmonic

oscillator depends on the electric field:

1 ) 1, ,
— (hk, — eB Ey= - — y(k, A
5 (hk, — eBy)” + eEy zmwc(y y(kz))” +
R2k2  eB 1 1
= r_ e—hk‘xy + —e’B*y? + eFEy = fmwfyz — mwfyy(kx) +
2m m 2m 2
B
— Pk, + eE = —muwly(k,)
N m
Mk L 2y (k) + A
= —mw ”
om 2wl

1

2

mwgy(k:c)Q + A

(4.59)
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el hk
= ky) = — >
y(ke) mw?  eB
Rk 1
A x = 2 kx 2
o 5wy (k)
B R’k2 1 e*B? [e*E*  R’k? 2¢FE hk,
- 9 2 2, 4 2132 2
2m 2 m* |mfw; e‘B mw? eB (4.60)
1 eFE? 1 5 2eE hk,
2 m2w? 20 “muw? eB
1 E? hk,
=——m—+F
"3 TR
1 E? E
= ——m— + hk,—
e T
22 E
But  eEy(k,) = — m? + hly—
m6232 GB 4.61
= —m—; + hk,—
B? "B
Finally,
A 1 E?
=eBy(k,) + S (4.62)
The eigenenergies are thus given by
hw<+1)+E(k)+1 = (4.63)
Enky = c\ T3 € x SM— :
ke 2 Y 2" B
with
h el
ky) = —k, — 4.64
ki) = ke s (164)
This time, the degeneracy is lifted: the energy depends explicitly on k,.
Let us compute the current carried by each eigenstate:
. p +eA
j=—ev=—e
A o m . (4.65)
j — (et eds) = —— (ps — eBy)
2
(n,ks |jo|noks) = =Rk, + By,
m m
2 _h 2 E
= —Ehkx + iB—kx — e—B ¢ samecurrent. T hisistheclassicalresultwhenthereis
m m eB m - mw?
e _eEm? E
P e —_— —ei
m  me2B? B

(4.66)
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or
, E
() = —e (467)
Besides, (j,) = 0 because the ground state corresponds to a harmonic oscillator in
the y direction. In this model where the electric field is uniform, the total current is
thus simply proportional to the number of electrons since all eigenstates carry the
same current. This is the classical result when there is no dissipation: o = Ry =
—NE = Jz = —ne%
Let us now suppose that the potential is not simply linear, but that it confines
the electron gas:

/ y

In the center, the potential varies very little, the field practically vanishes, and the
states do not carry current. So the total current is no longer simply a linear function
of the filling. Nevertheless, one can convince oneself that, if a Landau level is full,
the intensity of the current depends only on the voltage difference, regardless of
how the electric field varies inside the sample. Indeed, assuming that the electric
field does not vary too fast, one can use the result above to estimate the current by
simply taking into account the y dependence of the electric field:

o) (ke) = =5 E(y(k)) (4.68)

The voltage bias in the y direction is given by:
AV = —/E(y)dy == Ely(k.)]Ay (4.69)
ke

where Ay is the spacing between values of y due to the quantification of k,. But k,
is quantized in units of 27/ L,, and y(k,) = 2Lk, — < so that

h h 2m
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The expectation value of the total current is thus given by:

Jiot = D (da) (k) (4.71)

kz
e 1
= —— N Ek)A 479
BAy 2 (y(ks))Ay (4.72)
eeB L
= 2T A 4.
B R 27T( V) (4.73)
2
- %AVLI (4.74)

The current density is equal to Jy, /L, L, and its intensity is equal to the density
times the section, here the width L,. It follows that:

62
I,= 5 AV (4.75)

If n Landau levels are filled, the Hall conductance is thus given by:

e2

Besides, there is no current in the y direction: G,, = 0. Finally:
ne? __h
a=( " » B and R= 2 e’n (4.77)
= 0 = 0

It is very instructive to compare this result to the classical result:

Ry =2 (4.78)

Nel€

LyLyeB

55— states per Landau

where ng denotes the number of electrons. Since there are
level, if n levels are filled, the electronic density is given by:

1 L.L,eB 1 eB neB
o = d — 7Y = = 479
M ST T, T " orh LoD, 2rh & (4.79)
—Bh h
= Ry = = —— 4.80
B heBe ne? ( )

Thus, for a filling corresponding to filled Landau levels, the Hall resistance just
takes its classical value. What is remarkable is that this value is stabilized over a
field range. This can only be understood as a consequence of disorder. Another
remarkable property is that it corresponds to the current transported by n inde-
pendent one-dimensional fermionic modes, despite the macroscopic width of the
sample.
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4.2.3 Effect of disorder

Until now, we have considered that the potential was periodic in the x direction. In
a real sample, the potential is of course not periodic in any direction. What is the
impact of disorder on the density of states?

In the absence of disorder, the density of states consists of a series of § peaks of
weight Laly gB. In the presence of disorder, the peaks are broadened:

27h

n(E)

- +—¥
e_""c 3_%9(_ 5 e‘oc E
2 2 iy
n(E)

AN
ﬁ‘*)c 33(:)" X_&/a_)c ©
2

—3: 2

The presence of plateaus in Ry can only be explained if the density of states of
a Landau level consists of "localized" states on one hand, and "extended" states on
the other hand:

n(E)
4 Niveoux lemdus
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Then, if one starts from a magnetic field such that n Landau levels are filled, to
increase or decrease the magnetic field will change the structure of Landau levels in
such a way that localized levels will be emptied or filled. But these localized states
do not carry any current, and the Hall resistance will not change until extended
levels are reached.

Why does the density of states have this structure? There is a simple hand-
waving argument to understand this. In the classical case, since the Lorentz force is
perpendicular to the velocity, it does not work, and the particles follow equipotential
curves. For a Landau level that corresponds to a given velocity, the lowest-energy
trajectories follow equipotential curves at the bottom of valleys, the highest-energy
ones at the top of the peaks. They are localized and give rise to quantum states
that do not carry any current. In between, there must exist trajectories that go
from one end of the sample to the other. These are the trajectories that contribute
to the Hall resistance.

4.3 The Fractional Quantum Hall Effect

4.3.1 Introduction

Let us consider again the case of a system without disorder and without electric field.
If a Landau level is partially filled, the ground state is massively degenerate. Indeed
to build it one can pick any levels among the %68 single particle states of the
single particle ground state manifold since they are degenerate. However electrons
interact via Coulomb repulsion. This perturbation must a priori lift the degeneracy.
Said otherwise, there is no energy competing with the Coulomb interaction and we
are always in a strongly-interacting limit. This is an extremely difficult problem
that does not possess any simple solution, even approximate. The picture that has
imposed itself is based on a set of variational wavefunctions proposed by Laughlin
in 1983. These variational wavefunctions rely in an essential way on the solution of
Landau levels in the symmetric gauge. Let us thus start by reviewing the solution of
this problem, using a formulation in which the position of the particles is represented
by a complex variable in the plane, opening the way to Laughlin’s generalization to
the many-body case.

4.3.2 Landau levels and symmetric gauge

Let us consider the gauge
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We can show, independently of the gauge, that the Hamiltonian takes the form

1 1
H = 7P2 272
o + M 2Q
with P =11, Q = iBfI (e = —q) and
H = D, + €A, A
P [1L,,IL,] = —iheB
I, = p, + eA,

X=2-—TI,
MW,

1

Y =9+ 11,
mw

commute with the Hamiltonian. (NB: the sign has changed because w. = % =
—%.) Indeed,

A 1 ~ - 1~ & B
X0, = [# — —T11,,1L,] = ih+ ——[[1,,TL,] = ih — ih—— = 0.
MW, mwe MW
In the same way, [X,II,] = [V, I,] = [V, f[y] = 0. In addition,
A 1 - J A
X,Y] = [2- I, 9+ —1IL,]
MW mwe
1 a 1 A ]_ A A
= z, 11, g, 11 I, IT
mw, [:C? ] + mw, [y y] mgwg [ y]
th g
= h+ih —ih = —.
mwc(Z e ih) mw. eB

It is convenient to formulate the problem in terms of the magnetic length (g

h

3 =——
B~ eB

and of the operators 7, 1), defined by
mwefy = 11,
— MWl = f[z
(these definitions come from the classical treatment: 7, =

T = _wc(y - 90)7 y = wc(x - .’L'o))
The problem can then be rewritten as:

T — X, Uy:y_yo et

1
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with [, 7,] = —il% and [X,Y] = il%.

Let us introduce the operators

a—L(A —if,) al L (2 + i1)y)
N \/5[3 11z Ty \/513 1l My
A lB t .lB t
= y = — —|— — 9 _

0 (a'+a) 1y @ﬁ(a )

>
>

1 . - 1
b=— (X +iV) bl=—(X—
o, X i) o, X i)

A ZB A lB
=X=-"Z20B'+b) Y=i—=0b—b
A0 TY VoL

On can easily check that [a, a'] = [b,b1] = 1, et [a,b] = [a,bT] = 0.
The Hamiltonian can be rewritten:

H = hw, (aTa + ;) + h' (bTb + ;) (4.81)

with ' = 0.

This allows one to define the basis |n, m) by:

(ah)" (1)

n,m) = —10,0).
[n,m) N 10,0)
Of course:
alln,m) = Vi T+ 1,m), aln, m) = v/aln — 1,m),
bin,m) = vm + 1jn,m + 1),bln, m) = /m|n,m — 1).
Comments:

o So far, the argument does not depend on the gauge.

« The operators af and b are equal to the operators aL and ag seen in the exercise
if ones picks the symmetric gauge.

To find the eigenfunctions in a given gauge, one just needs to write the operators
a’,a,b', b in terms of z,p,,y,p, in this gauge, and to determine the ground state
wave function from the condition a|0,0) = b|0,0) = 0.

With the conventional notation for negatively charged particles

z=x—1iy,0 = (0, —10,)/2,2" =z +iy,0 = (0, + 10,)/2,
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one gets:

*

a= \/5(i +150), a''=v?2( S [p0)

4[3 4lB
b=2(—— +159), b =V2(— —130)

413 4lB

Intermediate steps: in the symmetric gauge,
1B B
Ne = 555 + Epya 77y - iy - %pxa

1 12 1 12
= ot = P Y=y 2y+ nP
h _ eB

Moreover, mw, = B =5

A state of the first Landau level satisfies:

aln =0,m) =0 = (2 4 4%0)P,—o(2, 2*) = 0.

But
0f(2.2") = 5 [0uf(2,2%) — 0, f (=)
11o0f of Of, . of .
=3 [a T e i ‘”}
_ 9
0f(z,2") = 8zf*’
Similarly,

Of(2,27) = ;[azf(z,z*)—l—z’ayf(z,z*)]

1{of of .of, . of .
2 la T Tig T TG @1
0
8f(z,z*):a£.

83

(4.82)

(4.83)

Let us consider the gaussian ¢(z, z*) = e *"/45  Its derivative dip(z, z*) is given

by:
= 0 2 /472 —z
*\ —|z]%/4l _ *
890(272 ) - 8Z* (e B) - 4ZZB('O(Z’Z )7
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= (2 +41%0)p(z,2%) = 0

©(z, z%) is thus in the first Landau level.

But for any function that depends only on z, f(z) = 0. The general form of a
state of the first Landau level is thus

F(z)e 2405
Similarly, the m = 0 states satisfy
(2" + 430)®,—0(2, 27) = 0,

whose general solution is
g(z*>ef|z\2/4l?3 )

The wave function ®,,—¢,—¢ is thus a gaussian. After normalization, it is given

by:

1 27472
(I)nzo,m:O(Za Z*) = 767‘4 /4lB- (484)
\/2ml%

The other states can be obtained from this one by successive applications of a', b.
In particular,

q)nzo,m(za Z*) =

ﬂ (Z _ l35>me|22/4123
\/2mi%Em!

Alp

1 z " 2 /412
D,—om(z,2") = e 7l /411?, 4.85
o) e (i) )
since
z = 27472 z 27472
= ] —|zP/a < —|2? /4%
(4ZB Ba) J(z)e o1, e
Similarly,

1 z* " 2 /472
Py m—o(z,2%) = ( ) e 1/, (4.86)
J2riEn! \V2p

The states corresponding to different values of m for n = 0 satisfy
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since X and Y are linear combinations of b and bf, and (m|b, bf|m) = 0, and

(|R]) = (VX2 +Y2) = I5(2btb + 1) = Igv/2m + 1.

When m increases, the particle gets away from the origin in a symmetric way.
Said otherwise, the weights of the orbitals are located around a circle of increasing
radius.

4.3.3 The wave function of the v = 1 state:

Let us first consider the non-interacting case. A completely filled Landau level corre-
sponds to a totally polarized spin wavefunction. Indeed, the Zeeman coupling of the
spin to the magnetic field lifts the degeneracy, and each Landau level corresponds
to two Landau levels separated by gugH. A quick comment: this argument is in
fact not entirely correct: the Zeeman energy is generally extremely small and does
not dominate compared to the Coulomb energy. In the absence of a Zeeman field,
due to the structure of the Coulomb interaction, the groundstate of the interact-
ing Hamiltonian would be an integer quantum Hall state for the charge degrees of
freedom, and the spin degrees would form a ferromagnet. The weak Zeeman field
is then enough to break the ferromagnetic phase and polarize (maximally) the state
in the direction of the magnetic field. The distinction between the two approaches
is largely irrelevant to the rest of the chapter.

Since the spin component of the wavefunction is totally symmetric, the orbital
component must be totally antisymmetric. Besides, to be a solution of the one-
particle problem, the functions must be of the form

f(z)e_|z|2/4123.

So one looks for a function of the form

Yomr({zi, 21 }) = fo({zh)e 2 /4

where fy is totally antisymmetric in the exchange of the variables z;.

In the lowest Landau level, a convenient basis of the one particle states is given
by

1 z " 2 /472
(I)n:(]’m(g7 z*) e ( ) e*‘z| /413,
J2rZm! \vV2ls

where m can take all the values from 0 to N — 1 (N = degeneracy = number of
electrons when v = 1).

The function fy({z;}) that can be written simply in this basis and that is totally

antisymmetric is a Slater determinant built out of the polynomials 22, ! N

Rt I AR Nad A
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PO B A
0 1 N-1

2z ... 7

fv({z}) = . :
L Z%_l

This is a Vandermonde determinant. It can be written as:

fn({zd) =1z — 2)- (4.87)

1<j

This wave function is unique. It is thus an eigenstate of any interaction Hamilto-
nian that does not mix Landau levels.

It is instructive to calculate the electronic density. Since this is a Slater determi-
nant, it is the sum of the densities of each function. Indeed,

) = Y0z - =)

and thus,
1
p(z) = i (SgH(P))ZZ/dzl...dZN(S(Z—Zi)|(,0p(1)(21)|2...|(,0P(n)<ZN)|2
P i
1
= WZZWP@(Z)F
P
1
= MZZM(Z)’Q
P
= Yl
But -
1 z 2 /472
J2riZm! \V2lp
So,
B L [P LY
i = (S gmms)
=L e e
27l%
Sp(s) =
2) = ——.
P 27l%

The density is uniform, and of course it corresponds to one electron per elementary
area 2ml%.
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4.3.4 v < 1: Laughlin’s wave functions

When the filling is smaller than 1, Laughlin has proposed to generalize the wave
function of the v = 1 case in the following way:

w(zh "'7ZN) = Hf(ZZ — Zj>e72i‘zi|2/4l23.

1<j

The prefactor is called a Jastrow factor. The wave function is constrainded by
the following conditions:

o It only involves states of the the first Landau level
— [ does not depend on the z7.

e 1 is totally antisymmetric
— f is odd.

» 1 is an eigenstate of the angular momentum since, in the symmetric gauge, the
angular momentum commutes with the Hamiltonian. But for an eigenstate of
the first Landau level, the angular momentum is proportional to m (L,/h =
a'a — b'b). Tli«; f(z — z;) must thus be a polynomial of fixed degree =

f(zi = 25) = (20 — 2)™.

Consequently, f(z; — z;) must be of the form (z; — 2;)™, m odd,

wm(zla ) ZN) = H(Zl - Zj)mei Zl |Zi‘2/4l%‘ (488>

1<j

Let us explore the physics of this wave function.

Density: Since this is not a Slater determinant, there is no simple way to calculate
the density. But there is a simple argument to estimate it. For a given particle, the
highest power is m(N — 1). To build this function, one must thus use states whose

radius is of the order of Ip \/ 2m(N — 1) + 1. One must thus take a sample of size

ml%5(2m(N — 1) + 1) = wl2mN + O(1).

The density is given by
N 1

2nl3mN  2nlam

(4.89)

So Laughlin wave functions allow one to describe states of filling v = %, m odd.
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Energy: These wavefunctions turn out to be remarkably accurate approximation
of the groundstates of the Coulomb interaction. To get an idea why, let us consider
the other states of density %:

V(21 2n) = [z + 2)" P (2 — 2)Pe 240
i<j
with p odd. These states are much less competitive energetically as soon as p < m
because the probability that two particles are close to each other is larger. Since
the Coulomb repulsion is repulsive, large values of p are favoured. In fact, the only
serious contender is the Wigner crystal, a wave function that breaks the transla-
tional symmetry and localizes electrons to form a triangular lattice. Comparing the
Coulomb energy in both states, one can show that the Wigner crystal is stabilized
for v < %, while Laughlin states are stabilized for % <v<1.

Excitations: If one adds one electron to the system, this costs a finite energy.
Let us start by noting that, in a Laughlin state, the relative angular momentum of
two particles is equal to m. Let us write the interaction potential energy between
two particles as

V(Zaj) = Z Um/Pm/(ij>7
m’=0

where P,,/(ij) is the projector on the subspace of angular momentum m’. The P,
operator are also called Haldane pseudopotentials. They form a basis of central two-
body interactions in two dimensions. Assuming v,y = 0 if m’ > m, and v,,,, > 0 if
m/ < m, the function v, is an eigenstate of V= i< V(i,5) with

Vb jm = 0.

Now we want to add one particle without changing the size of the samples. Within
our approximation, this means that we want the total polynomial to keep a degree
less or equal than m (NN —1) in each variables. With this constraint, adding a particle
requires creating of pairs of angular momentum < m. This costs a finite energy.
There is thus a charge gap. This property remains true if one includes the terms of
V' (i,7) with m’ > m as perturbations.

The presence of a gap is absolutely necessary to understand the presence of a
plateau: it is because it is impossible to add a particle for an infinitesimal cost that
Ozzx = pze = 0. This condition is however not sufficient, and one must again invoke

disorder to explain the constant value of Ry around v = %

It is nonetheless possible to create 0 energy states starting from the Laughlin
states when vy,>,, = 0. Indeed,

wﬁm = P(Zh cee )¢1/m

is a valid fermionic wavefunction for any totally symmetric polynomial P. It is also
a state of energy Oas P can only increase the relative momenta of particles.
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Gapless edge modes: A crucial property of the quantum Hall effect is the ex-
istence of edge modes. A simple way to visualize their appearance is to introduce
a trapping potential. In a circular geometry, we could for example add a quadratic
potential

T’2

F.

B

While we could estimate its action on the Laughlin state, it remains challenging, so
instead, we will use a simpler ersatz:

V;rap =V

‘/trap = 2VL2

Indeed, we have
%rapq)n:llm = qu)n:O,ma

while the radius of the orbital ®,,— ,, is approximately l,/2m + 1.

If we suppose V' < Eg,p;,, the gap above the Laughlin state, we can assume that
Y1/m is still the ground state of the system at filling % Now let’s turn to zbf/m. We
take P to be of constant degree that we denote dp. Clearly, the energy of @Df/m is
simply 2Vdp + Ey. These states form a low-energy branch, linear in momentum.
These states acquire a finite energy due to an extension at the edge of the system
(we also technically create a hole at the core of the sample, which we will neglect: it
is an artifact of working with a constant number of particles): we have linear energy
edge states. Now we can count these states by listing the linearly independent
polynomials of each degree:

dp::liPl:ZZj
J

dp=2: {Pl:zjz?
Py = Zi;éj ZiZj
P =% z?
dp=3: QP =342
Py = sk zizi2n
Pr=3; z;»l
Py =345 %%
dp=4:(Ps =%, zfzf-
Py = Zi;ﬁj;ﬁk ZiQZjZk
Ps =3 isjtnn Zi%j 2k

We have therefore 1 groundstate, 1 state at 0L = 1, 2 states at 0L = 2, 3 states at
0L = 3 and 5 states at 0L = 4. This reproduces the counting of states for chiral
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one-dimensional bosons (or fermions):

H=> mblb,

m>1

k:eZ
This suggests, and it can be proven rigorously, that the edge states behave as emer-
gent chiral fermions (or bosons, it is equivalent in one-dimension).

Fractional charge: Let us now think about the excitations that one can induce
without changing the number of particles. Simple electron-hole excitations are very
deep modifications of the wave function. One can implement simpler modifications
as follows:

1
205/)”1 = H ijl/rru
J

In this function, the polynomial is of degree > 1 in each variable. Thus the level
= 0 is not used. Similarly, one can create 1/)1 m for j < m by creating m excitations
of the same type. For j = m, the wave function can be written:

¢§/m HZ H _Zj)me—Zi‘ZiP/ﬁllQ :wl/m(zo :0’ 217‘”721\[).

1<J

This is the v = 1/m Laughlin wave function with a particle sitting at zp = 0. The
wave function wir/nn)l(zo =0, 21,...,zy) thus corresponds to a state with one hole of
charge e at the center, and one electron of charge —e at the periphery. But this
excitation is composed of m elementary excitations that each consists in multiplying
the wave function by []; z;. Each of these excitations carries a charge e/m. This is
one of the most remarkable predictions of Laughlin. It has been checked in noise
measurements.

Generalizations Laughlin’s wave functions allow one to understand the plateaus
v = 1/m, m odd. However, other plateaux have been observed, noticeably at %
Various approaches have been suggested to generalize Laughlin’s theory. The most
promising is due to Jain. It consists in building Laughlin’s states using higher
Landau levels, and to project back onto the first level. A detailed discussion of this
contruction would lead us too far. We just note that, within this approach, it is
plausible that there are plateaus for

v= 2m7ni1 n, pintegers > 1. (4.90)
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Appendix

Angular momentum

l2 = — = —— =
B ¢B ebm  muw,
L. = &P, — 0pa
N R e . N 1 -
. e . N 1 -
Hy—mﬁ—ch Y:@+anh

p=X+—1I,
MW,
NP
MW,
eB 1
P = I, +—y=1,+ -mw.y
2c 2
1
1 1
= —mw.Y + =11,
2mw + 5
eB 1
py = Il — 2ot = 11, — 5 TWeT
1 1
— Hy — §mch §Hy
1 1
= ——mw.X + =1l
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TPy — YPx
1 1 1 1 1 1
X+ —11I ——mwX + =1, ) = Y — —1II, ) [ =mw,Y + =11,
( +mwc y)(2mw 3 y) ( mw, )<2mw 3 )
1 1 1 1
= X2 H2 - Y2 H2
g + 2mw, Y g + 2mw, °©
1
S [~ (X2 4 Y2) 4 (1 + )|
-= =Z(b" — Z(a"+a)— =(a" —a
203 | 2 2 2 2
h
3 [—bTb —bb' +ala+ aaq
1 1
hlala+ = —bip— }
{a a + 5 5
h[afa — b
RCM:rl—;rZ Rrel:rl_rQ
P = P1 — P2
Poy =p1+p2 rel = 79
— 11 + 12 = lCM + lrel
lCM = RCM A PCM> lrel = Rrel A Prel
p muwe T T
= TG - X (- Y - )~ (o~ )
h
= 3 { Tar + alas — alas — arad — blby — biby + blby + blbg}
2 muwe T T
bn = e AN+ X0+ (4 Y2)— (o +8)° — (f + )]

h
= 5 {aJ{al + a;ag + CL}-GQ + ala; — bil-bl — b;bg — bil-bg — blb;}

oM Tlha=0+10

li =h(alay —bb), 15 =h(abay — blby)
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z

o= 3 [(ad e — ) — (6]~ B} (s — o)

z
lCM -

B | St

[(al + ab)(ar + az) — (b] + bh) (b1 + bs)]

— Gy =hlala =5 Gy =hlolay - 6LA,]

1
ol = L(aT +ab) Bl = L(bT +bb)
+ Hld1 T da), b= gl
w - (Zl + Z2)M(Zl - Zg)me_ Zz |22 /415,

If one considers the angular momentum in the —z direction,

Eav)y = m (h=1)
ult) = M (h=1)
EY) = Mtm (h=1)



Chapter 5

Electron-phonon interaction

5.1 Introduction

In band theory, the lattice is assumed to be static. In reality, ions (can) vibrate
around their equilibrium position. These vibrations have direct consequences on
the properties of solids (specific heat, fusion, thermal conductivity) and indirect
consequences due to their influence on electrons. In particular, they contribute
to the resistivity, and they are responsible for the effective attractive interaction
between electrons that lies at the root of superconductivity.

5.2 Phonons - Reminder

Let us denote by R, , = R,, + R, the equilibrium position of an atom «a, where R,
is the position of the unit cell and R,, the position inside the unit cell. We denote by
Sn.a(t) the displacement of this atom with respect to its equilibrium position. The
kinetic energy can be written:

T = Z nm, n=1,...,.N; a=1,....r; i=ux y, 2 (5.1)
n,o, 7
where M, is the mass of the atom « in the unit cell. Furthermore let us denote by
V({sn.a}) the potential energy of a system considered as a function of the positions
of the ions. If one is interested in the small displacements with respect to the
equilibrium position, one can expand this function around the equilibrium position.
Up to second order, one gets:

’ YA

V({sna}t) =V({0}) = Z 2 i Snaisua (5.2)

TLOéZ’n a ’L

with
9*V

¢nl7a/yi —

n,oa,t

asn,a,iasn/,a’,i’ Sn
)

a=0
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The vibrations of the solid thus appear as a particular case of the general problem
of small oscillations treated in analytical mechanics. In particular, with the help
of a change of variables, one can map the problem onto that of a collection of
harmonic oscillators. These variables are called the normal coordinates. In the case
of the vibrations of a solid, the periodicity of the problem allows one to simplify the
problem by performing a Fourier transform.

Up to a constant, the Lagrangian of the system is thus given by:

M . 1 Y
L - T - V - Z 7(183%&71' - 5 Z Z gbz,é)éo:i?l snyauisnlva,)i,

n,o,t n,o,tn’ ol 1!

The Lagrange equations for the variable s, ; take the form:

d(oL \ _ oL _,
dt asn,a,i asn,a,i B

/ 1!
. o n',a i ( )
Mozsn,oz,z - E ¢n,o¢,i Sn/ o i 5.3

n',a/ i’

We are interested in the eigenmodes of this system, i.e. in solutions of the type
Smai(t) =

Since this is a linear system, both the real part and the imaginary part are solu-

tions. One gets:
Wi = 0 D
n',a/ i’
with
Dn’,af,i/ _ ¢Z,&Ofi’z
Tt MaMa/

The squares of the eigenfrequencies are thus the eigenvalues of the matrix D. Now,
this matrix is symmetric since qbzlaa;’, are second order partial derivatives. Its eigen-
values are thus real. Besides, the condition that the energy is minimal (and not just
extremal) implies that the eigenvalues are positive (the Jacobian must be positive).
Let us denote by w; > 0 the square root of w?-. We thus have:

3 xrx N eigenfrequencies

where the factor 3 comes from ¢ = z,y, 2z , r is the number of atoms in the unit cell,

and N is the number of unit cells in the crystal. The eigenvector associated to w]z
€

n,o,t*

is denoted by u
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So far, the calculation is completely general. The translational invariance of the
system implies that ¢, ;" depends only on n —n’. In such a case, one can look for
the solutions as

— iqR
Un,ai = Cai€ "

O/ 7i/ 7”’ 7/q (Rn/ _Rn)

1
C% ; /M—QMO/ ¢a,i,n Co i
= > D (e

ol

= W Cqy

For each value of q, we thus have a system of 3r equations, which leads to 3r
eigenfrequencies:

wi(q), j=1,...,3r

The eigenvector associated to w;(q) has 3r components Y )( ). It is often written
as r vectors with three components e{)(q). These vectors are called the polarization
vectors.

The final solution for the displacement is thus a linear combination of the dis-
placements el/)(q)e!(@Rn—i(@? Tt is convenient to include the time dependence
into the coefficient, and write this linear combination as:

Snya,i(t) = \/—a JZ; Qj(a,tegi(q)e' ™ (5-4)

There are in total 3rN quantities Q;(q,t) (3r for j, N for q). One can consider
them as a new set of variables. In order for the s, ,;(t) to be real, the Q);(q,t) must
be complex and satisfy Q7(q,t) = Q;(—q,t) (one can show that w;(—q) = w;(q)
and choose e)(—q) = eV)(q)).

Besides, the eigenvectors of a symmetric matrix are orthogonal:
. G
> edi@edd (@) = b;p0qq
e
With the help of these relations one can show that the Lagrangian can be written:

=1 3 [Q}f(q, H)Qj(a,t) — wi(q)Q3(q,1)Q;(q, t)

2 “
]7q

The Hamiltonian can then be obtained with the help of a Legendre transformation:
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= ;Z [Pf(q’ BP;(a,t) +wiQj(a,1)Q;(a, 1) (5.5)

J.a

We recognize a set of uncoupled harmonic oscillators, a direct consequence of ex-
panding to second-order only around the equilibrium position.

5.3 Quantization

5.3.1 Canonical quantization

Following canonical quantization, we postulate the usual commutation relations be-
tween the positions and the momenta of the ions. This leads to the following com-
mutation relations for the normal coordinates:

[Qi(q), Py (q)] = ihdq.q 0

If, still by analogy with the harmonic oscillator, one defines creation and annihilation
operators by:

the Hamiltonian takes the form:

1 = ¥ ) (al@pas (@) + 5

ja
The operators a}(q), a;(q) satisfy bosonic commutation rules:

[a;(q), al/(q)] = 8} 0q.q

The inverse relations giving the positions and momenta in terms of the a;(q) and

a}(q) are:

{ q 2w]h(q) (CL +aj q))
(@) = iy 5% (4] (a) — a;(~a))

The form of the Hamiltonian shows that the system behaves as a gas of bosons.
It is again typical from a second-order expansion around an equilibrium position.

5.3.2 Energetics

The 3r functions w;(q) are called dispersion relations. When q — 0, all the unit
cells vibrate in phase. If all atoms inside the unit cells vibrate in phase, w;(q) must
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go to 0. There are 3 modes that satisfy this condition (global displacement in the
three directions of space). These modes are called acoustic modes. The remaining
3r — 3 modes do not go to 0 as q — 0. They are called optical modes.

The general form of the dispersion is thus:

5.3.3 Thermodynamics

The calculation of the specific heat at low temperture is completely equivalent to that
of antiferromagnets since acoustic phonons have a linear dispersion, like magnons in
an antiferromagnet. It leads to

Cy~T? (5.6)

A high temperature, the specific heat saturates when the temperature becomes
larger than the largest phonon frequency.

5.3.4 Limitations

For successful that it is, this harmonic model suffers from a number of failures. In
particular, it is impossible to account for thermal expansion and thermal conduc-
tivity without including anharmonic effects. In second quantization, they take the
form of terms with 3 phonons, 4 phonons, etc. .., that is to say, interactions.
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5.4 Electron-phonon interaction

The electron-phonon interaction comes from the Coulomb interaction between the
electrons and the ions, that can be written:

el ion ZV r, —

where r; stands for the position of the electron and R,; for that of the ion, and
from the fact that R is not fixed at its equilibrium position but can make small
oscillations around it. With the help of the previous notations, one can write:

Rn,a(t) = Rn + Ra +sn,a (t),
Rn,a

where we took R,, , to be the equilibrium position. If s, ,(¢) is small, we can again
expand V,(r; — R;), where V' depends on the site in the unit cell:

Va<rl - Rn,a - Sn,a) = Va(rl - Rn,a) — Sn,a : vva(rl — Rn,a)

The first term describes the motion of electrons in the periodic potential of the
crystal at equilibrium. It is a simple static, periodic potential which is included in
the Bloch theorem.

The second term describes the coupling between electrons and the lattice vibra-
tions. If we replace s, , by the solutions we obtained in the previous section, we
obtain

Hepn = Z \/—ZQJ ) - VVa(r Rn,a)eiq.Rn

a,n,l
To express this Hamiltonian in second quantization, we proceed in two steps:

« For the phonon part, we just have to replace Q);(q) by its expression in terms
of a; and a;-:
h

Q@) = \| g (6 (-9 + as(@)

 For the electron part, we calculate the matrix element of VV,(r, — R, ) to
obtains its second quantized form.

For this, we expand V,, in Fourier series: V,(r) = Sk ¢V, x whereK is arbitrary
because V,(r) is not necessarily periodic. We naturally obtain

vva(rl o Rna) _ Z eiK(rl_R""‘)Va,KZ’K
K
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The matrix elements of this potential between Bloch waves are given by:
<K,0'|VVolk,o>=Y e By, iK <K, n',0'|e™ [k, n,0 >
K
with
<K, oe® |k, o >= /drul*(,,n,(r)ukm(r)el(_kU“K*k)rc%J/

This integral vanishes unless

K=K+k+G

where G is a vector of the reciprocal lattice. Indeed, uj, (r)ux(r) is a periodic
function. It can thus be expanded in Fourier series:

i i (5) = 3 (@)
where the vectors G are vectors of the reciprocal lattice, which leads to

< k/’ n’) O-,|eiKr|k7 n; g >= 50’,0” Z fn/7n(G) /drez(_k/+K+k+G)r
G

Now, the integral [ dre(-¥+K+k+G)r vanishes unless —k’ + K +k + G = 0.

Moreover, the sum over R,, can be written:

This sum vanishes unless K = q + G where G is a vector of the reciprocal lattice.

As a consequence, k and k' must be related by
k=q+k+G

But k and k’ must both belong to the first Brillouin zone. So, for a given pair of
vectors k and q, there is one and only one vector G that brings k + q back into the
first Brillouin zone.

One thus distinguishes two types of processes:

o The "normal" processes such that k +q € BZ (G = 0).

o The "Umklapp" processes such that k + q ¢ BZ = G # 0 and k' # k + q.
Finally, the interaction can be written

Nh

H = — o
aakzq,:jnn 2M wj( )
% Z{ 2 (q+G}/V e a+G)-(r'=Ra) gy
G

X /uf‘(+q+G,n,(r)uk7n(r)dr

X |:aT—q<]) + Qq (.]) cL+q+G,n’,aCkvnvff
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where G is such that k + q + G € 1% Brillouin zone.

The Hamiltonian can be finally written in a more compact way as:

H=— Y My,kX,q,5)|a () +aq(i)|cl wolno (5.7)

k7k/’q7j7o-

withq=k' —k + G

G =0 for normal processes
G # 0 for Umklapp processes.

Note that ¢ here is both a spin and orbital index.

5.5 The effective electron-electron interaction

One of the consequences of the electron-phonon interaction is its important contribu-
tion to resistivity. This assumes that the electrons can be described by a Fermi-Dirac
distribution, or equivalently that one essentially deals with free electrons.

But the ions are charged particles, and the electron-electron interaction must
be modified by their vibrations. The calculation of the effective electron-electron
interaction in the presence of phonons can be done from two points of view:

o The phonons contribute to the dielectric function, which induces a modification
of the electron-electron interaction.

e The electrons interact via the exchange of virtual phonons.

We will adopt the second point of view to do the calculation.

The starting point is the Hamiltonian describing the electron-phonon interaction:

Hel—ph = Z Mq |:CLT_q + Qg

k,q,0

+
Ck+q7JCk’o—

where for simplicity we only consider one branch of phonons, and a single elec-
tronic orbital. We also limit ourselves to normal processes, which can be justified

a posteriori. Furthermore, we assume that the electrons and phonons are described
by

1
Hel = Z EkCLUCkJ, th = Z hwq(agaq -+ 5)
k,o q
If the matrix elements M are small, we can expect the electron gas to be described
by Hy = H,; plus a small correction. But if |¢) is an eigenstate of H.; + H,y,, then
(Y|Her—pn|tP) = 0. So if we want to treat H_,, as a perturbation, we must go to
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second order. This is reminiscent of the calculation done for Mott insulators, where
degenerate perturbation theory has been used to obtain an effective Hamiltonian,
the Heisenberg model with a coupling constant J = % of order 2 in the kinetic
term. We will resort to an equivalent technique to derive an effective Hamiltonian

for the electron gas that takes into account the electron-phonon interaction.

By definition, an effective Hamiltonian is a Hamiltonian that must have the same
spectrum of eigenvalues as the original one. Now there is a systematic method to
generate Hamiltonians having the same eigenvalues as a given Hamiltonian known
as canonical transformation. A canonical transformation is a unitary transformation
of the Hamiltonian and of the vectors of the Hilbert space that does not modify the
spectrum:

H — UHU!
> = Ul¥>

with UT = U~!. The following properties are then satisfied:

1. The new Hamiltonian is hermitian.

2. If |¥ > is an eigenstate of H with eigenvalue E, then U|V > is an eigenstate
of UHU ! with the same eigenvalue.

The property Ut = U~! is satisfied by operators of the form U = €** provided S is
hermitian. The transformed Hamiltonian can be written as an expansion in terms
of commutators:

2'2

S Fre—iS — j{[—i—i[S,]‘Af]—i—g[&[SaﬁH""'”

1S,[S,...[S, H]|]

3

_ i

1~
S|~

n

Proof: Let us define the operator H(\) by :

Then
d[é/(\/\> — iSei)\S]:IGfi/\S + ei)\S]:](_iS>€fi>\S
=[S, H(V)]
2H(\) L dHON) .
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If H(\) has an expansion in ), it can thus be written :

A

H(\) = H+i)S, H0)] + ;AQ[S, 1S, H(0)]] + ...

For \ = 1, this leads to the expansion we are looking for since H(0) = H.

Let us come back to the original problem. One looks for a description of the
electron gas interacting with phonons that does not contain terms of order 1 in Mg
any more, and that contains purely electronic terms of order 2. Looking at the
expansion up to order 2,

1

ﬁ:HH[S,H]—Q'

(5,5, H]]
S must satisfy two conditions:
o It is of order 1 in Mg
o It is such that [S, H] cancels H;_p, to first order.
To find the solution of
i[S, Hey + Hpp) = —Her—pn
let us start by caclulating the commutator of a term of H;_p;, with He + Hyp,.

[aT_chrqck,cchl] = aT_q[chqck,cchl]

N T T T T
= alqq0ky CletqCkCiCk — ClCk Ot qCk
T T T T
+ Oktqy (Ck+qckck+qck+q ~ CkyqCk+qCKiqCk

_ T N} , T .
= O_q 5k,l¢k+q°k - 5k+q,lck+q°k

= [aiqchqck, Hy) = aiq(ek — €k+q)ClT(+qu

Similarly
[0 i Het] = aqlex — €xciq)ChsqCi
Moreover,
[aT_q,aLak] = —5k,_an_q
= [aT_q, H,) = —hw_qaf_q
Similarly,

[aq, alT(ak] = Ok,qlq
= [aq, Hpn] = hwqag
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Finally,

[aT_qcIHqck, He + Hpp| = (ex — €xiq — Mq)aichk+qck

[anL+qua He + Hpp] = (6 — €icvq + hwq)anL+qu

The solution of the equation
[S, Hel + th] = iHel—ph

can thus be written

M,
_ q Tt ;
soiy Mt Y
kqo K k+q a k,q,0

£ a cT Ck
q~k+q,0 -K,0
€k — €kiq T hwq a

(5.8)

(the spin has been added at the end of the calculation).

The operator S satisfies the two conditions. The first terms in powers of M, are
thus of order 2. They are given by :

, 1
1 [S, Helfph] - E[Sa [Sa He + th]]
—
iHel—ph

i 1 S
5[57 Hel—ph] = i[Hel—piu ;]

The only thing that remains to be done is to calculate the commutator [S, Hej—pp).
From the expression of S and of H_,p, it is clear that the generic term of this
commutator is of the form:

M @ .t T
aiq(liq/Ck/+q/7o./Ck/7glck+q’UCk7U

Since our goal is to derive an effective interaction between electrons, we will only
keep terms that only involve fermionic operators. The other terms have a vanishing
expectation value in the vacuum and do not contribute in the limit 7" — 0.

Let us write:

_ y T T
Hd_ph - Z ]\JQ1a—q1 Ck1+(]1,0'1 Cklao'l
ki ,d1,01
T
+ Z A{ql aql Ck1+ql701 Cklﬂ'l
ki ,d1,01
RS s
) _ _ —q2~ka+qo,02 “K2,02
¢ ko,qo,02 k2 T~ Ckotas hqu

M,

q2
€ky — Ckatqo + hqu

o

k2,q2,02

) '
CLCIQ (’kg +q2,02 (/kQ 02
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Two terms lead to an expression that does not depend on (af, a) :

T

T T
[a—cn Ck1+ql,0'1 Cklva'l ’ a—fh Ckz—qhdz Ck270'2]

_ T T T

- a7q1a7q1 Ckl—‘rql,a'l Ck170'1 Ckg—ql,O'QCkQ,UQ
T T

a_ql CL_Cll Ck27q1 ,02 Ck270'2 Ckl “+q1,01 Ckl ;01

—_———

1+zzT_q1 a—q;
_ T

T T T T
- a*C[l a‘*CIl [Ckl +q1,01 Ckl ;019 Ckg—ql ,02 Ck270'2] - ckz—ql ,02 Ck27U2 Ckl +q1,01 Ckl ;01

Similarly,
[ag, ] c al ol Cky o)
q1“~k14+q1,01 k1,015 q1 “ka—q1,02 ko,02
= al aqld c ol Chyo] + Cky.on €l c
- q1 a1 1l%¥k;+q1,01 k1,015 ko—q1,02 ko,02 ki+qi1,01 k1,01 ko—q1,02 ko,09
2
@ _ 1 My i i
= Heff D) Z L — ¢ + hw <_Ck2—q,azck2702ck1+q701Ckl:”l)
ki,k2,q,01,02 ko ka—q qa
2
Mq

T T
+ Ck1+q,0'1 Ckl,Ul Ckg —q,02 Ck2702)

€y — €ka—q — hwq(
If one rearranges the creation and annihilation operators to put them in the same

order (the bilinear terms generated on the way can be included in €), one gets:

@2 1 t i
Heff — 5 Z Vk21q0k1+q,01 Ck11010k27q,agck2702
ki,k2,9,01,02

with

1 1
Viea = Mg -
ka,q q <€k2 — €ky—q — hwq €ky — €ko—q + th>
L 2hig
ey — €ry—q)? — (wg)?

Finally, the effective Hamiltonian takes the form:

1
2
H(Ef)f - 5 Z VkanTk—i-q,o'CI(’—q,a’Ck’,a’ck,a (59)
k’k/7q7ol7a./
with -
Vica = M, . 4

(e — €icq)? = (Tvg)?

With this ordering of the fermionic operators, the interaction is repulsive if the
coefficient if positive, and it is attractive if the coefficient is negative (see the case of
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the Coulomb repulsion in the appendix). But Vi q < 0 if |ex — exiq] < fiwg! So the
electron-phonon interaction induces an effective attraction between electrons with
similar energies, thus leading to a qualitative modification of the electron-electron
interaction. This attraction becomes significant as soon as the energies are close,
not the momenta. As a consequence, it is larger than the Coulomb interaction as
soon as ¢ is not too small since the Coulomb interaction decays as 1/¢* and is only
important for small momentum transfer.

The simple physical picture of this attraction is the following: When an electron
travels through the lattice, it attracts the ions. After its passage, there is an excess
of positive charge that acts as an attractive potential for the other electrons.



Chapter 6

Superconductivity

6.1 Introduction

Superconductivity is probably the most remarkable phenomenon ever observed in
solids. The most spectacular aspect is the rigorous absence of resistance below a
critical temperature. In view of the effect of phonons on transport, the absence of
T3 contribution to resistivity implies that one of the hypotheses is no longer fulfilled
below a certain temperature. The idea that has finally imposed itself is that the
electron gas undergoes a phase transition into another state no longer described by
a Fermi sea, but by a Bose-Einstein condensate of electron pairs that form because
of the effective attraction between electrons due to the electron-phonon interaction.

The starting point is thus the effective Hamiltonian derived in the previous chap-
ter. For simplicity, we write it as

Z f(k’ k,7 q)c;[(Jrq,aCL’fq,a’ Cx’ o' Ck,0 (61)

ofr = — o
ff 2N k7kl7q?o-70-/

with V' > 0, and f(k,k/',q) = 1 if |ex1q — €F|, |ex — €F|. |ex—q — €F|, |ex — €r| < hwp
and 0 otherwise. In other words, we assume that there is an attraction between all
electrons that are close to the Fermi surface, and that there is no electron-electron
interaction otherwise.

If one considers the case of two electrons in the presence of a Fermi sea (see
exercise), one can show that attraction induces a bound state that corresponds to a
pair of electrons. A pair of electrons behaves more or less as a boson. In particular,
the antisymmetrization of the wave function, which imposes to work with wave
functions that are all different if one wants to build an N electron wave function out
of one electron wave functions, does not prevent one from using N/2 times the same
pair wavefunction: the antisymmetrization does not necessarily make the resulting
wavefunction vanish.

107
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The analogy between the superconducting transition and the Bose-Einstein con-
densation is clear: the new ground state will correspond to a condensate of pairs
(called Cooper pairs). Once this idea has been accepted, the difficulty is technical:
How to work with a wave function that is not a Slater determinant or a simple com-
bination of Slater determinants? By analogy with the Bose-Einstein condensation,
the only simple method is based on wave functions with a number of particles that is
not fixed. In their original paper, Bardeen, Cooper, and Schrieffer have used a vari-
ational approach based on a wave function that mixes states with different number
of pairs. This wave function, known as the BCS wave function, can also be found
as the ground state of a mean-field theory. This approach relies on a Bogoliubov
transformation analogous to that introduced for antiferromagnets. It is the latter
approach we have adopted in these lectures. The variational calculation will be done
in the exercises.

6.2 The mean-field approach

Since the idea is to describe the ground state in terms of pairs, it is natural to use
expectation values of pair creation operators < CLTCik, > (and their hermitian con-
jugate, pair annihilation operators) to decouple the Hamiltonian. Note that it does
explicitly break the U(1) charge conservation of the Hamiltonian. It is nonetheless
required in order to simplify computations. Now, we can show that, in the absence
of current, the energy is minimal if only pairs of zero momentum and zero total spin
are used. In other words, one only needs to keep the terms &' = —k, 0’ = —o in the
sum. This approximation is not universally valid: exotic superconducting materials
breaking any or both of these assumptions exist.

In any case, we work with the reduced Hamiltonian (also called BCS Hamiltonian)

V
Hred = Z EkCLUijg — N Z CL,TCT—k,\LC*k/,iCk',T (62)
k,o k,k’

where one has replaced the sum over o by a factor 2. We have dropped the function
f for simplicity. It could in principle be included, as f(k) is compatible with our
hypothesis.

We use a minimal mean field decoupling:

~

Archipegans = <dge > cang +dgdy ) <cwaeg >

< CLTCT*k,i > C-y/ | Ck't >

Note that we could be more complete, and also introduce also a density-density
decoupling, without significantly changing the results. It would mainly contribute
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as an effective self-consistent chemical potential. We introduce the order parameter
A, assumed to be real for simplicity (a gauge transform allows us to proceed to this
simplification):

% |4
A = N Z < CLTCT—kmL >= N Z < C_k, | Ckt > (63)
k k

leads to the mean-field Hamiltonian

NA?
%

Hyp = Z EkCTk,UCkJ -A Z(CL,TCtk,\L + k) + (6.4)

k,o k

This Hamiltonian is quadratic, but it contains products of creation operators and
products of annihilation operators. So, to diagonalize it, one must use a Bogoliubov
transformation. The full mean-field solution of the problem thus relies on three
steps:

1. Bogoliubov transformation to diagonalize the Hamiltonian,
2. Calculation of the ground state of this Hamiltonian,

3. Calculation of the expectation values <C£7UCT_ ko) and resolution the self-consistent

equations for the parameters A.

6.2.1 Bogoliubov transformation

We provide in this section two equivalent derivations of the Bogoliubov transforma-
tion. The first one follows the method we used for bosonic models. The second one
takes advantage of the simplified fermionic algebra.

First derivation

We look for fermionic operators defined by

{OélT(,T = ukCLT — UkC—k,|

Q_g | = UkC—k,| + UkCLT

If the Hamiltonian is quadratic in these operators with energy FE), then the com-
mutators of H with these operators must be given by

[, O‘L,T] = EkaLT
[H, oy )| = —EBxa i)
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These equations can be rewritten in terms of the original fermionic operators. A
straightforward calculation of the commutators then leads to

—€xUk — Avk = —Ekuk
Auk — €kUVk = Ek’Uk
or

(Ek — ek)uk — A’Uk =0
Auy — (Ex + ex)vx =0

= —(Ff+e)+A*=0
= EkZ\/Ei—f-AQ

We have chosen the positive solution because the negative one would just correspond
to a different ordering of the creation and annihilation operators in the Hamiltonian.
For the operators O‘L,T and a_i | to be fermionic, the coefficients ux and vk must
satisfy the normalization condition

up +vp =1
But from the above system of equations they are also related by

A
= U
Ey + ex

Vk k

[N
[u—

A2
= +— =1
¢ ( (Ek+€k)2>
1

AQ
L+ mrar

(Bx + &)’
(Bx + ex)? + A?
(Ek + Ek)2
2F2 + 2Fyex

1 €k
= —(1 —
(1 5)

=

Similarly

Finally, the Hamiltonian takes the form

H = Z Ek(ozLTozkﬁ + atk7¢a_k,¢) + C'st
Kk
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In the following, unless there is an ambiguity, we will always associate k with a spin
1 and —k with a spin |, and we will adopt the compact notations :

=
M = Ok
T = A
a_x = OQ_g|

and similarly the ¢ and ¢ operators.

Second derivation

This derivation is more straightforward to implement numerically. First, we note
that the Hamiltonian couples fermions with quantum number (k,1) and (—k,]).
We therefore can rewrite the Hamiltonian as

NA?
HMF = — + Z (EkCLTCk,T + e_ch_k7¢c_k,¢ — A(CLTCT—k# + C—k,¢ck,T)) . (65)
k

Vv
With this resumation, each term in the sum is entirely independent: operators at
a given (k,o) only occurs in a single element of the sum. This transformation
is crucial to avoid errors, as it automatically enforces the effective particle-hole
symmetry required in the Bogoliubov formalism.

We can then define the Nambu spinors U} = (CLT, c_k,), and the effective Hamil-

tonian
. €k —A
h<k> o (—A —€k> ’
such that NAZ
Hyp ==+ 3 ek + VLK) Uy, (6.6)
k

We assume inversion symmetry for the kinetic energy, and therefore e, = €_j (again
this is not fundamental, but simplify computations). We can then rewrite

h(k) = exo® — Ao”,
whose spectrum is +FEy with By = y/ei + A2. To obtain the eigenvalues, we can

note

B cosly —sinby ) _ fk ) B é
h(k) = Ex (_ sinB — cos 0}() , with cosfy = B and sin 6y = %

We know that the two eigenvectors are simply (cos 0y /2, — sin 0y /2) and (sin 0y /2, cos Oy /2),

and the matrix
U cosBy /2  sinfy/2
k= —sinfy/2 cosby/2)’
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such that A2
_ A 2 : T Ex 0 24l
HMF = + 2 E_k + \Ijk k ( 0 E_k> k\Ilk-

We can therefore define (aLT, a_k,) = WUy, and obtain

NA?
V

Hyr = + Z(g_k — Ek) + Ek<041r<7¢ak,¢ + ozT_k7¢a_k,¢).
k

1
uk:cosﬁk/Qzﬁ 1+2—k
\ k

1
vk = sin by /2 = ﬁ 1— ;—k.
\ k

6.2.2 Ground state

We also recover

In the following, unless there is an ambiguity, we will always associate k with a spin
1 and —k with a spin |, and we will adopt the compact notations :

ax = Ok1

O_x = Q_g,

and similarly with the ¢ operators.

With these notations, the effective Hamiltonian after decoupling reads:

H = Z Ek(oz};ozk + oztkoz_k) + C'st
Kk

Since Fy > 0, the ground state corresponds to the vacuum of the OéL particles, i.e.
it must satisfy for all k:

Oék‘¢0> =0
Oé_k‘qb0> = 0.

If one denotes by |0. > the vacuum of the CLO particles, the state

HO&kOé,km >
k

satisfies these conditions since the oy operators are fermions. In the original fermion
basis, the normalized ground state is given by:

|60 >= [0a) = [ (us +vicclel )]0, > (6.7)
k
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Proof: we develop the formula as:

H axa_k|0 > = H(ukck — Ukcf_k)(ukc_k + vkcL)]O >
K K
= H(uickc,k + ukvkckcL — vkuch_kc,k — uﬁcikcL)\o >
K
= H(Ukvk + Ukckc 1[0 >
K
= I vl + viecfc™ )]0 >
K
Besides, this wave function must be normalized :
<0/]] ol oloa 1 0> = <0 T vit (ue + vice—xeene) (uxe + veekel )0 >
K K
= < O[T vi(ui + vic rexche )]0 >
K

= JToe(uc+vi) =T
k K
because ¢_cicle )]0 >= 0 >.

6.2.3 Self-consistent equations

It is clear that this ground states is very different from a Fermi sea. In particular,
it mixes states with different numbers of particles. That’s why expectation values
such as < cT T k > can be non-vanishing.

Let us now show that

\%4 \% | 1
N2 < Ckt >= 2 e = gu A0 T 6.8
Proof:
< C_kCk > = < 0| H Ul + vc_ lcl C_ kaH ul/ + UZICZ/C l’)|0 >

l/

= < O|ukc_kck 11w + viemie) T (wr + vpehel )]0 >
Ik v

= < Olugc_xox(ug + vkczcik) H(ul + vic_ ) H (up + vl/clT,cT_l,)\O >
I£k Uk

= < 0](uxc_xexvieiel )]0 >

Uk Vk
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We obtain
v
A == N gukvk
But
O . Ok -
UV = COS — sin — = —sin @, = ——
Kk 9 Ty TR T o,
Therefore
%4 1

2N g Ver + A?

The solution A = 0 of course corresponds to the normal state. This equation
possesses another non-zero solution:

In the limit of weak A, this implies that

[ A = Qe IR ] (6.9)

where wp is the Debye frequency.

The integral is limited to energies close to er (within the Debye frequency wp)
for which g(€) ~ g(er), if we remember the introduction of this chapter.

] V ( ) +wp 1 d
~ —g(e i/
2 gier —wp V €2 + A2

1 ~ Zg(eF){ln(e—l—\/m)}wD

wp + /wh + A2
—wp + Jwh + A?

+wp

1 ~ ‘;g(eF) In
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Let us suppose that A is small as compared to wp (to be checked a posteriori)

v
1 ~ §g(6F)ln e

2wp

wWp +wD(1 + 2%);)):|

! = In %—D
Vgler) A

—1
A = 2wpeVelr)

Importantly, the parameter A does not have an expansion in powers of V. So
perturbative approaches cannot be used.

The original method of BCS consists in assuming that the ground state is of the
form TT (ux + UkCLCikMO >, and to minimize the energy with respect to uy and vy.
This variational method leads to the same results.

6.3 Interpretation of the results

To understand the physical implications of the existence of the solution with A # 0,
we must:

1. Compare its energy to the solution with A = 0.
2. Come up with a physical interpretation of the wave function.

3. Extract from the solution the elementary excitations and the behaviour at
finite temperature.

6.3.1 Condensation energy

To calculate the energy of both solutions, let us go back to the mean-field Hamilto-
nian
NA?

V

HMF = Z chLgck,o — A Z(CLTCT—k,i + ka7¢Ck’T> +
k,o k



116 CHAPTER 6. SUPERCONDUCTIVITY

The ground state energy can be computed as

NA?
(Oal Harrl0a) = 3~ ac(0alcl y 1o |0a) =AD" (0l 1l i 1100)+(0ale e crc|0a)+ T
k,o k

where |0,) is the empty state of the a fermions.

To compute the expectation values, we can either use the explicit expression of
the groundstate we obtained, or inverse the Bogoliubov transform. Additionally, we
could have used directly the expression of the Hamiltonian we obtained.

Direct computation:
(Oalci it Oa) = (Oc [T(ugy + vie aricat) iy [ (uq + vachsel g )]0 >
q’ q

= (0 (ug + Vieoie, i) Ch s it (i + Vil rel e )]0 >

= |ui]”
Similarly,

(Oalck yeici10a) = [o-i?

<Oa‘CL,¢CT—k,¢|0a> = (0c(ug + Ultcfk,ick,ﬁClT(,TCT—k,ﬂuk + UkCL,TCT—k,¢)|Oc >

= UV

(Oalc s iit]0a) = upev
The groundstate energy, taking into account that v and v are reals, is

_ NA? NA?

E + Qngvi — QAZukvk = + Z&tk — By (6.10)
4 k Kk 4 k

We recover the expression for the Hamiltonian.

Inverse Bogoliubov We invert the Bogoliubov transform to express Hyr in
terms of aLU:

CLT = ukozLT + VxO_k,|
{ O‘Tk,T = ukCLT TGk ) Ot = UkOky + Ukaik7¢
k| = UkC_i |+ kaLT CT—k,¢ = ukozLw — Vg Ok 1

_i.
Cok,| = UkQ—k,| — VkOcy
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taking into account the fact that vy changes sign between k, T and —k, |.
Chopey = (ukafy + vcaig)) (weangy + vealy )
= uiOéLTOék,T + (1 - 04T-k,¢047k,¢>

+ ukvk(aLTaik7¢ + a0k t)

CL7¢Ck,¢ = (ukOéLi — vkoz_k,T)(ukozk’¢ — Ukaik,T)
= wiaf jox) +op(l—aly o)

— wevi(owpauey + ol )

CL,TCJLk,¢ = (ukaL,T + Uko‘—k,¢)(uk(ﬂk,¢ — Uk 1)
= UialT(,¢O‘T—k,¢ — VRO Qe

— ukvkaLTak,T + upv (1 — aik’ia_k7¢)

Cogtir = (Ui — viad ) (weons + el )
= UgOi it — U12<041T(,T04T—k,¢

+ uvk(l — Ozilwa_k’i) — ukvkaLTak,T

Coefficient of OZLTOékW

xtly — exlp + Atk + A vy

€k 1( ei)
D Y I S
B NIl T B

2 2
€ A

= XA |5 =E
B CNE T

ExUKVK + EUKVK — Aui + A’UIQ(

Coeflicient of O[L,Taik,i:

= 2euvy + A(vE — ul)

A €k

Constant term :

k
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But from the gap equation:

sl
BV

2 2

& _NA

= > (e Ek) %

Altogether, the Hamiltonian can be written :

Hoy = ZEk<OCLTOCk,T+CYT_k7¢057k,¢)
k
2 2
€ NA
+ Zk:(Gk Ek) v

In the ground state, since Ey > 0, there is no particle OclT(.

6.3.2 Energy comparison

Let us compare this energy with that of the non-superconducting case (A = 0).

Case A =0

Ek:\/% = e si e >0 (kempty)
= —e si e <0 (kocc.)

Consequently, the groundstate energy is simply

Egs =) 2ex
kOCC
Case A # 0 We find that
AQ
Derivation:
NA?
AE:Z(*Ek*Ek)+ Z(Gk*Ek)Jr .
kocc ke*mpl, V
NA?

=2 Z (ex — Ex) + %

kempt,y
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Going through the integral formulation

AE 7 A?
- ~ 2g(er) /(5 —Ve2 + A?)de + i
0

A? .
= — +g(er) wf] — Wd\/m — AQatanh(L)
v NI

1
Now we can use that A = 2wpe V9lr) < wy

&~A72 ( )§(1+1 2] AQ)
N TV 9\eF 2 08 Og2w§
A? A? 2
=~ g(sp)7(1 +log 2 — log(2e VoCr))
AQ
:—Q(EF)j-

As soon as there is a solution A # 0, its energy is lower than the ground state
energy. On the other hand, as soon as V' is positive, i.e. as soon as the interaction
is attractive, there is a solution A # 0. Consequently, superconductivity seem to
generically appear for all attractive interactions.

[ Attraction = superconductivity J

6.3.3 Interpretation of the wave function

The mean-field solution is lower in energy than the Fermi sea as soon as V' > 0. Let
us try to understand the physics of this solution.

The ground state wave function reads:

g0 >= ] (we + vkcLTcT_k,MOc >
K

The probability for the pair CLTCT_k, | to be occupied is equal to v, the probability
for it not to be occupied is equal to ui. It is clear that this wave function contains
states with different particle numbers. This is not a problem as long as, in the limit
of very large systems, the distribution of particles is "peaked" around a well defined
mean value.

Let us thus calculate N =< N > and 6N = ({(n — N)Z))%

<N >=< ¢o| Y b ,cioldo >
k,o
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From previous computations, we see that

<N>=2) v}
k

Similarly,
IN? = (do| N?|¢po) — (N)?

(N?) = (o] D b ocrotlprcw ol do)

/ !
k.k',0,0

We can use Wick theorem here, as |¢g) is the groundstate of a non-interacting
Hamiltonian.

V) = 3 (et i) = (el ootier) + (i o)
_ Ny - S (ke Mewotioa) + Sebotu)nd
N Y |
k
So that we find
ON? =4 ujvy (6.12)

Alternative explicit derivation starting from

(N?) = (g0l D" cholrotlomeic.orldo)

k.k’,0,0'

—
-
=
q\
e

(k,0) and # (—k, —0), the terms commute — vivg,
If (kK,o") =(k,o)= CLJ CkoCho Cko — v
W—/

R
1=¢y o k.0

oy (z) Y (=)= (= 2)

k,o k,o

(k',0")=(k,0) (k',0")=(—k,—0)
2
= <22v§) —2) 20+ 2> 2vp
k k k
= N+4> vg(l—p)
k

ON? =4 ujvg
k
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Conclusion N grows as N, but §N only grows as V/N. So, if one writes
|bo) = SN An|on), where |pn) is an eigenstate of N with eigenvalue N, the Ay
are distributed according to

AN

z |z

So the expectation value of any observable calculated in ¢y > is the same as that
calculated in |¢y5 > in the limit N — +oo. But this wave function is much easier
to manipulate.

It is in fact easy to understand the close relationship between this wave function
and wave functions with a fixed number of particles. Let us consider the case where
2N electrons are concerned by the instability (i.e. 2N electrons whose energy ey
lies between € — wp and €r). There are thus 2N values of k such that ep — wp <
€k < €r + wp, and the Fermi sea consists in filling up the N values such that
€r —wp < € < €p with an 1 spin or a | spin.

If we construct a wave function only built out of pairs to gain potential energy,
with a well-defined number of particles, a natural choice would be

N
1
‘¢N> = N (Z gkCLTCJr_k,¢> |Oc>
"\ k

If we choose

] 1 when e <ep
9« =1 0 otherwise

we get back the Fermi sea. Starting from this wave function, one could look for the
gk that minimize the energy. But this wave function is very complicated to evaluate
It contains of the order of (2N)V terms!

Now, if we add various |¢y > to build

lp > = Z|¢N>
N

] N
— Z i (Z gkclT(,Tch,¢> |0 >
"\ k

N
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this function can be rewritten as a coherent state

|¢ >= eZkgkCL,TCik,”O >

But for fermions this coherent state takes a simple form: in the expansion of the
exponential, the only terms that survive are those of order 0 or 1 because of the
Pauli principle

=lo> = [+ gkCLTCT—k,MO >
k

If one writes gy = Z—i, one gets back the BCS wave function. This wave function is
much easier to manipulate. This is the trick that got Bardeen, Cooper and Schrieffer
the Nobel prize!

6.3.4 Elementary excitations

It is clear from the form of H,,;r that an elementary excitation consists in adding
one particle aLU. This costs an energy

E'kZ\/Ei—l—iA2

This energy is greater than or equal to A. Applying the operator on |¢g), we can
see that it breaks the pair, replacing the superposition of a pair and two-holes by a
superposition of an electron and a hole.

There is thus an energy gap A in the single particle density of states of the system.
The very basis of the theory of transport, with diffusion processes of quasi particles
at the Fermi level, is thus not appropriate any more: a superconductor admits
currents while having a gap. One needs to investigate the properties of the electron
gas in this state.

6.4 Finite temperatures

At finite temperature, one can still use mean-field theory, but now the gap involves
the thermal mean value of (CLTCT_k DE

CTk7TCJr—k,¢ = (ukaLT + Uka—k,i)(ukaik,¢ — UkQi 1)
= —ukvkaLTak,T + ukvka,k,iaikji + UialT{,TCVT—k,¢ - vﬁ(x,k,iak7¢

= wcvi(l — O‘LTO‘IST - aik,ﬁ‘—k,i) + uialT(,Tatk,¢ — Uik |t

<01T<,¢CT—1<,¢> = uvk(l — 2f(Ex))
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since <O‘1T<,To‘va> = <ozT_k7¢oz_k,¢> = ﬁ et (alT( TozT k¢> (a_x ox4) =0
So the gap equation is given by :

Vv A
A=§2ag -2 (B)

Vv A ﬁEk
=N 2 ap, M (6.13)

The non-vanishing solution thus satisfies:

1% 1 BEy
1=~ tanh
NZk:QEk T

When T increases, f — 0 and this equation is satisfied for smaller and smaller values
of A. In particular, for T'= 400, there is no non-vanishing solutions. In fac, there
is a temperature 7, where A(T > T,) = 0 defined by

%4 1 Bcek 1
1= — tanh S
Nzk:z|ek\ anh == (fe = 7+)

wp de
1= Vg(ep)/ tanh 506 ‘
0 €
1 7 tanhu Bee
= d pu—
Vg(er) /0 u (u 2 )

Let us suppose that T, < wp. It is a reasonable approximation as we expect that
T. ~ A(0) < wp because thermal fluctuations destroy the gap if 7' > A(0)).

/(;TDC tanhudu _ /77 tanhudu+/§}2 tanhudu
0 0 n

U U U
1 tanh 7 d
:/ an udu+/2T—u (n>1= tanhu ~ 1)
0 u n u
7 tanh
= lnwD—i—/ anl udu—lnn—an
" 0 U

The second term depends very little on n > 1

7 tanh u

2
lim du—lnn—an:ln;y ~Inl.13 (6.14)
n—+o0 Jo U m

where 7 is the Euler constant.

[ T, ~ 1.13 wpeVoer (6.15)
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This formula cannot be used directly to predict T, since wp, V and g(er) are
adjustable parameters. However, if we compare it to the formula for A, we get

A 2

= 1.
kpT., 1.13 7

A and T, can be measured independently, and this relation is well verified in many
superconductors. This is one of the confirmations of BCS theory. Besides, this
theory predicts that A(T") behaves as:

A(T) ~ 3.2 Ty |1 — ; (6.16)

The exponent % is typical of mean field theory.

AO) |

QH Il

6.5 Electrodynamics of superconductors

6.5.1 The London equation

Before we embark on the calculation of the response of a superconductor to an
external field, it is useful to start with some remarks on the constitutive equations
which, together with Maxwell’s equations, could describe the basic properties of
superconductors. There are two such properties:
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1. Vanishing resistivity (1911)

2. Meissner(-Ochsenfeld) effect (1933) : the magnetic field vanishes inside a su-
perconductor. It goes from the external value to 0 over a characteristic length
A called the "penetration length".

Let us look in more detail at the consequences of these properties on the consti-
tutive equations:

Vanishing resistivity: In a metal, one generally assumes that the motion of an
electron is governed by the equation:

m— +m— = —eE (6.17)

where 7 is a phenomenological relaxation time that one can for instance calculate

in the context of the electron-phonon interaction. The general solution is the sum

of a particular solution, for example v = —<E, and of the general solution of the

equation without the right hand side:

_t
v=vge r
_t €T
=>v=vge - — —E
m

After a time ¢ > 7, one thus gets:

Finally, using j = —nev

E (6.18)

nBQT

or j =oE, with 0 = . This is the constitutive relation of metals.

In superconductors, 0 = 0o (R =0) = 7 = +00

dv
m— = —eE
dt
But j = —ngsev, where ny is the superfluid density, i.e. the density of electrons that

take part into superconductivity, so that

1\ dj
— =¢cE
m(me)dt ©

~m dj

T onge2dt
This relation only fixes the current up to a constant. It is thus not sufficient to
describe the response of superconductors.
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Meissner effect: We can combine this equation with the following Maxwell equa-
tion

0A

E=-——""
ot

(6.19)

Note that this equation relates the electric field (a physical quantity) to the vector
potential, in a fashion which is clearly not gauge invariant. It is therefore only valid
in a specific gauge that we will discuss later. We find

om d, _OA

nge2 dt‘] ot

m2j +A=c
nse

where c is a constant of integration independent of the time. The Meissner effect is
a consequence of this equation if V x ¢ = 0. Indeed, Maxwell’s equations imply

VXxB = puoj
VxVxB = puVxj

But VxVxB=-AB+V(V-B)and V x j = —=£ V¥V x A. So the equation

=0 B
relating j to A implies
2
AB=""B.Vx ¢
m
If Vx c=0, we get
2
= AB == 1p
m

Let us define

A2 m
We thus have:
1
AB = ﬁB (6.20)

Let us adopt a geometry where B = B(z). Integrating this equation leads to:
B = B(0)e >

The magnetic field B decreases exponentially over a characteristic length given by
A. Since p =0 in a metal, V - j = 0. Thus, %V - A =V . c. If one chooses a gauge
in which V- A = 0 and A — 0 in the bulk, one can choose ¢ = 0. Under these
conditions, j and A are related by:

(6.21)
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This equation is known as London equation (F. et H. London, 1935). This equation
is valid in the London gauge (in the sense of choosing correctly our gauge for A:

e« V-A=0.
e A — 0in the bulk.

Note: the Meissner effect "implies" in a certain sense the absence of resistivity.
Indeed, the field vanishes inside a superconductor because the external field is com-
pensated by a field created at the surface of the sample. But a magnetic field does
not produce work (as F = ev x B is orthogonal to v). For the current to be able to
stay, it has to be able to circulate without dissipation. We will thus, without loss of
generality, concentrate on the response to a static magnetic field.

6.5.2 Response to a static magnetic field:

Let us consider a static field in the gauge V - A = 0.

p =mv +cA
1 o 1 2
= H., = 2m i v = om 2 (pi — eA,)
1
= % ( Zhvl - €A<I'Z))
B teh 9
—— 2m =
T 2 P

H,

The term O(A?) can be ignored for the calculation of j to first order.

Let us introduce the Fourier transform of the vector potential A(r) = 3, a(q)e’@™,
and let us determine the form of H; in second quantization. For the term V- A(r;),
we compute:

—ik/-r 6'L'k-r

KV A@)|E) = X / e\/vv-(am)eiq* Nl

1 iy .
= g 3 e ilk+ ) -ala)e T

Since the field is assumed to be transverse (V - A = 0), we have q - a(q) = 0, and
we get :

> ik - a(q)dw kiq

q
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The contribution to H; is thus given by :
eh
5 > k-ald)dqetio
For the term A(r;) - V;, we obtain the same result such that
W kz k- a Ck+q +Ck,o
,q,0

The current operator can be written :

j(r) = % {Ul(x,0) (—ihV — eA) U(r,0) + [(ihV — eA) ¥i(r,0)| U(r,0)}

where U(r,o), ¥i(r,o) are field operators (see Appendix on second quantization
and exercises). They can be exanded in Fourier series:

Ui (r, o) Ze darcd oU(r,o) =Y o,

as well as their gradient:

VUi(r,0) =Y (—iki)e ™) i VU(r,0) = ikee™ ey,

k1 k2
It is convenient to decompose the current into two contributions:
j(r) = Ji(r) + Ja(r)

with
Ji(r) = ZehZ{\IJT (r,o)VVU(r,o) — (V\IIT(r,U))\IJ(r,U)}

and
Jo(r) = %A S Ui(r, 0)U(r, 0)

The Fourier transform of J;(r) is given by:

Ji(q) = / dr e~ J, (1)

— zeh (/ dre~aT

—ieh _ .
= = > [Z(k +q) Ck,ng+q,o + ik chckJFq’U}
k,o

71k r+iko-r/ T —iky-r+iksr . T
T (iKs) O o Coe — € T (k) Ok 0
k1 k2

2m

eh 1
= Z(k + 501) ClT(,ng+q,a
k,o
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Besides,
2
Jo(r) = —AY Ui(r,0)¥(r,0)
m g
density
2
_ e n(r)A

m

J, is proportional to A, and this relation is similar to the London equation, but
it involves the total density and not the superconducting density. Therefore, the
term J; must significantly reduce this contribution and even cancel it altogether in
a normal metal.

If one wishes to determine the full response, one can express H; with the help of
J; and calculate the response in the context of linear response theory. This calcula-
tion is complicated (although not difficult), and here we will limit ourselves to the
calculation of the expectation value of J;(q) in the limit q — 0 (large wavelength).
In this case, a simpler calculation is possible.

Let us start be writing the operators H; and J;(q) in terms of the Bogoliubov
operators:

—eh
o R
k,q

X (ukahT + vkoﬂ:ki) \_,_, (ukoﬂ:kJ — Ukak,T)
k——-k—q

.i.
X (Urq@—k—a) + Vkrqicricr)

—eh
= Y k- a(a)| (mara + i)
moie

x (0411+q¢ak¢ - ‘)‘T—k@afqu,i)
+  (UkUktq — UkVk+tq)

T T
X (Ofk+q,¢a—k,¢ - a—k—q7¢0‘k,¢)]

In the limit q — 0, the second term disappears, and the first term gives:

—eh
H, = o Z k- a(O)(O‘IT(,TO‘k?T - O‘Tfk,ia—k#)
K

— Ek,T = Ek — %k : a(O)
By, = Ex + %k -a(0)

Similarly, in the limit q — 0, we have:

eh
Ji(q = 0) = m Zk(aL,TO‘k,T - O‘Tfk,wf—k,i)
k



130 CHAPTER 6. SUPERCONDUCTIVITY

But < af ,ax, >= f(Ex.)

=< J >= ZL Y k[f(Bxr) = f(Exy)]

Besides,

F(Be) - f(Bey) =~ T a0) (—‘”)

<Ji(q—=0)> = > (k-a(0)k <—£§k>

This means that (J;(@ — 0)) is parallel to a(0). Indeed, for a decomposition
k = aa(0) + fq, with q - a(0) = 0, the terms in the sum is odd in /3. Focusing on
k ~ kp, we finally obtain

262ﬁ2 k2
(Ji(q = 0)) ~

Y (g aro)

Proof: let us assume that N = Y (k- a(0))kh(k), where h is an arbitrary function:
N-a(0) = Y (a(0)-k)*h(k)
K
= /dk:/27r sin §(a(0)k cos 0)*dOk*h(k)
= / 27 sin 6 cos Odf / dka?(0)k*k*h(k)
- 27r2/d/m2 0)k*h(k)
. 127 / sin 06 / dka2(0)k (k)

- /dk

We want to make the electronic density appear. We now that g(¢) = Ay/c in three
dimensions. Therefore, taking into account the spin degree of freedom,

n=2x /g(e)ds = 2A/ Vede = 3A€?;'/2 = 3Nerg(er)
0 0

=ep and >, = Nyg(er) [ de, we get:

+oo
<Ji(q—>0)> ~ —ng €F N/ ( aE}()a(())

2

e +o00 af
Y /_oo de( 8Ek> a(0)

12
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The total current can thus be written:

<j> = <Ji+Jy>

- _%Na@ [1—/_+ d€< gj]

with F = €2 + A2,
IfA=0

/“"’d (38£k> = /;OodE <§£> = f(+00) — f(—00) = —1

We recover that there is no macroscopic current in a normal metal: < (J) =0

If A#0
+oo +oo 8f E
_/ <8Ek> Q/A dE( OE E? — A2> <!

If one defines the density of normal fluid by

of
n — de
" ”/; (aE@>
and the superfluid density by

Ng =N — Ny,

one recovers London equation

j = ——a(0) (6.22)

As f(E) = ﬁ, in the limit § — 400, dgf = 0(F). Therefore, at T = 0, with
A # 0, there is a gap, n, = 0 and ny(7 = 0) = n. This is true, but in this case it
is important to distinguish between the wavevectors that participate to supercon-
ductivity and those who don’t. The term J; cancels anyway the contribution of J,
coming from the electrons that do not participate to superconductivity. n is thus
the density of electrons which are at wp of ep.

6.5.3 Critical field and field penetration:

Let us now discuss in more detail the way a magnetic field is expelled from a su-
perconducting sample. As we shall see, this is in general a very rich phenomenology
that goes far beyond the mere decay of the field over the penetration depth.
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Let us start by showing that superconductivity must be destroyed over a charac-
teristic length &, that is not related to the penetration depth A. According to the
Heisenberg uncertainty relation,

ApAx > h
But to build a wave-packet for a superconducting electron, we must have
2 2
EF—A50<L<6F+ASC with EFZpi
2m 2m

Let us define

2
ﬁ = er + Agsc
and
i
% =€ — ASC
1, 9 1
%(pz p1) = om (pz - pl) (pz +p1) = 2Aqc
Ap 2pF
A 2A
Ap = 2 scm sC
PF UF
hUF
Az > =~ ¢ 6.23
M 0 (6.23)

It is thus impossible to localize a Cooper pair over a distance smaller than &;. Per-
turbations of the superconducting state must therefore act over lengths of order &.
There is another, maybe more intuitive way to derive this length. Indeed, it can
also be seen as the size of a Cooper pair, as shown in exercises.

The existence of two characteristic lengths is responsible for the very rich phe-
nomenology of superconductors in a magnetic field. Let us first note that expelling
the magnetic field is only possible as long as the external field is not too strong. To

be concrete, let us consider a cylinder of metal inside a coil that creates a uniform
field H.

If we cool down the metal below its critical temperature, say for simplicity at
T = 0, it can become superconducting. Let’s look at the energy balance. If it
becomes superconducting, its energy with respect to the normal state is equal to
Econa/volume unit. For this to be possible however, one has to expel the magnetic
field, i.e. to create a surface current that opposes the external field. This costs

. . . H? ey s
an energy [j- Acndr whose density is So the energy per volume unit in the

87.
superconducting state is
H2
g - |Econd|
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It is advantageous to transit into the superconducting state as long as H < H,., with
H? = 87| Econd

However, the penetration of the magnetic field inside the sample is in general nei-
ther uniform nor progressive. This depends on the shape of the sample, but more
importantly on the characteristics of the metal. In particular, the relative value of
&9 and A, is crucial. It turns out that this varies considerably from one compound
to the next. The description of this phenomenology is more compact in the context
of the Landau-Ginzburg theory, which we introduce in the next section. Nonethe-
less, the basic idea can be explained in simple terms. Creating an interface between
a normal region and a superconducting reduces the magnetic energy at a cost in
superconducting energy. Let us consider the two limiting scenarii.

&0 > X In this regime, we see a progressive disappearance of the superconducting
density. On the other hand, we expect the magnetic field to be directly immediately
suppressed as soon as the superconducting density is non-zero. You can find a
schematic below.

Over the transition region, the energy cost per surface area is

E H?

o
== 260~ [ Beonal 2
S 8’/T§0 | d|2

Close to H = H,, it is positive, and therefore unfavorable, compared to having
directly a transition at the boundary of the material. The system will therefore
avoid creating such normal to superconducting interfaces.

&0 < A In that situation, the scenario is opposite: the transition between super-
conducting region and metallic region is abrupt, with a large penetration of the
external magnetic field.
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In that case, the energy cost of the interface is

2
? = I;I/\ - ‘Econd’/\
T2
This is negative at H = H,.. The superconductor will therefore prefer to have a large
number of these interfaces, and the magnetic field will penetrate the superconductor
for values of the field much smaller than H,., through the presence of normal regions.
To increase the surface of interfaces while keeping their volume as small as possible,
the magnetic field penetrates as small cylinders known as wvortices.

6.6 The Landau-Ginzburg theory

The most efficient description of the macroscopic properties of superconductors has
been developed before the BCS theory. It is due to Landau and Ginzburg who
postulated in 1951 the form of the free energy as a function of a complex order
parameter that describes:

1. The superconducting density |¥|?;

2. The coupling to the electromagnetic field through the change of its phase under
a gauge transformation.

A/=A+VX:>\I”:\IJei€*%

The free-energy density can thus be written :

f= fotalu+ Spup 4 L jcinv — ey 2
2 2m 81
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The first two terms are the usual ones in a Landau expansion, the third one is the
form of the gradient that is invariant under a gauge transformation for a complex
order parameter. e* is the effective charge of the quasiparticle.

While this functional was introduced by Landau and Ginzburg, Gorkov showed
in 1959, using Green functions, that this form of the free energy was a consequence
of BCS, with e* = —2e. This proof goes beyond the scope of these lectures, but
the identification of ¥ with our superconducting parameter A naturally leads to
this form. Indeed, A = % Zk(cLTcik’ 1) could a priori take complex values. For a
homogeneous system without a magnetic field, the phase does not play any role. It
drops from all physical properties, and it is constant. That is why we chose a real
solution. However, when there is a magnetic field, the phase of the wave function is
related to the choice of gauge. Under a gauge transformation A’ = A + Vx(r), the
wavefunction of a single-particle of charge e transforms as ®(r) = e X®W(r).

Proof: the Schrodinger equation of a free particle in a field is given by:

1

HU = —
2m

(p— €AV = BV

Let us perform the gauge transformation A’ = A+Vy(r). The Schrodinger equation

1
—(p—e*'A)*® = Ed
m

-k
ie

is satisfied by ®(r) = e " X)W (r), as

(—ihV — ' A)B(r) = (—ihV — e*A)e X (r)
= —"A'D(r) — ihV (e XD (1))

SETAO)() + O V) B ()

= —"AD(r) + &Y (—ihV) T (r)
= G%X(r)<p —e"A)¥(r)

= —¢"A'D(r) — (ih

To get the Hamiltonian, on must again apply (—iAV — e*A’), performing the
scalar product. Let us suppose that we have a vector, and not a scalar:

.
ie
/

(—ihV — AN TXOF (1) = —* Al TXOF (1) — ihV (e TXOF (1))
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But V- (pA)=pV-A+A-Vp
\% (ek:X(r)F(r)> = Xy, F(r) + F(r) - Ve

/' *

= OV F(r) 4+ Oy (r) - F(r)

.ok . x
ie e

(—ihV — e*A)eTXDF(r) = e (p—e*A)-F(r)

H® = TXOHy — JSXOEy — Bd

This property implies that the kinetic energy

/ T (1) —— (p — eA)20(x)dr

2m

is invariant under a gauge transformation. Besides, since p — eA is hermitian, one
can also write

Fan — ;n [ @) - e A U
1

= 5 (¥|(p—c"A)|¥)

2m
= (WP A (p - AT
— S-lo - AwIP
_ ;n/‘(p—e*CA)\D(I') dr

Similarly, one can show that, for the gap A, the form of the energy that is invariant
under a gauge transformation is given in term of the gradient by :

1
o |(=ihV + 2eA) Al

Neglecting the normal fraction, the Landau-Ginzburg free energy is thus a functional
of the fields A(r) and ¥(r) given by

1 B?

Since the vector potential and the order parameter can both vary in a supercon-
ductor, it is natural to minimize the free energy with respect to both fields. To get
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the equations that they must satisty, one just needs to extend the method used to
derive the Lagrange equations from the principle of least action.

Let us start with a variation d A of the vector potential :

F[A +0A] = /(VX(‘:;‘SA) dr+/dr (a|\11|2 |x1/|4>

+ / 2dr (—ihVT + 2e(A + SA)T) (iEVE" + 2e(A + 6A)TY)

Flal+ [ o

+ 20U (—ihVU + 2¢AD)

12

2eV (ihVU* + 2e AT™)

dr

(VxA)-(Vx05A)
/ 47

But

V- XxY) = (VxX)-Y-X:-(VXY)
B-Vx0A = (VxB)-0A+V-(0A xB)

/v (5A x B) // (6A x B)d

We limit ourselves to 0 A = 0 at the surface of the superconductor. Then,

and

/B-VX(SA_/VXB-(SA
47 N

At lowest order in JA, using V x B = pgj, we obtain

4 2
FIA + 6A] — /5A < i+ @(\ww* — VD) + ew*w)
m

In order for F[A + JA| — F[A] to vanish for all 0A, we must have

h 46’ A
Hog— O gy — wvgr) — °°

47 m m

Uy

Let us now make a variation around W. For a function of a complex variable
f(z, Z), the statement that the variations vanish is equivalent to saying that if z =

rei® (r #0),
{

0 8f€z9+3f —29_0
0 :>{ gfzre + 2 (—ir)e® =0 :>{

RS
Il
o o

g2
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Let us thus express F' as a function of (¥, U*), and let us write % =0

2

1 B
F = /dr (a\I/\II* + E\DQ\D*Z + T(—ihv +2e A)V(ihV + 2e A) U™ + 8)

2 m T

P00 +50) - F(0,0) = [dr [a\IJ +BIWPw + ;(—zthf +2eA)
m
X (ihV + 2eA)}5qJ* —0

An integration by part of the last term leads to

VU - V§U* = V- (S V) — 60V - VI
AT

since V(pA) =pV-A+ A - Vp. So,
/vqf VUt = /v (BUVT) — /wmqf
- /S(S\Il*n VU /quf
But [ 0U*nVW¥ = 0 if one limits oneself to 0¥* that vanish at the surface. So,
/ BV - iRV OU = / (—in)*v*u) s0*
Besides,
/\ww* - —/5\1/*v\1/ + /V(w\p*)
— —/5\11*%1; + /Sn(\lld\lf*)da
But [¢n(Vo¥*)do = 0 if §U* = 0 at the surface. Thus,
/ dr (—ihVY + 2eAW) (ihV + 2¢A) §U*
- / dr [(—ihV)*U + (2¢A)* U — ih (2eA) VU + 2¢A(~ih) V] 67
- / dro0* (—ihV + 2¢A)> T

In order to ensure that F'(V, ¥* 4 §U*) — F(V, U*) = 0 at first order in 0¥*, one
must have )
¥ + BlU2T + o (—ihV + 2eA)’ T =0
m

Finally, the minimization of the functional with respect to the order parameter ¥
and to the vector potential A leads to the following pair of equations, known as the
Landau-Ginzburg equations:
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h 4e?A
R0y = N (rvw — o) - Sty (6.25)
4 m m
1
al + BP0 + 5 (ZihV + 2eA)* U =0 (6.26)

These equations constitute the basis of the description of the macroscopic prop-
erties of superconductors. They contain two characteristic lengths that depend on
a and (. To see this, let us consider two limiting cases:

1) Let us assume that the external magnetic field vanishes. In the bulk of the
material, U satisfies the equation

h2
WV + BIU[2 — 5 A =0

According to Landau’s theory of phase transitions, a = ag x (T' — T.), and so
a<0ifT<T.,and a>0if T > T,.

The equation above has in general two obvious solutions :
e =0 (VI

o U2 = —% if « < 0,i.e. if T' < T, (one has assumed that W is real for simplicity).

In the superconducting phase, there is thus a solution ¥, = ,/%‘ # 0.

Let us now consider an interface z = 0 between a normal region (z < 0) and
a superconducting region (z > 0), and let us still assume that U is real. The
differential equation takes the form:

h2
——— U VU 4 U3 =0

2m

where U = %27‘3 = ‘(%’ since ¥ only depends on z. We are looking for a non-constant
solution in the z > 0 half-space. We can therefore multiplies by ¥’ and integrate to

obtain 2
—2—\1/”\11’ + oWV + BUAY = 0
m

2
—ZJ\IJ'2 + %\112 + iﬁfl = cst
m

For this equation to have a solution ¥? =

—&

3 for z — +00, one must have :

—a? Ba? a?
— t - =cst s cest = ——

25 4B 48’
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We can rewrite the equation as

h2
o \IJIQ
4m

\I[,

v

; 2 _ _ R
with £ = 5mla] OF &= o
Indeed,

U=

CHAPTER 6. SUPERCONDUCTIVITY

2

\I;4+g\;[12_|_a_

2 48

2 2
(@4 + g2y a—)

B 32

—o z
— tanh ——

B V2¢

(the factor v/2 is conventional).

—a 1

2 <

e

_(\pug)
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This length is the analog of the coherence length. In the Landau-Ginzburg theory,

its critical behaviour is given by &(7T') ~ \/TlfT This agrees with the microscopic

expression & = 22 with A(T) ~ /T, —T.

2) Let us assume that the external magnetic field is very small, hence that the
vector potential varies very slowly with distance. W is nearly constant, and j is
approximately given by

. 4e?
= —|w’A
™ m

To see this, one writes locally
A(r)= Ay +0A(r)
-

and one expands in JA(r). To zeroth order, ¥ is uniform according to the second
Landau-Ginzburg equation, and the first equation then leads to the result.

Now this equation is nothing but London equation, with

1 167%* —«
A2 m 0
Like &, A\ ~ \/ijT when 7" — T.

This description thus agrees qualitatively with the discussion of the electrody-
namics of superconductors of the previous section.

Critical field As before, the critical field is obtained by equating the energy
density of the field that one has to create to oppose the external field with the
condensation energy:

H? 8
g =~ (aner e Sor)
—a Ba? a?
- _<a5+262>:ﬁ
Ao
H? =
‘ g

Type I and type 1I superconductors We are now going to show that the ratio
K = ? plays a crucial role in the properties of a superconductor. Let us assume that
one decreases the magnetic field starting from a very strong magnetic field where
the solution is given by ¥ = 0, and let us study at which field there exists a solution
of the Landau-Ginzburg equations with W ## 0. More precisely, let us investigate
the stability of the solution ¥ = 0 by studying if there are other solutions with ¥
very small.

To first order in ¥, the equation reads

1
o (—ihV 4 2eA)* U = —a
m
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This equation is similar to the Schrodinger equation of a particle of charge —2e in a
magnetic field H described by A. The energies are well known. They are given by

1 P2
(n—l— 2) )

where w,. is the cyclotron frequency

2eH
m

We =

When H is very large, h‘; > —q, and the only solution is given by ¥ = 0. By when
H decreases, there is a solution as soon as % = —a. There is thus another solution

than ¥ = 0 as soon as H < H. with

1 2¢H.
he 2= —a
m
am
Hoy=——-
2 he

This field is not directly related to H., and one must distinguish between two cases:

Ho, > H.: For H. < H < H,, it is not advantageous for the system to be
everywhere in the normal state. It is better to take advantage of the non-zero
solutions. However, the solution cannot correspond to a global expulsion of the
magnetic field since H > H.. Only part of the sample becomes superconducting.
To determine the actual form of the global solution requires to go beyond the linear
approximation. Indeed the Landau levels are degenerate, and the actual form of the
lowest energy solution is governed by the next order terms that lift the degeneracy.
One can show including such terms that these solutions build a lattice perpendicular
to the surface of the sample (H L surface) that encloses cylinders of normal metal.
These cylinders are called vortices, and in general they form a triangular lattice.

The condition H., > H, can also be written

_om 4i(_ )
he 153 @
or
4rhe
Jis Y
m
But

A VmB \/2m(—a)
13 4\/_6\/—_a h

h€2\/_\/_ \/7\/57”26 V2
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This inequality can thus be written

Sl

In other words, Ié;f = V2.

So, if ¢€ < v/2), the system remains partially superconducting between H,. and
H.,. Such superconductors are called type II superconductors.

H. < H.: The system undergoes a direct transition into a global superconductor.
Such superconductors are called type I superconductors.

6.7 Flux quantization

Let us first show that the current only depends on the variation of the phase of the
order parameter, and not on the variation of its amplitude. Indeed, if one writes

= | 0]e'?
one gets: ' ' ‘
VU = (V|0])e + |W]i(V)e® = (V|¥])e + UiV
so that
VY — UV = UH(V|U])e + |V 2V — [U(V]|T])e™™ + U|¥|(—i)(V)e ™)
= V|U|(T*e” — Ve ) + |U|*2i Ve
|W|*2i V¢
2eh

Ho . 2
— :——\If A
477‘] 2] <V + h )

But deep inside a superconductor, j = 0. Indeed, B=0=V xB=0=j=0. So

]{J dl_o:»j[w dl = fA dl

Tam fV><A ds

The first term must be equal to 27n to ensure that the order parameter is well
defined. Besides, [V x A -dS = ®, where ® is the flux of the magnetic field though
the contour since V x A = B. This leads to :

R
<I>—n7r——nq§0
e

with Qﬁoz%ﬁ:i.

2e

Consequences:
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o Penetration of the field in type II superconductors : below H., the sample is

pierced by tubes of normal state. According to this argument, the flux of the
magnetic field through such a tube must be a multiple of ¢g. Now, we know
that it is advantageous for the system to maximize its ratio surface/normal
volume. So to get a flux 2¢y through the sample, it is better to create two
vortices of flux ¢y than one of flux 2¢,. So the magnetic flux penetrates as
vortices of flux ¢y = %

If the charge of the effective charge carriers was e, as first assumed by Landau
and Ginzburg, and not 2e, the flux would be quantized in units of % and not
2—"6. The periodicity of various quantities as a function of the flux has been
measured, and these results have clearly shown that the elementary flux is
equal to % In particular, if a superconducting ring is put into a field parallel
to its axis, currents appear at the surface of the sample to adjust the field to

a multiple of ¢q.

B int

0

T

H2 ®

o Persistent currents : if one induces a current in a superconducting ring, this

current must create a magnetic field whose flux is of the form n¢y. To decay,
this current must overcome a potential barrier to reach the states (n — 1)y,
(n — 2)¢o, ... Now, this barrier is very high because the system must be in an
intermediate state which is not globally superconducting. The probability is
thus very weak, and the current can persist without decaying in any significant
way for several years.

6.8 Josephson effect:

Let us consider two superconductors connected by a normal region
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and let us try to let a current flow across the junction. Since the current goes
through a normal region, the most natural thing to do is to assume that the current
consists of single electrons. But to get an unpaired electron, one must break a pair
and create two Bogoliubov particles. This costs at least 2A in total (A for each
particle).

Ey

To make an excitation in the system, one must thus apply a voltage V' = % to
excite an electron. One thus expects the current-voltage characteristic to look like:

I

In other words, if one induces a current through the junction, even a very small one,
one expects to induce a voltage drop at least equal to 2A.

In 1962, Josephson produced a small revolution in the superconductivity commu-
nity when he suggested that another type of current could flow through the junction,
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namely a pair current, and that this current could flow without inducing a voltage
drop.

Josephson’s original calculation has been done in the context of the BCS theory,
looking at the effect of second order terms of the tunneling Hamiltonian through an
insulating junction. But this effect can be understood more easily in the context of
the Landau-Ginzburg theory.

The basic idea is very simple. Let us come back to the expression of the super-
conducting current as a function of the order parameter. The calculation of the
previous section shows that, if A is equal to 0, and without any voltage, a current
can flow if the phase of the order parameter is not uniform:

Lo . 2eh

ZJ = ——|U[V¢
s m

At thermal equilibrium, and in a singly-connected superconductor, this phase mod-

ulation is much too costly, and the current vanishes.

But if one considers a junction, the phase can take a different value on each side
of the junction without having to pay this energy. If the order parameter does
not vanish completely inside the junction, as will be the case if the junction is not
too wide so that the electrons can tunnel through the junction, a superconducting
current can a priori go through.

To find the expression of this current, it is of course impossible to ignore the
variation of the amplitude of W. The simplest calculation consists in going back to
the Landau-Ginzburg equation for U:

ﬁ2
— AU+ aV¥ + |20 =0
2m

Inside the junction, ¥ changes very fast, and the term AW dominates
= AV =0

Let us suppose that the phase is equal to ¢; in the left superconductor, and to ¢, in
the right superconductor, and that these two superconductors are the same so that
the amplitude is the same in the bulk far from the junction, so that ¥(r) = 1| ¥
far on the left and U(r) = 2| Wy| far on the right.

Let us look for ¥ as
U(r) = [o|[f(r)e ™ + (1 — f(r))e'™]

where f(r) is a real function equal to 1 in the left superconductor and 0 in the right
one. This leads to . ‘
[Wo| (e — e2)Af =0

NOW,A\IJ:0:>Af:OIf¢17é¢2
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In that case, the current is given by

Fog _ O gy — gt
4 m

U = [Wo| (f(r)e™ + (1 — f(r)e )
VU = [W| V£ (r)(e? — )

VVE = [W’Vf(r)[f(r)e™™ + (1= f(r))e ] (e — ™)
= |U|PVF(r)[f — fe % — (1 — f) + (1 — f)e '#2Hion]

IVT* = (U V)*

VYT~ UVT* = [TV f(r)[— f(e 0H% — io1io)
(1= f)(e ™ 2Hion — gio2ion)]

= (WP f(r)(em oo — ot
= 2isin(¢; — ¢2)| Vo>V f(r)

. 2eh .
@J _ —W|\I’0|2stm(¢l — ¢2)

+

47
The maximum current is reached when ¢; — ¢ = 7, and it is of the order of
Uo . 2eh 51
Ll /N [
47r‘7 Yol L

where L is the width of the junction (Vf is of the order of 1/L since f changes
mostly inside the junction).

If one drives a current through an SNS’ junction and measures the voltage drop,
one expects to find:

=z i

The Josephson effect has considerable applications. In particular, the current also
depends on the magnetic field. Then, if one builds two Josephon junctions according
to the following geometry,
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one can show that the maximal current is a periodic function of the flux ¢ through
the ring, of periodicity ¢o. But ¢g = 10719G/ecm?. One can thus detect field changes
of the order of 107 Gauss. This is by far the most sensitive magnetometer.



Chapter 7

Appendix - Second quantization

7.1 Introduction

When dealing with systems of interacting particles, one must work with many-
particle wave functions. We assume that particles of the same type (e.g., electrons)
are indistinguishable. Consequently, the state of a system of identical particles must
be invariant under the exchange of the coordinates of any two particles. To illus-
trate, consider a system of two point-like particles. Since they are indistinguishable,
exchanging their coordinates cannot alter any physical properties. The two wave-
functions can thus differ at most by a phase factor:

(a1, 2) = €P(x2, 71).

What happens if we exchange their position twice?

To answer this question precisely, one must carefully define the exchange process.
We can adopt the reference frame of one particle. From this perspective, a double
exchange is equivalent to the other particle tracing a full circle around the origin.
In three dimensions, this path can be continuously deformed to a point by moving
it out of the original plane. A double exchange must therefore recover the original
wavefunction, implying:

Hr=1= e =+1

We thus recover the requirement that wavefunctions must be either fully symmetric
(bosons) or fully antisymmetric (fermions) under particle permutation. Therefore,
if one denotes by {1;(x)} a basis of one-particle wavefunctions, one cannot simply
use the set of functions

\I/(ZL’l,...,IN) = 1/)1'1(1‘1) sz(xN)

as a basis of the N-particle Hilbert space. One must instead build N particle wave
functions that are totally symmetric or totally antisymmetric when exchanging the
coordinates of particles.

149
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D e o ou (2 e ®

; 7Xe"
67/0[1 e 2

Figure 7.1: The two possible ways to exchange particles in two-dimensions. In
three dimensions (or more), these paths can both be deformed to a point, and they
become equivalent.

Remark: This argument relies on several implicit assumptions. First, it presupposes
that no subtleties arise from changing reference frames; this assumption requires re-
finement for charged particles in a magnetic field. Second, the particles are treated
as point-like; internal structure would necessitate defining how it transforms under
permutation. We will largely overlook these complications in this course.

Nonetheless, statistics beyond fermions and bosons are possible. For instance, in
two dimensions, two distinct topologically inequivalent paths exist for exchanging
two particles (see Fig. 7.1). From the perspective of one particle, the exchange can
correspond to the other particle circling clockwise or counterclockwise. Since the
particles are confined to the plane, these two paths cannot be continuously deformed
into one another without crossing the reference particle. They are topologically
distinct. The system returns to its initial state only after applying both exchanges
successively, implying:

elte2) — | o gy = —y

However, oy need not be 0 or 7, allowing for phase factors other than +1. Parti-
cles exhibiting such exotic statistics are called anyons. Anyonic statistics describe
excitations in a two-dimensional electron gas under a strong magnetic field, such as
in the fractional quantum Hall effect. Even more complex statistics are possible,
including non-Abelian anyons, where the exchange operation is represented by a
matrix acting on a degenerate space of multiple particle types.

7.2 Bosons

7.2.1 Fock space

We consider an orthonormal basis of the one-particle Hilbert space {1;(x)}. We want
to construct bosonic N-particle wave functions that are totally symmetric under the
exchange of the coordinates of any pair of particles. Let us start with the case of
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two particles. The wave function

Wii(21, 22) = Yi(w1)Yi(72)

is symmetric and is thus acceptable. For two different states ¢ and j, one must build
the wave function

U,i(xq, x0) = \}5 [Vi(z1)(22) + V(1) Yi(22)]

to get a symmetric wave function. Note that if we have M possible orbitals, we have

only M + (M L = M(MH) possible two-body states, instead of M? for distinguish-

able partlcles

More generally, a N-particle wave function is uniquely defined by the number of
times N; each one-particle wave function j appears. To build a fully symmetric, we
can write

IN), N, ) :\If(:pl,...,xN):\/le/ S Wi (1) i, (o) | (71)

PeSy

where Sy is the group of permutations of 1 to N and N is a normalization factor.

Proof that Eq. (7.1) is invariant under permutation.
Let 0 a permutation of Sy. The action of o on V¥ is

J\I/({L’l, e ,IJN) = \If(mo(l), e ,xU(N)),
such that

o¥(zy,...,xN)

\/N Z ¢2p(1) Lo 1)) sz(N)( N))

PeSN

\/> Z (/ZP( 71(1)) ) "wip(afl(N))(xN>'

PESN

To proceed, we need to remember that oSy = Sy, i.e. that o simply redistributes
the permutations, such that

O'\I/<I1’ R \/7 Z %Pm 371 ¢iP(N) (xN) - \Ij(xb cee ,LUN)-

PGSN

The set of all [Ny, Na,...) is the Fock space. It can also be convenient to write
Eq. (7.1) as

\Ij(xla Y Z wlp@) xl ¢iP(N) (xN) (72>

PeS’
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where S}y is the set of permutations that does not let the sequence iy, ...i,y invariant,
without double-counting (i.e., if several permutations lead to the same sequence, we
only counts them once). Mathematically, Sy is the coset Sy/(Sn, X ... X Sny,),
where N; is the number of times the orbital j is occupied. N is then simply the
number of elements of S}, and is equal to :

N!

, !
Nle!NQ!...

(7.3)

with the standard convention N;! = 1 if N; = 0, and of course >N;=N.

Proof of normalization: As the basis is orthonormal,
/dwi(w)*%(ﬂb‘) = 04 ;-
We can write

1
(N1, ...| Ny, ) =V > (Wpm)loay)--(Yrm[vom)-

P,QES),

As there is no repeat, (pa)|Yo))---(Vpav)| Vo) # 0 if and only if P = @, and
therefore

_1 _ SN
(NN ) = 57 3 1= 50

PeS);

Proof of equivalence: To prove the equivalence of the definitions, it is enough
to prove that Eq. (7.2) is invariant under all permutations. For any permutation o
in Sy, it is also quite straightforward that oSy ~ S} . From there, one can use the
same proof as for the previous expression.

Example : 3 particles using ¢ twice and 5 once.

Y1 (1)1 (22) 02 (23) + 1 (21)Y01(23) () + Y1 (22) 1 (23) 102 (1)

= Norm = 3. General formula : 2‘% =3
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7.2.2 Harmonic oscillator

The operators that allow one to conveniently travel inside a bosonic Fock space can
be seen as a generalization of the creation and annihilation operators of the algebraic
solution of the one-dimensional harmonic oscillator. Let us briefly recall how they
are defined, and how they act on eigenstates.

P 1
H = o + imoﬂxQ [z, p] = ih
X =,/
1. Change of variables : X v
P= mhwp

:>H:h2w(X2+P2) (X, P] =i

2.
{a = %(X—l—i-P) :{X = %(CLT—FCL)
al 75X —1iP) P ﬁ(aT —a)
3.
[a,al] =1

1 1
aTa:§(X2+P2—1):>H: (aTa+2)hw

4. Let us define N = a'a, and let |¢,) be a function such that Nlp,) = v|p,).
Let us derive some properties of these operators :

o If v is an eigenvalue of NV, then v > 0.
Indeed, (pla’alp) = [lal)[|* > 0

o If v =0, then alp,) =0
Indeed, v =0 = [la|p,)||> =0 = alp,) =0

o If v > 0, then alp,) is an eigenvector of N with eigenvalue v — 1.

Indeed,
alaale,) = (aat — Valp,) = adlale,) —ale,)
v|ew)
= (v—1)alp,)

Since the eigenvalues are positive or equal
to zero, they must be integer. Otherwise,
applying several times the operator a would
lead to states with negative eigenvalues.
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o a'|p,) is never equal to zero.

Indeed, |a'|@)|*> = (p,laa’|p,) = (v + 1){p.|0.).
Nowr>20=v+1>0.

o af|p,) is an eigenvector of N with eigenvalue v + 1.
Indeed, a'aa’|p,) = a'(ala + 1)|p,) = (v + 1)al|p,)

Finally, v can take all positive integer values, including 0.

5. The ground state is non degenerate. This is a property of the differential
equation, whose lowest-energy solution is a gaussian. Thus, all eigenstates are
non degenerate. The usual notation consists in replacing |¢,) by |n).

6. Let |n) and |n+ 1) be two normalized states. One knows from the above that
a’|n) oc [n +1). To find the proportionality coefficient, let us write :

aln) = a4 1)
Let us take the norm of each member :

lena | (n 4+ 1n + 1) = (n]aa’|n) = (n|]1 +alaln) =n +1
—_———

1
= Cp+1 = VN +1
Similarly, writing a|n) = ¢,—1|n — 1), one finds :
lcn1|? = (nlafaln) =n =  cooi=Vn
Thus,
aflln) = Vn+1|n+1)
aln)y = Vi n—1)
7.2.3 Relationship between bosons and harmonic oscillators

Creation and annihilation operators

By analogy with the harmonic oscillator, it is convenient to introduce the elementary
operators a; and a! defined by:

VNN N, —1..) ifN; =1

0 otherwise (7.4)

[ alNy...N;...) =/N;+1|Ny...N;+1...) (7.5)
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Let us investigate the properties of these operators:
= N;|Ny...N;..)

= oLZT a; = N; diagonal

:>aiaI:Ni+1

This implies that :

T ]

a;a; —a;a; =1
aiaj = ajai
aja; = aa; o ifi#j
alal = alal

Or, to summarize

{ la;, al] = & ] (7.6)

[ la;, a;] = [a;r,a;] =0 ] (7.7)

One-body operators

Let us consider a symmetrized one-body operator :
O Z ftgl)

where fél) only acts on the variable z,. For example, fél) could be a potential V(x,)
or a differential operator d,,. We define the matrix elements of the operator f(!) by:

19 = [r@) [0 (@)de.

Let us calculate the expectation value of F'()) between two states. Since fi(l) only acts
on one variable at a time, two states are connected by PO only if they at most differ
by the function acting on one variable. We thus have two types of non-vanishing
matrix elements:

(Ny...N;...|[FOINy .. N;. ) = . fUN,
(..N;...Ny—1..|FO|.. . N;=1...N,..) = fUVNN,

1
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Proof .

N1 N5 . ..) contains ﬁ terms. For each term, (f(V)) = fi(ji)a, where 7, if the index
of the function ¢; of the variable x,. Since the variables x, enter all the functions

@i of [Ny ...), we get :
S0 =2 AN

where the left hand site is the expectation value for one term. Since this expectation
value does not depend on the term in the sum, we get the result we wanted to prove:

((..Ni.. . Ny—1..|FD|. . N;=1...N,...) = fi)\/N; N,

The ket |...N; — 1...Ng...) contains % terms. For each term, there

are Nj terms in the sum >, fél) that contribute to a given matrix element fz(kl )
Besides, the normalization coefficients of the bras and the kets are given by :

NN, — 1)
NN, — 1)

So the coefficient of fz(k1 ) is given by :

NI N \/...Nk!(Nl-—1)!...\/...(N,€—1)!NZ~!...
AT N N N

number of operato(r)s m normalization coefficients
A1 . 1
FMthat give f;;

number of terms in the ket

which finally leads to v/ N;Ny.

The operator F'@ can thus be written :

FO =3 falay (7.8)
ik

Proof

o Diagonal elements

(N1Ny ... |alag| NyNy ..y =0 ifi#k
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= (N\Ny .. |[FOIN Ny ) = S N Jafag Ny )

= S YN, QED.

o Off-diagonal elements

<...NL»N;<,—1...\@}@1]...Ni—1Nk...> = 0 exceptifl=Fkandi=j
(...N;N,—1...lalay|...N;—1N,...) = /N,N, Q.E.D.

Two-body operators

Similarly, a symmetrized operator acting on the coordinates of two particles can be

written :
@ Z f(?

a<b

and, in second quantization :

A 1 Ao\ ik
F® = 3 > (f(2)>lm alalaa,, (7.9)
iklm

with (f(z));’; = //¢:($1)¢Z($2)f(2)¢l($2)¢m(9€1)d1‘1d$2

The proof is left as an exercise, and follows straightforwardly from the one-body
example. Finally, the Fock space itself can be described simply in terms of creation
and annihilation operators. Indeed, using repeatedly the identity :

al

Ny...N;+1..)= ——"|N,...N,
| 1 + > \/W| 1 >

one can write :

gl
[Ny Ni L) Hm

%

10) (7.10)

where |0) is the vacuum, the state without any particle.

This leads to a very compact formulation of the many-body problem in which
the operators have the same form independent of the number of particles, and in
which everything can be formulated in terms of operators satisfying very simple
commutation rules.
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7.3 Fermions

In the case of fermions, the wave function must be fully antisymmetric.

CHAPTER 7. APPENDIX - SECOND QUANTIZATION

Such a

wave function can only be built out of different one-particle wavefunctions as Slater

determinants:
1/)p1 (1'1) ¢p1<x2) 77Z)p1(xN)
W, ..,xN):ZV_' Yelt) Wpulza) o Ylon) (7.11)
pr<x1) pr(xQ) pr('rN)

Due to the Pauli principle, in Fock space, each state is defined by an occupation
number equal to 0 or 1:
[Ny ...N;..)

There is a subtlety with respect to bosons. Indeed, the order of the lines controls
the final sign of the determinant. One must thus order the wavefunctions once for
all and keep this ordering. The determinant can then be calculated according to the
chosen convention. In this section, we will take the convention

P <p2<...<DN.

We now turn to the one-body operators, and define the matrix elements as for
the bosons by

fz’(jl) = /¢:($)f(1)¢j(x)dx.

Let us consider the example of an operator F(!) whose only non-zero matrix element
is fi(olj)0 = 1, with i9 < jo. Under the action of F("), the orbital jo, if present, is

replaced by the orbital i, if originally absent, in Eq. (7.11).

@Z)m (xl) 770101 (x2) ¢p1 (mN)
FOIN, ... N,y =0...N;, =1...) = \/% @bioéxl) @%(xz) %O(xN)
Yo (@1) W (@2) . Wy ()

This state is proportional to |Ny...N;, = 1...N,, = 0...), but the ordering does
not necessarily satisfy our chosen convention. In fact,
j(il
Nn
— (1) n=t
: > - flo]o(_l) o+t

I
—_

(..Njy=1...N;y=0...|[FV| . N;

20
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The phase factor is called a string. Consequently, to represent this operator with
creation and annihilation operators, by analogy to bosons, they must be defined by:

i—1
> N
Ny, .. N, )= (=)=t (1= N[Ny, ..., N;+1,..) (7.12)
i—1 ]
> Nn
CZ‘|N1,...,NZ‘,...> :(—1)":1 NZ|N1,,NZ—]_,> (713)
This leads to the following anticommutation relations (Clifford algebra):
[ {cl. ex} = e + enel = 64 ] (7.14)
[ {cl,cf} = {cia} =0 ] (7.15)

Proof of the commutation relations.

1=k

cle;]0
cicl]o
!

cicll

clel|Ny L)

chel|Ny L)

i)
i)
i)
i)

cl(=1)20 D0,y = |1,)
0

=

c}ci + cic;-f =1

“'+Nk’1C,}L(1 — Nk)|N1 N +1.. >

N1 (1 NNy N 410N
N1 (_1)N1+~~+N7;+1+Ni+l+m+Nk71

= CZ-LCJ]L = —(:LCZT = CZCJ]L + ch;r =0
or  {cl,cl} =0

Similarly for {c¢;,cL} or {¢;, ex}
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Some remarks on anticommutation relations

e The order of the orbitals is completely arbitrary. It is possible to reorder
our convention, changing the definition of the string. While mathematically
straightforward, it is a highly non-local transformation. The string is the core
difference between fermions and hard-core bosons/spin operators.

. cj cg = ¢;¢; = 0. This is Pauli’s principle: two fermions cannot occupy the
same quantum state.

e Besides, one indeed has:

e ... Ni=0...N,=1..)) = (=1)MttNitNontetNea el N =0
(_1)2><(N1+~--+Ni71)+Ni+l+-~~+Nk71’ N, =1..

= (=DMt N N =1 N, =0...)

e Finally, N =5, c}ci satisfies :
N|Ni...) =Y N;|N;...) = N = number of particles

With these definitions, the expressions that we have derived for bosons still apply:

PO =3 el (7.16)
ik
and
N 1 Aron ik
@ 5 Z (f(2))lm CICLCsz (7.17)
ikim

with  (F2), = [ [0i(e)vian) fOv e o) dndy

For the two-body matrix elements, the order of the indices now matters
since the operators anticommute.

7.4 Field operator

It is very useful to use linear combinations of creation and annihilation operators
called field operators and defined by :

Wo) = T

Uhz) = Nl (7.18)
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Since the operator azT creates one particle in the state of wave function @;(z), the

operator WT(z() creates a particle in the state of wave function §(x — z¢). In other
words, if xy denotes the position in space, the field operator creates a particle at
point xy. This definition can be easily extended to other degrees of freedom, for
instance the spin.

(x| 0T (20)|0) = d(x — x¢) (7.19)

Proof

(zlaf|0) = i)
= (2[TT(w0)[0) = Zs@?(wo)@!allm

Zsﬁf(l’o)%(fﬁ) = ZSO?(%)%‘(I)
= 0z — xp)

Indeed, according to the definition of the "function" 6(z — x(), one must have for
any trial wave function ()

[ ot = o)} (@)dz = &} (o)
But,

| X et @o)eila)e; @)da = 3 ¢ (20)d; = 0} (o)

The formulae that allow one to write the one- and two-body operators take a very
simple form :

O = / Ut (2) fOU () da ] (7.20)

PO = ; / / U (@)Ut () FOU () () dewda’ ] (7.21)

where f@) and f® act on the functions of z and z'.
Indeed,

PO = alay [ ¢i(@)V,(@)da
i

or
A 1
W = Zfz(j )ajaj
ij

The same applies to @,

The commutation relations of the field operators can be deduced from those of
the operators alT and a;. They are of course different for fermions and bosons :
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e Bosons :

(W (2), ()] = 6(x — 2 (7.22)

[W(x), ¥(2)] = [¥!(x), ¥i(2)] =0 (7.23)
Proof:
(), ()] = Zgoi(:l;)gpj(a:') la;, al]

= Z%(fﬁ)’wf(%')
= O(z—2a')
e Fermions :
{U(x), U (2)} = 6(x — ') (7.24)
{U(2), ¥(a")} = {¥!(2), ¥i(a")} =0 (7.25)

7.5 Application: interacting electrons

Let us consider the problem of an electron gas in a potential U(r) interacting through
. . 2 . . .

the Coulomb interaction V (ry,ry) = o We will consider that the electrons live

in a box of volume 2. Let us try to determine the form of the Hamiltonian in second

quantization.

7.5.1 Reference eigenfunctions

When we built our totally symmetric or totally antisymmetric states, we built wave
functions for the variable  without specifying what it stands for. For electrons, the
variable x = (r,0) is a composite variable that stands for the position r and for a
spin variable o that can take the values —i—% and —%.
For the spatial part, the most convenient choice is to use plane waves :
1 ik.r
K (r) \/ﬁe .

The momentum k takes discrete values, and one has
| i () (F)er =

For the spin, one must also use wave functions. Since this is not the standard way

to proceed, let us write down explicitly the form of the wave functions for a spin %
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Standard description

Two states | 1) and | |)

S =21 St =0 ST I1H=1]1
S Ly ==410 Sth=|1) S|I=0
St+5- St s-

SY =
2 21

[N

v =

Description with vectors and matrices

\T%+<é> u%+($>
ca(in) oot(ey) o)

— —— —

o Oz oy

04,0y, 0, : Pauli matrices.

Description in terms of wave functions

One can also represent the kets by wave functions. For a spin =, the variable o can
take two values, say 3 L et —1. One can then define two wave functlons by :

3=
1

or, more compactly,
Noy (U) = 050,

These functions build an orthonormal basis:
Z 7701 7702 = 00,0,

In this basis, the operators S*, SY et S* act according to:

S*ny = hon,
ana = gn—a
SY1y = thon_,

The eigenfuntions are thus labeled by two indices:

| -
Pro(r,07) = ﬁe““ 1o(0")
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The creation and annihilation operators are thus given by :

CLU and ¢k,

Similarly, the field operators are defined by :

U(r,o) = ngka/(r,a)ckax

k,o’
- Z\/lﬁeik‘r(sacr’cko’
k,o’
1 ik.r
= Zk: Mo
= Y eu(r)cks
k

and

Vi(r,0) =3 pilr)cl,

Kk
7.5.2 Operators
There are two one-body operators :
Kinetic energy
S

Potential energy
Hpor = Z U(r:)

U(r;)e is just the product by the function U(r) evaluated at the point r;.

The Coulomb repulsion leads to a two-body term :
1
HCoulomb = 5 Z V(rl - rj)
]

The factor % has been introduced to count each pair only once.
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7.5.3 Hamiltonian in second quantization

. H2A
Hyn = Z CL1010k202 /drzgpklal(rv 0) <_27n) Pkaoo (I‘, U)

kikooioa

1 _—ikj.r
gpklo'l(r U) \/76 50’0’1
1

or
@kQUz(r U) ZkQ.rdﬂUz
dr _,  h*Kk2
= Hkin _ Z CI( Choo @t —ikir iko.r
Ko 2 Q 2m
h2k2
= Z Cklackw 6k1k2
kikoo
h2k2
Hy, = e
: %; o9m KoK
T dr —iki.r iko.r
H,o = Z cklglckzm/—Ze U(r)e™* 0,0, 000,
kikooioo
_ —zk1 r iko.r
- Z ck o'Ck2Cf/ U( )
kikoo ' Q
Let us define the Fourier transform of the potential by :
- dr .
Uk)= [ —e ®U(r)
Q
This leads to : )
Hpot = Z Cquo_CIQUU(kl — k2)
k1k20’
or :
pot - Z U Ck+QU
kqo
The operator :
p—q - Z CL—i—qUCkU
ko
is the Fourier transform of the density operator. Indeed,
pa = [drp(rjeiar
p(r) = ¥, ¥i(r,0)¥(r,0)
dr —Z r —1. r ’L r
= pq = Q a- Z e~k rgika. C;rqack20

kiksoo

= Z CloCk+qo
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One can thus write :

Hyoo =Y Ulq)p-

1 Y

HCOUI = 5 Ciky 01 Ckooy Ck3o3Ckyoy
ki koksky
01020304

/dI‘dI‘ Z S0k1z71 r O)(pkgag (I‘ g )V(I‘ - r/)soksas (I‘,, U,)@k404 (I‘, 0)

The integral is given by :
drdr’
02

. . ;. , .
V(I‘ . r')e lkl-l‘e iko.r ezk3.r 6zk4.r Z 50105020’5030’5040

oo’

60'1 o4 602 o3

or, defining R =r —r':

der,V(R) o—iki.(RAr) ik’ ik x ik (Ro1)

(& (&
/ —Z k1 k4).R dr —z(k1+k2—k3—k4).r’
O
V(ki—ks) Ok ko kg tky
HCOUI Z V CkJrqO'Ck’ qo’ Ck' o’ Cko
kk’qoo

With the help of the density operators, this can also be written :
1 ~
HCoul = 5 Z V<q) (pqpfq - N)

Nota Bene : This expression is valid with the definition V(q) = dte=iary/ ().

If one defines :

= /dre’iq'rV(r)

which, for Coulomb potential, leads to V(q) = 426 then the Hamiltonian in second
quantization takes the form :
1
Hy = 20 S V(@) ek g0t qor o Cio

kk’/qoo’

This the form that is generally used. The inverse Fourier transform is then given

by :
1 )
I iq.r
O Zq: V(q)e

or, for Coulomb potential :




	Preamble
	Scope
	Organization of the manuscript

	Introduction
	A universal model with emergent properties
	Independent electrons in a periodic potential
	Bloch theorem
	Band theory

	Mott insulators

	Magnetism of Mott insulators
	Low-energy models in the Mott regime
	Introduction
	Elementary two-site calculation
	Effective Hamiltonian

	The Heisenberg model
	General considerations
	Spin algebra
	Symmetries

	Ferromagnetic case
	Ground state
	Exact low-energy states:
	Holstein-Primakoff transformation

	Antiferromagnetic case
	Classical case
	Quantum formulation
	Bogoliubov transformation

	Frustrated magnets
	Looking for the classical ground state
	Spin waves in a helical system
	Bonus: J1-J2 model


	Electrons in a magnetic field
	Landau levels
	Classical problem
	Lagrangian approach
	Hamiltonian formulation
	Quantum treatment
	Degeneracy
	Density of states
	Exact solutions of the Landau problem

	The integer Quantum Hall Effect
	The classical Hall effect
	Hall effect and Landau levels
	Effect of disorder

	The Fractional Quantum Hall Effect
	Introduction
	Landau levels and symmetric gauge
	The wave function of the = 1 state:
	< 1: Laughlin's wave functions


	Electron-phonon interaction
	Introduction
	Phonons - Reminder
	Quantization
	Canonical quantization
	Energetics
	Thermodynamics
	Limitations

	Electron-phonon interaction
	The effective electron-electron interaction

	 Superconductivity
	Introduction
	The mean-field approach
	Bogoliubov transformation
	Ground state
	Self-consistent equations

	Interpretation of the results
	Condensation energy
	Energy comparison
	Interpretation of the wave function
	Elementary excitations

	Finite temperatures
	Electrodynamics of superconductors
	The London equation
	Response to a static magnetic field:
	Critical field and field penetration:

	The Landau-Ginzburg theory
	Flux quantization 
	Josephson effect: 

	Appendix - Second quantization
	Introduction
	Bosons
	Fock space
	Harmonic oscillator
	Relationship between bosons and harmonic oscillators

	Fermions
	Field operator
	Application: interacting electrons
	Reference eigenfunctions
	Operators
	Hamiltonian in second quantization



