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Chapter 1

Introduction

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 Independent electrons in a periodic potential

1.2.1 Bloch theorem

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.
From that point of view, the fundamental theorem is Bloch theorem. Let us look for
the solution of Schrédinger equation

<_2h;v2 + U(r)) Y(r) = e(r)

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).

First formulation of Bloch theorem

The solutions are of the form
dic(r) = e Tun(r)
where u(r) is a function that has the same periodicity as U(r).

Second formulation of Bloch theorem

The solutions satisty .
Uic(r + R) = Ry (r)

Equivalence of the two formulations

Let us first prove that the two formulations of Bloch theorem are indeed equivalent :

ik.r

1. Let us suppose that ¢y (r) = e uy(r), where uy has the periodicity of the

lattice. We have :

U(r +R) = e®Re®ry (r+ R)

el Reikry (1) = okRy (p)
2. Conversely, let us suppose that :
Ui(r + R) = ey (r)
and let us define the function uy(r) by :
i (r) = ey (r)
We have :
u(r +R) = e kT emkRy (14 R)
Y (r)

= uk(r)

= wuy is indeed periodic.
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Proof of Bloch theorem

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

Trt(r) = ¢(r+R) (1.1)

Now, if R = 3 nja;, this operator commutes with H. Indeed,

8% 824
a@(ﬂv) = @(m +a)
and
0? 0? 0 |0 d
T = oW ta] = o | ata) Lz ta)
=1
0? d
= (aéf(x—l—a)dx(:c%—a)
| —

=1

= T (40 V0] = = VT
2m 2m
This is true for all a, hence in particular for the lattice translations. So, Tg commutes
with — 272,
Besides,
TrU()¢(r) = Ulr+R)u(r+R)
= U(r)¢(r+R) =U(r)Tr(r)

So Tr commutes with H.

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

Tayth(r) = Ajih(r)
With Born-Von Karman boundary conditions :
¥(r + Nja;) = (r)
for a system with NV = Ny Ny N3 unit cells, one must have :

T e(r) = 9(r + Njay) = (r)

- 2T

But  TY(r) = @)= A =1= ), =M™
a; J J J
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- 2T .
Z"J\ﬁmyny

Finally, TrY(r) =€ P (r)
The expression %imjnj can be written as tk.R withk =} %a}f where the vectors
J j J

a; are defined by :
az-.a; = 27'('51']‘

They define the reciprocal lattice.
This leads us to the second formulation of Bloch theorem :

Ui (r + R) = ™Ry (r).

Brillouin zones

Let G =} mjaj be a vector of the reciprocal lattice.
J

GR =Y 2mmmn; = R =1= oiktG)R _ ikR
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 1% Brillouin zone.

Example : square lattice of parameter a.

R R 2r , ., 2w,
a;=aX, as=ay =a; = —xX, a;=—y
a a
s
| a JM
z X
¥ ¥
- T L 2
a a @
S R
a

1.2.2 Band theory

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

\% (eik'ruk(r)> = ike™Tuy(r) + e Vuy(r)
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V2 (eik‘ruk(r)) = k2™ u(r) + ike™ " Ve (r) + ike™ TV (r) + ™V (1)
= ™" (—K* 4+ 2k.V + V?) uge(x)

[_;2 (—K*+2ik.V + V?) + U(r)] u (1) = e (r)

m

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
enk constitute the band structure.

E3k.

— ;
\ €2k
Il

€1k |

k

In the band theory, one assumes that the electrons do not interact with each other.
The eigenstates with N electrons can be obtained by putting one electron in each
quantum state. At that stage, one must take into account the spin % of the electrons.
Each quantum state is characterized by its energy €,x,, ¢ =1 or |. In the absence
of a magnetic field, and if the system has an inversion center, €,x+ = k.

In general, there are energies that do not correspond to e,x, for any value of
(nko). These energies build intervals called gaps.

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 look

like :
bl +R) = ()

where z is a complex number of modulus not equal to 1. Such solutions are a prior:
possible since the translation operator can of course have eigenvalues of modulus
# 1. 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 prop-
erties of surfaces (catalysis, ...). The Born-Von Karman solutions, which impose
|z| = 1, do not allow one to describe surface states.
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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 of energy
€o located at the sites ¢ of a lattice. Let us denote by i) the associated ket. In the
absence of hybridization between the states, which will be true in the limit where
the sites are very far apart, the 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.
It will take the form of a perturbation V' that lifts the degeneracy. Assuming that
the coupling decays fast with distance, one can assume that only nearest-neighbor
sites have a significant overlap:

(i]V|7) = —t if i and j are nearest neighbors
(7]V'|7) = 0 otherwise

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

Ho=—t> (|i)(j] + i) +EOZ\
(1,3)

where the sum over (i, j) runs over pairs of neighoring sites.

Let us assume for simplicity that the orbitals sit at the sites of a cubic lattice of

parameter a in dimension D, and let us define the Fourier transform of the states
by

>\/_Z

Applying the Hamiltonian to this state leads to:

\/_Z _ZkRZ Z|z—|—7‘>

= eo|k>—l—7 Ze“”Ze’k(R” li +7 >

7N
= elk > —tZezk'T]k >

”H|l§> = eo|k:>+

= EE|E >
(1.2)

where the vectors 7 are the vectors connecting a site to its nearest neighbors, and
where the dispersion £ is given by

Ep=ey— 2t cos(kqa)
[0
where a runs over the directions of space. This band is centered at ¢y, and the band

width is given by W = 4Dt. In the ground state, the particle goes to the bottom of
the band and gains and energy equal to half the bandwidth W/2.
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Physical implications of band theory

The ground state of a bulk system is obtained by filling the energy levels starting
from the lowest one. There are two 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. As a consequence, it is impossible
to move electrons by applying an arbitrarily small voltage = the system is an
insulator. Since there are 2NN states per band, this is only possible if the
number of electrons per unit cell is even.

2. One or several bands are partially filled. 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).

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.

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 :
(ep) = / as 1
InEE) = s ey 473 | 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(ép)

or the Pauli suscpetibility :
X = ppg(er)
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Finally, the semiclassical theory of transport based on band theory allows one to
explain many properties.

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
Viq) = Zs diverge pour ¢ — 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 6).

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 5 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.

1.3 Mott insulators

In 1937, only a few years after the development of band theory (Bloch 1929, Peierls
1929, Wilson 1931), de Boer et Verwey noticed that NiO, an insulator with a gap
of about 4eV, should be a metal according to band theory. In the discussion that
followed the presentation of the results, Peierls said that this could be a consequence
of electron-electron interactions. It is only several years later that Mott managed
to formulate this explanation in a precise way. Since then, many counter-examples
have been found. The most famous is LayCuQO, : doped with Sr (Lag_,Sr,CuQOy)
this compound becomes a superconductor at 40 K, a discovery for which Bednorz
and Miiller have been awarded the 1987 Nobel prize.

The band structure of this compound has been calculated by Mattheiss in 1987

(see Fig. 1.1). Since there is an odd number of electrons per unit cell, there is at
least one partially filled band. This is indeed the case : one band is half filled.
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Figure 1.1: LAPW energy bands for La,CuO, along symmetry lines in the bct
Brillouin zone. L.F. Mattheiss, Phys. Rev. Lett. 58, 1028 (1987).

To understand this band structure, the simplest thing to do is to see the solid as

a collection of atoms. Each atom has orbitals that are more or less filled.

La : [Xe] 6s* 5d!

Cu : [Ar] 3d'° 4s!

O : 1s?2s? 2p!
The relative position in energy of the external orbitals of the atoms controls their
filling in the solid. It turns out that the 2p orbitals of oxygen are lower than the
external orbitals of Cu and La. As a consequence, the electronic configurations in
the solid are as follows :

La*t . [Xe]
Cu®t : [Ar] 3d°
02~ : 15?252 2p©

In total, La3tCu?tO3" is neutral, as it should!

Besides, if we think in terms of the tight-binding approach, the hopping integrals
between certain 3d orbitals of copper and certain 2p orbitals of oxygen are quite large
(~ 1eV), and the separation between the atomic levels is not too large (~ 2eV).
This leads to a significant hybridization between these orbitals, and the Fermi level
lies in an energy range where there are 17 overlapping bands : 5 originating from
the 3d levels of copper, and 12 (4x3) from the 2p levels of the four oxygen atoms
of the unit cell.

This approach is always possible, and it describes very well the band structure of
metals. Why does it fail to describe properly the ground state of several compounds
like LaoCuOy4 7 The central argument put forward by Mott consists in studying the
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electronic excitations of a solid composed of hydrogen atoms as a function of the
distance between the atoms.

To keep things as simple as possible, let us try to build an imaginary solid forming
a square lattice with hydrogen atoms. The unit cell contains one hydrogen atom,
and there is one electron per unit cell. According to band theory, the system must
thus be a metal. However, if we denote by a the distance between hydrogen atoms,
the system cannot be metallic when a gets very large. Indeed, let us try to induce
a current into this system. To achieve this, we must take an electron and put it far
away. For the system to be metallic, it must be possible to do this only providing
the system with an infinitesimal energy. So let us try to evaluate the energy needed
for this process.

If a is very large, the system has essentially one electron per site to start with.
When sending an electron far away, one creates one hole and one doubly occupied
site :

C
7

The potential energy of that state is roughly given by :
E(H )+ E(H") —2FE(H)

This energy is strictly positive because of the Coulomb repulsion between the elec-
trons. It is usually denoted by U.

However, the system can gain kinetic energy: the hole can delocalize, as well as
the doubly occupied site. Let us assume for simplicity that at all sites occupied by
a single electron, the spin is the same, say 1. Then indeed the motion of the hole
can be described by a tight binding model of hopping amplitude —t since letting the
hole move to a neighbouring site is equivalent to letting the electron that occupied
that site hop on the empty site. If we denote by W the associated bandwidth, the
hole will occupy the bottom of the band and gain /2.

The story is very similar for the doubly occupied site. If we assume again for
simplicity that all sites are occupied by a single electron with 1 spin, the doubly
occupied site corresponds to a site with an extra electron with spin |, and this
electron can hop from one site to its neighbours with amplitude —t¢, leading again
to an effective motion of the doubly occupied site with hopping amplitude —¢. Still
denoting by W the associate bandwidth, the doubly occupied site will occupy the
bottom of the band and gain W/2.
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In reality, the spins do not need to be the same at all sites, and W/2 is an upper
bound of the energy gain for both the hole and the doubly occupied sites, but the
order of magnitude can be shown to be correct.

Now, the bandwidth has been estimated in the context of the tight-binding method.
In 2D, the dispersion relation is given by:

E(k) = —2t(cos k, + cos k)

and the bandwidth is given by W = 8¢.

Finally, since both the hole and the doubly occupied site gain approximately W/2,
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
as compared to the Bohr radius ag, the overlap between wavefunctions that enters
the calculation of the transfer integral ¢ involves the exponential tails of the wave-
functions, and t oc 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 has to be a value of the order of aq for
which U = W. Below this value, the calculation of A, is not valid anymore. The 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. There are other ingredients
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 insulator.
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
flip the spin of an electron without creating a doubly occupied site. The description
of the magnetism of Mott insulators is treated in the next chapter. 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 Chapter (Appendix).



Chapter 2

Magnetism of Mott insulators

2.1 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. The ground state corresponds to all configurations with
one electron per site. It is thus 2V fold degenerate, and its energy is equal to Ne,
where €, the energy of an electron on a site, can be taken as the reference of energy
(60 = 0)

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 ---

E = 2U
E =U N(N —1)2N2
E =0 2N,

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

H=—1 Z (cszacjvg + h.c.) + UZ"@',T”Z‘&-

<i7j>70'

The first term is a hopping term betwenn nearest neighbours. This is the term
that dominates the charge transfer processes when one brings atoms together from

12
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infinity. The second term measures the number of doubly occupied sites.

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

0o=—-t Y (clgcja—i-hc)

<t,j>,0

2.2 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 CIT, ] 1
C2T et cj, .- Let us build the two-particle states in the Fock space |ni4, niy, nap, nay).
There are six of them, given by:

1) = [1,0,1,0) = ci;¢5]0)
2) = 10,1,0,1) = ¢ c3,|0)
3) = [1,0,0,1) = ¢fc3,|0)
14) = [0,1,1,0) = ¢i,¢3]0)
5) = [1,1,0,0) = e, |0)
6) = 10,0,1,1) = c3,¢3,]0)
(2.1)
Applying the full two-site Hamiltonian to these states leads to:
H|1) = 0
H|2) = 0
H[3) = —t(|5) +16))
Hl4) = i([5) +16))
H[5) = Ul5) —t([3) — [4))
H[6) = U6) —¢([3) —[4))
(2.2)

These results are obvious given the form of the Hamiltonian, up to one subtlety, the
sign, due to the fact that fermionic operators anticommute. Indeed, let us consider
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for example the effect of the term ¢ cy) on state [4). We get:
C;¢Cli|4> = cgiclwﬁcz*ﬂm

Ci(l - C1+¢01¢)C§r¢|0>
CLC;HO)

= _CSLTC;¢|0>
- 1o

Grouping states, we get:

() (2)

@—%>__UC@—@>
_ >
(2.3)

The states (|3>\;§‘4>) and ('5%@) lead to the eigenvalue equation

E(E—-U)—4t* =0

whose solutions are

U=+ +VU? + 16t

EyL = 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 an only one electron per site. The hopping
term lifts the degeneracy and organizes the spectrum into a 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

42 1

H:Fwyg—? (2.4)

We are now going to show that this is indeed the form of the effective Hamiltonian
to second order in .
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2.3 Effective Hamiltonian

There are two methods to derive in a rigorous way the form of the effective Hamil-
tonian to second order: canonical transformations, and degenerate perturbation
theory. We will use a canonical transformation later in this course. In the present
case, one can directly apply degenerate perturbation theory.

To first order in Hg, degenerate perturbation theory predicts that the effective
Hamiltonian is given by

<m|Heprln >=< m|Ho|n >

where |m > et |[n > are kets of the ground state manifold. But since we are at
half-filling, both |m > and |n > must have one and only one electron per site. Since
Ho 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, the matrix elements are given by

1< m|Holk >< k|Ho|ln >
Ey— Ey

< m|7-leff|n >= Z

|k>

where the sum Z" w> is restricted to states which do not belong to the ground state
manifold.

Since H, creates a doubly occupied site, Fy = U, which implies
1

<m|Heppln >= o7

Z' < m|Holk >< k|Ho|n >

>

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

Let us consider the j-th term of this sum. Only terms of the type
D CloCio
i(4),0
will contribute, where i(j) means that one sums over the neighbors of j. The
corresponding term of H.rs can be written
t? + +
— D CleCio MM oClgnCign

U .

i(j)o'o"
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There are four cases to be considered:

+ A ) ) + o . . ) . T
Ci,6Ci,0M5,0M5,—0Cj 5Ci.oc = Nio1j,—0Cj,oMNj,0Cj 5

Now
cjjanjﬁac;, =(1—-mn,,)
since
cn=ccte=(1—-c'c)je=c=cct =1—-n.
The term of the Hamiltonian then takes the form:
€l 5 Cjo 0N, —0Ci g Cio = Moo (1 = 1j0)

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

Njo+Nj—o =1=1—-nj,=nj_.
Besides, since n;_,n;_» = nj_,, we get the following contribution:

+ =+ . .
Ci,UCj7gnj70-n.j’_o'c’i,gcj’o— - nz’gn37_0—-

) ) ) + ) — . )
i,—0Cj—o .01, —0Ci —5Cj—0 = Thi,—oMj o

+ + _

+ +
Ci,—0Cj,—oMj,0Mj,—0Cj 5Cio Ci,—oCio Cj,—aMlj,—0 Nj,0Cj &
—

Cj. - -
J,—0

C;
7,0

_t P
- ci,—chLUCj,UCL—U‘
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Similarly,

— +

T e . ) + ) _ . oT oo
Ci,acjyo'njvanjz—gc' oCi,—0o Ci,—oc’b7ffcj,0'c]7_0"

i
Collecting all terms, we get:

212
— . . + P
Heff - U Z <_n270n%—0+Ci,—crc%ffcjﬂcj1—ff)
<i,j>,0

where the prefactor 2 comes from the fact that, for each pair < 4,7 >, 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):

S; =% (nig —niy)
S = clieiy
S = c;f 1Cit

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

z z 1 1
5785 — 7= Ty (igng,) + nigngz)

+q— ot _ A+ + + +
S; Sj +5; Sj = Ci4Ci, 1G] Cig € CinCiCh
on can rewrite the effective Hamiltonian in terms of spin operators as:
4t*
Hepr =77 b

<i,7>

zZ Qz 1 1 — —
(8585 = qnany + 5 (877 +5757))

But S; - gj = 5787 + 4 (SZFS; —i—S{S}r) and n; = n; = 1 in the ground state
manifold. Finally, the effective Hamiltonian takes the form:

412 = a 1
M= 2 (55-3),

<iyj>
Up to a constant, this is the Heisenberg model defined by:

Hieis = J Z g@ : gja
<iyj>
with the coupling constant J = %. This constant is positive. So 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.



18 CHAPTER 2. MAGNETISM OF MOTT INSULATORS

2.4 Heisenberg model - 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 J3sesy.

(’th) 7a:x7y7z

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 cou-
plings. 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 un-
usual 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*, J¥ and J* are equal, like
for the model derived from the Hubbard model, one speaks of isotropic cou-
plings. Otherwise the model is said to be anisotropic. The most important
special cases are the Ising model (J* = J¥ = 0) and the XY model (J* = 0).

3. The range of the couplings.

One often considers couplings limited to first neighbours, but they are physi-
cal situations in which one must consider longer range couplings, with conse-
quences that can be quite dramatic (see the last section of this chapter).

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 opera-
tors. This is called the classical limit. It corresponds in a certain sense to
the S — 400 limit of the quantum case.

5. The dimensionality of space.
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Most of the important properties are radically different depending on whether
one deals with a system 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 method to choose depends on the energy
scale, or equivalently on the temperature scale one is interested in. If one wants to
study low-temperature properties, i.e. T/J < 1, one should try to determine the
ground state and the low-energy excited states. The most commonly used 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.

2.5 Spin algebra

The commutation relations between spin operators are:
[S*,SY] =157,
with the convention h = 1. The ladder operators defined by:

St = 5% 4 iSY
S = 5% —isY,

satisfy the commutation relations:

[S*,87] =[S, —i8¥] + [iS¥, §7] = 25°
[SZ,SJF] - SJF
52,57 = -5~

The action of the spin operators is given by :

SHm > = /S(S+1) —m(m+1) |m+1>
STlm> = /S(S+1) —m(m—1) |m—1>

StSTIm> = (S(S+1)—m(m—1)) |m >
S7STim> = (S(S+1)—m(m+1)) |m>
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One gets back the commutation relation:

(S*S™ =578 m> = (-m(m—1)+m(m+1))|m >

= 2m|m >

and so

[ST,57] =257
To determine the action of the operator 5’2, we first note that:

(STS™+8787) = 29(S+1)—2m’
But (5%)? = m?, leading to:
(577 + (s §75%)) = m?+ S(S+1) —m? = S(5+1),
Symmetries: Let us determine the symmetries of the spin Hamiltonian

(4.9)

Let us define §tot =>, 5; One can prove that:
]') [Sg)NH]:O? a:x7yaza+7_
2) [ggot7H] = 0

Indeed,

ny
el

(e 7 7 7

iSYST —iSrSY

7

1 = [S7,S7)8% +[S7, 5157

[52,5;-5;] = S%[5%,5%] + SY[S%, SY]

77 7770 7770

iSESY —iSys?

= [S;+5, §--§»]—o

= ZSZ,S . 5]
[Stzotv SZ ' S]] =0
= [Stzot7H] = O
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Since the Hamiltonian H only involves scalar products, this relation must be true
for any direction:

[Stoc(mH] =0, a=mxy,2

In addition, since S}, et S;,, are linear combinations of S¥,

[S;ng] = [St:;taH] =0

y :
. et Si;, one also has:

Finally, sinceS2, = (S7,) + (S2,)> + (S4,)?, one sees immediately that:

[§t20t7 H] - 0

2.6 Ferromagnetic case

Let us consider the Hamiltonian

H=-JY S.5, J>0

<1,5>

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

2.6.1 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:

1) fmy = S,mg =S, ...,my = S > is an eigenstate.

S7S% = S2, S;’Sf gives 0. This state is thus an eigenstate of energy:

E=-J Y 8°=-Js* (IN)
<ij> 2
number of pairs
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2) This is the state of lowest energy. For this to be true, it is sufficient to prove
that:

But
58 = 5[6+8) -5~
— ;(SZ+§J~)2—S(S+1)

and the maximum of S - gj is given by:

max(S; - S;) = ;max (5’1 + §j)2 - S(S+1)

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

3) Degeneracy: 2NS + 1. Indeed, since S;,, commutes with the Hamiltonian, one
gets new ground states from the previous states by applying successively S, until
one reaches the state |m; = —S,my = —5,...,my = —S >, which is annihilated by
Stot-

2.6.2 Exact low-energy states:

Let’s consider the state
li>=|5...5—-15...>
W—/

1

It is related to |F' > by |i >= \/%SHF > since

STIF >=/S(S+1) = S(S—1)[S...5—15... >

i
Moreover,

SFli >= V2S|F >
Let us act on it with the components of the Hamiltonian:

Hi> = —J Y Si8e|i >= —Js? (;N _ z> i > —JS(S —1)2]i >

<kl>

(—JS%N +JS2)|i >= (Ey + JS2)|i >
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1
HYi> = _JZ§ SHS; 4+ 875 | i >
i(@) e
J
= —=> S SHi>
25—
/ —V325|F>
J
i)
= —JSY |ji>
i)

Acting on the state \IZ >= ﬁ > e~k

¢ >, this Hamiltonian gives:

Hki> = SRR TS i+ 7 >

1
VR
_ \/1N(—JS) SR Ty R ) 7 s

= —JSZeiE'qlg >

Hlk> = Eo|lk>+JSz|k > —JSZei’g’F\E >

= EE‘E>
with
By = Ey+JSY (1-¢F7)

Nota Bene 1: For k = 0, one finds Bz = Ey. Is this possible? Yes. This state
can be obtained from |F > by a rotation of the total spin, and the Hamiltonian
commutes with the total spin.

Nota Bene 2: This calculation is very similar to that done for the tight-binding
model.

Dispersion:

il

«

= 4 Z sin® (/{:;a>

«

(
Z (1 — ei’z'?) = Y 2(1 - cos(kqa))
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E a

ko
];‘ = EO + 4JS Z Sin2 <2>

E
| Emax 2JSz

_—_— 2 2
For small k: sin? (%) ~ k‘f —

By = Eo+ JSk*d?
The dispersion is quadratic for small k.
Exercise: Calculate < E|Sf5’f + Sf’S;’E > et < /;|SfS]Z|/;" >.

Solution: S7S7 + 5YSY = 3 (S;rgjf + 5;5]%)7 Ik >= \/% S e By >
Let us first look at:

_ e 1 kB o— .
S;S) |k >= 7 BRSoSHG >
Now
Stlj >=/S(S +1) — S(S — 1)|F >= V25|F >
and
Sy S} 1j >= V2SS7|F >=2S|i >
fSo

L 928 -
S; SHE >= —=e i > .

VN

In the same way, one shows that:

. 28 -
SHST|K >= ik R s

ﬁe
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We then get:
< ]5‘1 (5’,*5‘? + S?Sf) |E > = ﬁ e“z'ﬁ" (eiig'ﬁj < nli > —i—e*i’z'éi < nl|j >)
2 i Mg i Mg 2N —
25 (R(R-Ry) | iR — i)
= ﬁ (6 +e )
25 -

We now look for the expectation value of < §|Sij|lg >. Following the same
procedure, we get:

- 1 . o
Silk >= — Sem*Fnin > 4(S — 1)e * | >
k== (gj n>+(5-1) |

When 7 # j,

. 1 s o L
S7S:k >= — SZemkHnn > 1.5(S — 1)e *Hi|j > 45(S — 1)e *Hi|i >
o= o (n%;# > +5(S = De PO > +5(5 - 1)

Finally:

<E|SESiE > = — ¢ hn ( S 5% < mn >)

1
N ninti
i Zeik-Rm (S(S _ 1)e*ik'Rj < m|j > —|—S(S — 1)67ik-Ri < m|z >>
1
N

[ > ST+ S5(S-1)+S(S-1)
neti,nj

2
— 2 _
= S NS

independent of the indices ¢ and j.

N A

Figure 2.1: period ~ %

Low energy mode Goldstone Theorem (broken continuous symmetry = mode

whose energy goes to 0 as k goes to 5).
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Are there ther low-energy states? Yes, of course. One can overturn 2 spins, 3
spins, etc ..., but there is a problem. \lg,/;’ >= %Zi’j ei(kﬁ+k’?j)5i_SﬂF > is not
an eigenstate of H. Indeed, for the one magnon states, one looks for the solution
as |[U >= ¥, A;S;|F > and we have seen that A; = e allows one to diago-
nalize H. For the two-magnon states, one must look for a solution of the form
W >= 37, Ai;S; S;|F >. But the coefficients A; ; must satisfy different equations
dependlng on Whether 1 and j are nearest neighbours or not. This problem does not
have an exact solution except in dimension 1 for spins 1/2 (Bethe ansatz, 1931).

2.6.3 Holstein-Primakoff transformation

For a given S, and provided it is not too small, one can create several spin deviations
on a given site — the operators Si° are rather bosons than fermions.

Exact representation:

Sz =S —afa,

(2

S =25 (/1 - 4
S :\/ﬁa;’\/l—‘g;i

e One forgets that the condition a;"a; < 25 should be fulfilled.

Approximations:

e One only keeps terms linear in S in the Hamiltonian. So in particular one can

assume: S;” = v/2Sa; and S; = v/2Sa;".

Let us check the commutation relations:

(S*,87] = §tS~ — 5§+
= 29 ,/1—% a;a; 1—%—aj(1—%)ai
1+a+a1

- 2

_ My e LI LAY
= 25_(1 25)—|— 1 QSCLZOLZ 1 55 a; (1 2S)aZ

Using the relations:

+ _ +
a; a;a; = (a;a; — 1)a;
n;a; = a;n; — a;

and
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leads to:

[S+,57] = 25[1—7”+<1—”i)ni—<1—”i)ni—n"]

25 25 295 25
— 25{1—@ — 25 — 9 = 257,
In the same spirit,
1 S+ n
——[5%,5"] = [n,—] = —[n,y/1 - ==q
1557 = [ ] =~y 1 - Zgal
n

Let us now calculate the Hamiltonian:
1
H = —J ( Y S%—Safa;— Sata; + §2S(a;raj + ajai))
<ij>
_J&SQ JS <+. +a. + ata, +.)
= —J55 - > (—afai—afa;+afa;+afa;

<t,5>

N JS

Let us define the Fourier transforms as:

+ _ 1 ik, + _ 1 — ik

p = N 2«i€" "4, A= 75 2oi€ a;
+ _ 1 ikt 1 L ik
a; _\/ﬁzke ‘ag, &z—WZke ‘ag

The Hamiltonian can be written:
Nz JS 1
H = —J—-=2§*_°"= —
RSN P>

(_ e—iﬁl.ﬁﬂﬁz.ﬁ . 6—1'/21‘(ﬁ+f)+u¥2.(a+f) + e—iEyﬁ-—i—iEg(ﬁ—f—F) + e—iél.(ﬁ+F)+iE2.a)

T
X agag,
Nz JS A s o
o I e 2 7 1 —iky-T+ike T iko T 7Zk1-T> Lo —+ .
— J 5 S 5 Eﬂ HEH ( 1—e +e +e 5k17k2a]21ak2

T kika

_ Nz JS ik ik
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Finally

with
€5 = JSZ (1 — ei’g'?)

Interpretation: Let us adopt the representation in terms of the boson occupation
numbers.

|0,---,0> — Ground state
0,---, 1 ---,0> — one magnon state
—~
k
0,-+-, 1 5+ 0,-+, 1 -+ ,0> — two-magnon state-- -
ngd gl
k1 k2

Thermodynamics of spin waves:

< 8 >=S— < afa; > with afa; = L Yo - e~hifitikafigt o
i 1 7 N k1,k2 ko k2o

The magnetization is given by:

1
<m> = NZ<SZZ> S_izz —zk1n+zk‘2rz<a ak2>
i k1,ka

1
= S—NZ<CL§CLE>
k

1 1
- S_—_S_ -
N%eﬁeﬁ—l

1 dk
g S —_ / ,
2m)P J efr —1

with g =

kBT

Remember that e; ~ J Sa’k?. Let us evaluate the contribution from small wave

vectors:
<m>=2S8 a? / dk a” / dk
m>=95 — —— — -
(2m)P JiRj<ho €8754°K* — 1 (2m)P JjEj>ko €7F — 1

1
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Let us suppose that 3 is fixed. For k small enough, ePI5K 1 4 BJa%k?. The
integral I becomes:

D

a dk
= (2m)P /|E|<k:0 pBJSa?k?

e 3D: This is a convergent integral because dk « k*dk. To get the temperature

dependence, we go back to the original integral and perform the change of
variables u = v/Bk. This leads to:

k2dk 1 widu 4/
/65J3a2k2 1 = 63/2 / oIS _ | o T%/ (25)

This is Bloch’s law: the correction to the magnetization of a ferromagnet at
low temperature is proportional to T%/2.

e 2D:

a1 ko kdk

%TJS oo T2 Diverges!

a 1 ko %
(2m) BJS JiF=0 k2

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.

2.7 Antiferromagnetic case

2.7.1 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

2.7.2 Quantum formulation
By analogy, let us consider the state:

Imd =S, mh =S mP=-5-.. m -S>
2

1\:‘20:1
Il
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Is this the ground state? Certainly not: it is not even an eigenstate!
To see this, let us consider two neighbouring sites (i € A, j € B):

SFST—0
S;Sf - mit=5-1, mP =—-S+1
This state is coupled to other states. How to proceed?

The situation is somehow similar to the ferromagnetic case at T" > 0. One must
include fluctuations.

Holstein-Primakoff transformation

Since spins point in different directions on the two sublattices, one must distin-
guish two cases:

Sublattice A

S7 =S5 —aja;

Sj = \/ 25\ / 1 2S a/l
Sy =V25af\ /1 -
Sublattice B
sz = —S + ajaj

Sy =+v2Saf /1 -3
S; =251 —-3% a;

Linear approximation

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

H = JZZ(—SQ%—Sajai—i—Sajaj 228 (alaj+a+ j))

ieA j(i)
_ o N N
= —JS 72 +5J Z Z (a' a; + aH—TaZ-‘rT + a7 + az+7 H—T)
’LEA 7
= ISt TR T B (e R g o
2 kl k2
7 k1 %o
i ik 7+ ik (7 +7) . —ik1 7 —ika (Fi+7) + +]
" Z Z 2 e Ui T € U, %,
T k17k2
= —J525z + 7 Z > (aga,; + a%a,z +aga_g k7 | g3 a*Ee“”)
Tk

Problem: The Hamiltonian is not the sum of harmonic oscillators because it con-

tains terms of the form agza_p and a+ J_’k
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2.7.3 Bogolioubov transformation

If the Hamiltonian was of the form
H = Zw at cogp+ Cte

one would have:
(H, oz] = —wpag
Now, since
lataz,az] = ata; ap —azalar = —a;
i Ai gk Qi T agdg ag i
——
71+aEa%L
+ + +
laza™ sz ap] = [af, apla”. = —a”
on gets the following expression for the commutator
JS
g - 9" R . + kT —ikT
H,az] = Z(a,ﬁ—ak—ka_g(e +e ))

= —JSZ(ak a’ acosk; 7')

Similarly, since
+o . o + oot ottt
arap, all =ap agal —aralap = al,
1+ala
~qa -.qF = "
[ak“fkva;;] = ta_g
one gets:
+1 + . -
[H,a'.] = JSZ(aiﬁJrakcosk 7').

Since [H, ag] and [H,a” -] are linear combinations of aj and at 7+ it must be possible
K

to bring the Hamiltonian into the required form with bosonic operators o and ag
that are linear combinations of a; et a:g. More precisely, let us look for operators

of the form:
Y — o] ~qT
Qp = ugap + vpal
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The coefficients ug and vy are determined by the conditions:

H, o] = JSZ K—u,; +wpcosk - 7?) ap + (v,; — u,;cosE-F) aflﬂ

= —wpag w,;>()

which leads to:
—UEJSZ + UEJSZE = —wguyg
—ugpJSzp +vpJ Sz = —wpug

where we have introduced the notation:
2p = Z cosk- T
,7‘_'

Solutions exist provided:

—wr — JSz) (JSz —wz) + (JSz:)2 =0
(—we—J52) ( §) + (JSz)

= wi = (JSz)? = (JSz)?

Besides, to ensure that |ag, aZ] = 1, the coefficients uy and v; must satisfy the

normalization condition u% — U]% = 1. But from the above equation we get
2 2 o 2wp

us — vE =yt ——
k k FJSz 4wy

Since JSz + wy > 0, this imposes to choose w; > 0:
wg = JS2 /1 — 72

with vz = “E = cosk, inl1D, 1(cosk, + cosk,) in 2D --- For small k, wg o k: In an
antiferromagnet, the dispersion of spin waves is linear in k.

The eigenvalue equations imply:

v ISy n(zﬁ)\/(JSz—wE)(JquLwE)
uj a JSz—I—wE_ BNLZE JSz—i—wE
JSz —wg

Besides, the normalisation condition imposes

2wy
2 ——k ) =1
Y (JSz +w,3>
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One can thus choose as solutions

The Hamiltonian is thus of the form:

H= ZWIZO‘;;LO‘E + Cte
k

To determine the constant, one must invert these relations

Qap = ugap + UECLJ_FE
af]; = u,;af]; + vzag
which leads to:
CLE = uka,; — UEO‘_;; ag = u,;;ozk UE i
ap=—vioptugal,  a_p=—vpof +upag

and introduce these expressions into the Hamiltonian written in terms of the ag ,
ag given by:

zN JS
_ _7Q2 + .+
H=-J5S"— - (22@ ap + zgaga_p + zpaza k)
k
Now,
+.. ot v ot
agap = (ukal2 vka_k> (ukak vkoz_q)
— 22 ot 2 ot . .
= up ap Qg + VE Q_pQ e — UpUR ( + e k)
— 22 L 2+ . 2 _ L
= up apag + vpala g + vk UpVy; (ozE O‘,;;‘ + ozkoz_k>
g - = v~ — p-at —p-at oy -
aga_p = (ukak vkoz:) ( vpag —I—uka_k)
= —Upvyp ozozﬂ—i-oz 7 +u~oza —|—v atat
kY% \“k —k EY—k _EE
_ . + L) 2 oot
= —upvg (ozkozk—l—oz el k) ukvk+u apo_jp+vg a’pag
+ 4+ ot — o Ny T
aga’, = (ukoz]; vka_k)( Ukak“'“uka,,;)
L + . 2 2 o
= URVE (akak—l—a a )+u a —l—v a_pog
. + o 2+ o+ 2 v
= URVE (ozk apt+a’ ;;’O‘—k) Upvp +ug aga’ E+Uk a_pag
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Let us regroup the terms:

The constant term is given by 221}% — 2zzuzvz. But according to the eigenvalue
equations, one has:

UEJSZ — UEJSZE = _WEUE

and so:

(]25 Z: (2751}% — QZEUEUE) = Z (JSZU]% — JSUEZEUE)
k

—

w JSz 1
D DR i R SRR DL
k k k
i

The constant term of the Hamiltonian is thus equal to:

N 1
k

The non-constant terms are given by:
atar x (2202 + 2202 — dzzuzvr
ko k k k EYEYE
ol I, YR I, YR
= arag <<2zuk 2zkvk> ug + (szk szuk) vk)
+
X

2 2 2 2
Oé]; (JS(,UEUE — JS(,UEUE)

which leads to a contribution to the Hamiltonian equal to > w,;ocgoz,;. Finally,

2 2
apa_p X (—QZUE’UE + zpug + z,;v,;)
= apo_g ((z,;u,; — zv,;) ujp + (z,;vl; — zu,;) v,;)
Oé,;a_,; (WEUE/UE — w,;u,;v,;)
= 0

This leads to our final result:

H=-JS(S+1)ZX+%

EST
~~
o
>4
=

e
_l_
|
~—
&
ES
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Staggered magnetization

The equivalent of the magnetization of the ferromagnetic case is the staggered
magnetization defined by:

Mo = ]1[ < 252—2% >
S 1€

According to the Holstein-Primakoff transformation, we have:

1
Mstag:S_NZ<akfaE>
k

Using the expression of aga,—é in terms of the operators ozkir? az, we get:

<afap> = u} n(k) + V3 (1 + n(E))

= (u% + v%) n(k) + v

JSZ—CU“
+ 2 k
<arap>=vi=—""+4£01
Ek k 2:,1_5

There are quantum fluctuations.

D=1:

<m>:5_2/adkM
2m Jo 2wy,

But for £ small, w, ~ 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. It
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 antiferromag-
netic order for all S.

< ata- > JSz 1 _'_JSz—w,;

atap >=

kR Wi ePr — 1 2w
——

Nk%for k small

D < 2: The integral diverges — no long-range antiferromagnetic order at 7' > 0
(Hohenberg-Mermin-Wagner theorem).
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Spin-wave ground state:

The vacuum for the a™ bosons is the Néel state. This is not the ground state!
The ground state satisfies az|F >= 0. But (ukak +vga” ) |0 >= v,;cﬁ |0 >=# 0.

One can show that the ground state is given by:
Yk ot
|F >= Hexp( a’a >\O>
P k k

where H/E means that the product is restricted to wave vectors k and k' such that
k +# —k'. To this end, one much show that:

OzE|F >=10

. B o+
with ap = upag + vga .

ap|FF > = akHexp< ata l) 0 >

1 vy 1 X
= ] = exp (—lalfcﬁf) —aj L s
- = s Up u -

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

lag, (az)"] = n(ag)"™

k k
Let us prove this by recurrence. This is true for n = 1 since [ag, k] = 1. Let us
suppose this is true for n — 1. Then:
lag, (ag)n] = |ag, (ag)nil]@g + (ag)nil[afév a;;r]
= (n—1D)(af)"af + (af)"!
— +\n—1
= n(a;)
Thus,
ap(ad)" =n(ax)" "'+ (af)"az
—

and one gets:

Yk +\n—1(,+ \n
/1 vr 1 (=5 (az)"H(a"y)
alF > = ] - oxp <—?Lialirafr> - k (1) |0 >
ek i K n=1
1 q -
= ]I "~ exp < %a;ra+l~> ﬁatexp ( ka;rcﬁg) 0 >
i g U up T g - ;
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Finally:
upap|F >= —UEa:ﬂF >
so that
ag|F >=0.

Finally, let us check the normalization of |F' >.

2n n(,+t,+ \n
i1 vz (a_gagp)"(afa’7)
<FIF> = <0l —k
| ‘Hu%zn:< u,;) n!?
Pk
2n
;1 UE
- Mux (1)
Soug uy
.
22T ()

37
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2.8 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:

e Triangular lattice — topological origin

e Square lattice with first and second neighbour interactions

J2

2.8.1 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 .
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There is a factor % because each bond appears twice.

One must look for the minimum under the constraint ||§ IEHZ =1 for all sites.

Fourier transform:

ik-Ry, Lo __ik-R,
Jk—ZJRne :>JRn_N Jre
R,
E— }ZZ 1 Z J- §. . §- €ﬁ1-ﬁn+E2-E¢+E3'(Ei+En)
7244]\[2#%# k1™ ks k3
Ri Rn k'lk?2 3

1 .
E=2> JiS- 5

—

On then proceeds in two steps:

e One solves the problem under the weaker constraint }; ||AS_Y;||2 =N.

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

Now
. 1 e
2 i(k1+k2)-R;
B P R
A 1ko KA
S AR
E
One must thus minimise
1 d
EZ?Z‘]ESE S—E
s

under the constraint 3 §E . §_E = N = cst.

Let’s assume that Jp is minimal for k = ko. The minimum of the energy is
obtained iff g,; =0, k #+ EO, —EO and 5’,;05_,30 +5 .S =N.

—R0O 0
In real space, the spins are then given by

- 1 /- +5 = _z5
S = (SﬁoemoR"‘S—E@e iko R)

VN

Can one find 5',30 and 5’_,;0 such that:
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a al N
® Si S h =73
but also such that the local constraints:
e S réel

o ]2 =1

are satisfied for all 7 Yes! For example:

VN VN
2 = 2
0 0

leads to:

coS (lgo
Si=| sin (I;O
0

‘R
'R

One gest a helical structure of pitch vector /;0.

/7 ~\

S\ |/

Figure 2.2: Example of a 1D helix of wave vector IZO = 122—7;

Conclusions:

e The structure of the classical ground state is a helix whose wave vector is given
by the minimum of J;.

e If there are several wave vectors that minimise .J;, one can sometimes make

linear combinations, and this can lead to a continuous degeneracy of the ground
state.

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

J1 J2

%

J (ez‘E5+ e—iEf + €¢Eg+ 6—1’12;7)

T ( CRE+T) | k@G —ik(T+D) 4 eiE(fery*))

2Jy (cos(ky) + cos(ky)) + 2.J5 (cos(ky + ky) + cos(ky — ky))
2.y (cos(ky) + cos(ky)) + 4.J5 cos(k,) cos(ky)

<
—~
oyl
S~—
Il

Ky
ky

The minimization leads to:

881;] = —2J; sin(k,) — 4J2sin(k;) cos(k,) =0
0J . .

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

or

which is only possible if 2‘]712 <1l— % < Ja.

ko = ky =0 — J(k) = 4J; + 4.,

. —2J J2
S J(k) = 24 (M;) + 4J24—}22
2R B R

Jo +J2_ Js
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But if J; < 2J5, —4J5 < _J—‘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=m,Vk, ou k,=mVk,

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

N £ scombiin Aop

|7 oo

kx = ky =t 8 by

b 2 | b
\ /Emdep.dea

Vb

J2/31

2.8.2 Spin waves in a helical system

Let us consider a system described by the Hamiltonian

1 L.
H = §ZZJ15¢'5¢+§”

i R,
JE) = 3 g
Ry
and let us suppose that J (lg) 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
S, = ( sin(Q - R;) )
cos(Q - R;)
and let us perform a rotation of angle 6; = Cj - R; around S°:
St = 5% 8" = cos0;SY —sin ;5% and S = sin 6;5Y + cos 0;5%.
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O
Q|

S~

In the new basis, the Hamiltonian takes the form:

1 u QU
H = 522‘]&”[51 Siten
i R,
+ (cos6;S; + sin6,;5;")(cos ,1,S;,,, + sinb; 1, S )
+ (—sin6;S; + cos 0;S;")(—sin 0,4.,S7,,, + €08 0;1,5;%.,.)]

since

SY = cos;S; +sin,;S;"
S* = —SIHQZS;U‘FCOSQZS;U

=
|

1 U u
2 Z Z Jén [Si Si+n

7 ﬁn
S Si\(cos 0 cos by, + sin b sin 0; )
SSi , (sin ; sin 0;..,, + cos 6; cos b;4,,)
Sy S, (cosb;sin by, — sin6; cos O;.r,)

SSY, (= cos 0; sin 6,4, + sin 6, cos 0;4,, )]

+ 4+ 4+ +

= SN T, [SUS + cos(Bs — Busn) (SYSE + SESEL) +sin(0: — Bu) (S

Next, let us perform the Holstein-Primakoff transformation:

S = S—afaq
St = 8'+4S! ~ V2Sq,
S, = Si—iSP ~+V2Sa]

43

SY

+n

- 578
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U QU
Si S’H—n

v QU _
Si Si+n -

v QW _
Si Si-‘rn -

CHAPTER 2. MAGNETISM OF MOTT INSULATORS

(57 +57) (S5 55

S
= §(aa2+n—|—a az+n+al Hn—l—a awn)
3 (50 = 57) (st 2.)

S

— + +
= —3 (a QAjyn + a az+n — Q0 — Qy ai+n)

Szwslqin = 52 - S<a’z a; + a’i+nai+n>

SvV28

w QU . +
S; Si+n = ; (a/iJrn + aHn)

2
S\/_ (

a; + a+)

The Hamiltonian now takes the form:

H

1 -5
TR =N Z: Jpet ;=
k

-~ Z > J5 (5 (@itin + af afy,) (1 — cos(6; — bisn))

iR,

g(ajaim + af,a;) (1 + cos(0; — 0i1))
[S? — S(afa; + Ay nitn)] cos(0; — Oiyn)

Sv2S

21

(a; + a + ajpn + aHn) sin(0; — 0;40))

zk n —zk rl

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

class = Z Z JR’ COS — 9'L+n)

i R,

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

Z Ji cos(0; — Oiy)

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

achlass
00;
— _Z Jﬁn sin(@i — ez-i-n) =0
Rn
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As a consequence, the one-operator terms linear in a; et a; drop.

1 1 g L

_ T L tk1-Ry | &2 o ko Titiks-(Fi+Rn)

H= 38 5 ¥ e |3 (e
Y Rp k1,k2,k3

ko k3
+ § (aj- a- e_iE2'7Ti+iE3'(Fi+én) + at a- 6i/;2~77¢—i/23~(ﬁ+1§n))
2 ko k3 ks ko

( i@-Fn 4 e—i@'-ﬁ:n)
X 1+ 5

iQ-Rn + ¢~ i@Rn
2

- S (a-l- algse—ilg??ri-il;s’?i + CL% aE36_7;]22'(Fi‘i‘én)‘i‘iES'(Fi‘i‘ﬁn))
2

k 2

(O . iR
X
2

Let us look at the terms:

+ 526

o o (R tFo) i (o +Fo) PR
1 S
— 5 Z JEECLECL i
k
o cilinlr Rt Q) irs (Rt F) Foe B -G Fekitd
1 S

° eién (k1+k3—@) el (k2+k3)

o cifin(ki—ks) =i (F2+k3)
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eiftn (k1—k3+Q) e~ (Ko+k3)

1 S
+ +
RPN
k
eiﬁn(ﬁlfﬁz)ﬁé)efiﬁ(lgfrlgs)
1 S o4
7 a2 Ty
E
eién(El +E3) ei’Fi(—Eg-f—Ee,)
1 S
— 5 Z J_Egal;fa,;
k
and all the other terms:
S
Z J g an ag

1 S
— 1 Z: J_E+Q'§aga];
k

- ZJEQZZ
5

+
— Z Z: JE+Q§GE ar

- ZJEQ2kE

iQRn —iQRn 2
9, € +e |

5 G XY S = NG (g4 )

iR,

S
— _ZJQG%%

S
— —ZJfé—aEak

S
— _ZJ Qa ag

S
— —ZJQG%_CLE
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Let us group the terms:

+ + I
(GE a’y + akafk)

or, since Jp = J_j:

Ta-
agag

T [J,; + ; (Jerg + i g) — 275

I + .+
(aka_k + ap a_E)

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

wp = 5\/ (Vi = Jg) (; (*m‘”@@)”@)

wp = 0 si {Ez:l:@

2.8.3 Complement: J; — J, 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+> (agal; + 2) wz(0)
E

— Ey = cst+ Y wi(0)
k

The collinear structures are selected:
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(O
Vo

Ji.
-Jy < 5

<m >= S—/dkf(k)

Wi
—_———
A<m>

F(k) — cst when k — 0.

The correction will thus be large if the spin-wave velocity is small. But

1
2

{[SJLZ + SJ2Z(5;; — 1)}2 _ (SlefYE)z}
1

412;.‘, E —
o= X g e
z 7 z 7

Wi

Expanding at small £ leads to w; ~ ck with ¢ — 0 when J, — %

— the correction diverges:

S

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:
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— <m>=S—cstxInS >0 when S — +o0

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; — Jy 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
— = =2J;sink — 4Jysin 2k
= —2sink (J; +4J2cosk)

L k=0 = J(k)=2J+2J
2. k=r = J(k)=—2J +2J,

3. cosk = Z—j; (si Jy > %)

92 2
— 200, [2—2L_ _ 1
= J(k) T J2< o
1.2
- -2 _9
4 Jo /2

J <arccos _J1> < J(m)

AT,
1.2

o Lo, < —2J +2J
17 2 = 1+ 2J2
1.2

& ———+2J; <4
4J2+ 1S 4do

& 0< J2—8J1Jy+ 16J2

& 0< @ —0) OK

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

H = JZ (2511 . 571‘_;,_1 + g; . §i+2) s N sites

with (Jl = 2J2, Jz = J) and (S = %)
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J(k=0)

I(k=T)
' ' ' 3201

J(arccos -J1/4J2)

The Hamiltonian can be rewritten as:
H:J<2§1'§2+<§1+§2) '§3+§2' <§3+§4>+--->

or

H=J)Y |:2§z - Sip1 + (_»i + _;i—i-l) - Siva + S - (gz'+2 + §i+3ﬂ

i odd

Let us consider the state |¢p >= [1,2] ® [3,4] ® --- where [j, k] = %(\ Tidw>
—| };T&>) is the singlet built out of the pair of spins (j, k).

What is (5‘1 : 52) [1,2] equal to?
g8 & Lirg a2 & &
S8 =1 [(SﬁSQ) s —52} _

{<§1+§2)2—2 Xi

N —
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— -\ 2
and (5’1 + Sg) [1,2] = 0 since [1, 2] is the singlet.
One thus has (51 . 5’2) [1,2] = —2[1,2].
Calculation of (5’1 + 5_”2) - S5[1,2]:

(S1+S)- S5 = (Sf+5§)5§+;(sf+5;) Sy +;(s1 +5;) 54,

and the state is given by [1,2]os = % (| > —| 1>) ® |og >.
Let us then look at the action of each of the three terms:
1 1 1

(Sl + 52) 53 = ﬁ (—40'3 + 40'3) [1, 2]0'3 =0

1(SHS;)Sg _ s UM> = 1>)[1>=0 si o5=3
2 0 otherwise

1 B 0 if o5=1
— (S +55)8; = 2 .
2(1 2) 3 {\}5(|¢¢>—|¢¢>)|T>=0 si o3 =—1

One is left with <§1 + 52) . 53[1, 2] = 0.

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

Hlp >= (§ x 2] x ) [¢ >= —3JN|¢ >

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

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

H =73, h; with h; = J (§i§i+l + 811550 + §§+2) But

Jlra = 5 \2 & g d’
h;, = — {(Sl + Sip1 + Si+2) - Si2 - Si2+1 o Si2+2]

2
= t2]|:(Sz+§i+1+§z+2) —3><2

(2.6)

The smallest eigenvalue of h; is —%J . Now

H = th — Efond(H) > ZEfondhi

-3
— Efond(H) > N x TJ
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since E(¢) = —3NJ.

4

So, |¢ > is indeed the ground state.



Chapter 3

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, the integer
Quantum Hall Effect, and the fractional Quantum Hall Effect. All these effects rely
in an essential way on the quantification of the motion of a charged particle in the

presence of a uniform magnetic field B = B:3.

3.1 Landau levels

3.1.1 Classical problem

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

force

7 Q= py_d v
F==(TNB)=-B| —v,
c c
0
with v, = & and v, = g, so that
. _4B.
mi = —y
c
. 4B
my = ——i
c
mz =0

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

23

(3.2)
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In the plane perpendicular to the field, one gets:

{j = wey (3.3)

y = —WeT
with w, = ZTEZ‘ These differential equations can be integrated:
T = w.(y —
{ . (¥ — vo) (3.4)
Y = —we(T — o)
leading to
&= —w(z — x0)
.9 (3.5)
Y= -, (y - yO)
Let us define n, = 2 — 29 and n, =y — yo. We get:
. 2 .
= —W. Ny r = Tz SIN(wet + @y
{n e {77 ( z) (3.6)
Ty = =Wy My = ry cos(wet + py)

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

fr o o

P = Py =P

{x = xo + rsin(wet + ) (3.8)

Y = yo + 1 cos(wet + ¥)

The motion of the particle projected on the plane corresponds to a uniform motion

along a circle of center (z¢, o) and of radius r at a frequency w. = %.
3.1.2 Lagrangian approach
The equations of motion can be rederived from the Lagrangian
L= Ly + imz?, (3.9)
with .
Loy(z,y;%,79) = Em(ﬁ +97) + % A,z + Ayyl, (3.10)

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

doc oL
dt ¢ Jq

(3.11)
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55
lead to: d
. (m + quC) ~ 410, A, +§0,A,)] = 0,
= dt g g (3.12)
., q q,. . q,. . B
mi + =0 A, + = (20, Ay + Y0, A,) — = (20, A, + 90, A,) =0
c c c
AT q,. . q,. . (3.13)
my + EatAy + . (0, A, + yo,A,) — . (0,A; +90,A,) =0
If the magnetic does not depend on time, 0,4, = 9,4, = 0.
. q.
mi = =y (0,4, — 0,A;)
= q (3.14)
miy = Ex (0yA; — 0, Ay) ,
or

qB .

i=-—y
me

= B (3.15)

Jj=—1x.

mc

3.1.3 Hamiltonian formulation

One must express the velocities in terms of the momenta.

oL
or oy = o ¢ (3.16)
Py:@:my+EAy y:m(py_cAy>
S | q,\ q,\
= Hay = ;M (x +y ) = om sz - CAx> + (py - CAy> (3.17)
Finally,
1 q -\2
— (p—=A) . 3.18
7 2m <p c ) ( )

3.1.4 Quantum treatment

Let us start from the Hamiltonian formulation, and let us suppose that Z, §, D, Dy, ...
are operators satisfying the commutation relations
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—>’H—1< qA>2+( qA>2+12 (3.20)
= oy \Pr T e Py = Sy om’? )

Let us define II, = p, — A, and II, = p, — 2A,. Since 4, and A, do not depend
on z,

[p=, 1L.] = [p., I1,] = 0. (3.21)

Let us calculate the commutator [II,,IT,],

[H:m Hy] = |Pz — %Axapy - %Ay = _% [pm Ay] - % [Aasapy] : (3'22)

But
[Pz, f(2)]p(x) = —ihdy (f(z)p(2)) + f(2)ihdpp(x) = —ih(0x f (2))p(x),  (3.23)

So
Dz, Ay) = —ih0,A,, [As,py| = +ih0,A,, (3.25)
leading to

[T, 1L,) = =2 (=ih) (0,4, = 9,A) (3.26)
(I, I1,] = thCB (3.27)

Let us define P =1I,, Q = — 541l We have [Q, P] = ih and

1 - 1 A 1
= — P2+ “mw?Q? + —9p? 3.28
M=o Pt gmw Q7+ o, (3.28)
with . | )
2 92 C 2
%Hy = §mw q2B2 I—Iy7 (329)
2 B2 B
= W= , soit w = = (3.30)
m2c? mc

With these variables, the Hamiltonian reads:

1 ~, 1 . 1
= —P?+ —mut0? + —p°. 3.31
H 5 + QmeQ + 2mpz ( )

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:

k>

Fug. = b+ 3) + 25

(3.32)
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Each of these curves corresponds to a Landau level.

Degeneracy

For a given value of k., how many levels are there per level? To get a first idea, let
us consider the number N of quantum states whose energy is between F et E + hw,.
To calculate this number, we write that it is given by the volume in k£ space of the

points such that
2.2

E <
-2

< E+ hwe (3.33)

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 (LQ:L)j. The volume of k points satisfying (3.33)
is a surface in 2D given by:

k k3 — k2
or [ kdk =2r"2_ "1 (3.34)
k1 2
with 27.2 27.2
h°k hk
E=—1 FE+hw.=—_2 3.35
2m + 2m ' (3:35)
1 2m 2m
— 21 X 5 X ﬁhwc = fu]cm. (336)
The number of quantum states we are looking for is thus given by:
2m L.L qB
N="wm—2 =L, L,——. 3.37
n " o Y2rhe (3:37)

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.
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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, one can convince oneself 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, Y, Dy Now, we have shown that the Hamiltonian only involves two operators
I, =p, — 1A;, I, = 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 yop =y — wicm and xg = x + w%y, or, in the Hamiltonian formulation,

1
Y =y— 11,
e (3.38)
X=x+ IL,
mwe
These operators commute with the Hamiltonian. Besides, since [z,II,] = [y,II,] =
th, one gets:
XV] = [o+ ——Tl,y— — 11,
—_= T _ T
) mw, Y ) .
= — II IT —— 1L, 11
mwc[xv CC]+ wc[ y7y] QUJE[ Yo x]
2 1 B
= ——iht —5in
mwe 2w ¢
he
= —i—. 3.39
i (3.39)

The elementary volume in phase space associated to these variables is given by

2%% (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,,

— |deg = qB. (3.40)

Density of states

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

dk
E)dE =2n(k,)dk, =2 x d ==
n(E) n(k:) e x 2 /L, “or “heon

But E = hwe(n + 1) + 12k

2m

K2k
Ak, — dk, = —dE (3.42)

dE =2
2m h2k,
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and 5
m (3.43)

dE
n st E > hw(n+ 3) (3.44)

so that

E) = ——\|—
—>n( ) 47T2 hc h2 \/E—hwc(n-l—%)
320 (B — hwe(n + %
Y v, <2_7j> ( (+3) (3.45)
St NS B — R+ )

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

)

32 % O (E — hu(n +
n(E) = 2 hw, (2—?> ( (
8m h n=0 \/E — hwc(n +

D= N =

nms(fl/\

'kto‘_ Sk‘-o % Mg
ke 3*7; < T

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

n(E) =2 v (271—?)3/2 VEdE. (3.47)

~ T4n?

The curve in the presence of a magnetic field is very different from a simple square
root. It exhibits singularities at energies given by hw.(n + 3).
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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

EF:@(n—i_l)a

2

mc
or 1 h
€ 1
1_ 1) 4
5= meEn (n + 2) (3.48)

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.

Landau gauge

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 = LILy%. 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:

- Landau gauge

A, =-By, A,=0, A, =0. (3.49)

In this gauge, the directions x and y are treated differently. It is useful for problems
in rectangular geometry.

- Symmetric gauge

B B
5 A=

This gauge leads to eigenfunctions that turned out to be essential in the construc-
tion of variational wave functions for the fractional Quantum Hall Effect.

A, =0. (3.50)

Landau gauge

1 ¢ \2 1 1
H - ( . — Aa;) 22 2
2m P c + 2mpy + 2mpz
1 ¢B\* 1 , 1,
_ 4+ 18 2. e 3.51
2m (p + c y) + 2mpy + 2mpz ( )
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p. and p, commute with 7. Thus one can look for eigenfunctions of the form

o(x,y, 2) = ekee =2 (1), (3.52)
1 qB \? h? %o  h2k?
— | hk, + = - z =F 3.53
o g | (k4 22o) o) - 0 T = Bet) 359
Let us define . B
CNRy q
Yk, 4B er w me ( )
We get:
1, 9 h? 0*p  h2k?
z _ . z =F . .
5 Mwe (¥ = Y )" 0 (y) = 5~ o 2m e(y) = Ee(y) (3.55)
This is a shifted harmonic oscillator of frequency w,,
1 h2k?
= Bk, = hwe (n+3) + o (3.56)

The energy is independent of k,. This leads again to the degeneracy already cal-

culated for the Landau levels. Indeed, k, must be quantized in units of %7;, ie. it

must be of the form k, = pi—”, p integer, and the coordinate y;,, must lie between 0
et L,

2 1
0<chp—— < L,,. 3.57
= _CpquB_ Y ( )
L,L,qB
= |p < 2TV 3.58
P> 2mhe ( )

3.2 The integer Quantum Hall Effect

3.2.1 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 ¢ direction.

B ook lln
/] 4
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This effect can be understood in the context of the Drude theory:

dp AN
—=——e|E+—N—|—= 3.59
dt ‘ ( + m ¢ ) T ( )
where 7 is the relaxation time. The stationary solution is given by
dp
— =0 3.60
% (3.60)
so that
—e(EﬁpyB) Py
7]’}‘3 pT (3.61)
—e(Ey—ch) By
mc T

Let us rewrite these equations with the help of the cyclotron frequency w, = fn—Bc and
of the Drude conductivity og = ”fnj One gets:

Dz D
0oE, = —ne— — ne~2w,

m m
o Dy (3.62)
ooy = ne—w.T — ne—
m m

The current density j is defined by:

—

7=-nel (3.63)
m
This system can be written:
E=pj (3.64)
. 1 1 WeT - _ —B
with p= o (_%T 1 ), and Ry = pys = — (3.65)

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

1 wer 1 —wer) (10 2 2
(—wcT 1 ) (wcr 1 ) - (O 1) <1 tweT ) (3.66)

so that
o= ("L _"H> (3.67)
oy or,
. 00 WeT
with g, — W and og — UOW (368)

If 7 — oo (no dissipation),

(0 —Ry ([ 0 Ry
p= (RH 0 ) and o= <_RI_{1 0 ) (3.69)
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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:

h\1 )
|Ry| = (é) —on integer. (3.70)
Inside these plateaus, p,, =0
2
e
O =N (3.71)

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

2
oy = u%, v=", (3.72)

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.

3.2.2 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. If the field is uniform, the potential
is given by V(y) = —Ey, and the Hamiltonian becomes:

H— H+elRy
(3.73)

1 eB \* 1 ,
=—(p, — — — K
o] ) R A

Let us consider again ¢(x,y) = e***¢(y). The eigenvalue equation is given by
1 eB \* 1 ,
[Qm <hk:c - cy) + om Py + BE?J] o(y) = eo(y) (3.74)

It is again a shifted harmonic oscillator, but this time the center of the harmonic
oscillator depends on the electric field:

1 eB \? 1
— (hk, — = By = —mw?(y — y(k,))2 + A
o (e = ) 4 By = Smud(y - y(k)* +
Rk2  eB 1 e2B? 1 1
= r Z hky 4+ — 2 4 eBy = —mw?y? — mwlyy(ks) + —mw?y(k,)? + A
Sy kY ooy eBy = gmuwiy” — mweyy(ky) + gme;y(ks)” +
B
— ik + eE = —mwly(ky)
- mc
ke L 2y (k) + A
= —mw -
om 2 eV

(3.75)
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el chk
= k$ = — z
y(ke) mw? i eB
E2 1
A= r = 2 2

k2 1 e*B? [e?E%*  A2h*k? 2eE chk,
m —
2 m2c? |mPwt  e?2B?2 mw? eB

mn (3.76)
1 e*E? n 1 ,2eL chk,
= ——m——— +-m
2 m2w? 2 “muw? eB
1 E?c chk,
=—= E
" TF B
1 L,E? E
= —§mc ﬁ + Chkzg
2E? E
But eFy(k,) = — ‘ m?c® + chk:xe—
me? B2 eB (3.77)
o, E? E '
= —mc o + chk‘mﬁ
Finally,
A—E(k)+1 2 (3.78)
= eBy(ks) + ome’ 53 :
The eigenenergies are thus given by
1 1 L,E?
Eney = e (n + 2> + eEy(k,) + S™MC 53 (3.79)
with
ch el
ky) = —ks — 3.80
k) = ke = s (3.50)
This time, the degeneracy is lifted: the energy depends on k.
Let us compute the current carried by each eigenstate:
- D+ %/T
j=—ev=—e
m B (3.81)
N e e e e
m c m c
N e 2
(1, ki |jo| 7, k) = ——hkz + — By,
m
2 h 2 E
= "+ =B, - S BE (3.82)
m me  eB me mw?
e? _eEm?c? E
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or

) E
(Jo) = —ecp (3.83)
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 =
NG = Jp = —nec%.
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:

() (k) = =S By(k,)) (3.84)

The voltage bias in the y direction is given by:
AV = —/E(y)dy == Ely(k.)]Ay (3.85)
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,) = Lk, — <2 so that

B

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

Jtot - Z<]x>(kx) (387)

kz
ec 1

= ——— ) Eylk,)A 3.88
BAy 2 (y(ks))Ay (3.88)
eceB L

_ _eeBLa A .
B ch 27'('( V) (3.89)
2

- %AVLI (3.90)

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

e2
I=—AV (3.91)

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

Gy = n— (3.92)

Besides, there is no current in the y direction: G, = 0. Finally:
ne? __h
G = ( ?wz h ) and R= < 2 62"> (3.93)
-5 0 2 0

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

-B
Ry = p— (3.94)
€
where n.; denotes the number of electrons. Since there are % states per Landau

level, if n levels are filled, the electronic density is given by:

1 L.L,eB 1 eB neB
ol = d — Y = = 395
flel =10 engLy " 2rhe  L,L, n27rhc he ( )
—Bhe h
= Ry = = 3.96
B neBec 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.
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3.2.3 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 LoLy gB. In the presence of disorder, the peaks are broadened:

2mhe

n(E)

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

—Ly
ﬁ‘*)c 33(:)" X_&/a_)c ©
2 2 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.

3.3 The Fractional Quantum Hall Effect

3.3.1 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 gfr;g eB 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.
This is an extremely difficult problem that does not possess any simple solution,
even approximate. The picture that has imposed itself is based on variational wave
functions proposed by Laughlin in 1983. These variational wave functions 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.

3.3.2 Landau levels and symmetric gauge
Let us consider the gauge

B B
By, _Br
2 2

We have shown that, quite generally, the Hamiltonian takes the form

A, =0.

1 A 1 A
H: 7P2 - 2732
oml T ame@
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eB
A e
T — ﬁa: + 71433 R “ e
A < 1L,,11,) = —ih-B
I, =p, + -4, ¢

X=2-—TI,
MW,

1

Y =9+ 11,
mw

commute with the Hamiltonian. (NB: the sign has changed because w. = £ =

—48 ) Indeed,

1. 1 . B 1
f1,,11,] = ih+ ——[{1,, T1,] = il — ih—
MW, mw, c Mmw,

(X, 1L,] = [& — = 0.

In the same way, [X,1I,] = [V, II,] = [V, 1I,] = 0. In addition,
1 - 1

[va/] - [iﬂ_ Hy7?)+ ﬂa:]
MW, MW,
= e L]+ [, 11, + (1L, 11,
— p— €, 11y mw, Yy, 1l mzwg zy Ly
1 ih ihe
= h+ih —ih) = = —.
mwc(Z t ih) mw,. eB

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

defined by

and of the operators 7, 7, defined by
MWel)y = fIy
— Mwel)y = ﬂm

(these definitions come from the classical treatment: 7, = = — x¢, 9, = y — yo and
&= —we(y — 4o), § = we(x — @0)).
The problem can then be rewritten as:

1 . .
H= §mw3(n§ + 1)



70 CHAPTER 3. ELECTRONS IN A MAGNETIC FIELD

with [, 7,] = —il% and [X,Y] = il%.

Let us introduce the operators

(9, — i) a = —— (0, + i)
a=— Ny —1 a T 1
T VoI
l l
:xﬁﬁ%(awa) ﬁyz—z%w—a)
b—i(f(ﬂ'ff) bT—L(X’—m
V2 - V2p

A ZB A lB
=X=-"Z20b'+b) Y=i—=0b—b
VoA VoL

On can easily check that [a,a'] = [b,0T] = 1, et [a,b] = [a, bT] = 0.
The Hamiltonian can be rewritten:

1 1
H = T, <aTa+ 2) 4 (bTb+ 2)

with ' = 0.

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

oty (phm
A a0

’n7m> =

Of course:

a”n,m) =Vvn+ 1|7”L+ 1>m>7a‘n7m> = \/ﬁ‘n - 1,m>,

biln,m) = vm + 1jn,m + 1),bln, m) = m|n,m — 1).
NB1: So far, the argument does not depend on the gauge.

NB2: The operators a' and b' are equal to the operators aji 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

at,a,bt, b in terms of T, Pz, Y,y in this gauge, and to determine the ground state
wave function from the condition «|0,0) = b|0,0) = 0.

With the conventional notation for negatively charged particles

z=x—1y,0= (0, —10y)/2,2" = x +iy,0 = (0, +1i0,)/2,

one gets:
z = z*
a =2 +150), af =v2(= —130)
4[3 4ZB
b=2(-— +150), bl =v2(-— —130)
413 4lB
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Intermediate steps: in the symmetric gauge,

1B 1B
Ny = §$ + ﬁpyu ny - iy - ﬁpxa
1B 13
X=w—n=gr—3py, Y =y—ny=gy+ D
ho_ eB

Moreover, mw, = z= 5%

A state of the first Landau level satisfies:

aln =0,m) =0 = (2 4+ 4%9)P,—o(2,2*) = 0.

But
5f(z,27) = ; 0,/ (2, 2) — i, (2, 2")]
1 [of of of . Of
= 5l Tar e TR0
- B
0f(z,2") = azf*'
Similarly,

Of(z2) = ;[axf(z,z*)Jrz'@yf(z,z*)]

_Lyof of of, . .0f .
2|02 * 0z* +16z( ) +Z@z*(z>
of
0 )= —.
fe7) =3
Let us consider the gaussian o(z, 2*) = e~ 1?*/45 Its derivative dyp(z, z*) is given

by:

a % 8 12127412 —Z %
&p(z,z ) - % (e | |/4lB) — @@(272 )7

= (z+ 41%5)90(,2, 2" =

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

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

f()e
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Similarly, the m = 0 states satisfy
(2" + 4130)®,—0(2, 2%) = 0,
whose general solution is
g(z*>ef|z\2/4l2B ]

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

1

o l212/a1
\/2ml%

(I)nzo,m:O(Za Z*) =

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

Do m(z,2%) = ﬂ (Z - lBa)me_|Z|2/4lzB

W/ 2miZm! \4B
_ 1 ( z >me—zl2/4l23,
\/2miEm! V2Ig

since

15 —la2a _ 2 —[2|2/41%
<4ZB l38> f(z)e 2le(z)e .

Similarly,

1 z* n oo
V2! \V2s
The states corresponding to different values of m for n = 0 satisfy
(R) = (n=0,m|Rln=0,m)=0

since X and Y are linear combinations of b and b', and (m|b, bt|m) = 0, and

(IR]) = (VX2 +Y?) = Ig(\/2bTb+ 1) = I5v/2m + 1.

When m increases, the particle gets away from the origin in a symmetric way.

3.3.3 The wave function of the v = 1 state:

Let us first consider the non-interacting case. A completely filled Landau level
corresponds to a totally polarized spin wavefunction. Indeed, the Zeeman coupling of
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the spin to the magnetic field lifts the degeneracy, and each Landau level corresponds
to two Landau levels separated by gupH.

Since the spin component of the wave function 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 P/
So one looks for a function of the form

Yoor({z, 21 }) = f({z e 2 a4

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

Besides, a convenient basis of the one particle states is given by

1 z " 2 /472
(I)n:O,m(27Z*> —= ( ) e_|Z| /4lB7
J2rizm! \V2lp

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 2{, 2}, ..., 2V,

P
0 1 N-1

2 2 n

(=) = |
2% 2 .. Nt

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

In({z}) =1z — %)

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 density. Since this is a Slater determinant, it is
the sum of the densities of each function. Indeed,

p2) = o= - =),
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and thus,
1
p2) = i D(een(P) Y [ da . dand(z = z)lor () opm (o)
M 7
1
= MZZMOP@)(Z)F
P
1
= WZZM(Z)F
P 1
= Z|%(Z)‘2
But
1 ¥4 " 2 /472
— —[z1%/41
PmlZ) = e B,
) \/27l%m! (\/513>
So,

o) = (ot Y e
27l% m!(20%)™

m

_ L e e
27l%
1

27l%’

The density is uniform, and of course it corresponds to one electron per elementary
area 2ml%.

3.3.4 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:

¢(Zla ey ZN) = H f(ZZ — Zj)efzi ‘Zi|2/4123_

1<j

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

e [t only involves states of the the first Landau level
— f does not depend on the z7.

e 1 is totally antisymmetric
— f is odd.
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e 7 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 — #;) must thus be a polynomial of fixed degree =
flzi = z5) = (2 — z;)™.

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

= | Ym(21, .., 2N) = H(zz _ zj)me_zi ]2 /4%, |

i<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

mlx(2m(N — 1) + 1) = 7l52mN + O(1).

The density is given by

A |
o2rlimN — 2mlEm
1
= |V=—|
m

So Laughlin wave functions allow one to describe states of filling v = %, m odd.

Energy: These wave functions turn out to be remarkably good. To get an idea
why, let us consider the other states of density %:

Uzt z) = [ 2)" (a1 = e Tl

1<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 % <pv<l1.

Excitations: If one adds one electron to the system, this costs a finite energy.
To convince oneself of this property, we 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(i,7) = > v P (i4),
m/=0
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where P, (ij) is the projector on the subspace of angular momentum m/'. If one
assumes that v, = 0 if m’ > m, then the function 1/, is an eigenstate of V' =
i<y V(i,7) with

Vb jm = 0.

If one tries to add one particle, one cannot stay in a state where all pairs have a
relative angular momentum m (this would force one out of the sample). One can
convince oneself that one needs to create pairs of angular momentum < m. Indeed,
this is necessary for the total polynomial to keep a degree in each variable less than
or equal to m(N — 1). This costs a finite energy. There is thus a charge gap.
This property remains true if one includes the terms of V(i,5) with m’ > m in
perturbation.

The presence of a gap is absotutely necessary to understand the presence of a
plateau: it is because it is impossible to add a particle for an infinitesimal cost that
Oz = Pzz = 0, a necessary condition for the appearance of a plateau (like in the
case of completely filled Landau level). This condition is however not sufficient, and

1

one must again invoke disorder to explain the constant value of Ry around v = .

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
Uiym = I z%1m-
J

In this function, the polynomial is of degree > 1 in each variable. Thus the level
m = 0is not used. Similarly, one can create wij/)m for 7 < m by creating m excitations
of the same type. For j = m, the wave function can be written:

m m m_— > |z]? /412
w%/n)l = sz H(Zi — zj)"e 2ilal /4 — U1/m(20 = 0,21, ..., 2N).
J

1<j

This is the v = 1/m Laughlin wave function with a particle sitting at zy = 0. The

wave function 1/}57%(20 = 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
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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

n
V=
2np + 1
Appendix
Angular momentum
B = e
B eB
- €
H:v = A:p - 5
Pz =5 BY
- . €
y = py + %Bx

n, pintegers > 1.

1 1
= imeY + §Hx
eB 1
py = I, — % x =1, — imwcx
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TPy — YDx
1 1 1 1 1 1
(X + m%“y) <_2m%X + zﬂy) - (Y - m%“w) (zmwcy + 2Hz>
1 X2+1H2 1 Y2+1H2
_7m —_— — [
g 2mw, Y g 2mw, ©
1
gmee [~(X* +Y?) + (4 )]
h l%(bT+b)2+ l%(bT b)? + lzB(aT—I— )2 Z%( f— a)?
Ferall Bt —(' = - a)”— —(a'—a
2% | 2 2 2 2
I
3 [—b*b — bt + ala + aaq
1 1
hlata+ = — b — }
a'a—+ 5 5
hi [cﬁa — b*b]
ECM: Fl;_@ ﬁrd:?jl_?
- . . B — P1— D2
PCM :p1_|_p2 rel — 9
—>l_i+l_é:fCM+Zﬂel
fCM == ECM A ﬁCM7 lj"el - ﬁrel A P;'el
z mwc T x
Fa = —— {00 = X2 + (0 = Y2) = (1 —5)” = (o} — 18)°}
h
= 5 {alar + alay — afay — aral — by — by + biby + bab}
z mwc €T x
b = o X X (V4 YR) = (o ) — (o )

h
= 3 {a{al + agag + CLIG/Q + alag — b‘;bl — b;bg — b‘{bQ — blb;}

loy tha=14+13

li=h(alay —bb), 15 =h(abas — 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 4

Electron-phonon interaction

4.1 Introduction

In band theory, the lattice is assumed to be static. In reality, ions vibrate around
their equilibrium position. These vibrations have direct consequences on the proper-
ties 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.

4.2 Phonons - Reminder

Let us denote by én,a = R, + R, the equilibrium position of an atom, where R,
is the position of the unit cell and ﬁa the position inside the unit cell, and let
us denote by &, ,(f) the displacement of this atom with respect to its equilibrium
position. The kinetic energy can be written:
T=> ]\;‘[aéi’a’i, n=1,....N; a=1,....,r; i=ux,y, 2
n,o,d

where M, is the mass of the atom « in the unit cell. Furthermore let us denote by
V({5n.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:

" - 1 ;
V{{snat) =V{a) =5 > 2 i’ Smoim ot i
n,o,i n’ ol i’
with o
ro v
Driei =

asn,a,iasn’,a/,i/ =

o
Sn,a=0

30
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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. The price to pay is to introduce
complex coordinates.

Up to a constant, the Lagrangian of the system is thus given by:
M . 1 AN
L — T - V - Z 70{8721,0677; - 5 Z Z ¢Z,7O¢O:i,l 8n7a7i8nl7a/7i/

y y / ! 51
n,01 n,o,tn' ol i

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

d(oL \_ oL _,
dt &én,m &sn,aﬂ' n

= M,s = — ¢n/’0/’i,8
; — . / 1 51
acn,o,t n,o,t n,ao,

n’,a’ i’

We are interested in the eigenmodes of this system, i.e. in solutions of the type

1
Sn,a,z’(t> - 7,—M Unp,a,i €

Since this is a linear system, both the real part and the imaginary part are solu-
tions. One gets:

—iwt

/ 1!
2 n',a' 1

N . / 1 41
w un,a,z Dn7a,z Un A,

n',a/ i’

with

The squares of the eigenfrequencies are thus the eigenvalues of the matrix D. Now,
this matrix is symmetric since QSZ:’;;”/ 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. Let us denote by w; > 0 the

square root of w?. We thus have:

3xrx N eigenfrequencies

where the factor 3 comes from ¢ = x,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

_ iq-R
un,a,i - Ca,ie "

oc’ ' _iq- (R, —Rn)

1
aZ; ; /M—QM a,z,n € Co i
Z D (j)ca py

= W2Ca7i

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

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

The eigenvector associated to w;(¢) has 3r components el (cj) It is often written as
r vectors with three components €Y)(7). These vectors are called the polarization
vectors.

The final solution for the displacement is thus a linear combination of the dis-
placements %) (q)e’@fn=wi(@% Tt is convenient to include the time dependence into
the coefficient, and write this linear combination as:

= Sn,ai(t) = \/— Z Q;(q @ezq B

There are in total 3rN quantities Q;(q,t) (3r for j, N for ¢). One can consider
them as a new set of variables. In order for the s,,4.:(t) to be real, the Q;(g,t) must
be complex and satisfy Q7(¢;t) = Q;(—¢,t) (one can show that w;(—¢) = w;() and
choose &80)(Zq) = F9(@)).

Besides, the eigenvectors of a symmetric matrix are orthogonal:

Ze (@)el? 0;j0¢.q

With the help of these relations one can show that the Lagrangian can be written:

1 - X [ = - — *x [/ = —
L= Y |@@naian - @e; . 0Qi@
5,
The Hamiltonian can then be obtained with the help of a Legendre transformation:

oL

= W = Q;(q. 1)
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Quantization :

One postulates, as for the harmonic oscillator, the usual commutation relations
between the positions and the momenta of the ions. This leads to the following
commutation relations for the normal coordinates:

[Q;(D), Py(q)] = ihdg g6, 5

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

(D) = s @0 — B (@)
a;(q) = m(%@j@) — 1P (q))

the Hamiltonian takes the form:
H = X @) (o @0t + )

The operators a; (¢), a;(q) satisfy bosonic commutation rules:
[a;(0), a}i (7)) = 0;:064

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

aj (q) are:

{ i(Q) = \/ 2%@ (aj —q) +a;(q))
Pi(q) =

hw
1D (af (§) — a;(—0))

The form of the Hamiltonian shows that the system behaves as a gas of bosons.

General discussion:

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

The general form of the dispersion is thus:
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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

C, ~ T3

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

Other properties:

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. ..

4.3 Electron-phonon interaction

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

He_ijon = ZV(ﬁ - ﬁl)
1

where 7 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
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around it. With the help of the previous notations, one can write:

—

Rpo(t) = Ry + R 45,4(t)
En,a

—

If 5, 4(t) is small, one can expand V, (7, — R;), where V' depends on the site in the
unit cell:

—

Va(ﬁ - én,a - gn,a) = Va(ﬁ - Rn,a) - §n,a : ﬁva(F - En,a)

-~

The first term describes the motion of electrons in the periodic potential of the
crystal. It is taken care of by Bloch theorem.

The second term describes the interaction with the lattice vibrations. If one puts
the expression of 5, , in terms of the normal coordinates in the expression of the
Hamiltonian, one gets:

He —ph — Z \/—ZQJ _)_(j CD VV( R )ei@Rn

a,n,l
To express this Hamiltonian in second quantization, one proceeds in two steps:

e For the phonon part, one just has to replace @;(¢) by its expression in terms
of a; and a}:

Qi(@) = (af (=@) + a;()

h
2w;(q)

e For the electron part, one must use the rules of second quantizaiton, i.e. one
must calculate the matrix element of the part of the interaction that depends
on the electron coordinates, namely ﬁVa(Fl — ﬁna) For this, it is useful to
expand v, in Fourier series :

Vo(r) =g etk TV = K arbitrary because V,,(7) is not periodic

= VV. (7 Ze’K” Fnely, cil

The matrix elements of this potential between Bloch waves are given by:
' o N Vuk, o >= Ze‘iRR"’“Va #iK < E’,UI|€iRF|E,O >
K

with . o
/ Ul‘equ/{Z,U >= /dfui,(f&)ug(f’)ei(*kurKM)Fég,gl
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This integral vanishes unless

K=K+k+G
where G is a vector of the reciprocal lattice. Indeed, ur, (Fug(r) is a periodic func-
tion. It can thus be expanded in Fourier series:

where the vectors G are vectors of the reciprocal lattice, which leads to

|elKr|k o >= 500 Zf /d—' i(—F +K+k+G)7

Y ' . L L
—k+K+k+G)7 yanishes unless — k' + K +k + G = 0.

Moreover, the sum over R, can be written:

Z oi0-Bn —iK R _ Z SiT—K) Ry
Rn Bn

Now, the integral [ die

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

F=q+k+G

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

One thus distinguishes two types of processes:

e The "normal’ processes such that k + ¢ € BZ (G = 0).

e The "Umklapp" processes such that k+ q¢ BZ = G #£ 0 and K # k+ q.

Finally, the interaction can be written

o= - Z, 2 Mo, (Q)

C_j/
[t (PR
X ai—(j(]) + aq‘(]) Cz:‘_+q’+G_‘7UCE,U
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where G is such that &+ q +@ € 1% Brillouin zone. This Hamiltonian can be written
in a more compact way as:

+ o
CEI,O'Ckua'

a*ld) + adls)

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

4.4 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 describes 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:

e 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:

_ + +
Hepph = Z Mq{a—ﬁ %*] CGigoCho
E,tj’,a

where for simplicity we only consider one branch of phonons, and where we limit
ourselves to normal processes (can be justified a posteriori). Furthermore, we assume
that the electrons are described by a Hamiltonian of the type :

_ P
Hel - Z ekclao-ck:,a
Eo

and that phonons are described by the Hamiltonian

1
Hyp =) hwglagag+ 5)
7

If the matrix elements My 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 + Hpyp,, then
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(Y|He—pn|th) = 0. So if we want to treat He_p, as a perturbation, we must go to
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. In the present case however, the starting point is not degenerate, and one
must resort to another 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.

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!
> - UV>

with Ut = UL

The following properties are then satisfied:

1. Thq new Hamiltonian is hermitiz}n. Indeed,
(UHU Yt = (U Y)THU" =UHU~' QED

2. If |U > is an eigenstate of H with eigenvalue E, then U|¥ > is an eigenstate
of UHU™! with the same eigenvalue. Indeed,
UHU UV >=UH|¥ >=UE|V >= EU|¥ >.

The property Ut = U~ is satisfied by operators of the form:
U= eiS
provided S is hermitian. Indeed,
Ut = (eiS)+ — o ST IS (615)71

The transformed Hamiltonian can be written as an expansion in terms of com-
mutators:

2
S Fre—iS  — H—i—i[S,H]—i—%[&[S,HH"‘-”

Y S, 1S )
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Proof :
Let us define the operator H()\) by :

Then
dlZE\A) i SeNS f1o—iAS +€iAS]f](_Z~S)€—iAS
= i[S,H())]
2H(N) L dHON), .
= = H
d)\Q Z[S’ d)\ ] ? [57 [57 ()\)H

If H(\) has an expansion in ), it can thus be written :
2
MM:H+N&MM+%ﬂ&ﬁH@Wh”

For A = 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 Mj
any more, and that contains purely electronic terms of order 2.

Looking at the expansion up to order 2,

A = H [, H] - [, (5, H]
S must satisfy two conditions:
e It is or order 1 in Mg
e It is such that [S, H] cancels Hg_p, to first order.
To find the solution of
i[S, He + Hpp) = —Her—pn

let us start by calculating the commutator of a term of He_py, with He + Hyp,.

ot . ot + [t —

[a_q.cchk, ol a_q‘[cchk, ol
e N Fo bt
= a_(j{ékl(ckJrqckckck ckckck+§ck>



90

Similarly

Moreover,

Similarly,

Finally,

CHAPTER 4. ELECTRON-PHONON INTERACTION

= laZgeq, o Hal = g6 — epg)cf, 5

lageg, 5 Hal = agler — €g )0k, 0
@ agag] = =0 _salq
= [atq Hp) = —hw_ga’;

lag, atag] = 0j .aq

= lag, Hpn] = hwgag

[achkfwcg, Ha+ Hpp) = (6 — €50 —

lagel, 7 He + Hpn] = (e — €4+ hwg)agel, ci

The solution of the equation

[Sy Hel + th] = iHel—ph

can thus be written

M
_ q + .
S = ZZ " — e ﬂ_hwﬂa—qﬁcl?—&—q?ack,a
kgo ko Rt I
M
. q +
+ Z agC= cr
I, L 9 k+qo ko
Pom €~ g T hwg

(the spin has been added at the end of the calculation).
The operator S satisfies the two conditions. The first terms in powers of My are

thus of order 2. They are given by :

1
[S; Helfph] - 5[57 [Sv He + th]]
iHelfph
i 1 S
= 5[5, He_pp) = i[Hel—phv ;]

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:

(+) () + +
Utq g g ok 0 g o R
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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:

_ P -+ .
Hel—ph B _,Z qlafqﬂlclzl+§1701ck1"’1
k1,G1,01
- ot .
+ . Z Mql Aq CE1+§1,U1 Cklval
k1,q1,01
oy Vot g
1 R € — € e —ﬁa)qé T92 ka+qa,00 72,02
k2,q2,02 12 2+G2

Mz

4+
ag,C-> Cyp
+ _}Z €» — €r R +hw_, 92 ko+4qa,02 k2,02
k2,G2,00 k2 k2+G2 2

Two terms lead to an expression that does not depend on (a™,a) :

+ ot R Lt B
[ @ CEH-(YMH R0 00 CE2—!T1,02 ck27‘72]
— + Lt . + .
B a_‘jla_qlCk‘1+¢71,Ulcklvalckz—tﬁ,mck??"?
+ +
— Q_zQ_~ C» Cy C- Cy
NT=q1 Tky—q k2,02 k141,01 k1,01
—_—— O 270,02 1+41,01
+
1+aiqﬂ1a_q~1

_l’_

= 0_g0-q [C+ 5 ]_ + -

k1+q1,01 10 C/;2 — 1,00 F2,02 0132 —q1,02 CFs,02 CE1 +q1,01 F1on

The first term can be neglected at zero temperature, and the second one is purely
electronic. Similarly,

+ R + R
[aql CEI"F‘il 01 Ckl 017 a(ﬁ ng —q1,02 Ck270'2]
+ + + + +
= a’ag|ct - 1 - ~ cr _cx cr
Aq A [Ck1+§1701 Cklvgl’ Ckz—tfl,Uz Ck?:‘TQ] ™ Ck1+¢71,01 k1,01 ko —q1,00 k2,02

M2
®) 1 q 1 "
= H = = —ct . cp Yo cr
</ 2. ~Z €y — Ch—q T hwq‘( ka—q,02 k2,02 k14,01 k’lm)

k1,k2,q,01,02 2 274

M?2
q + . + .
+ €» — €x _hw_.(CE1+(j:O'10klvalCkQ*(ZUQCkQuo—Q)
ko ko—q q

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:

@ _ 1 + +
Hp = > sz,dc121+*alckl,alcEQ—*@Ckg,az
2. . g, 7,
k1,k2,q,01,02
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with

1 1
Vo= M2 ( _ )
k2, 4 €y = Chpeg hw(y €5y — 61_52*6’—’_ Ew(;
— M2 2hwsq
T (e, — €r,_g)* — (hwg)®

Finally, the effective Hamiltonian takes the form:

2 _ 1 + +
Heff - 2 _)z ‘/;c,icﬁ+(j;gcﬁl_@glck’,a’ck,a
kK’ .q,o,0"
with
Vi .= M2 2y
kg™ “7d (. _ .. 2 _ )2
(% €k+q) (Awg)

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
the Coulomb repulsion in Chapter 6 - Appendix). But Via<Oif e — €r +(T| < hwg !
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 5

Superconductivity

5.1 Introduction

Superconductivity is probably the most remarkable phenomenon ever observed in
solids. The most spectacular aspect is the rigorous absence of resistance below a
certain temperature. In view of the effect of phonons on transport, the absence of
T5 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, one writes it:

%4
2
Héf)Jc = _ﬁ Z C%_+(ZO-C$,(ZO./CEI7G/CE’U 3 V>0
E,E’,(T,U,a’
if leg,q—€rlsleg —€erllep_g —€rl leg — er| < hwp

e

H (?f = (0 otherwise

In other words, one assumes 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
exercises), one can show that attraction induces a bound state that corresponds
to a pair of electrons. But 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 wave-function: the antisymmetrization does not make the resulting wave
function vanish.

93
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The analogy between the superconducting transition and the Bose-Einstein con-
densation is clear: the new ground state must 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. So this is the
presentation we have adopted in these lectures. The variational calculation will be
done in the exercises.

5.2 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 < ck O k N > (and their hermitian
conjugate, pair annihilation operators) to decouple the Hamiltonian. Now, one 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' = —k, ¢’ = —o in the sum. This means that one can work with the

reduced Hamiltonian (also called BCS Hamiltonian) :
Hred = Zekz o ko *ZCM R C-R LSt

where one has replaced the sum over o by a factor 2.
The mean field decoupling can be written:
ct e e ~ <ctct. >e¢ cp .+ ct
Et =k, KK T k1 —k,l —k LOR T k. fm

— <CET _k¢><c piCig > (5.1)

S Cop i

Introducing an order parameter A assumed to be real by
1
Z < CM fm - N Z < Cp SRy
i
leads to the mean-field Hamiltonian

NA?
Hyr = Z 612027001;,0 —A Z(C%,Tcil?,i + g Ca) T -
2
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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:

a) Bogolioubov transformation to diagonalize the Hamiltonian;

b) Calculation of the ground state of this Hamiltonian;

c¢) Calculation of the expectation values (czacfkﬁo) = self-consistent equations
for the parameters A.

a) Bogolioubov transformation :

We look for fermionic operators defined by

T
ap = UpCr — VpC_gy (5.2)
_ + :
Qg = UgC i + UECIZ,T
If the Hamiltonian is quadratic in these operators with energy Ej, then the commu-
tators of H with these operators must be given by

E (5.3)

{wﬂM:Ewt
H,a ;| |=—Ep g

These equations can be rewritten in terms of the original fermionic operators. A
straightforward calculation of the commutators then leads to

_EEUE — AUE = —EEu,; (54)
AUE — GEUE = EEUE

or

(EE — €E>UE — AUE =0 (5.5>
AUE — (EIZ + EE)UIZ =0

= —(E2+e)+A*=0

= Ep= ,/e%+A2

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 and a_j | to be fermionic, the coefficients uj; and v; must

k1
satisfy the normalization condition

u% + v,% =1

But from the above system of equations they are also related by
A

VR T EE + €; b

—
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2 AQ
= ua<1 + ) =1
k <EE + 6];)2
= ud !
k1. A2
M G
_ (E,; + EE)2
(EE + EE)Q + A2
(Eg + )°

QEI% + QEEEE

1 €7
= (1 k)
2( +E,;

Similarly

Finally, the Hamiltonian takes the form

H= Z EE(O‘ETO‘E,¢ + afé,ﬂ—l&i) + C'st
F

In the following, unless there is an ambiguity, we will always associate k with a spin
1T and —k with a spin |, and we will adopt the compact notations :

+ o+
az ak,
“% = Y%
+ - o+

alp = alp

Q—E = i

and similarly for the ¢t and ¢ operators.
b) Ground state

With these notations, the effective Hamiltonian after decoupling reads:

H = Z EE(aga,; + afﬁa_];) + C'st
E
Since K} > 0, the ground state corresponds to the vacuum of the ozg particles, i.e.

it must satisfy:

a;;|¢o> =0
04_;;|¢0> =

for all k.



5.2. THE MEAN-FIELD APPROACH 97

If one denotes by |0 > the vacuum of the c;Ia particles, the state
[Toga_zlo>
E

satisfies these conditions since the oy operators are fermions.

But
H aro
k

= H(UECE - v,;c:;)(u,;c_,g + vgcg)|0 >

—

K

= H(U%CEQE +ugupepel — vgupete_p —vic )0 >
K

= I(ugop + victet )0 >
k

= T op(ug+vgeelo >
k

Besides, this wave fucntion must be normalized :
= <0 Hozfgagoz,;a_,j() >
k
= <0 Hv ug +vge_geg) (ug + vpet )]0 >
= <0 Hv%(u% +vie_pepeiet )]0 >

SO
k

because c¢ Eckc ct )]0 >= [0 >. Finally, the normalized ground state is given by:

|60 >= TTj(uz + vet et )]0 >

c) Self-consistent equations

It is clear that this ground state is very different from a Fermi sea. In particular,
it mixes States with different numbers of particles. That’s why expectation values
such as < cqc 7 > can be non vanishing.

Let us now calculate

:]‘\/TZ<C_ECE>
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<c_gg > = < 0| H Ul + vic— lcl *CkH Uy + UZICZ/C l’)|0 >
l/
= < 0|ukc_,;c,—§- H u; + ’UlC_lCl) H(ul/ + UZ/C?/—C—EZ/NO >
I£k v
= < 0|ukc_EcE(uk + Ukc;:ctk) H(ul + vlc_lcl) H (ul/ + Ul/C;/-Ci-l/”O >
14k Uk

= < 0|(u,—€»c_,;c,—€>v,—€—cgcf]z)|0 >

= upvi

But
1 e 1 A
upvz -5 =—F7 ==
E,; 2,/6%+A2
v !

There is of course the solution A = 0 that corresponds to the normal state. But
this equation possesses another non-zero solution:

Ve
2N = 1/e%—i-AQ

1 = / e
2 /9 2+A2

This integral is limited to energies close to er (within the Debye frequency wp) for
which g(e) ~ g(er)

) V( ) +wp 1 d
N 29 —WwWp \/€2+A2 ‘
+w
1 ~ ‘2/( F)|In(e + Ver + A?) )
—wp

1 ~ Zg(ep) In

wp + Jwh + A?
—wp + JwhH + A?
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Let us suppose that A is small as compared to wp (to be checked a posteriori)

Vv wD+wD(1+%)
1 ~ Eg(eF)ln re D
2wp

12

V 4w’
\%4 2w

Lo (%2
Vgler) A

= A =2wpeVir

Note: The parameter A does not have an expansion in powers of V. So perturba-
tive approaches cannot be used.

The original method of BCS consists in assuming that the ground state is of the
form [T;(ug +vzci ¢’ )]0 >, and to minimiuze the energy with respect to u; and vy
This variational method leads to the same results.

5.3 Interpretation of the results
To understand the physical implications of the existence of the solution with A # 0,
we must:

a) Compare its energy to the solution with A = 0.

b) Come up with a physical interpretation of the wave function.

c) Extract from the solution the elementary excitations and the behaviour at
finite temperature.

Condensation energy :

To calculate the energy of both solutions, let us go back to the mean-field Hamil-
tonian

NA?
_ + + o+
= Hyr =) R Cho A Z(CE’TC_M + cfmcm) + 7
Ko E

and let us invert the Bogolioubov transform to express Hj,r in terms of ag :

Nea

C%:T = UEO‘%,T + e
O‘ET = UEC%,T —UpC_j, I R v,;oﬁ_rm
O‘—Ei = u,;c_,—m + vgch cJ_rm = uEaJ—FE,i — vgam
C—I;,¢ = UEQ—E,¢ — UEO[E,T
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taking into account the fact that v; changes sign between E T and —E, 3

CETCE,T = (uk e m)(ukam + vz

_ o 2(1 — ot
= ukozETosz—i-v 2(1 — « lwafk,i)

+ wpvp(a

7))

+

i —i— g Of T)

cg’icm = (ul—c'aa — UEO‘—E,T)(UEO‘E,i — v,;oz:m)
- ukakir¢a15,¢ +u(l = O‘ir;;,TO‘_E,T)
+ o+
_ UEUE(Q—E,TQE,i + O‘E@a%ﬁ)
Coalp, — (uk + Vg m)(“k at. il UEO‘E,T)

— 2 + + —02n L A
o ukamaim Uka—kio‘m

— v ozk 4+ ugup(l =

C i1y = (UEO‘—E,¢ — vpa )(UEO%"T +vpa’ s

Coefficient of ak JReT3e

2

2
epuz — epui + Augup + Augoy

2

1 €%
k

A2
k

2
_k
E-

Coefficient of 041-5T —kri

2 2
egugvg + egugvp — Aug + Avg
2

= 2epupvg + A(vZ — UE)

A
=e— +A(—

kE* ):0

Eﬂ

Constant term :

NA?
Z(ekv + ek — Augop — AuEvE) + S
k
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But from the gap equation:

1 _2N

.V

e NA?
2w p) -y

Altogether, the Hamiltonian can be written :
ZE ozm+oz s E,i)

e NA?
+ (e — &) —

In the ground state, since Er > 0, there is no particle ag. Let us compare this

energy with that of the non-superconducting case (A = 0).

A=0
Ep=\/e& = ¢ si >0 (k empty)
= —¢ si <0 (k occ.)
= EGS = Z 2613
EOCC
A#0

Egs(A ) Egs(A=0)

= Xl l+z ey

Eocc kempty
€ NA?
- 9 L kY _
kempty
AFE wp € A?

Let us calculate .

wp
2 / de(l — —=
g(EF) 0 € 6( m)
To this end, it is useful to perform the change of variables ¢ = Asinhu, de =
coshu du

uD Asinhu
1 - ———— ] A%sinh h
= 2g(eF)/O ( Acoshu) sinh u cosh u du

= 2g(eF)A2/ D(l—tanhu) sinh u cosh u du
0
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But
. . . s 1—e 2
(1 — tanh ) sinhu coshu = (coshu — sinh u) sinhu = e “sinhu = —
so that
A? Y- emya
= Ng(er) [0 - ) du
e~2up _ 1
= A%(e)(up + o )
o . . _ 1
Proposition: up = Valer)”
Indeed, sinhup = “2.
But the gap is given by :
up de

b= Vol | Jarae

— “p
= Vyg(ep)Argsh ( A)

1

= “p _ sinh ! = u
A Vg(er) P Vg(er)

So, up > 1. One can thus neglect e 2“2 in the previous result. Finally, the
condensation energy is given by:

, 1 1\ A?
Agler) <Vg(eF) B 2) v

1
Econd = _§g(EF)A2

leading to

As soon as there is a solution A # 0, its energy is lower. Bus as soon as V is
positive, i.e. as soon as the interaction is attractive, there is a solution A # 0.
Finally,

Attraction = superconductivity

b) Interpretation of the wave function :

So there is a mean-field solution whose energy is lower than that of the Fermi sea
as soon as V' > 0. Let us try to understand the physics of this solution.

The ground state wave function reads:

|pp >= H(u,; + UEC%_,TCJ:E,JM >
K
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The probability for the pair c to be occupied is equal to v , the probability

T
for it not to be occupied is equal to UE It is clear that this wave functlon 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)? >)

< N >= <¢0‘ZC* CiolPo >
k:a

D=

+ + -
Let us consider a term CotChost All the operators uz + vkcmcim commute with
+

it except up + Vg C ko,T o

< N >= \2/2 < Of(ug + UEC*EJCE,T) chM(uk + vgc kT )|0 >
spin  k

=< N >=2) v
k

ON? = < N?2—2NN+N?>=<N?>_N?

<N?> = <o D of cp,ch cp b0 >
kR o0
If (ﬁ’,a’) £ (IZ, o) and # (— —0o), the terms commute — vw%,
If (4/70/) = (E, o) = cia cagcgg o v%
lfc;::ac,;‘o
If (K,0) = (—k,—0) = C£¢Ck,TCik7¢C—E7¢(“k + v,gc%cfk’i) — 02
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= ON? :4Zui~v%
k

Conclusion :

N grows as N, but 6N only grows as v/ N. So, if one writes ¢g = 3.5 Andn, where
< ¢n|N|ony >= 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 e;
lies between ep — wp and ep). There are thus 2N values of k such that € —wp <
€ < €p + wp, and the Fermi sea consists in filling up the N values such that
€p — wp < € < €p with an 1 spin or a | spin.

If one tries to construct a wave function only built out of pairs to gain the potential
energy of H,.q, and having a well defined number of particles, a natural choice would

be:
1 N
ov == i (Z 9EC§¢C+E,¢) 0>
k
If

1 when e < ep
k1l 0 otherwise

one gets back the Fermi sea, and since there are N! terms, one must divide by N!.

Starting from this wave function, one could look for the g; that minimize the
energy. But this wave function is very complicated. It contains of the order of
(2N)N terms!
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Now, if we add various |¢y > to build

o> = Z|¢N>
N

= ZN' (ng A€ ki) |0 >

this function can be rewritten:
geet AT
|¢ >= ezk gkclszC*Ey$|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 beacuse of the
Pauli principle

=|p> = H(l +9EC£T01L;;,¢)|0 >
i
If one writes g; = %, one gets back the BCS wave function. This wave function
k

is much easier to manipulate. It is thanks to it that Bardeen, Cooper and Schrieffer
got the Nobel prize!

c¢) Elementary excitations :

It is clear from the form of Hjy, that an elementary excitation consists in adding
one particle OéE This costs an energy

Ep = /e + A

This energy is greater than or equal to A.

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. One needs to investigate the
properties of the electron gas in this state.

5.4 Finite temperatures

At finite temperature, one can still use mean-field theory, but now the gap involves

the thermal mean value of < cZ 4+ fk N >.
Now,
il = (upad +opa g )(ugaly - UEO‘E Y
= —UEUE Ma“ + ukvka PO T UE ozZT at. P UI%OLE,LO‘E,T
= wupvp(l— O‘%,TO‘E,T —alp o ki) + ukozm Pl VR p Oy
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=< CaT ct $>— upvp(l — 2f(Ey))

_ + . — 1
since < O‘ETO‘k’,T >=< alp gy > Nz et < ai Ta—ki >=< g 0, >= 0

So the gap equation is given by :

Vs A
A:NZM

k

(1—2f(ER))

Bl

B Eg Eg
65E+1—2_657—6_57_ BE;
PP 41

1—2f(Ep) =

E- E
66 Tk —+ e_ﬁ Tk
The non-vanishing solution thus satisfies:

1 BE
1=— tanh —*
g

When T increases, f — 0 and this equation is satisfied for smaller and smaller values
of A. In particular, there is a temperature T, where A(T,) = 0 defined by

A ﬁek _ =
z e (=1

w d
1= Vg(ep)/ 3 taunh&—6
0 2 €
1 _ /ZJ%D tanhudu (0 = &>
Vg(er) Jo u 2

Let us suppose that T, < wp (this is reasonable since one expects that T, ~ A(0) <
wp because thermal fluctuations destroy the gap if 7' > A(0)).

“D “D
57, tanh u 7 tanh u 7. tanh u
/ o du = / du + / o du
0 U 0 U n U

" tanh e d
~ / an udu—l—/?T—u (n>1=tanhu ~1)
0 u n u

wp /77 tanh u
0

= In—+

P

du—1Inn—1In2

depends very little on n,—In 277:111 1.13

where v is the Euler constant.
—1
=T, ~1.13 wpeVoler

This fomula cannot be used directly to predict T, since wp, V and g(er) are
adjustable parameters.
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However, if we compare it to the formula for A, we get

A _ 2 =1.76
kgT. 113

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:

/ T
~ 3. 1 - —
A(T) ~ 32T, T

The exponent % is typical of mean field theory.

A(0)

5.5 Electrodynamics of superconductors

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:

1) Vanishing resistivity (1911)
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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:

1) Vanishing resistivity:

In a metal, one generally assumes that the motion of an electron is governed by
the equation:
dv U
ma + m; = ¢E
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:

0l

= _1
:er T
eT =
= U =1 3+—E
m
After a time ¢ > 7, one thus gets:
er -
v=—F.
m
Butj:neﬁ
2
- ne‘rT -
=7 = E
m

TL€2’T

or j: OE, with o =
This is the constitutive relation of metals.
In superconductors, 0 = 0o (R =0) = 7 = +00
dv

= m— =k
mdt (&

But f: nsev, where n, is the superfluid density, i.e. the density of electrons that
take part into superconductivity, so that

or

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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2) Meissner effect:

If one combines this equation with Maxwell equation

, 10A
E=_--
c Ot

one finds:

m d- 10A

nge? %‘7 T ot

where € is a constant of integration independent of the time. The Meissner effect is
a consequence of this equation if rot ¢ = 0. Indeed, Maxwell’s equations imply

rotB = —j
c
— - = 47'(' - —
= rot rotB = —roty
c
But rot rotB = —AB + grznd divB and ratf = —m gt A So the equation relating
me =~/
. . =0 B
J to A implies
- dmnge® -~ o
AB =" B +rotc
mc
If rot @ = 0, we get
2
o ngedm o
= AB = 5
mc
Let us define
1 nee?4m
A2 mc?
We thus have: ]

Let us adopt a geometry where B=28 (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, divj = 0. Thus, %divff = div ¢. If one chooses a gauge
in which divA = 0 and A — 0 in the bulk, one can choose & = 0. Under these
conditions, 7 and A are related by:

j=-
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This equation is known as London equation (F. et H. London, 1935). This equation
is valid in the London gauge:

o divA = 0.
e A — 0 in 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 (ﬁ —elAB L U). 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.

Response to a static magnetic field:

Let us consider a static field in the gauge divA = 0.

1 1 e -\2
Z(2mvz 2m 4 c

ok o . .
N = L (Vl- AT + A7) - Vz’) +0(A?)
N

H,

The term O(A?) can be ignored for the calculation of j to first order.
iqi

Let us introduce the Fourier transform of the vector potential A(7) = S 7a(q)er,

and let us determine the form of H; in second quantization. For the term V- ff(ﬁ),
we have :

—zk"' ezE-F
- v dr
= / VA
= Y v / T 4 §) - @) T g

Since the field is assumed to be transverse (divA = 0), we have ¢- @(q) = 0, and we
get :
> ik a0 iy
q
The contribution to H; is thus given by :
2mc Z k a q)ck+ E,O’

kqa
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For the term A(7) - V;, we have :
S, /efi]}'/.Fc—L»(q—») /eiqw_ Otk g
= Yg /e”";/'?il; d’(@)ei(g+®'FdF

It gives the same contribution, and one finally gets:

The current operator can be written :

i) = = {mﬂ&@(-mﬁ—zﬁ)wma%%Kmﬁ—iﬁ>wﬂﬁaﬂwﬁaﬁ

2m

where U(7, 0), Ut (7, o) are field operators (see Appendix on second quantization
and exercises). They can be exanded in Fourier series:

U (7, o) Ze—lkl 7 Zla‘ U (7, 0) = Zeiﬁzﬁcﬁ%g

as well as their gradient:

V\Ij+(7?’ 0) - Z(_il%)eiik’l.?ci_ ; V\Il(f: U) = ZZ 2€ik2'Fca
ko

It is convenient to decompose the current into two contributions:
J(F) = J(F) + Jao(7)
with

= S (U (R o) T ) — (T (7,0) U7 o)}

and )
B =AY U (o) (. 0)
me %
The Fourier transform of J;(7) is given by:

G = / di e 7T J, (7)

_ieh . o o
_ = —iq-T —iky-T+iko-T( ; + R _—iky-THiko T
= 5 > /d’re > [e (ika) . cro — € (—iky) ¢t G oCha, U}
p S
k1,ka
—ieh - -
— ; + ; + .
~ om Z [Z(k +0) G Chigo T ik Cﬁ,ackﬁ-iff}
k,o

eh |

k,o
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Besides,
Jo(F) = fﬁz U7, 0)U(F, o)
- density
_ _e%(F)E
mc

fg is proportional to ff, and this relation is similar to the London equation, but it
involves the total density and not the superconducting density. 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;(§) in the limit ¢ — 0 (large wavelength).
In this case, a simpler calculation is possible.

Let us start be writing the operators H; and J_i(q_) in terms of the Bogolioubov
operators:

—eh  »
_ > - B} B}
H, = mc’;k-a((j’) (ukwamm%—v“u p (ﬂ)
7q
X (ugog, + vza m) = (u5a+k,¢ VR 1)
E—>—E—(j

3 +
X (U@ gy VR gy
—eh

= mc%;k a(q) (ukuk+ +Uk”k+q>
q
+ + .
x E+qTak,T_O‘—E,¢a—k—q‘,¢)

+ (UEUHq kUkJrq)
X (aa(majm — a,ngam)]

In the limit ¢ — 0, the second term disappears, and the first term gives:
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But < O‘EJO‘E,U >= f(EEa)

- e
=< Jp >= % Zk V<EE,T) - f(EE:i)}
k
Besides,
N 2eh -~ _ - of

F(Bgp) = f(Bgy) = 2k d(0) <_3EE>

. - 2h2 - = 8
R0 = (- 2L )

Let us suppose that J; || @(0), and that k ~ kg

- - 2e2h? k2 -
< T 0) > 2R (— of ) a(0)

m2c 3

where the factor 1 3 comes from the average of the cosines. Indeed, let us assume that

N = Zk(kf a(0 ))kh(k’), where h is an arbitrary function:
N-a0) = 2(6(6) k)*h(k)
_ / dk / 27 sin 0(@(0)k cos 0)2dOkh(k)
_ / 27 sin 6 cos? Ol / dka?(0)k2k2h(k)
- / dka?(0)k*h(k)
_ lgﬂ / sin 60 / dka®(0)k*h(k)

- /dk

21.2
Inserting % =e€p, g(ep) = 2% and Y_p = $g(ep) [ de, one gets:

< Jh(@—0)> ~ %ng(eF)/m de <— of ) a(0)

3m —o0 8E,;
e? +oo of \ .=
~ o de <_3E,;> a(0)

The total current can thus be written:
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with F = €2 + A2,

If A =0
vo (AN e (Of\
/_oo de(ag;) - /_oo dE(zm)‘ !

= <J>=0

But if A #£0,

+o0 of \ _ +o00 af E
_/_oo de <0E,;> *Z/A 4k <_8E\/E2—A2> <!

If one defines the density of normal fluid by

_ [t [ 9F
nn—n/i00 de(@E,;)

and the superfluid density by

Ng =N — Ny,

one recovers London equation

5 e Ng _,, =
= - 0
J ——a(0)
N.B.:
SE) =
- efE 4]
At T =0, 2% = §(E), and if there is a gap, n, = 0 and ny(T = 0) = n. This is

true, but in this case it is important to distinguish between the wavevectors that
participate to superconductivity and those who don’t. The term J; cancels anyway
the contribution of J coming from the electrons that do not participate to super-
conductivity. n is thus the density of electrons which are at wp of €p.

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.

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,

ApAz > h
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But to build a wave-packet for a superconducting electron, we must have

p2 p2
EF—A<7<€F+A with EF:i
2m 2m

Let us define

Y2

2 A
om €r +
and
2
b1
M A
2m r
L2 p2) = — (a—p1) (b2 + ) = 20
2mP2 b)) = 2mP2 P1)\P2 TP1) =
Ap 2pF
A 2A
L apooim_2A
pbr (o
L A 13
T > — ~
=Y 0

It is thus impossible to localize the particle over a distance smaller than &j, and the
superconducting state must be affected 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 (see 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.
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(
WA

If one cools 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
an energy [ j- A.pdr whose density is g—;. So the energy per volume unit in the

superconducting state is
H2
g - ’Econdl

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
neither 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
& and Ay, 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-Ginsburg theory. But the basic idea can be explained in simple terms.
To create an interface between a normal region and a superconducting one allows
one to gain magnetic energy but has a cost in superconducting energy. If & > A,
the cost of the interface is large, and the system will try to avoid creating them as
much as possible. If, by contrast, {, < A, an interface allows one to gain energy
and, if the normal domain is small, the magnetic field can penetrate for values of
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the field much smaller than H.. To increase the surface while keeping a volume as
small as possible, the magnetic field penetrates as small cylinders known as vortices.

Estimation of the interface energy:

Let us now perform a rough estimation of the energy of an interface.

E H? &o
§—8—7T§0—|Econd|5>0 for H—HC

E H?)\
—:___Econ)\ f H:HC
ST | Econa|A < 0 for
The field can then penetrate as vortices for fields H much smaller than H..
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5.6 The Landau-Ginsburg theory

The most efficient description of the macroscopic properties of superconductors has
been developed before the BCS theory. It is due to Landau and Ginsburg who
postulated in 1951 the form of the free energy as a function of a complex order
parameter that describes:

e The superconducting density |¥|?%;

e The coupling to the electromagnetic field through its phase
A=A+ ﬁx = U = Pelne
under a gauge transformation.

The free-energy density can thus be written :

B2
"5

C

1 L A
f:fn+a|\I/]2+§]\Il\4+— —z’hV—e N\
2 2m

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.

Since this functional was introduced by Landau and Ginsburg, one has shown
using Green functions (Gorkov, 1959) that this form of the free energy was a con-
sequence of BCS, with e* = 2e. This proof goes beyond the scope of these lec-
tures, but the identification of ¥ with A naturally leads to this form. Indeed, we
A=l TCJ:,; ) could a priori take complex values. For a homogeneous system
without a mzignetic field, the phase does not play any role. It drops from all phys-
ical properties, and it is constant. That is why we have chosen the real solution.
However, when there is a magnetic field, the phase of the wave function is related
to the choice of gauge. Indeed, the Schrodinger equation of a free particle in a field

is given by.:
1 _ e

HY = -—(p

APV = BV
2m c

Let us perform the gauge transformation

The Schrédinger equation

is satisfied by ®(7) = encXM W (7).
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Proof:

(—ihV —

o1l ®

D7) = (—ihV — SA)erXDp(F)
C

_ fo@(?)—mwem Mg (7))
- —SAe@) - (m;:ﬁx(ﬂ) ()+e%’<(”<—ihﬁ)\lf(7*)

To get the Hamiltonian, on must again apply (—zhﬁ - g ), performing the scalar
product. Let us suppose that we have a vector, and not a scalar:

(—ihV — S A)ereX ™ F(7) = —C Aeiex® F(7) — il (e7eX D F(7))
C C
But ﬁ(pff) =pV-A+A-Vp

=V (BOF®) = BV F) + F(F) - Vekx?

= OV F(F) + B0 V() - F (@)
= (—ihV — SA)etXOF(F) = eie(5— SA) - F(7)
C C

= 00 = eiXVHU = eicXDEY = B CQFD

This property implies that the kinetic energy

-

[ )55 CAyuEar

is invariant under a gauge transformation. Besides, since p'— £A is hermitian, one
can also write

Ecin == 2m/\p ( /T)Q\I;(f‘)df’
= (- §>w>
= (- SAy - S
= ol S
= o |- ) ar
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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 :

L2
1 - 2eA
— (=1 ——)A
2m( v c )

The Landau-Ginsburg free energy is thus a functional of the fields A(7) and ¥(7)
given by :

2 B2

) 1 2¢ A
F[A,\If]z/df a]\I/\2+§\\IJ|4+m‘(—th—e)\Il + o

Cc

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
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 §A of the vector potential :

Yo N
F[A+64] = /<r0t(A+M)) dF+/dF<a|\If\2+§\\Ifl4>

8
+ /dr (_m 9 At 6A\I/) (uﬁ\y* _ g AtoA \1/)
2m c c
, Al 2 - A
~ F ]+/5 - ﬁ\lf (mvw* - 26\11*)
2m c

2e

— 7\11* (—mﬁqf—QeAxp) dr
C

/ (rotA) - roté A
4
But
div(Ax B) = B-rotd— A roiB
B -1otdA = rotB - 6 A + div(§ A x B)

/d1V5A><B // (64 x B)d

One can limit oneself to variations such that §4 = 0 at the surface of the supercon-
ductor. Then,

=

and

1 B-1otsA B 1 rotB-6A
2m A7 ] 2m 47
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-

In order for F[A + §A] — F[A] to vanish for all 64, one must have rot3 = 47”; with

ih o, = - 4e? A
o )- 1

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 =

ret?,
af — dfeze+df —19_0 af _
{gfz() :>{ gfzre + 2 (—ir)e® =0 j{%ﬁ:o
if r #0.

Let us thus express F' as a function of (U, ¥*), and let us write g@ =0

1 L2 B?
F= /dfF (a\IJ\I/* + gy 5 (—ihV — ZA)W(irY — —A)\If* + 8)

2 m c us
F(U,¥* 4+ 69") — F(¥,U")
1 - 2e -
_ /dF[a\If +BIUPY 4+ — (—ih W — 2 A
2m c
L 2 -
% (ihV — eA)}MJ* =0
c
An integration by part of the last term leads to

VU - VoU* = div(0U* V) — 60" divV ¥
AV

since 6(1)14{) =pV-A+ A Vp. So,
/ V. VUt — / div(0T*VT) — / SUFAD
[owi-Ve— [suav
But [ SU*VW = 0 if one limits oneself to §U* that vanish at the surface. So,
/ iRV - iRV = / (—in)*v?w) s
Besides,
/xpﬁ(sxp* - —/5\1;*6\11 + /6(\1/5\1/*)
- —/5@*6@ + /Sﬁ(\lld\lf*)da
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But [¢7(¥dU*)do = 0 if 0U* = 0 at the surface. Thus,

/ di | —ihv — an) (mv _ M) 50

C

_ 2e4\’ 2¢ A 2¢ A
= [ a7 |(=inv)w + (—i) \If—z’h( = )vqf—‘i( V| 50
— [ dmow (-mv-26’4> v

In order to ensure that F(W, ¥* 4 §0*) — F(W, U*) = 0 at first order in 0¥*, one
must have

) 1 e 2e \?
a¥ + 50| W—l—(—@hV—A) =0
2m c

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-Ginsburg equations:

—

j=— UV — V) — LAy

W + BIUPY + 55 (—inV — 24) ¥ =0

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
Wl + BlU2T — —A¥ =0
2m

According to Landau’s theory of phase transitions, o = ao(7T' —T.), and so a < 0
ifT<T.and a>0if T > T..

The equation above has in general two obvious solutions :
e U =0 (VT)

o U2 = —% if o« < 0,i.e. if T' < T, (one has assumed that W is real for simplicity).

In the superconducting phase, there is thus a solution ¥, = ,/‘7“ £ 0.
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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 W is real. The
differential equation takes the form :

h2
—%\D” -+ aVv -+ /Bql?) =0

where U" = %i‘f = ‘57‘5 since ¥ only depends on z. If one multiplies by ¥’ and

integrates, one gets

2
- zhxp\p + UV + BT =0
m
B

h? «Q
_ \IJIQ 7\112 7\114 — t
= 74m + 5 + 1 cS

—o

For this equation to have a solution ¥? = 3 for z — oo, one must have :

_&2 6 2
W + Z@ = cst
or cst = —%
h? 15} Q a?
\11/2 — 7‘114 7\1]2 -
= im 1 TV s
B (., 2a_, a
B 2 @ ’
= (o242
P\" T3
VBm Q
S0 = S (0?4 —
h T3
—« z
v = ,/— tanh ——
3 an %
with £2 = 5 TZTQ‘ or§ =—= h(i ) (the factor v/2 is conventional). Indeed,
—a 1 z
R <1 _ tank’ )
B V2 V2

0
viom <\I/2 + a)

h

B
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This length is the analog of the coherence length. In the Landau-Ginsburg theory,

its critical behaviour is given by &(7T') ~ \/TlfT This agrees with the microscopic

expression { = 2 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

- 462 -
J=——|¥|?A
me
To see this, one writes locally
A(F) = 4410/ +6A(F)
uniform

and one expands in §A(7). To zeroth order, ¥ is uniform according to the second
Landau-Ginsburg equation, and the first equation then leads to the result.

Now this equation is nothing but London equation, with

c 4’ —a
47X me B
N i B 16me? —«
A2 mc2 3

Like &, A\ ~ \/TifT when 7" — T.

This description thus agrees qualitatively with the discussion of the electrody-
namics of superconductors of the previous section.
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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:

o: 2 B
N L
_ —a  fa®\ o
) ‘(“5*252)‘&
4o’
H? =
= 6

Type I and type II superconductors:

We are now going to show that the ratio x = % 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-Ginsburg equations with
U £ 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 ~ 2e \?2
— (—mv - eA) U= —aU
2m c
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
— | Aw, z
(n—l— 2) + om

where w, is the cyclotron frequency

B 2¢H
 me

We

hwe
2

When H is very large, > —q, and the only solution is given by ¥ = 0. By when

H decreases, there is a solution as soon as E% = —a. There is thus another solution
than ¥ = 0 as soon as H < H. with

1. 2eH

*h c2 — —«

2 mc

amc
= Ho=—
c2 h@

This field is not directly related to H., and one must distinguish between two cases:

Ho, > H.: For H. < H < Hg, it is not advantageous for the system to be
everywhere in the normal state. It is better to take advantage of the non-zero
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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

_amc - 41(—@)
he 6]
or
v Amhe
VB>
mc
But

A ymeyd ot

13 4\/me/—a

mer/B \[ 1
heZ\/i\/_ \/Ehe\/_

This inequality can thus be written

-

In other words, °2 =/2k.

So, if £ < \/_ >\, 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.

5.7 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

U = |Ple

one gets: . . . . , ., , o
VU = (V[U])e + |U]i(V)e® = (V|U])e? + WiV
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so that

UV — UV = U (VW) + |02V — [U(V]¥])e ™ + U|¥|(—i) (V)e ¥
VIU|(TFe — We™) + |U[22iVp
= |U]2iVy
2eh

- (024
= J || Vo -+

bi
Ol
U)

But deep inside a superconductor, ; 0. Indeed, B=0=r0tB=0=

= ff-dfzo
= fvgo di = j{A i

T f rot A-dS

The first term must be equal to 27mn to ensure that the order parameter is well
defined. Besides, [rotA - dS = ®, where ® is the flux of the magnetic field though
the contour since rotA = B. This leads to :

whe

d =n— =napg
e

with ¢ = e = L¢,

Consequences :

e 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 ¢y. Now, we know
that it is advantageous for the system to maximize its ratio surface/normal
volume. So to get a flux 2¢, through the sample, it is better to create two
vortices of flux ¢y than one of flux 2¢y. So the magnetic flux penetrates as
vortices of flux ¢y = C

e If the charge of the effective charge carriers was e, as first assumed by Landau
and Ginsburg, and not 2e, the flux would be quantized in units of % and not
%. 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 ax1s currents appear at the surface of the sample to adjust the field to

a multiple of ¢q.
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¢inl

(1]

3

H2 ®

e 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)¢y, ... 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.

5.8 Josephson effect:

Let us consider two superconductors connected by a normal region

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).
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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:

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 has produced a small revolution in the superconductivity com-
munity when he suggested that another type of current could flow through the junc-
tion, 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-Ginsburg 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:

- 2€h =
j=—|V]*V¢
m
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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-Ginsburg equation for W:

h2
——AU +a¥ + B|YP¥ =0
2m

Inside the junction, ¥ changes very fast, and the term AW dominates
= AU =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 ¥ (7) = 1| ¥
far on the left and ¥ (7) = €!*2|Wy| far on the right.

Let us look for ¥ as
U() = [Co|[f (7)™ + (1 = f(F))e']

where f(7) is a real function equal to 1 in the left superconductor and 0 in the right
one. This leads to
[T |(e™ — e2)Af =0
I\IOVV7 A\I/:0:>Af:()lf¢1 7é¢2
In that case, the current is given by
eth

j= - (U Ve — wve)

U = |Wol (f(F)e™™ + (1= f(7)e )
VU = U]V f(7) (e — )

V'V = [PV [f (e ™ + (1 — f(7)e (e — &)
= |\IIO|26f(F)[f — f€*i¢1+i¢2 —1-fH+01- f)e—i¢>2+i¢1]

IV = (U*V)*
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= UVE - UVT = [ UV f(F)—f(e70 % — )
+ (1- f)(€7i¢2+i¢1 _ €i¢27i¢1)]
= WPV — )
= 2isin(ér — 00) [ Vo'V S (7)

- 2¢eh - .
== W"I’oﬁvf sin(¢1 — ¢2)

The maximum current is reached when ¢; — ¢o = 7, and it is of the order of

2eh 1
.C _ e \Ij 2+
J m [¥ol L
where L is the width of the junction (ﬁ f 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:

—> ==

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,

N2

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 6

Appendix - Second quantization

6.1 Introduction

When dealing with systems of interacting particles, one has to work with many-
particle wave functions. According to the principle of indistinguishability of iden-
tical particles, one must work with wave function which are symmetric (bosons)
or antisymmetric (fermions) under the exchange of the coordinates of two particles.
Indeed, let us consider a system of two particles. Since they cannot be distinguished,
exchanging their coordinate cannot lead to different physical properties. The two
wave functions must thus differ at most by a phase factor :

i
(21, 32) = €Y (22, 1)
But if one carries out this operation twice, one recovers the same wave function

= e =1
= ¢ =41 — 41 bosons
— —1 fermions

So, if one denotes by {;(x)} a basis of one-particle wave functions, one cannot
simply use the set of functions

U(zy,...,en) =i (1) .. i (xN)

as a basis of the N-particle Hilbert space. One must build N particle wave functions
that are totally symmetric or totally antisymmetric when exchanging the coordinates
of particles.

Remark :

One can construct other statistics than that of fermions and bosons. For instance,
in 2D, exchanging the coordinates of two particles can be done in two topologically
inequivalent ways (see Fig. 6.1). One comes back to the initial state only if one

132
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1 e o ou e ®

; 1
67/0[1 e 2

Figure 6.1:

successively applies (1) and (2).
= ei(a1+a2) =l=ay=—y

But one can have a; # 0,7 = anyons. This statistics approximately describes the
excitations of a 2D electron gas in the presence of a strong magnetic field (Fractional
Quantum Hall Effect).

6.2 Bosons

6.2.1 Fock space

One considers a basis of the one-particle Hilbert space {¢;(z)}, and one tries to
construct 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 two particles.
The wave function

U(xy, x9) = (1) i(22)

is symmetric and is thus acceptable. For two different states i and j, one must build
the wave function

(i, 2) = \}5 ()3 () + 15 (1 )6s ()]

to get a symmetric wave function. More generally, an N-particle wave function is
defined by the number of times a given one-particle wave function i appears. The
wave function can then be written

qf(ilj‘l,...,.CEN

NOI‘ szp (1) l’l wipg\r)(xN) (61)

where the sum over P runs over all the permutations of the integers 4; . . .4y that lead
to a different term. In other words, if two permutations only differ by permutations
inside families of equal indices, they only lead to a single term in the definition of
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the wave function. The number of such permutations (= number of terms in 6.1) is

equal to :
N

N{IN,!. ..
with the convention N;! =1 if N; =0, and of course 3° N; = N. Besides, since the

1; are mutually orthogonal, each term gives 1 with itsezlf and 0 with the other terms
when calculating (W|¥). Thus,

1 (NN
v Norm N!

Example :

3 particles using 1/ twice and vy once.

Y1 (1)1 (22) 2 (23) + 1 (1)1 (23) e () + Y1 (22) 1 (23) 102 (1)

= Norm = 3. General formula : 2“%, =3
Since the wave function is entirely defined by the integers IV;, one can represent
it by the ket :

|N1, No, ...y (Fock space)

6.2.2 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.

PPl
H = — — —

o +gmwe [z, p| = ih

X —  [fmw
1. Change of variables : { X v

P= Zar

hw
= H (X*+P* [X,P]=i

2

X = Zs(a"+a)
P = (at —a)

$h-3d
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la,a] =1
+ e 2 —_
aazi(X +P°—1)=H= a&+§ Fuw

4. Let us define N = a™a, and let |p,) be a function such that N|p,) = v|p,).
Let us derive some properties of these operators :

e If v is an eigenvalue of N, then v > 0.
Indeed, (pla*alp) = llalp)|* =0

e If v =0, then alp,) =0
Indeed, v =0 = ||alp,)[|* =0 = alp,) =0

e If v > 0, then alp,) is an eigenvector of N with eigenvalue v — 1.

Indeed,
ataalp,) = (aa™ — 1)alp,) = aatalp,) —ale,)
——
v|pw)
= (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.

e at|yp,) is never equal to zero.

Indeed, [la*|g,)||”> = (pulaat]e,) = (v + 1)(ouley).
Nowrv>20=vr+1>0.

e at|yp,) is an eigenvector of N with eigenvalue v + 1.
Indeed, ataa™|p,) = at(ata+ 1)|p,) = (v + 1)a™|p,)

Finallly, 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 |p,) by |n).

6. Let |n) and |n+ 1) be two normalized states. One knows from the above that
at|n) o< [n 4+ 1). To find the proportionality coefficient, let us write :

a*|n) = cppaln + 1)
Let us take the norm of each member :

lens1]? (n + 1|n + 1) = (n|aa™|n) = (n|1 +ataln) =n +1
(R ——

1
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= Cht1 = VN +1
Similarly, writing a|n) = ¢,_1|n — 1), one finds :
lcna|? = (nlataln) =n = c,1=vn
Thus,
atln) = vVn+1|n+1)
aln) = Vo n—1)
6.2.3 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 :

VN; INy...N;—1..) iftN;>1
0 otherwise

Let us investigate the properties of these operators :

CL;FCL1|N1NZ> = \/NZ‘CL;— |N1NZ—1>

= ala; = N; diagonal

:>aia;“:N,~+1

This implies that :

aai —ajfa; =1
CLZ‘CLj = ajai
afa; = ajaf iti#j
ajaf = afaf
catl = 5.
or finally @307 = 6’i n
lai; a5] = a7, a7 ] = 0
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One-body operators

Let us consider a symmetrized one-body operator :
P 3 fél)

where fél) only acts on the variable z,. The matrix elements of the operator f 1)
are given by :

19 = [ i@ fOus(@)da

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 FO only if they at
most differ by the function acting on one variable. We thus have two types of non
vanishing matrix elements :

((..Ny...Ny—1..|JFO| . N;=1...N,..) = fUVNN,

Proof
(NiNy . [FDNIN, ) = Zfz‘(il)Ni
i

N1 N5 ...) contains ﬁ terms. For each term, <f(51)> = i(jz?a, where i, if the index of the

function ¢; of the variable z,. Since the variables x, enter all the functions ¢; of |Nj ...}, we get :
O Iy =3 HUN
a %

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. JFD|. . N;—1...Ny...) = fO /NN,

The ket |...N; — 1...Ng...) contains % terms. For each term, there are Ny terms

in the sum ), fél) that contribute to a given matrix element fi(,j ) Besides, the normalization
coefficients of the bras and the kets are given by :

N!(N; — 1)!

|...N;—1...N;...) — — N
N;I(N — 1)!

(..N;...Np—1...] — — N

So the coefficient of fi(k1 ) is given by :
N! N \/...Nk!(Ni—l)!...\/...(Nk—1)!Ni!...
NN, — 1)L Ny NI NI
number of operators in normalization coefficients

number of terms in the ket

FWthat give fi(li)
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which finally leads to /IN; Nj.

The operator F® can thus be written :

F(l) = Z fl(é)a:_ak
ik

Proof

e Diagonal elements
<N1N2...\a2‘ak|N1N2...>:O lfl¢k
= (NiNo . FVINN, ) = ST AN afag Ny L)

= Y fPN; QED.

e Off-diagonal elements

(...NiN;C—1...|a;ral|...Ni—1Nk...) = 0 exceptifi=Fkandi=j
(NZNk—1|a:rak|N2—1Nk> = \/NiNk QED

Two-body operators

Similarly, a symmetrized operator acting on the coordinates of two particles can be

written :
A (2
F = Z f (Eb)
a<b
and, in second quantization :
N 1 Ao\ ik
2 _ = 2 +q+
F¥ = 5 1%,:,1 (f )lmai a; gy,

Aror\ ik N
with () ://%Df(xl)@DZ(xz)f(Q)@Dz($2)¢m(931)d$1d932
Finally, the Fock space itself can be described simply in terms of creation and
annihilation operators. Indeed, using repeatedly the identity :

+

a.
Nt N 1..) = i
My Tl = N

N, ... N})

one can write :

\Nl...Ni...):H(ai]\)fi! 10)

i
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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.

6.3 Fermions

In the case of fermions, the wave function must be antisymmetric. Such a wave
function can only be built out of different one-paerticle wave functions as Slater
determinants :

1/’}’1(‘7:1) 2/}pl(‘r?) ¢p1(l‘N)
1 77Z)p2(w1> ¢p2($2) ¢p2(mN)

=S s s
pr(‘,Bl) Q/JPN(:EQ) pr(xN)

In the Fock space, each state is defined by an occupation number equal to 0 or 1 :

INi...N;...)

\I/(C(,’l, SN

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 wave functions once for
all and keep this ordering. The determinant can then be calculated according to the
convention :

p1 <p2 <...<DN

If one calculates the matrix elements of a one-body operator, one can follow the
calculation made for bosons with N; = 0 or 1, up to the fact that when calculating
off-diagonal term, a sign appears because of the determinant :

(L:0,|FV)0,1,) = f%) (_1)Z(i+1,k—1)

()

!
with Z(k, l) = Z N,
n=k
So, if one wants to represent this operator with creation and annihilation operators,

by analogy to bosons, they must be defined by :

¢ INy,...,N;..) = (=1)Z0D (1N Ny, Ni+1,...)
C; |N1, C 7Ni7 .. > = (—1)2(1’i_1) Nz ‘Nb .. -;Ni - 1, .. >

This leads to the following anticommutation relations :

{cha} = datacd =
{C?,C: = {Ci7ck} =0

Proof
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i=k
cheilo;y = 0
cict10) = e(=1)20 ) = (0;)
ety = ¢ (-)ZMI)0,) = |1y)
= |c¢feit+ach =1
1<k
cief|Ny L) (=)t Ne— b (T NNy N+ 1.0
= (=DMt Ny ()N ANic (] O N1 = N)| L N+ 1. . N+ 1.)
FIN ..y = ()M N (1 - NNy N+ 1. N)
— (_1)N1+---+Ni—1(_1)N1+~--+Ni+1+Ni+1+--<+Nk71
(1—=N)1—=Ng)|...N;+1...Npy+1...)
=clef =—cfef =il +efeh =0

or {cf,¢f1=0

Similarly for {c;, ¢} } or {¢;,cx}

Some remarks on anticommutation relations :

e ¢j¢f = cic; = 0. This is Pauli’s principle : two fermions cannot occupy the

same quantum state.
e Besides, one indeed has :

G el0ily) = (=)Mot G 0,0,) (NG = 0)
_ (_1)Nl+-~+Ni—1+Ni+l+~~+Nk71(_1)N1+.‘.+Ni—1’1i0k>

_ (_1>Z(i+1,k71)‘1i0k>
e Finally, N = 3, ¢i ¢; satisfies :

N|N; .. Z N;|Nj ...) = N = number of particles

With these definitions, the expressions that we have derived for bosons still apply:
1
R Zfi(k)ci*c
ik

with

D= [wi@) fOuya)de
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and
k

PO =33 (1)) af ot

iklm
with  (FO)" = [ [61(e0)ui(e) [ @) (o) e des

For the two-body term, the order of the indices now matters since the operators
anticommute.

6.4 Field operator

It is very useful to use linear combinations of creation and annihilation operators
called field operators and defined by :

U(r) = > wi(x)a;
(2
Vi(z) = Z¢j(x)ae
7
Since the operator a; creates one particle in the state of wave function ¢;(z), the
operator W (x) creates a particle in the state of wave function §(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.

Proof
(@lal]0) = @i(x)
= (2[U7(20)[0) = Zi:w?(xo)@!aﬂ@
>_¥i(wo)pi(r) = D ¢i(wo)pi(x)
Z = (523:—930)

Indeed, according to the definition of the "function" 6(z — z), one must have for
any trial wave function ()

[ oz = o)} (@)dz = o} (o)
But,

| S ei@ei@)e;@)de = 3 ¢ (wo)d; = @ wo)

The formulae that allow one to write the one- and two-body operators take a very
simple form :

PO = /‘I/+(x)f(1)\ll(x)dx

e ; / / U (2) U (o) fOU ()0 () ded’
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where f@) and f® act on the functions of z and 2’. Indeed,
PO =S ata; [ (@) [V (@)da
tj

or
~ 1
FO = Zfi(j)afaj
ij

The same applies to F@.

The commutation relations of the field operators can be deduced from those of
the operators a;” and a;. They are of course different for fermions and bosons :

e Bosons :
(¥ (), ¥ (2)] = 6(z — /)

Indeed :
(@), ¥ ()] = Y eil@)e;() [aia)]
1) v&'j
= 2 ei@)ei()
= §(x —1a')

[W(x), W ()] = [UF(2), ¥ (a')] = 0

e Fermions :

{U(x), UF(2")} = o(z — 2)
{U(2), W)} = {7 (), 7 ()} = 0

6.5 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) = ﬁ Let us try to determine the form of the

Hamiltonian in second quantization.

6.5.1 Reference eigenfunctions

When we built our totally symmetric or totally antisymmetric states, we built wave
functions for the variable x without specifying what it stands for. For electrons, the
variable x = (r, o) is a composite variable that stands for the position r and for a
spin variable o that can take the values —i—% and —%.
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For the spatial part, the most convenient choice is to use plane waves :

1 .
ezk.r

px(r) = ﬁ

where one considers a box of volume (2. The momentum k takes discrete values,
and one has :

| i () (¥)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 %

Standard description
Two states | 1) and | |)

SN =41  SHN=0 SN =[
S ==L SHD=I1 SI1H=0

_StHST o, SToS

SCE
2 2

Description with vectors and matrices

._hif1 0 . (01 y (0 —i
S_2<0 —1) S_2<10> S_2<z' 0)

0z, 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 % et —%. One can then define two wave functions by :

{77+;():1 ):0
n-1(3) =0 n 1

or, more compactly,
Ny (0) = o0

These functions build an orthonormal basis :

> i (0)N0y(0) = 6510, (to be checked)
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In this basis, the operators S*, SY et S* act according to :

SZTIU = ho_na
Szna = %7}70'
SYn, = thon_,

The eigenfuntions are thus labeled by two indices :
Dk (I‘ O_/) — Leik.%7 (OJ)
ag Y \/ﬁ g

The creation and annihilation operators are thus given by :

of, and ¢

Similarly, the field operators are defined by :

\IJ(I‘,O') = ZngU/(I‘,O')CkUI

k,o’
- Z\/lﬁeik.r(saa’cka’
k,o’
1 ik.r
= Zk: ToC
= Z‘Pk(r)ckrf
k

and

UH(r, o) = > pilr)cg,

k
6.5.2 Operators
There are two one-body operators :
Kinetic energy
Ho = T = S
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Potential energy
Hpot = Z U(I‘Z)

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(rz - rj)
]

The factor % has been introduced to count each pair only once.

6.5.3 Hamiltonian in second quantization

h2A
_ + *
o= ¥ s [ A (1) (<52 ) a0
kiksoioo a
* _ 1 —ikl.I‘
or gpklo‘l (I‘,U) - 7Qe 50'0'1
_ 1 _iko.
@szQ(ra U) - ﬁez : I‘5002
dr . _h’k? .
_ + —iky.r 2 iko.r
= M = 2 Gastia | e TR
kikso
. RK
= Z Ck10Ckao 2 5k1k2
kikao
h?k?
_ +
Hkln - Z m, CkoCko
ko
H _ Z + @Z —ikl-I‘U( ) ikg.l‘5 5
pot — CklglckQUQ 0O € rje oco1Yoos
kiksoioo g
dr . .
. + —iki.r iko.r
= Z Colhar | € U(r)e
kikoo

Let us define the Fourier transform of the potential by :

~ d .
U(k) — lefzk.rU(r)
Q
This leads to : )
Hpot = Z Ci{"_lgckQUU(kl - k2)
kikso
or :

Hyoy = Y U(a)ef s g0 ko
kqo
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The operator :

_ +
-q = Z Ck4qoCko
ko

is the Fourier transform of the density operator. Indeed,

() = Lo
pr) = Y,V (r,0)¥(r, o)

:>pq — Q fzqr Z efzklr iko. rci(i_lo'ckQO'
kiksoo

_ +
- Z CroCk+qo

One can thus write :

Hoor = Ulq)p-

1
_ + +
Heow = = Z Ck101Ckoos Ck3os Ckaoy
kikoksky
01020304

/dI‘dI’ Z ()Oklo'l r U)(pkgag (I' o )V(I‘ - r/)gpk303 (rlv 0/)90k404 (I', U)

The integral is given by :

drdr’

» . ;. ;.
o V(I’ . r/)e zk1.r6 iko.r 6zk3.r ezk4.r250106020/503015040

oo’

0 0

og1o04Y0903

or, defining R =r —r’:

dRdr’
QQ
_ dR —i(ki—ks).R dr’ —i(k1+ko—ks—ky).r’
= S —V(R)e o€

V (k1 —ka) Okcy ko gty

V(R) o~k -(R+r/)e—ikz-r’eik3-r'eik4-(R+r/)

Heou = = Z Vi(q A) 64 qo O qor Ci'o? Cheor
kk’qao

With the help of the density operators, this can also be written :

1 o -
Heou = B} Z V(a) (pgp-q — N)
q
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Nota Bene : This expression is valid with the definition V(q) = [ Ee~ a7V (r).
If one defines : .
V(q) = / dre="9V (1)

which, for Coulomb potential, leads to V(q) = 4252, then the Hamiltonian in second
quantization takes the form :

1
H, = 20 > V(Q) G4 4o O —qor Ol Cicor

kk’qoo’

This the form that is generally used. The inverse Fourier transform is then given

by : .
V() = g S Vi@

or, for Coulomb potential :

e? 1 4me?

%qQ

eiq.r.

2|

r



