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Abstract

Strong correlations are important for the understanding of many phenomena in modern condensed matter phys-
ics. Examples are high temperature superconductivity (Nobel prize 1987 http://www.nobel.se/physics/
laureates/1987/index.html), the fractional quantum Hall effect (Nobel prize 1998 http://www.nobel.
se/physics/laureates/1998/index.html) or quite recently topological phase transitions in two dimen-
sions (Nobel prize 2016 http://www.nobel.se/physics/laureates/2015/index.html). The theory for
strong correlations needs new concepts and methods to describe such phenomena and to solve the corresponding
models. The aim of this course is to provide these methods, to introduce the models, and to help understanding
the phenomena in strongly correlated systems. Not the only one but the most important model to describe
strongly correlated Fermions is the Hubbard model. In the modern theory of strong correlations it plays the
same role as the Ising model in statistical physics: It serves as a standard model to describe and understand most
of the phenomena in strongly correlated systems. The Hubbard model was initially introduced to describe the
physical behaviour of transition metals, to understand magnetic phenomena in itinerant electron systems (fer-
romagnetism, anti-ferromagnetism, ferrimagnetism), to describe the Mott transition, and to describe 7-electron
systems in quantum chemistry. In one space dimension it describes a Luttinger liquid. Although the model has
a very simple structure, the behaviour depends strongly on the parameters, the interaction strength, the density,
and the underlying lattice. In this course we try to give an overview over the physics of strongly correlated
electrons and the Hubbard model.

The students are expected to know quantum mechanics and statistical physics. Some knowledge in condensed
matter physics is helpful as well.
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1 Interacting Fermions and Bosons

1.1 The Hubbard model

As mentioned in the abstract, the Hubbard model serves as a standard model for strongly correlated electrons.
The Hamiltonian of the Hubbard model is given by

H = Hyn, + Hww = Z teyCr.6Cyo + UZC;TCjcicxich (1.1

X0 X

The model describes electrons in a tight binding approximation on a lattice. x,y denote the lattice sites. o € {1
,4} denotes the spin of the electron. ¢ is a creation operator for an electron with spin ¢ on lattice site x, cxo
is the corresponding annihilation operator. The first part of the Hamiltonian describes the hopping of electrons
on the lattice, ,y is the hopping amplitude. The second part describes the interaction between the electrons.
Usually we assume the interaction to be repulsive, i.e. U > 0.

The model was proposed independently by J. Hubbard [25] for the description of transition metals, by J.
Kanamori [28] for the description of itinerant ferromagnetism, and by M.C. Gutzwiller [19] for the description
of the metal-insulator transition. In Quantum Chemistry, the model is popular as well, and was introduced
ten years earlier [58, ?, 60]. Under the name Pariser-Parr-Pople model it has been used to describe extended
m-electron systems. Recently, it has been used to describe high temperature superconductors.

Today, the bosonic Hubbard model is of some interest as well. Its Hamiltonian is

. U
H = Hyin +Hww = Y frycicy + 3 Y ni(ne—1) (1.2)
X

X,y

where now cl, ¢, are creation and annihilation operators for bosons.

For students who are not familiar with the notation used in (1.1,1.2), we introduce creation and annihilation
operators in the next section. Students who are familiar with this notation may skip that and may continue
reading from section 1.3.

1.2 Quantum Systems with many Particles

In reality, almost any system contains many particles interacting with each other. A single particle can be
described by a wave function, which is an element of the single particle Hilbert space. The Hilbert space of two
or more distinguishable particles is a product of the Hilbert spaces for single particles. For identical particles,
the situation is different. Here, the type of the particles is essential, they may be either fermions or bosons.
The multi particle wave function for bosons has to be symmetric, for fermions it has to be anti-symmetric
against permutations of particles. The goal of the subsequent sections is to obtain a compact notation for such
multi particle states using creation or annihilation operators for particles. We introduce them first separately for
bosons and fermions.
Many of the concepts in this chapter may be found in standard text books like [56].

1.2.1 Creation and Annihilation Operators for Fermions

Let {¢;(7,0)} be an orthonormal basis of single particle states. We denote the coordinate and the spin by
q = (¥,0). In the case of fermions, a basis of N-particle states can be build out of Slater determinants of the
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single particle states:

0 (q1) 0i(q2) - 0i(gn)
il,iz,...,iN>—\/;7‘ %(:m) ¢i2(:QZ) %(fizv) (13)

Piv(q1) Oiv(q2) - Piy(qn)

This state can be written in the form

L 1 ~
|117127“'71N> = W Z (_1)PI_Il¢ij(qP(j)) (1.4)

PeSy J=

Because of the construction as a determinant, the state is anti-symmetric if one permutes a pair of indices, as it
should be for fermions.

i1y eesiay ey @By ey iN) = —[i1, ey iBy ey lry ey IN) (1.5)
Normalisation:
(i1,02y ey iN|i1, 02y ey iy = 1 (1.6)
Orthogonality
o Yr(=D)P T Sjipy  IIN=M
= e 1.7
(15 J2s s JN i1 02, e ing) { 0 iEN £ M. (1.7
We now define the creation operator of a particle in the state i by
ity iy ooy in) = |iyi1, 02,y in) (1.8)

¢! maps states with N onto states with N + 1 particles. The right-hand side may vanish, this happens if and only
if one of the indices i; = i. One has

C;C}‘il,iz,...,l}w = |i,j,i1,i2,...,iN>
= _|jai7i17i27"'7iN>
= —clellit iz, oryin) (1.9)

This holds for all states, so we have

c}c; = —C;CI (1.10)
Therefore we have ¢jc] = 0. Furthermore one may write
|i1,i2,...,iN> :cj.lc}z...c;v\vak.) (1.11)

For each operator ¢} we introduce the hermitian conjugate operator c;:

<j1,...,jM‘Ci‘i1,...,l'N> = <i1,...,l'N‘C”jl,...,jM>*
= <i17-'-7iN‘i7j17"'7jM>*
B { 01,i0,j--- — 0iy,j, 0p,i £ ... alltogether N! permutations, if N =M +1
- 0

N £M41.
= 51'17,'<l.2,...,iN|j1,...,jM>* — 6i27l'<i1,l'3,...,iN|j1,...,jM>* =+ ... (Nterms). (1.12)
and therefore
C,"i],...,iN> = 6i17i|i2,...,i/v> — 5,'2’,-|l'1,l'3,...,i1\/> +... (Nterms). (1.13)
and
cilvak.) =0 (1.14)
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The commutation relations for the creation operators ¢; can be carried over onto the annihilation operators c;:

CiCj = —CJ'C,'

(1.15)

We now introduce the anti-commutator [A, B]. = AB + BA for arbitrary operators A and B. Then we may write

el =0, fenej)s =0

i
Because of
cicjlit, ..., in) = 8, jlisia, ..., in) — 8y jli,i1,13, .. in) + ...
cictlit, oin) = 8ijlin, oousin) — Oy iy 02y ey in) 4 Oiy |1, 01583, ey in) + ..
we obtain

(cjci +cici)it-sin) = & jlit, -in)
and since this holds for any state, we have
[ciscjly = 8

1.2.2 Creation and Annihilation Operators for Bosons

Bosonic wave functions are symmetric. Therefore we could make the ansatz, in analogy to the fermions

. . . _ 1 .
li1,i2,...,In) = W;H%(WU))

(1.16)

(1.17)
(1.18)

(1.19)

(1.20)

(1.21)

But this state is not normalised. Since these wave functions are symmetric against permutations of two indices,
they do not vanish if two indices are identical. Let n; be the number of particles in the state i. Then we have

<i1,i2,...,iN‘il,iz,...,iN>: H n;!
iE{i|,...,iN}

Therefore, the correct normalisation is

. L 1
|11,12, ...,lN> = \/N!Hie{ih,_,l‘,\,} o ;I;I(])zj(QP(]))

and therefore

SR 0 ; ifN=M
<j17j2a""jN|ilai27-..,iM>:{ (I)—Iie{il riM}n"!ZPHk Jhotp(i)

For bosons, the creation operators can be defined as

ciliv iz, onsin) = v/mi+ 1iyir, i, .hin)

if N M.

(1.22)

(1.23)

(1.24)

(1.25)

Here, n; is the number of particles in the single particle state i contained in |iy,i2,...,iy). This is in complete
analogy to the operators one introduces in the typical text-book treatment of the harmonic oscillator.

The hermitian conjugate operators to ¢} are ¢; and we obtain:

<j1,...,jM‘Ci‘i1, ...,iN> = <i1, ...,l'N|C”j1, ...,jM>*

= n,-—{—1<i1,...,iN\i,jl,...,jM>*

n,+1{ 0i,i0,,j, --- + i, j, 0pp,i + ... alltogether N! permutations, if N =M +1
[lregiy,..iyynie! L O if NAM+1.
= n_|_1 (8i17i<12’"'71N|.]17""]M> +6[2,i<llal3a"')lN|]17"".]1W> +) (Nterms).

1

(1.26)
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Here again n; is the number of particles in the single particle state i contained in |jy, ..., jy/). This means

C,“l] , ---,lN> = ﬁ (51‘. _’,"12, ...,lN> + 6,‘271"11,13, vy lN> + ) (Nterms) (1.27)
1
where now 7; is the number of particles in the single particle state i contained in |ij,...,iy) (one particle more
than in |ji, ..., jir)). In complete analogy to the fermionic case treated before, we obtain

[ci,ej]l-=0 (1.28)
[ci,cjl-=0 (1.29)
[ciycl]- =8 (1.30)

where now |[.,.]_ is the usual commutator. The creation operators can be used to form the multi particle states:

.. . 1
li1,i2,.yin) = -G}, €y -C, [Vak.) (1.31)

Hie{i1 peein TV

Summary: Creation and Annihilation Operators

We introduce the variable §, which is —1 for fermions, 41 for bosons. With the help of this variable, we may
write the formula for both types of particles in the compact form

lit, 2.y i) = N iN}ni!;CPr/[¢ij<qp<,->> (1.32)

.....

(1.33)

YR P TI §) i if N=M
<j1aj27...ajN|i17i2,...7iM>:{ Hie{ilv"‘iM}n"!ZPC Wiy 1

if N # M.

cllitsiz, .oyin) = /ni+ 1iyi1,ia, ..., i) (1.34)

it o) = lnl_ (8i il osin) + EOi it i3, osin) + o) (N terms) (135)
(1.36)

(137)

(1.38)

...c; |[vak.) (1.39)
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1.2.3 Single particle operators

Let us now discuss the operator

N
N=Y cic (1.40)
i=1
One has
C;C,' i],...,iN> = (51'171‘4-6,'27,'4- .t 6iN,i)’i]7"'7iN> (1.41)
and therefore
Nlity...,in) = N|i1, ...,in) (1.42)

N is the particle number operator. It is a single particle operator, since it may operate on single particle states.
Any single particle operator T (for instance the kinetic energy or a potential) operates on the single particle
basis. One has

T|i1> = iti’il |l> (1.43)
i=
We consider first operators which are diagonal in the chosen basis
T|i) = 1]i) (1.44)
For N-particle states we have similarly
Tlit,...,in) :Ztij]il,...,im (1.45)
J

The operator acts on each particle independently. We now want to show that 7 can be written as

T =Y ricjc; (1.46)
i
With this form of T we calculate
Tt 2y} = T iy o) = e [T, 2y i)+ — e iz, i) (147)
11,02, .c0yiy) = T ——=c! |i2,...,in) = —=|T,c: ||i2,...,I —=c; T'|ip,...,1 .
1,12 N ni1+1”2 N o L2 N R 2 N
and further on
[T,c}] =Y tilclci,c} ] = tic], (1.48)
i
T‘i],iz,...,iN> = tillil,iz,...,iN>+C;lT|i2,...,iN>
= Y ailit,.sin) (1.49)
J

which shows that the representation (1.46) of T is correct.

We will deal with single particle operators which are non diagonal. Since any hermitian operator can be
diagonalised with the help of a unitary transformation, we have to know how a unitary transformation acts on
the creation and annihilation operators. Let us introduce a new basis |0t) = ¥ uq|i) where U = (uq;) with
ug; = (ijor) is a unitary matrix. Let ¢, be the new creation operators. We have

chlvak.y = o)
i
= ) uaic)|vak.)
i

= Y (ali)"cf|vak.) (1.50)

i
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and therefore we let

co =Y (ila)c] (1.51)
c; :Z(amc; (1.52)
Ca :Z<a\i>ci (1.53)
ci=)Y (ila)cq (1.54)

Then we have
T = ZZ‘,’C}CZ'
= Z t; (o)i) (i| B) ca(:ﬁ
io,p
= Y i pciucp (1.55)
a.pB

This is the general form of a single particle operator.

Examples:

e Potential: V (7)
= [ o GV @) (1.56

e Kinetic energy:
tij —/d3r¢l ( >¢J( 7) (1.57)

In the orthonormal basis ¢ T exp(ik - ¥) X one obtains
w2
T = p ﬁckccao_ (158)
k,o

1.2.4 Interactions

The aim of this course is to treat interacting systems. Almost any interaction is an interaction between two
particles. Such interactions can be described as two particle operators. Generically, we cannot expect that
interactions are diagonal in the multi particle states constructed out of a given single particle basis. But, for
simplicity, we will start with this case. Let V be the operator of the interactions, then, in this basis, we have

|i, j) is a two particle state. For matrix elements of states with N particles, we obtain

(i inlV]ir...in) = ZCP§Z<JPkaJPk/\V|lk7lk'> [T Grlir)

P k£K s

= ( Z‘/tk,lk,> - Jnliv- i) (1.60)

KAk

10



1 Interacting Fermions and Bosons

Here %Zk#/ is the sum over all pairs of particles in the states |ij...iy). For i # i, the number of pairs of
particles in the states i and i is n;ny. For i =7, it is n;(n; — 1). The number of pairs therefore is

mnj—& i = cjeicicj— 8 jeici
= {cicleic;
= cicicje (1.61)
Therefore we have ) |
V=3 Y Vijeicjesei = ) (i, IVIi, j)cicjejei (1.62)
i,j i,j
Transforming this into a general basis, we obtain
1 . .
VZEZ <l,]’V’k,l>C:C;clck (163)
L

j7k7l

This is the general form of any two particle operator. Each two particle interaction can be written in that form.

The representation of any operator, e.g. the Hamiltonian of a given model, with the help of creation and
annihilation operators is thus a simple short form of writing down the matrix elements of that operator in a
multi particle basis that has been constructed from a single particle basis by either forming completely anti-
symmetric states, Slater determinants, in the case of fermions or completely symmetric states in the case of
bosons. The advantage of this representation is the simple algebraic relation ship between the creation and
annihilation operators in the form of commutation relations (bosons) or anti-commutation relations (fermions).
Many calculations are much easier in this representation.

1.3 Coherent States

Creation and annihilation operators map states of one Hilbert space onto states of another Hilbert space. A state
with N particles is mapped to a state with N 41 particles. Successive application of creation and annihilation
operators yields states out of Hilbert spaces with an arbitrary number of particles. The direct sum of all Hilbert
spaces with N particles, N =0,..., o is called Fock space. The entire Fock space can be spanned by applying
creation operators onto the vacuum. In many cases it is useful to work in the Fock space instead of a Hilbert
space with a fixed number of particles. This is esp. the case, if the number of particles is not a good quantum
number, as e.g. in the case of phonons, or if one treats a problem in a grand canonical ensemble.

Up to now we used the N-particle states built out of single particle states as a basis of the Fock space. There
is another, actually over-complete set of states which proved to be useful, coherent states. These are eigenstates
of the annihilation operators.

First of all, it is easy to see that a creation operator cannot have an eigenstate. Suppose that such an eigenstate
exists. It would be a sum of states of a different number of particles. Within this sum, there would be necessarily
a state with the lowest number of particles. The creation operator acting on this state would increase the lowest
number of particles by one. Therefore this sum of states cannot be an eigenstate.

A corresponding argument does not exist for the annihilation operator, since in the Fock space, there is no
state with a maximal number of particles. Suppose that we have got an eigenstate of the annihilation operator,
ie.

cil@) = ¢il9). (1.64)

For bosons, annihilation operators commute. Therefore their eigenvalues are usual complex numbers. We shall
see later that for fermions, this is not the case.

11



1 Interacting Fermions and Bosons

1.3.1 Coherent States for Bosons

A state with n; bosons in the single particle states |i), i = 1,...,N can be written in the form
N
Ini,n,...,n I]:( >|Vak> (1.65)
i=1
One has
cimisna,.cnn) = il n, o= 1) (1.66)
For the coherent state |¢), we make the ansatz
0)="Y.  Oum.mylninz,...ny) (1.67)
ny,ny,..., ny
The condition ¢;|¢) = ¢;|¢) yields
¢i¢n1,.‘.7n;,...,nN = n; + 1¢n17...,ni+17...,nN (168)
and therefore
N ¢{1f
Ony ooy = H l T (1.69)
i=1 Vi
Finally we obtain
o = % TT(%er ) ma)
ny,n2,.. 0N i=1
= exp Z dic})|vak.) (1.70)

A creation operator acting on this state yields

cllo) = clexp Z¢, )|vak.)

- a¢l|¢> (1.71)

Now we calculate the scalar product of two coherent states:

(v]p) = Z Z H(W’ I¢’1> (my,...,mylny,...,ny)

[I7HI
SAN M. N n

ll,l*n,q)lnl
- )

AN 1

= exp()_ v/ ¢n) (1.72)
i
One can show that coherent states are overcomplete. This property is very important. We now show that
| Polew(- X o7 olo) 0l =1 (1.73)

where we use the notation
il d(Re;)d(3¢;)

D[¢] = p- (1.74)

i

12



1 Interacting Fermions and Bosons

To show this, we calculate the commutator

d
[ci [9)(9]] = (¢ — 8¢,-*)|¢><¢| (1.75)

One obtains

. [ Dlglexp(~ Y07 9910)10]] = [ Dlolexp(~ L6700~ 57:)10)(0 (176

Partiell integration of the second term on the right hand side shows, that the commutator vanishes. Therefore,
the operator [ D[¢]exp(—Y; 9, ¢;)|¢)(¢| commutes with all annihilation operators c;. Therefore, it must be a
number. To calculate that number, we take it’s expectation value in the vacuum. We obtain

| Dlolexp(= X6 ) vacg)(olvac.) = [ Dlojexp(~ Y976 =1 (77

This shows the completeness.
A trace of an arbitrary operator A can be expressed as

Tia = [ Dlglexp(— L 07 9)(01A19) (1.78)
Similarly, we can expand an arbitrary state |f) in terms of (l:oherent states
1) = [ Dlolexn(~ X 670)(611)16) (1.79)
The expression |
F97) = 01f) (1.80

is the representation of |f) in terms of coherent states, like f(x) = (x|f) is called coordinate representation of
| f). In this representation, the annihilation operator is simply the derivative

ity (9 C_9f(9")
el = (r1ele) = (gtrio)) =52 (181
and the creation operator is the multiplication operator
(@lcilf) = (Fleil @) = (9i(f19))" = 6 F(97) (1.82)
so that we write 5
ci= 3#@*’ cl=¢; (1.83)

This representation fulfils the usual commutation relations. As a consequence, the Hamiltonian, which is usu-
ally expressed by creation and annihilation operators in some form H({c},c;}) can be written as H ({¢;", a%_*})
in the coherent state representation and the eigenvalue equation is

)
H({¢i*aw})f(¢*) =Ef(¢7) (1.84)
Matrix elements of an operator A({c},c;}) are
(@lA({c].cih)lw) =A{97 vi}) exp(} 97 vi) (1.85)

where one has to take into account that all creation operators must be placed left of all annihilation operators
(normal ordering).

The expectation value of the number operator n; = cjc; is therefore ¢;¢; and the expectation value of the
number of particles is N = ¥ ; ¢;* ¢;. Furthermore

A7 AT\2
W =) 6/ 9i=N (1.86)

so that the relative deviation of the particle number from it’s expectation value is o< N~1/2.
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1 Interacting Fermions and Bosons

1.3.2 Grassmann Algebra

We saw that coherent states for bosons may be useful. In the following we will often make use of coherent
states. The goal of the present section is to introduce coherent states for fermions. To do this we need to
deal with objects which anti-commute. Such objects are called Grassmann variables. One can define usual
operations for them, they form a so called Grassmann algebra. The goal of this subsection is to introduce the
main ideas behind this concept. An excellent introduction (in German) on Grassmann variables is the script by
Franz Wegner [76].

A Grassman algebra is built up from a set of generating elements {&;,i = 1,...,N}. It contains all polynomi-
als of these generating elements with complex coefficients. The fundamental rule is
&i&j+8;&i=0 (1.87)
and therefore
E2=0 (1.88)
In the following, we use an enlarged Grassmann algebra, that is formed by the generators {&;,&*,i=1,...,N}.
The symbolic operation * obeys the following rules
(&) =& (1.89)
(&) =& (1.90)

(&G&j) =& & (1.91)
We now consider functions of the variables & and . These are polynomials of & and &, where in each
monom, a factor & occurs only once, since its square vanishes. Known functions are defined by their Taylor
expansion, which terminates automatically. E.g. one has exp(&;) = 1+¢;.
Having defined functions, the next point is to define derivatives. One has

d
d&i
For a product of variables, one has first to interchange the variables so that the variable and the derivative are
close to each other. For example, one has

d d
& 9&;
The derivative of an expression with respect to a variable vanishes, if the expression does not contain the

variable. Similarly, all other known rules like the product rule hold, except for additional signs which occur
due to the exchanging of variables. Like variables, derivatives anti-commute:

99d _ d 9
951‘ aéj agj aéi

Next we define integrals. Clearly, there is no integral which is analogue to the usual Riemann integral for real
numbers. The idea is to define the integral as a linear mapping of functions to real numbers, which behaves
similar to integrals of usual integrable functions which vanish at infinity. Furthermore we need that the integral
of a total differential vanishes. There are various possibilities to define the integral, a typical convention is

E=1 (1.92)

Ei&k&i6i = 55 (—8E &&) = —E: &8 (1.93)

(1.94)

/d&j 1=0 (1.95)

/dgg —1 (1.96)
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The same must be true for the &*. But one has to pay attention concerning anti-commutation and signs. For
instance, we have for

f(&1,8) =ao+ai& +arbo +anéi& (1.97)

/d€2f(€17§2) =a)—ané (1.98)

and

/dﬁldézf(ghiz) = —ap (1.99)
but

/dézdélf(él,éz) =ap (1.100)

The expressions d&; anti-commute like the variables &; itself. With these definitions, arbitrary integrals can be
calculated, for instance one obtains

[dgrazep(-£'¢) = [agras1-¢g) =1 (1.101)

We now define a scalar product for functions of Grassmann variables. Let f and g be functions of &i,..., &y,
then we define

(f1e) = [ DIEJexp(~ L EE)S (G- En)glE - &) (1.102)

where

D[g] = [](d&/d&) (1.103)

i
Using Grassmann variables we can now construct coherent states for fermions.

1.3.3 Coherent states for fermions

First, we need a convention about the behaviour of a product of Grassmann variables and creation and annihil-
ation operators for fermions. It is natural to choose

[ei,&j]+ = [c}. &)+ = [c1, &} ]+ = ¢}, &;]4+ =0 (1.104)

for all i, j. As an ansatz for the coherent state we take

|E) = exp(—Zém})]vak.} =[] =&c))|vak.) (1.105)

1

The second expression can be obtained from the first by taking into account that all the expressions ¢} com-
mute with each other so that the exponential of the sum is a product of exponentials. Furthermore each annihil-
ation operator ¢; commutes with ;¢! if i # j. For i = j we have

cibic; = —&icic} = —&i(1 — cjci) (1.106)

1

This now yields
¢il§) = &il&) (1.107)

which is indeed the defining property for coherent states.
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1 Interacting Fermions and Bosons

Let us now calculate, how a creation operator acts on a coherent state.

cilé) = c(1=&c) (1 —E;c))lvak.)

J#i
= ¢ H 1-&jc})|vak.)
J#i
J ¥ t
- —75,(1 — &) (1 - &e) vak.)
J#
- ~3 7 1e) (1.108)
For the scalar product of two coherent states we obtain
(&) = (vak | TT(1 = ) (1 — e vak.) = [T+ & 2) = exp(L.& ) (1.109)
Next we want to show the completeness relation
[ Pllexn(- T8 )18 (1.110)
To do this, we define
E~ [ Diglexp(~ L& E)IENE] (L1
and show that
<ila"'7in|E‘jla°")jm> = <i17--~7in’jla~"jm> (1112)
holds. First, one obtains
<i1,...,in|§> = (Vak.]cin ...Cil|§> = é,‘n ...5,‘1 (1113)
and therefore
(1l Eljtin) = [ PIEITIO -8 808808, (1114
Furthermore, we have
/dé*dé(l —&r&)&E =1 (1.115)
[agrag(1-ge)E =0 (1.116)
/déi*déi(l_éi*éi)éi* =0 (1.117)
/déi*déi(l =&&) =1 (1.118)
This first of all means that one gets a non-vanishing contribution only if n = m and {i1,...,i,} = {j1,.--,jm}-

If this condition is fulfilled, the only thing that remains is to permute the &;, so that they occur in the same order
as the & .- The result is simply the sign, one gets, if one calculates the scalar product in (1.112). This shows the
completeness relation. Using it, we directly obtain

Tid = [ DiElexp(~ L& E)(-EMAIE) (1.119)

where the additional minus sign in (—&| occurs because we have to exchange |§) with (&], so that each Grass-
mann variable gets an additional minus sign. Due to the completeness relation one has also

— [ Diglexp(- L&) (-E10IE) (1.120)
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1 Interacting Fermions and Bosons

and we can define the expression
f(&7) = (=¢lf) (L.121)

like in the bosonic case as the coherent representation of a state | f). One obtains directly

(=Eleilf) = ((fleil=8))
d

T
= aéi*f(g ) (1.122)
and similarly .
(=Eleilf) ==& f(S7) (1.123)

The creation operators ¢} and the annihilation operators ¢; for fermions in the coherent representation are
therefore simply —&;* and a%*' The anticommuation relations are clearly fulfilled. Like in the bosonic case, we

obtain for a normal ordered (creation operators left of all annihilation operators) operator A({c},c;})

(ElA{ci,eib)lx) =A{E xib)(Elx) (1.124)

An important point is that these are not real numbers. For instance, the expectation value of the number
operator is Y; &*&; and this is not a real number. In contrast to the bosonic case, fermionic coherent states are
not elements of the usual Fock space. Nevertheless they are useful.

Summary: Coherent States

Let |¢) be a coherent state for bosons or fermions. Like above, we introduce { = 1 for bosons and { = —1 for
fermions. Then we have
cilg) = il¢). (1.125)
5 d
Cé\¢>=€a¢_\¢> (1.126)
(wl9) =exp(} v ¢;) (1.127)
[ Dlslexn(~ ¥ o1 0lo) (o] =1 (1128)
Tid = [ Dlg]exp(~ ¥ 07 9)(01419) (1.129)
1) = [ Dlglexe(— X.676)(Co11)l0) (1.130)
f(97) = (Eo1f) (1.131)
Ci:aj;;*’ ci=C¢f (1.132)
(@lA({c).cih)lw) =A({97 yi}) exp(} 97 vi) (1.133)

The last expression is true for normal ordered operators only.
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1.4 Gaussian Integrals

In the following we will often need to compute Gaussian integrals for complex variables or for Grassmann
variables. For complex variables, one has

/ exp Z‘Pz l]q)] +ZZ1 ¢l +ZZ1¢1 detH exp Zzl lJZ] (1134)
where H = (h;;) is a matrix with a positive hermitian part. For Grassmann variables we have similarly

/ Jexp( Zé hij&; +le €I+Zaa = [detH]exp Zx, Nixi) (1.135)

Let us derive these two relations.

First for complex variables: If H has a positive hermitian part, the inverse H ! is defined. Completing the
square as usual, we can introduce a new integration variable y; = ¢; — Y ;(H -1y, jzj. The left hand side of
(1.134) becomes

/ y]exp( Zw, z,%+2z, Nijz)) (1.136)

Next we diagonalise H using a unitary transformatlon. LetU be this unitary transformation. The we introduce
O = Z.,'(U_l )ijl[/j. We obtain

Y ik =Y hio) ¢ (1.137)
ij i
where h; are the eigenvalues of H. Furthermore, we have
dRY;d3 ¢; . 1
/‘P;T(Plexp(—hiq)i o) = (1.138)
1

which finally yields the desired result.
For Grassmann variables, one can do the same. The problem is, that up to now we have not introduced
substitutions of variables in integrals. Let us therefore treat a general integral

JEGTCRR-N=Y (1.139)

and let us introduce a transformation of the form & =Y ;u;n;, § =Y ; u;;M;. The only non-vanishing contri-
bution in the integral over & comes from the term in f which contains each variable exactly once as a factor.
Let us denote this last term fo [T; §:&*. Then, fo is the integral. Let us now calculate

[Pl ) &)o' = fo [ DTy L) (1140

The polynomial expansion of the right hand side can be calculated. This yields

fo/D 1Y [Twirmpupmy, (1.141)

PP i

where the sum runs over all permutations. Now we can calculate the integral. We obtain
fo X (=D TTur Y(=1)" Tujp = fodetU detU" = fo (1.142)
P i P i

This means that substitutions in integrals over Grassmann variables can be done as usual. For the Gaussian
integral, one obtains in the end

/dn*dn, exp(—hin;ni) = h; (1.143)
This finally yields (1.135).
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1 Interacting Fermions and Bosons

1.5 Functional-Integral Representaion

In the following we want to deal with a system of interacting particles. We consider first systems where the
particle number is a good quantum number. Let us assume that we have a usual two-particle interaction. Then,
the Hamiltonian is of the form
A= ZS,C ci+ Y, Vijricicicick (1.144)
i,j,k,l
The single particle contribution contains typically the kinetic energy and some single particle potential. We
assume, that this contribution can be diagonalised, and we chose the basis for the representation of the Hamilto-
nian such that it is diagonal. Furthermore, we assume that we have a finite system where the single particle
energies & are discrete. Eventually, we may take the thermodynamic limit in the end.
Having such a system, one typically wants to calculate expectation values of some operators A = A({c},c;}).
At finite temperatures, they are

(A({cj,ei})) =27 TrlA({c], ci}) exp(=B(H — uN))] (1.145)
where 8 = 1/T is the inverse temperature, i is the chemical potential and
Z = Trexp(—B(H — uN)) (1.146)

is the grand canonical partition function of the system. The traces are calculated over the entire Fock space. We
shall calculate the traces using coherent states. We calculate first the partition function, which yields directly
some of the important thermodynamical quantities. We have

Z [ Dlglexp(~ X0 0)(Clexp(~B(H — uR))|g) (1.147)

The first problem now is that  and N are normal ordered, but exp(—B(H — uN)) is not. For small values of &
we have

exp(—&(H — ulN)) =: exp(—&(H — uN)) : +0(&?) (1.148)
where : . : means that the expression is normal ordered. To see this, simply expand the exponential on both
sides. Next we write

A [ N
exp(—B(H — p¥)) = |exp(~ 4~ (7 — i) (1.149)

We will choose M sufficiently large so that /M is small. Then, the term in the parentheses on right hand side
is normal ordered up to a small error. We now obtain

2= [ Dlolexp(~ L0 0)(Colexp(— (A~ u)...expl(~ DA - uflo)  (1150)

where the expectation value contains M factors. Between each pair of factors we put a 1 which we write as
| Dléjexn( - X0 10) 0] = (1151)

Doing this, we have to change our notation a little bit. Since there are M factors,we need M coherent states.
The states are denoted by |¢x), k = 1,...,M. The variables |¢) depends on are denoted by ¢; x. The first index
denotes the single particle states, the second the coherent states. D[¢] is now the integral over all variables ¢;
and ¢;",. Furthermore, I introduce ¢o = {¢y;. Then we obtain

M

2= [ Dlolexp(- ¥ 0ix0) [Tiorlexp(— L (- uilo (1152)
* ik

k=1
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1 Interacting Fermions and Bosons

Up to an error of the order O(M~?) we can use the formula (1.133). This yields

Z= lim Zy = lim [ D[g]exp(—Su[9)) (1.153)
- o ((Oik—Dik—1 .
Sulol =€) | ) 0% f—ﬂ@,lﬁl +H ({9 % Pik—11}) (1.154)
=1 |7

where € = f3/M. Typically one introduces in the limit M — oo the function ¢;(7), where ¢; x = ¢;(€k). Then we
may write

Oik— Pik—1 _ Pi(ek) — ¢;(ek—¢) . d¢i(t—07)

- = - 52 (1.155)
M B
d (1.156)
81;1%/0 T
and
B d
slo]= [ as (Z@*(r)(ar—u>¢,~<r—o+>+H<{¢,-*<r>,¢i<r—o+>}>> (1.157)
Z= D ) 1.158
oo Pl0lexp(=S[0) (1.158)

These expressions are called functional integrals. We obtained a functional integral representation of the ori-
ginal model Hamiltonian. Often, it is easy to perform calculations using these expressions. But one should
always keep in mind that (1.158), (1.157) are meant as limits of the expressions (1.153), (1.154).

The problem is now to solve these integrals. We will do it first for the non-interacting system.

1.6 The non-interacting system

In a system without interaction one has
A=Y &cic (1.159)
i

Therefore u
Sulo)=¢ Y. Y o7 (q)i’k _f"’k_‘ + (& — .u)¢i,k1> (1.160)
k=1 i

and the integral in (1.153) is a Gaussian integral. We obtain

M O
Z = lim [ D[¢]exp (‘822(155} (W""(ei_ﬂ)q)i,kl))
=17

M—»o0
M o — (.
= A}ignwl—I/D[m exp (‘8 Y o4 (W + (& —H)¢i,k1>>
i k=1
= lim [][dets®?]~¢ (1.161)

M—o0 ;

where S is the M x M-matrix

1 0 —Ca
—a 1 0 0
. 0 —a 1 - :
s — . (1.162)
0O —a . 0
0 1
0 —a 1
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1 Interacting Fermions and Bosons
with
a=1——(g—u) (1.163)

The entry —{a in the upper right corner stems from the condition ¢; o = {¢; ;7. We expand the determinant and
perform the limit M — oo. This yields

Agii)nmdetS(i) = A}iinm[l%—(—l)MC(—a)M]
o Blei—mw)\"
= A%IL‘L,[“C(I—M) ]
= 1—Cexp(—B(&—n)) (1.164)

The partition function therefore is
z =TTt - Cexp(~Ble—n)) (1.165)
i

This is the well known result for free fermions or bosons. We obtain the corresponding expressions for the

occupation numbers as
1dInZ 1

B de  exp(B(&i—u))—¢
and any further well known results for the free system can be obtained as well (see e.g. L.D. Landau, E.M.
Lifschitz, Theoretical Physics, Volume V, Statistical Physics, Chapter V).

For later purposes it is interesting to take a closer look on the last result. We obtain the identity

_l&an
B dei

(cici) =ni=—

(1.166)

(cici) =

(1.167)

by taking a derivative of the partition function Trexp(—B(H — uN)), expressed by creation and annihilation
operators. The derivative can as well be written as calculated from

Z= lim D[¢]exp (—eZZq),k(w (Si—,u)(])i,k—l)) (1.168)
This yields
M M b
gz = lim [ D[9] |—€ ) ‘Pifk@,kl] exp (‘8 Y Y 9k <¢lk¢lkl + (Si—li)¢i,k1)> (1.169)
& Moo k=1 k=17 €
10dInZ
S ﬁ/ dt{¢; (t)g:(t—07)) (1.170)

Here, —0* in the argument of ¢ denotes that the argument of ¢ has to be infinitesimally smaller than that of ¢*.
This will be important later. We shall see that the expectation value (¢ (7)¢;(7")) has a discontinuity at T = 7’.
There is another important point to mention here: The expectation value of the particle number for fermions
in a coherent state is ¢;*¢;, which is no real number. Nevertheless, we can calculate it using the above expression
and coherent states.
Later, we need expectation values of the form

(¢ (7)¢;(7")) (1.171)

and other expressions containing several fields as well. To calculate such an expression, we define a generating
function for them:

u « [ Dik— Dik1 M
:/DWCXP <_ezz¢i,k( e + (& — 1) Pip— 1>+ZZ zk¢lk+Jlk¢zk)> (1.172)
=7 z

k=1
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Using the generating function one gets

1 3%2Zy(J*,J
(9:x951) = 7t Mﬁl(aj) (1.173)
J=J*=0
and in the limit M — o
1 8%z(J*,J) 8%Inz(J*,J)

(07 (D)0(T)) = S srrnsr i = e (1.174)

Z8J()6Ui(v)|, . S (T)SH(T)|,_,
Z(J*,J) = lim Zu(J*,J) (1.175)

It is clear that the generating function can as well be used if one wants to calculate expectation values of
expressions containing more than two fields.

For the free system, it is not difficult to calculate Zy;(J*,J). It is a simple Gaussian integral. First of all we
have for the free system

=12 ;. 7) (1.176)

where

E

M—o0 £

ZOJF,J) = lim [ D[g] exp<—sZ¢,k<¢’k Pii-1 + (& — )ik 1> Z k¢,k+Jlk¢,k)> (1.177)

This integral is of the form

/D[ exp( Z¢lkSkl¢ll+Z tk¢lk+J1k¢zk)> (1.178)

k=1

and yields
M
[detSY] S exp( Y I (SO i) (1.179)
ki=1
Therefore we obtain ”
Zu(I*J) = Zy [Jexp( Y Jie(SO ) idin) (1.180)
i ki=1

and furthermore

. 1 9%2Zy(J*,J)
O kP .
(910in) Zy 0500 |, .
= &SV, (1.181)
The inverse is
1 CaM-! a2 Ca
a 1 CaM—! Ca?
a? a 1 la®
. 1 : a? a :
§l-1 _ T | s (1.182)
M3 : LaM—2
M2 M3 1 Ca"!
M1 M2 M3 o a 1
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where a =1 — % (¢ — ). Therefore we obtain
. gk
(9:x01) = 5@]‘@ (1.183)
for ! > k and
Mk
(9:x950) = 5i,j@ (1.184)

for l < k. Let] =tM/B, k= 1M /B and use as before that in the limit M — o (1 —x/M)™ — exp(—x). The
we obtain in that limit

(07 (7)9;(7)) = i jexp(—(& —p)(t—7))(0(7' — 7) + {my) (1.185)
The above expression
- l/ﬁdu (1) gi(T—0+) (1.186)
ni = B 0 (Pi ¢l .
can be calculated as before. The expression
gi(t—1) =exp(—(&—pu)(t—))(O(7 — 1)+ {nm) (1.187)

is called the single particle propagator.
Expectation values with more than two fields can be calculated similarly. We need such expressions below.
An expression of the form

(97 (2) () - 07, (20) 9, (7) 9, (Tat) - 9 (71)) (1.188)
can be calculated using the derivative

82 InzZ(J*,J)
8J; (t1)...80% (12)8J;,(7) ... 875, (7))

(1.189)
J=J*=0

As before, the calculation is done for finite M and at the end we perform the limit M — oo. Taking first the
derivatives with respect to all J;;(7"), we get for each derivative a factor }; J;.‘,,{(S(j)*1 )k The derivatives with
respect to J;, act on these factors, since all other contributions vanish at the end when we let J = J* = 0. This
means that in all these expression we may connect always a variable J ;1 with a variable J/; and replace them

by a contribution §; j-(S(")_1 )k- This holds as well for the variables 0., and ¢; ;. Therefore, we obtain

(07 (1) (2) - 07, (%) 95, () 05, (Tt - 05, (7))
= ; CPIZI<¢:; (Tk>¢jp(k) (T;(k)» (1.190)

This result is often called Wick’s Theorem. In the present calculation, it is a direct consequence of the fact that
Z(J*,J) is a Gaussian integral.

1.7 Perturbation Theory

The results for the non-interacting system can be used to obtain structured perturbative expressions for the in-
teracting system. We first discuss the perturbation expansion for the partition function. Perturbative expressions
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for correlation functions can be obtained in a similar way. The partition function of the interacting system can
be written as

M—o0

= lim Zo v <exp <—€ f V({0 ‘Pi,k—l})) >
k=1 oM
_— <exp <_ /()BdTV({¢,.*(r),¢i(r—oﬂ})) >0 (1.191)

o o (D= O N V({0
Z = lim [ D[plexp|—¢) ¢ -t (&—1)9ix1) =Y, V{91, 0ix1})
k=1 k=1

where the index 0 at Zy and (.)o denotes the non-interacting system. V({¢;*(7),¢:(t —0")}) is a general
interaction. A meaningful physical ansatz for the interaction is the Coulomb interaction or similar two-particle
interactions. The exponential function in the last term can be written as a series; this yields the perturbation
expansion:

(exp (- /fdrv<{¢,~*<r>,¢i<r—o+>}>)>0 - ¥ CO Pae ["as,
< {¢l 70),0i(T1 —0)}) . V({7 (%), 97w — 0(1)}9)

For a concrete form of the interaction the right hand side becomes a sum of expectation values for products of
variables, which can be calculated using Wick’s Theorem.

In principle, the perturbation expansion can be calculated for any many-body interaction. In the following,
we restrict ourselves to two-particle interactions, which have the general form

V({#(7),¢i(r—0")}) Z Vijka® (2)9] (1)1 (t—07) (7 —0") (1.193)

l]kl

I assume that V; ; ; is either symmetric (for bosons) or antisymmetric (for fermions) in the first two and in the
last two indices. The n-th term in the expansion is then of the form

COEY Y TVt [ 5 [ 4065 (0090551000 ()01 (1 0 .

C ikl l,,j,,k,,ln m
7 (Ta) 95, (Ta) 1, (7w — 0F) g, (7, —07))  (1.194)

The expectation value can be written as a sum of products of the form (¢*¢). Exactly one ¢* and one ¢ belong
to a pair. The expectation value of the pair is called a contraction. The sum runs over all possible combinations
of contractions. Each contraction (¢, (7)¢;(7’)) yields a factor &; jg;(7 — 7'). The total sum can be represented
in a graphical form. This representation goes back to Feynman, the diagrams are called Feynman diagrams.
There are various ways to introduce Feynman diagrams. We choose one to show the main principles, for others
we refer to the text books.

A matrix element V; ;; is represented as a point with four lines, two incoming and two outgoing lines.
Each line gets an index i, j, k, or [. The lines belonging to i and j belong to creation operators, these are
the outgoing lines. The incoming lines have indices k or /, they belong to annihilation operators. A term
of n-th order contains n such points. The lines of these points are now connected in such a way, that each
outgoing line meets an incoming line. Each point gets an index 7. Each line now corresponds to a factor
(¢ (7)9i(7")) = gi(t — '), where T and 7’ belong to the indices of the two points connected by that line. The
line has one index i, the original two indices of the incoming and outgoing lines are identical due to the factor
6;j in the expectation value above. Now, an important point is that different combinations of contractions can
belong to the same diagram. These combinations of contractions differ only in the order of the indices 7 at the
vertices. But, in the above expression, we perform the integral over all 7. Therefore all the combinations of
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contractions belonging to the same diagram yield the same contribution. The number of different combinations
is called the symmetry factor of the diagram. The rules for the diagrams and their contributions to the sum are
thus:

1. Draw all diagrams with m points and lines between them so that each line is oriented from one point
to another. A point can be connected with itself. At each point, we must have two incoming and two
outgoing lines. Two diagrams are different if they cannot be obtained from each other by permuting the
points. Mathematically, these diagrams are directed graphs.

2. Calculate the symmetry factor S of the diagram. To do that, each point gets an index 7. S is the number
of permutations of the indices which map the diagram to itself.

3. Each line gets an index i. For each line write down a factor g;(t — t’), where 7 is the index of the end
point of the line and 7’ is the index of the starting point.

4. For each point write done a factor V; ; x ; where i and j are the indices of the outgoing and k and [ are the
indices of the incoming lines.

5. Sum over all indices of all lines and integrate over all indices 7 of the vertices from 0 to 3.

6. Multiply the result with a factor.
(=pmem (1.195)
2ne§ )
Here, S is the symmetry factor. n, is the number of equivalent lines. Two lines are equivalent, if they

have the same starting point and the same end point. ny is the number of loops in the diagram.
7. Adding up all these contributions yields the m-th order of Z/Zj.

It is instructive to calculate several examples using these rules. Doing that, one notices that many calculations
are easier if one calculates In(Z/Z). The perturbation series for this expression contains only connected dia-
grams. This fact is often called Linked Cluster Theorem. There are several possibilities to prove it. The direct
proof is to show that exp(sum of all connected diagrams) yields the sum of all diagrams, thus Z/Z.

1.8 Frequency and momentum representation

In most cases it is possible to calculate the above at least partially in frequency and momentum space. If
the system is translationally invariant, the single particle Hamiltonian is diagonal in momentum space and the
eigenfunctions are plane waves V~1/2 exp(ikx). Here V is the volume of the system. For simplicity we will
use periodic boundary conditions. The single particle energies are denoted as &. In a system where the single
particle Hamiltonian contains only the kinetic energy, one has & = k?/(2m). In a solid, we can start with a
lattice model, in that case & is given by the dispersion relation of the lattice.

For the interaction, one has due to momentum conservation

Viskoksks < V™ 8ty oy tha (1.196)

The functions ¢ and ¢* are either periodic (bosons) or anti-periodic (fermions) functions of 7. Therefore we
may write

1
a(t—1)= EZexp(—iwn(T—T'))gk(a)n) (1.197)
[0%
where

B
&(w,) = /OdTeXP((iwn—(Sk—u))f)[e(’f)(l+an)+C9(—T)nk]

1
= m (1.198)

25



1 Interacting Fermions and Bosons

For bosons one has @, = Zﬁﬂ, for fermions ®, = (zngl)”. They obey exp(if®,) = {. Due to the (anti-)

periodicity, each vertex contains a factor 5‘% Oy Dy + Oy > where ®,, and @,, belong to the two ¢* and ®,, and
,, belong to the two ¢. The rules above may now be rewritten. One obtains:

1. as above.
2. as above.

3. To each line associate an index k. Momentum conservation at each vertex restricts the possible values.
In a diagram with m vertices, we can choose m + 1 values k for the lines independently, the others are
fixed due to momentum conservation. To each line we associate a frequency. Here as well, in diagrams
with m vertices we may choose m + 1 values for @, the rest is fixed due to the factors 8w, +a,,, 0., +a,, fOr
each vertex. Each line yields a factor g;(,). For lines which connect one vertex with itself, we need an
additional factor exp(i®,n). At the end, we take the limit 7 — 0.

4. For each vertex, we add a factor Vi i,kk,. Since momentum conservation has already been taken into
account, the factor O, 1, k;+4, can be dropped.

5. Take the sum over all k (or V(27t) = [ d?k) and the sum over all @,.

(@)

. Multiply the result with an additional factor f =", where m is the number of vertices.

Since each vertex contains a factor 1/V and each sum over k yields a factor V, the final result contains a
factor V"<, where n, the number of connected components of the diagram. Due to the Linked Cluster Theorem,
In(Z/Zy) is the sum of all connected diagrams and therefore o< V. It is an extensive quantity as it should be since
the logarithm of the grand canonical partition function is up to a factor —1/ the grand canonical potential.

1.9 Calculating Greens Functions

Greens functions can be calculated using a generating function. This is similar to the non-interacting system.
The generating function can be defined in a similar way. It is

B
o) = 5 f D[mexp( | as [DP?‘(T)(;T“N’f(fO*HH(W(M(TOWD

X eXp (— /013 er[J;‘(r)qb,-(r —0") + o (7)i(T— 0*)])

<exp (— /OBdTZ_[Jﬂr)@(r—O*) +7 (0)i(7 —0+>]> > (1.199)

Here (A) is the expectation value of A in the interacting system. The Greens functions are derivatives of
G(J*,J). The calculation can be done again using perturbation theory.

Single particle propagators

Let us now calculate expressions like
(07 (1)¢,(7")) (1.200)

The corresponding perturbational series contains diagrams with two outer lines, one incoming and one outgoing
corresponding to the two ¢ *) in the propagator. Since this expression contains a division by Z, only connected
diagrams occur. The rules are similar to the ones above:
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1 Interacting Fermions and Bosons

1. Draw all different connected diagrams with 2 outer lines and m vertices. One outer line corresponds to
¢*, it ends at a vertex. The other one corresponds to ¢ and starts at a vertex. Two diagrams are different
if they cannot be mapped onto each other by a permutation of inner lines and vertices. For each diagram
we do the following calculations:

2. Each vertex gets an inner index T;. Each line gets an index /. For each inner line we write a factor
81(t — 1), if it runs from 74 to 7;. The incoming line yields a factor g;(7 — 1), the outgoing line yields a
factor g (7 —7’), where 7 is the corresponding inner vertex. For m = 0 one has only a factor g;(7 —7’).

3. For each vertex write down a factor Vj,;,;,;, where [; and [, are indices of the outgoing, /3 and /4 are
indices of the incoming lines.

4. Now take the sum over all /, the integral over all 7;.

5. Multiply the result with a factor (—1)" " where ny, is the number of loops.

Since the outer lines are fixed, there is no symmetry factor S.

Generating function for connected Greens functions

Next, one may want to calculate higher order Greens functions like

(07 (71)9;(%2) 91, (%2) 95 (71)) (1.201)
In O-th order Wick’s Theorem yields

(07 (1) 95 (12)0, (1) 95, (T1)o - = {97, (71) 9y, (71))o( @7, (72) 95, (T2))o
(97 (71)9),(12))0(07 (12) 9, (7))o (1.202)

The perturbative expansion contains contributions where the interaction occurs only in one of the factors (¢*¢).
Clearly, there are also terms where the interaction is between two factors. This can easily be seen if one draws
the corresponding diagrams. One finally obtains

(97 (T1) 05 ()95, ()95, (7)) = (9 (71)9), (1)) (97 (12) 9, (T2))
— {97 (71)95,(2)) (53 (72) 95, (71))
+ <¢i1( l)‘P (TZ)(])Jz(Tz)‘le( T))e (1.203)

Here, the contribution (¢;(71)®;; (72)9;,(73)9;, (7)) is the sum of all connected diagrams. The other contri-
butions have already been calculated.

Similarly, all higher Greens functions with more than 4 fields can be decomposed into a connected part and
unconnected parts that are in turn composed of lower ordered connected diagrams. It is therefore suitable to
calculate a generating function for the connected parts only. Similarly to the series for In(Z/Zy) which contains
only connected diagrams, we can show that

Q

A

W(J*,J) =InG(J*,J) (1.204)

contains only connected diagrams. An easy way (but not rigorous) to show that is the replica trick. Here, one
first looks at the diagrams contributing to G(J*,J)" for natural numbers n. To do that, one introduces n copies
@q and @, of the original fields ¢ and ¢*. A connected component contains only fields with the same index «
since there is no interaction of fields with different indices «. Therefore, each diagram contains simply a factor
n"c, where n,. is the number of connected components of that diagram. Let us now perform the continuation to
real n and calculate

* 1 d * n
W J) = lim 5= G(J".J) (1.205)

Because of the limit n — 0 all contributions vanish where the power of 7 is larger than 1. Therefore W (J*,J)
contains only diagrams with nc = 1, i.e. only connected diagrams.
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1 Interacting Fermions and Bosons

Effective potential, effective action...

There are several generating functions similar to W (J*,J) which contain essentially the same information and
are better for one or another reason. I will only mention two of them, the construction of others is similar.

In W (J*,J) the arguments J* and J play the role of sources. They can be compared to the role of the magnetic
field as an external source in the case of a spin system. The free energy depends on the external source. It is
defined as

F(h) = —éTrexp(—BH({S,-}) —h-):s,-) (1.206)

The magnetisation is given by

dF (h)
M=——— 1.207
h ( )
In statistical physics, one often uses instead of F () the Legendre transform
G(M) =inf(F(h)+ Mh) (1.208)

h

Often, one calculates G from M (h) by inversion (M) and G(M) = F(h(M)) +Mh(M). From G(M) one gets
F (h) back by a similar Legendre transform from M to h. Both contain the same information. The advantage of
G(M) compared to F(h) is the better analytical behaviour. In the case of a ferromagnetic phase transition for
instance, M(h) jumps as a function of & at h = 0. F(h) has no first derivative at 2 = 0. In contrast, G(M) is a
smooth function of M, for the ferromagnet it is simply a double well potential.

Similarly, we can calculate the Legendre transform of W (J*,J). For finite values of J, J* the expectation
values

@;(1) = (¢j(D))vsrs @5 (7) = (8] (T))ssr (1.209)

are finite. The Legendre transform is
L%, 0) = ~W("J) ~ ¥ [ del;(2)J;(0) +7;()p(x) (1.210)
J
where on the right hand side J and J* are functions of ¢ and ¢*. This quantity is often called the effective

potential.
A second function, which is useful as well, is the effective action. It is defined as

Gerr(y", ) =In <6XP(— /dTVW(T) +y7(1),0(r—0") + W(T—0+)])>O (1.211)

It plays an important role in renormalisation theory of interacting Fermi systems.
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2 Fermi Liquids

The theory of Fermi liquids goes back to Landau. This theory was developed without any connection to the
field theoretic methods. Instead, it uses the concept of quasi particles. This concept has been proven to be
useful in many different areas of many-particle physics.

In this chapter we first introduce the concept of Fermi liquid theory and derive several physical properties of
Fermi liquids. Then we use the methods from the last chapter to show, how Fermi liquid theory can be derived
from a microscopic model. Furthermore, we shall see, which instabilities may lead to a breakdown of the Fermi
liquid.

The book of Pines and Noziéres [59] is an excellent introduction to the theory of Fermi liquids.

2.1 Quasi Particles

Starting point is a gas of non-interacting spin—% fermions with N particles in the volume V. The kinetic energy
of a particle is % Due to Pauli’s principle, there are only two fermions in a single particle state described by a

wave vector k. The states are filled starting from k=0. The system is isotropic, the states are filled if |7$\ < kF.
Here, kr is the Fermi wave vector, given implicitly by

N=Y 2 (2.1)
k| <k
The total energy is
[
E = %n(k7 o) 2.2)
k,o
where
n(k,o) = 0(kp — |k|) 2.3)

Let us now assume that we perturb the system a little bit. If the perturbation is small, it leads to a small variation
of the occupation numbers 6n(k) and therefore to a small change in energy

72
OF = Z zk—m&z(k, o) (2.4)
k,o
If |k| is far from kg, the cost in energy is large. Therefore we may assume that 8n(k) is small or vanishes for
|k| far away from k.

Now the interaction is turned on. A Fermi liquid is a Fermi system in which the low lying excitations are
similar and evolve from the low lying excitations of the free system adiabatically if the interaction is turned
on adiabatically. It may happen, that this concept even fails for arbitrarily small interactions. This happens
for instance, if the interaction is attractive, in which case the system becomes superconducting and the ground
state is a BCS-state or something similar. Although Fermi liquid theory leads to some stability criteria, it is not
possible to derive such an instability from the theory itself. This can be done only via a microscopic derivation
of the theory. In the following we assume, that such an instability does not occur.

Typical excitations in a non-interacting Fermi system are particle-, hole-, or particle-hole excitations. Fol-
lowing the general idea of a Fermi liquid, we assume that in the interacting system, the elementary excitations
can be described as in the non-interacting case. They can be described by changes 5n(7€, o) of the occupa-
tion numbers. This leads to the concept of quasi particles. It is clear that the interaction yields an interaction
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2 Fermi Liquids

between the quasi particles as well and that therefore these quasi particles have a finite life time. We assume
that close to the Fermi surface the life time is long enough so that the concept of the quasi particle is applicable.
Following this reasoning, originally Landau’s, we therefore make the ansatz
SE = Zggan(%, o)+ % ﬁZ f(k, 0,k ,06")én(k,0)8n(k',6") + O((6n)?) (2.5)
k,o k.k' 0,0’

for a small change in energy. The higher order terms will be neglected in the following. We assume that there is
no external magnetic field so that the energies 8£ do not depend on the spin. The interaction shall be symmetric
with respect to spin, so that it depends only on ¢ - ¢’. Let us now consider elementary excitations which do not
depend on ¢. The energy of an elementary excitation is

e(f) = ;5{ |

=&+ = Zf (k,0,k,6")n(K'). (2.6)

k/ o’

Yo f (75, o, 4 ,0") does not depend on ©. Since the quasiparticles evolve adiabatically from the original particles,
the quasiparticle energy has a step for |k| = kp. For finite temperatures one has

P = 1 @.7)

exp(B(e(k) —u)) +1

This equation is a self consistency equation for n(k), since £(k) depends on n(k).
Since the interaction depends on & - ¢’ it can be written as

f(k,0.k,0') = f(k,K)+400"¢(k,K) (2.8)
or . . oL o
flk,0,k',0") = fo(k,K') + 86 0 fo(k, k') (2.9
where
Jo=f—9¢ (2.10)
fe=2¢ (2.11)

We use the standard notation where the general interaction coefficient, the spin-symmetric part and further
below also the projection of both to the Fermi surface are denoted by f. They can be discriminated by the
different arguments. ¢ and ¢’ assume the values i%. In most cases it is sufficient to know the interaction for

values k and k' close to the Fermi surface. In the isotropic case, we may assume that the interaction depends
only on the angle 8 between k and k’. Then we have

f(k,0,k',0") Aeffite f(6,0,0")
= f(6)+400'¢(6)

= Y (fi +406'0,)P,(cos 6) 2.12)
=0

~

The orthogonality of the Legendre polynomials

2L+1 [}
T+/ P (cos0)Py(cosB)d(cosO) = S 1/ (2.13)
1

fu | _2L+1 f(kR)
(£}-2 faanen { (50}

In many cases it is sufficient to know the coefficients f; and @, for small values of L. It is then possible to reduce
the theory to a theory with very few parameters. In contrast, in metals, one has a lattice and isotropy breaks
down. In that case one needs to know f(k,k') and ¢ (k,k’) on the Fermi surface. The theory then becomes more
complicated.

yields

(2.14)
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2 Fermi Liquids

2.2 Equilibrium Properties of the normal Fermi Liquid

A fundamental parameter of the theory is the effective mass, defined as usual
kr

0
M. = 2.15
m kT ‘H:kF VF ( )
Close to the Fermi surface we have .
=u+(k—kF)m—i (2.16)

Experimentally the effective mass can be obtained through the specific heat.

Specific heat

Starting from

1 dE
Ccy = V ﬁ y (217)
we obtain for a small change in temperature
OE 5n(k o)
C =
Y Z = on( ko) OT
B 72 on(k,0) k o)
B 8nko g—u  Jd(g—n)
= —Z (— —+ 7 (2.18)

The term Y, f (k,K)8n(k) in g is O(Tz) and can be neglected. Therefore we may set & = eg. As for the
non-interacting Fermi system we obtain

1
cy = gm*ka,éT (2.19)

Typically m* is larger than m. For liquid *He at normal pressure one has m* = 3m. But there are as well so
called heavy fermion systems, materials like CeCu;,Si,, UPts, CeAls, where m* /m is of the order 102 to 10°.

Effective mass and interaction

The fact that the effective mass is not equal to m occurs due to the interaction. m™ must therefore depend on
the interaction. There are various ways to derive this relationship. We shall use Galilean invariance. To do that,
consider a system that moves with a small velocity 6V = 8k/m. The energy of the entire system of N, particles
due to this motion is 8E = (N,m)(8v)?/2. This energy can be calculated as well using

SE = Ze%n (k,0) + W Z fk, 0,k ,0")énk,0)8n(K,0") (2.20)

kk 0,0
where 8n(k,0) = n(k+ Sk, 6) —n(k, o). The first term yields
Y en(k,0) = Zeﬂ (k+ 8k, 0) —n(k,0)]

ko

= N 2.21)
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2 Fermi Liquids
and the second

€ flko 0" on(k.0)on(E. )

2V
k' 0,0
= % Y (koK o) nk+5ko)-nko)nE +8kc')—nK, o)
757’,0,0"
- % PR, 7.6 (8% R)(5F- RS (k — ke )5 (K — kp)
757’,0',0"

— V 4/k2dkdg/k’zdk’dg’f(ﬁ,c,ié’,o’)(éié-lé)(57<’-1%’)5(k—kp)é(k’—kF)

2
- ‘;?rlz k4/ dcose/ d(cos ') f(6 —8")cos B cos 6’

kp o 54
_ ‘gp st 5 (2.22)

Using the particle density p = (27) Y, [ d*k 0 (kr — k) = k3. / (37?), we obtain

k
3;2 p f1 (2.23)
Both expression must lead to the same JE so that
1 1 kr
4 2.24
m  m + 3n2 h (2.24)
Often one uses the notation
FL. = prfL (2.25)
ZL = proc (2.26)

where pr is the density of states at the Fermi level. Using
1
Pr = VZS(SQ -
ko

2
_ (2n)347r/k2dk6(8£ )

m*kF
= — 2.27)
we obtain . .
mo_q (2.28)
m 3

Compressibility

Compressibility describes the change in pressure if the volume is changed. For a fixed particle number, we have

1 JdP JdP
-y — 2.29
Compressibility and sound velocity are related through
) 1
= —— (2.30)
mpx
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It is natural to assume that the compressibility depends only on the isotropic average of f (756,7(" 0’), i.e.on Fy.
Since the free energy is an extensive quantity, we may write

F(T,V,N) =V f(T,p) 2.31)
and therefore 9F af
P:—w:—f—f‘p% (2.32)
1 ,0?
P p 8T)2f(T’p) (2.33)
From OF  9f(T.p)
_or _d/tLp)
=y p (2.34)
we obtain
1 ,oU
g 2.35
T (2.35)
The right hand side can be calculated using
- OE - -
g(k) = —e+— Z fk, o,k ,c6")on(K) (2.36)
5n(k) k, o

for values k = kg, since t1 = £(kr ). For the compressibility, isotropic values of 8n(k) = &n(k) are sufficient.

ou g Ik d3k’ a ok
9B _ T Okr Z/ n(k) ok 2.37)
dp  Okp dp 8k p
og? /
Using p = k3./(37%) and pakF = kF , furthermore ;kF = fnf;, agl((];) = O(k' — kr) we obtain
ou  k* kF kF k%
— = dQf(e 1+ K 2.38
pap 3m*  (2m) / f(6,00") = 3m*( +F) ( )
and finally
1 pk: pk% 1+ Fy
- 1+F)="2"F 2.39
This shows that ¥ depends on Fj as expected and through the effective mass as well on F;. The compressibility
becomes infinite for Fy = —1, the entire system becomes unstable. Therefore we need Fy > —1. This is a

special case for the stability criterion F;, > —(2L+ 1), Z;, > —(2L+ 1), which can be shown by other means.

Magnetic Susceptibility

Up to now we discussed only spin-independent perturbations. They are connected to the parameters Fy. Now,
we discuss spin-dependent perturbations. The most simple case is that of a small magnetic field 6 H, which
yields a small magnetisation M. The magnetic susceptibility is given by yy = 94 The magnetisation is

oH "
given by
SM = p(+ 1 2Zcp (2.40)

We calculate the magnetic susceptibility using the fact that the chemical potential does not depend on the spin
0. Nevertheless, we introduce (o) to be the chemical potential for fermions with spin o, then we have

du(o)
2p(0’)

w(o) = — o'6M (2.41)
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where the second term is the energy shift due to the external magnetic field and the third term is the energy shift

coming from the induced magnetic field. Because of u(%) =u(-1)

SH=4) ———-00'6M (2.42)
Gda ()
Z (2.43)
Gd
The calculation is similar to what we did above. We start with
. 1 I, .
_ &0 ! o
e(k,o) =g —odh+ Vﬂz f(k,o,k' 6")én(k o) (2.44)
K ,o!
For k = kp, the left hand side must be pt. Therefore
88 31,/ . Tl
a‘u/ = 8kF kG 70,+/ : k3f(kF)G)k,’G,)an(k ,G)
dp(o’) dp(o’) | dkr (27) dkr
212 [ kg kr
= k% {m 0o +— m (F0+4GG Zo)] (2.45)
2 2
14 A (2.46)
XM krm* kpm*
kpm*

b 2.47
xm 47[2(1 + Zo) ( )

Again we obtain a stability criterion, namely Zo > —1. For liquid He typical values for Z, are between -0.67
for normal pressure and -0.76 at 27 atm. The system is close to a ferromagnetic instability.
Stability

We mentioned already that F7,Z; > —2L — 1 must hold for the Fermi liquid to be stable. Let us now show that.
The Fermi liquid is stable if £ — 4N assumes a minimum. We therefore calculate

8(E—uN) =Y (&) — u)dn(k,0) Z fk,0,k,0"\én(k,0)dn(K 0" (2.48)

Z,c k Gk/ o’

for general 6n(7€, o). We assume isotropy and low temperatures. Only fluctuations close to the Fermi surface
occur. They are of the form

(k. ) = 8 (ks — k)Ske (8, 0) — 185(";{")

For first order of 6 (E — uN) in 0kp (6, o) vanishes. The second order contribution is

Skr(6,0)* (2.49)

O(E—UuN) = %ppv% [Z/dcos@Skp(O,G)z
/dcose/dcose’ £(6—6")+400'9(0 — 0))8kr(6,0)5kr (6',6") | (2.50)

Expanding
8kr(0,0) ZSkL )P (cos ) (2.51)
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we obtain
_ Vo2 DSk P+ o
S(E—uN) = SPFVF; [0k (+3) + Ok (=) (1+ 57— )
1 1 2 Zr
ke (+3) = k(= )1+ 57 (2-52)

For a minimum, the right hand side must be positive definite, therefore we obtain Fy,Z; > —2L — 1.

2.3 Microscopic Derivation

Standard perturbation theory

Let us consider a typical, generic model of interacting fermions.

1
=Y ec ot AR S U
H= 4 ‘c’kcﬁ,ack,o + ) Z Vkl,kz,k3,k4czl 0, .0, 54,045 03 (2.53)
k,o ky...kq,01...04

Perturbation theory to second order yields

- 1 - -
E = Zszn(k,o)—i—i Z VE,E}I,;{'ZHUQ,O'])n(kz,62)
k,o

k101,k202
Loy R U %3 n(r, 00k, 62)(1 = n(ks, 03))(1 = n(la, 04))
1o K3 K ) ) ; )
kl...k4761.‘.04 i ﬁ(k%—i_k% _k% _kézl)
+0(V?) (2.54)
For small variations of n(k, &) we identify
0 o
8%,0 = SZJ'_ Z Vi{‘7z177{‘7zln(k1,01)
zl,Gl
Loy s Ve, .l (%1, 00)(1 = (s, 0))(1 —n(Fs, 03))
(AN S ) ) )
kl‘..k3,C71..‘G3 ket ﬁ(kQ +k% _kg _kg)
_l Z & 2 7.7 |V%1}2’%}3|2 n(iél Gl)n(%z 0'2)(1 —l’l(ié3 0'3))
kl‘..k3,Gl..‘G3 kl+k2’k+k3 ﬁ(k%—’—k%_kz_k%) ’ 7 7
+0(V?) (2.55)
LG, oi k00 = v
Vf( 1,01,k2,02) = Vi 107
1 Ve dodo s . .
+§ Z 6]‘(’]_"_%2}34_%4 L(kz +k2 —k2 —k2) (1 —I’l(k3, 63))(1 _n(k4>64))
%3,0'3.}4,(74 2m \""1 2 3 4
1 Veram! o
5 Y Gk T e e o3k, o)
2%3,0‘3-,%4,64 P ﬂ(k%—i_k% _kg _k?l)
2
5 Vi g o 2] . .
o Z ky+K3 Ko +Ks L(kZ k2 k2 _kZ)n(k3’ 63)(1 _n(k4’ 64>)
%3,63.;4764 2m\"™1 3 2 4
+0(V?) (2.56)
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In principle, such a calculation can be done. But one has to deal with all the typical problems of standard
perturbation theory, esp. small denominators. Furthermore, one has to sum up many terms. Typically, one
takes the thermodynamic limit and thereby replaces the sums of k by integrals. One then derives integral
equations and solves them. A natural way to do such a calculation is to use the formalism of chapter 1. We will
not go through all the details but only sketch the main lines of what has to be done.

Self energy

In analogy to the non-interacting propagator in the translationally invariant system we let
1 .
<¢£6(7)¢;76(7’)> =3 Y exp(—iwn(t— 7)) Gy 5 (). (2.57)
W,

For Gy ;(@,) we may use a perturbative expansion. G, o (@,) is the sum of all closed diagrams with two

external lines. This sum can be simplified by introducing X(k, i_&)n) via

1
G: _(w,) = - . (2.58)
to(O) & — 1 —iw, +X(k,i0,)

¥ (k,i,) is called self energy. Expanding this expression for Gy 5 (@) yields

hd r

Gy o(@n) = g(—l)’g%(wn) [Z(Z,iwny;(wn) (2.59)

This shows immediately that 2(75, i®,) can be expressed diagrammatically as the sum of all amputated single-
particle-irreducible (or 2-connected) diagrams with two external lines. Amputated here means that the factor
g;(m,) for the external lines is dropped. Single-particle-irreducible (or 2-connected) means that the diagram
remains connected if we cut an arbitrary line.

If we know the single particle propagator or equivalently the self energy, we are able to calculate the single
particle energies. To do that, we use a continuation of the single particle propagator onto the complex plane
and introduce real frequencies @ in both quantities:

1
RiA (@) =+ _ (2.60)
k.o &—U—0+Z(ko)Fin
To do that, one typically writes
“ do' pk,o
_ pk, o) 2.61)

ko | o 21 @ —iw,

and replaces i@, by ®. This continuation is not unique. Since exp(i®,f) = {, we may multiply G with a
factor { exp(i®,), without changing anything. This multiplies G®/4 with a factor { exp(@p). But GX/4 are
the retarded and advanced Green’s functions. The asymptotic behaviour for large @ is well known, it should be
o< |a)]_] . This additional condition makes the continuation to the complex plain unique.

The singularities of G*/4 yield the single particle energies.

o = g +2(k,0) (2.62)

Therefore J v 9y v d

0] 0]
s _ e =7 2.63
dk ~m ok dmdk (2.63)
Since % = mi one obtains for the effective mass
mox\ ! P)y

* = 14+ —— 1 —— 2.64
" m<+k8k> ( aw) (264)
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2 Fermi Liquids

which has to be calculated for k = kp.
Therefore we must calculate X. Starting point is the representation of X as a sum of all amputated 2-connected
diagrams with two external lines. First order yields

ll(k) = Bivﬁz Vi‘jl 7{'% a)nl Z % % %] (265)
ki

This contribution does not depend on @,. It yields only a shift of the energy scale and therefore a shift of the
chemical potential. n; = n(k)) = 0(er — &) are here the occupation numbers and & are the original single
particle energies of the non-interacting system. With these assumptions, we obtain first order perturbation
theory. This result can be improved if we use

21k = gy X Vewaa Gr (0n) = XV, za,m, (2.66)

instead of X£|. The difference is that now the occupation number n is determined self-consistently. This
quantity then represents the Hartree-Fock approximation.
In second order, we obtain

- 1

I _ ~ ~2

Lk, w,) = s Z Vi ki Via ot o 81 (@) 85 ()
ki ,@n, k2,0,

1 - -
o L Vide ik R i85 (08, ()

k] (Dn] k21a)l‘lz
g%1+%2*%(wnl + @y, — ) (2.67)

The first term again does not depend on @,, but the second does.
Instead of the propagators of the non-interacting system we may introduce here the propagators of the inter-
acting system and calculate ¥, instead.

Quasi particle energies

Now, we try to solve the equation @ = & + Z(%, ), which yields the singularities of the Green’s function. In
first order we get a single solution which corresponds to the solution of the non-interacting system. In second
order, X, (k, ) has singularities. The consequence of these singularities can be understood in an artificial
model, where X, (k, @) has only two singularities:

A Ay

Y = 2.68
2((0) a)—81+(1)—82 ( )

The Green’s function now has the structure

1
(o) = 0—g—X (o)
(w—¢g)(0—8&)
(w—g)(o—¢)(w—&)—A(w0—&)—A(0—¢))

For small A, A, which means weak interaction, we get three singularities close to &, €, and &. The sum
of the residua is 1, the residuum of the singularity close to & is almost 1, the two others are small. In leading

order we obtain for the residua
2

; e e, (2.69)
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2 Fermi Liquids

A;
(&0 — &)
For the general system, something similar happens. The Greens function has singularities close to the original

single particle energies & with reduced residua. The singularity close to & is the energy of the quasi particle in
the Fermi liquid theory.

i=1,2 (2.70)

Interaction of quasi particles

The interaction between the quasi particles is a two-particle property of the system and cannot be calculated
from the single particle Greens functions. We therefore need the two-particle Greens functions

<¢£IGI(Tl)¢£262(T2)¢7<303<T3)¢/2464(T4)> (271)

They can be written as

*

(07 . (0005 o ()0, ()0, (2)) = {
-
+

where the last contribution is the connected part. The first two terms contain non-interacting quasi particles.
The third term yields the effective interaction. It can be written as

(60, (0 o (00 (00 () = XY [an [as [a% [aci(e; (w0 ()

o 620364 ¥ kzk’ k,

o, ()00, (7)) (07 (22005, (73) )
o1 (Tl)%363(73)> <¢%262(72)¢z464(14)>
b ()96, (T )%03(13)%04(14)>c 2.72)

ke
&

*
*

Ko

<

207

(¥ (2005 )><¢£§04(73)¢7€363(T§)><¢££G‘;(T4)¢~m(fi)>
ng) Vol o b (T17T£77é7félt) 2.73)

k\ o K, 05 Ky 04 K, 0
' is now the interaction of the quasi particles. In a perturbative expansion, I'® is in first order the bare
interaction. In general, I'® is the sum of all amputated, single-particle irreducible diagrams with four external
lines. In this sense it is similar to the self energy.
The above expression is general. If the system is translationally invariant, there are only contributions with
75: = 7(}, o/ = o;. Furthermore, we introduce @,. The integrals can now be calculated, but one still has to sum

1
over m,,. Since energy is conserved, the sums are trivial and one finally obtains

el

%]6] 7%2627%36377(‘464(0»11 ) a)n27 wl’l} y wn4) - 6[(] +K2,I(3+K4F0'1 0,030 (Kl 7K2;K1 - K3) (274)

which is also the definition of I'. Furthermore, K; = (a)ni,%l-). K; — K3 is the momentum transfer due to the
interaction. Like the self energy, I" does not depend on the frequencies @, in first order, but only in higher
orders. This dependency can be interpreted as a retardation of the interaction.

The spin dependency can be simplified, if one takes into account the SU(2) spin symmetry. I" can be written
as

1
FG| 06,0304 (KlaKZ;K) = 5(50'10'3 56264 - 50'1 6460'263>FS(K17K2;K)
1
+ 5(561 o3 56264 + 561 o4 60'263>FI(K17K2;K) (2.75)

where I is the singlet part and I’} is the triplet part of .
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2 Fermi Liquids

In Fermi liquid theory, one considers only effective interactions which depend on the small changes 5n(7€, o).
This means that momentum transfer vanishes. For the quasi particle interaction it is therefore sufficient to
consider the contributions where K = (a)n,%) vanishes. Furthermore, we consider the limit of small temperature,
which means that it is sufficient to consider the limit @, — 0. And finally we only need I" where %i are close to
the Fermi surface, i.e. k; = k. In this limit, I" yields the effective interaction of Fermi liquid theory.

Let us take a look at the perturbation expansion of I'. First order is the original interaction. For a momentum
transfer = 0, it yields the first order of the quasi particle interaction as obtained before using ordinary perturb-
ation theory. Similarly, the second order contribution is the same. One can improve this, if one replaces the
propagators in the perturbative series by propagators of the interacting system. I is then the sum over all two-
particle irreducible diagrams. One obtains an integral equation for I', which has to be solved. But the problem
remains: perturbative expansions contain divergences and expansions do not converge.
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3 Renormalisation

3.1 Main idea

We saw that perturbation theory leads to several divergences. A tool to deal with such divergences is renor-
malisation. Renormalisation is not a specific method but merely a collection of several, but similar methods,
either analytic or numeric. Important is to understand the main idea. We treat as an example an interacting,
translationally invariant Fermi system.

z— [ Diglexp (s16".4) G.1)

S[0*, 9] =) (i, — & + 1) g 9x — V[9™, 6] (3.2)

K

where K = (w,,jé, o) is a multi index, which contains the wave vector, the frequencies ®,, and the spin. The
interaction is a generic interaction. In the first chapter of this course we saw that the connected propagators can
be calculated using the generating function

K

Wi*J] —1n<exp<—vw*,¢1+Z<J;¢K+¢,2JK>>> (3.3)
0

simply by taking derivatives with respect to Jx and Jz. We use the notation
J DI9IA[9", @] exp(Lk (i, — & + 1) 9 Ok )
J'D[§]exp(Lk (in — & + 1) 9z dk)

for expectation values of the non-interacting system. The single particle propagator of the non-interacting
system is

<A[¢*7¢]>0 = 3.4

1
C(K)= o — &, 1 (3.5)
and has a divergence at @, = 0 and & = U, i.e. for the case which is the interesting divergence for Fermi liquid
theory. We expect that this divergence remains, probably shifted and with a reduced residuum, and yields the
quasi particle of Fermi liquid theory.
The main idea of renormalisation is simple. We introduce a cut-off A and perform all integrals in the expres-
sion for W over fields ¢x and ¢g for which |i®w, — & + u| > A. The remaining integrals can again be written
as

W[J*,J] = In <exp(—VA[¢*’¢7J*’J] + Y (J,§¢K+¢;;JK))> (3.6)

K:liay—g+p|<A A

The non-interacting part now depends on A since the integration over some of the fields introduce new quad-
ratic contributions. Since the original system is translational invariant, the new quadratic contributions are
translational invariant and therefore diagonal. Therefore, the average depends on A. The new interaction
Val9*,¢,J%,J] depends as well explicitly on A and on the fields Jx and Jg with |i@, — & + t| > A. In the new
integral, divergences are shifted, since the single particle energies & and eventually p1 as well are shifted. Since
we are interested in propagators near the Fermi surface, the fields Jx and J§ in VA[¢*, ¢,J*,J] are uninteresting.
We will never calculate derivatives with respect to these fields. Therefore we may set them to 0 explicitly.
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3 Renormalisation

In a next step, we introduce a new cut-off A; and perform the integral over all fields ¢x and ¢z for which
|iw, — & + | > A;. This yields again a new V,, and shifted single particle energies. We iterate this procedure
and finally obtain an effective theory which depends only on fields with small values of |i®, — & + | This is
now the effective theory we are looking for. A priori it is not clear that the procedure converges. For special
cases and for not too large interaction, one can eventually prove convergence.

Let us mention that there are various technically different variants of the procedure described above. Instead
of a discrete series of steps one can vary the cut-off continuously. Instead of a hard cut-off as described above,
one can introduce a soft cut-off (these notions will be explained later). Instead of W one can use a different
generating function.

3.2 Effective action
For Fermi systems it is often easier not to use W but

Gesr[W", ] = In(exp(=V[0" + ¥, 0 + ¥]))o (3.7)

We mentioned that quantity already in the first chapter. We now discuss it in more detail. First of all, we have

Zo(exp(-VI0' + ¥ 0+ ¥l = [ Dlolep (X0~ 0)0kox ~VIO" + 0+ V)

— [ DIglexp(¥i@n — & + 1) (95 ~ Vi) (0 — i)~ VI9" 9]

K

= exp() (io, — &+ 1) Wg k)
K

x /D[q)] exp(Y_ (i, — & + 1) 95 0 — V[0, 6]

K
- Z(ia)n — &+ W) (Px Wk + Vg ok))

= Zoexp(;(lwn—e + )Wk vk + WIC(K) ™ wg, C(K)'yk]) (3.8)

and therefore
Gerr[v*, y] = ZWKC i+ W[C(K) ik, C(K) ™ yi] (3.9)

Since W is the generating function for connected propagators, one can show that Gy is the generating function
for connected, amputated propagators. Due to the factors C(K)~! in the argument of W one multiplies the final
result with a factor C(K) ™! = (i, — & + p) for each derivative one takes, so that the factors C(K) for the
external lines are cancelled.

Gesr 1s called effective action.

3.3 Renormalisation group equations for G

In this subsection we derive the renormalisation group equation for the effective action. In contrast to the above
description for W we will use a continuous renormalisation.
Let us introduce the modified propagator

Op(K
CMK) = __OnK) (3.10)
i, — (&, — 1)
Here ®4(K) is a cut-off function. The most simple case would be a hard cut-off, e.g.
OA(K) = 0(|&; — t — iu| — A) (3.11)
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3 Renormalisation

For analytical calculations a cut-off function which is differentiable might be more suitable. Then we have a
weak cut-off. For [&; — it —i®,| > A one has @5 (K) = 1 and C*(K) = C(K). For |g; — i — i@,| < A one has
O (K) = 0 and therefore C*(K) = 0. I define

J D[9]exp(Lx ¢x(CMK)) "9k — V9™ + v, 0+ v])
J D9l exp(Lk 95 (CA(K)) ' 9k)
For values of K with ®5(K) = 0 only ¢x = O contributes. Gé‘ff is then given by —V. For values of K with

OA(K) = 1, G is given by Ger. G2 interpolates between —V and Gegr. The goal is to derive a differential
equation for Gé\ff which has the initial condition —V and can be solved. We start with

GNw*, y]=1In (3.12)

(3.13)

PV W= F | g expl(E v+ i)
noen K n=n*=0

/D[¢]6XP(Z¢}§(CA(K))_1¢K+;(n1’2¢K+nK¢i§)) = exp(;n}?CA(K)nK)/D[¢]GXP(Z¢E(CA(K))_1¢K)

K K
(3.14)
The second equation can be written as
. . I D[¢]exp(Xx ¢ (CMK)) 'k + Lk (M Pk + Nk 9k))
<eXp(;(nK¢K+ nK¢K))>A0 - fD[¢]eXP(ZK (]);(CA(K))_I(PK)
= exp(} nxCN(K)nk) (3.15)
K
This yields
exp(Gae[v*, W) = (exp(=V[9*+ v, 0 +v]) Ao
[ a a | * * *
= exp|—V |5 5= ) ( expQY (M (9x + wk) + Nk (95 + ¥k)))
_817 877 | K n=n*=0
[ a 8 ] * A * *
= exp| -V |5= 5| | exp(nkCMNK)nk + Y (M vk + Nk vk))
LIn" I ] 3 3 n=n*—0
[0 0 ] 0 0
— i 74 —_— CA K * + *
e (v |- am_)exp(; Tur <>8W§>exp<;<n,<w W
d d Jd d
exP(%’awK ()awl"()eXp( {817 8n*]>eXp(;(nKWK K Vic)) n=n*=0
— oxp (X2 CMNK) 52 ) exp(—V (v vi) (3.16)
K 81/’[( alVl*(
and
9 ep(Ghlw v =Y <22 9 Ghtwe )
QACXP effll/’w _;aWK aA al[f;éexp eff‘lf"l/
finally
d A _ d ICMK) 9 A,
ajGeff[w ?W] - ;BWK aA awI*(Geff[w aIV]
A * A A *
+28Geff[w W] ICN(K) IG[y™, vl (3.17)

= dyk JA oy
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3 Renormalisation

This is the differential equation for Gé\ff we were looking for. It is an exact renormalisation group equation.
It is clear, that this equation cannot be solved in general. Often, a perturbative expansion is used to solve the
equation.

For a further treatment of this equation, one can expand Gé\ff in monomials of factors yx and yy and derive
differential equations for the expansion coefficients. In the present case it is easier to use an expansion of the
form

. > ]
Gé\ff[lll 71//] = Z (m|)2 Z Z Gi\n(Kla 7K1{115K15 7Km)
m=0 Ki,..., Kml({ _____ K/,
d d mn
exp| =Y =—D*k Wk, (3.18)
where | 0,(K)

DMK)=C(K)—CMK) = — A2 3.19

(K) =€)~ CM(K) = 7= (3.19)

The derivative of Gé\ff with respect to A yields two contributions, one due to the derivative of the coefficient and
one due to the derivative of D*(K). Since

dDM(K) JdCA(K)

oA OA (3:20)

the second term yields a contribution which has the form of the first term in the renormalisation group equation
for Gé\ff. This term does not contribute to the derivative of the coefficient. Only the second term yields a
contribution to the differential equations of the coefficients.

It is possible to write down the equations in a graphical form. This form is especially useful for perturbative
expansions. Only single-particle irreducible diagrams occur.

We now want to derive the equations to lowest order in a perturbation expansion. The lowest order which
yields a contribution to the derivative of G2 is O(V?). We start with a two-particle interaction, therefore all
coefficients G2 with m > 2 vanish initially. These coefficients are at least of order O(V"") with m > 2. In O(V?)
it is sufficient to take into account only the coefficients Gé\. We obtain

0 MNEK)DMK)) [1
ﬁGlz\(Kvaﬁ;Kl,Kz = - Z ) &) Esz\(Ki7K§;K7K/)G§\(K,K’;K17K2)
K.K'
—GQ(K{,K;KI,K’)GQ(K’,KQ;K,KZ)
+ G5 (K5, K; K1, K\ G (K K|; K, K>) (3.21)
Since G’z\ == ﬁivl“(z) this can be directly written as an equation for re.
0 1 Jd(DMK)DA(K)) [1
AT (K KK Ky) = 2> (DX a)A L) STO (K1, K3: K KT (K K K. Ka)
KK’
~T (K}, K: Ky, K)TO(K' K K K)
+I'@ (K}, K. K, KT (K K} K, K>) (3.22)

Further simplifications occur if translational invariance and spin symmetry are taken into account. We intro-
duced already the quantities

r®

%10_1 }20_27%30_37%40_4((0}11 9 a)n27 a)n3 ) a)n4) = 6K1+K2,K3+K4F01 070304 (K17K2;K1 - K3) (323)
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1
1—‘0'1('520'3('54 (KviZ’K) == 7(6610'36020'4 - 601(746620'3)1—“Y(K17K2;K)

N =

+ 7(661 O3 6020'4 + 60'1 O4 6(720'3)rl‘ (K] ) KZ’K) (324)

where now K contains only k and @,. The equations for I'y and I'; are
3

d
ﬂra(Kl,Kz;K) = Z Z C&,a’,a”ﬁ&’,a”([{l7K2;K) (325)
r=lao,a"=s,t

1 d(DM(K, — KD K> +K'))

Bor o (K1, K2 K) = BV ) Tx Lo (K1, K2; K\l (Ki —K' K2 +K'; K—K') (3.26)
K/
1 « (DMK DMK +K
Bas o (K1, K2;K) = _[TVZ (D )8A( ))Fa/(Kl,K’;K)Fau(K’+K,K2;K) (3.27)
K/

1

I(DM(K')DM(Ky — K1 +K' +K
ﬁé/,w(Kl,Kz;K):[WZ< (K)D* (K2 — Ki )

Foc’(KLK/;KZ +K—K1)

= oA
xFa//(K2—K1+K+K’,K1;K2 +K*K1) (3.28)
Cos =Cpy =1, Cy g v =0 otherwise (3.29)
1 3
C.zm = 7C3ss = 717 Csz(xot’ = 7Cs30606’ = Z otherwise (330)
5 1
2 =C, = 7 szaa’ = Cfaa, =3 otherwise (3.31)

In general it is not possible to solve these equations analytically. Furthermore, it is not at all clear that the
results do not diverge. It is well known that for sufficiently low temperatures, a divergence occurs which leads
to a superconducting instability. The Fermi liquid becomes a super-conductor. This effect is called Kohn-
Luttinger effect. It was found by Kohn and Luttinger [31] in a second order perturbative calculation in 1965
and can be treated in a mathematically rigorous way (see a series of work by Knorrer, Trubowitz, Feldman,
Sinclair, Salmhofer [9, 62, 10, 63, 11, 12], for a mathematical and comprehensive introduction I refer to the
book by Salmhofer [64]). But one can show as well that for weak interaction and not too low temperatures the
renormalisation group equations yield a finite solution: the Fermi liquid.

3.4 The Hubbard model I, Renormalization
The Hubbard model is a lattice model for electrons with a short range interaction. The Hamiltonian is

H=Y tyc} 5Cy0+UY neing, (3.32)

x,y,0 X

For a translationally invariant lattice with a single energy band we can transform to momentum space and obtain
H=Y gc ¢ + 7 Y oo (3.33)
"k ko ko N et TR K G TRHGT )
ko [

where N is the number of lattice sites. We discuss general results for this model later. In this subsection we
show results of a renormalisation group calculation for the Hubbard model in two dimensions. The results we
show have been taken out of the work by Halboth and Metzner [20, 21]. Similar results have been obtained
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3 Renormalisation

Figure 3.1: Lines of constant energy &; in the Brillouin zone for #' = 0 (a) and t = —0.16 (b).
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by Wegner and coworkers using continuous unitary transformations [18, 22]. Until today, many further results,
not only on the square lattice have been obtained, see e.g. the review [45].
Starting point is the Hubbard model on a quadratic lattice with

& = —21(cosky +cosky) — 41’ (cosk, cosky) (3.34)

Here —1 is the nearest neighbour hopping, i.e. the value of 7, , for neighboured lattice sites x and y. —t’ is the
matrix element for next nearest neighbours. For all other distances one has 7, = 0. The & can be drawn as
lines with constant energy in the (k, k,)-plane, see figure 3.1.

The interaction is

U
Vo™, 9] = N Y 0k10% 00, Pk (3.35)
S KK',Q

Initially, the matrix elements do not depend on K, K’, and Q. In the following, the idea is to derive renorm-
alisation group equations and to solve them numerically. This is done in momentum space. We need several
assumptions and approximations. Details are discussed in the course and in the original work by Halboth and
Metzner [21, 20].

1. First we need a discretisation in %—Space. If we choose a discretisation with N points in %-space, we obtain
equations for O(N?) couplings. N must therefore not be too large, a typical value is N = 16.

2. We neglect the dependence of I" on .

3. Since N is small and since we need precise results close to the Fermi surface, we choose the points in
k-space for the discretisation on the Fermi surface. During the calculation, we need values of I" with
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3 Renormalisation

Figure 3.2: The discretisation on the Fermi surface. The numbers are used later as indices.

Tc T
&
ky o5 ©
6 4
0re 9 1 -
< 10 16 ¢
11 15
12 14
. 13 o
&
_Tc 1
—TT 0 k, T

indices not on the Fermi surface. Therefore we need a projection method which maps these values to
values on the Fermi surface. For large A this is exact since I" is constant anyway. For small A we have
only values of I" with indices close to the Fermi surface and this approximation should be good as well.

4. Close to the edges of the Fermi surface there should be more points of our discretisation.
The approximation due to the discretisation is
T (k1 ka3 K, k) = T (kpt, kras Ky ket -+ ks — Ky ) (3.36)
Instead of 7{} we use the angle which fixes the direction of 7{}. One obtains
Ty (K1, ko Ky Ky + Ky — Ky ) = Ty (91,623 07) (3.37)

The discretisation that has been used is shown in figure 3.2.

Numerically one calculates the effective interaction and with the help of it several susceptibilities to obtain
physically meaningful results. If one of the susceptibilities diverges, this is a sign for an instability of the Fermi
liquid. The susceptibility directly yields the type of instability. The following susceptibilities are taken into
account:

1. commensurate anti-ferromagnetic spin susceptibility ys(7, 7),

2. incommensurate anti-ferromagnetic spin susceptibilities xs(g) with§ = (x—5,m) or g = (1 —6)(m, 7).
Here 6 = 1 — N, /N is the doping, the distance from a half filled band.

3. commensurate charge susceptibilityyc (7w, 7) ,

4. Various singlet pair susceptibilities for s wave pairing (form factor d (%) = 1), modified s-wave pairing
(d(k) = (cosky + cosky)/+/2), d-wave pairing d_y» (form factor d(k) = (cosky — cosky)/ V2) and dyy
(d(k) = sink, sink,).

The results we show have been calculated for U = ¢. The susceptibilities are divided by their values for U = 0
All results are for densities close to half filling and for small values of ¢'. In the next chapter we shall see that the
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3 Renormalisation

Figure 3.3: Flow of the singlet functions '} for different values of k. The values are the discretisation points
in figure 3.2. Only the most important couplings are shown. The figure below shows the suscept-

ibilities. Calculations are done for ' = 0 and yu = —0.005, which corresponds to a density slightly
below half filling. The system shows an anti-ferromagnetic instability.
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Figure 3.4: Parameters as in 3.3, but u = —0.02.
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Hubbard at half filling is an anti-ferromagnet. The anti-ferromagnetic state should be stable close to half filling.
This is shown by the results in figure 3.3. But for lower densities, the anti-ferromagnet becomes unstable.
Due to the Kohn-Luttinger instability the system may become super-conducting. This is indeed the case, see
figure 3.4. On can see that the spin susceptibilities first grow but then remain constant for smaller values of
A. Instead, the susceptibility for d-wave super-conductivity dominates. If one performs similar calculation for
various parameter sets, one obtains a phase diagram shown in figure 3.5. Figure 3.6 finally shows the critical
A., where the divergence occurs.

It is possible to perform similar calculations for small ' # 0 as well. Results are similar, the area where the
system is anti-ferromagnetic is smaller.

A first impression one gets from these results is that the Hubbard model is never a Fermi liquid. It is either a
anti-ferromagnet or a super-conductor. The reason is that the results shown here hold only for low temperatures.
For higher temperatures the super-conductor becomes unstable. Only at half filling one may expect that the
anti-ferromagnet remains stable for somewhat higher temperatures.

On the other hand it should be made clear that all the calculations presented here have a systematic problem.
The renormalisation group equations have been calculated up to second order. This is justified if the interaction
is small. But here, we obtain a divergence. Close to the divergence, the interaction is no longer small.

This problem occurs in almost all approaches to the Hubbard model. Often it is not clear whether an approx-
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Figure 3.5: Phase diagram for the Hubbard model with small interaction U and close to half filling, ' = 0, as
obtained from the numerical renormalization group calculations.
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3 Renormalisation

imation is valid or not. A complete picture can only be obtained if several independent approaches are used and
if they yield consistent results. Furthermore, exact results are important land marks.
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4 The Hubbard model

This chapter is taken from [53]. The emphasis lies on rigorous results for the Hubbard model.
The Hamiltonian of the Hubbard model is given by

H = Hyip + Hipt = Z txycivccy’g + ZUXC:ETCLCWCXT “4.1)
x,yeV,o X

The model was proposed independently by J. Hubbard [25] for the description of transition metals, by J.
Kanamori [28] for the description of itinerant ferromagnetism, and by M.C. Gutzwiller [19] for the description
of the metal-insulator transition. In Chemistry, the model is popular as well, and was introduced ten years
earlier [58, 60]. Under the name Pariser-Parr-Pople model it has been used to describe extended 7m-electron
systems.

Typically, one assumes that the vertex set V forms a translationally invariant lattice and that U, is independent
of x, i.e. U, = U. But more general settings are possible. Especially in the quantum chemical context, V is just
a general graph, #,, and U, depend on the lattice sites.

On a regular lattice, one often assumes nearest neighbour hopping, i.e. t,, =t for nearest neighboured sites,
lx—y| =1, t,, = 0 otherwise. Sometimes, a next nearest neighbour hopping #,, =’ for |x —y| = 2 is introduced.
In Sect. 3.4 we saw that such a next nearest neighbour hopping may change the physical behaviour of the system
drastically.

For small U and in two or more dimensions, one expects that the Hubbard model describes a Fermi liquid.
Typically, one is interested in the case where the model describes strongly interacting electrons, i.e. correlated
electrons. In that situations, the interaction U is as large as or larger than typical values of 7.

For a general overview on the Hubbard model and on correlated Fermions in general I refer to the book of
Fulde [15]. An overview on rigorous results for the Hubbard model can be found in the article of Lieb [40], an
overview on ferromagnetism in the Hubbard model in [72].

4.1 Symmetries of the Hubbard model

The Hubbard model has several symmetries:
Gauge symmetry:
clo s explic)cly, v — exp(—itt)cro 4.2)

The Hamiltonian remains invariant if this transformation is applied. As a consequence, the particle number
N, = Y, 5 CroCxo is conserved. This is a generic property of almost all models in condensed matter theory
which describe fermions.

Spin symmetry: With the help of the Pauli matrices
0 1 0 —i 1 0
Gx—(l 0), Gy_<l, O)’ GZ—<O _1> 4.3)

1
Sa,x = 5 Z C;O'(GOC)G,G/CXGU o=x,y2 S,= (Sx.XaSy,xasz,x) 4.4)
c

,07

we define local
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and global spin operators.
Sa =Y Sax, S=(5:5y.5:) 4.5)
X

Often one uses |
- ¥
Se=SckiSy, Si=3 Eﬁ cheg, S-=5] (4.6)

These operators form an SU(2) algebra. The Hamiltonian commutes with these operators, it has a SU(2)
-symmetry. We have
Sy, Sy] = iS; 4.7

H, S? and S, can be diagnosed simultaneously. We denote the eigenvalues of 8% as S(S+ 1), where S is the spin
of the eigenstate. S o< N,, i.e. an extensive value for S means that the state is ferro- or ferri-magnetic.

Particle-hole transformations: Using the transformation
clo = Cor  Cro — Clg 4.8)
the Hamiltonian becomes

H—H = Z txycmc;f.c + UZCX¢CX¢CLC;T

x),0 X

= — Z txyc;r,(,cm + UZ(I - ciTcﬁ)(l - CL%)

x),0 X

= =Y tyeloeyo+UY clhicl e +U(V|—N,) (4.9)

x),0 X

|V| is the number of vertices.
Thus, the particle hole transformation is not a symmetry, but it can be used to obtain eigenstates from other
eigenstates.
For a bipartite lattice, i.e. a lattice, which decays into two sub-lattices A and B so that 7., = 0 if both x and y
belong to the same sub-lattice, it is possible to introduce the following transformation:
clo =l ifxeA, ¢y — —cl ifxeB (4.10)

pie)

This transformation changes the sign of the kinetic energy. Applying this transformation together with the
particle-hole transformation at half filling (i.e. N, = |V|) maps the Hamiltonian onto itself. Thus, we have
another symmetry for this class of lattices, a particle-hole symmetry.

The transformation (4.10) alone is of some importance since it can be used to change the sign of the hopping
matrix elements. Typically, it is assumed that 7., < O is the natural choice of the sign, at least for nearest
neighbours. For bipartite lattices the sign can be changed. In general, the assumption t,, < 0, although popular,
has no compelling reason. [37]

On bipartite lattices at half filling, one can use the particle-hole symmetry to obtain a second SU(2) sym-
metry. The generators are

SZ:%(Ne—M), Sp=Y el - Yol § =8 @.11)
xX€EA XEB

These generators can be obtained from the original SU(2) generators by performing a particle-hole trans-
formation together with a transformation of type (4.10) for spin down only. The model has thus a SU(2) x
SU(2) = SO(4) symmetry at half fillings. In discussions concerning high temperature superconductivity, even
an approximate SO(5)-symmetry has been proposed.

The additional symmetry of the Hubbard model on a bipartite lattice at half filling (N, = |V|) is essential for
several of the rigorous results which are valid in this case. The two most important is Lieb’s theorem [36], see
Sect. 4.2.1, and the uniform density theorem, Sect. 4.2.5.
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Lattice symmetries: On translationally invariant lattices, the model has the symmetries of the lattice.

The one-dimensional case: The one dimensional Hubbard model has an infinite set of invariants. A
special form of the Bethe ansatz yields exact eigenstates of the Hamiltonian. This was first shown by E. Lieb
and F. Wu [39]. The ground state is part of that Bethe ansatz eigenstates. Not all the eigenstates of the one-
dimensional Hubbard model are Bethe ansatz states. But it was shown by Essler, Korepin, and Schoutens [8],
that for even |V|, where the lattice is bipartite, all other eigenstates can be obtained by applying the operators
Si, 5} to the Bethe ansatz states.

For an exactly solvable model one should expect an infinite set of invariants. A first attempt to find those is
a paper by Heilmann and Lieb [23]. Later Shastry [65], Olmedilla and Wadati [57], and Grosse [17] presented
a large set of such invariants.

The one-dimensional Hubbard model has been investigated by many people, the literature is vast, and a
complete overview would be a course in its own. I will not discuss the one-dimensional Hubbard model in this
course.

4.2 Some rigorous results

Most of the rigorous results on the Hubbard model concern the magnetic behaviour in the ground state, i.e. at
T = 0. I discuss the most important rigorous result in the following subsections.

For each of the theorems mentioned below I try to explain the main idea of the proof. For the mathematical
details I refer to the original papers.

4.2.1 Lieb’s Theorem

In 1989, E. Lieb [36] proved an important theorem and an even more important corollary on the Hubbard
model. The theorem is about the attractive Hubbard model. It holds for arbitrary hoppings t,,, with the only
assumption that the graph of the hopping matrix is connected. The interaction U, may depend on x.

Theorem (Lieb 1989) Let H be the Hamiltonian in (4.1) with real t,,, the graph of T = (t,,) should be
connected, and negative U, < 0. Let the particle number N, be even. Then, the ground state is unique
and has a total spin S = 0.

For the proof, I refer to the original paper by Lieb. He uses a technique called spin reflection positivity. For
some details see the remarks below.

On a bipartite lattice, using a particle-hole transformation for spin-down only, together with a transformation
(4.10), the kinetic energy remains the same but the signs of U, are switched. In that way, one can obtain a result
for the repulsive Hubbard model. Since S, with the above transformation transforms to S, one obtains a result
forS,=0,ie N, = |V |, i.e. half filling. Therefore, the following corollary holds

Corollary Let H be the Hamiltonian in (4.1) with real #,,, the graph of t,, should be connected and bipartite,
and positive Uy = U > 0. Let the particle number N, = |V|. Then, the ground state is unique in the
subspace S, = 0. The total spin is S = 1||A| — [B]].

The last statement S = 1|A| — |B|| does not follow directly from the theorem because the theorem makes no
statement about S. It can be understood in two ways.

The first is to look at weak interactions. For a bipartite lattice, the spectrum of T' = (t,y) ey is symmetric
with respect to 0. For any eigenvalue € there exists an eigenvalue —¢&. Half filling now means that for arbitrary
weak interaction all single particle eigenstates with energies € < 0 are completely filled with two electrons and
that the eigenstates with € = 0 are filled with one electron. For the latter, Hund’s rule [50] applies which means
that all electrons have the same spin. The degeneracy of the eigenvalue O is ||A| — |B||, therefore we obtain the
a total spin S = 1||A| — |B||.
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The second idea is to look at strong interactions and to use a unitary transformation exp(R) to transform the
Hamiltonian to a form where the number of doubly occupied sites is conserved. The ansatz is

R=Y scyoCls0yo 4.12)

'x7y70

We assume that U is large and expand exp(R)H exp(—R) to obtain

1
H — Hip + Hyipn + [R,Him] + [R,Hkin] + §[R7 [R,Him]] +-- 4.13)
The kinetic energy Hyi, can be written as
Hyin = Hkin,0 + Hin,1 (4.14)

Hyin o does not change the number of doubly occupied sites, Hyin | changes it by =1. We have

Hiing = Y to(ne -6 — Ny —)7Cl 50y (4.15)
x0,0
We choose R so that
Hyin,1 + [R,Hine) =0 (4.16)
This yields
1
H_>Heff:Hint+Hkin,O_§[R7 R, Hind] + - - 4.17)
We have
[R,Hie| = —U Z Iryo(My—c _”ﬁyy—cr)C;ocyﬁ (4.18)
X,5,0
and therefore .
raye = ) (Mo —ny—o) (4.19)

Let Py be the projector onto states for which each site is occupied by one electron, which is the ground state at
half filling and U arbitrarily large. If we restrict the Hilbert space to these states, we get

H.y = PyRHRP,
= URR’R
15 1
= UP() Z %(ﬂxq’,g—n%, ) iGCyO' Z 2 (}’lx _G/—I’ly —G’) i ,Cy G’PO
xX,y,0 X y o’/

- _7P0 Z Xy xGCycfc G/CXG/PO
7y76 G

= —Po Z 5 xocyc/c G,CX’GP() Zt

x,y,0,0" i
262,

— Y 228,..8,R
U

X 7}'

2
PO Z xy xGCXGC G’CyG/PO thy
x-,y

x,y,0,0’
212,
= Z7Sx'SyP0 (4.20)

Xy

This transformation is of importance in its own. It shows that the Hubbard model at half filling and for large
U can be mapped to the anti-ferromagnetic Heisenberg model. For the corollary above it has the consequence
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that the total spin of the Hubbard model at half filling and for large U is the same as for the Heisenberg model,
therefore S = 1||A| — [B]].

Since the ground state is unique for all U, it is sufficient to know the total spin S for small or large U, due to
the uniqueness it cannot change.

Lieb’s theorem suggests anti-ferromagnetism or ferrimagnetism (depending on whether the two sub-lattices
A and B have the same size or not) for the Hubbard model at half filling. But, whereas for the anti-ferromagnetic
Heisenberg model long-range order was proven in two dimensions in the ground state and in three dimensions
for sufficiently low temperatures, there is no proof for long-range order for the Hubbard model up to now. The
methods to prove long-range order for the Heisenberg model cannot be applied to the Hubbard model. The
simple reason is that the Hubbard model is richer much more complicated and allows for a much larger number
of phenomena. Nevertheless, many results including the renormalisation results (see Sect. 3.4) indicate the
existence of long range order for large U.

Lieb’s proof uses the fact that for an even number of fermions, there is always a ground state with S, = 0 due
to the SU(2) spin symmetry. This means that the ground state can be written in the form y =Y., s Wos Wo 1 Wp |
where Yy o form a orthonormal basis of multi-particle states with N, /2 particles with spin ¢. Since t,, and Uy
are real, one can assume that the matrix W is self adjoined. The expectation value of the Hamiltonian in the
state ¥ can be written as a quadratic form E(W) in W and it can be shown that for non-positive interactions
E(W) > E(|W]). |W| is the positive semi-definite matrix satisfying W2 = |W|2. It is then easy to see that the
ground state corresponding to |W| has § = 0. The uniqueness is shown by assuming that a second ground
state with some W exists. Then, R = |[W| — W is a ground state as well. Some lengthy but easy to understand
argument which uses the fact that the graph of T is connected then shows that W = +|W| and therefore that
the ground state is unique. Compared to many other proofs, Lieb’s proof is very elegant and compact, only
somewhat more than one page in a letter. I recommend to read it to everybody.

4.2.2 The Mermin-Wagner Theorem

The term Mermin-Wagner Theorem is usually used for a huge class of theorems which state that for lattice
models in one or two space dimensions with a continuous symmetry, like an SU (2) symmetry, there is no long
range order at finite temperature. Originally, Mermin and Wagner [44] showed in 1966 that in the one- or
two-dimensional Heisenberg model there is no long-range order, neither anti-ferromagnetic nor ferromagnetic.
This result was extended to the Hubbard model by Walker and Ruijgrok 1968 [75] and by Ghosh 1971 [16].
Further, Hohenberg [24] showed 1967 that there cannot be superconductivity or long range crystalline order in
one or two dimensions. The proof for the Hubbard model was considerably simplified and somewhat extended
by Koma and Tasaki [32].

The original proof by Mermin and Wagner
Mermin and Wagner consider the Heisenberg model

H=—Y JyS:-S,—hY Sc.s (4.21)

x,yeVv xeVvV

with a magnetic field % in z-direction. For the ferromagnetic case they choose s, = 1 for all x € V, for anti-
ferromagnetism they choose s, = %1 for the two sublattices of the anti-ferromagnet. The interaction has to be
of finite range. We write s, = exp(—il? -7y). For the ferromagnetic case, K =0.

For a two-dimensional lattice with lattice sites V they show that

const. 1
Is:l < =77 YIE (4.22)
and in one dimension .
const.
s:l < =573 |3 (4.23)

where s, = S, /|V| is the z component of the total spin per lattice site.
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To show these result, they make use of the Bogoliubov inequality.
SIAATL)([C H.CY) 2 kT (C. A P 4.24)
Here, (X)is the usual expectation value at finite temperature, i.e.
(X) = %TrX exp(—BH) 4.25)

where 8 = 1/kgT is the inverse temperature and Z = Trexp(—H) is the partition function. The Bogoliubov
inequality holds for any operators for which the expectation values are defined.
To prove the Bogoliubov inequality, we first introduce

!/

(4,B) = ) (ilAlj)"(ilBl)

i7j

Wl‘—Wj
E —E,

(4.26)

Here, i denote the eigenstates of H, E; are the eigenvalues, and w; = Z~!exp(—BE;). The sum excludes pairs
of states with the same energy. First, note that

Wi —w;j 1
, ; ) 4.27
0<E,~—Ej<2B(W +wj) (4.27)
and therefore |
(A,4) < SB(AAT) (4.28)

Further, (A, B) satisfies all the properties of an inner product and therefore fulfils Schwartz inequality
(A,A)(B,B) > |(A,B)[* (4.29)

The Bogoliubov inequality now follows if one chooses B = [C", H].
Let us now apply the Bogoliubov inequality to prove the Mermin-Wagner theorem. We assume translational
invariance and introduce the Fourier transformed quantities

Sk) =Y exp(—ik-7,)Ss (4.30)
xeVv
J(k) =Y exp(—ik- (F; — Fo)Jox (4.31)
xeV

for some arbitrary lattice site 0. 7, is the vector pointing to the lattice site x. The back transformation is

S, = W1|2exp(ﬁé-7x)§(7é) (4.32)
%
1 ie=d = N —
Ty = Wi %exp(lk- (7 — A ) (k) (4.33)

where the sums are taken over the first Brillouin zone.

— - =

We now use Bogoliubov’s inequality with C = S, (k) and A = S_(—k — K). We obtain

-1
X (S, (—K)S(K) 4 [ (K), S_(—K)]4) + hsz} (4.34)
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The term in the curly bracket can be estimated by

1 4

‘Vl‘ | ;Jx( 1 —expl(ik-7.) %exp(—ﬁé’ Fo) (S (—K) S (k) + 415+ (#),S_(—k")] + s
< VY [Jel(1 = cos(k-F))S(S+1) + "Z/’hsz
X
< ;]v][;azny\kZS(SJr 1)+ hs) 435
Replacing the curly bracket by this upper bound and summing over k one obtains
S(S+1) > ZkBTs§|V1| §[S(S+ 1)x; 72 || k? + hs) (4.36)

Taking the thermodynamic limit, we replace the sum by an integral over a sphere that is entirely contained in
the first Brillouin zone. The we obtain in two dimensions

, _ const. 0]
< 4.37
< T (1 /s (4.37)
and in one dimension
3 (Ih|e)'/?
< t. 4.38
Sz < cons <szTtan1(m/\hsz|)l/2 (4.38)

which, for small |4 yield (4.22) and (4.23).

Generalisations

Already Mermin and Wagner noted that their proof can be extended to show the absence of long-range crys-
talline order in one or two dimensions. Walker and Ruijgrok 1968 [75] and Ghosh 1971 [16] extended the result
to Hubbard type models, i.e. electrons moving on a lattice with a short-ranged (screened) Coulomb interaction.
Further, Hohenberg [24] showed 1967 that there cannot be superconductivity or long range crystalline order in
one or two dimensions.

The Theorem was extended to yield limits for the correlation functions. The result by Mermin and Wagner
only show that there is no long-range order. More interesting is to understand how the correlation functions
decay. The most general result is by Koma and Tasaki. Their proof uses a different method to proof the bounds,
which was first used by McBryan and Spencer [43].

Theorem (Koma, Tasaki 1992) For a Hubbard model in one and two dimensions with finite range hopping
(i.e. ty, = 0 if the distance |x — y| lies above some finite value) in the thermodynamic limit, the following
bounds hold for the correlation functions

F ot |x —y|~*/(B) ford =2
ehelinet < { el e —ol) tord— 1 439
. x —y| =/ (B) ford =2
15591 <{ e g1 Byl tord— (440

for some a >0, y> 0, f(B) > 0 where (.) denotes the expectation value at inverse temperature 3 and
f(B) is a decreasing function of B which behaves like f(B)~ 1/ for B > By and f(B) ~ (2/Bo)|In(B)]
for B < By. By is some constant.

This result rules out long-range spin-order or superconductivity at finite temperatures in one or two dimensions.
The power laws for d = 2 are certainly not optimal for high temperatures, where one expects an exponential
decay of correlation functions. But they are sufficient to exclude long-range order.
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Having a power law decay at low temperatures in two dimensions and an exponential decay at large tem-
peratures means that there must be a transition between the two. This transition is called Kosterlitz-Thouless
transition [43]. It may occur in two dimensions.

The interesting point of the proof of Koma and Tasaki is that it only needs a U (1) symmetry. Thus, any lattice
model with a U(1) symmetry in one or two dimensions cannot have superconducting or magnetic long-range
order at finite temperature in one or two dimensions.

The term Mermin-Wagner Theorem is usually used for a huge class of theorems which state that for lattice
models in one or two space dimensions with a continuous symmetry, like an SU (2) symmetry, there is no long
range order at finite temperature. Originally, Mermin and Wagner [44] showed in 1966 that in the one- or
two-dimensional Heisenberg model there is no long-range order, neither anti-ferromagnetic nor ferromagnetic.
This result was extended to the Hubbard model by Walker and Ruijgrok 1968 [75] and by Ghosh 1971 [16].
Further, Hohenberg [24] showed 1967 that there cannot be superconductivity or long range crystalline order in
one or two dimensions. The proof for the Hubbard model was considerably simplified and somewhat extended
by Koma and Tasaki [32].

Theorem (Koma, Tasaki 1992) For a Hubbard model in one and two dimensions with finite range hopping
(i.e. ty, = 0 if the distance |x — y| lies above some finite value) in the thermodynamic limit, the following
bounds hold for the correlation functions

F ot |x —y|~%/(B) ford =2
‘(chcx\LC.‘/’lc}'TM < { exp(_yf(ﬁ)|x_y|) ford =1 (441)
x — y|~/(B) ford =2
. <
81 <{ e s sl) tord = 442

for some o >0, ¥ > 0, f(B) > 0 where (.) denotes the expectation value at inverse temperature 3 and
f(B) is a decreasing function of  which behaves like f(B) ~ 1/ for B > By and f(B) =~ (2/Bo)|In(B)]
for B < PBo. Po is some constant.

This result rules out long-range spin-order or superconductivity at finite temperatures in one or two dimensions.
The power laws for d = 2 are certainly not optimal for high temperatures, where one expects an exponential
decay of correlation functions. But they are sufficient to exclude long-range order. This means that a Kosterlitz-
Thouless transition may occur. [43].

The interesting point of the proof is that it only needs a U(1) symmetry. Thus, any lattice model with a
U (1) symmetry in one or two dimensions cannot have superconducting or magnetic long-range order at finite
temperature in one or two dimensions.

The older proof of Ghosh [16] uses the SU(2) spin symmetry and the Bogoliubov inequality and is easy to
understand.

The result by Koma and Tasaki is more general, their proof uses a method developed by McBryan and
Spencer [43] for classical spin systems and its extension to quantum spin systems by Ito [26]. The proof uses the
fact that for an arbitrary observable A one has Tr(Aexp(—BH)) = Tr(G(6)AG(8) ' exp(—BG(0)HG(6)™1)).
G(0) is a local transformation. The right hand side can be bounded using some standard inequalities, namely
the Schwartz inequality stating that for hermitian matrices O and P one has Tr(OP) < (Tr(0*O)Tr(P*P))"/2,
and the Golden-Symanzik-Thompson inequality Trexp(O + P) < Tr(exp(O)exp(P)). Suitable choices for A
and G(0) then yield the bounds.

In one dimension, with nearest neighbour hopping only, and for finite U,, the Lieb-Mattis theorem [38]
says that the minimal energy in the subspace with fixed spin S is strictly lower than the minimal energy in the
subspace with S+ 1. This clearly rules out ferromagnetism in one dimension in the ground state.

4.2.3 Nagaoka’s Theorem

The so called Nagaoka Theorem was actually first proven by Thouless [73] 1965 for some special bipartite
lattices. The proof of Nagaoka [55], only one year later, is more general and applies to non-bipartite lattices as
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well. Therefore, the result is called Nagaoka theorem today. The most general proof is due to Tasaki [68]. It
states the following:

Theorem (Tasaki 1989) The Hubbard model (4.1) with non-negative t,,, N, = |[V| — 1, and a hard-core re-
pulsion U, = « for all x € V has a ground state with a total spin S = %Ne. The ground state is unique
except for the usual (25 + 1)-fold spin degeneracy provided a certain connectivity condition for ¢, holds.

This theorem is remarkable, because it states that there is a unique ferromagnetic ground state in the vicinity of
half filling, where an anti-ferromagnetic spin order is assumed to be present.

The proof of the theorem uses the Schwarz inequality to show that a ferromagnetic ground state exists.
To show the uniqueness, it uses the Perron-Frobenius theorem, which states that for a matrix with only non-
negative entries and for which the graph is connected (the matrix is irreducible), the eigenstate with the largest
eigenvalue is unique and has non-negative entries. The theorem can be applied here by finding a suitable basis
for the multi-particle Hilbert space of the Hubbard model. The connectivity condition in the theorem ensures
that the graph of the Hamiltonian in that basis obeys the irreducibility needed in the Perron-Frobenius theorem.
Essentially it states that by the hopping of particles, arbitrary permutations of the particles can be realised. This
holds for almost any lattice except the one-dimensional chain.

The Nagaoka theorem made people believe that for many lattices, e.g. as well for hyper-cubic lattices, a
large region in the parameter space (U large and a density close to but not at half filling) exists where the
Hubbard model has ferromagnetic ground states. But any attempt to prove that failed so far. Instead, many
variational calculations by various groups mainly in the early 90s showed that the Nagaoka state is not very
stable. Changing the conditions a bit, either putting more than one hole in the system or lowering U causes the
Nagaoka state to become unstable against single spin flips, i.e. E(S=N,/2—1) < E(S = N,/2) (for details see
e.g. [66]). Exact diagonalisations of small systems yield the same result. On the other hand, for some special
non-bipartite lattices, these calculations indicate that the Nagaoka state may be more stable and that a larger
region in the parameter space exists where the ground state is ferromagnetic.

4.2.4 Flat-band systems

A first example of a lattice having a flat band is a bipartite lattice with |A| = n|B|. A simple example which
Lieb [36] used as an illustration for his theorem is the quadratic lattice with additional lattice sites on each
edge. If there is only nearest neighbour hopping, the original lattice sites of the quadratic lattice form one of
the sub-lattices, say B and the new lattice sites form the second sub-lattice A. There are twice as many lattice
sites on A than on B. Each elementary cell contains one lattice site from B and two from A, in total three.
We have thus a three band model. Since the lattice is bipartite, the single particle spectrum is symmetric with
respect to 0. There is one energy band in the centre which is completely flat. The flat band causes the extensive
magnetisation S = 1||A| — |B|| = 1|B|, as we pointed out already in Sect. 4.2.1. Since this magnetisation is
related to the existence of two sub-lattices, the system is ferrimagnetic.

Two years after Lieb first examples of lattices with a flat band at the bottom of the spectrum were published
[47, 46, 48, 69, 54]. One class of such lattices are line graphs, the other are decorated lattices. Since the
construction of a line graph is elementary and since we need it later, we give a more detailed description here.

Let G = (V,E) be a graph with a vertex set V and an edge set E. Any lattice can be regarded as a graph. The
lattice sites are the vertices and there are edges between two vertices if there is a non-vanishing hopping matrix
element connecting the two. If we allow only for nearest neighbour hopping, the hopping matrix is (up to a
factor ) the adjacency matrix A(G) = (dyy)xyev of the graph. a,, = 1if {x,y} = e € E is an edge of the graph,
0 otherwise.

The line graph L(G) of a graph G is constructed as follows: The vertex set V(L(G)) of the line graph is the
edge set E(G) of the original graph and two vertices of the line graph are connected, if the corresponding edges
in G have a vertex in common.

Figure (4.1) shows an illustration of the construction of a line graph. Let G be a part of the hexagonal lattice,
as shown in black. Now we put a new vertex in the middle of each edge and connect two new vertices if the
edges of the original hexagonal lattice have a vertex in common. This procedure yields a new lattice build of
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Figure 4.1: The kagomé lattice (red, dashed) as the line graph of the hexagonal lattice (black).

hexagons surrounded by triangles, shown in red. The new lattice constructed that way is the line graph of the
hexagonal lattice, it is called kagomé lattice. You may take any lattice or even any graph G and construct the
line graph in that way.

Let us now investigate the spectral properties of the adjacency matrix A(L(G)) of a line graph. To do this,
we first introduce a new matrix B(G) = (bxe)xev,ecE, the so called edge vertex incidence matrix. The matrix
elements b,, = 1 if the edge e connects to the vertex x, by, = 0 otherwise. Note that B has |V| columns and |E]|
rows. Except for a graph without loops or with only one loop, |E| > |V| and the kernel of B has a dimension
> |E|—|V|. The adjacency matrix of the line graph and the incidence matrix of the original graph are related via
A(L(G)) = B(G)'B(G) — 2. As a consequence, —2 is a lower bound of the spectrum of A(L(G)) and becomes
the lowest eigenvalue with degeneracy at least |E| — |V| if |[E| > |V|. In fact, one can show that the degeneracy
is Ny = |E| —|V|+ 1 if G is bipartite and connected, N; = |E| — |V| if G is not bipartite and connected.

This fact can now be applied to a lattice. If G is a translationally invariant lattice with one or more energy
bands, L(G) is a lattice as well and the lowest energy band lies at energy —2¢ and is completely flat. A lattice
which is a line graph, e.g. the kagomé lattice, has a lowest flat band. This makes it easy to construct ground
states of the Hubbard model, at least for N, < N;. In that case any state with all electrons having the same spin
is a ground state, since this state minimises both the kinetic energy and the interaction. This construction is
indeed trivial. The interesting question is whether or not there are other ground states and whether or not they
can be characterised completely. This is indeed possible for N, = N, as the following theorem shows [46, 47]:

Theorem (Mielke 1991) Let H be the Hubbard model on a line graph L(G) of a two-connected bipartite
graph G or a three-connected graph G and let N, = Ny, U, > 0 for all x. Then the ground state has a spin
S= % and is unique up to the (25 + 1) -fold degeneracy due to the SU(2) spin symmetry.

The kagomé lattice is obviously an example for this theorem.

The original proof of the theorem uses some graph theoretical notions. We will not present it here since later
a more general and simpler result has been shown which does not use the notion of a line graph.

On the other hand, let us discuss the single particle ground states with energy —2¢ a bit further since they
serve for many easy illustrations we may need later. Let p be a self-avoiding closed path (xj,x3,...x,) of even
length n on G. It obviously translates to an even path on L(G). Let us now construct the single particle state
v, (e) as follows. y,(e) =0 if e lies not on p. On p, y,(e) = 1 with alternating sign for subsequent edges
of G. It is easy to see that By, = 0. y,, is therefore a ground state of A(L(G)) with eigenvalue —2. It can be
shown that these states form an over-complete basis of the eigenspace of the eigenvalue —2.

If G is a bipartite plane graph, like the hexagonal lattice, each face f is surrounded by a self-avoiding path,
let us call it f as well. Let F be the set of faces. Due to Euler’s theorem, |F| = |E| — |V |+ 2. One of the faces
is the outer face of the graph, there are exactly |[E| — |V|+ 1 inner faces. It is easy to see that the states yy
corresponding to the inner faces f are linearly independent. They thus form a basis (not orthonormal) of the
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eigenspace of the ground state energy. Using this construction, it is possible to construct all ground states for
N, < Ny.

One year later, 1992, Tasaki [69] published a class of decorated lattices with lowest flat bands, for which he
proved a similar result. In 1993 [54], we investigated these lattices further and showed how one can construct
all ground states with N, < N; for these decorated lattices. We further showed that for these lattices the char-
acterisation of the ground states can be mapped to a percolation problem. This allows to show that the system
remains ferromagnetic with an extensive but not saturated total spin S up to some critical density on that below
that density the system is paramagnetic.

This construction is most easily understood for line graphs of planar bipartite graphs, see the kagomé lattice
in Fig. 4.1 as an example. For these graphs, the faces yield the single particle ground state. The inner faces
form a basis (not orthogonal). Neighboured faces of G have an edge in common. Therefore, putting electrons
with different spin on neighboured faces may produce a double occupancy on that edge. This yields to a higher
energy. To obtain a ground state, electrons on neighboured faces should have the same spin. But if N, < N; not
all faces are occupied and one may form non-touching clusters with total spins pointing in different directions.
Constructing non-touching clusters of faces is a percolation problem on the dual graph of G. This percolation
problem has a percolation threshold, above which one large extended cluster is formed. This cluster has an
extensive spin, whereas all other finite clusters have a finite spin. Therefore, above the percolation threshold
the system is ferromagnetic. The percolation problem is not the classical percolation problem since each cluster
with a spin S has a 25 + 1 fold degeneracy.

After 1993, more classes of lattices with flat bands have been found and investigated. A general result, which
covers all these cases, is available as well. It needs a condition on the projector p = (pyy)x,yev onto the space
of single particle ground states [50, 49, 51].

Theorem (Mielke 1993, 1999) The Hubbard model with an N, fold degenerate single particle ground state,
U, > 0, and N, < N, electrons has a unique (25 + 1)-fold degenerate ferromagnetic ground state with
S = Ny /2 if and only if N, = N, and p,, is irreducible.

The original proof of this theorem was complicated and used a special construction for a non-orthonormal basis
of single particle ground states. The later proof is simpler. First, the following result is shown:

Theorem (Mielke 1999) The Hubbard model with a N, fold degenerate single particle ground state, U, > 0,
and N, < Ny electrons has a multi-particle ground state with § < N, /2 — 1 if it has a single spin flip
ground state with S =N, /2 — 1.

In other words: To prove stability of ferromagnetism it is sufficient to show that there is no single spin flip
ground state. This is indeed easy if N, = N; and p,, is irreducible. Therefore, the first theorem is a consequence
of the second. Note that the second theorem is not trivial at all. For other lattices, you may easily construct
cases where a ferromagnetic state is stable with respect to single spin flips but where it it nevertheless not the
ground state of the system.

The last two results are very general, they hold for arbitrary lattices and arbitrary, even complex, hopping
matrix elements z,,. This is important because the flat band physics started to attract much attention in the past
few years for mainly two reasons. First, using optical lattices it is now possible to investigate these systems
experimentally. For instance the kagomé lattice was build using that technique by Jo ef al. in 2012 [27].
Second, people became interested recently in so called topological flat bands. Here, the flat (often quasi flat)
band arises from special choices for the phases of complex z,,.

In 2003, Tanaka and Ueda [67] showed that for the special case of the kagomé lattice, the ferromagnetic
ground states remains stable if one introduces a special perturbation that yields a small dispersion to the lowest
flat band, provided U is not too small. Similarly, Tasaki [71] showed in 1996, that for some decorated lattices
the ferromagnetic ground state remains stable. These results are important because they indicate that flat band
ferromagnetism is not something exotic like the Nagaoka ferromagnet.

Another interesting question arises what happens if p,, is not irreducible. Batista and Shastry [6] were the
first to investigate an example for such a lattice, today many examples are known. One can show the following
general results [52]:
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4 The Hubbard model

Let p have the following properties:

1. p is reducible. It can be decomposed into N, irreducible blocks py, k = 1,...,N,. N, should be an
extensive quantity, i.e. N, o< N; o< |V|, so that in the thermodynamic limit the density of degenerate
single-particle ground states and the density of irreducible blocks are both finite.

2. Let Vj be the support of py, i.e. the set of vertices for which at least one element of p; does not vanish.
Prxy =0 if x ¢ Vi or y ¢ Vi. One has Vy NV = 0 if k # k' because of the fact that py are irreducible
blocks of the reducible matrix p and [ J, Vi C V.

3. We choose the basis B such that the support of each basis states y;(x) € B is a subset of exactly one V;.
We denote the number of states belonging to the cluster Vj as v;. One has Y ; vy = N,;.

4. Vimax = maxg{ vy} is O(1), i.e. not an extensive quantity.
With these properties one can show

Theorem (Mielke 2012) For Hubbard models with a lowest single-particle eigenenergy O which is Ny-fold
degenerate and for which the projector onto the eigenspace of 0 fulfils the properties on the previous
slide, the following results hold for N, < Ny:

1. The ground state energy is O.

2. Let A, be an arbitrary local operator, i.e. an arbitrary combination of the four creation and annihil-
ation operators ¢ and c,¢. The correlation function pa , = (A,A,) — (A,)(A,) has a finite support
for any fixed x and vanishes if x and y are out of different clusters V. The system has no long-range
order.

3. The system is paramagnetic.

4. The entropy at zero temperature S(c) is an extensive quantity, S(c) = O(N,). It increases as a
function of ¢ = N, /N, from 0 for ¢ = 0 to some maximal value Smax > Y [(Vi — 1) In2+In(vg +2)]
and then decays to S(1) =Y, In(vx +1).

These models have therefore no long range order. The most interesting aspect is the finite entropy at zero
temperature.

4.2.5 Uniform density theorem

The uniform density theorem [41, 42, ?] is valid on a bipartite lattice and at half filling. The proof makes use
of the particle-hole symmetry which is valid in that case. It states

Theorem (MacLachlan 1959, 1961; Lieb, Loss, McCann 1993) For the Hubbard model on a bipartite
lattice and at half filling, either in a canonical ensemble with N, = |V| at T > 0 or in the ground state at
T =0 or in a grand canonical ensemble with u = 0, the density matrix pg x, = <C;chg> has the property

1
Poxy = 55)@, ifx,ycAorx,ye B (4.43)

The theorem may appear to be trivial if one has a translationally invariant lattice in mind. The point is, it holds
for arbitrary #,, and arbitrary U, on an arbitrary bipartite graph, translational invariance is not used and not
necessary. The theorem is therefore of large importance in quantum chemistry, i.e. for the Pariser-Parr-Pople
variant of the Hubbard model.

4.2.6 Further rigorous results

There are further rigorous results on the Hubbard model. Many of them deal with the absence of ferromagnetism
or at least with the absence of a fully polarised ground state under certain conditions. For details I refer to
[37, 70, 72].
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5 High-Temperature Superconductivity: Doped
Mott-Insulators

5.1 Preliminary Remarks

High-temperature superconductors were first discovered by J.G. Bednorz and K.A. Miiller from the IBM re-
search center in Riischlikon, Switzerland in 1986. 1987 the received the Nobel prize http://www.nobel.se/
physics/laureates/1987/. After the discovery of these materials the interest in correlated electron systems
has grown a lot. The Hubbard model, sometimes with some further interactions included, was first used to
describe the behaviour of this systems in the normal, non-superconducting state. Quite early, people assumed
that the pairing mechanism in high-temperature superconductors is not caused by phonons but by electronic ex-
citations, e.g. spin waves. If this was true, a purely electronic model should be able to explain high-temperature
superconductivity.

The goal of this chapter is to introduce some of the basic ideas and concepts used to explain high-temperature
superconductivity. We restrict ourselves to the discussion of purely electronic models, i.e. the Hubbard model
and its variants. Other aspects of the theory of high-temperature superconductivity will not be discussed.

An overview on the theory of high-temperature superconductivity can be found in the review article by P.A.
Lee, N. Nagosa und X.-G. Wen [34]. A large part of the material presented here is taken from that article.

Materials which show high-temperature superconductivity have a rich phase diagram. Besides the supercon-
ducting phase, many other phases have been found depending on doping and temperature. Most of the aspects
are not yet fully understood. The common aspects of this class of materials are:

1. A common structure element, planes of CuO,.
2. Undoped materials are insulators.
3. In the undoped case, the conduction band is half filled. Thus, the materials are Mott insulators.

4. In the undoped case, the materials show long-range anti-ferromagnteic order, which vanishes under dop-
ing.

5.2 Models of High-Temperature Superconductors

As already mentioned, on common structure element are the CuO;-planes. Depending on the material, further
oxygen atoms are present, so that e.g. octahedra are formed with Cu in the center. These octahedra are distorted
(Jahn-Teller effect). The distance between Cu and O in the planes is typically smaller. The planes form a three
dimensional structure with other atoms sitting between the planes. One expects that most of the physics of
high-temperature superconductors can be understood by looking at a model for electrons moving in the planes.
It is clearly possible to add further terms to such a model to make it more realistic.

5.2.1 Single-particle Hamiltonian

The most simple single-particle Hamiltonian one can look at is

Hy=¢,4 Z ny+ €p Z ny+t Z (CroCyo +CioCxo) 5.1

X€EA YEB <x€A,yeB>,c
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Here, A and B are the two sub-lattices of the CuO,—plane (A for Cu, B for O), &4 p are the different single
particle energies on the two sub-lattices and ¢ is the hopping matrix element. The notation < .,. > menas,
that the two lattice sites should be neighboured. Only nearest neighbour hopping is taken into account. Each
elementary cell contains three atoms, the single particle Hamiltonian (5.1) has therefore three energy bands.
The elementary cells form a square lattice.

Due to the structure of the 3d-orbitals of Cu one often chooses a different sign for the hopping in different
directions. But a gauge transformation can be applied so that all hoppings have the same sign. We therefore
choose ¢ to be the same in both directions.

After a Fourier transformation one obtains

Hy=Y
k

The indices a, b are the band indices of the three band. The matrix H (k) = (hap(k))ap—123 has the structure

3
Y hav(k)cp g gChio (5.2)
b=

a,b=1

€A 2tcos(ky/2) 2tcos(ky/2)
H(k)=| 2tcos(ky/2) €p 0
2t cos(ky/2) 0 €

and can be easily diagonalised. The eigenvalues are

2
83(]{) = &B (54)

2
ea(k) = ATEBL \/ (SA 3 EB> +412(cos2 (ke /2) + cos2 (ky /2)) (5.3)

Notice that for the special cases €4 = €g = 0, the lattice is bipartite. It is just the Lieb lattice with a flat band
in the middle of the spectrum and two bands symmetrically above and below. The introduction of the on-site
energies shifts the bands and deforms the two non-flat bands.

In the case of high-temperature superconductors, the two lower bands are completely filled and the upper
band is half filled in the undoped case, since the two p-orbitals in O are filled with two electrons each and
the d-orbitals in Cu are filled with one electron each. The model has five electrons per elementary cell or
equivalently one hole. Looking only at the single-particle model, the undoped system should be a metal. Since
it is a anti-ferromagnetic insulator, the interaction is essential, the systems are therefore correlated systems.

The simple single-particle model can be extended by introducing a further hopping matrix element #gp
between next-nearest neighboured B-lattice sites.As a consequence, the flat band gets a dispersion and the
two other bands are modified a bit. But, since the essential physics happens in the conduction band, the generic
properties should not change.

5.2.2 Interactions

As already mentioned, simply to explain the undoped ground state of the materials, we need an interaction. The
most important interactions are on-site interactions. Taking these into account, one gets a Hubbard model. It
should be sufficient to explain the ati-ferromagnetic insulating ground state. Often, interactions for electrons
on neighboured sites are introduced as well. The full model to describe these systems is therefore given by the
interactions

Hww =Up Y ngng +Ug Y nygny +Usp Y, nny (5.5)
X€EA y€EB <x€A,yeB>

and the kinetic energy
s
Hyin = & Z ny+ €p Z ny+1t Z (clgCyo + CycnyO')
xX€EA YEB <x€A,yeB>,c

! T
+t Z CyoCyo (5.6)
<yeB)Y'€eB>,0
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so that the full Hamiltonian reads
H = Hyin + Hww (5.7

This model contains six independent energy parameters: The three interactions Uy, Up, and Uyap, and the three
parameters of the kinetic term A = &4 — €g, t and ¢’. Since the A-lattice sites represent the Cu atoms and since
the 3d—orbitals of ionised Cu re relatively small, a double occupation of the A-lattice sites costs a lot of energy
and we expect the parameter U4 to be the largest.

With this idea in mind we could first take the limit of very large Uy. In the limit Uy — oo we have one
hole per elementary cell. The 1B-lattice sites are occupied by two electrons, the A-lattice sites by one and
hopping is strongly suppressed since it would create a double occupancy on an A-lattice site. If Uy is large but
finite, virtual processes are possible, where two electrons on neighboured A-lattice sites are exchanged. This
requires four hoppings and the intermediate states have energy differences Uy — Up + A, Ug — A and A — Up. In

complete analogy to the Hubbard model at large U we can transform the present model to an antiferromagnetic
4t

(UA—U3+A)(UB—A

only a role at higher orders and are expected to be smaller than the other energies. Therefore, to leading

order, we obtain a Heisenberg model which describes the anti-ferromagnetic ordering of the high-temperature
superconductors in the undoped regime.

Heisenberg model with an exchange interaction J = —

- Hopping ¢’ and interactions Uyp play

5.2.3 An effective single-band model

Since the essential physics takes place in the conduction and, one should be able to derive an effective single-
band model. This is indeed the case. Starting point is the above Hamiltonian, which we now write as

H=Hy+H,+H_ (5.9)

H, transfers one electron from B to A, H_ = H transfers one electron from A to B. Hy contains all the terms
which let the number of electrons on the two sublattices constant.
We now introduce flow equations to transform that Hamiltonian. Let

n=H_—H. (5.9)
dH
W:[TLH]:[H*7HO]_[H+7HO]_2[H+7H*] (510)
dHy
= “2HH] (5.11)
dH
O = I H (512
dH_
= [H_, Ho) (5.13)

1M is an anti-hermitian operator, the differential equation therefore describes a continuous unitary transforma-
tion. For details on flow equations and continuous unitary transformations, I refer to the book by S. Kehrein
[29]. (5.8) is the starting point of this continuous unitary transformation. During the transformation, further
terms are generated in the Hamiltonian. In the end, for large ¢, H vanishes and we obtain an effective Hamilto-
nian which contains no terms that change the number of electrons on the two sublattices. We approximate the
Hamiltonian as follows: H. should contain all possible matrix elements which transfer one electron from a
lattice site A to a neighboured lattice site B.

H, = Y (t+nanc o +hsny o+ ony—s)CisCyo (5.14)
<x€A,yeB>,c
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Restricting H to these terms, Hy contains only terms with three nearest neighboured sites. I use the notation
<x€A,y € B,x' €A > etc. One obtains

Hy = £Aan—FSBZn)+UAZnﬁnx¢+UBZn)Tny¢
XEA yEB

1 S o
+Jup Z [=neny — 28, - Sy + Kag Z (Mg ny — nyyny ny

<x€A,yeB> <x€A,yeB>
J i
+14 Z CyoCx'o T 1aA Z (Ny—6 +ny_o)CrCro
<x€AX €EA>C <x€AXEA>C
g g
+ip Z Cy6Cyo T 1BB Z (ny,g + ny/,g)cyacylg
<y€EB,y'eB>0C <y€EB,y'éB>0C
+ Y 0 7[Kap + Koap(nx—o + 1y o) + Ksapne—ony <] Ci6Cy_gCy—1Ct
<x€A,yeBxX'€A>0T
+ Z 0T[Kpa + Kopa(ny—c +ny_¢) + Kspany_ oy ‘C]C Cr_Cx—1Cy'

<yEBx€A,y'eB>0T

Some of the terms in Hy vanish at ¢ = 0, they are not part of the initial model. But they are generated during
the transformation.

Uy is the by far largest parameter in the initial model and we expect it to be the largest parameter for large
£. Therefore, we expect that the holes (one per elementary cell in the undoped case, less than one in the doped
case) sit on the lattice sites A. Further, &4 is smaller than €z and the difference becomes even larger as a funtions
of ¢. Since in the limit £ — e H vanish, it is sufficient to look at Hy. Since in Hy all lattices sites B are doubly
occupied and since there is no hopping from A to B, we may drop all the terms in Hy which contain B-lattice
sites. We therefore obtain the effective Hamiltonian

Her = &4 an+UA Zl’lﬁnw (5.15)
XEA
+1a Z ngcx’cr +144 Z (ny—o+ nx/fo)cjcacx’o (5.16)
<xEAX EA>C <xEAX' EA>C

The first three terms form a standard Hubbard model on a square lattice, the last term destroys the particle-hole
symmetry. This should have been expected since the original Hamiltonian has no particle-hole symmetry.

The parameters in Heg can be calculated using the flow equations. Doing this, one has to take into account
that some of the terms we dropped in the calculation couple back to the terms we kept, if one replaces the
particle-number operators n, for y € B by their expectation values (i.e. by 2). This makes the actual calculation
a bit more complicated but it is still feasible.

5.2.4 + —J model

We already saw that the Hubbard model for large U can be mapped to an anti-ferromagnetic Heisenberg model
at half filling. The same is true for the Hamiltonian (5.15,5.16). High-temperature superconductors are doped
anti-ferromagnets. Doping introduces holes in the anti-ferromagnet, which can hop. To desribe this situation
effectively, one often uses the so called r —J model. The Hamiltonian reads

H=1 Y (1-n—g)ciotyo(l—nyc)+J Y S, (5.17)

<X,y>0 <x,y>

and can be obtained from the Hamiltonian (5.15,5.16) by a further unitary transformation valid for large Uy
similar to the one leading to (4.20). S, are the local spin operators we introduced before. It is important to note
that the Hilbertspace of the model described by (5.17) does not contain doubly occupied sites .

The t —J model can as well be derived from the simple Hubbard model or from (5.15,5.16) or directly from
4r*
Us—Up+A)(Up—A)?

the three-band model. As discussed above, the coupling J is of the order (
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5.3 Frustrated spin systems

5.3.1 Some general ideas

At half filling, the ground state of (5.17) is expected to have anti-ferromagnetic long-range order. Small doping
can destroy anti-ferromagnetic order. In high-temperature superconductors, only 1% doping is sufficient to
destabilise the anti-ferromagnetic order. This implies the following questions:

1. How does the spin-system look like at small doping?
2. How do the holes move in the spin systems?
3. If kind of effective interactions between holes are introduced due to the spin fluctuations?

ad 1.: The basic idea was formulated by Anderson, Baskaran, and Zhou [2, 3, 4, 5]. They propose that the
spin system is in a resonating valence bond (RVB) state. There are many authors who followed that idea and
there are therefore many different formulations. In the undopted regime, all those states are variational states
with an energy only slightly above the ground state energy. In the following subsection we describe a rather
general approach. Among them, there are states with and without anti-ferromagnetic long-range order. The
states without long-range order show a local ordering, which is not unexpected.

ad 2.: A hole which moves in a local anti-ferromagnetic background destroys this background locally. This
may hinder the movement of the hole.

ad 3.: If two holes move together in a correlated fashion. the second hole may heal the locally disturbed
anti-ferromagnetic background. Therefore, one may develop the idea that a correlated movement of holes in an
anti-ferromagnetic background is energetically favourable compared to an uncorrelated movement. This effect
can be described by an effective attractive interaction between holes.

To better understand these ideas, one first has to understand the physics of the ground state of anti-ferromagnetic
spin systems in two dimensions.

5.3.2 RVB-states

Let us first discuss the concept of RVB-states, which allows for the description of ordered, locally ordered or
disordered spin systems, the valence bond (VB) or resonating valence bond (RVB) states. There is a couple
of lattices for which one can show that the ground state of a Heisenberg model can be described using this
concept.

We first introduce a singlet pair of spins

b
V2

on lattice sites x and y. We now choose a coverage P of pairs which cover the entire lattice (we assume |A| to
be pair) and form the singlet state

[(x,3)) = —=(ITedy) = Haty) (5.18)

P)= [T Ixy) (5.19)
(x.y)eP
This state is called a VB-state. One can show that all VB-states form an overcomplete basis of the singlet space.
This means that any singlet state can be written as

\‘P>=;A<P> IT Gy (5.20)

(x.y)eP

Since the states |P) are overcomplete, the representation of a singlet state in this form is not unique.
The representation (5.20) is useful because it leads to variational ansatzes for the ground state of the system.
A popular variational ansatz is

W)=Y [ a(lx=yDIxy) (5.21)

P (xy)eP
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i.e.

A(P)= [T allx—yl) (5.22)

(x.y)epP

Such a state is called an RVB-state.
In concrete calculations we start with a given lattice. In the following we take the square lattice. It is a
bipartite lattice. The two sublattices have the same number of lattice sites. We let

a(lx—y[)=0 (5.23)

if x and y are on the same sublattice. For bipartite lattices this is a natural ansatz.
Let us now calculate the overlap of two VB states.

(P’ |P) (5.24)

where both P and P’ contain only sinlet pairs on lattice sites which come from the two different sublattices. Let
us first consider an easy example:

1
<(X1 7y2)(x27y1)‘(x1 ,y1)(x2,y2)> = Z(<TX] \l/y2| - <\l/x1 Tyz |)(<TX2\Ly1 | - <\1/X2Ty1 |)(’Tx1 \l’y] > - |\LX1 T)’l >)(‘TX2\Ly2> -
1
- Z(<TX1 *l/y2| <sz~Ly1 | ‘Tx| \l/}’]) |sz\l/yz> + <J/X|Ty2| <\LX2Ty1 ‘ |\J/x1 Ty1> fozTyz>)
1
(Cer,y1) (2, y2)[(x1,31) (x2,32)) = Z(<T}q¢y1‘ — (e T Dby | = Ty D (T b ) = Hoen Ty ) (b ) —
1
= Z(<Tx1¢y1‘ - <J/X1Ty1 |)(’T}q¢y1> - HxlTyl >)(<Tx2\Ly2| - <¢X2Ty2 |)(‘Tn¢yz> -
1
_ A2
- 9 7
Similar calculations can be done for the general case as well. We obtain
(P'|P) =2mN/2 (5.27)
where ny is the number of loops one obtains when drawing (P’ |P) on the lattice and N; is the number of lattice
sites. Up to cyclic permutation a loop C is a sequence of lattice sites, C = (x1,y1,%2,¥2,...,Xs,Yn). In our
construction, the lattice sites are alternatingly elements of A and B. (P’ |P) contains each lattice site of the
lattice exactly once, therefore it forms a covering {C;,i = 1,...,n.} of the lattice with loops. The norm of the
variational state |¥) is
zy =Y [1r(C) (5.28)
{a} i
where ( )
a(lx—y
fo =21 —= (5.29)
(xr.y)eC V2
The correlation function is {
(P'| 83830 |P) = 12”_%/2 (5.30)

where x € A and X’ € A are on the same loop, otherwise the right hand side is zero, and

(P'] 83,83, |P) = —2mM/2 (5.31)
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for x € A and y € B where again both lattice sites must belong to the same loop. This means that the entire
problem can be mapped to a problem of loops on a lattice.For each loop we introduce a probability

p(C) =Z3' f(C)Zw\c (5.32)

that the loop C occurs on the lattice. One has

J anLy
C)=—+ 5.33
The correlation function WISk Se |
pry = sy 1535552 %) e [#) (5.34)
¥
is
pz= 3 PO (5.35)
C:z,7eC
where s, » = 1 if both lattice sites are on the same sublattice, s, ; = —1 otherwise, The quantity
(=Y P =N Y Pz (5.36)
b 7,7

is the average loop length. If this quantity is extensive, i.e. £ o< Ny, the system has long range order.

5.3.3 The Néel state

To test whether the above concept is useful we want to investigate whether the Néel state can be described
within the RVB concept and whether usual spin wave theory works as well. The Néel state is a state with
maximal order. We obtain this ate if we let a(|x—y|) =1forallx €A,y € B.

Let us first calculate Zy. We have

1
Z‘P = W Z 2" (5-37)
{a}
The sum runs over all loop coverages of the lattice. Let n; be the number of loops of length 2i, then we have
Z n =ng (5.38)
i
Y ini=N;/2 (5.39)
i
The number of coverages of the lattice with n; loops of length 2, n, loops of length 4, etc is
(3)r
5.40
[1;"n;! 40
Therefore we have
1Ny, 21 N, N,
Zy===F)" Y Tl =a7G)NF+)! (5.41)
2M/202 {ni}:Xiini=N,/2 i i"in;! 2M:/2° 2 2
The average loop length is
1 N 4 2 2
_ o1 5312 2 _“

{ni}:zi ini:Ns/Q S i
All the sums can be calculated for the formula gin in the chapter on combinatorics in the Handbook of Math-
ematical Functions, by Abramowitz, Stegun [1]. Since all lattice sites are equivalent, we have
N;+1
3(N;—1)
for z # Z/. Naively, one may have expected that the Néel state has p, = 1. But since the state must be
SU (2)-symmetric, we obtain p, y = %

o = (5.43)
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5.3.4 Short-range correlations

Another extreme case are state where a(|x — y|) = 1 for neighboured states, a(|x — y|) = 0 otherwise. These
states are called dimer states. They have no long-range order, the average loop length is not «< Ny. Unfortunately,
excat results for these states are not available. One does not know whether these states have an exponential or
an algebraic decay. There are good arguments for both.

5.3.5 The two-dimensional Heisenberg model

Liang, Doucot, and Anderson [35] did variational calculations for the Heisenberg model on a square lattice.
Their results have been improved by several authors. The variational state wth the lowest energy one knows
has an energy per lattice site of —0.6688/ and a(|x —y|) o< |x —y|~*. The state has long-range order, p, , tends
to 0.12 for large distances. The authors point outthat there are states with only a slightly higher energy and
without long-range order. This is not unexpected since we know that for any finite temperature, the long range
order disappears. This is the Mermin-Wagner theorem. Also, introducing frustration will suppress long-range
order.

The problem can as well be treated analytically using an argument by Flory from the theory of polymers.
The coverage of loops can be interpreted as a set of loops with repulsive interaction. The repulsive interaction
within a loop tends to blow up the loop whereas the repulsive interaction between loops tends to compress a
loop. Both effects work in different directions. If one assumes that both effects cancel each other, we may
neglect the loop interaction entirely. Doing that yields the exact result for the Néel state. There are good
reasons to assume that this argument yields qualitatively good results for dimensions d > 3 and that it becomes
exact in the limit d — co. In one dimension the argument is definitely wrong. In two dimension, the situation
is unclear. Wegner [77] applied it to the two-dimensional Heisenberg model. he obtained for the correlation
function p, ; — 0.13, which is very close to the result by Liang, Dougot, and Anderson [35], but the energy per
lattice site is £ = —1.0056J. For the energy, the short range correlations are important and they are certainly
no well described by the Flory argument.

5.4 Field theoretic description

5.4.1 Fermions and Schwinger bosons

Spin operators can be expressed using fermionic or bosonic operators. The fermionic representation is clear,
we used it before.

S30= %(C}+C+ —Ch_Cr) (5.44)
Sty =ChiCr (5.45)
S_x=ci_cnt (5.46)

S10= 5 (S2atS) (5.47)
Sox= %(S-&-x —S_) (5.48)

The commutation relation for the spin operators are fulfilled if
ChiCor i =1 (5.49)

The number of particles on a lattice site must be one. (5.49) implies that the interpretation of the usual com-
mutation relations must be restricted on the Hilbert space in which all states fulfil the constraint. Applying a
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bare creation or annihilation operator to an element of that Hilbert space creates a state which is no longer an
element on that Hilbert space. Thus, all matrix elements of the creation or annihilation operator in the restricted
Hilbert space vanish. Let us consider as an example [cy+,n,] = ¢y+. On the left hand side, in the restricted
Hilbert space, n, = 1. But we we set n, = 1 in this equation the left hand side is zero. This is correct, since, as
stated above, all matrix elements of the creation or annihilation operator in the restricted Hilbert space vanish.
In the restricted Hilbert space only operators occur where in each product the number of creation and anni-
hilation operators is the same. Taking this restriction into account, the usual commutation relations between
the creation or annihilation operators are still correct, i.e. [cm,c;/ o] = 0:x 05 5. Later, we will use similar
constraints with more operators involved, there, the same is true.

Similarly, we can use bosons to represent spin operators. Let bys and bl be annihilation and creation
operators for bosons on the lattice site x. o takes the values +1. We let

1, . 5
S37x = 5 (b;c+bx+ - b)'c_bx_) (550)
Sy x=Db, by (5.51)
S_x=0bl byt (5.52)
and let
bl by +b, b =1 (5.53)
One obtains
2 1 1 i T 2
S5+ E(S+,x5—7x +8_xSix) = Z(bx+bx+ —by_by_)
+a (bl by_b}_byy 4+ b _byybl by )
L, .
= Z(b)'c+bx+ +b, b )’
1, . R
+§ (bl byy +DL_by)
3
= = 5.54
1 (5.54)
[S3,0, ] = £ (5.55)
(St x,S—x] = by by_bl_byy —b._byibl by =283, (5.56)
and the Hamiltonian in this representation is
1 1 i T i T
H = E Z‘vay Z (ax+ax+ T Oy Ox— ) (ay-i-a)"‘r - ay—ay—)
'x7y
L i ¥ ¥
+5 (ayiax-ay_ay, +a,_acia, ay ) (5.57)
where the additional condition a}, a,y +aj_a,— = 1 has to be taken into account. a and a' are fermionic or

bosonic operators. The projection operator commutes with the Hamiltonian. In a more compact form, the

Hamiltonian can be written as | 1
H= 4 Z wa(ca;ca;raycaxr - 5) (5.58)

X.3,0,T
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with § = +1 for bosons and { = —1 for fermions. Up to a constant —% Y.+ yJxy the Hamiltonian is
= iZJx,ny,y (5.59)
X,y

where the operator P, exchanges two particles on the two lattice sites x and y. The eigenstates of H are
symmetric with respect to permutations of two bosons. For a two-particle state there are two possible cases

1. For bosons: symmetric in lattice and spin space. For fermions: antisymmetric in lattice and spin space.

s 1
a,'v+a;+|0>v 7( x+a — +ax7 y+)‘0> alfa;7|0> (560)

These are triplet states.

2. For bosons: antisymmetric in lattice and spin space. For fermions: symmetric in lattice and spin space.

1 . .
J5dha) —ala [0} (5.61)

This is the singlet state..

An RVB-state can now be written as

(=),
W) = L (Gl a —d,_dl,)|0) (5.62)
;(XEIGP ﬁ - )+

5.4.2 Field theoretic formulation

As introduced in the first chapter of this course, a fermionic or bosonic model can be written in a Lagrangian
formulation with Grassmann or complex fields. The only difference is that in the present formulation an addi-
tional condition has to be taken into account. For the present model, the action can be written as

B
S— / drl (5.63)
0

L= Z¢x6 )(0r — 1) r6(T sz Z¢x6 )x0(7) = 1)+ V({9 6(7),9r0(7)}) (5:64)

where

C * *
({¢xc ), 0ro(T)}) == Z Jx,y‘Px,o(T)ﬁby,c’(T)(by,o(f)(Px,c’(T) (5.65)
4 X,)’:GsG/
A constant has been dropped. A,(7) is a real Lagrangian multiplier field. The integration over A,(7) guaranties
that the additional condition

Z‘ch Yoo (T) = 1 (5.66)

is fulfilled. Because of the additional condition, the chemical potential can in principle be dropped. In what
follows we take only couplings between neighboured sites into account. The potential is then

V960000 = = T 016(00 (DD (D) (5.67)

xtGG’

The index i runs over the directions. Using a Hubbard-Stratonovich transformation, the action becomes quad-
ratic in the fields ¢ and ¢*. They can be integrated out and we obtain an effective theory which contains the
Hubbard-Stratonovich fields and the Lagrange parameter A,. This effective action can then be treated in a
saddle point or mean field approach. We can as well study fluctuations around the saddle point. An important
property of this effective action is that is possesses a local gauge invariance. The reason is simple: There are
local conserved quantities, namely the particle numbers. Let us now perform the different steps sketched so far.
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Hubbard-Stratonovich transformation. The Hubbard-Stratonovich transformation is nothing but a Gaus-
sian integral. One has

exp(—%fzwx / dxdx*exp(—éx*xw*zﬂ*x) (5.68)
V can be written as
V{8iald o@D = 5 T 000 (oDl
= 7; L05o(0)9usa0(D) (L0 (D)0ro (7)) (5.69)
and therefore
exp(~V({04(2) o)) = [Dlx(e) >]exp(—zxx, (%)

+ Z(%x i Z ¢x+el ¢X o + Xx L Z q)x o2 ¢X+€z )1570)
This yields the new action
Z¢x6 a —H (PXG lZ;L Z‘Pxo‘ ¢XU )

_721)(1 Xx:
+Z<xx, Z%e,, T)0r(T) + Xui(T Z¢m )Prrero( )) (5.71)

The integral over ¢ and ¢* is a Gaussian integral and can be calculated. Before doing this, let us look at the
symmetries of L.

Locale gauge symmetry. With

Xxi(T) = Pri(T) exp(iAyi(T)) (5.72)
the local gauge transformation is
() = () exp(ie(7)) (5.73)
Ae(T) = A (T) 4+ 9 01 (7) (5.74)
Ari(T) = Axi(T) = @i, (T) + 0u(7) (5.75)
This transformation yields
L' =L +i) 0:¢.(7) (5.76)

and

B
S=5+iY [ droigu(r) = S+1L (0u(B) ~ 9:(0) = S

since ¢@,(7) is a bosonic field and therefore periodic in 7. We can even generalise the periodic boundary
condition for ¢,(7) by letting
¢x(B) = ¢:(0) +27m,
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The system is even symmetric under a larger group of gauge transformations. As a consequence of the sym-
metry, we may choose a special gauge. The main point is that the gauge only needs to guaranty that the
condition

Z (chr (ch’ =1

holds for on value of 7. It is then automatically fulfilled for any 7. For example, we may choose

A(T) = A4:6(T—10)

Saddle point approximation. One can introduce a parameter to the model which has the effect that in
a certain limit the saddle point approximation becomes exact. This allows for a systematic expansion around
the saddle point. To do this, we look at a model which has an SU(N) symmetry instead of the usual SU(2)
symmetry. The Hamiltonian can then be written as

Zny Z $(x)8%(») (5.77)

NS ol

where $? (x) are the generators of the SU(N) algebra. As a representation we choose

ne

= L clul)* (0= 85 i (5.78)
with the additional conditions
N b
. 6°m x€eA
) ={ g (579
aZ:ﬁ @ O0;(N—m) x€B

We assume a bipartite lattice with the sublattices A and B. For N = 2 there is only one value m = 1 and we
obtain a representation of the SU(2). The spin in the representation is s = n./2. For n. = 1 we obtain the above
representaion. In the following, I restrict the calculation to the case n. = 1, N even and m = N /2. Other cases
may be iteresting as well. for example the limit n. — oo yields a spin wave approximation. For the Lagrangian
density we obtain

N
Z¢x(x )(0r —u ¢x06 _lzl Z¢xtx )Pr.a(T 2)
_*ZXXZ %xt

+ Z <Xx i Z ¢x+e, ¢X o + Xx 1 Z (Px o ¢)C+€,, )) (580)

For N = 2 this is the above expression. We now integrate the (in this representation fermionic) fields ¢ and ¢*
and obtain

Sefe[A, %, X" = NS[A, x, 7] (5.81)

SAx.x7] = Trln((af_.u_M'X(T))Sxysaf"*'(%x.,i(f)sy,erei"’x;—ei,i(f)sy,xfei)sfﬁ’)

/dr( Zxx, )i (T Z?L ) (5.82)
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The effective action is o< N and therefore, for large N the saddle point approximation becomes exact and we
may even think of a 1/N expansion. The saddle point equations are

88
=0 5.83
5P o
88
A (%) =0 (5.84)
88

It is difficult to find an exact solution of these equations. Only solutions for various subspaces are known.

In the following we consider some solutions of the equations on a square lattice. When we introduced the
local gauge transformation, we saw that the phase of } and A has the interpretation of an electromagnetic
potential. The absolute value of y represents the density. At constant density and for 0 magnetic field, one
obtains the solution which was first proposed by Baskaran, Zou and Anderson. The energy is

4NN, , 16
*p2— — NN, 5.86
Pt NNip (5.86)

Epza =

with the minimum E = —16NN,J /x* = —0.164NNJ for p = 2J /x>. At constant density and constant magnetic
field # 0 we obtain so called flux phase states with a lower energy, namely

ANN; _ i} p [,
EF]ussphase = TSPZ — 8NN;p (27;;2 sin® p1+ sin’ )22) (5.87)

Ipil<%
The minimum is £ = —0.230NN,J. Further, there are dimer states with an even lower energy
4NN;
E= T‘pz —NN,p (5.88)

and a minimum E = —JNN, /4 at p = J /4. But this energy is still higher than the variational energy of the RVB
states for N = 2 (E = —0.6688JN;). But the 1/N corrections are missing here. A problem of all the states is
that in all of them the local gauge symmetry is broken. Thus, the status of the theory is still open.

Flux phases. Flux phases are states with A = 0 and with a T independent ). With these assumptions we
obtain the effective Hamiltonian

_ , Ny -
H==Y Pej(chaexp(iAcj)crre athe)+ ) p:; (5.89)
‘x7.j

X, j,0

Flux phase states have a fixed p, ; = p. The flux phase problem can be solved by first finding the minimum
of H at fixed p by varying A, ; and in a second step finding the minimum by varying p. Here we have to take
into account that the number of fermions is equal to the number of lattice sites, we are at half filling. In the
following we consider again a square lattice. We choose a vector potential A, ; that corresponds to a flux ¢
through each elementary cell of the square lattice. This is the situation of a constant magnetic field. The ground
state energy is then

4NN
Eo = —pTr|T|+ ——p? (5.90)
where T = (t,,) is the matrix
try = exp(iAy,j) Oy xte; (5.91)
and the flux phase condition is
Ax.,2 +Ax+e2,l _Ax+el,2 _Ax,l = ¢ (592)

75



5 High-Temperature Superconductivity: Doped Mott-Insulators

Let |T| be the positive definite matrix for which |T|> = T2. Tr|T| is the sum of the absolute values of the
eigenvalues of T. A special solution, for which the flux phase condition is fulfilled, is
¢

A= (=1)"> (5.93)

Ax,l = )

2 ?
Using this gauge, we obtain four sublattices. For the eigenfunctions of 7', we make the ansatz
V. = exp(ikx)a; (5.94)

for x in the sublattice i = 1,...,4. This yields a eigenvalue equation for a; with a 4 x 4-matrix. The eigenvalues
can be calculated, as well as Tr|T|. The minimum occurs at

o=1 (5.95)

+24/sin?k; +sin®k, (5.96)

This yields the above formula for the ground state energy. The optimal value ¢ = 7 for the flux is more general
than what can be seen from this simple calculations. For instances one can show that for this flux we also obtain
a minimm of det7. Further, the result can be generalised to planar bipartite graphs. A planar bipartite graph
consist of npolygons with n edges. The optimal flux through such a polygon is 7(n — 2)/2. Further one can
construct flux phase states with a density less than 1.

and for the eigenvalues we obtain

5.5 The doped anti-ferromagnet: The r —J modell

If we dope an anti-ferromagnet, the long range order may be weakened or even eliminated completely. We
already saw that a suitable model for a doped anti-ferromagnet is the ¢t — J model

H_y=Y tey(1—ne_o)chooyo(1—ny—g)+ Y JeySc- Sy (5.97)

xy,0 £y
where we now use a fermionic representation of the spins,

1

Sz = E(c;+c+ —ch_cy) (5.98)
Syx=clic, S_y=cl cut (5.99)

1 1
Six= §(S+7X+S_7x), Sox = Z(S+X_S_x) (5.100)

The spin interaction in the Hamiltonian is the usual Heisenberg interaction. The kinetic part allows for a
hopping of a spin from one lattice site to another. The factors (1 —n,_5)(1 —n,_s) guaranty that there are
never two electrons on a lattice site. Above we derived the t —J from a one band or three band Hubbard model
using unitary transformations and the limit of strong repulsion. There are other ways to motivate this model.
We take it here as a model of its own interest and not as a limiting case of another model.

The main effect we expect in the  —J model is a weakening of the anti-ferromagnetic order and in connection
with that a possible attractive effective interaction between the holes.

There are various methods that have been used so far to investigate the + —J model. In one dimesion it
is exactly solvable for a special value of ¢#/J. In higher dimensions the motion of a single hole in the spin
background was studied quite early. A finite concentration of holes is not yet completely understood. The
methods used in this course can be applied if one introduces auxiliary fields like for the Heisenberg model. For
a single lattice site the model has three states: |0),, the empty lattice site, |+), and |—), with an electron on the
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site with a spin 6 = £. We represent the spins using fermionic operators f; ; and f; s as before, empty sites
using bosons b} and b,. The creation or annihilation operator for an electron is then represented as

Cio=bxfls, Cro=Dbifro (5.101)
We need the additional condition
bibx+) flofio=1 (5.102)
o
on each lattice site. The kinetic part of the Hamiltonian reads
H =Y teyfiofyobybs (5.103)
x),0

A different possibility is, as mentioned before for the Heisenberg model, to represent the spins by bosonic
operators b} ; and b, ¢. The hole operator then has to be represented by fermionic operators a} and a,. We have

Cho = @bro,  Cxo=dibyo (5.104)
ala;+Y b obro =1 (5.105)
o
H = Z txyby oby.otyax (5.106)
x,y,G

The two approaches are called slave boson or slave fermion approach. The hole excitations are often called
holons, the spin excitations spinons. Holes may condensate, which was interpreted as a first hint for a high 7
superconductor. This idea seems to be wrong. The transitions is just an artefact of the representation.

As the Heisenberg model the t — J can be treated using a field-theoretic approach. The only difference is the
additional field for the holes. One has here as well a local gauge symmetry, and one has the local conditions
which can be taken into account using a Lagrangian multiplier. Using a Hubbard-Stratonovich transformation
it is possible to decouple the interaction. The fields corresponding to the operators f; ; and f; & or b} ; and
by s can then be integrated out. One obtains an action that depends on the Hubbard-Stratonovich field and
the Lagrangian multiplier. The action has again a local gauge symmetry. Investigating the influence of holes
further, it turns out that the flux phase state is stabilised. On the square lattice, the optimal flux per unit cell is
7in where n is the electron density.

We choose the ansatz (5.101). The exchange interaction then has the form

—

- 1 1 ¥ 1
Se:8y=—7 ¥ floholiofior = JURL - = ) fssfer = o)+ 3 L flofro + Flafro)

o,0' o

The derivation is easy, one just uses the representation of the spin operators by fermions and the representation
(1)

(5.101) of the fermionic operators. One then eliminates the bosonic operators b, ’ using (5.102). In a similar
way, the density-density interaction can be written as

neny = (1—blby)(1—biby)

Often, the term bj;b;bybx is neglected because of the low hole concentration. The remaining quartic terms are
decoupled using the Hubbard-Stratonovich transformation, as already mentioned. We obtain

1 X ;
L= 3 ol +180l) + X fio(9 — it fro
Xy X0

!
4 4

Xyo

1 * 3 £3 £3 £3 =3
- [Z Jo X fiotvo +c.c. Y TaAo(fifi — fifin) +ec.
xy

+ Zb; (a‘r - lkx + ,u)bx - Z txybxb;f;GfYG

xyo
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S is invariant under local gauge transformations
fro — exp(i6y) fro, byx — exp(iby)by

Xy — eXp(—i6x) Xxyexp(iby)
Ayy — exp(i6y)A, exp(i6y)

a‘x _> A‘x + aﬂ[ex
Often one writes L; in the form
1 . 1 .
Ll = gZTerynyny‘i‘ g Z(@xo.nyCI)yG +C.C.)
xy Xyo

+ 3 fio (9 =ik fro + Y b3 (0c — i+ p)bx — Y tybiby fis fyo
X0 X

xyo

() w5
U

(¥ 1)
v AL Xy

In this representation, and at half filling (u =0, b = 0) S is invariant under

where

P — ViPro

Uy = ViU V)l

where V, are local SU(2) matrices. Therefore, besides the local gauge symmetry, the model even has a local
SU(2)-symmetry.

Various authors proposed different mean field solutions to this model. They correspond to different saddle
point approximations. In these saddle point approximations, the following variables play a crucial role

Xxy = Z<f;6fy6>

(o

Ag = (fir - = F-fyv)
The first represents the RVB-state proposed by Baskaran, Zou, and Anderson. The ansatz is x,, = x real and
Ay, = 0. The spectrum is that of a ferionic model

4

Hpza = — >

Y Jofisfro

xyo

There are other states with low energies. Among them, there is a super-conducting d-wave state and a flux
phase state, both with the same variational energy and the same dispersion relation for low lying excitations.
Both are equivalent and can be obtained from each other using the local SU(2)-symmetry. Totally, one obtains
four different mean fields phase: a Fermi liquid ()} # 0, b # 0), a spin-gap phase (x # 0, A # 0), d-wave
superconductivity ( ¥ # 0, b # 0, A # 0), a strange metal () # 0), and at higher temperature the RVB-state.
The mean-field theory represents the experimental situation quite well.

Partially, these considerations can be made mathematically precise, see the work by J. Frohlich and P. Mar-
chetti [14]. But the resulting field theory is difficult and has not yet been fully investigated and understood.
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6 The fractional quantum Hall effect

6.1 Introduction

The quantum Hall effect was found 1980 by von Klitzing and published in a paper by von Klitzing, Dorda, and
Pepper [30], Klaus von Klitzing received in 1985 the Nobel prize. For a general introduction I refer to [61]. The
quantum Hall effect can be observed in two dimensional electron systems in a strong perpendicular magnetic
field. Under certain conditions one observes a conductivity tensor of the form

62
o— | O % 6.1)
ne 0

The Hall conductivity is thus oy = n%. For the usual quantum Hall effect, n is an integer. The most remarkable
point is the experimental precision with which this number can be obtained. The relative precision is 3-10~7
. e’ 1
or even better. Therefore, the quantum Hall effect can be used to determine the fine structure constant - ~ 135
with a very high precision since c is fixed. In the fractional quantum Hall effect » is a fraction with a typically
small odd denominator. The precision is less but still high. The theory has to explain why the effect occurs
and why the experimental precision is so high. This is remarkable since the two dimensional electron system
is formed at the interface between two semi-conductors, e.g. in a Si-MOSFET or in a GaAs/GaAlAs hetero
structure. At the interface between two semi-conductors one has lots of imperfections, disorder, so that such a

high precision is really astonishing.

[N]

The Hall effect

The most simple theory takes quantum effects only in a semi-classical approximation into account. The theory
is based on the assumption that the two dimensional electrons have a mean free path ¢y or equivalently a mean
free flight time 7p. Both are related because the electron move at the Fermi velocity , i.e. {9y = vpTp. In an
electric field E an electron is accelerated between two collisions. The velocity between two collision increases
by AV = —eET, /m. Adding up the contributions of all electrons, one obtains the current density j = ooE where

Op = pezro/m (6.2)

Quantum effects are included only via an effective mass m and via the mean free flight time 7.
If we apply in addition a magnetic field, the Lorentz force acts on the electrons and we obtain

— -

F—ooF— 7% B (6.3)
pec

In a two dimensional system we therefore obtain

-1 B

6 —_—
o= % Pr¢ (6.4)

“pec 9
The conductivity is therefore
(o)) pec OXxx

Oyw=—7>>5, Opx=—-F 6.5
e Y B w1 ©.5)

where w, = ;—Ii is the cyclotron frequency. Note that in the limit 7y — oo one obtains the result for free electrons.
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6 The fractional quantum Hall effect

Experimental realisation

As already mentioned, the quantum Hall effect is observed at the interface of two semi-conductors, to be
precise, at the interface of a semi-conductor (e.g. doped Si, GaAlAs) and an insulator (SiO;, GaAs). The
typical systems are Si-MOSFETs or GaAs-GaAlAs hetero structures. The basic idea is relatively simple: Via
a gate one applies an electric field perpendicular to the interface so that electrons move to the interface. Since
they cannot enter the insulator, they form a two dimensional electron gas at the interface. At the interface, the
energy band is lower than in the bulk so that electrons concentrate at the interface. They form an inversion
layer. The electrons are bound in the direction perpendicular to the interface, but they can move rlatively freely
parallel to the interface. Due to defects and impurities, esp. in the doped semi-conductor, the mean free path is
expected to be short.

Landau levels

We now apply a magnetic field perpendicular to the interface. We first neglect all impurities and interactions,
we just look at a free electron in two dimensions with a perpendicular megnetic field. The Hamiltonian is

# (13 eB\> 9
H=—||-5——— - = 6.6
2m [<i8x hcy> dy? 66)
where we chose a Landau gauge A, = —yB, A, = 0. Since x does not appear as a variable in the Hamiltonian,
we can use the ansatz
y o< explikx) 9 (v) 6.7)
for the eigenfunctions. This leads to the eigenvalue equation
Lo, , 9° y 2
— | —lz== =~ — Ik =E 6.8
) < Bayz + lB B ¢ q) ( )

where I = (fic/eB) 1/2 is the magnetic length. This is the eigenvalue equation of a shifted harmonic oscillator.
The solutions are therefore

Onk o Hy(v/l5 — Ipk) exp(—(y — [3k) /215) (6.9)

En = ho(n+1/2) (6.10)

and the eigenvalues do not depend on k. We therefore obtain a huge degeneracy. The degenerate eigenvalues
are called Landau levels. The number of states in a Landau level is F /27/3, where F is the area of the system.
Boundary effects are neglected here. The density of states is given by

1 B
_ (6.11)

" 0m2 T he

The single-particle states constructed in that way are localised in y-direction and extended in x-direction. But
the high degeneracy allows to take arbitrary linear combinations of states with the same eigenvalue. Therefore,
one can as well construct eigenstates that are localised in x-direction and extended in y-direction or that are
localised in both directions.

If a Landau level is completely filled, the Fermi energy lies between two Landau levels in a region without
states. That means that there is no scattering and no diffusion, i.e. 7o = co. The filling factor

v=F (6.12)

np

is an even number and for the conductivity tensor one obtains
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6 The fractional quantum Hall effect

—1 B h
O,
ol = ( % oo ) = ( _Oh v ) (6.13)
pec 0 ve?

A second argument yields the same result. Is uses the Lorentz invariance. A system with a magnetic field B
and a perpendicular electric field E can be transformed to another system with a Lorentz transformation with
velocity

ExB
B2
which contains no electric field and therefore no macroscopic current. In the original system, the current density
is therefore

(6.14)

V=c

j=—pev (6.15)

which yields the same conductivity tensor. Therefore, without imperfections, defects or impurities one always

obtains

2
G =0, Oy= % - v% (6.16)

The question now is, what is the influence of disorder.

6.2 The integer quantum Hall effect

In this section we will discuss two different arguments which may explain the plateaus one observes experi-
mentally in the integer quantum Hall effect. The main goal is a qualitative understanding of the effect, not the
theoretical details. We are mainly interested in the fractional quantum Hall effect, where interactions play a
crucial role.

6.2.1 Disorder

The integer quantum Hall effect can be explained on a very basic level as follows: We saw that a completely
filled Landau level yields a contribution of % to Oyy. The question is now, what happens for a partially filled
Landau level. We have many imperfections, defects and impurities, in the system. What is the effect of
disorder? Generically, disorder leads to localisation, this is the so called Anderson localisation. P. W. Anderson
received the Nobel prize (together with Mott and van Fleck) in 1977 for his contribution to the theory of
localisation. Suppose that the disorder is not too large. Typically, one describes a disordered system by a
potential V' (x,y). Suppose that the typical energy differences of the potential are small compared to %®,. Then,
in a first order perturbational treatment, one has to diagonalise the Hamiltonian

Hy = RV (x,y)P (6.17)

where Fy is the projector onto a Landau level. We take the Landau level which contains the Fermi energy.
A potential V(x,y) that describes disorder is often realised as a random potential. Such a potential lifts the
degeneracy of the Landau level and tends to localise the electrons. Electrons close to deep minima or maxima
of the potential will be stronger localised and will have an energy far away from the original energy of the
Landau level. On the other hand, we know that the complete Landau level must still yield a contribution % to
the Hall conductivity. This contribution cannot com from localised states. It must come from extended states
which we expect to find in the middle of the broadened Landau level. If we now change the filling factor, e.g.
by changing the magnetic field, the Fermi energy will move through the spectrum. There are regions in the
spectrum where all states are localised and do not contribute to the current. In these regions we should observe
a zero diagonal conductivity and a Hall conductivity which is an integer multiple %

It is of course possible to formulate this argument in a mathematically more precise way. A field theoretic
formulation can be found in Chapter 5 by A. M. M. Pruisken in [61].
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6 The fractional quantum Hall effect

Figure 6.1: The cylinder geometry

s
N

Ay,=0 (6.18)

A

A

6.2.2 Laughlins gauge argument

Let us choose the vector potential to be

b
A, =—B —
X y+27’L’R’

so that the Hamiltonian reads

R {[(19 eB @\’ 9?
—yV+— Vv 6.19
[(l ox hcy+27rRhc> 0y? +Vxy) (©.19)
Further, we assume periodic boundary conditions in x-direction, i.e.
x= QR (6.20)

where 0 < ¢ < 27. This corresponds to a cylinder geometry. The potential V (x,y) contains the Hall voltage
Vi applied in y-direction, a boundary potential depending only on y, and the disorder potential coming from
the impurities. For V = 0 the energy levels are the Landau levels characterised by the Landau index n. Within
a Landau level one introduces a second index. The eigenfunctions are

e® 2 ed 2
Wik o< exp(ikx)H,(y/lp — lp(k+ m))exp(—(y— Ip(k+ m)/z%) (6.21)

where k = [ /R, | € Z because of the periodic boundary conditions. We can write as well

. y Ip ed 1/y Ip ed \?
Y, o< exp(2mil)H, <ZB R(l+ e )) xp( 2(13 (I+ hc)> > (6.22)

The eigenvalues do not depend on / or ®. We now introduce a potential Vy(y) that fixes the boundary. It is still
possible to describe the states by the two indices n and /, but now the eigenvalues may depend on / and ®. The
dependency E, ;(®) is not arbitrary. The x-dependency of the wave function is not affected by Vy(y) and the
Hamiltonian depends only on / + %, therefore we have E, ;(®) = E, (I +e®/hc) and

hc
E,(®+ ;) =Ep4+1(®P) (6.23)

Vo(y) is only at the boundary different from 0. The states are therefore still localised in y-direction close to

%‘?(Z + %) and only those states where the localisation is close to the boundary will be affected by the potential.
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6 The fractional quantum Hall effect

Therefoe, only states close to the boundary will have an energy significantly different from fe.(n + %) The
contribution of a state to the current in x-driection is
I, = dEn,l (q))
nl = —C—————
’ do
Only the states close to the boundary have a significant dependency on ®. They yield a contribution to the
current. The total current is the sum over all contributions /, ; weighted with the occupation number. Averaging
over @ yields

(6.24)

e [hec/e
I = - dd I
h/O nZJnn,l n,l

= —% Zlnn,l (En,l (hC/€> - E”J(O))

Y Bug 0 Euy, (0)

n=0
&2
= —VvVy (6.25)
h
Therefore oy = I/Vy is an integer multiple of e?/A. This argument remains correct if one introduces disorder

to the system. In that case, the eigenenergies E, ;(P) depend separately on / and & and not only on [ + %. But

the Hamiltonian is still periodic in ® and therefore we may still apply the above argument. The disorder will
localise most of the eigenstates, but some of them must still carry a current. With this argument it becomes
clear that in this geometry the current carrying states are those close to the boundary.

Experimental systems always have a boundary, also in x-direction. If one introduces a boundary potential in
x-direction as well, the argument cannot be applied directly but one still expects that the current is carried by
states which are extended around the boundary. On the other hand, it is as well possible to formulate the theory
with periodic boundary conditions in both directions. In that case there are no boundary states but there are still
states carrying the current.

6.3 The fractional quantum Hall effect

The fractional quantum Hall effect was found by Tsui, Stormer and Gossard at the end of 1981 and published in
1982 [74]. First theoretical approaches followed immediately, the main theoretical achievement was the work
by Laughlins [33] who described the ground state of the interacting many-electron system as a quantum fluid.
The Nobel Prize in Physics 1998 was awarded to Robert B. Laughlin, Horst L. Strmer, Daniel C. Tsui for their
discovery and theoretical work on the fractional quantum Hall effect.

6.3.1 Wave functions
Lowest Landau level

Models with non-interacting electrons as introduced in the last section cannot explain the fractional quantum
Hall effect. For the fractional quantum Hall effect, the interaction between electrons is important. The Hamilto-
nian is
H=Y 1<hv-+e;{->2+V(7~) +12V(|7~—7|) (6.26)
= |2m \i Pt 1 24 ]k ’

Vi (¥) is a single particle potential. In the simplest way it describes a homogeneous background. In a more
complete model in contains the effect of the lattice, of imperfections, of the boundary, etc. The interaction
V(|7|) is typically isotropic. An ansatz would be the Coulomb interaction

&2

V(7)== 6.27)

7]
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6 The fractional quantum Hall effect

or a screened interaction, which may be more suitable in the case we have in mind. The electrons move in a
strong magnetic field. We assume that the spin of the electrons is polarised and can therefore be ignored. This
is a suitable approximation if the filling factor v < 1. For the vector potential we choose a symmetric gauge

- B
A= ) (vé, —xéy) (6.28)
m is the effective mass, it depends on the material we are looking at. For GaAs hetero structures m = 0.07m, is

a typical value. In the following I take as a first ansatz a constant background potential V; which can be put to
0. The single particle Hamiltonian now reads

1 . d Yy 2 . 0 X 2

1
= Ehw” [2°z+ 79 — 20, — 0,0-+] (6.29)
where | |
z:%(x—ly), z :%()Hrly) (6.30)
d . d B d . d
az —lB (8x+l8)> y aZ* —lB <axlay> (631)
We define |
a'= \ﬁ(z* —d,) (6.32)
1
a= (et ) (6.33)
where [a,a’] = 1, and obtain
H= ha)c(cfa + %) (6.34)

A wave function in the lowest Landau level obeys the condition

ay =0 (6.35)
WAy =0 (6.36)

with the general solution
y = f(z)exp(—2z"z) (6.37)

f(z) is an arbitrary analytic function depending on z. We assume that %@, is the by far largest energy scale and
that v < 1. The Hilbert space can then be restricted to the lowest Landau level. A general multi-particle wave
function in the lowest Landau level has the form

‘P:f(m,.--,z;ve)exp(—)'_‘,z;*z,-) (6.38)

where f is again an analytic function.
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6 The fractional quantum Hall effect

Construction of a single particle basis and angular momentum

Before we discuss a variational ansatz for the many particle ground state, let us introduce a suitable single
particle basis. The Hamiltonian has a rotational symmetry, it commutes with the angular momentum L, parallel
to the magnetic field. One has

L, = ixi —1 i
Ty Yox
= 20,70 (6.39)
L.f(z)exp(—2"z) = 2f'(z) exp(—2"2) (6.40)
The eigenstates of L, are therefore
W = 7" exp(—27z) (6.41)

with the eigenvalue m. The y,, for a complete and orthogonal system of states within the lowest Landau level,
since they are the eigenfunctions of the operator L. Introducing a suitable normalisation the set {y,, m =
1,...,00} forms an orthonormal basis of the single-particle Hilbert space. |y, (z,z*)|? is rotational invariant and
has a maximum at |z|> = m. To deal with a finite system, we restrict the Hilbert space to values m < M, the
filling factor is then v = N, /M. This corresponds to a disk geometry with a soft boundary.

A many particle wave function

¥ = f(z1,.-,2n,) exp( Zzlz, (6.42)

is an eigenfunction of L;, if f(z1,...,zy,) is a homogeneous polynomial in the variables.

Laughlins ansatz for the ground state

Because of the projection to the lowest Landau level the only important contribution in the Hamiltonian is the
interaction. There is no single particle Hamiltonian any more. Laughlins idea is that the electrons should avoid
each other as good as possible. We therefore look for an ansatz which is homogeneous and where the electrons
have a large distance between each other. An ansatz, which was very successful in the description of liquid Hes
is the Jastrow ansatz. It has the form

[17F -7 (6.43)
Jj<k
In our case this means
Y= Hf( i — zi) exp( Zz Zi) (6.44)

j<k
This wave function must have the following properties
e It should be an eigenfunction ofL,. Therefore f(z) o< z™.

o [t should be antisymmetric with respect to permutaions of two particles. Therefore, m must be odd.

This means that the Jastrow ansatz yields

Y=Y, =[](z; — =) exp( ZZ, Zi (6.45)
<k

¥, is a wave function with an angular momentum L, = mN,(N, — 1) /2. The highest power which occurs for a
single argument z; is M = m(N, — 1). As a consequence, the filling factor of the wave function is v = 1/m. For
a fixed density, i.e. a fixed filling factor, the Jastrow ansatz has no free parameter, the wave function is fixed.
The question is whether ¥, is a good ansatz for the ground state of the Hamiltonian, and if yes, why. To
clarify this we look at two different calculations which have been done quite early after the publication of this
ansatz by Laughlin. The first is the diagonalisation of the Hamiltonian for small numbers of particles. An exact
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6 The fractional quantum Hall effect

diagonalisation allows to calculate the overlap of the true ground state with W,,. A good overview of such
calculations can be found in the book by T. Chakraborty and O. Pietildinen [7]. It turns out that the overlap
is better for short range interactions and that for the bare Coulomb interaction the overlap is about 99% per
particle. The calculation have been done with up to 7 electrons for v = 1/3. The Hilbert space dimension is

21 . . . .
< 7 >, the diagonalisations are done using a Lanczos algorithm.

The numerical calculations show that for short range interactions the overlap is even better. Since the
electrons in our case have all the same spin, a short range interaction of Hubbard type, which would be
V(r) = Vpo(r) in the continuum, has no effect. The Pauli principle interdicts two electrons with the same
spin at the same place. The shortest possible interaction is therefore

V(r) =V2V28(r) (6.46)

One can show that W, is the exact ground state for such a short range interaction. We will come back to this
point. It supports the view that ¥,, describes the ground state wave function quite well.

Let us mention that it is possible to formulate a Laughlin type wave function as well for systems with periodic
boundary conditions. This is useful because in such a case the gauge argument formulated by Laughlin for the
integer quantum Hall effect can be applied. We discuss periodic boundary conditions below.

Properties of ¥,

Let us first discuss the case m = 1.

¥ :H( i — 2k) exp( Zzl Zi (6.47)

i<k

The factor [];4(z; — z«) is a so called Vandermonde determinant. One has

[T —2) = ()N Y (1) Tz (6.48)
P i

i<k

Up to a normalisation factor, ¥ is the Slater determinant of the N, single particle basis states y,,,, m=1,... N,.
Therefore, W, is the exact ground state of the system for filling factor v = 1.
Let us now discuss general wave functions W¥,,. One has

(¥ ul* = exp(—BOn(z1,-..,2n,)) (6.49)

This is the distribution function of the electrons. It can be interpreted as a classical gas with a free energy
Om(z1,-..,2n,). We choose B = 2/m and obtain

Om(z1,- . 28,) = —m221n|zj—zk\+m2\zl\2 (6.50)
Jj<k =

This is the free energy of a classical two-dimensional one-component plasma with charge m. The general free
energy of a classical two-dimensional one-component plasma is

Om(z21,.-.,2n,) = —e Zln|z,—Zk|+ per!zl| 6.51)

j<k

Here, the first term represents the two-dimensional Coulomb repulsion of the particles and the second term
represents the attractive interaction with a homogeneous background with a charge density pp. In our case we

have
2

po=— (6.52)
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6 The fractional quantum Hall effect

The plasma is neutral, the particle density is 5
p= p— (6.53)

Th physical properties of the two-dimensional single-component plasma is well understood. For not too large

m it forms an incompressible fluid. It has a homogeneous density. The most important quantity to look at is the

pair correlation function

No(N,—1) [d%z3...d%zn, [Pl?

p2 fd221 ...dZZNE‘\Pm‘Z

g describes the correlation of two particles. For a translational invariant and isotropic system, it depends only
on r = |71 — z2|. For large r the function tends to 1. For small r it decays like o< 7*". The interaction energy is

g(z1,22) = (6.54)

1
mwzi/f@wmwm (6.55)

Taking into account the homogeneous background, the total energy is

E= [ (el - V(e (656

For a short range interaction V(z) = V,V23(z) we have E = Eyyw. If g(r) decays faster than r> one obtains
E = 0. Since E is non-negative, W,, is a ground state of the system, as stated above. Further, one can show that
W, is the only ground state for m = 3. For m =5 it is not unique but it becomes unique if a second term is
introduced to the interaction V (z) = (VAV2 +V4(V?)?)8(z). Similar results can be shown for larger values of .
This explains the above proposition that ¥, is the exact ground state of the system for short range interactions.

The function g(r) shows the typical characteristics of an incompressible fluid. It vanishes sufficiently fast at
r = 0, has a single maximum at some characteristic value of r and tends to 1 without further oscillations for
large r. For a crystal g(r) shows oscillations. For m = 1 we can calculate g(r) exactly, one obtains

g(r)=1—exp(—r?) (6.57)

The wave function ¥, therefore describes for not too large m an incompressible quantum fluid. For an
incompressible quantum fluid one expects an energy gap between the ground state and the low lying excitations.
Let us now look at the low lying excitations.

6.3.2 Elementary excitations

We use the quasi-particle concept to describe the elementary excitations. We constrict quasi-particles and -
holes. Let €, and g, be the energy of a quasi-particle or -hole respectively. Then, € = €, + &, is the excitation
energy of an uncharged excitation. In Laughlin’s original formulation, he created quasi-particles or -holes by
changing M instead of N,. Let us first discuss a quasi-hole. It can be obtained by increasing M.

For a given wave function ¥, M is determined by the number of zeros the wave function has as a function of
a single particle coordinate z;. Increasing M means increasing the number of zeros. The simplest state is one
with an additional zero, i.e. a state with M + 1 zeros. We let

vl =5 W, (6.58)

Z

S =1 1(zj —20) (6.59)

~.
Il
—_

The wave function S7'\¥',, corresponds to a wave function with filling factor 1/m and N, + 1 electrons, where

one electron at z¢ is taken out. P ca therefore be interpreted as a hole where a 1/m fraction of an electron
was removed. The state is a state with a fractional charge. The quasi-hole generated at zo via S;, has the charge
e/m. The same holds true for the classical two-dimensional one-component plasma. The multiplication with
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6 The fractional quantum Hall effect

S, corresponds to adding —m Y ;In|z; — zo| to ¢, and therefore to a missing charge of 1, whereas the particles
forming the plasma have a charge m.

Because of the translational invariance of the system the energy of the quasi-hole does not depends on zp.
One can determine the energy either by diagonalising small systems numerically like for the ground state or by
calculating the expectation value of the Hamiltonian in the state ‘an_) , which as well must be done numerically.
The typical energy of the quasi-hole is 0.025¢?/I5. At typical field strength B ~ 10 — 20T the excitation energy
corresponds to a temperature of 4 —8K. This is in good agreement with the experimental fact that the fractional
quantum Hall effect can be observed ate temperature below 1K.

It is a bit more difficult to construct wave functions for quasi-particles. Laughlins proposal was to use

J k<l

N, a
it :e>q>(—2|z,~\2)]'[—8Z [TGe—z)" (6.60)
j =1

for a quasi-particle at the origin. The numerical calculations show that this is a less good approximation.
Nevertheless, the basic physical idea connected to this ansatz is the same as for quasi-holes.

The excitation energies for quasi-particles or quasi-holes are finite, as it should be for an incompressible
quantum fluid. Similarly to the integer quantum Hall effect, one may now argue that the quasi-particles or
holes in the system behave like usual electrons in the integer quantum hole effect. The only difference is the
charge, which is 1/m times the original charge. This argument can then be used to explain why there are
plateaus in the Hall conductivity at integer multiples of ¢? /hm.

6.3.3 Periodic boundary conditions

The ideas presented so far can be formulated in a system with periodic boundary conditions as well. The math-
ematical formulation is more evolved, because one has to deal with doubly-periodic analytic functions. Such
functions do not exists. Instead, one needs quasi-periodic functions, so called 6-functions. The representation
uses projective representations of the translation group. Within this representation it can be shown that an ad-
ditional particle or hole in the system is indeed localised and thereby on can explain the existence of a plateau
in the Hall conductivity.

6.4 Universality

In a seminal paper, Frohlich and Kerler [13] showed that there is a completely different way to explain the
integer and fractional quantum Hall effect. In this last section, I briefly sketch their view and I try to connect it
to what we learned so far. Starting point is classical electrodynamics.

6.4.1 Classical electrodynamics in quantum Hall systems

In this subsection we look at the classical electrodynamics of a two-dimensional electron gas which has a
conductivity tensor of the form

_ 0 —Oy .
o= ( . 0 > = Oy€ (6.61)
where € = (€4p8)q g1 With €0 = —&) =1, €11 = €7 = 0. We introduce the current density j= ('

and the charge density ;0. The electric field is E = (E|,E,) and we introduce a field-strength tensor F. It is
anti-symmetric and has the elements Fyo, = Ey, Fio = —B. B is the magnetic field perpendicular to the two-
dimensional plane the electrons move in. Further, let x° = ¢t and x', x* be the coordinates, x = (x°,x!,x?),

and
Og = —— (6.62)
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The current density is given by

J(x) = one®PEg (x) (6.63)
The continuity condition is
00 j* =0 (6.64)
and Faradays law has the form
JdB <
or
€*P19,Fp,(x) =0 (6.66)
Taking the continuity condition and Faradays law, we obtain
0pooB=—0yVXE=-V-j=0,)° (6.67)
and therefore
/°(x) = ouB(x) (6.68)

Taking this equation together with the material equations for jwe may put everything together in the compact
form

J(xﬁ ()C) = GHFocﬁ (x) (6.69)

where
Jap(X) = €xpyj?(x) (6.70)

€upy 18 the complete anti-symmetric tensor. The continuity equation now takes the form
€%PY95Jg,(x) =0 6.71)

As a consequence, 6y must be locally independent of x! Further, lines where o changes must carry a current.
The continuity equation implies that for the current tensor J,5 and as well for the field-strength tensor Fyg we
can introduce a vector potential

Jaﬁ = 8aaﬁ — Bﬁaa (6.73)
and we obtain
8a (aﬁ — O'HAﬁ) — (9,3 (aa — GHA(X> =0 (6.74)

This relation can be derived from the action

Ses(a—onA) = | Qd3xe°"37 (aq — OuA«)dp (ay — OnAy) (6.75)
X
Scs is called Chern-Simons action. This action is independent of the choice of coordinates.

The status of the ideas presented so far is as follows: Whereas the continuity equation and Faradays law hold
exactly, the material equation J = oy F is experimentally varified only on sufficiently large time and length
scales. We therefore cannot exclude that in addition to the Chern-Simons action Sc¢g the total action contains
a further term S; which should be symmetric under time reversal and which should conserve parity. The total
action will therefore be

S(a,A) = Scs(a — GHA) + S5 (Cl,A) (6.76)

where the behaviour on long time and length scales is determined by Scs.
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6.4.2 Quantisation

The current density j is a quantum mechanical operator, to be precise an operator valued distribution, therefore
the vector potential @ must be an operator as well. The same is true for A, at least in principle. Since we do not
want to treat QED, it is in our case sufficient to take A as a classical field. The remaining task is now to quantise
the action S(a,A) where A will be treated as an external, classical field. The quantisation can be performed
using a path integral. We use Euclidean path integrals and introduce the coordinates

ap — —iag, Ao — —iAg, 0y — —idy, dx’ — idx° (6.77)

Further, we introduce the vector potential A, for the external constant magnetic field so that the total as vec-
tor potential A = A. 4+ A contains A, and A, coming from local sources. The Euclidean measure dP,, which
describes the ground state of the system with the action S is then given by

dPy(a) = Z(Ac+A)~! exp(—%SE(a,A))D[a] 6.78)
where
SE(a,A) = —ixScs(a— opyA) +Si(a,A) (6.79)
2
Dla] = H H dag(x) (6.80)
x =0

and Z(A. +A) is the partition function, chosen such that [ dP4(a) = 1. The action S (a,A) should be derived
form a microscopic theory, but such a derivation does not yet exist. The field theoretical formulation of the
non-interacting electron system presented e.g. in the chapter 5 by Pruisken in [61] for the integer quantum Hall
effect is of that form. But using just the structure of the action one can already derive some properties. The
Euclidean partition function Z(A. + A) should be invariant under gauge transformations and the electron wave
function must be unique. Both properties can only be fulfilled if oy takes values
1 ¢
oy=t——F— 6.81

T =241 h ©81)
This was shown by Frohlich and Kerler [13]. The authors further show that one may allow for more than one
current. Let J() be a set of currents, for each the condition

JO =6VF (6.82)

must hold. This then explains the experimentally observed values of oy.
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