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Chapitre 1

Introduction

Ideally, we would like to solve the Schrodinger equations

77172 gN V2 + E V(r; — ;) + E U(r;) \Ilfiha—qj (1.1)
2m 4 A v - ! ot '
Jj=1 1<j J
where ® == U(ry,---,ry). This would allow us to determine both the eigenfunctions and eigenspectrum of the

many-body Hamiltonian. Why trying to solve such problem ? Beyond the academic problem, we may have in mind to
deal charge fermions interacting with a Coulomb potential V(1) = ¢*/(4meor) where ¢ denotes the charge. Therefore
solving the above Schrodinger equation would allow us to describe accurately interacting electrons in a solid or in a
condensed matter phase. We may have also in mind to describe the problem of Rydberg atoms in a trap potential.
The 2-body interacting would then be a long-range dipolar interaction V(1) ~ 1/r?).

If we have an electromagnetic field, we need to substitute

V — V —igA (1.2)
U(r) — U(r) + ¢®(r),

where A is the gauge vector and @ the electric potential.

Obviously, in a typical condensed matter system, with N ~ 1023, the Hilbert space grows exponentially too fast
to hope to solve such Schrédinger equation.

In a cold atomic system which has only a few atoms trapped in a low-dimensional potential, diagonalizing directly
the Hamiltonian may actually be a good way to approach this problem. At least, this may allow to calibrate the
experiment in some range of parameters. Beyond what is presently achievable numerically, cold atoms trapped in
an optical potential can then offer an interesting platform for in situ quantum simulations.

However, we learnt fom statistical physics, that we do not need to solve the equation of motion of N bodies to
be able to predict some macroscopic emergent behaviour. Can we expect a similar strategy to hold here?

Although the notion of emergence is certainly playing a major role in modern quantum many-body physics, for
a general many-body problem this is difficult to predict based only on symmetries and dimensionality what kind
of low-energy physics is about to emerge. This is typically problem-dependent. This is why many numerical tools
have been fastly developing over the past decades to tackle these kinds of problems.

The strategy developed in this lecture is rather pedestrian. We need a known starting point. We will therefore
start with the non-interacting problem and swich on the interactions. We will then learn how to treat the interaction
perturbatively in order to compute some observables. This will allows us to indroduce the Green function formalism.
The second part of the lecture will be devoted to some modern numerical approach to many-body phsyics.

1.1 Kinetic energy (band structure)

1.1.1 Band structure

Let us consider free particles in a box with periodic boundary conditions (V = U = 0 above). Using translation
invariance, the Hamiltonian is diagonal in the plane-wave basis and can be written in a second-quantized form as

H =Y "ek) ,cx0, (1.4)
k,o

4



1.1. KINETIC ENERGY (BAND STRUCTURE) 5

with €(k) = h?k?/2m the dispersion relation. Here cL , creates a particle with momentum k and spin o. The symbol
o denotes typically the spin quantum number but can also encapsulate extra quantum numbers. For NV fermions,
the ground state |GS) is obtained by filling up the N lowest energy states :

|GS) = CLPTCLN - cLchLde), (1.5)

assuming N = 2p and €(k1) < --- < €(kp). This approach can be obviously extended to the case where we do have
many bands. Although the Hamiltonian being non-interacting, classifying all possible non-interacting hamitlonians
has received a considerable interest in the past decade and our understanding of band structure has been completely
revolutionized with the emergence of topology in Bloch space. However, this is another field which I will not touch
(see e.g. [1]).

Before closing this paragraph, let us remind the behaviour of the density of states as a function of the dimension
d. The density of particles is defined by n = N/V where N = (GS|N|GS).

Let us first consider d = 3.

_ VEky
2
= (GS| kE Nk« |GS) ~ ) E /dkj (Ark*) = 52 (1.6)
We thus obtain n = % For a quadratic dispersion relation ¢ = hz—k we can therefore the energy dependence of
the density as
L 2m 3/ 3/2
n(e) = 5 (5% (1.7)

271r2 (2{;)3/2 1/2

Similarly, one can calculate the ground state energy as EY, = (GS|> . hgk 5~ |GS) = 2Nep. Hence, the ground

Therefore, for a 3D metal, the density of states p(€) = dn/de (per unit volume) scales as p(e) =

state energy per particle scales as ES,/N ~ n?/3. For a typical metal, n ~ 10 m~3, kp ~ 13.6 nm~' and
Ap ~ 0.46nm which implies 2-3 lattice distance.
One can repeat these calculations in d = 2. The density of particles reads as n(e) = Zf¢ which implies a constant

density of states. Similarly, one shows that the ground state energy per particle scales as ESp /N ~ n.
Exercice : Perform the same analysis as above with a linear dispersion relation instead of a quadratic one.

1.1.2 Tight-binding model

We use above a continuum limit formulation. However in a solid, electrons are attached to an atom. We may
therefore use a tight-binding formulation. A one-dimensional tight-binding hamiltonian reads

:—tzc cj+1—|—hc) (1.8)

J

where the index j corresponds to a lattice site. We omit the spin index to lighten notations. In Fourier space, we

introduce ¢ such that
1 rs
= ﬁZC}CGZk 7, (19)
k

such that
2
where
e = —2tcoska.
Let us consider the case where e = 0. This corresponds to half-filling where ¢ = ¢p = 0. The low-energy

excitations of such a Hamiltonian are confined near the Fermi level namely for k& ~ krp = 4. Linearizing the
dispersion relation, we have in the limit (k — kr)a < 1 (see Fig. 1.1)

e = 2tsin[(k —kp)a]
~ 2ta(k — kp).

Therefore, in the low-energy approximation, we have linearized the spectrum to write around k > 0

Ek :h’l)p(kfkp). (111)
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where Aivp = 2ta. We obtain the same result for k& < 0 linearizing around —kr. We have thus obtained an effective
Hamiltonian valid at low-energy, i.e. |¢| < ¢, which does not depend on the details occuring at high energy.
Conversely, this also implies that observables mesured in this low-energy range do not depend on the high-energy
details of the band structure. This is important since observables may become universal in the low-energy regime
and therefore worth being studied.

Notice the emergence of some Lorentz invariance in this low-energy Hamiltonian which is not present in the
initial tight-binding Hamiltonian. Indeed, quite often the symmetries may be larger at low-energy than in the initial
starting Hamiltonian.

&k
12t

Largeur de bande
D =4t

I e

— 2t

(a) (b)

FIGURE 1.1 — (a) Initial dispersion of the system with bandwidth D = 4¢. Near the Fermi level, we can linerarize
this spectrum (b) a new dispersion relation valid only at low energy.

1.2 Interactions and Fermi liquids

Lt us now consider the Hamiltonian

N 1
H= Zekc;rw’ck’g T W Z V(Q)CLHﬂLUl CLz*q,UzckQ*"?Ckl’al’ (1'12)
k,o

q,ki1,ks,01,02

where the second term is the Fourier transform of the Hamiltonian

5 [ X drdva(ies )i, ()5, (v2) i, (r2) i, ().

01,02

Such interaction can be the Coulomb one in which case

e? e?

VCoulomb(q) = ﬁ’ VCoulomb(r) = dre 7".
0 0

in D = 3. In the case of Copper, its electronic orbital structure is 3d'°4s'. This implies one conduction electron par
atom. Its average density is n, = 8,4.1022cm ™3 which implies an average distance between electron d = ngt/?

e =
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2, 3Aand therefore an average Coulomb interaction Veoulomb(d) = 4;520 5 = 6,3eV! This correspodns to a huge energy
scale (remember that leV ~ 12000K). Therefore we would expect that a piece of Copper at room temperature
would be in a correlated state dominated by the Coulomb interaction.

This rough esimate casts some serious doubt about our global strategy. Indeed, one may legitimately worry about
treating the interaction as a perturbation around the free case. Actually, the above argument is single-particle like.
First, let us estimate the ratio between the potential energy and the kinetic energy, Epot/Ekin, for a given density
n. The Coulomb energy scales as Vooulomb (@) = Vooulomb (n /%) ~ €?n!/¢. Therefore

Lo a—) (1.13)
Kin
This implies that the larger the density, the more the kinetic (non-interacting) term dominates over the two-body
Coulomb interaction. This estimation is a direct consequence of the Pauli principle. In the infinite density limit,
the interactions are negligible and therefore this limit is a good starting point for perturbation theory.

Our piece of copper turns out to be a good metal well described by the Fermi liquid theory. Indeed, specific
heat measurments are actually linear in T, while the susceptibility is constant. This implies that there exists an
effective low-energy theory for this complicated model where interactions between the excitations (we use the term
quasiparticles) are weak. This is valid in the low-temperature range such that kgT < E.,;, where E.,, denotes
some energy scale which will be introduced further in the course. All the effect of the initial interactions will actually
be hidden in some parameters of the Fermi liquid model such as m*, Fy, Fy, ---

The Fermi liquid theory possess a universal character in the sense that different high energy models share the
same low-energy description. The relation between the high energy model and the low-energy Fermi liquid model
is provided via the renormalisation group (RG) approach which connnects these models all together. We will apply
this RG tool on the Anderson model [2].

1.3 Some elementary notions of the renormalisation group

The renormalisation group is a machinery enabling to connect high-energy degrees of freedom to low-energy
ones. This is hard to implement in practice and we need to resort to a few approximation schemes. In order to
obtain the low-energy observables, we need to have access to the solutions of the model at all energies. The idea of
the renormalisation group is to integrate all high energy modes in order to obtain a low-energy model.

§

Largeur de bande

AN
H(N) A H(Ay)

FI1GURE 1.2 — Using iterative steps, the renormalisation group consists in decreasing the bandwidth by successive
integration of the high-energy degrees of freedom. We stop when we arrive at fixed point given by an effective
bandwidth given by Ax.

Let us start with H(A) where A is typically the bandwidth (see Fig. 1.2). The partition function of the system

reads R
Z = Tr[e PH].

The idea of the renormalisation group is to separate this trace into two parts : on one hand the low-energy modes
(l.e.m.) and the high-energy modes (h.e.m.) :

Z = ’I‘rl.e‘m.’I‘rh.e‘m.e_ﬁﬁ(A) = T\rl.e.m.e_ﬂﬁ(/\l)a

and to iterate such procedure until a fixed point is reached at a scale Ay.. Though such procedure may look
simple, the catch hides in the fact that H(A;) has in general a much more complicated and different form than



8 CHAPITRE 1. INTRODUCTION

H (A) (typically n-particles processes are generated). Therefore, we are obliged to truncate some terms in H (A1).
However, at low-energy only the 2-particles processes matter (i.e are relevant) near the Fermi liquid fixed point
which justifies a fortiori the truncation procedure.

If we consider the average value of an observable before renormalisation

N 1 A o
(©) = -Tr (@eiﬁH(A)) :
Z
after renormalisation, this average value is computed using

(6) = %Trl,@_m (@e*BH(AN)) ,
which is much more simple to calculate.

Obviously and fortunately, the low-energy physics of many interacting fermions does not always reduces to
a Fermi liquid theory. There are other fixed points such as the Mott insulator which corresponds to an insulator
driven by interactions. In one-dimension, the Fermi liquid paradigm breaks down. Technically speaking, the sucessive
integration of high-energy degrees of freedom is plagued with divergences. Another paradigm, called Luttinger liquid,
naturally emerges.

1.4 Goal of the first half of this course

The goal of the first part of this course is to calculate perturbatively (in the interactions) some physical obser-
vables. In that respect, we need to introduce the formalism of Green functions and the notion of self-energy.



Chapitre 2

Equilibrium single-particle Green
functions

From now on, we are treating systems of N-particles which can be either fermions or bosons. The chemical

potential is noted as p while the temperature is T' = % (we take kp = 1). We will follow the book of Bruus and

Flensberg [3].
The expectation value of a quantum operator is denoted as :

A~

~ 1 a0
(A) = S Te(e 1 A),

where the partition function is defined as Z = Tr(e‘ﬁﬁl). The Hamiltonian A’ is defined as H' = H — uN, i.e.
in the grand-canonical ensemble. In what follows, if not stated otherwise, we will always assume such statistical
ensemble, and the prime will be omitted. When possible, we will use a single index a for all degrees of freedom

of the system. Hence, the index a can denote k, o, Z, ....The creation and destruction operators obey the usual
relations :
{éa,é}:} = {4p fermions (2.1)
[l;a, l;ﬂ = 4 bosons (2.2)
It may be more convenient to introduce the factor ¢, such that { = 1 for bosons and ( = —1 for fermions. The

commutations relations thus read

[Jfaﬂ/mc = 1[’(17211;[ - Cijg@[;a = qb- (2.3)

2.1 Definition of the Green functions

Let us introduce the following three Green functions. The retarded Green function is defined by

GE(t —t') = —ib(t — ') ([a (), D] (¢)]c) (2.4)

where the time dependence of the field operator is via the Heisenberg representation. This means

~

A(t) _ ethAefith.

Exercice Show that G%

ab

(t —t') is indeed a function of the ¢ —¢'.

The second Green function is the time-ordered one Green function

GL(t—t) = =i (T, (Da(®)d}(t))) (2.5)

where we introduced the time-ordered operator 7T; defined by

T, (A(t)B(t") = 0(t — t"YAt) B(t') + Capb(t' — t)B(t)A(2),

9
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where (ap = —1 if A and B are fermionic operators and +1 if they are bosonic operators.

Finally the third Green function we want to introduce is called the Matsubara Green function which is defined
in imaginary time. Like complex numbers, the imaginary time or Euclidian time is a technical trick where time and
frequency are imaginary. We will see the advantages of such trick later. Let us define the imaginary time evolution
by analytic continuation as

A(r) =" Ae M7 1 €0, 3]. (2.6)

Please pay attention that

A~

A(r)t = Al(=1) # Al(7).

The Matsubara Green function is then defined by :

GH(r— 1) = = (T (da(T)B () | (2.7)

where as previously, T, [A(7)B(7')] = A(T)B(r') if 7 > 7/, and T:[A(T)B(7")] = CapB(7')A(7) if T < 7'. Note
that 7 € [0, 3] garenties the convergence of the Green function G (7). One may wonder what is the use of such
Green function. We will come back to it later when analyzing its properties in details. In short, define the correlator
Cap(t,t') = —(A(t)B(t')) such that C{5 = i0(t —')(Cap(t,t') — (Cpa(t',t)). Coming back to the definition of the
expectation values,

1 1 . . ’ . ’
Cap(t,t') =— ET’I“ (e*ﬁHA(t)B(t')) = —ET’I‘ (eiﬁHeZHtAeﬂH(t*t ) Be~ 1 ) (2.8)
1 ’ ’
- _ = —BH _Ht —H(r—7") —Hr
ZTr (e e”T Ae Be ) . (2.9)

We have used the Heisenberg representation and assumed the Hamiltonian H to be time-independent. The main
advantage of this formulation can be seen in the later expression where the density operator and the time evolu-
tion can be treated on an equal footing. Therefore such formulation will be quite convenient to deal with finite
temperature Green functions and the calculations of finite T observables.

At T =0, GF' can be developed using perturbation theory and Feynman diagrams while G® cannot. At T # 0,
GM can also be computed using perturbation theory and Feynman diagrams while G cannot. G® will be obtained
by an analytical continuation of GM. Moreoevr, the function p,; will be derived from G as follows

1
Pab = —;%Gfb(w). (2.10)

The spectral function encodes all the information on the excitations spectrum of the system.

Finally, it is worth emphasizing that the retarded Green function is the most physical one since it naturally
emerges in linear response theory as the response to a perturbation done earlier in time. However, as we just saw,
the latter can not be computed directly and we need tu use the other Green functions as some intermediate steps
to obtain it though these other Green functions are not physical.

2.2 Properties of the Matsubara Green function

2.2.1 Periodicity and Fourier series

The Matsubara Green function is a function of the difference between the imaginary times (7 — 7). Therefore if
0< 7,7 <8, wehave —f3 < 7—171" < f, which implies G% varies over an interval of width 2. We can then extend
GM for real values of 7 — 7/ by continuity and using the 23 periodicity (see F1G. 2.1). The function G¥ is thus 23
periodic in general

GM(r +28) = GM(r). (2.11)

A consequence of this periodicity is the ability to expand it in Fourier series.
Another property of the Matsubara Green function is the following :

Gap (T + B) = (Gay(7), (2.12)
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" (1)

L

- 28 —p 0 g 28

e

FIGURE 2.1 — The Green function G% (1) has a 28 periodicity, and according to the nature of the particules
(fermionic or bosonic), the Matsubara Green function is actually S-antiperiodic (fermions) or S-periodic (bosons)

implying a periodicity 8 for bosons and an antiperiodicity 8 for fermions. To show this property, let us assume
T € [-5,0], such that 7+ 3 > 0

1 EPPSERA .
G (r + B) = =T (e AT, (a(r + B)](0))) -
With these conditions on 7 and (3, we can suppress the time-ordering operator and write
1 —BH (7 a7 —(r 280
GM(r 4 8) = — T (e BH (r+B)H ), o= +6)H¢g) _
This expression can be simplified
1 g BVE
G (r+ B) = =T (71 e THAG])
and using the property of the trace, we get
1 . . N
G (r+ ) = = Tr (7P Ple e )
where we can identify 1/32 (0) and th, (7). This thus allows us to rewrite the expression as

G+ B) =~ 5T [ PHT (du(r)0(0))] = COM ().

We can perform a similar calculation if 7 > 0. Therefore, this shows the property of periodicty or antiperiodicity of
Gap (7).

The Matsubara Green function can be expanded in Fourier series as
1 — W T .
Gop(r) = 3 > e TGl (iwy), (2.13)

where the Matsubara frequencies w,, are given by
elwnf = ¢. (2.14)

We thus have w,, = 7T(2n + 1) for fermions and w, = 7T2n for bosons.
We can reverse the Eq. (2.13), to obtain

B ,
G%(iwn):/o drGM (r)enT, (2.15)

Exercice Show that

GM (i) = / | AU
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2.2.2 Discontinuity in 7 = 0 and particle number

As the figure 2.1 may indicate, the Matsubara Green function has a singular behavior in 7 = 0. One can show
that
GM(0%) - GM(07) = —bu. (2.16)

Indeed,
(Tra(0D)D) (0)) = (Dah)) , (Trtba(07)0h5(0)) = C (D ha) -

Substracting these two expressions, we obtain

GMOY) = GN(07) = —[(ad]) — ¢ (V)a)]
= - <7[}a721;£ - Q/A)gl/;d
= —dap.

Another important property of the Matsubara Green function is its large frequency behavior :

: dab
lim  GY(iw,) = —.
wWn—+00 1Wnp,

(2.17)

For fermions, the number of particules (electrons) in the state a is given by
na = (Vltha) = Goa(07),

(Similarly the number of particles with momentum k is given by GM(07)), and conversely, the number of anti-
particles (holes) is given by
g —1=— <1;a1/32> = G%(O+)~

2.3 Free fermions

We are interested here in free fermions described by a quadratic Hamiltonian.

2.3.1 Single-level Hamiltonian (see exercice sheet)

Let us consider the simplest possible case, a single level Hamiltonian described by

H = eéfe,

Exercice Compute the following Green functions G (1), GM (iw,,) and GF(w)

The Matsubara Green function is given by
GM(1,7') = —(Tr(&(7)é (1)) -

The evolution of an operator in imaginary time is given by

~ 2 ~ 2

A(r) = e Ae™HT,
and therefore the operator é(7) satisfies the following differential equation
0,e(r) = 7 H, cle .

Using the anticommutation relations, we thus obtain 0.é(1) = —eé(7), and therefore é(1) = e~ °"¢. The Hilbert
space of this system reduces to the states |0) and |1) with 0 or 1 particles respectively. The eigenvalues of H are 0
and ¢ associated with these above eigenstates.

With the expression of é(7), we can compute direcly the Matsubara Green function. For 7 > 0, we have

GM(r) = GM(1,0) = — (&(1)e! (0)) = —e ™= (cet).



2.3. FREE FERMIONS

The expectation value of the number operator reads

1
AAT = 1 _— ATA =
(e@) = 1= (68) = Tz
and we thus get
M _ 76767—
G (T)—71+6_58T>0,

and using fermionic anticommutation relations, we infer for 7 < 0 that

M e €T
G (7') = 71_’_655.

This function is shown in Fig. 2.2.

Gr(T)

—nF(E),

- (1 - HF(S))‘

FIGURE 2.2 — Matsubara Green function for free fermions.

Furthermore, the value of GM(7) in 0% and B~ take the following simple expressions
GM(r=0")=-(1—-np(e) GM(r=57) = —nr(e),

where ng is the Fermi Dirac distribution function.
Let us now compute the Fourier transform GM (iw,,) of GM (1) :

—ET

M 7 M i 7 —€ i
GY (iw,) = drG tnT — d e'ne
(iwn) /0 TG (T)e /0 T ope

1 B ) 1 6ﬂ(iwn75) -1
_ / e‘r(zwnfs) — )
1+e B J, 1+ePe Wy — €

Using the definition of the Matsubara frequencies in (2.14), we can simplify this ersult to simply write

) 1
GM(an) " iwn—c

Let us now compute the retarded Greenfunction G¥(t) which reads

G (t) = —ib(t) {[e(t), ¢"]c) -
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The time evolution of ¢ can be determined following the same steps as for the imaginary time. We thus get
0yé(t) = —ieé(t), and therefore é(t) = e~ *'¢ (which corresponds to the analytic continuation of é(7)). We obtain
GR(t) = —if(t)e =t ({&,6T}) = —if(t)e "t
In order to determine G(w), we take the Fourier transform of the previous expression
+oo ) +oo
GER(w) = / dtGE(t)et = —i/ elw=er, (2.18)
—00 0

This integral being divergent, we introduce an infinitesimal regulator in (with 7 > 0) such that

+oo
lim —i/ ellw—elto—nt
0

G (w)

n—0+

. 1
= lim —.
n—0t i+ w—¢
The retarded Green function possesses a pole in the lower half-plane. Notice that this is a general property.
Indeed, suppose we start from the Fourier transform of

—+o0

dw —iw
GR(t):/EGR(w)e L

— 0o
and extend w into the complex plane, namely let us consider G (w) — G®(z). We assume G*(2) to be analytical
in the upper half complex plane. For ¢ > 0, we need to close the contour over the lower half plane to make the
integral convergent. Therefore, G*(t) is dominated by the zeroes of G?(z). Instead, if ¢+ < 0, we need to close the

contour in the upper half plane and therefore G'(t < 0) = 0. This implies that G'(t) oc 6(¢). We thus have an
equivalence between the following two properties

GR(t) x 0(t) <= G*(2) analytical in the upper halfplane. (2.19)

Coming back to the retarded Green function, The retarded and Matsubara Green functions are related within
each other using a simple analytical continuation

‘GM(iwn —w+i0T) = GE(w) ‘

The previous relation between G (w) and GM (iw,,) is also valid for bosons and is actually quite general and relies
on the existence of a spectral decomposition.

The density of states p(w) is obtained via p(w) = —1IGF(w). Using =PPL —ind(x), we simply get

1
x+i0+

2.3.2 Diagonalisation and relations with the Green functions

We treated above the case of a single level. Let us extend it to free fermions described by a general quadratic
Hamiltonian

H=> élhapts. (2.20)
of

h is a Hermitian matrix (i.e. hj, = hag). We can find some unitary transform h = UAU f, where U is some unitary
matrix (UUT = UTU = 1) and where A is a diagonal matrix with eigenvalues noted \;. We introduce the notation

A A AL A
Under such unitary transform, we define new vectors ¢ = U'¢ or in composants cﬁ' = cgUgg.
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Exercice Check these new operators o4 satisfy the usual anticommutation relations.

The Hamiltonian in Eq. (2.16) can be thus written as
H=>"acje,.

In this form, the Hamiltonian is a simple extension of the single level Hamiltonian we dealt in Sec. 2.3.1.
The Matsubara Green function G%(T) is defined by

GMy(r) = — (Trea(1)(0)) .

To calculate this Green function, we then use the unitary transform

G (7) = = (T, 2 (1)} 0) Uaa Ul

where the Einstein convention is used (i.e. repetition of two indices imply their summation). We calculated this
expectation value previously, namely

—67)‘@’7-

<T7-é/a/ (T)éBT/ (O)> = 50/5/m, for 7> 0.
The Fourier transform of this expression gives

) 1
G(XMB(ZW”) = Uaa/ ﬁ

1
M (; —
Gaﬂ(lwn) - (an _ h>aﬂ

The last line comes simply from h = UAUJr and therefore U f(A)UT = f(h) for any function f which can be
expanded in Taylor series. The quantity R = h corresponds to the analytic continuation of the previous expression
which is called the resolvant in the hterature It has some properties which have been developed for the studies of
scattering problems in the fifties.

Ul (2.21)

which can be compactly written as follows

2.3.3 The resonant level model

Let us consider now the case of a state |d) coupled to a a large number of states labeled by |k). Such a situation
is described by the following Hamiltonian

H= Edcﬁaf—k ZEkcka + — Z £d +h.c) (2.22)

Typically, the state labeled by d indicates a quantum dot or some d orbital of a magnetic atom coupled to a
Fermi sea. Our goal is to obtain the spectral function p(w) of such system. Notice that we are still dealing with
a non-interacting Hamiltonian and therefore this is clearly a oversimplified description of the reality. However, it
still embodies a large set of situations essentially because of the Fermi liquid picture and renormalization group
arguments we developed in the introduction. We will come back to this point later in the course.

To start with, let us compute the Matsubara Green function G4 (iw,,) defined in this case as

GY(r) = = (Trd(r)d"(0)) .
Using previous notations, we can write our Hamiltonian in terms of a matrix i of the following form

eq  t)NV o t)VV
t/\/V €k, 0

t/\/V 0 Ekn
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(e 5)

assuming it can be inverted, the inverse of the first block (in the same position as A) reads (A — BD~1C)~!. In our
basis, this term corresponds to the diagonal term coupling the state d with itself. Indeed, we can identify A = g4,

B= (t/\/v,~-,t/\/V>,C':Bt and

Remind that for a block-matrix of the form

Ekq 0

Therefore

A-BD7'C = eq——F=(1 - 1)

[
™
SN
!
<I%
= |-

We have previously seen that G%(iwn) is given by the inverse of the matrix iw, — h, and therefore

-1
My . . ) 21
Gy (iwn) = (iw,— M) = [iw, —eq— P
k
k

Viiw, —

1
. 2 1 .
Wn — &4 — tV Zk TWn —Ek
By analytic continuation, we obtain the retarded Green function
1

GHw) = .
‘ w—eq+i0F — % Xk w—5k1+i0+

We introduce the so-called self-energy > = % >k o This function of w is a priori complex, and we note

1
—ep+i0t "
Y= +iXy, =3 +i¥".
The real part of the self-energy is given by the principal part of X

by —ﬁZPP L
Ty - w—cL

while the imaginary part of ¢ is given by

The discrete sums being difficult to calculate in general, we take the continuum limit to calculate ¥; and Xs.
We therefore replace the discrete sum by an integral in energy :

D
1
¥ = t2l/0PP/ de 5
—-D

W —£&

where v is the density of states at the Fermi level and D the bandwidth.
To calculate this integral, we cut it into two pieces before and after the discontinuity and introduce some
infinitesimal energy cut-off §. On the right side, we get

/D g L /D—de LwP-w
= — — = —1In
wts W—E 5 w 5’
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while on the left side, we have

w—10 D
1 1 D
/ de :/ de =1In —HJ.
D w—¢ s WEE 0

D — D D
¥, =ty (—111( 5 w) —Hn( ;—w)) :tzyolnDtZ.

In the limit D — oo (the large band limit), this contribution to the self-emergy tends toward 0. This is typically
the case if we are interested in physical processes occuring in some range of energy AE < D around the finite level.
Let us now evaluate X9 which reads

Gathering both pieces,

Yo = —7rt2uo/d€5(w —&) = —mt?yy = —T.

where we introduce the energy I' = mt?1q that corresponds to the finite energy width of the level.
The retarded Green function is finally given in the large bandwidth as

1

R _
Galw) =

(2.23)

The spectral function of the d-level (also called the local density of states) thus reads

1 n 1 r

T o (w—eq)2 4+ T2
This function is normalized to 1. pg corresponds to a Lorentzian distribution of width I' centered around the energy
of the isolated level described by |d). Consequently, the coupling between a localized level and a continuum of states

entails a broadening of the delta peak of the isolated states.
Let us come back to the retarded Green function of the d-level :

G (t) = / e e
o 21w —¢eq+1

The calculation of this integral can be achieved using the residue theorem. As above we have GF(t < 0) = 0 as it
should be. However for ¢ > 0, the pole in the lower half-plane provides a contribution and we obtain

GR(t) = —if(t)e cate 1, (2.24)

Gf (t) can be interpreted as the probability amplitude for an electron in the resonant d-level at ¢ = 0 to remain in
this state at time t. Indeed, we can write

G (t) = (0]dU (t)d'|0) ,

where U (t) denotes the evolution operator e~ We can recognize the Fermi Golden rule. Therefore, the probability
for the electron to remain in the state |d) is given by

Palt) = [GR ()] = 72 = &0/,

where 7 = % corresponds to the characterisic emission time.

2.4 Spectral representation

2.4.1 Lehmann representation

We have expressed in the previous section the single-particle Green function. Let us extend them to interacting
particles. Before demonstrating their expression, we summarized them in the following array for fermions
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Free fermion General case
GM(%‘)“) iwﬂl,—s fdwl f:f—wwz
M) | 1ot | S s s
GE(t) | —if(t)e ™ | [dw pas(w)e ™"
Pap(w) 6(w—e¢) Pap(w)

The following relations are general (whatever the nature of particles even in presence of interactions)

“+oo
. paﬁ( )
G (iw,) = /_OO de -~ o (2.25)
“+oo
Pap(€)
GRy(w) = /_ s (2.26)

As will be show further these definitions and relations rely on the existence of an Hilbert space. FRom the Lehmann
representation we define and write the spectral function (or density of states) as

Pap(w Z PuNA (= PB4 — (e PEEHI) 5 (Alea| B) (Beh|A) 8(w + p+ Ea — Ep), (2.27)

where |A) and |B) are eigenstates of H — uN with eigenvalues
Ef4 =FE4s— ulNa, E% = FEp —,u(NA + 1).

If we instead use the energy eigenvalues of H', Eq. (2.27) simply reads :
Pap(w) = — Z “PEL — Cye PR x (Aléa|B) (Bleh|A) 6(w + By — E), (2.28)

Note however that p,s(w) being a probability density, it is normalized and satisfies

+oo
/ Pap(w)dw = 0ap.

Exercice Show the above property starting from Eq. (2.28)

When «a and 3 correspond to single-particles eigenstates, <B|62|A> is different from 0 iff Ep = E4 + &g in which
case we can replace the Dirac distribution in Eq. (2.27) by §(w + p — €5). We thus obtain the following expression
for the retarded Green function

Ggﬁ (t) = 6aﬁ (—ia(t)e_i(aa —M)t)7

indicating quantum coherence.
To demonstrate (2.25) and (2.26), we consider first the retarded Green function

Gt =) = =i0(t — ') ([Pa (), DH(E)]e,)

and define the following two other Green functions

Q
2V
™
—
~
|
AR
—
I

—i (a()D}(1))
—iCy (DY) ba (1))

which are called the greater and lesser Green functions respectively. These Green functions will play a role later on
when we will discuss transport properties. The retarded Green function can be thus expressed as

Q
A
™
—
~
|
AR
SN~—"
I

Gaﬁ(t —t") =0t —t') (Gt —t') = Gou(t —1)).
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I remind that (- --) is defined by %Tr(e’ﬁﬁ/ ---), where H' = H — uN. Let us introduce the eigenstates of H’ noted
|A) and |B). We have for G~

G2t~ ) = T du (B (1))

Introducing two resolutions of the identity in this expression and using the time evolution of ’l/AJa (t) = ettt /tlﬁae_iH /t,
we can write )
1 _ ’ A A i r Y
G2l =) = =5 37 e 8P (Al B) (B} ) €/ Fa~Ep)0-0),
A,B
Using a similar reasoning we can also express G(fﬁ
’LC _ / A A i r_ Y
Goplt—t') = == ™5 (Aja| B) (Bl A4) e Fa—Fp) 7).
A,B
Finaly the retarded Green function reads
Gas(t) = % Z (Alfa| B) (BIDSIA) (=0)0(t)e’ o= Pt (e=PFa — ¢ emPPh).,
By Fourier transforming it, we obtain the energy dependence of the retarded Green function as
1 Ala|B) (Blf|A , ,
Gag(w) _ 72 < ‘ a/| >< ,‘ B‘- i(e—ﬁEA . Qpe_BEB)-
ZA7BW+EA*EB+ZO
Using the property that
1 1
————— =PP —imé E
w+ E+i0t (w—l—E) ind(w + E),
we introduce the spectral function (i.e. density of states) as
pap(e) = % Soa.p (AlPal B) (BIOS|A) (€774 — (uePEB)5(e + E)y — Ej) | (2.29)

With this identification of the spectral function, we can thus write the retarded Green function as
Glyw) = [ e L2
B w—¢e+i0F

This explictly demonstration the expression (2.26) for the retarded Green function from the identification of the
spectral function in Eq. (2.29).

Note that for fermions, p,, is real and satisfies pnq(€) > 0.

Concerning the Matsubara Green function, we have

1 _ ’ A~ ~ o -
G (7) = = 3 € PEA (Al | B) (BIP}|4) e Fa- o),

and its Fourier transform as

B
Gaﬁ(lwn) = /eW"TG%(T)dT
0
1 1- 6 N E/ El
=~ S AlBY (Bl Ay e PP [ et By
A,B 0
—C efl( EL—Ep) g
= 2 (AIB) (BIFHA) - pry ey
A,B

)

This also demonstrates the Eq. (2.25) :

“+oo
G (iwy) = / PRLYION

Wy, — €

— 00
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The other Green function follow accordingly.
Let us provide a more physical interpretation to this retarded Green function at 7' = 0. For ¢ > 0, we can always
write GE_(t) as
GE (1) = — (GS|eHeqe el |GS) — (GS|el e e e Ht|GS) .

el |GS> and its time-evolution as |t (t)) = e~iflt |1 (0)). We can
= ¢4 |GS). The Green function thus reads

Let us the initial electronic state as |1).(0)) =
have an equivalent writing for holes as |¢(0))

Gila(t) = =051 (e (0)[ e (2)) — e~ Fo5* (y,(t)[1on (0)) for £ > 0.

The retarded Green function thus measures the overlap between the electron and hole excitations at time ¢ = 0 and
time ¢t when they evolve under the action of the hamiltonian. If this states are eigenstates of H, then this is just
phases. In general, they are not eigenstates and the Green function it measures the spreading of the electron and
hole excitations.

2.4.2 Hilbert transform

We introduce the Hilbert transform of p as

Hplas(2) = / 0 cor (2.30)

oo z—¢€
One of the properties of this transformation is that

H[pl(2) = (H[p](2))". (2.31)
Utilizing this transform, the retarded and Matsubara Green functions can be simply written as

Gf(w) = H[pl(w+i0")
GM(iWn) = H[p](iwy).

This is then clear that these two Green functions can be obtained using the analytical continuation 4w, — w +i0%.

Such analytical continuation is a priori far from obvious. Consider for example f(z) = sinh z3, where z =
@nilT The analytical continuation of this function gives f(iwy) = sin((2n+ 1)) = 0, and thus f = 0 for all
Matsubara frequencies. This prevents us from going backward and thus to recover the starting Green function by
simply substituting iw, — w -+ i0". However, for Green functions, we know that they behave in the limit w — +oo
as %, which garantees the possibility to find such analytical continuation. Indeed, in the case where both f(z) and
g(z) are equal for the Matsubara frequencies and behave as % in the z — oo limit, we know that f = g and the
correspondance is univocal.

In most problems, the calculations of the Green fucntions has to be done numerically and there are systematic
errors in the calculations of Green functions. In the expression

e—ET
G(’T) = —/dﬁp(ﬁ)m, 0 S T S B,
the term 1_?1;7:;5 is very small at large energy far from the Fermi level. The problem is then ill-posed. Indeed, the
the Green function can be written as
=Y K(e7)ple)

where the term in K(e,7) is extremely small at high energy and typically within the systematic error bars. This
makes the numerical analytical continuation rather tricky.

2.4.3 Sum over Matsubara frequencies

In many cases, we need to calculate a sum over Matsubara frequencies of the type % Do Oliwn).
We typically assume that the function ®(z) is meromorphic in the complex plane (i.e. only has a finite number
of poles and no branch cuts). In most cases, the function ®(z) will be a fraction.

Let us extend the Fermi (or simlarly the bose function) in the complex plane as f(z) = The poles of f

1+652 ’
are in e’* = —1 and therefore in z = iw,,. The residue of f in z = iw, is —1/8.
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We now consider a circle C' parametrized by z = Re?® with R — co. We use the fact that the integral I on the
contour C' satisfies

1= #)0(2) =0,
c
when taking R — oo. We can also apply the residue theorem to evaluate I as

I= Z(%)qﬁ(iwn) + ; f(z1)Res(¢, z1),

n

where the sum over [ is the sum over all poles z; of the function ¢ and Res(¢, z;) are the corresponding residues.
We thus obtain the important result

% Yo Pliwy) = Zl: fp(z1)Res(¢, z;) | for fermions. (2.32)

Therefore the Matsubara summation reduces to a summation over a finite (generally small) number of terms
easily to calculate.

Had we consider bosonic Matsubara frequencies, we would obtain

% > o Pliwn) = — ; np(z)Res(¢, z;) | for bosons, (2.33)

1

where np(z) = -

2.5 2-particle correlation function

To be written.



Chapitre 3

Feynman diagrams

3.1 Notations

In what follows, we will study Hamiltonians of the follwoing form
H=Hy+V,
where Hy is quadratic (and therefore integrable)
Hy =) Matles,

while V is a quartic interaction

N 1 VA

V= 3 Z VAP;MVCLCLCVCP.

Apvp
The matrix element V., verifies
Vapiuw = Viwiap-

Since we can not calculate the single-particle Green functions for such a problem exactly, our goal will be to calculate
them in perturbation theory. We wish to determine G™ (7,7') in powers of V. Our strategy will be composed of

three parts
— Express GM of the interacting problem as series in V' in order to obtain the correction to the n'" order of

the bare Green function noted G(()n). We will use the interaction representation which is well suited here.
— Using the Wick theorem, we will see how to compute these Green functions Gén). The Wick theorem relies

on Hy being quadratic (i.e. describes free particles).
— Finally we will calculate each term in the expansion in V using Feynman diagrams. This is the hardest part
since it involves complicated integrals of order n which may suffer from divergences.

3.2 Interaction representation

While the Heisenberg representation use the time-evolution of the full Hamiltonian H’, the interaction repre-
sentation only utilizes only the free Hamiltonian H{. In this representation the time-evolution of an operator A is
given by

A(r) = e™Ho Ae~THo, (3.1)
We will try to keep the subscript A to indicate the interaction representation. The expectation value of an observable
A is still given by
1 oA
(A) = ETr(e_BH A), (3.2)

and we will define the free expectation value

1 Tr e_ﬁgéfl
<A>O = ( _BH! )
Z Tr(e=FHo)

22
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Let us consider the Matsubara Green function GX (7 — 7/) = — (I;é,(7)é} ('), and the 2-body correlation

function Xapqs (11, 72, 73, 7a) = — (Tr (8a(11)é5(11)El (13)ek (1))
For the former Green function, we will show that

N 8
GM(r— 77) = (Traa(n)e(r )expﬁ(—j:o duV () ’ (3.4)
(Tr exp (7 fo duV(u)))D
while the latter correlation is given by
(Tréa(m1)ea(r2)l (75)e] () exp (= [ duV (w)))
ey T1,72,73,T4) = — - 0| 3.5
X '@’76( RRELE 4) (T exp (7 fOB duV(u)))O ( )
Proof : We use the decomposition : . . L
A(r) = U Y D)A(T)U (7).
where we introduced the evolution operator ﬁ(T) defined by
Ulr) = e HoeH'
We wish to express the evolution operator in a simpler form. Let us take the derivative of it to obtain
dU(T) _ If[(/)eTI:I(’Je—‘rH' + eTI:I(’)e—‘rH/(_IfI/)
dr
_ e‘rH(') (ﬁ(l) o If"/)efTH'
_ _eTH{J Ve—TFI(’J e'rﬁ[l)e—’r}i]/.
And finally, we get
dU(r) ~ A
I () ==V (r)U(7), (3.6)

with the initial condition U (t = 0) = 1. The evolution operator can thus be expressed in terms of V as

0(r) = T (exp (- /0 ' duV(u))) . (3.7)

We have included the time-ordering operator 7. Its presence is actually necessary and makes sense if we expand the
exponential in series. In this case, a typical term of the expansion reads [ [ [--- [ dridradrs - - dr,V(11)V (12)V (13) - - - V(70),
and the time ordering applies to all different terms in powers of V. In order to check that Eq. (3.7) satisfies to Eq.

(3.6), let us take the derivative with respect to 7. We thus obtain

dilTTT (exp ( /O ' duf/(u))> T, [V(T) exp ( /0 Tf/(u)duﬂ

= —V(n)U(r),
and we indeed recover the form in Eq. (3.7).
Let us now show the expression in Eq. (3.4) of the Matsubara Green function. The partition function reads

Z=Tr(e ) = Tr (efﬁﬁéeﬁfféefﬁfl’)
. 8
e_BHé T €X - / u)au
)
.
Zo (T exp <_/0 V(u)du>> :

0

Let us introduce S(7,7') = U(r)U~'('). We do have S(7,0) = U(r). We also have S(r1,79)8 (1, 73) = S(11,73)
This is to show that

—f(/(u)du
S(r, 7)) =Tre -
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We want to calclulate the 2-point correlation function. Let us focus on the numerator and assume 7 > 7’.
(@a(mel(™) = T (To(e M0 (n)e(r)0(r >ff e (0()
= T (e7I5(8,0)5(0,7)e
- T (e*ﬁﬁéﬁ(ﬁ,T)aa(T)S*(T,T')ab(r’)S(T',0))
- T (Te oz (7 )eb(T’)ﬁ(ﬁ,o)).

In order to go from the 3rd to the 4th line, we use the fact that 0 < 7/ < 7 < 3, therefore the operators in the
3rd line were already time-ordered. We could therefore reshuffle all the operators under the time-ordering sign to
simplify the expression. Notice that since V' is quartic in the number of operators, there is no sign coming in.

Combining these two results, we indeed find Eq. (3.4). We can do exactly the same reasoning had we assumed
7 < 7'. A similar reasoning also allows to demonstrate the Eq. (3.5). Notice that these results are general and
rely and the interaction representation. Hy does not need to be quadratic at this stage. We only assume thermal
equilibrium (i.e. imaginary-time translation invariance).

3.3 Some technical remarks

In what follows, we will need to calculate the sum of a function over Matsubara frequencies like

53 dliwn),

where ¢ is some regular function in C. To do so, we introduce the Fermi function np(z) extended in the complex

plane :
1

1+4eP?
The poles of np(z) are located in z = iw,, where w, are the fermionic Matsubara frequencies (for fermions,

wp, = 7T (2n 4 1)). Let us integrate the function ¢(z) multiplied by the Fermi Dirac function in the whole complex
plane along a circular contour C centered around the origin O and of radius R — oco. We therefore obtain

dz 1 .
/C s ()6() =~ ;as(w + ;rmﬂzn -0

where z; are the poles of the function ¢ with residues r; (notice that the residues of ng(2) in z = iw, are given
by 77) The function np(z)¢(z) being regular in C, the whole integral should be 0. We thus obtain the following

result
%Zqﬁ(iwn) =3 rn(a). (3.8)
n l

To illustrate this result, let us consider the following simple example :

np(z) =

eio.)nOJr
d)(iwn) = -

iwy, — €

That function has a single pole z; = € de résidu 1. We can therefore infer using Eq. (3.8) that

1 eiwnOJr

I} — iwp — €

=np(e).

3.4 Wick Theorem
3.4.1 The theorem

Theorem 1 We consider a quadratic Hamiltonian given by

Hy = el Magés.
a,B
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In the case of fermions, the 2n-particles correlation functions can be written using the Wick theorem as follows :

(Tré, (11) - Ca, (Tn)éL' (1) - cT (7-1))0 Z sgn(P H (Tréa, (Tr)el, (Tp)) » (3.9)
Pes, k=1 T 0
where sgn(P) = (p = (—1)mumber of exchanges - Actyally, if we set A, = ¢, or &), a slighly more general form of the

Wick theorem states that
(Tr Ay (1) - - Aop(720)) ZCP H Ty A (7,) Ajy (75,))-
k=1

For bosons, we do have (p = 1.

The conditions of applications of the Wick theorem are that Ho shall be quadratic and the operators A, obey
canonical commutations relations (i.e. commutation or anticommutation relations).

Therefore, there is no Wick theorem for spin operators!

3.4.2 Its Proof

This is quite cumbersome and not so useful. I will recommend instead the one given in Bruus and Flensberg p
199 for those who are interested.
3.4.3 Use of the theorem

This is obviously more important than its proof for practical use. Let us consider the ordered product of 4
creation and destruction operators according to

TrCa,y (T1)Cas (72)5}31 (73)5132 (7a),

and let us calculate its average. The Wick theorem told us that this expresion can be decomposed in products of
quadratic averages. We see that the terms é¢ where ¢'é' give a zero contribution. Therefore the only two non-zero
contributions are the terms (1, 3) and (2,4) for the first case and (1,4) and (2, 3) for the second one. The first term
(A)has a — sign due to the permutation of the operators to pair them while the second term (B) has a + sign. We
finally obtain

(Tyéay (T1)8ay (12)2h, (13)2h, (1)) = = (Tréay (1)}, (73)), (Tréas (T2)Eh, (Ta),

3.5 Perturbative expansion of the Green functions and Feynman dia-
grams

The idea behind the perturbative expansion consists in expanding the term exp [— foﬁ duf/(u)} in powers of V (u)

as 1 — fo w)du + 5 fo fo 1))V (ug)duydug + --- and then use the Wick theorem to decompose the average
values Contamlng several operators as products of the form (Tféaé;g)() in both the numerator and the denominator
At first order, this gives for Gop(T — 7')

_ B _
QMWJU=%ﬂ@@%W%+/wG%JW%ﬂVw%+AdMﬂ%U%h%&WWh

At first order, our Green function can be written as the sum of two terms
G=G"+G",
where G is the non-interacting Green function and G* is the first order of the perturbation theory which can be

written formally as
/mkzww

AP, v
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where K is given as
K = {Ty20(r)ely ()8 (u), (w)E, (), (), — (Trea(r)ely (), (T3 (), (w), (), (),

The first term (A) given by the Wick theorem is obtained by contracting the « and S operators in both
terms in K. However, these two terms cancel each other exactly. The next possible contractions are on one hand
B = (o, A\), (B,v), (1, p) and C = (e, 1), (B, p), (A, v). However due to the symmetry of Vi, = Vjuix, we do have
B = C'. These two terms are called Fock terms and appear with a global — sign. Finally the last two contributions
are B = (a,p), (B,v), (N p) and D = (a, A), (B, p), (1, 7). Once again these two terms are equal to each other and
thus E = D. This rerm appears with a global 4 sign. The two non-zero terms (actually 2*2 in total)are products
of three bare Green functions. We obtain for G op the following expression

Ga@(T -7 = Z /duVAMW [—ng(r - u)Ggﬂ(u — T')G?)H(Oi) + GO, (1 — u)Gpﬂ(u -7 )GBM(Of)].
LV, pA

Let us simplify the previous expression. Let us consider in that purpose the integral of A(t — u)B(u — 7). By
expanding over the Matsubara frequencies, we obtain

B
/0 duA(T —u)B(u —17') 52 Z/ duA(iw,, )B(iwp, e —itny (T—1) gty (u—7")

ni,n2

As foﬁ due(@ny —wna) = B6n, ny, we can simplify the integral over u and obtain

% S Afiwn) Bliwn)e ) = FT(A(iwn) B(iwn)).

Finally in Fourier space, we find that the expression of G* op 18 given by

g(iwn) Z Viap.w [ oA zwn)GBp(zwn) <cucl,> -q? (zwn)Ggﬂ(iwn) (5:&5,))0}.
Ap, v

This is the final result. The method we used appears quite cumbersome already at first order. Needless that
such method is likely to be filled with mistakes at higher order. The diagrammatic approach is actually an alter-
native approach and enables a direct calculation of G((lnﬁ) from diagrams built according to Feynman rules. These
diagrams use two types of objects :

T

FIGURE 3.1 — (a) Vertex and (b) external legs of the Feynman diagrams

i) The vertex diagrams (see FIGURE(3.1.a)). These vertex are related to the interaction
Va0 — )& ()], ()&, ()2, (). (3.10)

This part of the diagrams possesses an inversion symmetry due to the invariance of V' when exchanging Ap and
uv. The diagrams are also composed of two external legs (see FIGURE(3.1.b)). These two legs correspond to the
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two creation and annihilation operators respectively ég (7') and ¢, (7). The diagrams are then formed by connecting
these external legs to the vertex. The number of vertex is equal to the degree of expansion in V of the Green
function. In the figure, we have used two different labels for the variables u and u'. This corresponds a priori to
the time-delay of the Coulomb interaction (no interaction is instantaneous). However, this time is extremely fast
compared to the time scale we are interested in. Therefore, we can fairly assume u = u’ as we did in Eq. (3.10) with
the delta distribution.

At first order in V, the possible diagrams which can be drawn from one vertex and two external legs are de-
picted in Fig. (3.2). The first of this term in Fig. (3.2.a) is equivalent to the (A) contribution. This diagam is
however non-connected. A general property of the Feynman diagrams is that the non-connected diagrams bring a
zero contribution to the Green function (we won’t show this property but the reader can convince himself going
back to the definition of Green function). In what follows we will not draw these disconnected diagrams.

Contraction de type A

= O

Terme de Hartree

3 g

Terme de Fock

T
:%

Bvu pia

()

FIGURE 3.2 — Contribution of order (1) to the Matsubara Green function : (a) Term of type (A) (b) Hartree diagram
(¢) Fock diagram. The right figures correspond simply to the condensed drawing of the figures in the left.

ii) The second contribution in (3.2.b) is formed from a line of particles and a loop linked by a propagator. This
term is equivalent to the previous Hartree term. The calculation of the Green function is as follows : we associate
every line of the diagram to a bare Green function Gg}g where the two indices ¢ belong to two different legs of the
diagram connected to each other taken in the order opposite to the direction of the arrow. The time variables of
the Green functions follow a similar rule. We therefore obtain for this diagram the following contribution

Ggﬂ(u —7)GoA (T — u)Gupu(07),

where we assumed u = «’. The global sign in front of this term will be detailed further. We will need to integrate
over u. Notice that with have a single loop which is related to the order of the expansion.

Finally, the last contribution to the Green function is the term in Fig. (3.2.c). This term corresponds to the Fock
term previously discussed. It is built from a line (representing a bare Green function) from which a propagator is
emitted and then reabsorbed to give another line. As for the Hartree term, there is a single loop and therefore a
single integration over u too. Following our prescription, the contribution to the Green function of this diagram

~Ghp(u—7)G, (07)Gox (T — p),

where the global — sign will be further explained. Notice that the indices of the vertex have been modified in this
diagram compared to Fig. (3.2.b) following the symmetry of Vi, ...
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From this three diagrams, we have built a representation of G'. It is even (far) easier to obtain it frequency
space since less indices are involved. Indeed, we must ensure conservation of the frequency (energy) at every nodes
of the diagram and sum over all intermediate frequencies. Therefore, for the Hartree diagram in Fig. (3.2.b), we
have for the Green function in frequency space :

_ . . . . o 0F
G}lﬁHartree(zwn) = Gg)\(zwn)Ggﬁ (iwn) Z Ggu(zwnl)e’“"lo ,

ni

where the term e®@n10" is just added to ensure the convergence of the whole Green function.

3.6 Feynman rules

In order to build the Feynman diagrams, we can enumerate the following 7 general rules. For a term of order n
inV,
Draw all topologically distinct diagrams with two external legs and n vertices
The frequency should be conserved at all nodes of the diagrams.
Every vertex should be taken with a factor Vi, ,,,0(u — u').
To every line, we associate the propagator G2 g(iwn ).

We sum over all internal degrees of freedom (A, o, 8, p, - - ) and all internal frequencies.

A .

We associate a sign (—1)"(—1)¥" to every diagram where n is the order of the expansion and F the number
of fermionic loops.

7. Ensure the conservation of momentum for each vertex.

The sixth rule give us access to the global signs in front of each diagram in the calculation of the Green function.
We therefore see that for the diagram in Fig. (3.2.b), the expansion corresponds to n = 1, and the diagram contains
one fermionic loop so F' = 1. We therefore obtain a whole contribution +1 and a global + sign. Concerning the
Fock diagram depicted in Fig. (3.2.c), we find a global — sign due to the absence of fermionic loop.

To illustrate these rules, let us consider the Hamiltonian flo = Zk)o 6kéL,Uék7g, with the perturbation

A 1 1 + 1
_ AT A N N AT At A A
V= 9 Z QVH (q) Z Ckl+¢1>ffcflfzfq><fck2aacklv‘7 + 5VA(q)ckl+q,Tck2*q,¢Ck2v¢Ck1vT ’
k1,k2,q o="1,1

where V denotes the volume. Moreover, we assume inversion symmetry, nnamely V) (—¢q) = V}/(q).
The vertices associated with these perturbations are represented in

Figs (3.3.a) and (3.3.b) for V| and V4 respectively.
The explicit form of Vjj and Va depends on the type of interaction

2
e 1
4meg || we k; —q,0 ky+q0

V (r) used. For example, for the Coulomb mteractlon Vir)=

obviously obtain that Va(q) = V| (q) = while for a local interaction

£ q27
such as V (r) = gd(r) where g denotes a constant (typically = 4“h ¢ for ky 0 ki, o
cold atoms), V|| = 0 whereas V,(q) = g.
With this general form where V| and V4 are not specified, the Hartree (a)
term reads (using momentum conservation) :
k,—q! ky+q,1
Gl . _ GO G d3k/ 1GO iwnOJr _ 21 '
ki) = Giliwn) Gy (iwy, Z @7 5 (iwn e V(g=0)
1 Iy, L kT
= — |Vjlg=0 fV 0
o Vi =0) (i) + Va0) () N
where (n4), is given by FIGURE 3.3 — (a) Vertex associated with

Vi (b) Vertex associated with V4.

Bk Bk 1 eiwn0"
= AT e = —
<nT>o / (2m)? <CkTCkT> / (27)3 B WZ Wy — €
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Finally concerning the Fock term, we see that the V4 term does not
contribute due to spin conservation, and the contribution to the Green
function is

G (iwy) = —GY(iw,) G (iwn) = ZZGk+q (iwn, + i, e @nTeom 0"

UJnl
Using
iwn, 0T _
E Gk+q Wy, + lwy, ) = E Gkﬂ (twn, )e™ ™" =np(Ertq),
wnl U.)nl

We obtain the Fock contribution to the Green function GkT is

1

GiT(iwn) = —m Z Vvll (Q)TLF (EkJrq)

We have seen that the Green functions can be rewritten as the sum of diagrams. Hence, at first order the previous
problem can be summarized picturally as in Fig. 3.4.

G Y
iz >-|—>->-|—~>£:E—y

Gy Hartree Fock

FIGURE 3.4 — Diagrammatic expansion of the interacting Green function at first order in perturbation theory
Let us see how the introduction of the self-energy allows to simplify the calculations and can improve the

approximation by resuming certain types of diagrams. Let us define X (k, iw,, ), the self-energy of the Hartree term
as

Yy (k,iw,) = ? = Vj(0) (n4)y + Va(0) (ny), -

We can extract a class of diagrams that we can sum up. We therefore obtain the following geometric series :

= GO

1+ i (EHGo)n]

n=1

!
1-%uGy Gyt —2p’

and finally, this sum of diagrams gives for Gy

1
iwy — (e —p) — X

Gy =

As we did for the Hartree term, it is possible to treat the Fock terms similarly as follows :

Z Vi(@)nr(ek+q)

P T T T T S

Grp =
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More generally, it is possible to obtain the Green function by resuming combinations of diagrams as follows :

1
Go+ Go(Sa + Xp)Go + Go(Sx + Sp)Go(Si + Bp)Go + -+ = -
0 o(XH 7)Go o(ZH r)Go(XH r)Go iom —(er — ) — (CH +57)

(i) —
Therefore, we obtain
GO (ka Z‘Wn)
1 — Golk,iwn)X(k,iwy)’
where the poles of the Green function G will depend on the self-energy > which is a regular function. This self-energy
is the exact irreducible one which is composed of the sum of all the 2-leg diagrams which cannot be separated in

two disjunct pieces by severing one propagator (this is what the term irreducible means).
At second order in perturbation theory, this self-energy contains the following terms :

z:@+ﬁ+@+&+%+%+@+g

Second order

Gk, iwy,) =

The first second order diagram for the self-energy is the bubble diagram which is quite important. We will
compute it in the tutorial. The second one is the rainbow diagram. Calculating these diagrams is actually already
difficult at second order as you will see. Therefore, at higher order, the number of diagrams will explode and their
analytical calculation becomes problematic not to say hopless. Fortunately, not all of them are important. We clearly
see that we will need to develop some numerical techniques to generate ansd especially evaluate them. Such method
exists ans is called Diagrammatic Monte Carlo method.

Example : To illustrate these results, we consider a short-range interaction such that

4drh2a
Valq) = — Vi(g) = 0.

The self-energy which takes into account both the Hartree and Fock terms (here the Fock term is zero)) reads
SHE(Eiw,) = Va(0) (n_,) € R.

The self-energy is here real. This indicates that its main effect is to shift the chemical potential. No broadening is
obtained at this order. We need to go to higher order in perturbation theory to find some imaginary part to the
self-energy. Gathering all previous terms, we find

_Amh?a k3,

SHE (L iw,) = e
m

Introducing this expression back into our Green function, we finally obtain

) 1

G(k,iwn,) = Sty — <h227;22 _ U) _ M HF'

The self-energy being real, the poles of G(k,iw,) are obtained for iw, = 0 which enables to define the chemical
potential as a function of kg as

p—crp — 2 (kp,iw, =0) = 0. (3.11)

This equation is actually general and define the Fermi surface in an interacting problem of fermions.
In our case (at T' = 0), we do have therefore

h2k2 h2k2 4
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For a Fermi liquid, whatever the interactions are, the following relation holds :

3

F
n=ny,+ns = 32
This is known as the Luttinger theorem and we will not demontrstate it. Notice that we already demonstrate it for
non-interacting fermions in Chap. 1. The point is that it holds for interacting fermions provided the Fermi surface
(momentum) is defined accordingly as in Eq. (3.11).

The chemical potential is defined as the derivative of the energy with respect to IV the number of particles. The
ground state energy therefore reads

N
EGS = / dN/,U,(N/)
0

Utilizing the following result

N A 3 A
dN'kp = ——kpN
0 F 3 + A F+Y
we infer the energy per particle of a non-perfect Fermi gas :
Egs h’k% (3 2
_ °4 2k cee ) 3.13
N 2m \ b + 377 @t ( )

Another way to compute the ground state energy per particle is possible using the partition function which can
be written as a product of the non-interacting partition function times an interacting one :

B ~
Z = Zy(Tre o duViwy

We can thus deduce the free energy as

1 1 — 7 duV (u
F=- an:—ano—Bln<[TTe Jo e )]>

1

g g

The first term simply provides the non-interacting free energy F; while the second can be calculated by a diagram-
matic expansion which at first order is limited to the Hartree and Fock terms

- OO )

However, spin conservation at the vertex forbids the second Fock term and only the Hartree term V4 (0)n nq subsists.
The first order contribution provides the energy per unit volume as

OoF Anh?a k3 k) Amh*a N kj

R VN _ ~F RR Y
\% 4(0)ngny m  6m2 672 m 2V 6x2’

and finally, we also recover the first order contribution to the free energy as

SF 12k [ 2

As a final remark, I would like to emphasize that we just scratch the surface and present first order diagrams.
There techniques to resum some class of diagrams such as the RPA or the parquet resummation techniques which
we will not discuss. We minaly focuss on the teh single-particle Green function and asscociated self-energy. However,
we are interested in 2-particle correlation function, we need to take into account the renormalization of the vertex
therefore of the interaction itself. This involves other class of diagrams with four legs.
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3.7 Diagrammatic approach of the resonant level model

Let us apply the diagrammatic method to a problem we already solved. We thererfore reconsider the resonant
level Hamiltonian ’
N o a 5 5 5
= epCr.lp +eqd'd + — (C d—‘rh.c.).

Exercice : Using a diagrammatic approach, calculate the Green function

(e Jo 7

T—7)=— I(r)d' (7)) = — -
Gd( ) <T7'd( )d'( )> (Tre™ foi du\;'(u)>

The interaction couples a discrete level |d) to a continuum |¢). The interaction Hamiltonian thus reads Hi,; =

\%V >k (é;d + h.c.). Since the problem is quadratic, the diagrammatic apptroach is a priori is not really needed

here. Our goal is only to illustrate it. The interaction being 2-body, the diagrams are only linear here. The 0t order

of the expansion is simply given by the bare propagator :

1
GY(iwp) = ———.
aliwn) Wy, — €4
The first order term implies a single vertex interaction ¢/v/V, connecting the states |c) and |d). Because <6Td> 0=0
(the bare Hamiltonian does not connect |¢) and |d)), the first order term is 0. Actually, from the Wick theorem, this
is true for all terms contianing an odd number of |¢) or |d) states. Therefore, only the contribution with an even
number of vertex are non zero. In particular, the second order diagram is given by

d C d

t t

VV Vv

The contribution of this diagram to the Green function can be written as
G(Q) GO (lwn) —= ZGO (iwn, \FGO(zwn)

1

where GY(iw,) = 7o —=,; is the bare Green function for the state |[k) We need to sum over all momenta since
momentum conservation implies that only the initial and final momenta to be the same (actually the impurity
breaks translation invariance so we need to sum over all possible momenta). However, energy conservation implies
that the Matsubara frequencies should be the conserved for all vertex. Therefore all intermediate Green function
should be taken at the same pulsation iw,.

We can continue the expansion for all even orders to obtain the contribution of order 2n denoted G™ to simplify

the notations
GO ( ) < Z GO>

Suming these terms, we recover a geometric series and we ﬁnally can write

G()
Galiwn) = ——d=—",
- VGO Zk G§
hence ]
Gd(iwn) =

. 2 T

Wn —€d = v X =

This expression is similar to the one we obtained previsouly without resorting to a diagrammatic calculation. We
can then identify the self-energy by performing the usual analytic continuation iw, — w + i0T.
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3.8 Electron-phonon interaction

Consider the following Hamiltonian describing the interaction between electrons and phonons
H=> eptl tko+ Y wbliby+ D gg(b_g + b)) D ehersy. (3.15)
k,o q q k

A~

In this Hamiltonian, the first two terms designate the electrons and the phonons respectively, while the V'
interaction is contained in the third term. In the latter, we have on the one hand the Fourier transform of ¢(x) =
> (IA),q + Bg)eiq"’”, ans also 74 the Fourier transform of the electron density of the system. We will as before write
our Hamiltonian in the form of a sum of two terms

H=~H,+V,

where obviously the bare Hamiltonian is made up of the first two terms of Eq. (3.15).

We will describe this problem in terms of Feynman diagrams. The basic vertex of this problem is depicted in
Fig. (3.5.a). However, as we are going to be interested in the electronic Green function, we find that this type of
vertex contributes zero when it does appear only once, and only diagrams with an even number of vertex make a
non-zero contribution. These vertex are of the form in Fig. (3.5.b).

k+q,0

k,o

(a)

FIGURE 3.5 — (a) Simple vertex (b) Vertex with a non-zero contribution

The considered interaction is therefore a retarded interaction mediated via a phonon carrying a ¢ wave vector
and a frequency ws. At each vertex of this type a factor ggDo(q7w3) should be associated. The construction rules
of the Feynman diagrams are in this case the same as for interacting electrons. In particular the sign of each of
the contributions is given by (—1)F+"/2 (where n is the number of electron-phonon vertex and F the number of
fermionic loops). The bare Green function is given by

2wy

Do(q,iws) = (iw)? — 2
q

while the Green function in the time and position domain is defined by

D(Z‘ — l'/,T - 7—/) = - <T7_¢J(x,7')§5(33/,7/)> :

3.8.1 Electronic self-energy

The lowest order diagrams to be used are of the Fock and Hartree type. The Hartree tree only generates a shift
of the chemical potential, and therefore only the Fock term will have a real importance. We will therefore calculate
only the contribution of the Fock term to the self energy, that is to say

Sr(kiwn) = =T g2Go(k — g, iwn — ivn)Do(q, ivy), (3.16)
q,in

that we can write using the explicit form of Gy and Dg as

9 1 2wy
2

Yp(k,iw,) = =T Z g

q,Wn

Viwn — iy — €p—q (ivn)? — w2’
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The last term corresponding to Dy can be expanded as a sum of simple elements, and we get

Sk iwy) =T Y g2 (iw ! L . . ! ! > (3.17)

o n = Wp — Ek—q tWn — Wq Wy — Wy — Eg—gq Wpn + Wy
Jiln

On these two terms we observe that we can get one from the other by simply changing w, to —w,, and so we can
simply focus on the calculation of only one of these terms.

dz

f & pn, (2) = TF(iv,)

2im

o

Poles de Matsubara
FIGURE 3.6 — Poles de F'(z)

We should evaluate a sum like —7'>7; ~F(iv,) corresponding as we have seen previously to a summation
on the Matsubara poles of the function —F(2)np(z). For bosons, Resnp(z)|,_;, = T, whereas for fermions
Resnp(z)|,_,, = —T. The poles of F(z) are of two types (see Fig. (3.6)). The first ones correspond to the
Matsubara frequencies and are purely imaginary. The second ones correspond to the points iw, — ex—q and wy.
The term TF(iv,) corresponds to the integral on a contour represented in black in the figure of the function
F(z)np(z)/2im. By performing a continuous deformation of these contours, we can merge them to obtain a new
contour whose shape is represented in red going from —oo to +o0c on the imaginary axis and remaining close to
the origin on the real axis. It is possible to complete this contour with two circular arcs represented here in green.
The two contours C; and Cy obtained by joining the red and green contours thus give us contours surrounding the
two poles that can be continuously deformed until they form two circles surrounding them (represented in blue).
Ultimately, our sum —7') ~F(iv,) can be rewritten as

dz dz
=T F(i n = o F = F
YRl = [ SeneIFG) [ gmnsF )
1 . 1
~ e, e T

np(wg) — np(iw, —ep—q)
Wy, — Ep—q — Wy '

Note that this result can be obtained directly using the general equation we derived to calculate summation over
Matsubara frequencies in Sec. 2.4.3. Using the fact e?*“» = 1, we can transform the Bose-Einstein distribution into
a Fermi-Dirac distribution :

nB(iwn - é‘k_q) =—-1+ np(é"k_q).

Therefore,

)

-7 F(iv,) = np () ¥1 7 nr (k=)

Wy — Ek—q — Wy
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which provides us finally

Sp(kivn) = Y g2 {nB(.wq) 1o ey | nelwy) +npler-g)| (3.18)
p Wy — Eg—q — Wq Wy — Eg—q T+ Wq
In this expression, we can identify the first term with an emission phenomenon and the second with an absorption
phenomenon.
We will now perform an analytical continuation of our self-energy to obtain ¥z (k,w +i0"), namely we perform
the transformation iw, — w +i0". The imaginary part of ¥ (k,w + i07) now reads

S[Sr(k,w+i07)] = =7 g7 ([nB(we) + 1 = np(er—g)] 8(w — ex—g — wy) + [n5(wg) + nr(ek—q)16(w — kg + wy))-

We will now use the following two identities

np(wy) +1—np(Er—g) = (1+e )14 np(wy))(l —np(er_y)) where w = ep_q + w, (3.19)
np(wy) +nr(er_q) = (1+e P)ng(wy)[l —nr(er_q)] where w =ep_q — wg. (3.20)

The imaginary part of the self-energy reads

_%[ZF(kvw + i0+)] = Wzgg(l +e (1 - nr(ek—g)) [(1+np(wq))d(w — er—q — wq) + n5(wg)d(w — €r—q + wg)]-

In the factor 1 + e %%, we have two competing processes, on the one hand the electronic processes and on the
other hand the hole processes. Concerning the terms that multiply the Dirac functions, the first is related to an
emission process while the second is related to a phonon absorption process. Indeed for the emission w = exq + wy,
an incident electron of energy w is diffused and produces an electron of energy e, and a phonon of energy w,. On
the contrary, in the case of an absorption process w + wq = €j_q, an incident electron of energy w and a phonon of
energy w, interact to form an electron of energy ej_, (here we used the fact that w, is an even function of ¢ due to
the Hamiltonian symmetry).
Coming back to our initial self-energy, we have

_ 1+ np(wg) —nr(ek—q) | nB(wg) + nr(er—gq)
Zrlk2) =3 i { o= (en g %) Ey Ea—

)

This quantity is in general difficult to evaluate. However we can assume that the & dependence is much weaker than
the w dependency. Therefore we replace the self-energy by its average over k assuming that the k-dependence is weak
or more specifically by its average over energy. We are thus led to define the new quantities ¥ r(z) corresponding
to the sum over k of Xp(k, 2) :

Yr(z) = Yp(k,2z) =

— 00

oo 1+np(v) —nr(e) npv)+np(E)

z—(e+v) z—(e—v)

+oo
depo /o dva?(v)F(v) , (3.21)

where py is the electronic density of states, F'(v) is the density of states for the phonons > d(v — wq), and a?(v)
a function able to keep trace of the ¢ dependency of gg.

For the case of phonons w, = c|g| > 0 which generates the lower bound 0 for the summation over the pho-
nons’energy. At T'= 0, np(v) = 0 while np(e) = 6(—¢). Our average self-energy then becomes

$p(z) = /;OO dvpoc(¥)F(v) In {Z - j

that we can write as

Sp(w) = 2(0) — Aw, (3.22)
where N )
\_ 3%21«“:2/ dl/poa I/F(V)’
ow 0

whose value is of order 0.1 or 0.2 for metals.
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3.8.2 Electronic Green functions

We can then write our Green function for electrons

1 1
G(k,w+i0T) = G (k,w) = - = —, 3.23
(kyw +407) (k, w) w—er —Yrw) w—ef—AMw—¢gp)+ill (3:23)

where we defined

S €k+§R2~3F(5,”;)
I = —-S%p.

We can finally put our Green function in the form

Z
Gl (k = 3.24
() = e (3.24)
WhereZ:H%\<1etI‘*:I‘Z.
We can infer from this expression the effective mass 9 = ™~ =14+ \ > 1. The quantity Z corresponds (at

dej m
T = 0) to a jump in the density of states ny at the Fermi wave vector kr generated by the electron-phonon coupling
(see Fig. 3.7).

Ny

1 Sans interaction

Z

Avec interaction

k

kp

FI1GURE 3.7 — Electronic density at T'= 0 with an electron-phonon coupling.

2

This is then possible to determine the heat capacity C = v*T where v* = ZT-k%N*(0) with N*(0) = N(0)(14 ).
The density of state is therefore proportional to the mass.

3.8.3 Phononic Green functions

We just see in the previous section how the single particle Green function is dressed by phonons. We can
obviously wonder how the single phonon propagator is dressed by the electrons.
The lowest non-zero diagram for the phonon propagator is sketched in Fig. 3.8.

FIGURE 3.8 — Second order diagram of the phonon propagator renormalized by the electrons

Energy and momentum conservation imply v, = iw; — tws and k = k; — ko.
If we call D(k,iv,) the renormalized phonon propagator and Dy(k,iv,) the bare one, we have

D(k,iv,) = Do(k,iv,) + Do(k,ivy)II(k, iv,)Do(k,ivy,) + Do(k, iv,)IL(K, iv, ) Do(k, iv,)II(K, iv, ) Do (k, ivy,) + - - -
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We can resum the series to write )
DO(ka ZVH)

1 —TI(k, iv, ) Do(k, ivy)’
where TI(k, v,,) corresponds to a fermionic contribution to the phonon self-energy. We already met IT before because

IT corresponds to a four-point fermionic correlation function and more precisely to a density-density correlator.
Using the notation of Fig. 3.8,

D(k, iVn) =

1 . . .
H(kv Vn) = Tﬁ Z |gq|2G0(klvzwl,n)GO(kl - ka Win — 'LVn)'

ki,iwi n

The calculation of TI(k, v,), the so-called fermionic bubble will be done in the exercice part.



Chapitre 4

Introduction to quantum impurity
models

4.1 Anderson and Kondo models

Quantum impurities take place when a finite size quantum system couples to a free electron bath. Historically,
this applies to atomic impurities in metals. However, the above definition is quite general and encapsulates all sorts
of defects in a bath. Therefore the number of models which could describe such system is quite large. However,
as usual we rely on a few paragdigmatic models which are to play a key pivotal role in our understanding of this
physics. The first of these models is the Anderson model whose Hamiltonian is written

I:I = Z z’:‘kéL’Uék,g + Z&dd:tdAg + UﬁdT’I’LCu + Z (Vkéfc,acfg + h.C.) . (4.1)
ko

k,o o

This Hamiltonian describes the interaction between an electronic bath represented by the creation operators ¢ and a
discrete level represented by the creation operators d. These two states interact via a term V; which couplies states
lc, ko) and |d, o). The interaction within each of these states is contained for the bath by the kinetic energy e; and
for the discrete state by the kinetic energy ¢4 to which we add a Coulomb-like interaction between the electrons of
different spins via the energy U. Notice that we already met the Anderson model but at U = 0.

The second model we will encounter is the Kondo model which describes a magnetic impurity. The Hamiltonian
reads :

H=Y cpll jero+ Y Seldt +hS*+h> éloey. (4.2)
k,o k,k’ k

Here, the bath is coupled to a spin S with the Kondo coupling energy Jg. This is a local magnetic exchange
interaction between the bath and a magnetic impurity localized say in ¥ = 0. This Hamiltonian also includes the
interaction with a magnetic field h. The impurity is assumed to be at rest, therefore its kinetic energy is not taken
into account.

There are many other variants and extension of this model. In particular, we can consider large spin S > 1/2,
by increasing the number of orbitales |d) (in the Anderson model) or by increasing the number of impurities (in
the Kondo model). One can also take into account, some internal degrees of freedom in the bath which increases
the numbe rof independent channels that couples to the impurity. As we will see, this leads to highly non-trivial
physics which will push us away from the Fermi-liquid paradigm.

These systems are correlated systems contrasting with the case of the one-body problem where the Hamiltonian

reads
H=> epl] jtro+ Y Vinelew
k,o kk’

The single-particle problem is trivially solved by exact diagonalization. However, the Anderson and Kondo problem
belong to many-bodu problems. Let us consider the case of the Kondo model with the isolated spin in a ¢ orientation

coupled to the bath. If an electron interacts with this spin, this spin can, because of the term JretS - a¢, modify
its orientation. If a second electron interacts later with this spin, its orientation having been modified, this will

38
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further induce correlations between the two electrons in an indirect way. The spin-flip induces correlations between
electrons all together.

4.2 Physical Motivation

4.2.1 Magnetic impurities in a metal

The presence of magnetic impurities in a metal can have physical consequences. Indeed, it has been measured
in experiments as early as the 1930s that the low temperature resistivity of certain metals, instead of uniformly
tending toward a minimum value pg at zero temperature, showed a rise in resistivity. Indeed, in the case of Fermi
liquids where the interactions are between electrons, the behavior of the resistivity is in 72, whereas for the case
of interaction via phonons, the evolution is done in 73. The relative difference measured between pg and this new
resistivity is of the order of 1 to 4%. This is thus a small and extremely reproducible shift. This behavior can in
particular be observed in the case where a metal like Cu has Mg magnetic impurities.

This behavior was explained by Kondo in 1964 [4]. It thus determines the temperature scale Tk from which the
resistivity starts to leave the behavior in T™ as a function of the interaction parameters of the Hamiltonian in (4.2).

4.2.2 Quantum dots

The theory of transport in quantum dots dates back to 1988 .
The experimental realization of the Kondo effect in quantum dots
dates follows ten years later in 1998. A simple Hamiltonian able

to describe such system can be written as 4

Boite quantique

- R R 5t 5 RS
H = ; €klh,a,0Chk 0,0 + €ad d + kga (Viéppodo +h.c.), foetrods gauchd
where « denotes the left or right electrode and d' is the creation
operator of an electron in the quantum dot (see FIGURE (4.1)).
This system is thus described by a Hamiltonian close to Anderson’s
Hamiltonian. The theoretical problem in these systems will be to
determine the current I in response to a voltage V' as well as the
correlations (IT). One can observe similar transport observables when a molecule is inserted between two electrodes.
These days, some highly asymmmetric mixture of cold atoms may also offer a description of such system.

FIGURE 4.1 — Scheme of a quantum dot

4.2.3 Theoretical motivation : Dynamical mean field theory

The Ising model is well known in statistical physics. The Ising Hamiltonian
H=-J)S5:S,.
ij

can be solved approximately using a mean field theory approach which was first introduced by [5]. In the mean field
approximation, the effective Hamiltonian reads

Hepp = —hessS,

where hery denotes the effective magnetic field created by the neighbours of S. To this Hamiltonian, it is necessary
to add a condition of self-consistency by writing the effective field as a function of the mean spin

hepr = F((S))-

Let us assume we want to follow the same strategy to solve the Hubbard model. The quantum analogue of the
Hubbard model in the dynamic mean field approach becomes an Anderson impurity model with self-consistency
conditions via effective energies V¢/7 and Ezf 7. We then find ourselves in the presence of an effective electron bath.
Therefore, within this approximation, the Anderson model becomes the central ingredient. Therefore, it is crucial
to develop some effcient numerical solution of the Anderson model (called an impurity solver) in order to use it as
the core in a DMFT approach.
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4.3 Anderson model

4.3.1 Atomic limit
The atomic limit corresponds to Vi = 0. In this limit, the Anderson Hamiltonian reads

H= Zedd/\j;-d/\o' + UﬁdTﬁdJ,~
g

We then have four eigenstates that are formed from the different spin states allowed by Pauli’s principle,

10}, 1), 115 [14) -

The first of these states has zero energy, the second one (degenerate with the third) has a €4 energy and the last one
has an energy 2¢4 + U energy. The density of states of such a system consists of a set of peaks located at energies
corresponding to the energy difference between two states whose number of particles differs from 1. In this case, we
would have two peaks (of modulated amplitude) located at the energy e; and ¢4 + U.

The number of particules in a given spin state is given by

ng _ MNar+ng, e Bea 4 e—B(2eatU)
2T T 2 T 142ePea g e BCeatD)
The energy dependence of this distribution is represented on the FIGURE (4.2)

Ng =

Mgt

10)

€dq

I
1
1
"
0

v U
2

FIGURE 4.2 — Number of particles with spin 1 as a function of ¢4 in the atomic limit of the Anderson model. The
dashed line is the limit 7" — 0.

Between ¢4 = —U and g4 = 0, the system is in the local moment regime where the ground state contains one
electron. For S = 1/2 we can then ask ourselves what is the Hamiltonian that will be obtained in the limit U — oo
and £4 — —oo when the coupling to the bath V' is switched on. One can therefore treat this coupling in perturbation
theory and projects the obtained Hamiltonian in the ngy = 1 state. One obtains an effective Hamiltonian which reads

6:88/ N > AT A
5 Chrst + E ka'C;SCk's- (4.3)
kK7 s

Hepp =Y ertl,tne + Y Jeweh,S -
k
Notice that the term containing the spin S is the only one allowed by the SU(2) symmetry. As for the term V, this
is a scalar term that will be neglected because it does not bring further correlations.

In order to relate the coupling Jii of the Kondo Hamiltonian to the parameters of the Anderson Hamiltonian,
we can perform a second order perturbative calculation in V. We therefore have to calculate the effect of the
process depicted in Fig. 4.3. The difference in energy between the ground state and the excited states |0) and |1])
are (Eg — F1) = ep —eq and (Ey — Eq) = ¢4+ U — e respectively. We therefore obtain at second order

1 1
Jie = Juw ~ V? 4.4
K ok (€d+U—€F+EF—Ed> (4.4)
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e [

i

AE = —&g4 + €5 AE = ¢4+ U — &g

FIGURE 4.3 — In order to determine the expression of Jx at second order in perturbation theory, we shall find the
energy difference between the ground states [1),|]) and the excited states |1]) et |0).

4.4 Summary of the main results related to the Kondo model

4.4.1 Perturbative approach

The resolution of the Kondo model goes through a perturbative analysis in Jg. From these calculations, we can
determine the susceptibility, the heat capacity and the resistivity as

S(S+1 D
Ximp = (9#5)2% (1 —2Jkpo — (2Jkpo)? In T) (4.5)
2 4 D
~ 3mmS 9 3 D
Rimp = g (J +47%poIn o + ) , (4.7)

where D is the band width and py the density of states at the Fermi level. We find in each of these terms a lo-
garithmic dependence diverging at zero temperature and when sending D — oo. This divergence is an artefact of
the perturbative expansion and is cured by the terms of higher order. However, this calculation first performed by
Kondo pridcts correctly a rise of the resistivity as observed experimentally.

Excercice : Can you recover the first two terms in the expansion of X, in Eq. (4.5)?

Notice that all the above expressions can be rewritten in terms of some effective coupling

D
Jesr(D) = Jpo (1 +2Jpg In T) )

If we make this substitution, the thermodynamic quantities depend only on J.s¢(D) and the divergences disappear :
they are absorbed by the redefinition of the Kondo coupling which now beomes scale-dependent. The divergence
results from an inconsistency of the perturbative expansion in which the term of first order becomes larger than the
term of order 0. This will clearly be the case if the temperature is very small. However this is not the case if the
temperature is extremely large kT < D in which case the pertubative expansion makes sense and is controlled.
One can thus determine a limiting temperature, called Kondo temperature below which these expressions are
not valid any more. The Kondo temperature is defined as

D
2 In—=1
JPOHTK )
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which provides
1
Tk = De” 27r0. (4.8)

We therefore have two different temperature regimes T' < Tx and T > Tx. These regimes are not separated by
a phase transition. T corresponds to a crossover scale separating these two regimes. At large T > Tk, we have
essentually a free spin and therefore a Curie law. Eventually, we can resum the perturbative series of the logarthmic
divergence (see Fig. 4.4). However, the perturbative calculation of Kondo does not explain the behaviour at low
temperature. This corresponds to the strong coupling regime in which we have the impression that the effective
Kondo coupling grows infinitely. However, this cannot be the case. Actually, if we set Jx — oo in the original
Kondo model, the physics is quite clear. The ground state is obtained when one electron forms a singlet with the
spin of the impurity and therefore screens it. Once screened, we expect to recover a Fermi liquid behavior. This is
actually what is found. Therefore, at low T, we expect to recover a Pauli susceptibility because the impurity has
been screened. The expected qualitative behavior is this sketched in Fig. 4.4.

X imp

i1 -1 +..
In (T/T )

FIGURE 4.4 — Qualitative behaviour of the impurity susceptibility Ximp = Xtot — X Pawii With temperature.

One can perform the same analysis for the other quantities such as the resistivity or the specific heat. The
Fermi-liquid approach to the strong coupling fixed point of the Kondo problem was developed by Nozieres in 1974
[6] in a very elegant and thoughful paper. We won’t develop it here though we have all tools to do it.

4.4.2 Renomalization group and universality

The above perturbative suggests to absorb the logarithmic divergences with a redefinition of the Kondo coupling :

D
Jes (D) = Jpo (1 +2Jpg In T) )

The Kondo coupling becomes scale-dependent. This suggests to use the renormalization group (RG) to the
Kondo problem. The idea of the RG is integrate out the conduction electron ¢, for k far from kg, the Fermi wave-
vector, and successively reduce the band-width D to obtain a new effective interaction. [See Figure (4.5).] This is
hard to do exactly. At weak coupling one can do it perturbatively in the dimensionless coupling A\ = 2Jp.

This is equivalent to renormalize the Kondo interaction. This calculation will be done as an exercice at the end
of this chapter. We find

D
AD') = A(D)N? ln(ﬁ).
Writing D = D’ 4+ 6D with D < D, we obtain a differential equation for A

d\
dlnD ~

A2, (4.9)
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FIGURE 4.5 — Reduction of the cut-off from D to D’.

We see that lowering the band cut-off increases A or, defining a length-dependent cut-off, I ~ vp/D, the equation
becomes

dA
= \2% 4.10
dlnl ( )
Integrating the equation (this is equivalent to performing an infinite sum of diagrams), gives :
Ao
Afp(D) = —————. 4.11
eff( ) 11— /\O 11’1 % ( )

If Ao > 0 (antiferromagnetic interaction), then A (D) diverges (typically becomes of order O(1) and thus uncon-

trolled) at the scale D ~ T ~ Doefﬁ = Doefﬁ. If Ao < O (ferromagnetic interaction), Aog(D) — 0. We can
represent this behavior as a 1D flow of renormalization as sketched in Figure (4.6).

> @— >

0 e

FI1GURE 4.6 — RG flow of the Kondo coupling.

From the flow depicted in Fig. 4.6 the Kondo coupling grows when the scale D decreases (i.e. in the infrareed
limit). Conversely, at high energy the Kondo coupling goes to zero. Therefore, in the high energy limit, the system
becomes asymptotically free. This concept is called asymptotic freedom. This is a property of some gauge theories
that causes interactions between particles to become asymptotically weaker as the energy scale increases and the
corresponding length scale decreases. Asymptotic freedom is a feature of quantum chromodynamics (QCD), the
quantum field theory of the strong interaction between quarks and gluons, the fundamental constituents of nuclear
matter. Quarks interact weakly at high energies, allowing perturbative calculations.

Another remarkable consequence of the RG flow is that all thermodynamical observable depends on a single
variable O(T) = f(T/Tk) where f is a universal scaling function. Therefore, if we measure the susceptibilities for
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different samples with different impurities, on the measurements should rescale on a single universal curve provided
we plot them as a function of T/Tk. If a magnetic field is added to the system, then the observable becomes a
2-parameter scaling function O(T) = ¢(T/Tk, H/Tk).

For impurities in metals, the Kondo temperature depends on the type of impurities and of the density of states.
It can be a few Kelvins or tens of Kelvin in metals. In quantum dots, the Kondo temperature if of order of the
Kelvin.

We start from a isotropic Kondo interaction to derive these results. One may wonder if these results survive if
we break the spin SU(2) rotation symmetry. A general anisotropic Kondo interaction can be written as

HE = 7,560 (0)0%6(0) + JL(57¢l(0)e1(0) + 87¢L(0)2,(0)).

Exercice Show that for J; = J., you recover the isotropic Kondo Hamuiltonian
Introducing the dimensionless Kondo coupling A,/ = 2pgJ., 1, one can derive the following RG equations :

dX,

2
ol A1, (4.12)
dAy

One can notice that if J; = 0, the system does not flow. There is no divergence. Indeed, this corresponds to an
Ising like interaction. This shows that this is really the spin-flip term that drives the system to the strong coupling.

Exercice Integrate the above system of differential equations and plot the 2D flow of renormalization. Hint : It
is like a Kosterlitz-thouless flow. What happens if we start with different initial coupling J, # Jperp in the infrared
limit ?

4.4.3 Multi-channel Kondo model

I will follow here the review of Affleck [7]. Normally there are several “channels" of electrons e.g. different d-shell
orbitals. A very simple and symmetric model is :

H= Y el +AS- Y oldlup,, (4.14)

ka,i=1,2,...k ik o, Bi

where k denotes an extra “channel” quantum number. This model has SU(2) x SU(k) x U(1) symmetry. Realistic

systems do not have in general this full symmetry. However, this model turn out to be very useful to classify the

different possible behavior that can occur when a impurity of spin S coupled to k-channels of electron.
Perturbation theory in A = 2pg.J is similar to the result mentioned before. The RG equation reads

dA k

=M+ N+ 0k nHA? 4.15

s = 0 X Olfs(s + DAY (115)
There are many things we can extract from the flow equation particularly in the large k limit. Indeed, the above

differential equations predict a fixed point in A = 0, A — 400 but also some intermediate fixed point at A, = 2/k.

The point is that in the large k limit, such fixed point is still within reach of perturbation theory. We can analyze

its stability. The S-function is 8 = A% — g)\?’ + O(M\*). The slope of the 3-function at the critical point is given by :

s 3., 2
— =22 - =-Z<o. 4.1
ar |, Ac 2/\0 < 0 (4.16)

This implies that the fixed point is stable in this large k limit. The RG flow is depicted in Fig. 4.7.

Furthermore, the way the flow approaches this fixed point is non-standard. The leading irrelevant coupling
constant at the non-trivial (infrared) fixed point has dimension 2/k at large k, so that (A — \.) scales as A?/*. This
is not an integer. This implies that this critical point is not a Fermi liquid!

This approach is only valid in the large k limit. One may also learn of what is going on by taking the limit
A — oo as T — 0 and check the consistency. What is the groundstate for the lattice model generalized to arbitrary
k and s, at A/t — oo ? In the limit we just consider the single-site model

- 7
H = J5 45 v, (4.17)
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FI1GURE 4.7 — RG flow of the Kondo coupling in the overscreened case.

FIGURE 4.8 — Formation of an effective spin at strong Kondo coupling. & =3, s =1 and s g = 1/2.

For J > 0 (antiferromagnetic case) the minimum energy state has maximum spin for electrons at 0 i.e. spin = k /2.
Coupling this spin-k/2 to a spin-s, we don’t get a singlet if s # k/2, but rather an effective spin of size |s — k/2|
[See Figure (4.8)]. The impurity is thus underscreened if (k/2 < s) or overscreened if (k/2 > s).

This leads to two completly different type of physics. In the first (underscreened) case, by performing a strong
coupling analysis (perturbation theory in t/.J assuming J >> ¢, one can convince oneself that the hypothesis J — oo
is stable (more specically, one can show that the residual exchange interaction in t2/.J is ferromagnetic). Therefore
the strong coupling fixed point is stable. In this case we expect the infrared fixed point to correspond to a decoupled
spin of size s, = s — k/2 and free electrons (actually with a m/2 phase shift).

The situation is drastically for the overscreened case. Take for example k¥ = 2 and S = 1/2. There are two
electrons whcih want to form a singlet with the impurity spin. The problem is somehow frustrated. Indeed, the
residual exchange interaction in ¢2/Jis antiferromagnetic and therefore wants also to flow to strong coupling. So
the hypothesis J — +o0o is unstable in that case. Therefore they must be some intermediate fixed point which is
the one capured in the RG equation in the large k-limit.

Many approaches were used to develop to solve that problem. The k-channel Kondo effect is in fact integrable
using the Bethe-Anzatz. However, from this approach this is not so easy to compute some correlation functions.
A elegant approach was developed by Affleck and Ludwig in the 90s using boundary comformal field theory (see
[7]) which allows to determine analytically the spectrum, the thermodynamical and transport obervables, etc. For
example the impurity susceptibility scales as
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which confirms the non-Fermi liquid behavior. An interesting quantity is the impurity entropy

s m(25+1)
Sin
Simp = In <W> )

sin[kiw]

For example, if we choose S = 1/2 and k = 1, we find that Simp, = 0 which means that the spin impurity is
completely screened. Instead for S = 1/2 and k = 2, we find Sy, = In2/2, i.e. one half of the impurity entropy
of spin 1/2. Actually, .this corresponds to the impurity entropy of a free Majorana fermion ! This is not by chance.
The 2-channel Kondo fixed point offers a description in terms of a free Majorana fermion (half a fermion).

A complementary approach uses the numerical renormalization group but is limited ot three maybe channels
these days. Some very recent experiments with quantum dots have recently confirmed the behavior for the 2-channel
Kondo effect and also the 3-channel Konfo fixed point.

4.5 Back to the Anderson model

451 U=0

Let us go back to the Anderson model described by the Hamiltonian

H=>"cpel ek o+ cadidy + Unayiar +_ (Vié] ,ds + h.c.),
k k

We are interested in this section to the density of states or spectral function pg = (ddt).
Let us remind what we found for U = 0 and V # 0. The Matsubara Green function G (iw,,) reads

Ggl(iwn) = iwy, — €4 — Xa(iwn),

where

, 1
Zd(zwn) = Z ‘Vk‘Q

- Wy, + L — €k

denotes the self-energy. Therefore, in the U — 0 limit, we expect the dot density of states (DOS) to be peaked at
w = g4 — X'(0) with a Lorentzian shape of width T' = 7V ?py.

452 U#0,V =0
We also already discussed the case U # 0 and Vj, = 0. At the particle-hole symmetry point, ¢4 = —U/2, the

Hamiltonien reads
. . 1 . 1

Our spectral function is then composed of two peaks centered around the energy differences between the different
spin states (triplets and singlet) of the system, therefore at +U/2. When particle/hole symmetry is broken, we
expect two peaks located at w = €4 and w = ¢4 + U. When I is very small, we expect these peaks to broaden.

4.5.3 General case

The previous limiting case ignore the physics of the Kondo effect. Nevertheless, we know that f pa(w)dw = 1.
Therefore, if something changes in the local DOS, this must be accompagnied with some transfer of spectral weight.

Let us focus on the p/h symmetric case. We know that at T' < Tk, the impurity is screened by the conduction
electrons at the Fermi level forming a singlet state. The Fermi liquid is recovered. Therefore such screening process
implies it takes many states at the Fermi level to screen the impurity (remmeber this is a many-body screening
here). We thus expect a resoannce to occur at teh Fermi level. What could be the width of this Fermi level. The
only scale available is T < T'. Therefore, we expect that at T' < Tk, or spectral function to be composed of two
Hubbard bands located in £U/2 and a Kondo peak at w = 0. This quasi-particle resonance is called the Abrikosov-
Suhl resonance or Kondo resoannce in the literature. The width of the resonance is given by ~ Tk while its height
is independent of U. We have ploted what the local DOS should look like in Fig. 4.9.
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FIGURE 4.9 — Evolution of the de nsity of states with U.

4.6 Kondo effect in quantum dots

4.6.1 Current through a quantum dot

Let us now consider the case of a quantum dot, a system consisting of two electrodes L. and R coupled to a dot
(denoted by d). The Hamiltonian of this system is

Z Ekackacka + Z (V;m nc,md +h.c. ) + Hdot(djl, czn)7 (4.18)
k,a

The Hamiltonian of the dot, Hdot, can be quite general at this stage. We are interested in the current (I) as a
function of the chemical potential difference u;, — pr. The current in the a electrode is defined by

7 aQa i
Ty sdot = = H Z CkLCkL

which is of order O(V'). Calculating the commutator, we have

N e AT 5 % oA
To—dot = E § Vka,nckadn - Vka,ndlcka-
k.n

The expectation value can thus be expressed in terms of the lesser and greater Green functions we introduced in
chapter II.

dw *
Tosaor = 6/ % - [Vka”Gn ka( ) - Vk’anGlfan( )i| . (419)

The difficulty is to calculate these (non-equilibrium) Green functions. Fortunately, we can express them using the
Keldysh techniques (that we will not cover neither describe qualitatively) in terms of simple expressions.

Considering the simple case of a symmetrical coupling of the right and left electrodes with the box, the current
between the electrodes is obtained by

1 e
I = 5 Uimsao + Taoior) = 5 [ AT pand 12 0) = ()

where T' = 'L + T'E and

€) = Tpa Z Vam(€)V,

and p, is the density of states in lead a = L, R.

4.6.2 Anderson model description

Let us assume that the quantum dot can be described by the Hamiltonian of the Anderson model

Zskckucka+ZV L d+hC)+UTldT7’Ld¢
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We remind that the Anderson model is related to the Kondo model when the charge in the impurity (here the
quantum dot) is almost conserved and equal to one. This limit does not prevent (virtual) quantum charge fluc-
tuations. Such second order processes are called elastic cotunneling processes and are depicted in Fig. 4.10. These
fluctuations are responsible of the spin-flip proecesses which at the heart of the Kondo effect.

Introducing I' ~ mp(0)V?, the current can be expressed as

el’

I'=— [ dw[ni(w) = ngr(w)]lpao (W), (4.20)

We have thus obtained an expression of the current only in terms of the density of states in the dot whcih is
related to the retarded Green function G7(w). This formula is remarkably simple and was derived by Meir and
Wingreen in 1992 [8]. In particular, we find that the linear conductance G = dI/dV reads

G_W_

e’
G [ del-one@lpunle)
where np is teh Fermi Dirac distribution function. At T" — 0, the derivative of the Fermi-Dirac function tends
towards the Dirac distrubtion. Therefore, the linear conductance G — 22 /h which corresponds to the maximum
possible conductance. This is called the unitary limit. Physically, the screening of the artificial spin impurity (the
spin of the quantum dot) by both electrodes leads to a perfectly coherent transmitting channel between the two
electrodes.

In case of asymmetric coupling, we can generalize the afoermentioned calculations to find that the linear conduc-

tance at T = 0 reads 0 AL T
& LI R

G- ——"———=Gyp.

h (T,+Tg2 Y

At finite temperature, and finite bias eV < |e4|, U, one expects from the universality of the Kondo regime

T eV
6= Goo (077 )

where g is some universal scaling function. This has been checked in numerous transport experiments in quantum
dots. Experimentally, these calculations predicts that when the number of electrons in the quantum doty is odd,
which means in our Anderson model description ng ~ 1, the conductance at T,eV <« Tk reaches a plateau of
maximum conductance which is insensitive to to V; o< €4 as soon as ng /=~ 1. This has been obversed experimentally
and is reproduced in Fig. 4.10.
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(a) initial state (b) virtual state (C) final state

(d) density of states (e) 5

conductance (e2/h)
-

gate voltage

FIGURE 4.10 — Upper : cotunneling effect. Lower : Kondo resonance appearing at the Fermi level. Evolution of the
conductance with temperature. At low T' <« Tk, plateaus of unitary conductance are observed for N=1 and N=3.
From van der Wiel et al., Science 289, 2105 (2000)
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