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Chapter 1

Introduction

When Max Planck introduced his famous quantum of action he could not possibly
foresee the impact this would have on the further developments in physics. This “act
of desperation“ as he put it, led to a completely new world view and subsequently
to quantum theory, the most effective and accurate physical theory ever formulated
by mankind. Although this theory describes an abstract subatomic world far from
every day experience, its impact on our daily life could hardly be any greater. In fact,
it enables and boosts spectacular advances in essentially every kind of science one
can think of, and its influence is still increasing.

1.1 Quantum Simulators

Especially in the fields of information processing, material science, superfluidity
and the relatively new field of quantum information theory, a profound understand-
ing of strongly correlated quantum many-body systems is of striking importance in
order to further improve existing applications and invent new ones [1-3]. This is due
to the fact that, these research fields mainly use solid state systems in which strongly
correlated systems appear quite naturally. However, it is experimentally very chal-
lenging to access the microscopic properties of such systems, due to the short time-
and length scales involved. Therefore, motivated by Feynman’s conjecture of the
quantum simulator [4], artificial structures have been considered to create effective
many-body systems, which can be investigated more easily. One of the most impor-
tant theoretical models for such systems is the Hubbard model proposed by John
Hubbard in 1963 for strongly correlated electronic lattice systems [5]. Subsequently,
this approach has been successfully applied to strongly correlated bosonic lattice
systems as well, leading to the seminal Bose-Hubbard theory [6]. In this theoret-
ical model, the bosonic many-particle system in the grand-canonical ensemble is
described by the Hamiltonian

P gzgm (b0 = 1) = 38— w3 by (1.1)
i i (3,9)
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Here, the operators b!, b; are bosonic creation and annihilation operators. The pa-
rameter U characterises the on-site interaction strength and p is the grand-canoni-
cal chemical potential. The last term in equation (1.1) specifies the dynamics on the
lattice, since the notation (i, j) denotes a sum over next neighbouring lattice sites
and « represents the required energy for a particle to hop from one site to a neigh-
bouring one. An interesting fact about this model is, that it includes a phase transi-
tion from a so called Mott insulator, where all particles are pinned to their respective
lattice site, to a superfluid phase. This transition arises from the competitive influ-
ence of the on-site interaction and the next-neighbour hopping term. Since this
kind of transition is driven by quantum fluctuations rather than thermal fluctua-
tions, it is fundamentally different from ordinary thermodynamic phase transitions
[7] and is, therefore, often referred to as a quantum phase transition [8].

1.2 Optical Lattices

The first attempts to build up artificial many-body structures used Josephson junc-
tion arrays [9, 10], which proved to be capable of simulating properties of the Bose-
Hubbard model [11]. Additionally, over the last two decades, the advances in pro-
ducing and controlling ultra cold atoms has presented a new experimental realiza-
tion, which has raised a huge amount of interest and research. Indeed, ultra cold
atoms are a very hot topic at the moment.

These new kind of systems are based on one of the most intriguing features of quan-
tum mechanics, which has been the abolition of the classical, distinct views of light
and matter in favour of a duality of both. This paradigm shift evolved to a whole
new understanding of the fundamental constituents of matter. In consequence of
this new theoretical insight Albert Einstein and Satyendranath Bose argued in 1924
that there exists a fourth state of matter [12, 13], which is significantly different to a
gas, a solid or a liquid that we can perceive in our every day life. In fact, they con-
jectured that, if a dilute gas of bosons is cooled down to temperatures very close to
absolute zero, all atoms condense into the same ground state and, thus, behave col-
lectively as if they were one particle. This new state of matter is, indeed, so exotic,
that it took 71 years before in 1995 the experimental groups of Eric Allin Cornell and
Carl Edwin Wiemann in Boulder, Colorado [14] and Wolfgang Ketterle at the Mas-
sachusetts Institute of Technology in Cambridge, Massachusetts [15] could create
such a so called Bose-Einstein-Condensate (BEC) for the first time. This fabulous
experimental success, which was honoured with a Nobel prize in 2001, has been
followed up by a variety of experiments investigating the properties of BEC’s under
different conditions. For example one investigated the interference of BEC clouds
[16, 17], studied rotating BEC’s [18, 19], observed spinor condensates [20], where
BEC occurs in different hyperfine states, analysed Bose-Fermi mixtures [21], where
a pure BEC is contaminated with fermions and, more recently, tried to probe the
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Figure 1.1: Lattice built up of optical micro cavities. In this special realization
each micro cavity contains one atom exhibiting a two-level energy struc-
ture (red lines). The inter-atomic transition is indicated by the green
lines. The blue lines correspond to the cavity light field coupled into the
system.

properties of BEC’s in zero gravity [22]. Of particular interest for the simulation of
strongly correlated quantum many body systems, has been the realization of BEC’s
trapped in optical lattices [23, 24]. Here, the BEC cloud is loaded into an optical
periodic potential created by standing laser fields. A non-vanishing probability for
each boson to hop from one lattice site to a neighbouring site establishes a strong
correlation throughout the lattice. This fact, together with a good experimental con-
trol of all important parameters, as well as the possibility to produce different lat-
tice geometries in 1D, 2D or 3D, makes this kind of systems an excellent candidate
for the simulation of strongly correlated bosonic systems [25]. Since their experi-
mental realization, optical-lattice systems have initiated intensive studies and led
to a multitude of new applications such as entanglement of atoms [26, 27], quan-
tum teleportation [28], Bell state experiments [29], disorder [30-33] and ultra cold
molecules [34, 35], to name but a few.
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1.3 Cavity QED Lattices

Unfortunately, the experimental approaches discussed so far face some crucial lim-
itations. On the one hand, it is necessary to cool down the considered system to
some nano Kelvin above absolute zero and, on the other hand, it is experimentally
very challenging to control and access single sites individually. For example, in or-
der to obtain the information whether a BEC in an optical lattice is in the Mott or
in the superfluid phase, one normally switches off the trap and observes the ex-
pansion of the BEC cloud. This leads to the desired information but for the cost of
destroying the system under investigation. Recently, a new experimental approach
has been established, where fluorescence imaging techniques allow to directly ob-
serve atoms in the Mott phase [38]. However, this technique still leads to a depletion
of the cold atoms in the lattice and, thus, destroys the system.

These facts strongly restrict their utility as quantum simulators and their applica-
tion in quantum information technology [39-41]. Especially in the latter, local on-
site manipulation is absolutely necessary. For these reasons and encouraged by the
latest progress in the fabrication and manipulation of micro cavities [37, 42, 43],
Philippe Grangier and others [44-49] proposed a new experimental setup using cav-
ity quantum electrodynamics (QED) schemes.

The underlying idea behind this new approach is pictured in Figure 1.1. Basically,
one builds up a lattice from micro cavities and places some real or artificial atoms
in each cavity, for example Josephson junctions or quantum dots. Subsequently,
light is coupled into the system in such a way, that it can interact with the atoms.
As a result, the coupling between the light field and the atomic transitions leads
to the formation of bosonic quasi particles, so called polaritons. These quasi par-
ticles effectively behave just as real bosonic particles on the lattice. That means,
for each polariton there exists a non-vanishing hopping probability to tunnel from
one cavity to a neighbouring one, which is proportional to the wave function over-
lap between neighbouring sites. Furthermore, Kerr non-linearities, known in litera-

Pump wave Fibre-taper
\ waveguide

- [Electric field amplitude

Figure 1.2: Possible experimental setups (1) from left to right: 1) — 2) photonic
band-gap cavity with quantum dot defect region in the centre [36], 3)
micro-sphere cavity filled with nano-crystal defect and coupled to an op-
tical fibre [37].
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Figure 1.3: Possible experimental setups (2) from left to right: 1) array of micro-
pillar cavities with intrinsic quantum box defects [50], 2) micro-toroid
cavity coupled to optical fibre [37], 3) Fabry-Pérot cavity coupled to atom
on the flyby [37].

ture as photon blockade [52-56], effectively provide a repulsive or attractive on-site
interaction, which has intensively been studied in the context of electromagneti-
cally induced transparency (EIT) [57-61]. Therefore, these systems are also capable
to simulate the Bose-Hubbard model. In fact, Bose-Einstein condensation of po-
laritons was recently experimentally achieved in semi-conductor cavities filled with
quantum wells [62-64] and superfluidity could be observed [65, 66].

This new idea for a quantum simulator based on cavity QED does not share the lim-
itations of the optical lattice approach. On the contrary, due to relatively huge dis-
tances between the cavities, local control and accessibility emerges quite naturally
for these systems. Hence, it is possible to analyse these systems without destroying
them. Since the atoms are trapped inside the cavities right from the start and their
thermal motion does not quantitatively disturb the polariton dynamics [68, 69], BEC
experiments with cavity QED setups can be performed even at room temperatures
[70]. However, in order to facilitate stable experiments with this setup, there is a

Transmission- g8
line cavity _

Cooper-pair
box atom

Figure 1.4: Possible experimental setups (3) from left to right: 1) — 2) transmission
line cavity filled with Cooper-pair box [51].
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Figure 1.5: Possible experimental setups (4) from left to right: 1) micro-disc cavity
coupled to wave-guides [37], 2) single on-chip Fabry-Pérot cavity [67], 3)
corrie matrix for multiple on-chip Fabry-Pérot cavities [67].

major obstacle to overcome. Namely, it is necessary to minimize unwanted losses,
like spontaneous emission or photons leaking out of the cavity, in order to reach a
strong coupling between the atoms and the light field. Fortunately, over the past
few years, this so called strong-coupling regime [71-73] has become experimentally
accessible for a large number of different setups. For example, possible building
blocks for such a lattice could be: micro-wire cavities [70, 74], micro-pillar cavi-
ties [50, 75-79], micro-sphere cavities [80-82], photonic band-gap cavities [83-93],
transmission line cavities [51, 94-103], micro-disc and micro-toroid cavities [104—
111], photonic-crystal fibres [112, 113] or on-chip Fabry-Pérot cavities [114-118].
Proposals for atom-like defects, that could be injected into those cavities, reach
from real atoms or ions over quantum boxes, quantum dots and nano-crystals to
superconducting SQUID’s and Cooper-pair boxes. Some of these examples are il-
lustrated in the Figures 1.2-1.5.

Other parameters, which can be tuned by the experimentalist, are the number of
atom-like systems placed in each cavity and the spectrum of the light field cou-
pled to the lattice. Both parameters will qualitatively and quantitatively influence
the behaviour of the system. In general there are three popular theoretical mod-
els, describing their local effects on each lattice site. First, there is the so called
Dicke model [119-121], which describes the interaction of atom-like systems with
a multi-mode light field. Then, there is the Jaynes-Cummings model [122], which
describes the coupling of a single light mode with a two-level system. Generaliz-
ing this approach to cover situations, where N two-level systems couple to a single
field-mode, leads to the Tavis-Cummings model [123-127]. From the experimental
point of view it is favourable to work with more than one defect in the cavity. Raising
the number of atom-like systems increases the interaction possibility as well as the
coupling strength. On the other hand, even though the coupling to a multi-mode
field leads to interesting new phenomena, such as super-radiance [128-130], the
single field-mode implementation is probably the better choice in terms of control-
lability, which is especially desired for quantum information applications. Since the
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fundamental properties can be derived considering only a single two-level system
in the cavity, I focus on systems with Jaynes-Cummings-like on-site potentials in the
present diploma thesis.

1.4 Outline of the Thesis

The main goal of the present thesis is to derive the Jaynes-Cummings-Hubbard
model and to study its thermodynamic properties in the grand-canonical ensem-
ble. For this purpose this thesis is structured as follows.

In Chapter 2, I derive the Jaynes-Cummings (JC) model which provides the on-site
potential in the considered lattice model. Subsequently, I discuss the JC eigenstates
and their energy spectrum and introduce polaritons whose number is the conserved
quantity in this model.

In Chapter 3, I go ahead and generalize the JC model to the Jaynes-Cummings-
Hubbard (JCH) model describing a lattice of cavities, each filled with a single two-
level system. For a first rough analysis of this model, I subsequently consider the
limits of no dynamics at all and the opposite extreme of hopping domination. This
approximative treatment qualitatively shows the existence of a quantum phase tran-
sition from a Mott insulator to a superfluid phase in the considered model. Af-
terwards, in order to obtain a more quantitative description of this phase transi-
tion, I establish a mean-field theory, which eventually leads to the mean-field phase
boundary at zero temperature.

The investigation of temperature effects on the JCH model is then accomplished in
Chapter 4. To this end, I shortly review the Dirac interaction picture, in which the
partition function of the system is expressed. Using a current approach to break the
symmetry of the system, which is essential for describing a quantum phase transi-
tion, the partition function is then expanded in terms of cumulants. This procedure
yields a perturbative expansion of the grand-canonical free energy, which is then
Legendre-transformed to an effective Ginzburg-Landau action.

Finally, in Chapter 5, I derive the excitation spectra and effective masses of the po-
laritons in the Mott phase for finite temperature from this Ginzburg-Landau action.
A summary of this thesis and an outlook on further investigations is given in Chap-
ter 6.






Chapter 2

Jaynes-Cummings Model

In 1963, the two American physicists Edwin Jaynes and Fred Cummings proposed a
theoretical model in order to investigate the relation between quantum theory and
the semi-classical theory of radiation. In fact, they were motivated by describing the
process of spontaneous emission [131]. Within their approach they analysed the
interaction of a monochromatic electromagnetic field mode with a quantum me-
chanical two-level system. Although this model is obviously an approximation, it
turned out to be of crucial importance for understanding the fundamental interac-
tion between light and matter. The fact that Jaynes and Cummings found a quantum
mechanical description of light-matter interaction that showed a very good quan-
titative agreement with experiments, strongly enhanced the progress in the field of
Quantum Optics and has been a corner stone especially of this field of physics ever
since. In the following years and decades the further developments, based on their
model, led to multiple applications and improvements such as masers, lasers and
optical trapping and cooling techniques [132-134].

A derivation of this model can be found in almost every physics book concerning
quantum optics, see for instance the Refs. [122, 135-138]. Within this thesis the
Jaynes-Cummings model is fundamentally important because it describes the po-
tential energy of photons on each lattice site. As mentioned before, I assume this
model to be experimentally realized as an optical micro cavity, filled with a two-
level system and a monochromatic photon field. To find the quantum mechanical
description of this system, I start by deriving the Hamiltonian of the intra-cavity
photon field in the following section.

2.1 Quantization of the Free Electromagnetic Field

An electromagnetic field is classically described by a set of four equations named
after their discoverer James Clerk Maxwell. These Maxwell equations read in SI units
in the vacuum:

V. B(r,t) =0, 2.1a)
V- -D(r,t)=p(r,t), (2.1b)
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V x E(r,t) = —%, 2.10)
VxH(r,t)=j(r,t)+ (9Da(;',t)’ (2.1d)

where the respective electric and magnetic fields are linked via the relations
B(r,t) =puoH(r,t), D(r,t)=¢€E(r,t). (2.2)

Considering equation (2.1a), one uses the fact that the divergence of a rotation al-
ways vanishes to define the magnetic induction B (r, t) as the rotation of a vector
potential A (r,¢):

B(r,t) =V x A(r,1). (2.3)
Plugging this ansatz into equation (2.1c) yields the following expression
V x (E (r,t) + aAa(;’t)) ~0. 2.4)

This means that the quantity with vanishing curl in equation (2.4) can be written as
the gradient of some scalar function, namely, a scalar potential ® (r, ¢):

E(rt)+ w =V (r,1), 2.5)
which leads to the general formula for the electric field:
E(r,t) = —V (r,t) — aAa(:’t) . 2.6)

Plugging these results into the inhomogeneous Maxwell equations (2.1b) and (2.1d)
yields the following coupled differential equations

2D g+ v A 2.7)
€0 ot
) 1 9%A (r,t) 1 9*® (r,t)
—[I,QJ(T,t)ZVQA(I',t)—C—QT—V VA(r’t)+C_2T 5 (2.8)

where I used the fact that /¢, 10 = ¢'. So far I reduced the four Maxwell equations
(2.1a) — (2.1d) to two equations. However, these equations are still coupled. In or-
der to uncouple them, one can use the arbitrariness involved in the definition of the
scalar and the vector potential. Since B (r, t) is defined via (2.3) in terms of A (r, ¢),
one can add the gradient of an arbitrary scalar function A(r, ¢) to the vector poten-
tial. Thus, one finds that the magnetic field as well as the electric field is unchanged
under simultaneous transformations of the form

A(r,t) — A’ (r,t) + VA(r, 1), 2.9)
O (r,t) — ¥ (r,t) — w . (2.10)

10
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These transformation are commonly referred to as gauge transformations. The re-
sulting freedom of choice allows to choose a set of potentials {A (r,¢),® (r,¢)} that
uncouple the equations (2.7) and (2.8). In the following calculations I explicitly
make use of the so called Coulomb gauge which reads

V-A(r,t)=0. 2.11)

Using this ansatz together with equation (2.7) yields the Poisson equation

V2o (r.1) =~ 2.12)
€0
with the general solution
1 p(r’,t) 3,./
P = . 2.1
(r,?) 47reg/\r—r’\ d’r (2.13)

In principle one can now explicitly determine the dynamics of the potentials ac-
cording to equations (2.7) and (2.8). However, for now I am just interested in the
free electromagnetic fields and, thus, I assume that no sources are present in the
system, i.e. p (r,t) = 0 and j (r,t) = 0. This assumption leads, according to equation
(2.13), to the statement

®(r,t)=0, (2.14)

and hence one finds from (2.6) for the free electromagnetic field the expression

O0A (r,1)
E(rt)=—f1—. 2.15
(r,t) ot (2.15)
All these assumptions simplify the differential equation (2.8) and result in a wave
equation for the vector potential:

, 182
V- 5o ) A =0. (2.16)

This is a homogeneous wave equation, where the general solution is known to be a
superposition of an in- and an outgoing plane wave. Taking this fact into consider-
ation, I choose the following ansatz for the vector potential

A(r,t) = AT (r,t) + A (r,1), (2.17)

with the two terms representing in- and outgoing waves. Furthermore, the intro-
duced quantities fulfil the relation A= (r,t) = [(A*(r,t))]". Therefore, I can focus my
analysis on one of the terms, i.e. A*(r,t), keeping in mind that the other is simply
the complex conjugate. Using a very general ansatz for the two components of the

11
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vector potential, I express them as a discrete superposition of the respective mode
functions in the cavity volume

AT t) =) as(k,) us(k,, r)e ", (2.18)

p o==£1

The index p = (p, py, p-) is the mode index, which specifies the three components
of the wave vector k, and the index o labels the two possible polarizations of the
plane wave. The expressions u, (k,, r) are the respective mode functions, a,(k,) are
the mode amplitudes and w, is the mode frequency. Since the mode functions carry
the spatial character of plane waves, I assume them to have the form

1
VI3

in which the unity vectors e, (k,) correspond to the two possible polarizations of a
wave with wave vector k,. Note that, the pre-factor of these mode functions emerges
due to the normalization of the modes over the cavity volume, which is assumed to
be cubic and of length L. Thus I explicitly consider a finite volume which is neces-
sary in order to discretely label the electromagnetic wave modes.

Another important fact is, that since the mode functions inherited the whole spatial
character of the vector potential, they also have to fulfil the Coulomb gauge (2.11).
Demanding this special property, leads to the transversality relation between the
polarizations and the wave vector k ,:

u, (k,,r) = e, (k,) e, (2.19)

e.(k,) k, = 0. (2.20)

This equation describes a very important feature of electromagnetic waves, namely
that the wave vector, which corresponds to the direction of propagation of the wave,
is always orthogonal to the polarizations which are orthogonal to each other as well.
Hence, e (k,),e_i(k,), k, are all orthogonal to each other and form a right hand-
system.

Inserting ansatz (2.17) and relation (2.18) in the wave equation (2.16), leads to a
homogeneous differential equation of second order for the mode function and its
complex conjugate. Both functions have to fulfil the same differential equation,
which reads for the mode function

) W
V2422 ) gk, r) =0, 2.21)

Plugging expression (2.19) into this equation and assuming periodic boundary con-
ditions yields the relation

w2
_r
c?’

2
K2 — (2.22)

12
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where the components of the wave vector are now quantized as follows

27 p;
L

Expression (2.22) can be transformed to give the dispersion relation of the mode
function

kp,i =

, 1=, 2, pi € Z. (2.23)

w, = clk,|. (2.24)

Thus, the mode frequency w, has the following property:
w_,=clk_,| =c| —k,| =w,, (2.25)

where I introduced the convention, that a negative mode index —p corresponds to
the opposite wave vector k_, = —k,.

In general, I have now determined the specific form of the vector potential following
from ansatz (2.18) and, thus, am also able to derive the electric field vector using
relation (2.15). However, in order to quantize the vector potential A(r,¢), I want
to derive a more convenient form, where the respective amplitudes of the mode
functions «a,(k,) are dimensionless. To find the appropriate pre-factors, I use the
definition of the energy of an electromagnetic field, which is defined as

E = 1/dv F B%(r,t) + € EQ(r,t)} : (2.26)
2 Ho

In the following, I do not exactly solve this expression but rather estimate the emerg-

ing physical dimensions. Therefore, I neglect the specific r dependence of the vector

fields in the volume integral above. Hence, considering the physical dimension of

the field energy one can conclude

~ Ld 1 2 2
[Elom = 5 m [B?] .. + €0 [E] . ¢ - (2.27)
Using the definition (2.2) — (2.15) leads to
L3 (1 de
[Eloim = = {% [(Vx AY]p,, + 5 o] Dim} , (2.28)

where the index E indicates that the respective mode amplitude ar = a,(k,) belongs
to the electric field. Note that, the denominator L? in the second term of equation
(2.28) emerges from the normalization of the mode function. Furthermore, I do not
have to distinguish between a, (k,) and a} (k,), if I only consider the physical dimen-
sion of the amplitudes. Therefore, the pre-factor 4 of the last term corresponds to
the number of terms proportional to the square of the electric field amplitude. In-
serting ansatz (2.18) for the vector potential yields
L3

4 4
[Eloim = = {% [(aaV x w)?] |+ ﬁ [ai] Dim} : (2.29)

13
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Here, the index A indicates, analogue to the case considered before, the affiliation
of the amplitudes ay = a,(k,) to the vector potential. This distinction is neces-
sary, since the physical dimension of the vector-potential amplitude differs from
the physical dimension of the electric-field amplitude according to relation (2.15).
For a more precise determination of the physical dimension of the magnetic contri-
bution to the energy, it is necessary to calculate the curl of the mode function. Using
definition (2.19) leads to the following relation

1 , 4
V x u,(k,, 1) = T [(V x es(k,))e™™ + Ve x e, (k,)] (2.30)
- \/%kp x ey (k,) e T = \Z/L_’;eg(kp) elke. (2.31)

Thus, the curl of the mode function essentially results in the same mode function.
Nevertheless, it differs in the opposite polarization and a pre-factor i k,, where k, =
lk,| is the modulus of the wave vector. Thus, considering the physical dimension,
all one has to take into account is the pre-factorik,/ V/L3. As a result, one finds

~ 2 2 2 2
[Elpim & %kp (laa]pim)” + 2 €0 ([ag]pin)” - (2.32)
In quantum mechanics the dimension of the energy of an electromagnetic wave is
of the order hw,. Since the dimension of each of the two terms in the above equation
has to be the dimension of energy, one can derive the following expressions:

[aE]pim = % (2.33)

=4/ 2.34
G’A Dim — 2 €o wp ( )

where I additionally used relation (2.22). Thus, I reached the point where I can write
down the expressions for the vector potential and the electric field vector in the de-
sired dimensionless form:

1/2 '
=> > (260%) a0 (k) Uy (ky,r) e 0! + c.c], (2.35)

p o==1
—’LZ Z hes, v las(k,) uy(k,,r) e " — c.c.] (2.36)
p o=l 2€o T o .

Up till now, I have derived a semi-classical description of the intra-cavity field quan-
tities A (r,¢) and E (r, ¢) for the general case of a multi-mode field with all polariza-
tions. I still need to fully quantize this expression. This last step is known in litera-
ture as the second quantization. This quantization is performed by simply mapping

14
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the dimensionless mode amplitudes to quantum mechanical ladder operators, rais-
ing and lowering the number of excitations of a given field mode:

as (k) — o (k,), (2.37a)
a;(k,) — al (k). (2.37b)

Since these operators describe photons, which are bosonic particles, they satisfy the
bosonic commutation relations:

a0(0,). a6 (k)] = Dy o+ [0 (k). ()] = [}, ()] = 0. (2.38)

The fully quantized field vectors are, therefore, given by

1/2 4
Z Z (2 €0 wp) [&"<kp> Uo (kpa I‘) et + h‘C'] ’ (2.39)

p o=%£1

hw,\ ,
=1 Z Z ( 20:5) [&a(kp) u, (k,,r)e " — h.c.} ) (2.40)

p o==%1

In quantum mechanics, all dynamic properties of a system can be deduced from its
Hamiltonian. To find the respective Hamiltonian for the free electromagnetic field, I
follow equation (2.26). Therefore, I need the quantized expression for the magnetic
field B(r, t), which can be derived form equation (2.3) with the help of the relations
(2.39) and (2.31). This yields

1/2 |
Z Z (QEpr> k, [as(k,) u_y(k,,1) e ™" —h.c.] . (2.41)

p o==%£1

According to equation (2.26) the Hamiltonian can be calculated via the formula
. 1 ) 1 .,
H(t) = AV e E2(r,t) + — B?(r, ) (2.42)
2 Ho

Inserting the expression (2.40) for the electric fields into the first term of definition
(2.42) and using of the definition of the mode function (2.19) leads to

/ dv E’( ==> > 5 L3 (wWpwy) / AV [a,(k,) e, (k,) €7 et — h.c]

v p,p' o0’ ==%1 v
X (a0 (k) €0 (k) ™" e ™" —h.c.]

:_Z Z 2z3(wpwp)1/2/dv

p,pl o,0’'=%1 Y

x [&U (kp) o (k) €5 (kp) €5 (k) il Her ity )t
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Chapter 2 Jaynes-Cummings Model

_ &Z—(kp) a /(kp/) ez_ (kp) ea’(kpl) ei(kp/fkp)r ei(wp_wp,>t
’(kp’> efi(karkp/)r ei(wp+wp,)t

(k) ey (k) € (k) eio—or il —n)t| (2.43)

The volume integral over the second and fourth term in the above expression can
be calculated straightforwardly to give

% dv e'®e ko =5 (2.44)
14
and the occurring scalar products of the polarization unit vector become
e, (k,) er(ky) = 0o - (2.45)
By shifting the mode index p — —p and using the fact [139] that
es(k_p) = es(—k,) = e_s(k,) = e;(k,), (2.46)

I find for the first term in (2.43) the following result

/dV dg(k_p) dal(kp/) (SPs (k_p) egz(kp/) ei(kpl_kp)r = do‘(k—p) da/(kp’) 50.70./ 5p,P' . (2.47)
|4

Following the same procedure for the third term in (2.43) yields

(e

/dV djf(k—p) d:rff (k) eg (k) €5 (k) e optio I — djr(k—p) &l'(kp’) O, Oppr - (2.48)

\%

With these results and the invariance of the mode frequency under the transforma-
tion p — —p from (2.24), equation (2.43) can be simplified to

o [V B et = 373 % [l k) + k) k)

% p o==%1
—al (k_p)al(k,) e?“" — a,(k_,) G, (k,) e "] . (2.49)
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2.1 Quantization of the Free Electromagnetic Field

Using the analogue procedure for the magnetic induction, yields the following ex-
pression:

dv B2 Z Z (';pewp /dv {(Io— V X uo(kp,r)] efiwpt 4 hC}
p,p o,0'=%1 0Ho v

x{dgf (k) [V X ugr (k1) e ™r" +hc.}

- _Z Z nE by )1/2/dV [do<kp> u_,(k,,r) e~ et — h.c.}
2 €0 Mo
p,p' o0’ ==%1 v

X [ap (ky) u_g (K, 1) e 0" —hc.]
hkyky . R —i(wptw,,
=2 > (@ptp)'/? / AV [a5(K_p) (k) 0 (K, 1) 1o (K, 1) 00

2¢
p,p’ o0’ ==%1 0 Ho Vv

Mo

+ &f’(kp) &(1;" (kp’> u—o(kpa I‘) u’ (kp/, I') e Hwo—w,)t
+al (k) o (Ky ) ut, (Ky, 1) g (K, 1) €@t
+al(k_,)al,(ky)u*,(k_,r)u (k) ei(wp—i-wp/)t]

hk’2 a N ~ ~ ~ ~ 12w,
=30 T, [al (k) a0 (k) + (k) dl(k,) + al(k,) al (k) ¢ 24!
i 12 €0 1o
+ G, (k_p) ao(k,) e 2] . (2.50)

Hence, using equation (2.22) one finds that the contribution to the energy arising
from the magnetic induction is given as:

Jav B =30 3 T (il k) o) + (k) )

v p o==1
Fa(,)al () e+ al ()l (k) €] (251)

Now, one can establish the full Hamiltonian of the system by simply adding the two
contributions (2.49) and (2.51), resulting in

Hgaq = —Z > hw, (a0(k,) al (k,) + af (k) do(k,)) - (2.52)
p o==£1

Additionally, using the commutator relations for the bosonic ladder operators de-
fined in (2.38), I finally get the full Hamiltonian of the free electromagnetic field,
which reads for a fixed polarization o:

. 1 1
Hyaa = Y _ hw, (&j,(kp) g (k,) + 5) => hw, (fzg(kp) + 5) : (2.53)
p p

Here, I defined the occupation number operator 7, (k,) = a (k,) a,(k,) of the intra-
cavity field quantum state corresponding to the quantum number p and polariza-
tion ¢. I can see from (2.53) that the full Hamiltonian is simply a composition of
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Chapter 2 Jaynes-Cummings Model

harmonic oscillators for each mode frequency and polarization. Hence, ifI consider
a monochromatic field with fixed polarization, the Hamiltonian of the free electro-
magnetic field is just a harmonic oscillator of frequency w:

. 1
Hyo = hw <a* a—+ 5) . (2.54)

The energy spectrum of such a system is well known. It consists of the ground state
with energy ;hw, which represents the zero-point energy of the system. All higher
energy levels correspond to increasing occupation numbers and are equally spaced
by the amount of Aw. The occupation number operator n counts the number of
excitations of the fundamental mode w, known as photons, and can, therefore, take
on integer values between zero and infinity. Furthermore, it is easy to prove that the
photonic occupation number operator commutes with the full Hamiltonian (2.53)
and, therefore, in this system the number of photons is a conserved quantity.

The form of the Hamiltonian (2.53) is called the occupation number representation.
Naturally, the corresponding eigenstates are formed by the set of Fock states |n, )
satisfying the eigenvalue equation

No(Ky) [Mp0) = Npo [Mpo) s Ny € N>0. (2.55)

Therefore, the Hamiltonian for the one-mode electromagnetic field with fixed po-
larization reads: .

Heeoq = hw <n + 5) , (2.56)
where [ dropped the indexes p and ¢ as well. From this equation it is to see that, this
Hamiltonian is diagonal in the monochromatic Fock basis |n).

2.2 Hamiltonian of a Two-Level System

Having derived the full Hamiltonian of the free electromagnetic field within the pre-
vious section, I now consider the two-level system, placed in the micro cavity and
interacting with the intra-cavity field mode. I assume that, the two-level system has
an energy structure as depicted in Figure 2.1, consisting of a ground state, labelled
|g), with energy E, = 0 and an excited state, labelled |¢), with energy E. = he. Taking
this point of view, I make the most general ansatz to deal with this kind of system,
which is applicable to all experimental setups.
Since the energy eigenstates and their respective eigenvalues are known by defini-
tion, one can immediately write down the Hamiltonian of this system in the energy
representation: R

Hatom = hele) (e| +01g) (g| . (2.57)
By choosing a specific representation for the abstract eigenstates |e), |g), one can
transform this Hamiltonian in a more convenient form. Obviously, there are quite a
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2.2 Hamiltonian of a Two-Level System

)

he

[s)

Figure 2.1: Energy structure of the two-level system. The two-level system consists
of a ground state |g) with energy £, = 0 and an excited state |e¢) with
energy b, = he.

lot of possible representations. I use the simplest representation and associate the
kets with the two dimensional Cartesian unit vectors as follows

o=(g) w=(1). 259

Using this representation for the state vectors leads to a matrix representation for
the projection operators in the Hamiltonian (2.57). Inserting (2.58) into (2.57) yields

A 1 0 0 0 he O
= (1) 0 (0 0) = (% 0) 259
Furthermore, remembering the definition of the Pauli matrices:
. (01 . (0 =i\ . (1 0
Ux_(lO)’Uy_(i 0>,O'Z—<0_1>, (2.60)
and their combinations

00
5 — %(avx —i6,) = ( 00 ) , (2.61b)

1
6+ = 5(0, +i6,) = ( 01 ) (2.61a)

10

one finds that, suitable combinations of the state vectors can be expressed in terms
of these matrices. In fact, it can be shown that, in this choice of representation, the
following relations hold

le) (gl = ( 8 (1) ) =07, (2.62a)

l9) {e] = ( (1) 8 ) =0 (2.62b)
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Chapter 2 Jaynes-Cummings Model

From the above relations follows, that the operators 6, 6~ are the creation and an-
nihilation operators of the two-level system, i.e. 6 creates an atomic excitation,
whereas 6~ destroys it. With the help of these relations, one finds for the remaining
projection operators the following form

le) (el =

l9) (gl =0"6". (2.64)

Q»

A (2.63)

Hence, one can finally express the projection operators, occurring in the two-level
Hamiltonian, in terms of combinations of Pauli matrices. Inserting expressions
(2.63) and (2.64) in the Hamiltonian (2.57) yields the desired simplified form

A~

Hyom = heot6~ = hen,, (2.65)

where I introduced the occupation number operator n, = 676~ for the two-level
system. Formally, this Hamiltonian shows quite similarities with the Hamiltonian
of the monochromatic free electromagnetic field (2.56). Namely, the Hamiltonian
takes on the form of a product of the occupation number of the excited level and the
energy of this level. Note that, in literature one often finds other notations for this
Hamiltonian corresponding to another choice of energies. Furthermore, one can
see that, the Hamiltonian (2.65) commutes with the occupation-number operator
n, and, therefore, the conserved quantities for this Hamiltonian are the excitations
of the two-level system.

After having derived the quantum mechanical description of the energy contribu-
tions of the intra-cavity photon field and the two-level system, I now investigate the
energy contribution arising from the interaction between those two, in the following
section.

2.3 Interaction Hamiltonian

In the previous section, I derived the Hamiltonian for a two-level system without
specifying the actual experimental setup. However, in order to derive the interac-
tion Hamiltonian in the following paragraph, I need to be more precise, since there
is a variety of possible realizations of this system, leading to very different interac-
tions. For example, one can implement the two-level system using the spin of an
electron, which could be manipulated by a magnetic field. Hence, the interaction
Hamiltonian for this case would be proportional to the magnetic field. On the other
hand, one can use the electronic transitions in an atom, to realize the system. In this
case the electron would couple to the electric field vector.

Within this thesis I focus on the latter case. Hence, the energy states |g), |e) corre-
spond to electronic states. The transition between these states is characterized by
the electronic-transition dipole moment. In this case the interaction is mediated
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2.3 Interaction Hamiltonian

via the coupling of the electrical field to the transition dipole moment. Assuming
that the wavelength of the monochromatic electric field is large compared to the di-
mension of the atom, one can work in the so called dipole approximation. In this
approximation, one considers only the field strength at the centre-of-mass position
of the atom. Thus, using this approach, the classical interaction Hamilton function
takes on the form

Hiy = —qr-E(R,1), (2.66)

where the vector R labels the centre-of-mass position of the atom and ¢ r is the clas-
sical electronic dipole moment. Since I assume that the intra-cavity photon field is
monochromatic and has a fixed polarization, I drop the index p and ¢ in the electric
field and, thus, the explicit form of the quantized form of the electric field (2.40) is
given by

ER,t) =i¢ [at)u®) —al(t) u*(R)], (2.67)

where I introduced the abbreviation

1/2
_ (h—”> . (2.68)
2 €0

Note that, the photonic ladder operators a(t), af(¢) in the above equation are now
formally time dependent. The reason for this is, that I absorbed the time depen-
dence of the mode function u(R) and defined

a(t) = ae vt (2.69)

To the end of this section, I drop the explicit time dependence for the sake of clarity.
In order to write down the fully quantized version of (2.66), one still needs to find
the quantum mechanical description of the dipole moment. Trying to use the same
procedure as in (2.57), I expand the dipole operator in the energy eigenbasis of the
two-level system. This approach leads to

qr—ZI (ilqr 1) (il (2.70)

where the indices i and j label the respective energy eigenstates |g) , |e). Since tran-

sition dipole moments can just arise from electronic transition from |g) to |e) or vice

versa, the terms corresponding to the even transitions ¢ (e| r |e) and ¢ (g| r |g), have
to be zero. Hence, I define

p:=qferlg),

p™=q(glrfe).

These results yield the following expression for the dipole operator expansion (2.70):

(2.71)

qr=ple) (g +p"lg) (e| =po" +p 5. (2.72)
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Chapter 2 Jaynes-Cummings Model

For the last equivalence in (2.72), I used the relation of the state vectors to the Pauli
matrices, introduced in (2.62). Subsequently, one can combine expressions (2.67)
and (2.72) to give the quantized version of the interaction Hamiltonian (2.66), which
reads

A

Hie = —ié [auR) —a' u*(R)] (p6"+p*67). (2.73)

Expanding this expression yields

Hy=—i¢[au®)-pé" +au(R) -p 6~
—a'u*(R)-pot —a'u*(R)-p*67]. (2.74)

Having a closer look at the occurring terms, one can see that, two of them describe
rather unphysical processes, that violate conservation laws. In fact, the term pro-
portional to a6~ describes the decay of the excited atomic level together with the
annihilation of an intra-cavity field photon, whereas the term proportional to a' 6+
describes the excitation of the atom together with the creation of a photon. Both
processes obviously violate the conservation of energy and particle number in the
system and, hence, I neglect them in the further calculations. This approach is
known in the literature as the rotating wave approximation (RWA) [135, 137, 138]
and leads to a Hamiltonian of the form

Hyy = —ihi(gaé™ —g*al67), (2.75)

where I introduced the complex coupling strength g defined by g = £ u(R) - p and
hg* = ¢u*(R)-p*. Note that the implicit time dependence of the Hamiltonian (2.75)
due to relation (2.69) vanishes in a rotating frame and, thus, can be neglected in the
following considerations.

At first appearance it seems that, one has arrived at the simplest form for the in-
teraction Hamiltonian. However, I show within the next section that there exists a
property of the Hamiltonian (2.75), which leads to an even more compact form.

2.4 Symmetry of the Interaction Hamiltonian

Within this section I am going to examine the invariance of the Hamiltonian (2.75)
under global U(1) phase transformations. This symmetry offers the possibility to
restrict the complex coupling strength ¢ to real values and, thus, leads to the final
form of the interaction part of the Jaynes-Cummings Hamiltonian.

The standard approach to analyse this property of the Hamiltonian is to apply a
global phase transformation to either the state vectors or the appearing operators.
I use the first method and perform the following transformation for the two-level
eigenstates

) = ele),  |g) = ePlg). (2.76)
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2.4 Symmetry of the Interaction Hamiltonian

The introduced parameters « and [ are global constants independent of space and
time. Using the relations (2.62) I see that this transformation immediately yields
new expressions for the annihilation and creation operators of the two-level system,
namely

6 — el h 5t 67 — e A g, (2.77)
By inserting these expressions into (2.65), it is easy to see that the performed phase
transformation leaves the Hamiltonian invariant.

H.  —=heot 67 =hee@Pste @5 = he6t6™ = Hyporn - (2.78)

atom
Following the same procedure, I analyse the symmetry of the Hamilton for the free
electromagnetic field (2.53), by performing a global phase transformation on the
photonic annihilation and creation operators as follows

a — e a, al’ — e qt, (2.79)

with the global constant ¢. An investigation of the effect of this transformation on
equation (2.53) immediately shows that the Hamiltonian of the intra-cavity photon
field stays invariant:

: 1 - ’ 1 1 A
Hig = hw (&T/ a + 5) = hw (ewﬁ al e a + 5) = hw (dT a -+ 5) = Hgiaq. (2.80)

Therefore, both the intra-cavity field Hamiltonian as well as the two-level system
Hamiltonian, remain invariant under some global phase transformation. The in-
teresting question is: what happens to the interaction part? This can be easily in-
vestigated by simultaneously performing both transformations (2.77) and (2.79) on
equation (2.75), which results in the modified interaction Hamiltonian:

Hy = —ih[gaste®ro=® — g* ¢l gemi0to=A] (2.81)

Furthermore, using the fact that complex numbers can be separated into a real
modulus and a complex phase, equation (2.81) can be rewritten as

Hi = —ihilg| [a 67l 0Fota=d) gt 6= iOto+a=d] (2.82)

where I defined g = |g|e’. The arbitrariness of the introduced parameters o, 3 and
¢ allows to choose their values in such a way as to compensate for the phases of the
coupling constant. For this reason, I demand that the following relation has to hold

9+¢+a—5;g. (2.83)

Here I choose /2 because I want to use the over determination to get rid of the pre-
factor i in (2.82). With the phase parameters obeying equation (2.83), one finally ar-
rives at the most compact formulation of the interaction Hamiltonian, which reads

Hy=hg (a6t +a'67), (2.84)
where the coupling constant g is now a real quantity defined as
hg=¢u(R) - pl. (2.85)
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Chapter 2 Jaynes-Cummings Model

Figure 2.2: Two-level system in a micro cavity and the most important processes
in this system. Yellow arrows indicate the creation and annihilation of
cavity photons, green arrows indicate the excitation and relaxation of the
two-level system and the red arrows indicate the loss processes (h = 1).

2.5 Jaynes-Cummings Hamiltonian

The Jaynes-Cummings (JC) system under consideration is depicted schematically
in Figure 2.2. In this picture I have indicated the main processes one has to deal
with in the further calculations. In specific there are: the creation and annihilation
of intra-cavity photons via the photonic operators a, a', the excitation and relaxation
of the two-level system via the electronic operators o*, o~ and two new processes,
that have not been discussed yet. These new processes, which are indicated by the
red waving arrows, correspond to loss processes in the cavity. In a real experiment,
there will be two main sources for energy dissipation out of the system. The first
one is simply due to the fact that, in general there is a non-vanishing probability for
spontaneous emission of a photon from the excited level of the atom. In my formu-
lation this probability is proportional to . The second process amounts for the fact,
that the cavity itself is not perfectly closed and, therefore, gives rise to the possibility
of a photon to leak out of the cavity at a rate \. However, within the further calcula-
tions, I explicitly neglect these loss processes, assuming that the coupling g is much
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2.5 Jaynes-Cummings Hamiltonian

bigger than the dissipation, i.e.

g2
— > L (2.86)

YA

This approach is known in the literature as working in the strong coupling regime.
This regime has already been shown to be experimentally feasible in many different
setups [66, 82, 83, 86,93, 94, 102,104, 106,111,117, 140, 141]. From equation (2.85), I
deduce that, this regime can be established by maximizing the electronic-transition
dipole moment and choosing a small cavity volume. For completeness, I mention
that there also exists some calculations [140, 142-145] and experiments [88, 115],
that explicitly describe and test the dissipative regime by taking loss processes into
account.

Hitherto, I thoroughly derived and justified the basic constituents of the form of
the Jaynes-Cummings Hamiltonian as I will consider it. Therefore, I can now write
down the full Hamiltonian, which reads

F[JC = F[ﬁeld + ﬁatom + }A[int- (287)

Shifting the energy of the system by 1/w in order to get rid of the zero-point en-
ergy contribution arising from the electromagnetic field Hamiltonian, one finds the
following form for the Jaynes-Cummings Hamiltonian in the rotating wave approx-
imation:

H'° = hwala+hesT6™ +hg(ast +a'67). (2.88)

One can further transform this expression to a more convenient form, by introduc-
ing the composed occupation number operator

h=adaa+6%6, (2.89)

and the detuning parameter
A=c—uw, (2.90)

which is a measure for the detuning between the monochromatic photon field fre-
quency and the two-level transition frequency. The resulting Hamiltonian reads

H'® = hwi+hA6T6~ +hg (a6t +al67), (2.91)

which I will use within the further calculations.

First, I notice some general properties of this Hamiltonian. One thing I observe is
that in the case of resonant pumping, i.e. A = 0 the second term vanishes, leaving
just the contribution proportional to 4w and the interaction term, which is propor-
tional to g. Considering the latter, I place emphasis on the fact that, this term de-
scribes the conversion of atomic excitations to photonic excitations and vice versa.
The next step to analyse the Jaynes-Cummings model is to determine the eigen-
states and eigenvalues of the Hamiltonian (2.91). It turns out that to perform these

25



Chapter 2 Jaynes-Cummings Model

calculations, the rotating wave approximation introduced in Section 2.3 is abso-
lutely crucial. Within this approximation it is possible to analytically diagonalize the
Hamiltonian. However, as proposed by Feranchuk et. al. [146] and others [122, 147-
150] it is also possible to analytically solve the Jaynes-Cummings model without the
RWA, but within this thesis, I explicitly make use of this simplification.

In order to diagonalize Hamiltonian (2.91), one has to investigate its commutator
with the occupation number operator 7, which leads to

0, ) = bl i) + A 2,646 7] + b ([0,a6] + [,al67]). (2.92)

Remembering that, each operator commutes with itself and noticing that the fol-
lowing relations have to hold

la, 6] =[a,67 ] =[al, 67 = [a', 67] =0, (2.93)

since the appearing operators a', ¢ and 6+, 6~ operate on independent subspaces,
one can immediately conclude that

[A,6767] = [n,a'a] = 0. (2.94)
Hence, the commutator (2.92) simplifies to
[ 1) = hg ([,a5] + [,al67]). (2.95)

Using the fundamental commutator relations for the photonic ladder operators de-
fined in (2.38), as well as the commutator relation of the Pauli matrices:

[6%,67] =0., (2.96)

one can easily calculate the remaining commutators, which results in the following
relations

(676~ a6 )=ao", [afa,a6t]= —6+a (2.97)
[ata,a’o~]=a'e™, (6767, al6™|= —6-a, '
which yields for the commutators in equation (2.95)
[,a6"] = [R,al67] = 0. (2.98)

Thus, I found the very important property, that the Jaynes-Cummings Hamiltonian
H’C commutes with the bosonic occupation number operator 7:

[ﬁ, fﬂc] — 0. (2.99)
This result has two essential implications. The first one is that n obviously describes

a conserved quantity in the Jaynes-Cummings model. This quantity is the number
of so called polaritons in the system. In the present model, a polariton is basically a
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coupled excitation of the atomic and the photonic system.

The second important implication is, that H'C and 7 share a common set of eigen-
states, in which both operators are diagonal. In order to find these states, it is ad-
visable to have a closer look at the occupation number operator. As introduced in
(2.89), this operator is the sum of the occupation number operators for the intra-
cavity photon field 7, = a'a and the occupation number operator 7, = 6+~ of
the two-level system, respectively. Because these operators commute as well, they
also share a set of common eigenstates. Nevertheless, since they operate in different
subspaces and, therefore, have distinct sets of eigenvalues, the only possible candi-
date for a common set of eigenstates are the product states of the photonic Fock
states and the atomic two-level states. For this reason, I consider the ansatz

np,s) = |np) ®@1s), s € {e,q}, (2.100)
where these new states have to satisfy the eigenvalue equations

/’;Lp |npa S> - np ‘np7 S> 9 (2.101)
Na [Np, §) = N [Np, S) .
Furthermore, the new set of product states inherits the completeness and orthogo-
nality relations from the subspaces of its components yielding

o0

ST np,s) (ny,s| =1, (2.102)

n=0 s=e,g

<n;)7 S/| ' |npa S) = 6np,n£, 55,3“ (2.103)

Throughout this thesis, I refer to this product states as the bare basis set of the
Jaynes-Cummings model. The presented set of states leads, according to equations
(2.100) and (2.101), to the following eigenvalue equation of the polariton occupation
number operator

nnp, s) = (np + na) |np, $) = ninp, s) . (2.104)

Remembering form Section 2.2 that n, can only take on the values 1 and 0, cor-
responding to the excitation states |¢) and |g), one can immediately deduce from
(2.104) the important fact that for a fixed number n of polaritons there exist fwo
possible micro states.

Having found a set of eigenstates of the polariton occupation number operator, one
can now make use of this result and write down the representation of the Jaynes-
Cummings Hamilton operator with respect to the bare basis by using the complete-
ness relation (2.102):

= 373 fps) (sl 7 ) (), . 2105)

np,n,=0 s,s’
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Arranging the occurring terms according to the number of polaritons and using the
orthogonality relation (2.103), leads to a block-diagonal form of the Hamilton oper-
ator. One can see that (2.105) separates into the ground-state contribution and an
infinite number of blocks of higher order contributions with fixed polariton number
n:

IA{JC — |O,g
+ 1,9

—~

0,9

0, el + |1, 9) higg (L, 9| + [0, €) hoe,1g (1, g| + [0, €) hoe0e (0, €]

+ 12,9 Lel +12,9) hagag (2,9l +11,€) hueag (2, 9] + |1, €) hiee (1, €]

+ 13,9) hagoe (2, €[ + 13, 9) hiagsg (3, 9] + 12, €) hoepe (2, €] + 12, €) hae 34 (3, 9

+ ..., (2.106)

hOg,Og

—~

hlg706

—~

h2 g,le

~_ ~— ~— ~—
—~

where I used the abbreviation h,,, s = (n,s| H'®|n/,s') for the respective matrix
elements. This expression can be transformed to a simpler form by introducing (2 x
2) matrices for each polariton number, leading to a Hamiltonian of the form

H'® =ho+ Y h, (2.107)
n=1

where n labels the number of polaritons and the operators ho, h,, are defined as

ho = 10, 9) (0, g| H' [0, ¢ (0, | = 0, (2.108)

; H¢|n, g) (n,g| H'®|n - 1,¢)
hy = (. g| £ In. ’ A ’ . 2.109
( (n—1,el HC|n,g) (n—1,el H®|n—1,¢) ( )

Remembering the analysis of Sections 2.1 and 2.2, one can calculate the matrix en-
tries using the action of the ladder operators on their respective eigenstates. With
the properties

6t6 " |n,g) =0, 670" In—1e) =In—1e¢),

it ln,g) =nln.g)., afafn —1,¢) = (n=1)In—1,¢), (2.110)
a5t In.g) =il —1.e), astln—1,€) =0, |
a'6~ |n, g) =0, '6~ n—1,¢) = V/nln,g),

one finds, that the sub Hamiltonians (2.109) have the following representation in

the bare basis
- [ hwn hg+n
h”_(hg\/ﬁ hwn+hA>' (2.111)

Thus, the problem of finding the eigenvalues of the potentially infinite Hamiltonian
(2.91) is reduced to the much simpler task of finding the two eigenvalues of ma-
trix (2.111). Mathematically this is a well known situation, which can be solved in
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Figure 2.3: Plot of the energy eigenvalues (2.113) of the Jaynes-Cummings model
versus the detuning (i = 1).

general by evaluating the characteristic polynomial of the respective matrix. In the
present case this approach yields the following equation

(hwn — E,)(hwn+hA — E,) — h*¢*n =0, (2.112)

which immediately gives the eigenvalues as
1
Eni:hwn—l—ih(A:I:Rn), n>1 and E;=0. (2.113)

Here, I followed the conventional notation found in the literature (see for example
[122, 135-138]) and introduced the generalized Rabi frequency

R,(A) =+/A%2+4¢’n . (2.114)

In Figure 2.3, I plot the energy eigenvalues (2.113) versus the detuning. One can see
from this picture that for a fixed polariton number n the spectrum contains a set of
two non-degenerated energy eigenvalues. One can see clearly that these eigenval-
ues naturally separate into so called upper and lower polariton branches, with the
vacuum state as the only eigenstate belonging to both of them. Furthermore, one
finds that the energy eigenvalues remain completely non-degenerated, even if the
system is notin resonance. This fact is quite important for the following Schrodinger
perturbation theory.
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Chapter 2 Jaynes-Cummings Model

The splitting between states with the same number of polaritons is, according to
equation (2.113), given by

OE, = E, — E,_ = R,(A) = /A% + 4¢°n. (2.115)

Notice, that this splitting does not only depend on the detuning A, which is ex-
pected, but also on the occupation number » in a non-linear way. This non-linearity
leads to some interesting phenomena, which will be discussed in a little bit more de-
tail within the next section.

Having obtained the energy eigenvalues, I can now calculate the respective eigen-
vectors by solving the eigenvalue equation

hwn hgv/n at ) a*
(hg\/ﬁ hwn+hA)(5i>_E"i(5i ' (2.116)
To this end I additionally assume that the eigenvectors are normalized and therefore
their coefficients have to satisfy the relation

(0®)* + (8%)" =1. (2.117)

Hence, the coefficients o and 8+ depend on each other. Because of that, I just have
to consider one of the equations described by (2.116). Choosing the first one, I find
that the coefficients have to satisfy the relation

hwnat + hgy/npt = En+oz+. (2.118)
Inserting (2.117) yields:
(hwn — E,y) at+hgy/ny/1 — (a+)* =0,
%h(A +Ry) ot =hgyny/1— (at)?,
(A+R,)’ (oﬁ)Q =4¢°n [1 — (oﬁ)Q} . (2.119)

Hence, one finds for the first coefficient o*:

at = 29vn . (2.120)
\/(A + R, +4g%n

Applying (2.117) once more, the second coefficient 5 becomes:
A+ R,

) (2.121)
\/(A +R,)*+4¢%n

Bt =
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2.5 Jaynes-Cummings Hamiltonian

In principle, one could directly use these expressions. Yet, relation (2.117) impli-
cates, that there should also exist a mapping for the coefficients o™ and S onto the
unit circle. This observation justifies the parametrization

sinf, :=a*, cosh, = B". (2.122)

That does not look like a huge improvement, but using some trigonometric addition
theorems, one can show that this approach simplifies the form of the eigenstate
coefficients. Using an addition theorem for the cosine leads to:

(A+R,)* —4¢°n
(A+ R, +4¢%n

cos (26,) = cos® 6, —sin?6,, =

A A
~ A2 AR, +R2-A%  (A+R.)R.’ (2.123)
(A+Rn) (AfRn)
which, in turn, leads to the neat relation:
A
20,) = —. 2.124
cos (20,) . ( )
A corresponding theorem for the sine yields:
4 A+ R,
sin (26,,) = 2sin#6, cosb,, = g\/ﬁ<2+ )
(A+R,)"+4g¢°n
4gvn 4gvn
T A2IOAR,R2ARZ-AZ | 2R (AtRn)’ (2.125)
(AfRn) (AfRn)
and, thus, one finds:
2
sin (26,) = %\/ﬁ. (2.126)

The combination of equation (2.124) and equation (2.126) results in the concise ex-
pression

tan (26,) = %. (2.127)

Performing the same calculations for the second set of probability amplitudes, one
finds the analogue relations:

o = 29vn , (2.128)
\/(A — R,)*+4g¢%n
B = A B (2.129)

\/(A — R,)*+4g¢°n
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Chapter 2 Jaynes-Cummings Model

In order to determine the corresponding expressions in the parametrized picture
introduced in relation (2.122), one needs to take a closer look at the squared ampli-
tudes. After some transformations:

(a-)? = 4¢°n _ 4¢°n (A + R,)?
(A—R,)*+4¢>n  (A—R,)*(A+R,)*+4¢n(A+R,)
(A +R,)? (A+R,)?
— = — -, (2.130)
el +(A+R,)? 4gPn+ (At R
one gets the important relation:
(@)= (8" (2.131)
Following the same argumentation for -, yields:
(52 = (A —R,)? _ (A —R,)*4¢*n
(A—R,)*+4¢>n  4¢®n(A—R,) + (4¢%n)°
B (A —R,)*4¢°n B 4 g°n
- 2 2 _ 2
4g*n (A = R,)" + (R} — A?) 4gzn+%
2 2
4g n + (A—RH)Q g n
which indicates that
(B7)" = ()™ (2.133)

However, there is still an uncertainty left. The calculations of the squared ampli-
tudes (a*)?, (5*%)? harbour the risk to loose some signs. If I consider the case of zero
detuning, I find that 5~ indeed has to fulfil the relation 5~ = —a™. Now, I finally
arrive at the desired form of the Jaynes-Cummings eigenstates, that for n > 0 the
polariton eigenstates are given by

In,+) :==sinb, |n,g) +cosb, |n—1,¢) (2.134a)
In, =) :=cos b, |n,g) —sinb, |n—1,¢e) , (2.134b)

whereas the vacuum state corresponding to n = 0 takes on the form
10,+) =10,9) = |0). (2.135)

According to (2.127) the occurring mixing angle 6, is defined as:

1 2
0, = 3 arctan ( gA\/ﬁ) . (2.136)
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Figure 2.4: Energy structure of the Jaynes-Cummings model with the parameters:
A = 03e,g = 0.2e. a) Energy spectrum of the two-level system. b)
Energy spectrum of the harmonic oscillator corresponding to the intra-
cavity field. ¢) Jaynes-Cummings dressed state ladder. The non-linearity
indicated by the red arrows for the splitting as defined by (2.115).

Besides, using the orthogonality relation defined in (2.103), one can show that the
Jaynes-Cummings eigenstates are orthonormal and obey the relation

(m, a|n, B) = 0pp 00 p- (2.137)

In the following, I refer to this eigenbasis as the dressed-state basis of the JC model.
Figure 2.4 shows the dressed state energy levels of the Jaynes-Cummings model in
comparison to the simple energy levels of the two-level system and the harmonic
oscillator levels, corresponding to the energies of the intra-cavity photon field. The
most striking difference is that the levels for the single atomic system, as well as for
the single photonic system are equally spaced, whereas they are not for the dressed-
state energy ladder of the Jaynes-Cummings system. This fact is the direct result of
the non-linear dependence of the energy eigenvalues on the polariton number op-
erator, found in (2.113).
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Chapter 2 Jaynes-Cummings Model

2.6 Polariton Mapping

Throughout the further calculations, one has to deal with expressions containing
expectation values of products of photonic ladder operators @ and a. Since these
expectation values have to be evaluated with respect to the dressed-state basis, the
question arises, how the photonic ladder operators act on the dressed states. All that
is known so far, is their action on the bare states. However, the analysis in Section
2.5 showed how the dressed states are connected to the bare states, namely

n,+) \ _ n,9) _( o by
(!n,—>)_Rn(|n_1,e>)’ Rn—(a; by ) (2.138)

where I introduced the matrix R,, with entries

o sinf,, a =+
ay, =
cosb,, a = —

W=

n

{ cosb,, a =+ (2.139)

—sin6,, a = —.

Applying a photonic annihilation operator on one of the dressed states, results in a
state vector, which is a superposition of the two dressed states corresponding to the
reduced photon number. Thus, in the end, the action of this ladder operator on the
dressed states is of the form

o na ) ) o n—=1,4) \ [ toss toi- n—1,+)
a( n, —) > _7;( In—1,—) ) - < b oo ) ( n—1,-) ), (2.140)

whit the transition matrix 7,. Using the definition (2.138) and the properties of the
annihilation operator on the bare states, one finds that equation (2.140) leads to the
following expression in the bare state representation:

a( 1Y Zam, (9 ) (2.141)
|n7 _> |TL - L 6>
|n_17g> _ \/ﬁ 0 |n—1,g>
Tn Rons ( In—2e) ) Rn 0 vVn—1 In—2,e) ) (2.142)
Therefore, one obtains the following definition of the transition matrix
IV L
T = Ra ( 0 Ji—1 R, (2.143)
from which one can immediately deduce the respective transition amplitudes as
tpe_ =/maibl | +vVn—1b7b,_ (2.144a)
ther =vVna:al +vn—1bFa, ;. (2.144b)
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2.6 Polariton Mapping

Thus, I find that the action of the photonic annihilation operator on the dressed
basis states is given by

alm, By =Y tmpa Im—1,0"). (2.145)
=+

In order to find a representation for a, one needs to rewrite the right-hand side of
equation (2.145) in such a way, that it yields an operator acting on |m, (). Therefore,
I insert a suitable identity and use the orthonormal properties of the dressed state
basis in (2.137), leading to

alm,B) = (Z D taer [n—1,0) <n,04\> Im, 3) . (2.146)

n=1 a,a’==%

In principle, one could now use this result to calculate each emerging action of a
photonic ladder operator on a dressed state in this matrix approach. However, I
would like to follow an approach suggested in Ref. [49] and introduce an operator
formalism to rewrite the projection operator in (2.146). Since I expand the model
onto a lattice in the next chapter, [ introduce the lattice site index j at this point and
sum over all lattice sites. In order to get this polariton mapping, I start by looking for
some operator representation, in which the local Jaynes-Cummings Hamiltonian
becomes diagonal, i.e. takes on the form:

HY=%" i > Enall,0Pina - (2.147)

j n=0a==%

In this notation the energy eigenvalues £, correspond to (2.113). Naturally, the first
candidates for such operators are simply the projection operators in the dressed
state basis, which are defined as

Pl =In0a),(0,gl;, Pia=10,9); (n,al; (2.148)

Jna

with their respective action on arbitrary dressed states

pT Pjna ’m7ﬁ>1 = 5n,m 504,6 5i,j \n,a)j ’

Jna

pjnozpT ’m7ﬁ>z = 5O,m 6i,j ’079>] .

Jna

(2.149)

Note that, both operators in (2.148) represent projections of an arbitrarily dressed
state with respect to the ground state. This is due to the fact, that the ground state
is the only singlet state in the Jaynes-Cummings ladder, which makes it unique and,
thus, a perfect candidate to define polariton creation with respect to it.

From the orthogonality relation of the dressed states (2.137) follows that these op-
erators fulfil bosonic commutation relations. In fact, one finds for the commutators
the following expressions

[ij, Enﬁ} —0, (2.150)
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Chapter 2 Jaynes-Cummings Model

and
[PT PM] = 01 Oup . (2.151)

jnao

Therefore these operators represent bosonic annihilation and creation operators.
Last but not least, I note that the ground-state projection operators obviously coin-
cide:

P}, = Pjo=10,9); (0, 9], - (2.152)

Since the introduced operators effectively create and annihilate polaritons from the
vacuum, the huge advantage of this mapping is that it allows to express the photonic
ladder operators in terms of these projection operators. Regarding equation (2.146)
once again and using the derived properties of the polariton projection operators,
one finds the following representation of the photonic ladder operators

=3 3 tuw Pl P 2155
n=1 a,a’=%+

ot pt :

&} = D twraa Pl Pina: (2.153b)
n=0 a,a’=%

Now the action of @, on an arbitrary polariton dressed state, according to equation
(2.153a), is to diminish the polariton number by one and perhaps alter the polariton
type. This derived representation of the photonic annihilation and creation opera-
tors will be used throughout the whole thesis to calculate expectation values in the
dressed-state basis.
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Chapter 3

Jaynes-Cummings-Hubbard Model

Having thoroughly investigated the physics of the on-site light-matter interaction
within the previous chapter, I am now going to expand this system on a D-dimen-
sional lattice. This transition is performed by making all operators in the Jaynes-
Cummings Hamiltonian (2.91) site dependent and sum over all lattice sites. To allow
for a photon dynamic on the lattice, an additional Hubbard-like hopping term is in-
cluded. This kind of approximation of dynamics on a lattice has first been proposed
by J. Hubbard [5] for strongly correlated fermionic systems. Later it has been suc-
cessfully applied to strongly interacting hardcore bosonic particle systems as well
[6]. Whereas in these fermionic and hardcore bosonic systems a strong interaction
occurs quite naturally, due to Coulomb or contact interaction respectively, the case
is not quite so simple for photonic systems. In fact, photons hardly interact with
each other and also their interaction with atoms is normally rather weak. As al-
ready outlined in the previous chapter, one can prevent the latter, by choosing a
micro cavity setup, which enhances the light-matter interaction and, thus, leads to
new bosonic quasi particles, the so called polaritons. Fortunately, the non-linearity
exhibited in their energy spectrum, provides a mechanism for strong photonic in-
teraction.

Suppose one has a Jaynes-Cummings system in its ground state, in which a cavity
photon with exact the right frequency is coupled in, in order to achieve a transition
form |0) — |1, —). Now, one climbed up the Jaynes-Cummings ladder, which leads,
due to the non-linearity, to a slightly shifted transition frequency for the next higher
transition. Hence, if a second photon, with the same frequency as the first one,
tries to enter the cavity, it is detuned from the available transitions. In effect, it can
not enter the cavity and gets reflected. This effect is known as the so called photon
blockade effect [52, 60, 151]. Recently, it could be shown experimentally, that this
effect leads, indeed, to the desired strong photonic interaction [55]. I give a short
derivation of the Hubbard-like hopping term for the Jaynes-Cummings model on a
lattice within the following section. Note that, in all following calculations I use the
convention / = 1.
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Chapter 3 Jaynes-Cummings-Hubbard Model

3.1 Coupled Cavity Lattice

Within this section I present the theoretical description of the coupling of optical
cavities in an array. To this end, I follow the ansatz proposed in Refs. [67, 152, 153].
As previously mentioned, I consider the Jaynes-Cummings-Hubbard model to be
experimentally realized by a lattice, which is built of coupled micro cavities. Each
of this cavities contains a two-level atom and, thus, matter is present in the system.
For these reason the Maxwell equations (2.1) have to be modified. The resulting set
of equations, for the case that no sources are present, reads

V.B(r,t) =0, (3.1a)
V-D(r,t) =0, (3.1b)
V x E(r,t) = —8B6E:’t), 3.1¢)
Vo H(r 1)< 2l 3.1d)
ot
where now the fields E (r,¢) and D (r, ¢) are linked via the relation
D (rf) = coe (1) E (r,1) = ep e (r) 221 (3.2)

ot

Hence, this setup leads to an electrical permittivity ¢ (r), which now shares the peri-
odicity of the lattice. Thus, it has the property

e(r)=€e(r+R), (3.3)

where R is a lattice vector. The local permittivity centred at lattice site R is denoted
as egr (r). The appearance of the electrical permittivity in equation (3.2) leads to the
following explicit form of the Maxwell relation (3.1b):

V. [e (r) aA;;’t)] ~0. (3.4)

It is too see that, in order to fulfil the above equation, one needs to modify the
Coulomb gauge (2.11), which in the presence of matter reads

V.[e(r) A(r,t)] =0. (3.5)

Following the usual procedure, one obtains the wave equation for the vector poten-
tial A (r,t), by inserting equation (3.2) and H (r, ) /o = V X A (r, t) into the Maxwell
relation (3.1d), which yields

€(r) 9?A (r,t)
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3.1 Coupled Cavity Lattice

The periodicity of the permittivity as described by (3.3) leads to the fact that a pho-
ton moving in the lattice sees an effective potential with the periodicity of the lattice.
This situation is equivalent to an electron moving through a solid, feeling an atomic
potential with the periodicity of the crystal lattice. Inspired by this analogy, [ apply a
tight-binding ansatz for the vector potential, which satisfies the Bloch theorem and,
hence, has the property

A(r+R,t)=e*RA(r,t). (3.7)

Therefore, I expand A (r, ) in terms of local on-site mode functions. In specific, I
assume that these mode functions are given by Wannier functions wg (r), which are
localized around the centre R of a lattice site. On each lattice site, these Wannier
functions represent the spatial part of the high-Q cavity-mode and, thus, they are
characterized by the cavity resonance frequency w. and the local permittivity eg (r).
Then, follows from the Maxwell equations (3.1) that these local Wannier functions
fulfil the eigenvalue equation

2
er (1) %wR (r) =V x V x wg (r). (3.8)

Additionally, these Wannier functions have to obey locally the normalization condi-
tion

/dr er (r) wy (r) wr (r) = 1. (3.9)

The assumption of localized wave functions leads to an expansion of the vector po-
tential in terms of these Wannier functions. Therefore, in the case of a monochro-
matic field mode with fixed polarization, the vector potential takes on the following
form

A(rt) =) wg(r—R,) Rt (3.10)

Here, I introduced the lattice vectors R,, = Rn, where R is a constant and n a tupel
of integers. It is easy to prove that this ansatz, indeed, satisfies (3.7). Inserting the
approach (3.10) in the wave equation (3.6) yields
2
w . .

> e(r) —wr (r = R,) D) = N "V X V x wg (r = R,,) e® et (3.11)
Using result (3.8), the right-hand side of this expression can further be transformed
into
wQ n Q_)Q ik
Z e(r) 2R (r —R,)e*Rr = Z er (r — R,) C—; wg (r — R,) e™Bn, (3.12)

Now, multiplying both sides of this equation with wy (r) and performing a spatial

integration, one finds

22 >, [drer (r —R,) wh (r) wr (r — R,) e&Bn
© Y, Jdre (r) wp (r) wg (r — R,,) e

W (3.13)
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Splitting the summation over the lattice sites n into a term for » = 0 and a sum over
n # 0 yields
kR,
) , 1+, 20€" By,

BRI S et (3.14)
where, for n # 0, the tight binding parameters are given by

oy = / dr ¢ (v) wh (r) w (r — R,,), (3.15)

8, = / dreg (r — R,)) wiy (r) wr (r — Ry).| (3.16)

v = /dr [e(r) — er (r)] wk (r) wr (r). (3.17)

Here I used (3.9) in order to transform the denominator of equation (3.14).

Now, assuming that the Wannier functions decay sufficiently fast outside the cavity,
one can restrict the integrals (3.15) and (3.16) to next neighbouring sites, so that
the only surviving contributions belong to a.; and 1;. Due to the symmetry of
the lattice, one furthermore finds that these integrals have to be invariant under a
change of sign of ni.e. «; = @_; and ; = _;. Under these assumptions expression

(3.14) becomes
R 1+2p;cos(kR)

= 3.18
wcl—|—7—|—20¢1(:os(kR)7 (5.18)
which can be rewritten to the form
9 o[ —v+2rcos(kR)

= 1. 3.19
“ °[1+”y—|—2alcos(kR)+ (5-19)

In the last equation I introduced the coupling strength x = 5, — «; as
= / dr [em (v — R) — € (r)] wh () wg (r — R). (3.20)

Using the fact that v and «; are small quantities, i.e. ¥ = 0, a; = 0, one finds for the
field frequency the approximated expression

w =~ wey/2r cos (kR) + 1. (3.21)
Expanding the square root for small arguments yields the approximation
w=w:[l+ rcos(kR)]. 3.22)

Finally, in the large wave-length limit, i.e. kR =~ 0, the cosine can be Taylor ex-
panded as well, leading to
W R We + We K. (3.23)
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3.2 Jaynes-Cummings-Hubbard Hamiltonian

This result can be interpreted in the way, that the first term on the left-hand side de-
scribes the on-site contribution, whereas the second term estimates the correction
arising from next neighbour hopping processes. Thus, combining equation (3.23)
with expression (2.56) leads to

lﬁIf]iSII:Ii = Z (wdij + wkij) dldj, (3.24)
ij
where I introduced the summation over all lattice sites i, j and shifted the energies

to compensate the ground-state energy of the photon field. Hence if only nearest
neighbour couplings are taken into account, one finds the expression

HH =Y wala; + 1Y walay, (3.25)

with the coupling constant as defined in (3.20). Numerical calculations of this over-
lap integral for different models have been performed for example in Ref. [154].

3.2 Jaynes-Cummings-Hubbard Hamiltonian

Having justified the theoretical Hubbard approach in the previous section, I now
state another assumption for my calculations. Since I am going to perform the fur-
ther calculations for finite temperatures, I work in the grand-canonical ensemble.
Therefore, I include a chemical potential term (—y N) in the Hamiltonian as well.
The chemical potential i plays the usual role of a Lagrange multiplier, that fixes the
mean polariton number on the lattice. The complete Hamiltonian for this lattice
model, to which I refer in the following as the Jaynes-Cummings-Hubbard (JCH)
model, then takes on the general form

H'M = "H)® + Hyop — uN, (3.26)
J

where the sum runs over all lattice sites and the local Jaynes-Cummings Hamilto-
nian now reads
1) = wiy + A6f 67 +g (a6, +a;67). (3.27)

As shown in the previous section, the hopping term in its standard form, in which it
is widely used throughout most Hubbard and Bose-Hubbard models, is given by

Hyop = —ky _ala;=—rk> Y ala;. (3.28)
(0. i jen()

This hopping term corresponds to the physical situation, that a photon might tun-
nel from one cavity to a neighbouring one. The probability for such a process is, ac-
cording to the results obtained in the previous section, proportional to the photon
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Chapter 3 Jaynes-Cummings-Hubbard Model

wave-function overlap between two neighbouring cavities. Within this approach,
the hopping probability is measured by the parameter . Though it is not explicitly
forbidden, it is mostly experimentally justified to restrict oneself to next-neighbour
hopping processes only. Therefore, the sum extends only over next neighbouring
sites, which is indicated by the expression (i, j). As shown in equation (3.28), this
sum can be decomposed into two sums, where the second summation runs over all
next neighbours . Since the total polariton number operator is given by

N=3"0 =3 (aha +f 67 ). (3.29)

it is to see from (3.26) together with (2.99) that, the JCH Hamiltonian decomposes
into a diagonal on-site contribution and a non-diagonal hopping term contribution.
The diagonal term is easy to solve and essentially leads to the same energy eigenval-
ues as already found for the Jaynes-Cummings model in (2.113). Nevertheless, the
presence of the intra-cavity field mode lowers the chemical potential and, hence,
leads to a new effective potential p.s = ¢ — w. Thus, one finds for each lattice site

1
Bl = (8 VAR IGn) <, B =0 (3:30)

for the on-site potential energy. Unfortunately, the effect of the kinetic energy con-
tribution arising from the hopping term can not be read off right away. However, in
the following sections I consider some special limits in order to gain more physical
insight in the dynamics of the model described by (3.26).

3.3 Atomic Limit

The first limit I investigate within this section, is the so called weak-hopping limit,
were k < ¢g. Within this regime, the hopping may be treated perturbatively. Ex-
panding (3.26) for small x and taking only the lowest order, i.e. O(x"), into account,
completely decouples the Hamiltonian in the site index and, thus, reduces it to the

form
HICH =% (H;C - mj) . (3.31)

J

The corresponding local eigenvalues of this Hamiltonian are given by Eq. (3.30).
Obviously, this corresponds to the physical situation, where no hopping between
neighbouring cavities is allowed. In this case, all excitations remain at their respec-
tive lattice sites. For this reason, the ground-state wave function of the whole lattice
is simply given as a direct product of the local on-site ground-state wave functions:

’qjlattice> = ‘\Ijloc>j:1 & ’\Illoc>j:2 ® |\Ijloc>j:3 Q... (332)
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3.3 Atomic Limit

As derived in Section 2.5, the polariton eigenstates naturally separate into an upper
and a lower branch, where the lower-branch states are always lower in energy then
the upper-branch states. Thus, the local ground-state wave function for a given sys-
tem configuration corresponds either to one of the lower-branch states or the vac-
uum state itself. To specify the ground state of the system more precisely, I take a
look at some special limits of expression (3.30).

Let us first consider the case where (w — 1) > ¢, |A|. In this situation, the ground
state is obviously given by the vacuum state with n = 0. However, decreasing the
difference (w — i), one eventually reaches a point where adding an excitation to
the system becomes energetically favourable. This point is exactly reached when
Eéoj = Eﬁ) A successive repetition of this argument leads to a whole set of such
degeneracy points, which are characterized by the condition

B =BG (3.33)
Using expression (3.30) yields the explicit relations
=) L ip A) = Rua(A)], 1 (3.34)
g 2 g n n Y )
=) _ LA gAY, n=o. (3.35)
g 29

where the generalized Rabi frequency R, (A) is given by equation (2.114). The re-
sulting parameter curves for the critical effective chemical potential are shown in
Figure 3.1 for the first six polariton states (for comparison see Ref. [48]). One can
see from this picture that, in the considered limit the system is characterized by lo-
cal states with a fixed number of polaritons. When the polariton number equals an
integer multiple of the number of cavities, the local polariton number is the same for
each lattice site and it remains fixed for a specific set of parameters {A /g, (1 — w)/g}.
However, if the parameter set crosses one of the critical curves depicted in Figure
3.1, the local polariton number will increase or decrease by one. An analogue be-
haviour is known from the Bose-Hubbard model, where it leads to the emergence of
so called Mott-lobes, which border on a superfluid phase. I therefore conclude that
this critical curves mark the onset of superfluidity for very small hopping and repre-
sent the boundary between adjacent Mott lobes for zero hopping. Besides, I notice
that the regions of stability become significantly smaller with increasing polariton
number. It is easy to see that the states |0) and |1, —) are the most stable ones. The
size of this stability regions is linked to the width of the Mott lobes in the phase dia-
gram, which is why I expect the lobes for » = 0 and n = 1 to be the biggest, followed
by a progression of rapidly shrinking lobes for higher orders of n. Furthermore, it
is to see that all critical curves are symmetric with respect to the detuning, except
for the critical curve between |0) and |1, —). The reason for this behaviour lies in the
fact, that the ground-state energy is independent of the detuning parameter A.
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Figure 3.1: Degeneracy points in the atomic limit. Plot of the first six critical po-
tentials. The two lowest stable regions correspond to |1, —) on the left
and |0) on the right. The curve separating these two regions results from
equation (3.35). Higher stable regions corresponding to |2, —),[3,—),...,
are depicted in the central region with their respective critical curves ac-
cording to equation (3.34).

3.4 Hopping Limit

In this section I consider the limit of the JCH model, which corresponds to the situ-
ation that the photon hopping overwhelms the coupling between cavity mode and
two level atom, i.e. x > ¢. Using this assumption one can neglect all terms propor-
tional to g in equation (3.26). This yields the simplified Hamilton operator

A = @- )Y (ala+of o7 ) + A3 67 67 — kY ala;.  (3.36)
z‘ )

7

Following the procedure from the previous section, I determine the ground state
also for this limit and, thus, I am only interested in the energetically lowest state.
Keeping this in mind, I note that the energies, associated with the Hamiltonian
(3.36), can be minimized by assuming that no atomic excitations are present within
the system. Therefore, I additionally drop all atomic contributions in (3.36), This
results in the following hopping-limit ground-state Hamiltonian

IS = (w— ) alai— Yy ala;. (3.37)
i (o
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3.4 Hopping Limit

Fortunately, this operator can be diagonalized by going into momentum space. For
this reason, I perform the following Fourier transformation of the annihilation and
creation operators:

a; =

\/_ Z Gy i, (3.38)

where N, corresponds to the total number of cavities in the lattice. The sum runs

over all wave vectors in the first Brillouine zone. Inserting this expression into equa-
tion (3.37), one finds

]:1}11(3[;1 Z Z &T Ager P i(k—Kk')r; _ ’%Z Z d;[( e 6 i(kr;—k’ rj) (3.39)

kk’ (3,5) kk’

The calculation of the sum over all lattice sites i in the first term of the above relation,
simply yields a delta function for k and k’. In order too simplify the second term, I
introduce the decomposition r; = r; + G, where G is a lattice vector, connecting
the lattice site ¢ with its next neighbour site j. Given that, throughout this thesis, I
assume a 3D simple cubic lattice, the lattice vectors G explicitly take on the form

+a 0 0
G ¢ 0 | Fa |, 0 , (3.40)
0 0 +a

where « is the lattice constant. Inserting this ansatz into (3.39) leads to
Mg = (=) 2 dlnc HZZ DI (3.41)
k k’

Now, I can calculate the sum over all lattice sites in the second term as well, which
introduces another delta function for k and k’. Hence I get

H}]lng—(w 1 Zakak—/ﬁZZa e kG (3.42)

Calculating the sum over G, by using definition (3.40), yields

3
H}ing = Z (w—p)—2 KJZ cos (k; a) ELL ax - (3.43)

k =1

Here, the index i labels the three components of the wave vector k. From this Hamil-
ton operator, one can immediately read off its energy eigenvalues, which are given
by the expression

e(k) = (w—p)—Jk), (3.44)

where I defined ;
k) =2k Z cos (k;a) . (3.45)
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Figure 3.2: Energy bands in the hopping limit. Contour plot of the dispersion re-
lation (3.44) for k = ke,. I plotted £(k)/x versus the wave vector in the
first Brillouin zone. The white inset boxes label the value of (w — 1)/ on
their respective red dashed contours.

Figure 3.2 shows a contour plot of the energy bands resulting from equation (3.44).
For this plot I assumed the wave vector to have only a non-vanishing component in
z-direction, i.e. k = ke,.

As a general statement for this consideration, it is to see that the Hamiltonian of
the hopping limit (3.43) is local in momentum space. Due to the relation between
momentum space and real space, this behaviour is usually accompanied by the fact
that the photons are completely delocalised over the lattice in real space. This situ-
ation corresponds to the superfluid phase of the system, which is also known from
the Bose-Hubbard model.

To sum up, I found within these last two sections that, for the limits of coupling
domination and hopping domination, the JCH system shows a completely different
behaviour. On the one hand, I observed a pinning of the system excitations to their
respective lattice sites in the case of vanishing hopping strength. This situation is
especially interesting when the total number of excitations in the system equals an
integer multiple of the total number of cavities, because then the excitations spread
equally over the lattice and one finds exactly the same number of excitations at each
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3.5 Mean-Field Theory

lattice site. This phase has already been observed in other bosonic many-particle
quantum systems and is widely known as Mott-insulator phase. On the other hand,
I found that, for the case that the photon hopping dominates the coupling to the
two level atom, the JCH ground state consists of photons, which are completely
delocalised over the whole lattice. This phase is also known from other bosonic
many-particle quantum systems as the superfluid phase. From this observation,
one can already deduce that the JCH system undergoes a phase transition from a
Mott-insulator to a superfluid, when continuously changing the ratio of hopping
strength to coupling strength. Since all considerations so far are completely inde-
pendent of the temperature, this implies that the occurring phase transition is not
driven by thermal fluctuations, but is purely a result of the quantum properties of
the system. Therefore, this kind of transition is known as a quantum phase transi-
tion [8]. However, up till now I did not develop a theory capable of describing this
phase transition properly. In order to derive such a theory from the Hamiltonian
(3.26), the easiest and most straightforward way is to calculate a so called mean-
field theory. This will be the aim of the next two sections.

3.5 Mean-Field Theory

To put it simple, the basic idea behind a mean-field theory is to artificially introduce
a so called order parameter, which equals to zero in the Mott-insulator phase and
takes on values different from zero, when the system is in the superfluid phase. This
order parameter provides a measure to investigate the second-order phase transi-
tion as suggested by Landau. The introduction of this order parameter has to be
done in a consistent way. Luckily, there exists a well known procedure to derive a
mean-field theory for Hamiltonians like the JCH Hamiltonian, where the only off-
diagonal contribution is given by the Hubbard hopping term. In order to analyt-
ically solve a given Hamiltonian, one has to diagonalize it, with respect to some
basis-vector set. To do this for the Hamiltonian of interest, I need to transform the
Hubbard-like hopping term to a diagonal form. This can be achieved by decom-
posing the photonic ladder operators into their respective expectation values plus
fluctuations around this mean value. Thus, I decompose the photonic ladder oper-
ators as follows

@ = (@) +6a;,  af = (a}) +0a]. (3.46)

Using these decompositions and neglecting all terms proportional to higher than
first order in the fluctuations, I find the mean-field approximation

ala; ~ (al) a; + al (a;) — (al) (a;) . (3.47)

i 7

Due to the translational symmetry of the system, the expectation values of the lad-
der operators have to be site independent. Furthermore, these mean values are the
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Chapter 3 Jaynes-Cummings-Hubbard Model

perfect candidate for the order parameter, since they basically measure on-site fluc-
tuations of the photon number and, hence, are zero in the Mott phase and non zero
in the superfluid phase. Therefore, I define the following correspondence

(a:) = (a;) =V, (af) = (a]) = 0" (3.48)

? J

where U is the complex mean-field order parameter. Inserting the above approxi-
mation into the Hubbard hopping term yields

T = iy (wa; +afw - v?), (3.49)
(i)

which can be further simplified by shifting the summation index. Furthermore, due
to the U(1) symmetry of the mean-field Hamiltonian, I can choose the order param-
eter ¥ to be a real quantity following an analogue argumentation as in Section 2.4
for the atom-photon coupling g. This leads to

AMF = s qu (a] +al - @) , (3.50)

where z is the coordination number of the lattice. Now, following Ref. [155] this
mean-field Hamiltonian can consistently be included in the JCH Hamiltonian (3.26)
via a variational approach. To do this, one introduces the small parameter n and
considers the ansatz

() = Ho + Y+ (Hip — FY7) (3.51)
Here, the Hamiltonian of the unperturbed JCH system is given as

=% (ﬁjc _ ,m]) , (3.52)

J

where H /¢ is defined in (3.27). The corresponding eigenvalues of the local Hamil-
tonian (3.52) are given by equation (3.30). The respective eigenstates are given by
the dressed polariton states of the lattice |i, n, o), which are given by the site depen-
dent form of equation (2.134). These state vectors obey the modified orthogonality
relation

(n,a,ilm, B, 5) = i Onm Oap (3.53)

Note that, in the limit , = 1 this approach yields the JCH Hamiltonian from equation
(3.26). Furthermore, the order parameter V is treated as a variational parameter, like
in a variational perturbation theory [7, 156]. Since, the mean-field approximation of
the hopping Hamiltonian AM¥ is supposed to be close to the full expression H,y,
one can Taylor expand expression (3.51) to leading order, which results in

HM(n) = Hy + 0 = AMT. (3.54)
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3.6 Schrodinger Perturbation Theory

In principle, this approach allows to calculate higher order corrections, but this ac-
curacy shall be sufficient for now.

Inserting the Hamiltonian of the unperturbed JCH system (3.52) and the mean-
field hopping Hamiltonian (3.50) into expression (3.54), leads to the JCH mean-field
Hamiltonian:

=3 [(w—u)ﬁj N (a} 5+ Aj) k2 (\paj +alw - qﬂﬂ .

’ (3.55)
Unfortunately, one can not straightforwardly calculate the eigenvalues and eigen-
states of the JCH mean field Hamiltonian (3.55). However, one can immediately
incorporate the term proportional to ¥? into the on site JC eigenvalues, which leads
to the shifted energies

1
EY) =(w-—pwn+ 5 (AR +r202 Ry(A) = VA2 +dg%n. (3.56)

For further calculations, one has to take into account that the mean-field theory
I derived is just capable of dealing with a small order parameter and, therefore, I
expect it to give reasonable results just in the Mott phase and within a small envi-
ronment of the phase border. This fact allows us, to treat all terms proportional to
VU perturbatively. For this reason I perform a Schrodinger perturbation theory of the
mean-field Hamiltonian (3.55) within the following section.

3.6 Schrodinger Perturbation Theory

Very often, it is not possible to solve the eigenvalue problem for a given Hamiltonian
exactly, even when its explicit form is known. However, if one can split this Hamil-
tonian into an exactly solvable contribution and a small correction, one might treat
this correction to the known problem perturbatively. A standard procedure for such
a perturbation calculation is the Schrodinger perturbation theory. In order to apply
this procedure, I decompose the mean-field Hamiltonian (3.55) as follows

FIME 70) (@)
=3 (" + 1) (3.57)
j
Here, the second term on the right hand site describes the small correction to the
known problem and is in my case explicitly given by

AY = —k 20 (a+a) (3.58)

where I dropped the site index j, as I will do for the rest of these calculations.

The first term on the right-hand side of equation (3.57) corresponds to the Hamilto-
nian of the exactly solvable problem. Dropping the site index j, this operator takes
on the form

A

HO = (w—p)a+A6T6" +g(al6™ +ac") +r2 T2 (3.59)
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and its energy eigenvalues are given by

1
B =w-mn+3 (Ai\/AQ—i—élg?n) bR2U2, n>1 (3.60a)
EY = k202, n=0. (3.60b)

Having found a suitable decomposition of the Hamiltonian of interest, I can now
calculate the eigenstate and eigenvalue corrections to the ground state of the known
problem up to arbitrary orders in V. As already discussed within Section 3.3, the
ground state of the JCH system is either the vacuum state or one of the lower po-
lariton states. For this reason, I only consider corrections to the lower polariton
energies I, and their respective eigenstates. In the Schrodinger perturbation the-
ory, the p-th order correction to the energy eigenvalues can be calculated with the

following equation
B9 — (4] 70

whereas the p-th order state corrections can be calculated according to

(- 1’> , (3.61)

O (] o[ we) iE@ (4] w2 -
n— © _ 0 () () ma) - (3
{m,a}#{n,—} En— — Ena j=1 En— — Ena

From the two equations above, one can see that the difficulty of calculating the per-
turbation corrections lies solely in the determination of expectation values of the
perturbation Hamiltonian A, For this purpose, I define the first-order perturba-
tion matrix S as follows:

gn . (S SN m AW 04 (m A A, ) (3.63)
e ng S:‘Ln—i N <m7_’H(1)‘n7 +> <m7_‘H(1)’n7 _> ' -
Using the results derived in Section 2.6, I can immediately calculate the perturba-
tion matrix elements to give

S;’f = —k2zVU [tnag 5m,n_1 + t(n+1)as (5m7n+1] , (3.64)

where the transition amplitudes are defined according to relation (2.144). Know-
ing the perturbation matrix, one can now go ahead and calculate the energy and
state corrections. Due to the U(1) symmetry of the Hamiltonian, I expect all odd
perturbation corrections in the energies to vanish. Indeed, using the orthogonality
relation for the polariton states (2.137), it is easy to see that the first-order eigenstate
correction is zero:

B = (uil | B

) = —r2w (il

(a+a) ey =0, (369
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3.6 Schrodinger Perturbation Theory

For the first-order state correction, I find, according to (3.62) and using the above
results, the following compact formula:

¢,(ll_)> =—Kz \IJZ
a==

Here, the first term in (3.66) only contributes to the state correction for the case that
n > 0. Thus, I find for the vacuum state correction

)wé”> I {COSQOCOSQI y

) (0)
(n—1)a n— " E(n+1)a

(0) tn—a ) tnt1)—a
‘¢(n—1)a> E(o) _ + ‘w(n+1)a> E(O ] . (366)

(0)> cos b sin 6,
1- 0 0
EON=0

B - 5P

¢§‘2>} . (3.67)

With the first-order eigenstate correction, I can now calculate the second-order en-
ergy correction, following equation (3.61), which leads to

2 2
S S
(n—1)a (n+1)a
£ =% (3.68)
n- (0) (0) (0) (0)
a==+ En— - E(n—l)a En— - E(n—i—l)a

Making use of the perturbation matrix elements S™ in (3.64) again, yields the gen-
eral result for n > 0:

2 e
EP = (k2)? 123 na 4 (el . (3.69)
n— © _ 0 © _ 0
a=%+ En— - E(n—l)a En— - E(n+1)a

I recognize that for n = 0 the first term in (3.68) vanishes. In result I find that, the
second-order vacuum energy correction takes on the explicit form

|cos 0y | Isin 0, |

0 0 0 0
50— 50 50— B

E® = (k2)* U2 (3.70)

The respective denominators can be determined by using the equations (3.60a) and
(3.60b), which leads to the following expressions

EY —EY. =—(w—p) - % (Ry — Rps1) (3.71)
EY — B, =—(w—p) - % (Rn + Ruy1), (3.72)
EY — By =(w—p) - % (Ry — Ro_1) (3.73)
EY —E) = (w—p) - % (Rp + Ru_1). (3.74)
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At this point, I used the generalized Rabi frequency, as defined in (2.114). Proceed-
ing with the calculations according to (3.61) and (3.62), I notice that, for the second-
order state correction, the second sum in (3.62) vanishes:

0)
3 ‘(O)M: > [l M:O. (3.75)

{m.a}#{n,~} Ef {ma}#{n,—} EY — B
Therefore, this calculation is simplified to
(o] A0 |2
W= Y s (3.76)

{mva}i{nv_}

Using result (3.66), leads to the equation

1
¢7(12—)> = Z Z Wma (0_) _

{m.a}#{n,—}y==

Smcx S n—1)y Sma S (n+1)y

n- (nt1)y7n— ] (3.77)

© _ 10
En- = By

E“? = E(O)

©0)
Fima (n=1)y

Finally, performing the sum over m, yields the following expression for the second-
order eigenstate correction:

(n=2)a g(n—1)y
w(2)> WO) > St S
= (50— £, (B9~ B0,
S((n+2))a S(nJrl)’)’
(0) ntl)y "hT
M) +2) >
(n+2)a (0) (0) (0) (0)
(En— - E(n+2)a> (E”— o E(n+1) )
oy (n—1)y na (n+1)y
ot (1= Ono) 1oy | Sy Sl 11y on- (3.78)

(0) (0) (0) (0) (0)
<En— — Ena) <En— - E(n_1)7> (En— - E(n+1)’y)

Again, due to the U(1) symmetry, I already know that, the third-order energy correc-
tion has to vanish, i.e.

B — (42| 0

It is easy to proof that this is indeed the case. Thus, I immediately continue to derive
an expression for the third-order eigenstate correction. Following the same proce-
dure as before yields, according to (3.62), the general expression

wff_)> —0. (3.79)

<w£2a j28)

7707(13—)> = ZZ ‘1/)7(7?21> ET(IO)

a=Em#n

') —E2Y D [vi) < ’(1> (3.80)

O _ O

(0)
Ema a=+ m#n
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Using equation (3.66) and the orthogonality relation (2.137), I get

< © 1D S(” 1)y S(”‘H)’Y
w W —> = 5m n—1 5(17 1= + 5m n+1 6& 1= . (381)
mal¥n E : (0) (0) ’ 7 1(0) (0)

== En= = By, En= = Bty

Using this relation, one can derive the following formula

<¢ W(l > 1?7(3)_> A 57(;1—1)— St g+
22l o ~ 2\ g B g, T E - Egggl)]
* ’w$)+> ﬁ Omn=1 (o>S7(ﬁ 1:; + Omnt1 (o>5$+1:; )
E® _ O, EY —ED EY—ED
g

) Sy ) -
_Z ‘d) > B0 _ pO 2+‘¢(”“)a> 5O _ g0 V| (362
n— (n—1a n— (n+1)a

Hence, inserting this result in (3.80) yields

(2
vl HO |02
3) < "
w”—> :Z Z s 0) 0
a=% | m#n E( Eﬁ’“))‘
(n—1Da | ,(0) (n+1)a | ,(0)
(2) Sn— w(n—l)a> Sn— w(n+1)a>
e 20 0 N (g0 _po N[ (389
n— (n—Da n— (n+)a

Since I already calculated the second-order state correction, I can use expression

<w(0) (0) : >
—2)Y
_ g0 0) _ 70(0) )( 0) _ 70(0) )
EWh (E ED ) (BY ~EQ,
(n+2)y o(n+1)v | ,(0)
S(nJrl S ¢( 2)y
(0) (0) 0 (0)
(B2~ EQL,) (B2 - E(L),)
77/}(2 a> S(n'f‘l)a (2) a>
! Voia) | (3.84)

(2
- E"z_; 0 _ g0 ) 20\
o= Tl* —Da (n+1)a

(3.78) and find

(n—2)vy a(n—1)v
St

(n—

W)= 3 3 e

a,v,y=tm#n

nf

+

(n Do
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Furthermore, inserting the second-order energy correction (3.68), one arrives at the
final result for the third-order state correction

(n—1)v (n72)'y (n—3)a
SV gl glie

(3>>: ‘ (0) > n
Y- 2 | [Pt <E(0)_ £ )>(E(°) E(O) )(E(O) E© )

a,vy==% n— (n—1 (n—2)~y (n—3)a
(n+1)v o(n+2)y o(n+3)a
i ’¢§0) | > S S(n+1)us(n+2)v
ntd)a (0) (0) (0) (0) (0) (0)
(Enf B E(n+1)u> (Enf o E(n+2) ) (Enf o E(n+3)a>

(n—l)a (n 2)y o(n—1)v

(n—1a (0) (0) (0) (0) (0) (0)
(E - EY..) <En, _ E(nil)) (B2 - EL,,)

1 n—

0 0 2 0 (0) ) ( (0) (0) )
(Efl—) - E((n)_na) (Enf — By, En= = By,

. e
n+1)a (0) (0) (0) (0) (0) 0)
() (50 ) (7
2
(n+l)a | gn— (n+ e | an—
! O " Sy Sn— " |Stns1yy
T 0 0 VA0 20 ) (20 20 . (3.85)
(En— - E(n-{-l)@) (En— - E(n—l)’y) (En_ — E(n+1)'y>

Having found this result, I am now able to finally calculate the fourth-order energy
correction. Making use of equation (3.64) once more leads to

tno—

(B2 - £, (BY - ED)

EY =%

a,v,y==+

(n
{ n+a nl/+ tn v t'fH-Oé t(n—i—l)u-‘,— t(n—i—l) v }

(n 1 V) ( ((2)+1)y>

n { na—tn Dya tn—1)vy tn—v
(E(o) 5D EY 1)y) (Efg - E((Z)iz)»
t _
T 720 na_(o 0 m_«n + (o>(i+1)30>
(B - B (EY-ED ) (B2 -EL.))
+ tn+1)a— 75(n—i-1)—i-a bt th—v i 75(71—%-1)—i-a tn+1)v+ 75(n-|-1)—l/
(60— 20, 0e) (B0~ 50) \ (50— 50,) (50 )
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3.7 Phase Boundary at Zero Temperature

i 1 { t(n-l—l)oe— t(n-i—?)'ya t(n+2)u'y t(n-‘rl)—u
(0) (0) (0) (0) (0) (0)
(En— - E(n-l—l)oe) (ETL— - E(n+1)y) (ETL— - E(n+2)7>
t2 : ; ) }]
(n+1)a— ny— (n+1)y— 4 1.4
_ + (k2)" W*, (3.86)
(0) (0) (0) (0) (0) (0)
(B2 = B a) ((En —B0 ) (B B,
forn > 0.

In the case that n = 0, I conclude that the vacuum correction takes on the form

E(4) _ Z ('% Z)4 |\Ij|4 lia— t2’ya t?ufy t1—v
0 =
(0 20 | (0 - 59 (50 £D)
Bt
- (3.87)
(£ - B (2 - BY)

Now, having found the energy corrections up to fourth order in the order parameter in the
framework of the Schrodinger perturbation theory, I can now extract the phase boundary
within the next section.

3.7 Phase Boundary at Zero Temperature

Up till now, I developed a mean-field theory and introduced an order parameter ¥ in order
to analyse the dynamics of the JCH model. This approach leads to an expression for the
energy of the system, which now depends on this order parameter:

Ena = Ep (). (3.88)

Since the order parameter is small in the vicinity of the phase boundary, I successfully ap-
plied the Schrédinger perturbation theory, which eventually leads to the Landau expansion
of the ground-state energy:

En (U) = Ag+ Ay W2 + A 04 . (3.89)

Now, to extract the phase diagram for the JCH system, it is useful to visualize the behaviour
of the ground-state energy in dependence of the order parameter.

The ground-state energy corresponds to the global minimum of the energy perturbation
series (3.89). In order to find this extrema, one needs to calculate the first derivative with
respect to the order parameter and set it equal to zero. This leads to the equation

0F,—
ov

— W (24, +44,0%) 20, (3.90)

[ A
U = _27144. (3.91)
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E E
a) b) \ C)

Figure 3.3: Energy landscape for a second-order phase transition.I plotted the
energy versus the order parameter for 3 different scenarios, following
the second-order phase transition. All pictures are projections of a 3D
paraboloid on the plane. a) Symmetry is unbroken. One single global
minimum corresponding to the Mott insulator ground state. b) Critical
point of the quantum phase transition. c) Symmetry is broken. There ex-
ists an infinite number of global minima corresponding to the superfluid
ground states.

To ensure that this solution describes a minimum, the second derivative with respect to ¥
has to be positive. Thus, one demands

0*E,,_

!
Spr = 24 +124,9% > 0. (3.92)

Combining the two conditions (3.90) and (3.92), yields two possibilities for the ground-state
energy minimum. Demanding that A, is always positive, these two possibilities are given by

Ay

if . .
2A41A2<0 (3.93)

U =0if Ay >0, and ¥ = 4/—

A picture of this typical situation for a second-order phase transition is given in Figure 3.3.
The first picture a) corresponds to the situation that, the second-order expansion coefficient
As is positive. In this case, there exists one distinct minimum for the energy of the system
at ¥ = 0, which corresponds to the ground state of the Mott insulator. Picture c) shows the
situation, when the second-order expansion coefficient is negative. Here, there exists an in-
finite set of global minima for the energy at finite values of ¥, corresponding to the ground
states in the superfluid phase. The critical point, when the ground-state symmetry is broken
and the transition from the Mott insulator to the superfluid occurs, is depicted in diagram
b). At this point, the second-order expansion coefficient exactly vanishes. A necessary con-
dition for the statements made above, is that the fourth-order expansion coefficient A4, is
always positive.

As a consequence, one has to ascertain, that the fourth-order energy correction is always
positive. In this case, the boundary of the quantum phase transition can be found, by deter-
mining the external parameters of the system from the condition

Ay = 0. (3.94)
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0.0

Figure 3.4: Logarithmic plot of the 4th order Landau coefficient versus the detun-
ing and the chemical potential for the first six polariton states.

From the results obtained in the previous section, I explicitly find that the Landau coeffi-
cients are given by

t2 t%n-i—l)oz—
Ay=kz+ (K z)2 Z n—a + (3.95)
(0) (0) (0) (0) ’
a=% En— o E(n—l)a ETL— B E(n+1)a
and @
E
Ag=25 (3.96)

Now, the first step is to check whether A, fulfils the necessary condition to be positive in
all situations. Therefore, I plot the corresponding expression versus the detuning and the
effective chemical potential. The resulting diagram is depicted in Figure 3.4. From this pic-
ture, one can clearly see that the fourth-order Landau coefficient is always positive, just as
expected for a second-order phase transition. Hence, I can go ahead and extract the phase
boundary from Az according to condition (3.94). Inserting expression (3.95) leads to

-1

t2 t%n-i—l)a— (3.97)
Kz=— E Ll + ) .
(0) (0) (0) (0)
a=+ E’fl— - E(n—l)a En— - E(n—l—l)a

To gain a more insight into the derived expressions, I consider the case of resonance, i.e.
A = 0. First, I notice that within this limit the mixing angle 6,, becomes a constant:

1 9
lim 6, = lim [5 arctan < g\/ﬁ)] S (3.98)

A—0 A—0 A 4
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Figure 3.5: JCH and BH mean-field phase boundary for 7' = 0K. The left figure
shows a logarithmic plot of the hopping strength versus the effective
chemical potential, which corresponds to the phase border of the JCH
model at A = 0 and 7" = 0K. For comparison, the right figure shows
the mean-field phase diagram for the BH model at 7" = 0 K. In both sys-
tems, the shaded regions below the phase boundary correspond to the
Mott insulator and the white region above the lobes corresponds to the
superfluid phase.

Using this result in expression (3.95), yields the following equation for the phase boundary
at resonance

2 2 -1
26 12 (\/n—i- + ay/n) N (Vn+ayn—1) )] >0 (3.99)

¢ AT (VR —ava D) A (VR ava 1
-1
ZK 1 1
vz - , n=0. (3.99b)
g {2aglw+a}

The respective phase diagram is shown in Figure 3.5. For the purpose of comparison, I also
plotted the phase diagram for the hardcore Bose-Hubbard (BH) model [6]. The underlying
Hamiltonian of this system is given by equation (1.1), where U characterizes the particle
interaction and « is the hopping strength. For more details on this system I refer to the
standard literature. Additionally, I want to recommend the diploma theses of A. Hoffmann
[157], M. Ohliger [158], and T. Grass [159]. In the Bose-Hubbard model, the phase boundary
is defined via the equation

ZK n+1 n -1
— = . 3.100
U n—%+(n—1)+% ( )

At first sight, both diagrams in Figure 3.5 look quite different. However, one can see by di-
rect comparison, that the two plots share some common features. Obviously, both phase
diagrams consist of lobes, which describe the Mott insulator, and a superfluid phase, that
corresponds to the region above the Mott lobes. Furthermore, in both systems the size of
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Figure 3.6: JCH phase boundary for non-zero detuning. Plot of the logarithm of the
hopping strength ~ versus the magnitude of the detuning parameter |A|
and the effective chemical potential (1 — w) according to equation (3.97).

the Mott lobes decreases with increasing particle number n, but, as indicated by the loga-
rithmic scale, this descend is much stronger in the JCH model. Additionally, another quite
striking difference is the fact that, the base widths of the Mott lobes remain constant in the
Bose-Hubbard model whereas they rapidly decrease in the JCH model. Worst affected by
this feature is the first lobe for n = 0 in the JCH model.

This behaviour can partly be understood by recalling that in the JCH model the effective
on-site interaction strength increases non-linear with the polariton number, whereas in the
BH case U is a constant. Note that, the obtained result is in agreement with calculation by
other groups, for example see Ref. [160].

For completeness, I also plotted the dependency of the JCH phase boundary from the de-
tuning parameter A in Figure 3.6. From this plot, one can see the following important prop-
erties. First, the phase diagram is obviously symmetric in the detuning parameter, which
is why I plotted only |A|/g. However, the main result, which can be seen in Figure 3.6, is
that the width of the Mott lobes, except for n = 0, shrinks when the detuning parameter in-
creases. Though this is hard to see from the plot, in fact the same thing happens to the height
of the lobes. Furthermore, these effects are obviously strongest for the Mott lobe withn =1,
whereas the higher lobes seem almost unaffected. In contrast, one can see that the opposite
is true for the first Mott lobe with n = 0. This lobe actually increases in size, when the de-
tuning is raised. The shrinking of the Mott lobes is a quite expected behaviour, since getting
farther away from resonance, excitations become more and more unstable. This leaves the
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Chapter 3 Jaynes-Cummings-Hubbard Model

Mott state with n = 0 as the only stable one and causes Mott lobes with n > 0 to shrink in
size, whereas the lobe for n = 0 extends. The dependence of the phase boundary on the
detuning parameter, as depicted in Figure 3.6, is in agreement with investigations by other
groups [48, 160].

After this basic insight into the properties and dynamics of the JCH model, I continue and
develop a thermodynamic theory for this model within the following chapter.
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Chapter 4

Thermodynamic Properties

So far I analysed the JCH model by means of a mean-field theory in the zero-temperature
limit. Now, the aim of the present chapter is to derive a theoretical description capable to
exceed this limitation. In order to build up a theory for the JCH model at finite temper-
atures I already introduced, at the beginning of the previous chapter, the thermodynamic
potential I work with. Namely, I use the grand-canonical ensemble, which allows for energy
and particle exchange between the considered system and its environment. To fix the mean
polariton number in the system, I introduced the chemical potential x in (3.26). Such a
modified Hamiltonian is a suitable starting point to derive a theory for finite temperatures.
In general all thermodynamic properties of a system can be derived from the thermody-
namic potential corresponding to the chosen statistical ensemble. In the case of the grand-
canonical ensemble the potential of choice is the free energy, which is defined as:

F(LVip) = ~5mZ (T.V.p). (@.1)

Here T labels the temperature of the system, V' corresponds to the volume, N is the particle
number and § is the reciprocal temperature defined by

1

P T

(4.2)
It is clear from equation (4.1), that all thermodynamic information about the system under
consideration stems from the partition function Z. Therefore, the main problem one always
faces in order to derive finite-temperature properties of a given system, is to find this func-
tion. In quantum statistics the partition function of a system, described by the Hamiltonian
H, is defined as

Z(T,V,u) =Tt {e—ﬂﬁ (“’V>} . (4.3)

At a first glance, calculating the above function does not look very difficult and, in fact, it
is not as long as the Hamiltonian is diagonal with respect to some suitable basis. However,
in almost all interesting physical situations this is not the case and calculating the partition
function (4.3) becomes quite challenging. In general, due to the hopping term in the system
Hamiltonian (3.26), there does not exist a basis in which the considered JCH Hamiltonian
becomes diagonal. For this reason I developed a mean-field theory at zero temperature in
Section 3.5. In this chapter I will at first generalize this mean-field theory to finite temper-
atures. Afterwards, I will work out a different ansatz to describe the quantum phase tran-
sition. Instead of applying a mean-field theory, I am going to use a perturbation approach,
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which eventually leads to an approximation of the grand-canonical partition function. To
this end I derive a Ginzburg-Landau theory for the JCH model which includes the mean-
field result for the phase boundary as a formal special case but allows, in principle, to calcu-
late the phase boundary more accurate. Therefore, the mean-field calculations obtained in
the first sections, will mainly serve as a reference for comparison with the Ginzburg-Landau
results. Before starting with the perturbation calculation for the partition function, I in-
troduce a reformulation of equation (4.3) in the following section, in order to simplify the
further computations.

4.1 Dirac Interaction Picture

One can see from equation (4.3) that the definition of the partition function involves the
full Hamiltonian of the system. However, as stated before, I do not know the eigenvalues of
the full Hamiltonian but instead I found that it is possible to split the full Hamiltonian into a
solvable part and a perturbing part. Now, I want to use this fact and switch to the imaginary-
time Dirac interaction picture, which will lead to a reformulation of the partition function
as a perturbation series, involving just the perturbation part of the full Hamiltonian of the
system.

The Dirac picture is, besides the Schrodinger and the Heisenberg picture, one of the three
most popular time evolution schemes in quantum mechanics. Their meaning stems from
the fact that in quantum mechanics the time evolution can be divided arbitrarily between
the states and the operators. In the Schrodinger picture the whole time dependence is as-
sociated with the state vectors, whereas all quantum mechanical operators in this picture
are time independent. The opposite is true for the Heisenberg picture, where all operators
are time dependent and the states are constant in time. The Dirac picture represents a mid-
dle course between the other two pictures and is commonly used in situations where the
full Hamiltonian can be split in a solvable and a perturbative part. In this picture the time
dependence is divided between the states and the operators in such a way, that the unper-
turbed Hamiltonian determines the time evolution of the operators, whereas the perturba-
tion Hamiltonian governs the time evolution of the state vectors. To see how the transition
from one picture into another is performed, I start with the Schrodinger equation in imagi-
nary time. This equation can be obtained from the real-time Schrédinger equation by a so
called Wick rotation ¢ — —i 7 which yields with 7 = 1

— [ (m) =HT) [ (1)) (4.4)

In this picture the time evolution of an initial state vector to a final state vector is mediated
via the imaginary-time evolution operator

[Wh(7)) = U(7,70) [¥(70)) - (4.5)
Substituting this new state into equation (4.4) one notices, that the imaginary-time evo-
lution operator has to satisfy the imaginary-time Schrédinger equation as well. Thus the
following relation has to hold

0 ~ . A
U(r,m0) = H(T)U(1,70). (4.6)

-~ or
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Formally solving the differential equation yields, together with the initial condition U (7, 7) =
1, the following integral equation for the imaginary-time evolution operator

U(T, T0)=1-— /ﬁ(T’) U(T',T) dr'. 4.7
70
Solving this equation iteratively, leads to the Dyson series
o) T T1 Tn—1
O(rm) =143 (—1)" / i /dT2 » / dr H(m) H () ... H(7). (4.8)
n=1 70 T0 70

Due to ambiguities in the time ordering it is convenient to rewrite this expression with the
help of the bosonic imaginary-time ordering operator 7' which is defined according to

T[A(r1) B(r2)] =© (11 —72) A(11) B(r2) +© (12 — 11) B(72) A(71), (4.9)

where © is the Heaviside step function. Using this operator allows to rewrite equation (4.8)
as

A A 0o Ly T T T A ) A
Up(r,70) =T |1+ (n‘)/dTl/dTQ.../dTnH(Tl) H(m)...H(my)| - (4.10)
n=l 4 0 0

Here I included an additional pre-factor 1/n! to cancel the imaginary-time variable permu-
tations introduced by the time ordering operator. Comparing this expression with the series
expansion of the exponential function, one notices that equation (4.10) can be transformed
in an even shorter form, reading

U(r,70) = T BT, (4.11)

It is easy to prove, that the so defined imaginary-time evolution operator has the properties

Ut (r,70) U(r,70) = 1, 4.12)

and A ) )
Ul(r,70) = U} (r,70) = U(7o,7). (4.13)

Now, as stated before, I will assume that the full Hamiltonian can be decomposed in the
following form R R )
H(7) = Hy + Hy(7), (4.14)

where Hj describes the exactly solvable part and H;(7) can be treated as a perturbation to
the known problem. From this situation one can perform the transition to the Dirac picture,
denoted in the following by the label D, by conducting the following steps:

1. Synchronizing the two pictures at a fixed point in time

[¥p(70)) = [¥(70)) - (4.15)
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2. Transition to the Dirac picture via

(7)) = Uo(r,70) [¥(7)), (4.16)

where I have

~

Uo(T,70) = e~ Ho(r=m0) (4.17)
3. Time evolution for Dirac states via

[¥p) (1) = Up(7,7) [¢¥p(r)), (4.18)
and for Dirac operators via

Ap = Uo_l(T, 70) AUy (7, 79). (4.19)

Subsequently, following these steps, it is easy to show that the imaginary-time evolution
operator in the Dirac interaction picture is given by

Up (7’, 7'/) = UO_1 (1,70) U (T, 7'/) Uy (7”,7’0) , (4.20)

Note, that all physical quantities, i.e. all expectation values, are completely independent of
the choice of picture.

Using the results obtained above, I can derive the Schrédinger equation in the imaginary
Dirac interaction picture and obtain

S l00(r) = | 5000, )| 19600} + il ) | - 100
= [Oo(ro,7) o = Do(ro, 7) ] 16(7)) @.21)

which reduces to 5
- 5. ¥n(7) = Hin(7) [¢n (7)) - (4.22)

Analogous to the analysis of the imaginary-time Schrédinger picture, one can determine the
form of the imaginary-time Dirac evolution operator by considering its equation of motion:
0 A

- EUD(TJO) = Hip(7) Up(7, 7). (4.23)

Following the same steps as for equation (4.6), eventually leads to the expression
Op(7,70) = T~ I 47 Hin (™), (4.24)

Thus, I found that the Hamiltonian of the unperturbed system governs the time evolution
of the Dirac operators and the perturbation Hamiltonian determines the time evolution of
the Dirac state vectors.

In order to see how all the observations presented in this section are of any help for the task
of finding a thermodynamic description of the JCH model, I remark that the time-ordered
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4.2 Mean-Field Theory for Finite Temperatures

imaginary Dyson series (4.10) naturally represents a power series with respect to the per-
turbation Hamiltonian. If one now considers the partition function (4.3) in the imaginary
Dirac picture, which takes on the form

Z=Tr {0(5,0)} , (4.25)

with the imaginary-time evolution operator according to equation (4.11) and uses relations
(4.17) and (4.20), one finds

Z=Tr {e—ﬂﬁo Un(8, o)} . (4.26)

This can be further transformed using the definition of the thermal average with respect to
the unperturbed system which I introduce as

1 ~
- —B Ho
(o) = 5T {. e } , 4.27)
where the partition function of the unperturbed system is given by
2y =Tr{e? 0} (4.28)
Thus, one finds for the grand-canonical partition function the relation
Z = Zy(Up(B,0 4.29
0 (Un(8,0)) . (4.29)

where the imaginary-time evolution operator takes on the form

B
Up(B3,0) = T exp —/deIlD(T) . (4.30)
0

Hence, I showed that, within the Dirac interaction picture, the partition function can be
written as a product of the partition function of the unperturbed system Z; and a ther-
mal average with respect to the unperturbed system over a power series of the perturbation
Hamiltonian. This allows for a perturbative calculation of the thermodynamic potential up
to arbitrary accuracy in the perturbation Hamiltonian. This result will be the corner stone
for the further calculations within this chapter.

4.2 Mean-Field Theory for Finite Temperatures

Having outlined the principle idea of a thermodynamic perturbation theory within the pre-
vious section, I can straightforwardly use the results obtained therein, as soon as I settle for
a specific Hamiltonian. As already shown in Section 3.5, within the mean-field approach
the JCH Hamiltonian becomes diagonal and splits locally into an unperturbed part H, and
the term AMF, which I treat as a perturbation. Therefore, I consider the Hamiltonian AMF
which decomposes as stated in equation (3.54). The Hamiltonian of the unperturbed sys-
tem is given according to equation (3.52). Note that there the sum runs over all lattice sites j,

65



Chapter 4 Thermodynamic Properties

the on-site Hamiltonian A JJC being defined by equation (3.27) and the perturbation Hamil-
tonian reads according to equation (3.50). Here, the appearing order parameter V is defined
as stated in equation (3.48).

In order to investigate the thermodynamic properties of the JCH-Hamiltonian, I start with
the determination of the grand-canonical partition function. As outlined within the previ-
ous section, in the imaginary-time Dirac interaction picture the partition function is given
by (4.29), where the imaginary-time evolution operator now takes on the form

B
Up(B,0) = Texp —/dTﬁ%F(T) . (4.31)
0

The pre-factor 2, in (4.29) is equivalent to the grand-canonical partition function of the
unperturbed system, which is given by

Zy = Tr{efﬁﬁo} = Zi Z (n,a, j e 1o In, a, j) = Z io: Z e B Fina, (4.32)

j n=0a==% j n=0a=%

where the local energy eigenvalues E,,, correspond to (3.30). Expression (4.29) tells me that
I need to calculate the thermal average of the imaginary-time evolution operator in order to
obtain the partition function. For this reason, I make use of the series representation of the
exponential function to expand expression (4.29) in a power series. The expansion of the
imaginary-time evolution operator (4.31) leads to

~ B 8

A —1)" AT oA A

Up(8,0) =) :( nl> /dTl.../dTnT [H%F(Tl)...H%F(Tn) : (4.33)
n=0 " 9 0

Taking into account (3.50), this expression can be rewritten in the form
Up(8,0) =Y U57(5,0), (4.34)

with the coefficients

B B
j 0

0
x | Wa; (1) +al (7)) ¥ — w2 L (4.35)
(W a, () +af, () @ = w2] }

Note that, here and in the following calculations, I drop the Dirac index D for the ladder
operators, since their dependence on the imaginary-time variable 7 already indicates that
they have to be taken in the imaginary-time Dirac interaction picture. The above expression
together with relation (4.29) allows to calculate the partition function up to arbitrary orders
in the order parameter. As discussed in Section 3.5 one needs to calculate this expansion to
atleast second order in the order parameter in order to locate the boundary of the quantum
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phase transition. Thus, I focus on the first two terms of the expansion (4.35) leading to the
following contributions to the partition function

Zr 2, <U](30) (8,0)+ TS (8,0) + T2 (8,0) + .. .>0

= 2+ 2, <U§)(5,o)>0 + Z, <U§>(5, o)>0 ¥

Hence, the first-order correction to the grand-canonical partition function is given by

8
z = ZOWZ/dn <\If aj(m1) +al(r) @ - qf2>0 , (4.37)
i 0

which can be evaluated to give
Zi=-PBrzy U (4.38)
J

Here I used the fact, that all thermal average over photonic ladder operators, where the num-
ber of annihilation operators does not match the number creation operators, vanish due to
the orthogonality of the dressed states (2.137). In an analogue way one finds for the second-
order contribution

s 8
2, =2, (f<a2z)2 Z/dn /dTQ <T { [\IJ aj, (1) +al (r) @ - \1,2]
J1J2 0
” [\1: jy (72) + @l (72) U — \112} }>0 . (4.39)

Realizing that the action of the time ordering operator yields two expressions which are
identical when exchanging the imaginary-time variables 7, <— 7, I can just calculate one
of the terms, say for instance 7, > 7, but I have to include a pre-factor 2. Additionally,
making use of the orthogonality relation (2.137) again and dropping all terms of higher than
second order in the order parameter, yields the following form of the above expression

B B
Zy =2y (k2 V) Z /dn /dTQ O (11 — ) <de (1) d;r-Q (12) + d}l (11) 4y, (7’2)>0 . (4.40)
jl:j2 0 0
Hence, to calculate this contribution to the partition function, one has to determine thermal
averages over products of photonic creation and annihilation operators. For this reason, I
will use the polariton mapping approach introduced in Section 2.6. The first thing to notice

is that, due to the orthogonality relation (2.137), these expectation values do not vanish,
only if both operators act on the same lattice side

Sl =8 ey at
<az(7) a;(r )>0 dij <al(r) al(r )>O. (4.41)
Thus, I can rewrite expression (4.40) as a sum over local contributions
Zy=> [2)];, (4.42)

J
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where the respective coefficients are given by
B B
[25]; = 2o (HZ‘I/)Q/dTl /de O (1 —72) <&(71) al(r2) +a'(m) &(Tg)>0 ) (4.43)

0 0

Note that, here and in the following calculations of the local contribution [25];, I explicitly
skip the site index j of the photonic ladder operators, as the expectation value is indepen-
dent of the individual site. The local thermal expectation values occurring in the above ex-
pression can be calculated according to (4.27), which yields

<&(n) d*(rz)>0 = iTr {a(ﬁ) il (ra)e? Ho}

Z Z (n,ale™ Ho g o(r2=m)Ho gt o =72 Ho =B Ho In,a) . (4.44)

On =0a==+

Now, making use of the polariton mapping obtained in Section 2.6 and substituting expres-
sions (2.153) for the photonic annihilation and creation operators, leads to the following
calculation:

2 <€l( > Z Z e na (11—72)Ena <7’L,O¢| &6(72—T1)f10

n=0a=%

St .
x Z Z t(m+1)6’ﬂp(m+1)5/PmB n, @)
m=0 3,5/ =+

= Z Z e e 155 Omn O (ny al @ el TTOHO 18
=0 o, 6,5/ =

0o 00
- Z Z Z e_ﬁEme(TliTQ)(Em*E(MHW) tm+1)8'8 Omn Oap thryy
n,m=0k=1,3,68 v,y =%
x (n,al p(Tk_l),ylpk'y |m + 1»/8/>
0o 00
S S ) st
n,m=0 k=1 a,B,8 vy =%
X Omn 5046 5k(m+1) 5’yﬁ’ 5n(k;—1) 5047/
-y Z ~BBna o1 =) (Ena=Eesnr) 1) 0, b Snih1y (4.45)
n=0 k=1 a,8'=

resulting in the final expression

<&(T1) > Z S e Bl (Bro=Eguena) =) (0 00)? (4.46)

n=0 q,a’==

Performing the same calculations for the remaining expectation value yields

(i) = 53 5 P B Fen )

n=1 a,a/=+%
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Reinserting these expressions into (4.43) results in the following form of the on-site second-
order contribution to the partition function

BB -
(2o = (k2 9)* ) / dn / o {Z e P eontnineet ) (1, )
a,a/ =% 0 n=0
+ Z 6_6 Enma ewm(m—l)aa’(Tl_TQ) (tmaa/)Q} @ (7’1 — 7’2) s (4.48)
m=1

where I introduced the abbreviation
Wnmaao! = Ena - Ema’~ (449)

After having determined the thermal expectation values, all that remains to do is to evaluate
the imaginary-time integrals in the above expression. These integrals pose no problems and
are easily calculated using the fact that

Wpmaa! — 1
/ dr / dry e“nmoa’ (T1=72) — __ 8 . (4.50)

!
nmaa wnmaa

Note, that the integration limits have changed due to the Heaviside step function in expres-
sion (4.48). Thus, the expression for the local second-order contribution decomposes into
a sum of terms proportional to S and a sum over terms proportional to differences of ex-
ponential functions. By shifting the summation index, it can be shown that the latter sum
equals zero. Thus, only the terms proportional to g survive and equation (4.48) finally re-
sults in

o0 2
[22]‘7,:*,8(52\1])2 Z [Z _BEHGM+Z _,BEWOM . (451)

aol=+ Ln—=0 Wn(n+1)aa! =1 Wn(n—1)aa!

Hence, eventually I obtained all necessary contributions to the partition function in order
to find the phase transition. Combining the result calculated above and inserting them to-
gether with relation (4.49) into equation (4.36), yields

2
Z=Zy— Z (kz)+( Z [Z e*,BEna t(n-l—l)oz a)
J

a,a/=+ Ln=0 na o E("Jrl)

2
. Z ¢ BEma___(tmaa’)
Ema — E(m 1o’

} W2, (4.52)

This result allows me to give an approximate expression for the grand-canonical free energy
up to second order in the order parameter. Using definition (4.1) and inserting approxima-
tion (4.36) for the partition function leads to

1 1 1 21+ 25
=——1In(Z Z Z ) =—mhZy—=In(1+ ——=+...]. 4,
F 6n(o+ 1+224+...) Bn 0 ﬁn<+ Z + > (4.53)
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One can transform this expression even further, if one uses the Taylor expansion of the log-
arithm -
1 n+1
In(1+z)= ZL@«", (4.54)

mn
n=1

which yields for equation (4.53) up to first order the expression

Z1+ 2y Z1+ 2y
In (1 + Z ) S (4.55)
Hence, the grand-canonical free energy is approximately given by
21+ Z9
- = . 4.56
F=F 3 < Z + > ) ( )
where the free energy of the unperturbed system is defined as
F = _; In 2. (4.57)

In order to finally get the phase boundary, I rearrange the terms in the free energy with
respect to the powers of the order parameter ¥, resulting in an expansion of the form

F=Fo+)> aFo?+0(0?). (4.58)

J
As T have already reasoned in Section 3.7, one can obtain the phase boundary from the
second-order expansion coefficient in (4.58). Using the results (4.38) and (4.51) together

with the approximation (4.56), the Landau coefficient turns out to be site independent and
takes on the form

2
o' = ( Yy [Zeﬁ B Llniere) +Ze*”m (tmact) ] (4.59)
nn+1 w

a,a/=% Ln=0 m(m—1)aa/

The phase border is defined via the condition

a¥ Lo, (4.60)
which leads to the on-site equation
Z
Kz=— —— 0 ~ — (4.61)
Z 7(tla’7) —|— Z 6_5 Ena (t(n-‘rl)(x/a) + (tnaa’)
ol =+ wWo1—a! n—1 Wn(n+1)aa! Wn(n—1)aa!

I will now check, whether this result is consistent with the one obtained at zero temperature
from the Schrodinger perturbation theory in Section 3.6, I take a look at the ground-state
|n, —) of the system. To this end I consider the limit 5 — oo for the above expression, which
immediately leads to

arR 2 = —

(tsnya-)” (o ]
n+1)a— n—ao
+ . >0, (4.62)
En- — Epiva | En- — E(nl)a]

a==+

70



4.2 Mean-Field Theory for Finite Temperatures

10;

01, |
o :
<
N L
001} ]
0.001; |
—4 n n n n n n n n n n n n | 1. 11 .
10750 ~15 ~10 ~05 0.0
(u—w)/g

Figure 4.1: Mean-field phase boundary for finite temperatures in the case of reso-
nance A = 0. Depicted are the critical values for the hopping amplitude
r, scaling with the lattice coordination number z, with respect to the ef-
fective chemical potential 4 — w. The blue curve corresponds to 7' = 0 K,
the red curve to 7' = 0.005 g/kg, the green curve to 7' = 0.1 g/kp and the
black curve corresponds to 7' = 0.2g/kg. All quantities are measured
in units of the coupling strength ¢g. The area under the curve represents
the Mott-insulator phase, whereas the area above corresponds to the su-
perfluid phase. Note that the rapid decreasing of the phase border at
(0 —w)/g = —0.13 is a remnant resulting from the summation cut-off in
equation (4.64).

and

()’ (try)”
_ n Cn=o0. (4.63)
Ey- —FE1-  FEo- — E1y

RZ =

Comparing these phase boundaries with equation (3.97) shows, that the two results are, in-
deed, identical. On top of simply having reproduced the mean-field phase border for zero
temperature, now I also obtained a formula giving the phase border at finite temperatures.
Specifically in the case of resonance A = 0 I find for finite temperatures the explicit expres-
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Figure 4.2: Mean polariton occupation number for finite temperatures versus the
effective chemical potential, in the case of resonance. The black curve
corresponds to 7' = 0.001 g/kg, the red curve to T' = 0.0125 ¢g/kp and the
blue curve to 7' = 0.1 g/kg.

sion
00
4 Z Z e_ﬂEna
=i =4
Kz=— _n=0e . . (4.64)
1 —BEna (\/n+1+ao/\/ﬁ) (\/ﬁJrao/\/nfl)
Z EO*_Ela’ o Z € E"“"_E(n+l)o¢/ + E”Q_E(nfl)a/
a,o’=+1 n=1

In Figure 4.1 I plot the first 15 loops of the resulting phase boundary for a variety of temper-
atures at A = 0. Analogue to the phase transition in the Bose-Hubbard model [157], one
finds that the phase border smears out with increasing temperature.

One might interpret this result as a decrease of the superfluid phase with increasing temper-
ature. To check whether this is really the case, I analyse the compressibility of the system in
the following, which should vanish for a genuine Mott insulator [33]. The isothermal com-
pressibility in the grand-canonical ensemble is defined as

o L@ <n>0
Ny Opesr’

KT (4.65)

with the effective chemical potential yf = (1 — w). The quantity (n), appearing in the
numerator of (4.65) is the mean polariton number per lattice site. It is given as the thermal
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Figure 4.3: Plot of the isothermal compressibility ~ at finite temperatures versus
the effective chemical potential ¢ — w, without hopping (x = 0) and in
case of resonance (A = 0). The curve in the left diagram corresponds
to T = 0.01 g/kp and the curve in the right diagram corresponds to 7' =
0.002 g/ksp.

average

(n)y = Zlo i Z ne P Ena (4.66)

n=0a=%

where the index 0 denotes that I am calculating the thermal average with respect to the un-
perturbed system. Thus this result holds for each on-site Jaynes-Cummings system individ-
ually. First, I discuss the local mean polariton occupation number, for which the resulting
function in the case of resonance is plotted in Figure 4.2 for several temperatures. Here
one can observe that the curves are smeared out for increasing temperatures as well. In
the limit of vanishing temperature the function becomes a sequence of integer steps in the
occupation number. It is experimentally interesting to realise that with increasing occupa-
tion number the system becomes more and more sensitive to small changes in the effective
chemical potential. Furthermore, it is to see from Figure 4.2, that for high temperatures just
the lowest state can easily be fixed at an integer value, whereas for the higher states the func-
tion looses its step character and becomes an exponential.

Knowing the mean occupation number, one can go ahead and calculate the isothermal
compressibility according to equation (4.65). The resulting curve is plotted in Figure 4.3 for
different temperatures. Having a look at the compressibility of the system one finds, that it
does not vanish anymore in the smeared out regions but has positive finite values. Thus, one
can not interpret these new regions in the phase diagram as a pure Mott insulator. As shown
for example in Ref. [161, 162] the quantum phase transition between Mott-insulator and su-
perfluid phase occurs strictly only for 7' = 0. For finite temperatures one finds a “classical
phase transition between the superfluid phase and a normal phase, driven by thermal fluc-
tuations. There is only a crossover between the normal phase and a Mott-insulator. One can
also see from Figure 4.3 that in the zero-temperature limit the compressibility becomes delta
function like and thus, is zero everywhere except at the border between neighbouring Mott
lobes, just as expected for a proper Mott insulator, which is incompressible by definition.
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However, as can be seen in Figure 4.3, even for finite temperatures there are regions with a
compressibility very close to zero, which justifies to call these regions a Mott-insulator for all
practical purposes. Furthermore, it can be seen that these Mott-insulator regions shrink in
size with increasing temperature and hence I conclude that, contrary to the first impression
mediated by the phase diagram 4.1, the Mott-lobes become smaller with increasing tem-
perature. This conclusion is in qualitative agreement with numerical results obtained for
1D and 2D systems [163].

4.3 Strong-Coupling Perturbation Theory

So far I successfully derived a mean-field theory for the JCH model for zero and finite tem-
peratures. I also showed that this approach leads to a Landau theory with a site-dependent
Landau order parameter ¥. However, the focus of this thesis is a different approach which
will be presented within the following sections. Basically, instead of using a mean-field
theory in order to diagonalize the hopping term I will rather utilize a field-theoretic ap-
proach, which is well known in the investigation of thermal second-order phase transi-
tions [7]. Namely, I introduce additional source currents j;(7), j/(7) in the original Jaynes-
Cummings-Hubbard Hamiltonian, that break the global U(1) symmetry. This approach
eventually leads to a Ginzburg-Landau theory, where the order parameter ¥(7) now de-
pends on space as well as on imaginary time. The starting point to derive the Ginzburg-
Landau theory is the same as in the previous section. Thus, I first decompose the JCH
Hamiltonian into the following terms

HSC (1) = Hy + H (1), (4.67)

with the Hamiltonian of the unperturbed system given by (3.52) and the perturbation Ha-
miltonian by

H35(r) 5% = =Y myal(r) ay() + 3 [ (D aulr) +i(naln)] . 4.68)
7 %

Note that, I dropped the Dirac index D again, using the convention that all operators, which
depend on imaginary-time variables, are implicitly given in the imaginary-time Dirac inter-
action picture. Furthermore, in the above equation, I rewrite the hopping constant in the
form

oy — { k, if1i,j are next neigbors ’ (4.69)

0, else

and introduced an additional term over the symmetry-breaking source currents coupling to
the photonic creation and annihilation operators. Following the same procedure as in Sec-
tion 4.2, I insert the perturbation Hamiltonian (4.68) into (4.29), which yields the following
expression for the grand-canonical partition function

n!

o B 8
2.51=23 oy 0/ ... 0/ dr (T [F3§(0) 7] B3 15,371}, 4:70)

74



4.3 Strong-Coupling Perturbation Theory

where the partition function is now a functional of the currents j and j*. Splitting the grand-
canonical partition functional into

n=1

where the latter part is defined as

B B
o -1)" P o A o
2ol = S [am [an (2 [B@0 G- A0 ) @72)
0 0
the free energy becomes
1 1 >
Fli.J" = —Elnz 14,371 = Fo — Bln {1 + ZZn [J}j*]} . (4.73)
n=1

Using the series expansion (4.54) for the logarithm, one can approximate the free energy up
to second order in Z, leading to

Fl5,5%] o{ZZ J,3°] (ZZ ¥ >2} (4.74)

For clarity, I will skip mentioning the explicit dependence of the perturbation Hamiltonian
HS(7) [4, %] from the currents j, j* in the following, and rather use the shorter form A (7).
Collecting all terms up to fourth order in the currents and first order in the hopping in equa-
tion (4.74) leads to the following contribution from the second term

B B B
S 2,57 = { [an (5e), + 5 [an [an (T [500ESm)]),
n=1 0 0 0

B

B
/d7-1.../d73< [HlD(Tl)ch(ﬁ)ﬁlsg(m)}>0
0

@\H

i4 /dm [Hm(Tl)H1D(T2)H1D(T3)H1D(T4)}>0

I
[

B

/ drs [HlD(Tl)HlD(T2) A5 () HSS (74) HSS(TE))} >0} . (4.75)
0

Furthermore, for the third term in equation (4.74), the only contributing terms are given by

<n§12n [JEj*]) { /d7'1 HiS( 7‘1 /d7'1/d7-2 HlD Tl)Hls]g(TQ)DO

2

5 8
1 T a ) )
_6/dn.../d73 <T [HISS(Tl)HlsS(TQ)HlsS(Tg)}>0} (4.76)
0

0
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Inserting the definition of the perturbation Hamiltonian (4.68) and making use of the or-
thonormality relation for the dressed state basis (2.137), one finds that the occurring ther-
mal averages become

s R
2= / dn / drs {in (r) g, () (T [, (1) ()] )
B B
3 Fi / dri ... / dry iy (1) i, (r2) (T [, (1) s (r2) @l () s ()| )
3,73 0 0
B B
+33 [an. / A i (1) 35,(72) Jia (73) 5, () (T [ () (7)) g )] ).
13,74
1
*3 2 0/ dri. / drs i () 75, (72) iy (75) 57, ()
X <T [@L (1) iz, (2) ajg(fg) i, (14) ! (75) dj, (75)] >0 +0 (%0 (ﬁ)} : 4.77)
and
3 2 B B 2
(ZZ ) S [an [ draja (gt (T [ () )] )
n=1 1,82 0
B B
S iy [ dn e [ draa(m) ) (T [af (m) () () g ()] )
13,73 0 0
B B
X Z/dﬁ/dngil(Tl)jg;(TQ) <T [d; (Tl)diQ(Tg)]>0 ) (4.78)
RECR 0

Hence, the expansion of the grand-canonical partition functional leads to a sum of integrals
over n-particle thermal Green’s functions of the unperturbed system, which are defined as

G7(10) (7-{, iy T i T A T, zn) = <T [&;[,1 (1) @i, (11) . . .di%(ﬁl) a;, (Tn)} >0 ,  (4.79)

where the upper index corresponds to the order in the hopping parameter « and the lower
index corresponds to two times the order in the symmetry-breaking currents j.

Furthermore, I point out that one can see from (4.77) that the Ginzburg-Landau approach
(4.68) does not only lead to a perturbation series in the source currents 7, j* but also in .
Thus, this ansatz is far more powerful then the mean-field approach, because it allows to
calculate corrections due to photon hopping up to arbitrary orders in «. Inserting the results
(4.77) and (4.78) into the approximation (4.74) for the free energy, leads to the following
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relation for the free energy

B
Flii 1 =Fo—z Y, [ dndr ay” (iv, miliz, 72) + D Kigjs a8 (i1, 13 isliz, 7 j3)
11,2 i3,J3
) B
X Jir (1) Jiy (T2) + 1 Z/dT:s dry [ai ) (i1, 71542, T2|i3, T35 14, T4)
i37i40
W) e e . " " 4.80
+ZH”L5]5 ay (21,7'1,22,7’2,15‘13,7'3,Z4,T47j5) Jix (Tl)]22(T2>313(73).714(7_4) s (4.80)

15,J5

where the introduced expansion coefficients are defined as

agO) (i1,71]i2, T2) = Gﬁo) (11, T1li2, T2) (4.81)
B

aé” (i1, 71;13]i2, 25 j3) = /de Géo) (11, 7153, 73|12, T25 j3, T3) (4.82)
0

Gy (ZlaTla2277-2|Z377_3az477-4) :GQ (ZlaTla2277-2|Z377_37Z417-4)

0) /. . 0) /. .
—2G (i1, m1lis, 73) G (i2, Toli, 7a) (4.83)
B
. . » = [ 4 G(o). . . . » .
a, (11,7'1,22772715 13773714,7'4,]5)— T5 3 (21,7'1722,72715,7'5|Z3773,14774,35,75)
0

-2 Géo) (41,7135, 5|13, T35 5, T5) Gﬁo) (1'3773%4,7’4)} - (4.84)

In principle, one could now make use of the definition (4.79) and calculate the expansion
coefficients of the free energy straightforwardly. However, with increasing order of the ther-
mal Green’s function the calculation becomes more and more complex due to the increas-
ing number of space- and time-index permutations. Therefore, I want to introduce another
approach to calculate the thermal Green’s functions, which automatically takes care of the
emerging problems. Namely, I decompose the thermal Green’s functions into cumulants.

4.4 Cumulant Expansion

In the following I apply the approach proposed in reference [164] and expand the thermal
Green'’s functions of the unperturbed system diagrammatically using cumulants. [ will show
that each Green’s function decomposes into a sum of products of cumulants. Furthermore,
these cumulants can be mapped on suitably defined Feynman diagrams. This approach
allows to formulate some easy diagrammatic rules, to write down the correct cumulant de-
composition for every Green’s function without calculations.
To find these cumulants one needs to define a generating functional from which all higher
cumulants can be derived. Therefore, I consider a Hamiltonian of the form

() ,57) = Ho =Y s (7) af + 5 () @ (4.85)

(2
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Chapter 4 Thermodynamic Properties

with the Hamiltonian Hy = Y, Ho; of the unperturbed system, which decomposes into
a sum over local Hamiltonians Hy;, and a perturbation arising form the currents j, j*. 1
showed in Section 4.1, that in the Dirac interaction picture the corresponding imaginary-
time evolution operator is given by

Up [5,5%] (,70) = T exp /dﬁz [jz'(ﬁ)dz(ﬁ)+jf(71)&¢(71)} ; (4.86)

and hence, the partition function becomes according to (4.29)

B
200} 7 = 2, <Texp / ar Y L) al(r) + 5 () ailr)] > . (4.87)
0 i 0
Calculating the functional derivatives of the above expression, one finds
1 %25, Bt oy oy I8 TS s al g () st
—(Tal,(+) ay,(r) el i[7:(T7) & i(77) & . (4.88
T ) = (T L i) }>o 459

which, in the situation of vanishing currents, gives exactly the two-point thermal Green’s
function of the unperturbed system i.e.

1 82[j, 5% <AT
. L :T{&,T’&n7]>
It is clear to see that, this procedure works as well for the higher Green’s functions and, thus,
one finds that all thermal n-point Green’s functions can be obtained from (4.87) by perform-
ing 2n functional derivatives with respect to the source currents. Therefore, the thermal
Green’s functions can be expressed by

= GO (7 |n, 7). (4.89)

0

_ 1 3> Z0 [, j°]
2o 04y (11) 6545 (1) - . g, (77,) 637 (T0)

0 !l A . . .
Gg)(7‘1,21,...,Tn,zn|71,zl,...,rn,zn)

(04.90)
Normally one would apply Wick’s theorem to decompose the n-point correlation function
(4.90) into sums of products of 2-point correlation functions [165]. Unfortunately, this is
not possible for the considered system, since Wick’s theorem just holds for systems, where
the unperturbed Hamiltonian is linear in the occupation number operator. Instead, one
has to use the so called cluster expansion introduced by Metzner [166], which states that
the logarithm of the partition function is given by the sum of all connected Green’s. In fact
equation (4.90) leads to a decomposition into connected and disconnected diagrams. Using
the logarithm on this decomposition cancels all disconnected diagrams and leaves only the
connected ones. For this reason and inspired by the result (4.90), one defines the generating
functional as

. Z(O) ., %
c¥ 15,57 = log (;”)

0

7

B
— log <Texp / dry” [ji(f) al(r) + 2 (r) ai(f)} > . (4.91)
0

0
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Due to the properties of the logarithm and the fact that the unperturbed Hamiltonian de-
composes into a sum over local contributions, the generating functional decomposes into a
sum over local cumulants as well

1,34 =30 14,571, (4.92)

where the local cumulants are defined via
B
iC(gO) [j, 7] = log <T exp /dT [ji(T)dl-L(T) +j;(7')&i(7)} > ) (4.93)
0 0,
Note, that the index i associated with the thermal average now indicates, that it has to be
calculated with respect to the local unperturbed Hamiltonian Hy,. Since I work in a homo-

geneous system, where all lattice sites are equivalent, I drop the site index right away and
work in the following with local cumulants defined by the generating functional

3
C 14, %] = log <TeXp / dr [j(r) at(r) + j*(r)d(r)] > . (4.94)
0 0

One finds the higher order cumulants from this expression by calculating the functional
derivatives with respect to the symmetry-breaking currents, just as I did in (4.90) for the
n-point Green’s functions. Thus, one finds

) s [, 5°]
0jiy (71) - Oy, () 855, (r0) .. 035, (ma) | _.

0 -/ /. Lol ! . «n
CT(L)(Zl,Th...,’Ln,Tn|21,7'1,...,Zn,Tn)

=0
(4.95)
Since according to equation (4.92) the cumulants are local quantities, I introduce a shorter
notation for the n-th order cumulant, which reads

0) (: 1. A A . o _0) (.t /
C’T(L) (11,7'1, ey Ty TolB1, T1S - ,’Ln,Tn) —07(1 ) (21,7'1, e Tl T ,Tn) i« - Oiy_1im

X (52/172/2 e 5i/ i 61‘171'/1 . (496)

n—1''n

Performing the calculations according to this formula, always leads to the thermal Green’s
function of the same order and a sum over products of lower order cumulants. Rearranging
the results from this calculations, one finds the respective cumulant decomposition for each
thermal Green’s function. For the Green’s functions up to 2nd order one finds explicitly

22(0) 15 5% 2(0) 1 o
G\ (i1, maliz, m2) = 5 1. . 5 z [j.;j ] = (,wo—[‘],;‘”
2( )[JJ*] 5Ji1(71)5ji2(72) o 5]i1(7'1)5]i2(7'2) o
J=1"= Jj=j*=
= 5i1,i2 Ci()) (i1; 7'1’7'2) ) (4.97)

and

0) /. s . s 0) .
G5’ (i1, 71592, Ta|i3, T3; 14, Ta) = Oigiy Oigiy Oigio Co (41571, T2|T3, Ta)

+ Jigiq Oigiy C§O) (t1;71|73) C§O) (125 T2|T4) + Oigiy Oigiy C§O) (11; 71| 74) CP) (i2; T2|73) . (4.98)
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Comparing these results with the expansion (4.80) and expansion coefficients (4.81) — (4.84)
leads to the following important observation: The logarithm transforms the grand-cano-
nical partition function, which is sum over connected and disconnected thermal n-point
Green’s functions, into the grand-canoni_cal free energy, that turns out to be a sum over
cumulants representing the connected Green’s functions only. This is due to the fact that the
expansion of the logarithm introduces additional corrections to the expansion coefficients
(4.83) and (4.84) of the free energy, which exactly cancel the disconnected diagrams of the
thermal Green’s functions. However, the straightforward calculation according to equation
(4.95) is still rather tricky and the number of contributing terms rises very quickly with the
order of the considered Green’s function. Furthermore, many of the terms are identical due
to symmetry reasons or do not contribute to the free energy functional and, thus, these
calculations are not very efficient. For this reason, I will introduce some rules within the next
section, which will provide the basis for a diagrammatic expansion of the n-point Green’s
function. This approach will yield a much simpler access to the cumulant decomposition.

4.5 Diagrammatic Expansion

Within this section I introduce some diagrammatic rules in order to calculate the pertur-
bation series of the free energy. This approach will prove to be completely analogue to the
cumulant expansion, derived in the previous section, but much easier to calculate. The
rules for this decomposition are presented in the following subsection.

4.5.1 Diagrammatic Rules
The diagrammatic expansion can be obtained by applying the following rules:

1. A vertex with n ingoing and n outgoing lines corresponds to a n-th order cumulant

o)
) i
C (rilr)= 1——@——n |, (4.99)
T1 ) T3
P (romlmm) = Nl - (4.100)

2. Each vertex is labelled with a site index and each line with an imaginary-time index.

3. Each entering line is associated with a factor j;(7) and each leaving line is associated
with a factor j/(7):

= = Ji(7) O =) (4.101)
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4. All internal lines starting in one vertex and ending in another correspond to hopping
processes and are associated with a factor x;;:

i
. . :Hij (4.102)

5. For a connected Green’s function of a given order draw all inequivalent connected
diagrams.

6. Integrate over all time variables and sum over all site indices.

The above rules allow to construct the diagram for each cumulant and Green’s function.
However, in order to get the correct expansion of the partition function the following addi-
tional rules are necessary

7. Multiply by the multiplicity and divide by the symmetry factor.

Following these rules, one does not need to calculate the cumulant decomposition but, in-
stead, one can just write down the necessary contributions right away.
Subsequently, one can deduce the thermal Green’s functions, which correspond to the ex-
pansion coefficients of the free energy defined in (4.81) — (4.84). Applying the diagrammatic
rules and afterwards rewriting the result in terms of cumulants yields:

i
o (i, 1|iz ) = GO (i, 71lin ) = 1 — > @7
_ 5. ~0)
= 0ii, O1 " (i571|T2) (4.103)
3 . j
1
agl) (i177—1;2“i277-2;j) = /dTGgO) (il7Tl;i7T’i27TQ;j7T) = T > @ Z_ @ > T2
0
3
= 0iy,j Oigs /chfo) @G7lr) C (jirim) (4.104)
0
1 T3
(0) i
ay’ (i,7T1512, T2]i3, 73504, T4) = T2 T4
= 0i,iy Oig,ig Oig i 050) (571, 72|73, 74) (4.105)

a(l)(i s L)) =
4 1,T15%2,72;8|13,73,%4,T45])) =
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=84y 8ini Oigia Oizi | dr CY (6572, 7|73, 71) OO (j, u|7)

—

0
B8

+ 04y iy Oigsi Oig i Oig.j /dT 050) (4571, T2| T, T4) 050) (5 7Im3) - (4.106)
0

Having found the diagrammatic expressions for the thermal connected Green’s functions up
to fourth order in the symmetry-breaking currents and first order in the hopping parameter,
one can proceed in deriving the diagrammatic expansion of the free energy.

4.5.2 Diagram Weights

As stated in Section 4.5.1 the results obtained in the previous subsection are not sufficient
to write down the diagrammatic expansion of the grand-canonical free energy. According to
rule 7, one needs to know the weights of the emerging diagrams in order to find the correct
decomposition. To calculate these weights is the aim of the present subsection.

The weight of a given diagram in the expansion basically consists of two contributions. On
the one side each diagram has a symmetry factor associated with it, which accounts for
the possible permutations of equal imaginary-time variables. This symmetry can be read
of each diagram simply be noticing that its form remains invariant when equal time labels
at the external in going and out going lines at hopping elements are interchanged respec-
tively. For example diagram (4.100) is obviously symmetric if one interchanges 7 «— 7
and 73 <— 74. In fact for each nth order cumulant of Oth order in the hopping parameter
there are n! of such permutations. On the other side, not all of these permutations might
contribute to the cumulant decomposition for higher hopping orders. Thus, one introduces
another quantity, called the symmetry factor, which counts all possible permutations of
equivalent time variables and equivalent vertex indices, which do not change the topologi-
cal structure of the diagram. Taking these observations into consideration and additionally
including the factor 1/n! from the Taylor series, one defines the weight of each diagram as

follows:

|
n (4.107)

. 1
weight = — :
n! symmetry factor

Since obviously the number of time variable permutations is cancelled by the Taylor expan-
sion coefficient, all that one needs to determine is the symmetry factor for a given diagram.

4.6 Expansion of the Free Energy

Applying the results obtained in the previous paragraphs, I am now able to write down the
diagrammatic expansion of the grand-canonical free energy. Up to first order in the hopping
parameter and the fourth order in the symmetry-breaking currents this yields
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Flj,jl= > —e——101 + O—e——e n

. 41 +
4 2 ' (4.108)

Here, I dropped all imaginary-time and vertex indices in order to indicate that, following
rule 6 from Section 4.5.1, all space-time variables have been integrated out. The appearing
pre-factors correspond to the symmetry factors of the respective diagrams as discussed in
the previous subsection. This diagrammatic expression can be translated into the respective
cumulants, which subsequently can be calculated according to equation (4.95).

In order to sketch how to derive these expressions explicitly, I will consider the local first
order cumulant. Using definition (4.87) together with (4.95) yields

O (e it | in) = Exs i yul 0109)
v (6 i (11)635, (11) o
5 (Tam)esp [~ [ dr B350
= S (! - - 06y (4.110)
g ) <TeXp [_ fOﬁ dr HlSS(T)} >0 j=j*=0
- { < > (ai(r1))y + <Tai(71)aj(71)> }511 8ii, 4.111)
5 5111 <Taz(7—1) T(Tl)>0 = 5“/1 51'1'1 Cfo) (i;TﬂTl) . (4.112)

Using the definition of the time-ordering operator, the definition of the thermal average
(4.27) and the operator representation in the Dirac picture (4.19) yields

C(O) 71\71 Z Z [ T — T2) (N, o @ il HO(TQ 71) a; |n, a) ¢~ Ena(r2—1)
n=0a=
+0O(rp —11) (n,ala; eHO(Tl*TQ) EL;[ [n, a) eEna(r2=m1) | =B Ena (4.113)

The further calculation of the above expression can be performed analogues to Section 4.2
by using the polariton mapping (2.153). However, one can further simplify these deriva-
tions by going into frequency space. Therefore, I use a Matsubara transformation, which is
defined as follows

B
1 / :
g(wm) =— [ drg(7)e*¥m7, (4.114)
(wWm) Vel (7)
R :
9(1)=— g (wm) e "7, (4.115)
(7) \/Bm;m (wWm)
with Matsubara frequencies
W = Q;m, m € Z. (4.116)
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Performing this transformation for the photonic annihilation and creation operators yields

B
1 .
ai(wm) = — /dT a; (1) e'“m7, (4.117a)
VB 0
) B
G (wm) = /dmj (r)e~tem. (4.117b)
\/B 0

One can use these expressions in the further considerations to calculate all cuamulants in the
free energy expansion (4.108) in Matsubara space. The resulting expansion coefficients are
explicitly derived within the following two subsections.

4.6.1 Second Order in the Currents

In the present subsection I derive the exact expression in frequency space for the second-
order contribution in the currents of equation (4.108). Therefore, I consider the grand-
canonical free energy in the form

B
L 1 . .
Fli, i1 =Fo— 3> | dridra§ Az (11|72) jiy (11) 57 (72)
il,i20
+- Z/dT3dT4A4 (71, 73|72, Ta) Jir (T1) Jiy (T2) Jis (73) 47, (T4) ¢ (4.118)

13,24

where I introduced the abbreviations

) ) 0) ,. ) 1) ,. . )
Ag (’Ll,Tl‘ZQ,Tg) :ag ) ('Ll,Tl‘ZQ,TQ) + Zfﬁj aé ) (11,7’1;2‘22,7'2;]) s (4.119)
ihj
Ay (i1, 71542, To|i3, T3} 14, T4) :az(l ) (i1, 71; 12, T2|i3, T35 44, T4)
1 ,. ) . ) )
+ Z Kij (14(1 ) (41, 713 92, T2 tlis, T35 44, a3 ) - (4.120)

i,J

First, I start by calculating the coefficient aéo) (71, wm1li2, wme2) in Matsubara space. Due to

frequency conservation and the locality of the cumulants the following relation has to hold

al? (i1, Wi |iz, wm2) = a (i1, Wm1) iy.ia O (4.121)

This cumulant can be derived from the expression (4.103) with the help of relations (4.112)
and (4.9), by performing the Matsubara transformation according to equations (4.117). This

84



4.6 Expansion of the Free Energy

approach yields the following relation:

(0)

dT2 CLQ (i,T1|i,T2) e

7 7
0 0
B B
[an [an (T [l am)]), oo
0 0
/B 7
0 0

aéO) (i, Wm) — —twm(T1—72)

dry [0 (ry = 72) (al () () )

+0O (19 — 1) <di(7’2) &3(7'1)>0 ] e twm(n=T2), (4.122)

The respective thermal averages occurring in the above equation have been already calcu-
lated in Section 4.2. Using the results (4.46) and (4.47) and dropping the site index again, the

second-order expansion coefficient a(QO) (i, wn, ) from (4.122) reduces to

B T1

1 > ,
agO) (l, wm) :E /d’i’l /dTQ Z Z 6_’8 FEna @(Ena*E(n—l)a’*“’-’m)("'l*ﬁ) (tnaa’)2
0 0 n=1a,a/=+

ﬂ [e o]
+/ iy 3" Y e BB o BreBpnortion)(mom) (g )P (4.123)

— I —
Tl n=0 o,a’==+

Additionally, making use of the fact that the imaginary-time integrals have the general solu-
tion
B B
. B(anaa’ +iw ) —_
/ dm / dry e@Wnmaar Fiwp)(T2=71) — € vl 5 ) (4.124)

(wnmaa’ +1 wp) Wnmaa! +1 Wp

0 1

with the abbreviation
Wnmaa! = Ena - Emo/7 (4125)

leads to the following expression

o0 ﬁ(w 1w )
0 . 1 _ e n(n+l)aa p) 1 /8
G;g ) (Zy(AJp) = E { e B Ena [ —
=0

5 ZO a,=+ \n= (wn(n—l—l)aa’ + iwp)Q wn(n+1)ao¢’ + iwp
° /B(wm(m—l)aalfiwp) —1
2 _ e 15}
X (t(n+1)a,a) _|_ Z e 5E7na [ - 3 _ . (tmaa/)2
m=1 (Wm(m—l)aa’ - pr) Wm(m—1)aa’ — *Wp

D

n=0

{ i~ [e_ﬂ(E(”rH»l)a’_iwp) — e_ﬁ Ena e_ﬁ(Ena+iwp) _ 6_18 E(n+1)a’

1
=55 X

a,a/ ==+

o _ﬁ Ena > _B E’ma
o !Z ﬂe (t(”+1)a'01)2 + Z (w (ﬁ - ) (tmoza’)zl } . (4126)
m=1

n—=0 Wn(n+1)aa! +rwp m(m—1)aa’ — iwp

2
N2 S\ 2 ] (t(nJrl)a’a)
(wn(n+1)aa’ + pr) (w(nJrl)na’a —1 wp)

85



Chapter 4 Thermodynamic Properties

. 02T .
Noticing that wy,(,11)aa/ = —Wnt1)na’a and etiBup — (FIBTFE _ kizmp _ 1, due to the
definition of the Matsubara frequencies (4.116), the above expression can be simplified to

0o —B Ena , 2 oo —BEma 2
o (i) =~ 3 lzﬁe (tospyaa)” 3 Ae (tmacr) ]

B Zo a,a’=+ Ln=0 Yn(n+1)aa’ +1wp =1 Wm(m—1)aa/ — tWp
(4.127)

2
s 8_5 Ena (t

nao/)2

675 Ena (t(n+1)a/a) _
Ena — E(n—i—l)a’ +iwm E(n—l)a’ — Epa +iwnm

m
HEERSY (he)®
Z Ela/*’iwm

0 a,a/ ==+

n=1

Going ahead, one can calculate the first-order hopping correction for this expression
B
) (i1, 71; i, 723) = Biy Oiy g / drs C0 (i3 71 175) CO (s 7)) (4.128)
0

by using frequency conservation again and make use of the cumulant multiplicity proper-
ties in frequency space, which leads to the restriction

aél) (il, wm1;j\i2, Wm2,1? ) = aé ) (7, wml) aé ) (], wmg) (51‘71‘1 (51‘20‘ (5wm17wm2. (4.129)

Thus, one finds that the expansion coefficient correction under consideration takes on the
form

1) ;. .- . 1 tlaa —-BE
asy’ (i1, wm1; jliz, wm2, 1) = =5 E g e na
2 y¥mly ) 9
z? vt Flo — i Wm1

+ (tnaa’>2 % Z (tlv "y Z e B Eny
Ena — ‘ i Elfy’ — i Wm2

En—t)ar = twm1 vy =%

(tnrvara)”

Ena — E(n+1)a’ + 1 wm1

2 2
(t(nH)'vW) i (tnw/)
En'y - E(n+1)7’ + 1 Wm2 En’y - E(n—l)'y’ -

; ZwIﬂZ] } ‘51'7141 5i27j 5"Jm1,wm2- (4.130)
J

Hence, I derived the complete expression for the coefficient (4.119) in Matsubara space,
which now takes on the form

( ) (i1, wm1) Giyip + Z Kij ag)) (4, wm1) ag)) (J,wm2) Giiy Oig,j | Ot wms -

12

A (i1, wmi1i2, wm2) =

(4.131)
Therefore, the second order in the symmetry-breaking currents is solely dependent on suit-
able combinations of expression (4.127). In the next subsection, I derive the analogue ex-
pression for A4(iy, 71513, T3|i2, T2; 14, 74) in frequency space.

4.6.2 Fourth Order in the Currents

To derive the contribution up to fourth order in the currents I will proceed analogously to the
previous subsection. First, I consider the zeroth order hopping term. Going into frequency
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space again yields

B
0) (; L ; g R d dry O (in;
a, (’Ll’wm17Z3,wm3‘22)wm2?z47u‘)m4)_@ 11,83 Yia,i4 V11,12 T1...a74 Uy (ZlaTla7-3|7—2a7-4)
0
% ei(_wm171+wm272—wm37'3+wm47'4)_ (4.132)

The combination of relation (4.132) it with the equation (4.98) leads to

B
) ) . ) 1 AT . . .
QELO) (41, Wm1; 93, Wm3|i2, Wm2; 14, Wma) = 7 /dﬂ ... d1y {<T [%Tl (Tl)agg (73) Gy (T2) au(m)} >0
0
— G110z Big iy OO (i3 71|m2) O (i m3|74) — By Gigyin O (i3 ma)7a) O (i3 73172)}
~ ei(—wm17'1+wm2’r2—wm37'3+wm4’r4) ] (4.133)

As seen in the previous paragraph the respective Matsubara frequencies are restricted by
frequency conservation. Therefore, the following relation has to be satisfied:

Wm1l + Wm3 = Wm2 + Wm4 (4134)

Using the frequency conservation and the results from the previous subsection, leads to the
expression

0) /- P . y 1 5 0) /.
CL4 (Z].a Wm1; 13, wm3|7’27 Wm2; 4, Wm4) - @ Wm1+Wm3,Wm2+wWm4 - CL2 (117 Wml)

(0)

X Qg (i3a Wm3) [61'171'2 51’3,1'4 60-!1,0-)2 5w3,w4 + 6i1,i4 51'371'2 5w1,w4 50-23,0-’2]
B
+ / dri...dmy <T [&;{1 (7'1) &33 (T3> Qi (TQ) ai, (7'4)} >0 eH(—wm1 T+ wmaTa —wm3 s twmaa) { (4.135)
0

Since, the expressions in the first two terms have already been calculated, all one needs
to derive is the integral over the time-ordered thermal average. First I notice that, for the
time-ordered product of the annihilation and creation operators, there are 6 distinct per-
mutations leading to different expectation values. Each of these orderings itself has 4 time
variable permutations corresponding to 7; <> 7 and 73 <> 74. Thus, overall one finds 24
terms for the above expectation value. Luckily, the integrals over different time-variable
permutations yield the same result, and thus, they just lead to a fixed pre-factor 4. For this
reason, one just needs to determine the 6 different thermal averages for one specific time-
ordering. Furthermore, due to the orthogonality relation (3.53), these expectation values
are local quantities and, therefore, I drop the site indices in the following calculations. Thus,
one has to solve the following expressions:

(a'(n)al (m) ar) alm)), (a'(m)a(m)al () a(m)), (4.136)
<&(T4) af(r) a'(rs) d(rz)>0 : <d(74) a(rp) al(m) aT(Tg)>O : (4.137)
<&(T4)dT(ﬁ)&(TQ)dT(T:>,)>0 : <&T(T1)d(T4)&(Tz)dT(Tg)>O : (4.138)
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where I dropped here and in the following calculations the site indices of the photonic cre-
ation and annihilation operators, because these expectation values are all local quantities
due to the orthogonality of the dressed state basis (2.137). With the help of the polariton
mapping from Section 2.6, one can calculate these averages which yields:

(al(r)a(r)al (m)a(r)) = *ZZ (n, alaf (m)a(r)al ()a(ra)e 0 [n, a)

nla

ZZ 5Ena n Oz’ 1 Ho 4 afe(m— 1) H ae(™— ) Ho ~ afe(ma— T3)H0a€ 74 Ho |n a>

nla

R Z Ze BEna (Tl 74)Enoc (n Oé‘ T (T2 7—1)110A (T3 T2 HO T‘m—l ’y>

n,m=1 ayy’

X 6(7—4 TS)E'mfl'y tm’yﬂ/dmn(som

Z Z Z Z e 5Ena (11—74)Ena <n Ct’ 7'2 Tl)HOfL’p+1,V/> e(T37T2)E(p+l)l/

n,m=1 p=0 ayvy'vv’

X e(T4 TS)Em—l’Y t(p—}—l)y’ytm’y’y/6mn6a76p(m—1)5’ylu

Z Z Z e—ﬁEnae(Tl—M)Ena <TL,O¢|&T |T B 1’pl> (r2—T1) B 1) (7'3 T2)E(py1y0r

n,m,r=1 p=0 ayy'vv’'pp’

X e(T4 7)1 trpp’t(p+1)u/l/tmwv’5mn5a'y§p(mfl)5'y’V5(p+1)r6pu’

Z Z Z Z ¢—BEna [e(n—74)EW€(TWI)E(T_UP,e(Tgffg)E(pH)y,6(74_T3)Em,17,}
0

n,m,r=1p,q=0 ayy'vv' pp'wr'

X [t(q+1)7r/77t7"pp’t(p—i—l)l/’r/tmv'y’] X [5n(q+1)5q(r—l)5r(p+1)5p(m—l)5mn] X [5a7r’5p’7r5p1/’51/'y’5wa] .
(4.139)

Hence, I find the following expectation value

() am ) atr), = 33 3 e elBr el (B )

n=1a,v,p,r==%

e(Enp*E(n—l)u)TS e(E(n_l)u*Ena)‘m (tncwr % tnpw X tnpu X tnau) X (4.140)

Subsequently performing the same procedure for the remaining expectation values, leads
to the following expressions:

T T > _ﬂEna E(n+1)7r Enp)Tl (E(nfl)ufEna)TQ
(a(ra)al (r)al(m) a(r) ) ZOZ >

n=1 a,v,p,T=%

x elFne= b} e(Fne =Bt )T (4, 1)0m X by 1)m X tmgw X tna) (4.141)

(41 ar) a1 ()) = 3 3> 3 e En el FreFamb) el Frvan )

n=1 a,v,p,T=%
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e(E(n+l)y_Ena)’T3 e(E(nfl)rr_EnP)T‘l (tnom X tnpr X tni1)wp X t(n+1)l,a) , (4.142)

v p,7r—:t

(t17r— X t2p7r X t2pl/ X tly + Z Z _6 Ena E(”+2)/’ E("‘*’U”)TI (E("+1)7V_E(7L+2)P)T2
n=1 a,v,p,T=%

e(E(n+1)z/_Ena)7'3 (Ena E(n+1 ) (t(n+1)7ra t(n+2)p7r X t(n+2)pl/ X t(n—i—l)ua)} 5 (4.143)

1
<&(T4) af(m1) a(ra) a T(73)>0 =z [ D P e Bwm eButs om BT (17 )
v,m==%

+Z Z —B Ena E(n+1)7r Enp)T1 (Enp_E(n+]_)y)7—2 e(E(n+1)y_Ena)7'3
n=1a,v,p,r==%

x e(Bna =B )8 (100 X b 1mn X iy X En HW)} : (4.144)

() st = &S5 T B BBy (B Foee )

n=2 o,v,p,T==
e(E(nfl)ﬂ_E(n*@P)T?’ e(E(nfl)V_E"a>T4 (t,wm X tn—1)mp X Ln—1)wp X tnow) . (4.145)

Note, that due to the order in which the annihilation and creation operators act on the po-
lariton states, the polariton number has a minimum threshold for each average. Thus, ex-
pression (4.145) just contributes if n > 1, expressions (4.140) to (4.142) just contribute if
n > 0 and only the last two expression (4.143) and (4.144) contribute for every polariton
number.

Following the same procedure as for the second-order expansion coefficient, I now perform
a Matsubara transformation according to equations (4.117). For this purpose, I make use of
the fact that the elementary integral

B t t1 to
Izy/dte“t/dtl ebtl/dtg eCt2/dt3 edt?’, (4.146)
0 0 0 0

has the general solution

elatbtetd)s _ elatbd+a)B _ 1
TNlatvrerdbrerdctrdd (@+tbrobrtod
— (a+b)B _ af
n 1+e B 1+e (4.147)
bla+b)c(c+d) ab(b+c)(b+c+d)

Applying this result to the expressions (4.145) — (4.144), one finds that the variable combi-
nation corresponding to a + b+ ¢ + d in (4.147) always vanishes. Therefore, one additionally
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needs the limit:
elatbtcetd)B _ q B

y
atbretds0 (a+btctd)btetdfctdd (b+ectd)ctdd’

leading to the adapted solution of (4.147), which reads

s 6 e(a+b+c)ﬁ -1
T\ brcrdcrdd (@+b+ob+o)d
N -1 +e(a+b),6’ -1 +ea[3’
bla+Db)c(c+d) ablb+c)(b+c+d) ]’

(4.148)

(4.149)

Now, one can use this result to perform the Matsubara transformation leading to the follow-

ing expressions:

. . R 1\
<aT(wm1) aT(me) a(wm2) a(wm4)>0 = ?52 Z Z (tna)\ t(n—l)/\p t(n—l)up tncw)
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(4.150)
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s 5
(7/ Wm1 + E(nfl),\ - Ena) (Z Wm4 + E(n—l)u - Ena)

}a (4.151)
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Z Z —B Ena t(n+1)>\a t(n-l—l))\ﬂ t(n—l—l)up)
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1

p
{ Wml - Wm4) — Epo + Enp)
+

(_i wWma — Ena + E(n+1),\) (_iwmfﬂ — Ena + E(nJrl)u)

_1 + eﬁ(_i(wml _Wm4)+Eno¢_Enp)

( (wml - wm4) + Ena — Enp) (Z (wml + Wm3 — Wm4) + Enp - E(’n+1)l/)]
1 1
, + -
(*Z Wml — Enp + E(n—l—l))\) (’L (wm3 - Wm4) + E(n—l—l))\ - E(n—l—l)z/)

_1 + eﬁ(iwm4+Ena_E(n+1))\)
o > 7, . +
('L wmd + Ena — E(n—i—l))\) (_Z Wml — Enp + E(n—i—l))\)

X

_1 + eﬂ(z wm3+Eno¢_E(n+l)V)

’ tntla) s (4.154)
(i wm3 + Ena — E(”‘H)V)Z (Z (Wm1 + Wm3 — wm4) + Enp — E(n-i—l)u)] } ( ) )

<(IT(wm1) (wm4) (WmZ) T(Wmi} >O Z, 62 Z Z BE"O‘ noé)\ tnpx t(n+1)yp t(n+1)ua)
n=0 a,v,p,\==%

1 —1+e ( ?Wml E(n 1)>\+Ena)
(i (Wrnl + UJm3) + E(n—l))x - E(n—f—l)y) (Z Wml + E(n—l))\ — E’noé)2 (Z Wma + E(n—l))\ — Enp)
—1 + 65(iwﬂ13+Ena_E(n+1>V)

(iwm3 + Bra = Eaiy)” (i (Wt + Wms — wma) + Bnp — By
1 B
(4 (Wm1 — Wma) — Ena + Enp) (Z Wm1 + Epo1)n — Ena) (—i Wm3 — Fna + E(n+1)y)
1 4 eB=i(wm1—wma)+Ena—FEny)
(iwma + En—1)x — Enp) (i (Wm1 — wma) — Ena + Enp)

_l’_

1
N . (4.155)
(1 (Wm1 + Wm3 — Wma) + Enp — E(n+1)u)] }

Using these results together with the definition (4.135), one finally finds the following ex-
pression for the 4th order coefficient

t n—1)A t n—1)v tna)\ thav
agU) (W1, Wm3|wm2, wma) = ﬂZ Z Z <{Z< (n=1)Ap Y(n—1)vp

"D it “mt = @ma) + By = By

A(—iwmi—E(n_1),+Ena) _
X

(Z (wml + Wm3 — wm4) =+ E(n72)p - E(nfl)u) (Z Wm4 + E(nfl)u - Ena)
eﬁ(_iwml_E(nfl))\""E’ﬂOé) _ 1

2

(i Wm3 + E(n72)p - E(nfl))\) (Z Wm1 + E(nfl))\ - Ena)
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s
(Z Wm1 + E(nfl))\ - Ena) (Z Wm4a + E(n—l)y - Enoe)
€ﬁ<—i(wm1+wm3)—E(nfg)p‘f'Ena) _ 1

+ = .
('L Wm3 + E(n—2)p - E(n—l)A) (Z (Wm1 + wm3) + E(n—2)p - Ena)

t(nfl))\p t(nfl)yp tna tnav
i (Wml + wm3) + E(n—2)p — Ena

1

X — (1= 6n0) (1= 0n,1)

(i (Wm1 + wms — wma) + E(u-2)p — E(u-1)») } ! !

B
+ (1= 6n0)3 —— ,
" (Z Wm1 + E(n—l))\ - Ena) (Z (me - wm4) + Ena — Enp)
1 _1 + eﬁ(i(wm3_wm4)+Ena_Enp)

X — + - -

(’L Wma + E(n—l)u — Ena) (Z (wm3 — wm4) + Ena — Enp) (Z (wmg — wm4) + FEna — Enp)

1

X

(i (Wml + Wm3 — Wm4) + E(n—l))\ - Enp) (Z Wm3 + E(n—l)y - Enp)

1 65(7iwm47E(n_1)y+Ena) _ 1

+ _
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eﬁ(_i Wml_E(n_1)A+Ena) _ 1
+

thart ErnpX tnov
. 2 . na tnav tnpX tnp
(Z Wm1 + E(n—l))\ - Ena) (Z (wml + Wwm3 — wm4) + E(n_1)>\ - Enp) }

B
+ (1= dn0){ —7 .
" (Z Wm1 + E(nfl))\ - Ena) (Z (Wml - wm4) — Epa + Enp)

1 1— 66(_i(wm1+wm4)+Ena_Enp)

X = + - ;
(Z wm3 + Epa — E(n—f—l)y) (Z Wm4 + E(n—l))\ - Enp) (Z (wml - wm4) — Fnpa + Enp)
1
(i (Wml - Wm4) — B + Enp) (Z (Wml + wm3 — Wm4) + Enp - E(n+1)u)
1 eﬁ(_iwml_E(n_l))\+Ena) -1

X

+ -
? (wml + wm?)) + E(n—l))\ - E(n—i—l)l/ (Z Wm1 + E(n—l)A - Ena)Q (’L Wm4 + E(n—l))\ — Enp)

eﬂ(i wm3+Ena—E(ni1y) _ 1

" ] ; tna tnp)\ t( +1) t( +1)
(Z Wm3 + Ena — E("+1)V)2 (Z (wml + Wwm3 — Wm4) + Enp — E(n+1)y)] } nlbjya mnrl)vp

p
+ (1 =6n0)8 —— -
" (Z (Wml + Wm3 — wm4) + E(nfl)zz - Ena) (Z Wma + Ena — E(nJrl))\)
1 _]_ _|_ 66(_i(wm1_wm4)+Ena_Enp)

X — - .

(Z (wml - Wm4) — B + Enp) (Z Wm3 + E(n—l)u - Enp)

1

X

(i (Wml - Wm4) — Epa + Enp) (Z (wml - wm4) — Epa + Enp) (Z Wm1 + Enp - E(n—l—l))\)

1 eﬂ(iwm4+Ena_E(7b+l)A) -1

i (wml + wm3) + E(n—l)u - E(n—i—l))\ (Z Wma + Epa — E(n+1))\)2 (’L Wm1 + Enp — E(n-i—l))\)
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65(_7;(*)[111 —1wm3+i wm4_E(n—1)y+E’1L(X) _ 1
+

t tnovt t
. 2 /. nov ‘npv “(n+1)aX Y(n+1)vp
(i (Wm1 4+ w3 — wma) + E—1)y — Bna)” (iwms + Epn_1), — Enp) }

B
{ (Z Wma + Ena — E(n+1))\) (i (Wm1 — Wm4a) — Ena + Enp) (Z wm3 + Ena — E(n+1)1/)
eﬁ(_iw1n1+iwm4+Ena_Enp) — 1
(i (wml - wm4) — Epo + Enp) ('L Wm1 + Enp - E(n+1))\)
1
(2 (wml - wm4) — Epa + Enp) (Z (wml + Wm3 — Wm4) + Enp - E(n—l—l)u)
eﬂ(iwm4+E7LOt—E(7L+1)>\) — 1

+

(i Wma + Epg — E(n+1))\)2 (Z Wm1 + Enp - E(n—i—l))\) ('L (wm3 - wm4) + E(n-i—l))\ - E(n—l—l)r/)

Aliwms+Ena—Emiay) _ 1
+

(i (Wm3 — wma) + Eggi)r — Epay) (0 (Wt + @ms — wmd) + Enp — Egga)y)
1
(i wm3 + Ena — E(n+1)u

X

)2] } tnt1)ra tnt1)rp Enttva tnt1yp

—p
{ (iwma + Ena = Epinn) (0 (@mt +wms) + Ena = Bny2)p) (iwms + Ena = Enr1))
eIB(iwml+’iwm3+Ena*E(n+2)p) — 1

(i (wm1 +wm3) + Bna — Ens2),) ((wm1 + By — Ent2))

1

X . .

(7 (Wm1 + wm3) + Ena — Ent2)p) (i (Wm1 + wm3 — wma) + Egn — Emnaa)p)

1 i (—1 + eﬁ(iwmﬁEna—E(nH)A))

+ - ) . 2

('L (Wm3 - Wm4) + E(n—‘,—l))\ - E(n—i—l)y) (wm4 —iFEn + ZE(n+1))\)

1 1

X

, ; + -
(Wml + Wm3 — Wm4 — 'LE(n-i-l))\ + ZE(n—&—Q)p) (Z Wm1 + E(n+1)y - E(n+2)p)
eﬂ(iwm3+Ena—E(n+1)u) -1

X tinaaa tnaDva tna2)pa tni2)ow
(wm?) - ZEna + iE(n+1)y)2] } ( ) ( ) ( ),0 ( )p

Wm1$rWm3

- {aéo) (Wm1|wm2) agO) (wm3|wm4)} (4.156)

)
Wm1$?Wm3

where the label wy,,; <> w3 means a symmetrisation with respect to the respective Matsub-
ara frequencies. Note, that the above expression for aio) (Wm1, Wm3|wm2, wma) only holds in

case that w1, wms, wma 7 0 because otherwise new poles arise for suitable polariton-index
combinations.

In order to validate the correctness of the above result, I consider the mean-field approach
(3.54) again. Comparing equations (3.54) and (3.50) with expressions (4.67) and (4.68), one
finds that the mean-field Hamiltonian can be rewritten in the form

HM = Hy+ H{ 0+ m2 ) |0, (4.157)

)
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when using the formal identification
Ji(T) = =k 2 V5. (4.158)

Now, one can use the approach introduced in Section 4.4 to perform an expansion of F
to leading order. This ansatz leads to an expansion of the mean-field free energy Fyr in
powers of the order parameter V;, provided one notices that the term proportional to |¥;|
in equation (4.157) contributes only a constant term to Fyr . With these considerations in
mind, one finds the explicit result

Fur Z}—O*Z (ayF‘I’iPﬁLiﬁa%FW#) ; (4.159)

where the mean-field Landau coefficients are defined via the relations
a)F = (0)(010)( 22— Kz, (4.160)
a® =a'"(0,000,0) (r 2)* . (4.161)

Hence, the mean-field result can directly be obtained from the free energy expansion co-
efficients ago) and agf)). Thus, in order to check if the result derived for aio) is correct, I will
first calculate the low-temperature limit, which should coincide with the mean-field result
for w1 = wm2 = wm3 = wma = 0 according to equation (4.161). Thus, calculating the limits
for frequencies equal to zero and rearranging the terms in an analogous way as I did for the

second-order coefficient, I find the following limit

(0) 1 — 0p 0) ln—a
hm ay’ (0,0/0,0) =4 E E
n=0 a,v,p==% — By )(En—_ n-i-)

% ( th—vtntatniy Inta t(n+1)uf t(n+1)u+> B (1 - 671,0) t(nJrl)fa
(En

(En— - E(nfl)u) (En— - E(n+1)1/) - E(n+1)a) (En— - En+)
% (t(n+1)a+ ZL/(n+1)1/f ZL/(n+1)1/+ + ln—v tntv t(n+1)+a>
(En- = Egs1yw) (En- — 1))

_ t(n+1)—o¢ t(n—i—l)u— t(n+1)+o¢ t(n+2)pu
(Bn- = Biny1)a) (Bne = Eiy) (Bn- = Biny)p)
(1 - 571,0) (1 - 571,1) t(nfl)fp t(nfl)up tn—atn—v

~ lim [2% (0/0) @ (0|0)]

(Bn-1)y = Bn-) (=Bn-2p + En-) (= En-)a + En-) | #=ec
(4.162)
Calculating the remaining limit yields
1 — 8np) 12,12
Jim, ay” (0]0)a” (0/0) —22 >N ( )2"aﬂ nap
n=0 a,\,v,p==% (_E(N—l)ﬂ + Ena) (E(n—l)u - n)\)
_ (1 = 0np) tar, torw n 1y taw
2 2
(En—1yy — nA) (Ena = Ent1)p)” (Bnx = Eugayw) (Bna — Egnt))
1 —0p0)t2,, 12

N ( 0) ARG ] ‘ (4.163)

(=Etn-1)p + Ena)” (Enx = Entayw)
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Inserting this result into equation (4.162) leads to the final result for the zero-temperature
limit

(1= 0n,0) (1 = 8n1) tn—1)—p tin—1)0p tn—a tn—v
E-1y = En-) (= Bn-2)p + En-) (=Etn-1)a + En-)
B tn+1)—a t(n+1)1/f tn+1)+a tn+2)pv

(Bn- = Eni1)a) (Bn- = Einw) (Bn- = Emei2),)

(1 =6n,0)th-a ( thvtntatntr  tntalimngl)v— t(n+1)u+>

(En-nya = Bn-) (Bn- = Ent) \ (En- = Eg-1p)  (Bn- = Eaayw)

_ (1 - 571,0) t(n—i-l)—a t(n+1)a+ 7f(n—l—l)y— 7f(n—l—l)y—&— tn—v tntw t(n—l—l)—f—a
(Enf - E(n+1)a) (Enf - EnJr) (Enf - E(n—l—l)zz) (Enf - E(n—l)u)

% (0,0l0,0) _42 >

n=0 a,v,p==%

_l’_

. (1 - 6 )tn P t?’L v t%n+1)V_
2\ (E,_.—E E, —E
(En- — E(n_l)p) (En- = En-1y,)  (Bn- = E(uyay)
t2 _ 12
_ (n+1)p— . { (1 5n,0) t v (n+1)v— }] ' (4.164)
(Bne = Emanyp). | Bnm = Ea-ip) (B — Egsay)

If one now compares this result with expressions (3.96) and (3.86) obtained from Rayleigh-
Schrodinger perturbation theory, one finds the correspondence

aF = a'% (0,0]0,0) (1 2)*, (4.165)

and thus I confirmed that the calculated fourth-order contribution is consistent within the
zero-temperature limit. Next, [ determine the first-order hopping correction aff). In order
to determine this correction in Matsubara space, I can use the integral properties and fre-
quency conservation again, which leads to the relation

az(ll) (7:7 Wm1; ¢, Wm3|ju Wm2; 4, Wm4) = az(lo) (7:7 Wm1; ¢, Wm3|ia wm4) aéO) (.]7 Wm?) 6wm1+wm3,wm2+wm4-
(4.166)
Hence the first-order hopping correction for the fourth-order current coefficient is given by
expressions I already calculated and can therefore be included right away.
Finally, I derived the complete equation for the grand-canonical free energy in Matsubara
space up to fourth order in the symmetry-breaking currents and first order in the hopping
strength. However, this still is not the desired Ginzburg-Landau theory. Since the free en-
ergy is a functional of the currents j, j*, which are no physical quantities, it is not a proper
thermodynamic potential. Fortunately, there exists a well-known mathematical procedure
to map this functional into a genuine thermodynamic potential. This procedure will be pre-
sented within the next section.

4.7 Ginzburg-Landau Action

Within this section I finally derive the Ginzburg-Landau action for the JCH model, which
is the proper thermodynamic potential for this system. Since the symmetry-breaking cur-
rents j, j* are no physical quantities, one has to transform them into physical fields. This
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transformation can be accomplished by means of a Legendre transformation of the free-
energy functional to an effective action. In order to do this in a neat way, I first rewrite the
grand-canonical free energy in Matsubara space in the following form

Fli.J" 1 =Fo— *Z > { (W1, wm2) Ji (Wm1) Jj (Wm2)

%,J Wml,Wm2

+Z Z Nijki (wmlvWmQ’Wm&Wm4)ji(wml)jj(WmQ)jZ(wm3)jl*(wm4)}, (4.167)

k,l wWm3,wm4

where the new introduced coefficients are defined as
Ml.] (wml’ wm2) = |:ag0) (Z7 Wml) 5’57] + K:z] ag)) (Z7 wml) ag)) (]7 (JJmQ):| 5wmlywm2 ’ (4'168)
and

I (). . .
Nijki (Wm1, Wm2, Wm3, Wma) = Za‘(l ) (4, Wm1; %, wm3|t, wma) {51‘,3‘ Ok,1 0i

+ Kik aé ) (k wmQ) 51 ,J (5'Ll + Kij aé ) (]7 me) 5i,k 5k,l] 5wm1+wm3,wm2+wm4 . (4.169)

Now I define the Legendre transformation by self-consistently introducing the order param-
eter field ¢;(wy,) according to

0F
Vi (wm) = (@i(wm))g = 5m . (4.170)

Note, that this Ginzburg-Landau order parameter field differs from the Landau order param-
eter (3.48) by being space and time dependend. Inserting expression (4.167) into equation
(4.170) yields the following relation for the Ginzburg-Landau order parameter field

==> > { i (Wm1;@Wm) Jp (Wm1)

P Wmi

k,l Wm2,Wm3

-2 Z Z Nlpk:i (Wmh Wm2, Wm3, Wm) Ji (Wml)jp(‘*)m2)j]j;< (me) } . (4.171)

The Legendre transformation (4.170) defines the new Ginzburg-Landau action I', which
takes on the following form

P (@im) 7 (wm)] = F (3,571 = 5 22 D0 W (wm) 5 (wom) + 07 (wm) Jilwm)] » (4172)
where ¢ and j are conjugate variables satisfying the Legendre relations

oT Lo, 6T
Sy ) = | e

Jilm) = =B 01bi (W)
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Using the fact, that physical situations correspond to j = j* = 0, together with the above
relations, defines the following equations of motion

v 4T
0p; (wm) — 0%i (wWm)

Thus, the equilibrium order parameter 1., is defined by the condition that the Ginzburg-
Landau action is stationary with respect to fluctuations around it. Furthermore, comparing
with equation (4.172) it is clear to see that, evaluating the effective action for the equilibrium
field 1)eq yields the physical grand-canonical free energy:

=0. (4.174)

Cly=yq = lim 7. (4.175)

Since I want the effective action to be a functional only of the order parameter field I still
need to get rid of residual currents. In order to achieve this, I can use expression (4.171) to
define the currents as functionals of the order parameter field . Eventually, this relation can
be recursively inserted to obtain the thermodynamic potential as a functional of only the or-
der parameter field . Unfortunately this is quite complicated because of the inner structure
of the coefficients M,; and Nj,,;. However, if one knows the inverse matrix )/, q_il (W1, W)
one can determine an expression for j in dependence of ¥ recursively. Therefore, I first
consider expression (4.168) and calculate its inverse using the ansatz

®

m +mi ki + 0 (k%) (4.176)

Mjl (WmlawmQ) ij

and demand that the following relation has to be satisfied
Z M (wm1, Wm2) My (wm1, winz) = i j - (4.177)
k

Using definition (4.168) this ansatz leads to

©) (

5i,j =|m, CL2 j,w 1 Zmzk Kkj a2 k wml)ag ) (j’wmz)

+m(l)/ﬁ}1j aé ) (7, wml)} O s - (4.178)

Since this relation has to be true for all possible values of «, I find the condition

8i5 = m a8 (j, Wm1) Sy com (4.179)
from which follows that
my) = 75"(73)5“&'1’“7"2 : (4.180)
ay” (J,wm1)
Furthermore, one finds the condition
0= Z mgg)/{kj ago) (k,wm1) aéo) (J, wm2) + m(j)/@j aéo) (Js wm1) | Owpmr wms » (4.181)

k
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which is solved by

m_ ay (j, wms)

m;; = Ot wma - (4.182)

agO) (j7 Wm1
Combining result (4.180) and equation (4.182) leads to the following relation for the inverse

matrix M Z; L.

1

M= (s woma) = 51— 5" (7, 0m) i | G s (4.183)

K ) (j, wm1)

Having obtained this inverse matrix, I can use it to transform equation (4.171) into recur-
sive equation for the currents j, 7*. Simply rearranging the terms in equation (4.171) and
multiplying with the inverse matrix M 1;1 yields

Ji (wm) = — Z Z Mi;1 (Wi, wm1) lwp (wWm1)

P Wmi

-2 Z Z qukp (wmh Wm2, Wm3, wm) jl (wml)jq (wmQ)]Z (me) . (4184)

q,k,l wm2,wm3

Reinserting expression (4.184) into itself and keeping just contributions up to first order in
the hopping leads to the relation

Ji (wm) = — Z Z Mz’? (Wi Win1) [¢p (wWim1)

P Wmi

-2 Z Z qukp (Wmla Wm2, Wm3, wm) Jl(wml)Jq(Wm2)J]i< (Wm?)) y (4.185)

q,k,l wm2,wms3

where I defined the abbreviation

Ti(Wm) == > Mt (w1, wm) ¥p (@m1) - (4.186)

P wmi1
Using result (4.185) and inserting it into equation (4.172) leads to the expression

I [t (wm) , 67 <wm>]:f[J,J*J+;Z S s (@) M (@) |65 (@)

9D Wm,Wm1

—22 Z qukp (wml,wmg,wmg,wm) Jl*(wm1)<];(wm2)<]k(wm3) + c.c. (4.187)

q,k,l Wm2,Wm3

The next step is to insert expansion (4.167) for the free energy into equation (4.187). Us-
ing equation (4.185) once again and keeping just the contributions up to first order in the

99



Chapter 4 Thermodynamic Properties

hopping strength, one arrives at the final expression for the Ginzburg-landau action which
reads

i Wml 7’ (JJm]_)

r [¢z (wm) v¢: (Wm ~Fo+ - B ZZ { ‘1(%) wml Z’%] ¢] Wml) T;Z)z (Wml)

(0)

0) /. 0) /. 0) /. .
Wm?2,Wm3,Wmd 40’& ) (7’7 wml) aé ) (Z,O.)m2> ag ) <Z7wm3) a2 (Z7wm4)

oy A (z’;wml,wmgwmz,wm)wi(wmlwi(wmg)@(wm2>w,-*<wm4>}_ .188)

Formally comparing this result with the expansion of the free energy (4.108) it is to see that

the two terms in the Ginzburg-Landau action corresponding to the coefficient afll) of the
free energy expansion vanish. Considering the diagrammatic expansion, this result means,
that the one-particle reducible diagrams vanish. Thus, it is to see that the Legendre trans-
formation of the grand-canonical free energy, which is given by the sum over all connected
diagrams, leads to an effective action, which is given by the sum over all one-particle irre-
ducible diagrams.

In order to obtain physical results from equation (4.188), I insert this expression in the sta-
tionary condition (4.174), which then takes on the following form

0= 7_2/431] wz wm

a2 (’L W)

_ Z a4(10) (27 Wmls ia wm3|i7 Wm2; ia wm) 1/}1 (Wml) 1/11 (Wm3) 1/11* (wm2) (4.189)
(0) (0) (0) :

0) ,. . . .
Wm1,Wm2,wWm3 2 ag ) (4, Wm1) as (4, Wm2) as (4, Wm3) Qg (4, wm)

Equation (4.188) is in fact the proper thermodynamic potential for the JCH model up to the
desired accuracy in the order parameter and the hopping parameter. However, as should be
clear from the approximations performed so far, this expression can be extended to include
higher order corrections. In the next chapter this result is used to analyse the thermody-
namic properties of the considered system.
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Results from Ginzburg-Landau Action

Having derived the Ginzburg-Landau action in the previous chapter, I now use this result
to extract some thermodynamic properties of the JCH model. The starting point for these
calculations is the physical stationarity condition defined in equation (4.189). The results
following from this ansatz are examined in the following sections for both static and dy-
namic order fields ¢; (wp, ).

5.1 Static Case

First, I consider an equilibrium situation, where the order parameter field is constant in
space and time

(5 (Wm) = \/B¢eq 5wm,0 . (5.1

Inserting this ansatz in the stationarity condition (4.189) yields for the equilibrium order
parameter the following relation
(0) ’
2 [az (0‘0)} ©)
W2 ==Lt 14y’ (0[0) k2| . (5.2)
“ B a9 (0,000,0) [ ?

Note that this expression is strictly local and site independent. For this reason I dropped the
site index i of the coefficients aéo) (4;0[0) and %(10) (4;0,0/0,0).

On the one hand, this expression is an estimate for the condensate density in the static case.
On the other side, it is to see that, according to relation (4.175), all physical quantities can be
obtained by calculating the derivatives of the effective Ginzburg-Landau action evaluated at
the equilibrium field veq. Thus, for example the average polariton number per lattice site
and the compressibility can be calculated following the relations

1 or
s K ¢:weq
and o2
1 r
$ M 1/1:1/1eq

Note that, due to relation (4.175), all relations which normally can be derived from the
grand-canonical free energy F, can analogously be calculated from the Ginzburg-Landau
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Chapter 5 Results from Ginzburg-Landau Action

action I, if evaluated at 1)eq in the end.
Furthermore, one can read off from equation (5.2) the location of the quantum phase tran-
sition. The condition that the equilibrium order parameter vanishes, yields

1
O=—s———Kz. (5.5)

a” (0/0)

Inserting equation (4.127) and comparing this with formula (4.61) one finds that expression
(5.5) is exactly the mean-field result for finite temperatures.

5.2 Dynamic Case

Within this section I analyse the 2-point Matsubara Green’s function for the case of a dy-
namic order field ¢; (wy,) in the Mott phase. In particular, I determine the dispersion rela-
tions for this correlation function in the Mott phase. These correlation functions describe
the system response to an external disturbance. It is well known from the studies of critical
phenomena that correlation functions become arbitrarily strong at the critical values [7].
Thus, the dispersion relations can be obtained from the poles of the real-time Green’s func-
tions [165].

In Section 4.4 I showed that the imaginary-time Green’s functions can be obtained from the
grand-canonical free energy by means of functional derivatives with respect to the symme-
try-breaking currents. For example the 2-point Green’s function reads

8> F [gi (W) , 5§ (wm)]
6Jiy (wm1) 657, (wma2)

‘ = G(lo) (41, Wm1li2, Wm2) - (5.6)
j=j*=0

In a similar manner one can obtain the inverse Green’s function in the Mott phase [159] from
the effective action I' given in (4.172) via

T [3i (W) , ¥F (Ym)]
6tiy (wm1) oV, (wm2)

-1
= [Ggo) (i1, wm iz, wmg)] : (5.7)
p=1*=0

From equation (4.188) I see that this yields the following expression

. . -1 1 iy i
GEO) (Z17Wm1|227wm2)} = E [@(172) - ’%’1,2’2] 6wm17wm2 . (5.8)
a2 11, Wm1

This inverse Green'’s function obviously depends just on one Matsubara frequency and, due
to the definition of x; ; in (4.69), on the distance between the lattice sites i1, i>. Therefore,
one can rewrite this functions as follows:

-1 -1
G (i, wmliz wma) | =[G (0 = 2 wm1)| G e 5.9)

The property, that this function only depends on the distance between neighbouring sites,
suggests to further evaluate it in Fourier space. Thus, I perform a Fourier transformation
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which reads
- -1
[GgO)(wmly } A Z[ 227Wm1):| emik(ra i)
11712
1 51'1 72 ] —ik(r- —r; )
= — R . — K i e i1 i9
N2 | )

_1
B

me ~ik(ra )] . (5.10)

(Wml Z1712

Here I dropped the site index of the coefficient ago) (11, wm1) in the last equivalence because

this coefficient is a local and site independent quantity and, thus, the sum over the lattice
sites simply yields
1 N
> = 5 : (5.11)
ip @9 (i1, wm1) as’ (Wm1)

In order to further calculate the expression (5.10) I make use of the definition (4.69) again
and introduce the relation

ri, =T + G, (5.12)

where the lattice vector G is defined by equation (3.40). Inserting this relation into (5.10)
leads to

[égO)(wmhk)} - = ; L(O) 1 — H,Z eikG]
2

(Wm1) G
1 1

where J (k) is defined according to equation (3.45) as
3
k) =2k cos(kia) . (5.14)

Rearranging the terms in relation (5.13) and renaming the occurring Matsubara frequency

wm1 — wm leads to the following expression for the 2-point Green’s function in Fourier space:
Bay” (wm)

1= J(k)ay” (wm)

However, since one needs the real-time Green’s function in order to extract the dispersion
relations, I furthermore perform an analytic continuation to real frequencies

G (wm, k) = (5.15)

fwm = w+i0t. (5.16)

Using the above transformation and multiplying with a factor —: leads to the real-time 2-
point Green’s function [158] which then takes on the form

—Zﬂaz ()
1 J(k)ay (@)

G (w,k) = (5.17)
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The pole of this function is obviously given by the relation
1=J(k) a” (w) . (5.18)

Inserting equation (4.127) leads to the following, explicit form for this pole:

2
1 ; J (k) Z t%a/i B i e_BEna t(n+1)a'a + t72104a’
ZO o Ela/ — W 1 Ena — E(,,H_l)a/ + w Ena — E(n—l)a’ —Ww

(5.19)
Thus, I successfully derived the pole of the 2-point correlation function. The further inves-
tigation of this equation leads to polariton excitation spectra and will be performed in the
next section.

5.3 Excitation Spectra in the Mott Phase

To gain more insight into expression (5.19), I first consider the special limit for zero tem-
perature 7" = 0. Therefore, I consider just the lowest excitations and thus fix the polariton

species to « = —. Using these assumptions one finds that, for polariton numbers n > 0,
equation (5.19) reduces to the simplified formula
2 2
(n+1)a’— n—ao'
1=J(k — . (5.20)
( ) o E(n—i—l)o/ —Ep—w  Ep— E(n—l)a’ - w]

Solving this equation for w yields the following two dispersion relations

1
wi =5 [E(nﬂ)— — Eq1- +J(k) (ti—— - t%nﬂ)w) — ({En-1)- — Epnyr)-

—J(K) [ti,, — 2 +1>——] }2 — 4 {J(K) Egary_t2__ — B2+ Eu_1)— (En- — Egny1)—
+J (k) t%n—‘,—l)——) + En- {E(nﬂ)— — J(k) (tiff + t%n-i-l)——)] }éﬂ ; (5.21)

and

1
w2 =3 {E(nﬂ)— — E1)- +J(k) (ti—— - t%n—l—l)——) + ({E(n-1)- — E(nt1)-

2
—J(K) [t;i__ +82, +1>——]} —4{J(K) Epyin)t2__ — B2 + Eg_yy— (Bn — Egns1)—

1
+J(k) t§n+1)__) B, [E(n+1)_ — J(k) (t;i__ + t§n+1)__)] }2>] . (5.22)
Putting now J(k) = 0 in order to clarify the physical meaning of the equations (5.21) and
(5.22), yields the very simple relations:

W i=w = By — By, (5.23)
W = wy = Egny1y- — En—. (5.24)
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Figure 5.1: Excitation spectraat T = 0K, A=0forn=1, gz = perit = —0.78 ¢,
K = Kait = 0.16 g/z. The left figure shows particle- (solid line) and hole
excitations (dashed line) corresponding tow,~ = E, — £ andw;,~ =
E,_ — Ey_. The right figure shows the particle excitation spectrum for
A

Figure 5.2: Excitation spectra at T =0K, A=0forn =1, peg = perit = —0.78 ¢,
k z/g = 0.1. The left figure shows the lower-polariton particle- (solid line)
and hole excitations (dashed line). The right figure shows mixed-particle
excitation spectrum for w/~ .

From these relations it is clear to see that wy,_ is the energy needed to remove a lower-branch
polariton from a lattice site occupied by n lower-branch polaritons. For this reason I refer
to this energy as a lower-branch-hole excitation. In contrast the frequency w,_ describes
the energy required to add a lower-branch polariton to a site that is already occupied by n
lower-branch polaritons. Therefore, I refer to it as a lower-branch-particle excitation. With
this result in mind one can interpret the relations which I subsequently derive.

Note that, the dispersion relations (5.21) and (5.22) are not exact, since the terms with o =
+ in (5.19) significantly contribute to the excitation spectrum as well. In order to get the
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Figure 5.3: Excitation spectra at T =0K, A =0for n =2, yg = perit = —0.37g,
K = Keit = 0.0125 g/z. The left figure shows particle- (solid line) and hole
excitations (dashed line) corresponding tow,~ = E3 — Fy andw, ™ =
E,_ — E;_. The right figure shows particle- (solid line) and hole (dashed
line) excitations corresponding tow, ™ = E3, — E, and w, T = Ey —Fyy.

Figure 5.4: Excitation spectra at T = 0K, A =0for n =2, yg = pierit = —0.37g,
kz/g = 0.1. The left figure shows the lower-polariton particle- (solid
line) and hole excitations (dashed line). The right figure shows the mixed
particle- (solid line) and hole (dashed line) excitations.

correct dispersion relations for the case of vanishing temperature and » > 0 one needs to
analyse the full expression

t2 2
(n+1)a’ o t d
1 — _J k noo . 5.25
( )Z Ena — E(n-i—l)a’ tw " Ena — E(n—l)o/ —w ( )

a,a

The dispersion relations resulting from this equation have been calculated numerically. For
the case of resonance (A = 0) the spectra are depicted in the Figures 5.1 — 5.4 for differ-
ent sets of parameters. All these pictures show the dispersion w(k) divided by the coupling
strength g in the first Brillouin zone.
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5.3 Excitation Spectra in the Mott Phase

In Figure 5.1 I plot the spectra for n = 1 at the tip of the lobe. For the case of » = 1 one
always finds three excitation branches due to the involvement of the ground state. Two of
these branches, depicted in the left diagram of Figure 5.1, lie significantly lower in energy
then the third branch depicted in the right diagram. These two branches describe particle-
(solid line) and hole excitations (dashed line) between lower-polariton states corresponding
tow, ~ = F, —FE;_andw, = Ei;_—Fy_. Incontrast, the single branch in the right diagram
in Figure 5.1 describes a mixed particle excitation between a lower- and an upper-polariton
state corresponding to w;; ~ = E», — E;_. Comparing Figure 5.1 and Figure 5.2 one finds an
additional property of this mixed state particle excitation, which is, that it remains almost
constant at w(k)/g = 3.2 over the whole Brillouin zone.
Figure 5.3 shows the same relations as Figure 5.1 but for the polariton number n = 2. It
is clear to see that in this case the particle excitations wy = F3_ — F5_ and hole excita-
tions w, - = Ey_ — E;_, depicted in the left diagram, formally show the same behaviour
as for n = 1, but at much lower energies. The right diagram in Figure 5.3 shows the mixed
particle- and hole excitations. By comparison one finds that here the particle excitation
w[‘f ~ = E34 — Ey_ have higher energies than wl‘f ~ = FEy, — Ey_inthecase of n = 1.
The changes, which the excitation spectra experience inside the Mott lobes, can be observed
in the Figures 5.2 and 5.4. These diagrams show the same situation as Figures 5.1 and 5.3 but
for k < Keit. In general, this results in a shift to higher energies for small values of ka =~ 0
and a shift to lower energies for high values of k£ a = 7. This effect is almost negligible for the
mixed excitations but quite strong for the lower-polariton excitations. Considering the lat-
ter, one can see from Figures 5.2 and 5.4 that, a lower-polariton particle- or hole excitation
needs a finite amount of energy even in the long-wavelength limit, i.e. £ = 0. Furthermore,
one can see that within the Mott lobe, i.e. for k < k¢, the lower-polariton particle- and
hole excitations are always gaped in the whole Brioullin zone. This situation is opposite to
the one found at the tip of the lobe, i.e. pies = picrit, K = Kerit, Where the gap between the two
branches vanishes for k£ a = 0.
At this point it is worth noticing that the excitation spectra discussed so far can, in princi-
ple, be experimentally observed using photoluminescence spectroscopy [63, 89, 167]. How-
ever, in the considered system the number of excitations is conserved, but this condition
is violated by the fact, that the above excitation spectra describe the addition or removal of
particles and holes from the outside, which is why they still depend on the chemical po-
tential p. Therefore, it is convenient to consider the simultaneous creation of particle-hole
pairs, which can be detected by means of transmission spectroscopy [97, 168, 169]. Their
respective dispersion relations are given by relations of the form

WES = W — W) (5.26)
Since these pair-excitations do not change the number of polaritons in the system, they
do not depend on the chemical potential anymore. The resulting dispersion relations have
been obtained numerically and are depicted in the Figures 5.5 - 5.7 in the case of resonance
(A = 0) for zero temperature (I" = 0 K) and various values for «. For each polariton number
I plot all possible particle-hole excitations, which leads in general to four different disper-
sion relations, except for n = 1, where, due to the involved ground state, only two dispersion
relations emerge. All particle-hole excitations share the common property, that, for vanish-
ing hopping strength, their dispersion relation is constant over the first Brillouin zone. This
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Figure 5.5: Pair excitationat T = 0K, A =0forn = 1, pieg = pieriy and different val-
ues for . The green line corresponds to x = 0, the red line corresponds
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Figure 5.6: Pair excitation at T = 0K, A =0 for n = 2, e = it = —0.37¢ and
different values for ~. The green line corresponds to x = 0, the red line
corresponds to x z/g = 0.1 and the blue line corresponds to k = Ky =
0.0125 g/ z.
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Figure 5.7: All pair excitationsat T = 0K, A =0forn = 2, peg = fieris AN £ = Kepige

reflects the fact that, in this deep Mott limit, a constant finite energy is necessary to over-
come the pinning of a particle on one site and a different finite energy is needed to create
a hole on another site. The sum of these energies for the different particle and hole species
defines the energy of the green line in Figures 5.5 — 5.7. Increasing the parameter «, and
therefore enabling photons to move on the lattice, allows to diminish the pair-excitation
energy. This situation corresponds to the red line in these figures. However, it also can be
seen that, as long as one remains in the Mott phase, a finite energy is necessary in order to
create particle-hole pairs. This situation changes only for the lower-polariton-pair excita-
tions, when the tip of the lobe is reached, corresponding to the blue lines in Figure 5.5 and
Figure 5.6. At this point the creation of particle and hole excitations does not cost any en-
ergy anymore and, thus, this point marks the onset of superfluidity. In fact one often makes
use of this property to define a Mott insulator via the energy gap in the excitation spectra.
From this approach follows that the phase boundary can be defined as the points where
this excitation gap vanishes for the first time. Therefore, regarding the above diagrams, it
becomes also evident that only the lower polaritons undergo a quantum phase transition
from a Mott insulator to a superfluid, whereas all other polariton species excitations remain
gaped. This fact becomes even more obvious in Figure 5.7, where I plot all pair excitation for
n = 2and k = Kqis in one diagram. From this graphic it is clear to see that Woair lies lowest in
energy and all other excitations need considerably more energy. This observation justifies
a posteriori that the Schrodinger perturbation theory was only investigated for the lowest
polariton branch within Section 3.6 and Section 3.7. As a result I will henceforth focus my
considerations on the lower polaritons, as they have the most physical impact in this model.
Finally, I evaluate equation (5.19) numerically, in order to obtain the temperature depended
dispersion relations. The resulting diagrams are depicted in Figure 5.8 at different fractional
fillings p.q for three different temperatures. In general, temperature fluctuations increase
the particle-hole excitation energies. This effect is larger near the chemical potential that

109



Chapter 5 Results from Ginzburg-Landau Action

0.6 ‘ ‘ ‘ ‘ : : ‘ 0.6
0.5F ] 0.5F
2 o4 2 04
X’ X’
~ 03 ~ 03
I ® I '®
(=% (=%
3 02 3 02
0.1 0.1
0'8.0 012 0‘.4 016 018 110 112 114 0'8.0 012 014 0‘.6 O‘.8 l‘.O 1‘.2 114
ka ka

Figure 5.8: Pair excitations at T > 0K for A = 0, K = Kejt|7=0 and n = 1. Left dia-
gram at u.s/g = —0.8, right diagram at p.s/g = —0.98 for 7’ = 0K (black
curve), T'= 0.01 kg /g (blue curve) and T' = 0.1 kg /g (red curve).

determines the deep Mott boundaries of the lobe and weaker at the tip of the lobe, which is
in agreement with the behaviour of the phase boundary at finite temperatures 4.1.

Note that the results obtained within this section are in good qualitative agreement with
recent numerical simulations in 1D based on Monte-Carlo simulations [170], variational-
cluster approaches [163, 171] and density-matrix-renormalization-group appraoches [172]
and have been also obtained in Ref. [173].

5.4 Energy Gap

In the previous section I found that the energy gap in the excitation spectrum of polariton
particle-hole pairs is an intrinsic property of the Mott insulator can be used to define this
phase and the transition to the superfluid phase. For this reason I investigate this excitation
gap at k£ = 0 more thoroughly within the present section. The easiest way to derive an ana-
lytic expression for this gap from the dispersion relations obtained in the previous section,
is a Taylor expansion up to zeroth order in k with respect to ko = 0. This approach directly
yields the energy gap:

wpn(k) = Egap + O(k?) . (5.27)

The resulting dependencies for the energy gap found from the numerical evaluation are pre-
sented in Figures 5.9 and 5.10. In the left diagram of Figure 5.9 one can compare the excita-
tion gaps for the different Mott lobes n = 1 and n = 2 at zero temperature. Corresponding
to the size of their respective Mott lobes the energy gap for n = 2 is much smaller and closes
much faster than for n = 1 and thus the superfluid phase is reached at much smaller values
of the hopping strength. Note that, both curves for n = 1 and n = 2 are plotted for their
respective critical chemical potential p.g = perit- These results are in agreement with the
energy gap as found by Ref. [173]. Note, choosing a different chemical potential only leads
to a homogeneous linear shift of the curves along the y-axis. In order to observe when the
pair excitation gap vanishes, it is therefore recommendable to investigate rather the pair ex-

citation energy gap Eber = Eb., — E},,- For zero temperature the resulting gap for the first

110



5.4 Energy Gap

Egan/9

Figure 5.9: Energy gap for T = 0K. The left diagram shows E,,, for n = 1 (red
curve) and n = 2 (blue curve) at their respective critical chemical poten-
tials i The gap of lower-polariton particle excitation corresponds to
the solid lines and the hole excitation corresponds to the dashed lines.
The right diagram shows the dependence of the lower-polariton pair-
excitation gap EP2' for n = 1 from the detuning for different hopping
parameters ~ z. The red curve corresponds to x = k., the blue curve
corresponds to « z/g = 0.1 and the black curve to x = 0.

lobe n = 1 is depicted in the the right diagram in Figure 5.9 in dependence of the detuning
and for different values of the hopping strength «. As expected, the system always remains
in the Mott phase if hopping is forbidden, i.e. x = 0. On the other hand, for a finite hopping
probability the energy gap can also vanish depending on the detuning A. From this fact it
is clear to see that the detuning between cavity mode frequency and atomic transition fre-
quency provides a perfect experimental knob to tune the system from the superfluid to Mott
phase.

The temperature dependence of the particle-hole pair excitation gap is depicted in Figure
5.10. The general tendency is obviously that the energy gap for a fixed hopping strength in-
creases with temperature. It can be seen that this effect is strongest at the tip of the Mott
lobe, i.e. k = Kqit, and that it decreases when the hopping gets smaller. If hopping is strictly
forbidden, the energy gap is not altered by temperature at all. Now, at a first glance, the fact
that the energy gap increases with rising temperature, seems counter-intuitive. However, as
shown in Section 3.7, one can not conclude from this fact that the Mott phase is increasing.
Strictly speaking, there is no proper Mott insulator at finite temperature but a crossover be-
tween a phase with very small compressibility and a normal phase. Nevertheless, this effect
is also known from ultra-cold atoms in optical lattices [161] and is interpreted as thermal
tunnelling blockade. This would also explain why the energy gap remains unaffected for
vanishing hopping strength = 0.

Furthermore, since the energy gap of lower-polariton particle-hole excitation is experimen-
tally accessible via transmission spectroscopy, one might use this effect as a thermometer
to determine the temperature of the system.
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Figure 5.10: Temperature dependence of the energy gap for » = 1 and A = 0. The
black line corresponds to x = 0, the blue line corresponds to x z/g = 0.1
and the red line corresponds to the critical value k. = 0.16 g/ 2.

5.5 Effective Mass

From the study of electronic bands in solid-state systems it is known that excitations of the
system form quasi-particles, which can freely move through the solid with a motion gov-
erned by their effective mass. This effective mass is proportional to the respective energy
band curvature. Motivated by this analogy, one can further investigate the dispersion rela-
tions of the polariton-holes and -particles in order to extract their effective masses. There-
fore, I extend the expansion (5.27) to second order in k. This yields

2

o 4
+ 2 Mym + O(k%). (5.28)

wp,h(k) ~ Egap

Hence, it is to see that the introduced effective mass for particle and holes is given by
82wy n(k -
M,y = < C‘)pi,h() ) (5.29)
k=0

P ok?
The numerically obtained results for the effective masses are presented in the Figures 5.11
and 5.12, respectively. In the left diagram in Figure 5.11 it can be seen that, the effective
mass of the polariton-hole excitations is always higher than for the particle excitations. For
both species the effective mass is maximal if the tunnel probability vanishes, i.e. x = 0. With
increasing hopping strength the effective mass of both excitations decreases almost linear.
At the tip of the lobe, i.e. at kK = kqit, the effective mass for particle and hole excitations
vanish simultaneously. This result is quite expected since it is a consequence of the Nambu-
Goldstone theorem [174, 175]. So called Goldstone bosons naturally emerge in systems that
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effective mass for n = 1 (red) and n = 2 (blue). The dashed lines cor-
respond to the effective mass of the hole excitations and the solid lines
correspond to the effective mass of the particle excitations. The right
diagram shows the effective mass for n = 1 at different detuning: black
lines correspond to A/g = 0, blue lines correspond to A /g = 0.1 and red
lines correspond to A /g = 0.5.
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Figure 5.12: Effective mass for finite temperatures at A = 0 and » = 1. Plotted

are the effective masses of particle (solid lines) and hole-excitations
(dashed lines). The left diagram shows the effective masses for 7' = 0
corresponding to the black lines, 7' = 0.1kg/g corresponding to the
blue lines and 7' =~ 0.167 (kg/g) corresponding to the red lines. The
right diagram shows the effective masses in dependence of the temper-
ature for different values of the hopping strength: red lines correspond
to K = Kait, blue lines correspond to « z/g = 0.1 and black lines corre-
spond to k z/g = 0.00001.
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exhibit a spontaneous symmetry breakdown. These spin- and massless quasi particles cor-
respond to the generators of the spontaneously broken symmetry. As shown so far, the JCH
model undergoes a spontaneous symmetry breakdown during the quantum phase transi-
tion from a Mott insulator to a superfluid and, thus, lead to the Goldstone modes. These
results are in agreement with the effective mass as found in Ref. [176].

In the right diagram in Figure 5.11 one can observe that non-vanishing detuning reduces the
effective masses. The temperature dependence for the effective masses is shown in Figure
5.12. From the left diagram in Figure 5.12 it is to see that a rise in temperature causes an
increase of the effective masses and shifts the critical hopping strength, where the masses
vanishes, to higher values. The right diagram shows the exact temperature dependence for
different hopping probabilities. Obviously, in general the effective masses increase with ris-
ing temperature for a fixed hopping strength, quite similar to the energy gap. Note that the
effective mass of the holes is stronger affected and increases much faster with temperature
than the mass of the particle excitations. For hopping probabilities beyond the critical value
Keit the effective masses are always finite and the particle- and hole-masses are gaped. Fur-
thermore, the gap between the particle and the hole branch increases with temperature as
well, though this effect becomes weaker the smaller  gets.
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Chapter 6

Summary and Outlook

In the present thesis I investigated the thermodynamic properties of polaritons in a lattice
of micro cavities filled with two-level atoms. Contrary to Bose-Einstein condensed ultra-
cold atoms in optical lattices, these polaritons are quasi-particles corresponding to com-
bined excitations of the electromagnetic cavity mode and the two-level atom. The theoret-
ical model describing this local on-site interaction is the Jaynes-Cummings model, which
I derived and discussed within the second chapter of this thesis. By showing that a non-
vanishing overlap of the cavity-photon wave function leads to a Hubbard-like hopping of
the photons between neighbouring cavities and encouraged by the photon blockade effect,
which provides an repulsive on-site interaction, I subsequently expanded this model to the
Jayne-Cummings-Hubbard model in Chapter 3. This JCH model provides the theoretical
basis for the considered lattice system.

Investigating the respective Hamiltonian for the limits of on-site pinning and hopping dom-
ination, I could show qualitatively, that the examined system exhibits a quantum phase tran-
sition from a Mott insulator to a superfluid, similar to the one known for the Bose-Hubbard
model. In the following, I applied two different theoretical approaches in order to analyse
the thermodynamic properties of this model. On the one side, I used a standard mean-field
ansatz which enabled me to extract the mean-field phase boundary for both zero and fi-
nite temperatures. The resulting phase diagram turned out to be qualitatively similar to the
one found for Bose-Hubbard systems and is in agreement with results obtained by other
groups [48, 160, 163]. It shows an analogue Mott-lobe structure that mainly deviates from
the Bose-Hubbard case by the exponentially shrinking size of the Mott-lobes with increas-
ing polariton number and the fact that their width depends on the mean polariton number
per lattice site.

For finite temperatures, I find that the phase border is shifted to higher values of the hop-
ping strength. This effect of finite temperatures turned out be strongest at the borders of
the Mott lobes and weakest at their tip. However, investigating the compressibility at finite
temperatures, I also argued that this effective reduction of the superfluid phase cannot be
interpreted as a growth of the Mott-phase regime. In fact for finite temperatures there does
not exist a genuine Mott insulator but instead a mixture of a Mott-like phase with an expo-
nentially small compressibility and a normal phase with finite compressibility.

In Chapter 4 I introduced another theoretical approach. Following the procedure outlined
in Reference [164], I applied an effective action ansatz, which is well-known in the investi-
gation of classical thermodynamic phase transitions of second order. Introducing artificial
symmetry-breaking currents in the JCH Hamiltonian and using the linked-cluster theorem
[166] eventually led to a diagrammatic expansion of the grand-canonical free energy of the
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Chapter 6 Summary and Outlook

system. I explicitly calculated this expression for the free energy up to first order in the hop-
ping strength and to fourth order in the symmetry-breaking currents. Subsequently, I per-
formed a Legendre transformation, mapping the unphysical symmetry-breaking currents
onto physical time- and space-dependent order parameter fields. Consequently, the free
energy is hereby transformed to an effective Ginzburg-Landau action.

In Chapter 5 I started investigating the implications of this theoretical approach. Evaluat-
ing the resulting physical stability conditions for a static equilibrium order parameter field
I found up to the calculated level of accuracy that, this procedure exactly reproduces the
mean-field phase boundary. Furthermore, for a dynamic order parameter field, I analysed
the thermodynamic two-point density correlation function. From its poles I could success-
fully extract the dispersion relations of polariton particle- and hole-excitations in the Mott
phase, as well as their energy gap and effective masses. From this analysis I found that the
single-particle excitation spectra in the Mott phase are dominated by lower-polariton par-
ticle and hole bands separated by a Mott gap, which vanishes at the tip of the lobe and,
hence, provides an experimental signature for the onset of superfluidity. Additionally, I ob-
served the existence of massless Goldstone bosons at this critical point in accordance with
the Nambu-Goldstone theorem.

Thus, I could show that this theoretical approach is in general capable to describe second-
order quantum phase transitions [8]. Moreover this approach is, in principle, not only re-
stricted on reproducing mean-field results but instead can be extended to include higher-
order corrections with respect to the hopping. Therefore, it is advisable for a future analysis
to further investigate these higher-order corrections. Specially, I would suggest to spend
further attention on the calculation of quantum corrections, which become of striking im-
portance at the tip of each Mott-lobe. Additionally, one could go ahead and calculate the ex-
citation spectra in the superfluid phase, from which one eventually could extract the sound
velocity of light on the lattice [164, 173].

In general I find the experimental idea of the JCH model quite appealing and, consider-
ing the latest advances in the fabrication and control of micro-cavity systems, I think it is
a very good candidate for a possible quantum-information processing architecture. Like-
wise, the JCH model turns out to be very well suited as a quantum simulator for strongly
correlated many-body systems. Especially the possibility to work at higher temperatures,
compared to ultra-cold atoms in optical lattices, and the experimentally accessible intrin-
sic detuning parameter, are important advantages of this system. The latter is an essential
improvement over normal Bose-Hubbard models, since it allows on one side to alter the po-
lariton species and it provides on the other side an additional parameter which can move
the system through the quantum phase transition. For this reason I would also recommend
to study the JCH model without the rotating-wave approximation as suggested by the Refs.
[100, 129, 146, 148, 150, 177] which turns out to be of crucial importance in far-off-resonance
situation [178, 179] and allows to investigate the ultra-strong coupling regime [180-182].
Last but not least, motivated by the latest experimental approaches to implement such
micro-cavity based many-body systems, I suggest to apply the theoretical approach pre-
sented within this thesis to the Tavis-Cummings [123-127] and Dicke-Bose-Hubbard model
[119-121] as well. In particularly, the Tavis-Cummings model would fit best for the actual
experimental setup, whereas the Dicke-Bose-Hubbard model is supposed to show an even
richer variety of quantum phases. Furthermore, the inclusion of disorder should result in
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many new interesting phenomena in all these models. The same holds for going into the
dispersive regime by including loss processes in the so called bad-cavity limit [143, 144,
151, 183-185].
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