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Chapter |

Prologue

Dissipation is present in systems ranging from macroscopic size down to mi-
croscopic systems governed by quantum mechanics such as an atom. For an
atom, the dominant source of dissipation is the coupling to the many modes of
the electromagnetic vacuum field which results in the Lamb shift in frequency
of the atomic levels and the spontaneous decay rate which renders all excited
states unstable. Spontaneous decay is often considered an inherent property of
an atom but manipulation of the boundary conditions of the electromagnetic
field can strongly alter the characteristics of spontaneous decay [7, 8]. In fact,
embedding an atom in a near-resonant cavity thereby amplifying the coupling
to one or a few modes of the reservoir leads to an enhancement or suppression
of the atomic spontaneous decay depending on the parameters of the system.
In a theoretical description of an atom in a cavity, the resonant cavity mode(s)
interacting with the atom is singled out from the background of harmonic oscil-
lator modes and treated on an equal footing with the atomic degrees of freedom
whereas the remaining background of weakly coupled modes is treated pertur-
batively resulting in a shift in frequency and a decay width for the atom.
Recently, however, new types of materials have appeared which possess struc-
tured reservoirs that can not be modelled satisfactorily using these standard
methods. This includes phonon reservoirs in semiconductors and in particular
photon reservoirs in photonic crystals. Photonic crystals are novel materials in
which the spatial modulation of the dielectric constant leads to the formation
of band structure for the electromagnetic field in close analogy to the electronic
band structure in solids. The presence of gaps in the band structure for the
electromagnetic field implies that no photonic modes exist for a range of fre-
quencies in the crystal.

The recurrent theme of this thesis is the interaction of small quantum systems
with a structured radiation reservoir and the motivation for these studies is
two-fold. First, the introduction of structured reservoirs leads to a whole range
of new phenomena: For instance in the spontaneous decay of a two-level atom
located inside a photonic band gap (PBG) material and near-resonant with the
edge of a PBG, Rabi-like oscillations may occur in a transient regime and in
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the long-time limit a significant part of the excitation may remain localized at
the site of the atom (the so-called photon-atom state) as opposed to the expo-
nential decay of an atom in free space where eventually the atom loses all its
excitation. These novel effects occur without the introduction of a defect mode
in the crystal but simply due to the structures in the continuum.

A second motivation for these studies 1s to investigate the validity of the ap-
proximations normally employed when dealing with a reservoir. The Markov
(or pole) approximation assuming a flat reservoir is of course invalidated in a
structured reservoir but we show in chapter 5 that also the Born-approximation
which neglects correlations between the atom and the reservoir field modes is
no longer valid. New methods are thus required and in chapter 5, we present a
novel technique based on the resolvent operator and Monte-Carlo wave functions
techniques.

1.1 Thesis outline

Concluding this introductory chapter, let us outline the remainder of this the-
Sis.

The general emphasis in this thesis is on the impact of a modified radiation
reservoir on atomic dynamics. Although structured reservoirs are encountered
in many contexts, our main focus is on the structured radiation reservoir in pho-
tonic crystals. Photonic crystals do, however, constitute a very active field of
research in themselves and the next chapter 1s thus dedicated to a presentation of
these novel structures. We present theoretical and experimental investigations
of these crystals and various schemes for their construction as well as possible
applications.

In chapter 3, we investigate two closely spaced atoms interacting through the
narrow band of strongly coupled modes at the edge of a photonic band gap.
The resonant dipole-dipole interaction (RDDI) is strongly modified for atomic
transition frequencies in the vicinity of the band gap edge, but we show that an
analytical approximation to the RDDI agrees very well with the exact RDDI
obtained by numerical integration using the exact dispersion relation. Having
established the value of the RDDI, we can derive the amplitudes for the two
atoms without resorting to the pole-approximation which is necessary due to
the strongly modified mode structure in the dielectric host.

In chapter 4, an atomic ladder system is investigated. In particular we focus on
the emission spectrum and show that a range of new structures appear in the
spectrum of a cascaded system when one of the transitions is in the vicinity of
the band gap edge.

In chapter b, we investigate an atomic A-system with one transition coupled
to a laser field and a flat continuum of vacuum modes and the other transi-
tion coupled to field modes near the edge of a photonic band gap. The system
requires simultaneous treatment of Markovian and non-Markovian dissipation
processes, and to treat the system dynamics, we propose a formalism based on
the resolvent operator and Monte-Carlo wave functions. We demonstrate that
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the exact results obtained from this formalism are not in accordance with the
results obtained from a non-Markovian master equation obtained by applying
only the Born approximation thus demonstrating the invalidity of the Born ap-
proximation.

In chapter 6, we investigate an atomic Dicke system coupled to a Fano-profile
density of modes. Introducing two pseudo-modes, a Markovian master equation
can be derived for the atoms+pseudo-modes. One of the modes can be adiabat-
ically eliminated and effectively we then have an atomic Dicke system coupled
to a harmonic oscillator and both systems coupled to the same flat continuum.
Studying the dynamics, we find that following the superradiant regime, a meta-
stable state 1s reached for the atomic system. The decay of the meta-stable state
1s non-exponential and we derive an analytical expression for the decay based
on perturbation theory and analytical expressions for trapping states identified
by the Monte-Carlo wave function method. Further, we investigate mean-value
equations of motion for the operators of the system and discuss different decor-
relation approximations of the operator expectation values.

Appendix A contains a comment to a recent paper [9] by Tran Quang and Sajeev
John in which they suggest to use dressed-state Monte-Carlo wave functions as
a general technique to solve problems with more than one excitation in the
structured reservoir. In this comment we argue that their approach violates the
physical principles underlying the Monte-Carlo wavefunction method and that
their approach produces unphysical results.

The resolvent operator is a strong tool for deriving analytical expressions for
wave functions in Laplace space and it is used extensively in this thesis. In
appendix B we review the definition and some of the analytical properties of
the resolvent operator.

Finally, in appendix C, a thesis resumé for the university yearbook has been
included.
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Photonic Crystals

In subsequent chapters we discuss various aspects of the dynamics obtained for
atoms experiencing the strongly modified radiation reservoir inside a photonic
crystal. Photonic crystals are, however, interesting objects in themselves and
constitute a very active field of research. The purpose of this chapter 1s to
present some of the major findings related to photonic crystals as well as intro-
duce a number of concepts which will be employed in subsequent chapters.

In section 2.2, we give a brief outline of the theory underlying photonic crystals.
In a scalar approximation to the electromagnetic field, an analytical expression
is found for the dispersion relation which exhibits gaps in energy. In section 2.3,
we present different configurations providing a complete band gap. In section
2.4, different schemes for the construction of photonic crystals are shown and
finally in section 2.5, we discuss various applications of these crystals.

2.1 Introduction

Progress in the understanding of semiconductors allows nowadays a detailed
tailoring of the electronic properties of a material to suit specific needs. This
has led to a wide range of new ceramics and alloys supporting technological
breakthroughs with profound impact like the transistor or superconducting ma-
terials.

A similar impact can be expected if we learn to control the optical properties of
a material. In optical devices, a major source of noise 1s spontaneous emission
which is caused by the coupling of the material to the zero-point fluctuations of
the electromagnetic vacuum field. If the density of modes of the electromagnetic
field could be suppressed, devices with higher efficiencies could be obtained.
To see how such a control can be obtained, it is useful to draw an analogy to
solid state physics. It is well-known that the periodic spatial modulation of the
electronic potential in the bulk of a material results in Bragg scattering of the
electrons and thus leads to a band structure in energy. If the lattice potential
1s sufficiently strong, a complete gap in energy may open extending in all direc-
tions.
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In 1987, it was suggested by Yablonovitch [10] and John [11] that indeed a band
structure can also be obtained for the electromagnetic field. To promote such a
band structure they suggested as a host, a low-loss dielectric in which a period-
ically varying dielectric constant plays the role of the periodic potential. If the
dielectric index contrast (i.e. the magnitude of the modulation) is sufficiently
large, a complete band gap may arise thus prohibiting the propagation of the
electromagnetic field for any polarization and spatial direction for a range of
frequencies.

The suggestion by Yablonovitch and John prompted an extensive research the-
oretically as well as experimentally. Early theoretical works [12, 13] employing
scalar equations for the electromagnetic field failed to reproduce the experi-
mental results and agreement was first obtained when the vectorial nature of
the electromagnetic field was taken into account [14]. In 1990, the search for
a complete band gap succeeded when Ho, Chan and Soukoulis [15] reported
the existence of a complete band gap in the configuration consisting of spheres
embedded in a medium of different dielectric constant. This was followed by
the first experimental observation in 1991 of a complete band gap for microwave
radiation by E. Yablonovitch in a slightly different configuration which has be-
come known as Yablonovite [16].

Since 1991, one goal of the theoretical research in photonic crystals has been to
determine the crystal structure providing the largest possible band gap for the
smallest possible refractive index contrast and on the experimental side the aim
has been to push the gap center frequency towards wavelengths in the (near-
Joptical domain [17, 18, 19, 20, 21].

Other studies have focused on the various applications of photonic crystals. We
know from solid state physics, that the introduction of a defect in an other-
wise perfect crystal may provide for instance a localized electronic state with
an energy in the gap. Recent research has investigated the effect of defects in
a photonic crystal and it is found that the introduction of a point defect in
the bulk of an otherwise perfect crystal may lead to a localized mode of the
electromagnetic field which can thus serve as a very high Q-cavity. A linear
defect may act as a waveguide and in a later section we shall see that light may
propagate efficiently even in waveguides exhibiting sharp bends.

2.2 The Maxwell equations

The study of photonic crystals merges solid state physics with electromagnetism.
The terminology used in the field of photonic crystals is rooted in solid state
physics and when discussing the phenomena arising in these novel structures we
also draw heavily on analogies to solid state physics but the underlying object
we want to describe is the electromagnetic field. The natural starting point for
an analysis of photonic crystals is therefore the Maxwell equations. We shall
restrict ourselves to dielectric materials in which there are no free charges or
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currents and in that case the Maxwell equations read (in CGS units)

V.B = 0 (2.1)
vV.-D = 0 2.2
10B
10D

where E and H are the macroscopic electric and magnetic fields and D and B
are the displacement and magnetic induction fields, respectively.
The components of D can quite generally be expressed as a power series in E

D; = Z EijEj + Z K?Z'jkEjEk + O(ES) (25)
J Jk

For moderate field intensities and in the materials of interest, it is a good ap-
proximation to retain only the linear term in this expansion. We assume that
the dielectric is macroscopic and isotropic so that E(r,w) is related to D(r,w)
by a scalar dielectric function (r) which is assumed to be constant within the
frequency range of interest. TFor a low-loss dielectric we can treat £(r) as a
real quantity. Finally, for many dielectric materials of interest, the magnetic
susceptibility is close to unity and we may thus take B = H. Since we are
looking for the eigenmodes of the system, we take the fields in a harmonic form
H(r,t) = H(r)e ™" and E(r,t) = E(r)e~"’. With these approximations and
the harmonic form of the fields, the Maxwell equations read

V-H = 0 (2.6)

V- [E(I‘)E(l.(‘,t)] =
VXE—%H = 0 (2.8)
VxH+ Z.?(")es(]r)E = 0 (2.9)

The two divergence equations imply that the electromagnetic field in the medium
is purely transverse. Dividing (2.9) by £(r) and taking the curl, we find the fol-
lowing closed expression for H

2
@H::(f)li (2.10)
where the operator © is given by

1
e_vXaEvX (2.11)

Eq. (2.10) has the form of an eigenvalue problem and one particularly appealing
feature of this equation is the fact that the operator © is hermitian. This is



8 Chapter 2. Photonic Crystals

also the main reason for focusing on the magnetic rather than the electric field:
A closed eigenvalue equation can be derived for the electric field as well but
the operator in that case is not hermitian which complicates the solution of the
problem.

To promote the creation of a band structure for the electromagnetic field, we
introduce a modulation of the dielectric constant e(r) which is assumed periodic
with lattice vector R i.e. £(r) = ¢(r + R). The eigenfunctions of H then satisfy
Floquet’s theorem and they can thus be expanded as

H(r) =Y Hge' T~ (2.12)
G

where k 1s a fixed wave vector, G a reciprocal lattice vector and Hg denote the
Fourier coefficients of H(r) given by

1 R
Hg — / drH(r)e 'G* 2.13
T (r) (2.13)

cell

where the integration is over the Wigner-Seitz unit cell of volume V.
Substituting (2.12) into (2.10) finally yields an infinite dimensional matrix equa-
tion

/ AR
(k—i—G)xEGI nc;Gz(k+G)><HG/+(C) Hg =0 (2.14)
where
1 / —i(G-G')r_—1
ngg' = dre e (v 2.15
co =, ) (2.15)

By truncating the infinite series in Eq. (2.14), the resulting finite matrix can
be diagonalized using standard numerical methods to obtain the eigenfunctions
and eigenenergies. This is an involved task but a number of conclusions can be
reached without solving Eq. (2.14).

By a variational calculation it is straightforward to show that the eigenstate of
Eq. (2.10) with the lowest frequency also minimizes the energy functional

(H, 0H)
= 7 2.1
where the inner product (.,.) is defined by
(H,G):/drH*G (2.17)
But
EH) = #<H OH) = #/d wa H|?
TAH H) - oamm ) e

1 1w
_ 72<H’H>/dr%|;D| (2.18)
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The energy functional 1s thus minimized when the displacement field D is lo-
calized in the regions of high dielectric constant.

It is worth noting that even when e(r) is separable e.g. £(r) = e(x)e(y)e(z),
the eigenfunctions of Eq. (2.10) are not since the differential operator © in Eq.
(2.10) mixes different spatial directions.

A second important point is that no fundamental length can be constructed
from the constants entering the equation of motion for the fields. This means
that eigenfunctions found at one wavelength after a proper rescaling also are
eigenfunctions at any other wavelength which implies that a specific photonic
crystal structure can be investigated with microwaves where such a crystal is
much easier to fabricate and the properties of such a structure are then exactly
the same when the crystal is designed for optical light.

The larger the dielectric (or refractive) index contrast is, the easier it is to
create a full 3D photonic band gap. However, the dielectric constants obtain-
able at optical wavelengths dictate an upper limit for the index contrast. The
largest practical refractive index is that of the common semiconductors silicon
and GaAs, with a refractive index n of 3.6 and a dielectric constant of n? = 13.

2.2.1 A photonic band gap in the scalar approximation.

It is instructive to neglect the vectorial nature of the electromagnetic field and
assume scalar waves instead. This serves two purposes: first, it yields a problem
for which an analytical expression can be found for the dispersion relation which
exhibits gaps in energy and secondly, aspects of this solution will play a major
role in our later studies of the response of atoms coupled near-resonantly to a
photonic band gap.

In the scalar approximation, the equation of motion for the electromagnetic field
reads

V4V = (%)21/) (2.19)

where the potential V' is given by

V(x):—(%)z f: e(x —mL) (2.20)

and
£(x)

where n is the refractive index of the scatterer, a its radius, and 2a + 6 = L
where b 1s the distance between scatterers and L is the size of the unit cell.

If we restrict ourselves to one period of the potential, the wave function can be
written as

_ { n? -1, el <a (2.21)

0, otherwise

Aeikx +Be—ikx r < —a
Y(z) = Cel9" + De™9* —a<zx<a (2.22)
Eeikx + Fe—ikx x> a
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where k = w/c and g = nw/c. Relations between the coefficients A, .., F' can be
determined as follows. Since the potential remains finite, the wave function
and its first derivative should be continuous at * = —a and # = a. This imposes
constraints between the coefficients A, B, E, F' which after some algebra can be
formulated in matrix form

AN _1 e?%4(2 cos 2ga — ipsin 2ga) ig sin 2ga E 2.93)
B /9 —iq sin 2ga e~ %ka(2 cos 2ga + ipsin 2ga) o

where p=4k/g+g/k and ¢ =k/g — g/k.
The eigenfunction ¢ further has to satisfy the Floquet theorem i.e.

o+ L) = ¥ y(e) (2.24)

where L is the lattice period and x is a suitable wavevector. Imposing this

condition we find
E AeixL—ikL
( r ) = ( BeixL+ikL ) (2~25)

Combining Eqgs. (2.23) and (2.25) and b = L — 2a leads after some algebra to
the relation

cos xL = cos(2naw/c) cos(bw/c) — ! sin(2naw/e¢) sin(bw/c) (2.26)

which for the special case b = 2na can be solved to yield the dispersion relation

dncos(kL) + (1 — n)z} (2.27)

(14n)?

c
Wi = —— arccos {
dna

Gaps are found at k = mz/L for odd integer values of m. The center frequency
of the lowest gap is wg = (w¢/L)(1 4 n)/2n and the width is

c(l1+4n)
2nl

Aw =2

(71' — arccos[rln cos(kL) +)(1 - n)z})

RnE (2.28)

which for n = 1.082 yields a gap-midgap ratio of A‘” = 0.05.
For frequencies close to the upper edge of the gap, *the dispersion relation can
be approximated by the effective mass dispersion relation

wi ~ we + Ak — ko)? (2.29)

where kg is the wave-vector corresponding to the band edge frequency w, and
A is given by

_ —cL? 1

~ 2a(1 4+ n)?sin(4naw. /c)

(2.30)
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containing constants pertaining to the structure of the crystal.

Eq. (2.27) was derived by neglecting the vectorial nature of the electromag-
netic field. Experiments investigating the band structure of photonic crystals
have shown that this approximation is too crude and to obtain agreement with
experiments the vectorial nature of the electromagnetic field has to be taken
into account. For our purposes; namely the investigation of atoms coupled to
the electromagnetic field inside a photonic crystal, this 1s not a major concern
since it will be shown that the atoms are sensitive only to the local form of the
dispersion relation i.e. the quadratic expression in Eq. (2.29) and this is a valid
local approximation for many realistic band structures as well. In the following
chapters, Eq. (2.29) is thus applied to the study of one or more atoms coupled
near-resonantly to the edge of a photonic band gap.

2.3 Experimental and theoretical results.

An important issue in the search for a photonic band gap material is to deter-
mine the best crystal structure. In order to address this issue, we now focus on
the Brillouin zone (reciprocal lattice). The band gaps corresponding to different
symmetry points of the Brillouin zone have to overlap in order to form a full
3D band gap. This is more likely to happen the closer to unity the ratio is
between the closest and most distant symmetry point of the Brillouin zone — Or
in other words: To promote the creation of a complete band gap, the Brillouin
zone should be as sphere-like as possible. The most sphere-like structure among
common crystals is the fcc-structure depicted in Fig. 2.1. The distance from the
center of the Brillouin zone to the W-point (most distant symmetry) is about
29% larger than the distance to the L point (closest symmetry point).

A large number of fcc-structures have been investigated experimentally as well
as theoretically to determine whether they possess a complete band gap. In
1990 this search succeeded when Ho, Chan and Soukoulis [15] showed that the
fce structure depicted in Fig. 2.2 consisting of spheres embedded in a medium
with a contrasting dielectric constant yields a complete band gap when the re-
fractive index contrast is sufficiently large and the radius of the spheres is chosen
appropriately.

The band structure of the lattice of air spheres is shown in Fig. 2.3. A full
gap 1s found between the second and third band with a gap-midgap ratio of
0.29 when the radius of the spheres is chosen to be 0.325a where «a is the lattice
constant. With this choice, 81% of the volume of the photonic crystal consists
of air and the spheres of the structure are overlapping.

Experimentally, the first complete band gap was found in a different configura-
tion in which a dielectric medium is drilled along three of the axes of the diamond
lattice as illustrated in Fig. 2.4. This structure has been termed Yablonovite
after its discoverer E. Yablonovitch. The band structure of Yablonovite is de-
picted in Fig. 2.5. When the radius of the holes is chosen to be 0.234a (a lattice
constant), the crystal has a band gap between the second and third band with
a gap-midgap ratio of 0.19.
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Figure 2.1: The Brillouin zone for a fcc crystal. The irreducible part of the
Brillouin zone is colored [22]

Figure 2.2: Arrangement of dielectric spheres providing a photonic band gap
[22].
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In Eq. (2.18) we found that the energy functional is minimized when the dis-
placement field is localized in regions of high dielectric constant. The bands
above and below the gap can thus be characterized by where their field pattern
is located. In fact, the energy of the modes corresponding to the bands just
below a gap, is located in regions of high dielectric constant. The energy of
the modes just above a gap is correspondingly localized in the regions of low
dielectric constant. Since regions of low dielectric constant typically are air re-
gions, these bands are known as air bands. The bands just below the gap are
correspondingly referred to as dielectric bands.

Although the characterization of a photonic crystal evades simple analytical
approaches, a rule of thumb is that different regions of the photonic crystal
containing the same material should be connected. This rule of thumb can be
understood by recalling the vectorial nature of the electromagnetic field: In
Eq. (2.18) it was shown that the field energy is minimized if the field pattern
is localized in regions of high dielectric constant. If different regions of high
dielectric constant are not connected, then field lines corresponding to a mode
in the dielectric band have to penetrate air regions in the photonic crystal in
order for the field lines to remain continuous. This leads to a higher energy of
the mode thus preventing a band gap from opening. A connected crystal on the
other hand allows the field lines of low-energy modes to connect neighboring
regions of high dielectric constant through narrow “veins” of dielectric material
without penetrating air regions of low dielectric constant.

2.4 Construction

The construction of a photonic crystal with a complete photonic band gap at
optical wavelengths is an involved process since the periodic structure of the
crystal has to be at approximately the same length scale as the wavelength of
the light that should experience a band gap. As methods of creating a photonic
crystal it has often been suggested to use “subtractive methods” in the sense
that starting from a dielectric block, material is gradually removed in order to
eventually obtain the desired crystal structure. Following this idea, photonic
crystals have been fabricated in the microwave regime by manually drilling the
large number of holes necessary to produce a photonic crystal. Since, however,
the size of the holes reflects the wavelength of the radiation for which we want
a band gap, it is evident that the method of drilling holes becomes inapplica-
ble for near-optical wavelengths. Instead 1on etching has been proposed and in
some cases applied as a means of creating a photonic crystal since holes with a
diameter of optical light can be created in a controlled fashion using this tech-
nique. The drawback of this method is, however, that the holes may not be too
deep since in that case irregularities may occur in the etching process. Another
disadvantage of the subtractive methods is that defects essential for different
applications can only be precisely implemented in layers a few unit cells from
the surface of the crystal.

A different approach to creating photonic crystals for short wavelength radia-
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Figure 2.5: The band structure of Yablonovite. A full gap exists between 2.
and 3 band with a gap-midgap ratio of 0.19 when the holes are 0.234a [22]

tion has been invoked by Stuke and collaborators. In a recent paper [23], they
reported the construction of a photonic crystal by means of laser-induced chem-
ical vapor deposition (LCVD) from the gas phase. In this approach [24], two
weak orthogonal laser beams are overlapped in a reaction chamber containing
trimethylamine alane [TMAA | AIH3N(CHs)s] and a fair amount of oxygene. At
the intersection point of the two lasers, the energy absorbed in the gas is suf-
ficient to cause deposition directly from the gas phase whereas each of the two
laser beams alone are sufficiently weak to cause negligible deposition. Moving
the intersection point of the two lasers along the desired trajectory at a speed
comparable to the deposition rate of aluminium (& 60um/s), complicated struc-
tures can be built directly in free space.
Since the crystal is built by deposition, it 1s straightforward to incorporate de-
fects serving as waveguides or localized cavity modes in the periodic structure.
An example of a photonic crystal created by LCVD is shown in Fig. 2.6. The
periodic structure consists of 15 rows of perpendicularly arranged aluminium
oxide rods 40pm in diameter, with a 133pm periodicity and rod lengths of
3000pm. This structure was shown to possess a transmission minimum for radi-
ation with a wavelength of 75um as shown in Fig. 2.7. Since the crystal consists
of only a few layers, no gap was found but the transmission was observed to
drop as the number of layers in the crystal increased as we would expect. As a
demonstration of the flexibility of their technique, Stuke and collaborators have
constructed other structures exhibiting band gaps [24].
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Figure 2.6: A photonic crystal created by LCVD [25].

2.5 Applications

The most characteristic feature of photonic crystals is their ability to strongly
modify the propagational properties the electromagnetic field at certain fre-
quencies due to their perfect periodicity and for this reason, they have been the
subject of intense interest in recent years.

Different applications of photonic crystals rely, however, on breaking this per-
fect periodicity by introducing various defects in the crystal and we shall now
discuss some of these possible applications.

In the microwave regime, superconducting cavities with very high Q-value have
been constructed allowing the implementation of a whole range of experiments
probing the interaction of light and matter like for instance the demonstra-
tion of Rabi-oscillations of an atom with a near-resonant cavity mode and the
construction of the one- and two-photon micromasers [26, 27, 28]. For shorter
wavelengths, however, the metallic mirrors become lossy thus preventing the
construction of a high Q cavity in the optical domain. If the attempts to con-
struct a photonic crystal in the optical domain succeed, the introduction of a
proper point defect in the bulk of such a crystal would yield a localized mode
or cavity with a very high Q-value. A point defect is introduced by removing or
adding material at a site in the bulk of the crystal. The frequency and geometry
of the localized mode can be tuned by varying the amount of material added or
removed as shown in Fig. 2.8.

In Fig. 2.9, the localized field existing around a defect is plotted. The localized
field has the form of a torus. The magnetic field lines flow around the inside of
the torus while the displacement field circulates around the magnetic field on
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Figure 2.7: Transmission as a function of frequency [25].

the surface of the torus.

A linear instead of a point defect provides a waveguide which allows a strong
control of the propagational properties of light. The optical fiber which is the
conventional waveguide relies on total internal reflection as the mechanism to
trap the light propagating in the fiber. Bending a fiber changes the internal
reflection angle and thus leads to light leaking out of the side of the fiber. The
trapping mechanism in a photonic crystal is different so what happens to a pulse
propagating in a waveguide with sharp bends? This question was addressed by
Joannopoulos and coworkers recently [22, 29, 30]. The setup they considered
is depicted in Fig. 2.10 and consists of a photonic crystal which is formed by
a regular grid of dielectric rods. The resulting crystal has a band gap for light
propagating in the plane perpendicular to the rods and thus possesses a 2D
band gap. Removing from this grid a row of rods forms a waveguide as shown
in Fig. 2.10 and the corresponding band structure for this setup is shown in Fig.
2.11. The dark regions denote freely propagating modes and the light region the
band gap. The existence of the path in the crystal introduces a guided mode
with frequency in the band gap. Resonant light introduced in the waveguide
therefore has to propagate along the waveguide. The path depicted in Fig. 2.10
has a 90° bend which for an optical fiber would yield a power transmission for a
dielectric waveguide of around 30%. For the photonic crystal, 98% of the power
of the light that goes in in one end comes out the other end even though the
radius of curvature of the bend is less than the wavelength of the light.
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Figure 2.9: View of the localized magnetic field near an air defect in Yablonovite

[22].
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Figure 2.10: The displacement field of a TM mode propagating along a path
carved in a square lattice of dielectric rods. Light is propagating from the
bottom [22].
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Figure 2.11: The projected band structure of TM modes for the waveguide.
The dark regions contain the continuum of extended crystal states. The light
colored region is the band gap and the line 1s the band of guided modes that
propagate along the waveguide [22] .



20

Chapter 2. Photonic Crystals



Chapter Il

Atom-Atom interaction at the edge of a photonic
band gap

The interaction of two closely spaced atoms through the narrow band of strongly
coupled modes at the edge of a photonic band gap is investigated. The resonant
dipole-dipole interaction (RDDI) is strongly modified for atomic transition fre-
quencies 1n the vicinity of the band gap edge, but we show that an analytical
approximation to the RDDI agrees very well with the exact RDDI obtained by
numerical integration using the exact dispersion relation. Having established
the value of the RDDI, we can derive the amplitudes for the two atoms without
resorting to the pole-approximation which is necessary due to the strongly mod-
ified mode structure in the dielectric host. For a wide range of parameters we
find beating and population trapping in the long time limit. The distribution
of population in the photonic continuum is investigated in the long time limit
in the case of one and two atoms. It 1s found to be strongly asymmetric and to
exhibit a strong signature of the unusual mode structure in the material at the
band gap edge.

3.1 Introduction

The behavior of a two-level atom in a modified radiation reservoir, such as a
high quality cavity, has become the standard testing ground for novel effects
of quantum electrodynamics (QED) and has revealed a number of striking fea-
tures. For instance, the spontaneous exponential decay of an excited atomic
state in free space, traditionally thought of as an inherent property of the atom,
can be enhanced or suppressed by enclosing the atom in a near-resonant cavity,
depending on the magnitude of the atomic lifetime in vacuum relative to the
lifetime of the photons in the cavity mode.

The recent emergence of materials with photonic band gaps has given rise to
a new direction of inquiry; namely the behaviour of atomic decay inside such
materials. By conception and construction, the periodic modulation of the di-
electric constant in these materials leads to a strongly modified mode structure

21
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such that photonic modes do not exist for a continuous range of frequencies that
can be much larger than a typical atomic linewidth.

For an atom with transition frequency in the band gap and located inside the
dielectric host, this may lead to a total inhibition of spontaneous decay [10],
which in turn yields a so-called photon-atom bound state [31, 32] in which the
radiation remains localized at the atom. For atomic transition frequencies closer
to the band gap edge, the rapidly varying density of modes leads to a splitting
of the atomic level, which in the time domain yields the rather unusual phe-
nomenon of an oscillatory spontaneous decay [32, 33, 34, 35].

In parallel and independent developments, the issue of the modification of
atomic radiative behaviour under atom-atom resonant dipole-dipole interaction
has been receiving renewed attention. Beginning with the pioneering Dicke
paper on superradiance [36, 37], the interaction of two closely spaced atoms
sharing a photon in open space has been addressed in numerous studies, with
the prediction of interesting effects such as atomic level shifts due to RDDI,
oscillatory photon exchange and squeezing of two-atom resonance fluorescence.
And rather recently a natural generalization of these phenomena has been ad-
dressed; namely the study of the RDDI of closely spaced atoms inside a near
resonant perfect cavity [38]. The results predict a rather strong competition
between RDDI and the atom-cavity coupling in the limit of small interatomic
separations such that these two couplings become comparable in magnitude.
These developments point to two further levels of generalization. First, the in-
terplay between RDDI and atom-cavity coupling in an open (lossy) cavity and
second the same interplay with the cavity replaced by a photonic band gap en-
vironment. It 1s precisely these generalizations that we have undertaken in this
chapter thus extending recent work [1]. We have thus addressed the problem
of two identical two-level atoms with a transition frequency in the vicinity of
the band gap edge and interacting through the narrow band of strongly cou-
pled modes. This gives rise to many new effects and since i1t is important to
distinguish the effects stemming from the modified mode-structure from those
coming from the interatomic interaction, we have contrasted the results with
known results for atoms in free space as well as two atoms coupled to a lossy
cavity which we have obtained here.

The dynamics of a collection of two-level atoms with transition frequencies far
inside the gap has been investigated by S. John and T. Quang [39]. In that
case, the spontaneous decay is strongly suppressed but the RDDI between the
atoms remains strong.

In addition to the theoretical interest in these questions, technological devel-
opments are making them accessible to experiment. Although the appropriate
photonic band gap materials are not yet available in the optical regime, effects
stemming from atom-atom coupling in an open cavity have already been ob-

served [40].

This chapter is organized as follows: In the next section we present the model.
In section 3.3, we calculate the couplings entering the equations of motion,
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which allows us to solve these equations in section 3.4. The inversion is per-
formed in section 3.5 and the dynamics is investigated in time-domain in section
3.6. In section 3.7, we calculate the distribution of population in the photonic
continuum in the long time limit.

3.2 The Model

We consider two two-level atoms situated at different locations R4, Rp in the
vacuum part of the crystal. Taking 2 = 1, the Hamiltonian for the problem
under consideration reads

H=H+V (3.1)
with

Hy=wao% —|—w30'f3—|—2wka;r<ak (3.2)
k

neglecting the zero-point energy of the field modes, and
V= izgk [akeik'R“Uj — aLe‘ik'R“UZ}
k

—|—ing {akeik'RBag — aLe‘ik'RBag} (3.3)
k

which is the ordinary interaction Hamiltonian in the rotating wave approxima-
tion where o1, 07,07 are the atomic operators and aL, ax are the creation and
annihilation operators of the vacuum modes, respectively, and the dependence
on the atomic positions R 4, Rp is shown explicitly.

The interaction term Eq. (3.3) should be expanded in terms of the modefunc-
tions for the crystal. The expansion in terms of plane waves basically neglects
the local structure of the crystal. However, the overall effect of the crystal struc-
ture on the vacuum field is taken into account through a modified dispersion
relation for the electromagnetic field.

The coupling constant in Eq. 3.3) is given by

W
g = Hﬁek -dyj (3.4)

Here d;; is the atomic dipole moment, V' the quantization volume, ey the po-
larization vector and wy the photon energy.
The relevant states of the problem are

a

|6AagBa 0>
= l|ga,¢eB,0)
¢ = 94,98, lke,) (3.5)
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where g4(B),ea() denote lower and upper states of the atoms A(B), respec-
tively, and the states ¢ represent the photonic continuum.
As a means of deriving the appropriate equations for the atom-field dynamics
non-perturbatively, we employ the resolvent operator[41],

1

G) = — (3.6)

which is the Laplace-transform of the time-evolution operator, with z being the
complex transform variable and H the full Hamiltonian of the system. This
formalism, in terms of the wave functions instead of the density operator, is
applicable here since we have no incoherent pumping of the system under con-
sideration and we do not perform a trace over the vacuum field modes.

With the system initially in state a, the matrix elements of the resolvent oper-
ator read

(Z - wa)Gaa = 14 Z Vacha
(Z — wb)Gba - Z Vchca
(Z - wc)Gca = Vchba + VcaGaa

Eliminating the continuum amplitude G4, we find the two coupled algebraic
equations

_ |Vac|2 Vacvcb

(Z - Wa)Gaa = 14 gc — w, Gaa + gc mea (37)
_ |Vbc|2 Vbcvca

(Z — Wb)Gba = Ec mea + gc 7 — w, Gaa (38)

containing several couplings, one of which is
V. 2
Z | ac| (39)
— Z—We

describing the emission of a photon by atom A followed by a propagation of all
the modes, before the photon is eventually reabsorbed by atom A.

Up to this point we have made no approximations specific to a band gap material
and the two equations above could therefore as well describe two atoms in the
vacuum of free space. The propagation of photons in a band gap material is
strongly modified and it is therefore natural to expect a modification of the
couplings, which will indeed be the case, as we show in the next section. But
before proceeding to this issue, let us for instructive purposes investigate the
cases of two atoms first in vacuum and second in an open cavity.
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3.2.1 Atom-Atom interaction in free space vacuum

In this case we can perform the usual pole-approximation in the couplings which
consists in replacing the Laplace variable z by the atomic transition frequency
w4. The justification for performing this approximation is that the free space
continuum(vacuum) is flat and changing the Laplace variable z around w4 does
not change the value of the coupling significantly. In the pole-approximation
the couplings yield

2
ZM ~ A il (3.10)
— =W
2
ZM ~ A il (3.11)
— =W
Vae Ve
ST~ My (3.12)
2 — We

assuming identical atoms and thus identical shifts and widths. The dipole-dipole
matrix element M, 1s in general complex and diverges when the interatomic
distance R goes to zero. This formal divergence stems from the fact that our
model does not allow for molecule formation as the atoms approach each other
and for our purposes, we do not need to allow for that case.

Inserting these quantities in the equations for the resolvent operator and writing
these in matrix form, we find

s—G4il =My Gaa ] _[1
St e e =10 (3.13

where the shift has been absorbed in @.
The eigenvalues which are easily found as

2x =0 — il £ My, (3.14)

lead to a damped sinusoidal dynamics in the time-domain. Whether the damp-
ing or the sinusoidal behaviour is dominant depends on the strength of Mg,
which in turn is determined by the atomic configuration and separation. In the
long time limit and for finite separations there is no population trapping.

3.2.2 Atom-Atom interaction in a cavity

The equations (3.7) and (3.8) are easily extended to accomodate the presence
of an open cavity

(z —wa)Gaa = 1—1—2

|Vaal? e VaaVay

aa

Vac 2 Vacvc
|—(.|d Gaa‘i‘z—bia

z Z— We

Gra (3.15)

72— Wyt 1K 7 — Wy +1iK



26 Chapter 3. Atom-Atom interaction at the edge of a photonic band gap

|Vie|? VoeVea
- G a — —C a Gaa

Vial? VoaVia
+ | bd| Gba+ bd’d Gaa (316)

72— Wyt 1K 72— Wyt 1K

where V,4, Voq are the dipole-mode couplings of atom A(B) respectively, @y is
the resonance frequency of the cavity shifted due to the coupling to a reservoir,
and k the cavity decay width. These equations show that the presence of the
cavity can be thought of as a Lorentzian superimposed on the flat background
of vacuum modes.

Since the summations in the couplings are over the flat continuum (vacuum), we
perform the pole-approximation as in Eqs. (3.10-3.12) and bring the equations
to the matrix form

o WVad?  ar ViV,
z w—i—lF —watir ab Z_G)f;inﬁ |: gaa :| = |: é :| (3 17)
M — VeaVas ol — Veal* '
Mg Z2—Wq+tik z—w+il z—Wa+ik ba

The motion of the coupled system is determined by the poles of the resolvent
operator which are the roots of the characteristic polynomial.

In general, all three roots are complex and thus contain dissipative terms. This
means that in the long time limit ¢ > I'"! &', there will be no population
trapping as opposed to two atoms located in a photonic band gap material
which is the case we treat in the rest of this chapter.

3.3 Calculation of the couplings

As a model for the photonic band gap material, we consider the isotropic crystal
introduced by John [42], for which the dispersion relation is given by Eq. (2.27).
In the following we choose the refractive index n = 1.082, which yields a gap
center frequency wg = %12'"—”" and a relative gap width Aw/wg = 0.05. At (near-
Joptical frequencies, this gap is much larger than any typical atomic coupling and
the influence of the lower band gap edge on the atomic dynamics can therefore
be neglected for atomic transition frequencies in the vicinity of the upper band
edge. For photonic frequencies close to the band edge, the dispersion relation
Eq. (2.27) can be approximated by the effective mass dispersion relation Eq.
(2.29)[42] which we shall use in the following.

In this section we address the calculation of the couplings
Vmc ‘/cn
g —_— (3.18)
—~ = we

with m,n € {a, b} which when using the interaction Hamiltonian Eq. (3.3) can
be written more explicitly as
D gm0 n
Z Vine Ven o Wk (65”) egi)ei‘y)' gei ik R
—_— = e (3.19)
Z— We 2e0V Z—We

k,i,j,l
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with R = R,, — R, the relative distance between the two atoms if m # n,
i,j € {x,y, z} and we have introduced a summation over polarization (index !)
in the first equation. It is easily shown that the summation over polarization
vectors yields

Z egl)eg = (Sij - ];’Z];’] (320)

where k = (sin  cos ¢, sin @ sin ¢, cos f). Inserting this relation in the expression
above and turning the summation over k into an integral, the relation reads

V. V. o d™.d»
mcVen d3 z k’ k. 892 gej zk R 391
Zc:z—wc 271'32/ g )260 Z — Wk ( )

Since we have assumed an 1sotropic dispersion relation which contains no angular
dependence, the angular integral can thus be performed.
The general result reads

Vine Vs 1 1 dn.d?
meVen L 1 dkek? i (k egi%gei 99
Zc:z—wc 271'226022,:/ wkT(’R)Z—wk (3:22)
with
sinkR coskR sinkR]
3i(k, ) = - diw
itk ) = |5+ o~ RS,
sinkR coskR sinkR]
+ - 6zy
KR (kR)?  (kR)?
2cos kR 2sinkR]
— 0; 4 3.23
T e (323

where we have taken the z-axis along the interatomic separation axis.

The steps leading to Eq. (3.22) are standard and well-known. For m # n, Eq.
(3.22) yields the RDDI between two neighbouring atoms and for m = n the
effective coupling of an atom with the reservoir. In that case R = 0.

For two atoms in free space, the free space dispersion relation wy = ck applies
and the integral Eq. (3.22) can be evaluated by contour methods yielding the
matrix element Mg, of Egs. (3.14) and (3.17). In the present context, the dis-
persion relation Eq. (2.27) is rather complicated and the integral Eq. (3.22)
has to be performed numerically.

The question of major interest here is, whether we can replace the variable z by
the atomic transition energy w, in Eq. (3.22). This requires that the integral
as a function of z is slowly varying. Calculations by John [42] and Kweon[43]
have shown that for atomic transition frequencies in the gap far from the edge,
the value of the dipole-dipole matrix element approaches that of vacuum i.e.
for two closely spaced atoms with transition frequencies in the gap, the virtual



28 Chapter 3. Atom-Atom interaction at the edge of a photonic band gap

photons exchanged are of such energy that the atoms do not experience the ex-
istence of the gap. It is, however, not evident whether this also holds for atomic
transition frequencies at the edge of the gap. To explore the sensitivity of the
value of the integral on z, we have performed a careful numerical investigation
of the coupling Eq. (3.22) using the exact dispersion relation Eq. (2.27) for the
crystal and have indeed found that the value Eq. (3.22) assumes in the vicinity
of the band edge is sensitively dependent on z and as a result we cannot replace
2 by wy.

Before proceeding to the numerical results, we present an approximate analyti-
cal calculation of the coupling.

The complex Laplace variable z can in this context be written z = z + in,
where 7 18 a small positive quantity. Using the identity

1 1
—— 2P p_ _ind(x) (3.24)
T+ T
where P denotes principal value part, in the integral Eq. (3.22) and leaving out
for the moment the multiplicative coefficients yields

1
/ dkk’zwkni (k’, R)

Z— W

:P/dkkzwkni(k,R) —zw/dkkzwkm(k,R)é(x—wk)(325)

r — W
For m # n, we denote the first part of Eq. (3.25) by V. and this gives
rise to the divergent part of the dipole-dipole interaction, diverging for small
interatomic distances as %. By numerical integration of this quantity, we have
established that it is to a very good approximation given by the real part of the
RDDI obtained for two atoms in free space.

For m = n the principal value part gives rise to the Lamb shift of the excited
atomic states. We absorb this energy shift in the eigenenergies of the excited
atomic states.

To evaluate the second integral of Eq. (3.25), we apply the effective mass
approximation Eq. (2.29). Inserting this expression in the integral Eq. (3.25)
yields

1

NeVr] (3.26)

/dkk’zwkni(k’, R)(S(l‘ — wk) ~ k_zl_wk+Tii(k+, R)

where ky = ko + /55

For atomic transition frequencies at the edge of the gap wa ~ w., the con-

tribution /#=*< will be negligible since the resolvent operator has a pole at
r ~ wy ~ we. Neglecting /*5* compared to ko, we thus find the simpler
expression

1

dkkwyTii(k, R)6 (2 — wi) ~ kiw.Ti;(kg, R) ———————
Ak, 3 = ) = o, B)

(3.27)
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which applies to the case of m = n as well as m # n.
For notational convenience, we define

1 d”;d; .
= E —— 29 IR, Tk 2
CM 471'60 2\/Z 0We Ty ( O,R) (3 8)

for m # n and

1 |dn2
C, = — —% flweri(ko, R=10
Z47T€02\/Z oweTii (Ko, )

1 |dggi ’ 2 2
= kiwe— 2
Z47T€o SNBSS (8.29)

7

for m = n.
In the ¥ configuration for instance, i.e. the atomic dipoles parallel and aligned
perpendicular to the interatomic separation axis, Cys reads

Cwm

We dg;d;e [k’o sin ko R n coskoR sinkoR (3.30)

- dwey /A R R koR3

Collecting the terms, we find

Vael? = —iCy
Z Z—we Z—we (3.31)

where the Lamb shift part of the coupling has been absorbed in the atomic
eigenenergies and

c

Vacvcb _ZCM
— =V, —_— 3.32
Zz—wc b+\/z—we ( )

where Vgp is the principal value part of the RDDI-integral in Eq. (3.25). We
note that the RDDI Eq. (3.32) has a term diverging as z — w.. For atomic
transition frequencies outside the gap i.e. z > w,, this yields an imaginary
contribution to the interatomic coupling. For atomic transition frequencies in
the gapi.e. z < w,, the argument of the square root changes sign and the square
root term and thus the whole interatomic coupling becomes purely real.

As has been noted in the literature [42], the occurence of the square root terms
in Egs. (3.32) and (3.31) corresponds to a density of states given by

(@) Vook2 1 o
w) =

g (2m)% 2/A o — we
where ©(w — we) is the Heaviside step-function.

In the following, we assume V,, and Cay to be real quantities which is not a
restriction, since this can be achieved by a proper phase-transformation of the

(w—we) (3.33)
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Figure 3.1: RDDI as a function of the interatomic distance R for atoms in the
3 configuration with z = 0.998w,.. The solid line is the numerical solution of

(3.22) and the dotted curve Eq. (3.32).

interaction Hamiltonian turning the dipole-moments into real quantities.

To check the validity of the effective mass approximation in calculating the
RDDI, we present the results obtained from Eq. (3.32) and by numerical inte-
gration of Eq. (3.22).

In Fig. 3.1, we compare the results obtained by numerical integration of the
exact expression for the coupling Eq. (3.22) with the approximate analytical
result Eq. (3.32) obtained in the effective mass approximation as a function of
the interatomic separation with z = 0.998w.. As the real part of the RDDI of
Eq. (3.32) we have used the coupling obtained for two atoms in vacuum.
There 1s indeed a very good agreement. For this choice of parameters, z < w,
which yields a negative argument in the square root part of Eq. (3.32) and the
coupling is thus purely real.

In Fig. 3.2, we plot the coupling with z = 1.002w,. Again we find a very

good agreement between the exact expression Eq. (3.22) and the approximate
expression Eq. (3.32).
We have tested the sensitivity of Eq. (3.22) on z by calculating the coupling
for various values of z in the vicinity of w. and the dependence on z as given
by the approximate expression in Eq. (3.32) has been confirmed. We have thus
shown that the RDDI given by Eq. (3.22) can be replaced by the more explicit
expression Eq. (3.32), where Vy; is the real part of the dipole-dipole coupling
for two atoms in the vacuum of free space.
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Figure 3.2: RDDI as a function of the interatomic distance R for atoms in
the X configuration with z = 1.002w.. The solid and long-dashed lines are
the numerical computations of (3.22) and (3.32) respectively. The dotted and
dashed lines are the imaginary parts of (3.22) and (3.32) respectively.

3.4 Revisiting the resolvent operator equations

Using Egs. (3.31) and (3.32) in the equation for the resolvent matrix elements,
we find

—i1CYy —iCpr

G — . we Gaa + a— we Gba
—iCh —iCpr e
iz — We Nz —w,

assuming as before that the matrix element Cjy is real. The equations can
be slightly simplified by multiplying both sides of the equations with +/z — w,
and transforming the Laplace variable z by z — w, — z which corresponds
to transforming to an interaction picture rotating at w,. We further assume
wqe =wp and Cy = Cy = C' 1.e. the atoms are identical and define § = w, — w,.
Writing the equations in matrix form finally yields

Nz +6+1C —Vz+ Ve +iCxy Gaa | _ | V2456 (3.34)
~ViaVz + 8 +iCyr 2z + 6 +iC Goa | 0 '

Eliminating the continuum amplitude, we have obtained two coupled algebraic
equations for two two-level atoms interacting through RDDI and through a

(2 —wa)Gaa = 14+ VuGra+

(Z - wb)Gba = VbaGaa + Gba +
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narrow band of strongly coupled modes. As opposed to standard treatments
dealing with system-reservoir interactions, we have at no point performed a
pole-approximation simply because the reservoir in our case is very far from
being “flat”. The peculiar features of the continuum are reflected by the square
root terms appearing in the resolvent operator equations.

We can immediately identify the eigenstates of the matrix in Eq. (3.34) as the
symmetric and antisymmetric product states defined by

Bota) = % lleagn) % [gacs)] (3.35)

The symmetric product state s is a Dicke state and would for atoms in free
space correspond to a super-radiant state. We shall, however, see that in a
photonic band gap material we can actually have population trapping in this
symmetric state.

In the study of the interactions of atoms with cavity modes, the dynamics of
the systems under consideration is exclusively determined by the location of
the poles of the resolvent operator in the complex plane. This is, however, not
the full truth in this problem; On performing the inversion integral to obtain
the time dependent amplitudes, there is a contribution coming from the cut in
the complex plane (arising from the photonic continuum) which yields a non-
negligible contribution to the dynamics of the system. But for the moment, we
proceed as usual by finding the roots of the characteristic polynomial of the
above equations. It reads

0 = [vViro+ iCr — VeV - iCMr (3.36)

assuming that V,; is real. To obtain a polynomial in z, we multiply by the
conjugate which yields the characteristic polynomial

h(z) = [2(z +6) = C* = Vi(z+8) +C]°
+4(z 4 8)[Cz + Cy Vi) (3.37)
By multiplying the characteristic equation with its conjugate, we have of course
introduced extra roots and thereby extra poles. These extra poles, however, do

not contribute when we perform the inversion integral.
In general, the roots of Eq. (3.37) are complicated expressions and they read

—6 =2V  25(6 —Vaw)? . B_

= 3.38

- 3 + 35B_ +3.2% (3:38)
=6 =2 3250 —Va)®  _inys B-

2y = 3 —¢ TB —¢ P (3.39)
—5—2V, 225(6— V)2 .. B_

23 = =0 =2V _ 6_2”/37( Var)” e (3.40)

3 38_ 3.93%
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—5+ 2V, 2364 Vw)? By

- 3.41
& 5 T 3B, T3.9% (3:41)
—5 42V, 223 (6 4 V)2 .. B
s = + 2V _ ein/3 ( + Vb) _ emin/3 -|'1 (342)
3 3By 3.93%
54+ 2Var  _inys25(0+ V) in/s By
— _ - r=aras /32" A7 U Yab)  am/3_ T 4
26 3 e 3B, e Y (3.43)

where the following abbreviations have been introduced

Bo= (Al +41/42 —4(6 — Vi) (3.44)

By = (A + /43 — 400 + Va)®) (3.45)
and

Al = 2V —6)? =27(C = Cyr)?

Ay = =2(Vap+68)> = 27(C + Cy)? (3.46)

It is easily seen that the six roots can be viewed as being the roots of two dif-
ferent third order polynomials. One triplet of eigenvalues corresponds to the
symmetric product state, and the other triplet to the anti-symmetric product

state Eq. (3.35).

We found in Eq. (3.34) coupled algebraic equations governing the motion of
the system. Eliminating the amplitude G, we find for Gy,

zZ(z+0)+iCVz+46

_ 2 12 2

Gaa — h(Z) [(Z Vba)(z + 6) + C1M
0% =2V 1 0(C + (JMvab)} (3.47)

and for Gy,
oz 48) —iCyvz 139
Gy = Lel¥ )h CUVEE 12 _ Y2y 4+ 6) + O
(2)

0%~ 2V 1 0(C + CMVab)} (3.48)

where h(z) is the characteristic polynomial of Eq. (3.37). Asis evident from Eqs.
(3.47) and (3.48), the expressions for the amplitudes contain square root terms.
This means that the amplitudes have a branch cut in the complex plane and
we must therefore be very careful when performing the inversion. We take the
branch cut along the negative imaginary axis thereby defining the first Riemann
sheet to be § €] — 7/2: 3n/2][.

We could discuss the behaviour of the system in different regimes in terms of
the location of the eigenvalues in the complex plane. As we mentioned above,
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Figure 3.3: The contour used to invert the amplitudes to time domain.

however, there 1s a non-negligible contribution to the inversion integral which
stems from the photonic continuum and which cannot be discussed in terms of
eigenvalues. In order to see the precise behaviour of the system, we therefore
perform the inversion integral and investigate the system in time domain.

3.5 The inversion

The inversion integral reads

1 —ootie )
Ut) = —/ dzG(z)e™ " (3.49)
27 oo+ie
where ¢ is an infinitesimal small positive quantity. To evaluate the integral,
we close the contour with a semi-circle in the lower half of the complex plane
as depicted in Fig. 3.3 and use the residue theorem. When the radius of the
semi-circle goes to infinity, this part of the contour does not contribute. Since
the functions to invert have a branch cut, we have to do a detour around the
branching point. This detour, denoted 7 does contribute.
Applying the residue theorem, we find

1

Un(t) =3 (2 = 2)Gral2)e ™ .., = 5

J

/dze_i’”\/z +dpi(z)  (3.50)

with & = {a,b} and since all poles are simple. For higher order poles, the
residues are more complicated. The sum over j is a sum over all poles that do
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not have a positive imaginary part since those poles fall outside the integration
contour. The function pg(z) introduced in the last integral is the part of the
expressions for Gy, and Gy, containing the square root terms, thus

(z +6)(—C2? — CVE — 20y Viaz) + C(C3; — C%)

= )
pe(z) = —iCM (% + Vi2) (2 +9) +hc(% — C?] 4 2Vba(z +6)C (3.51)

Let us look at the detour integral along the path ~

0
/dze—izt /- ¥ (Spk(Z) — / dyei%e—iyelaw/%eiét ei%ypk(yei%' _ (5)
v

+ / dye™ FemiveT TG fomiFyp, (yemiE — 5)
0]
- QieiaT"/ dye VI fypy (—iy — §) (3.52)
0]

with k € {a,b} and y = 2z + 4.
With the normalization of 2mz, the detour part thus reads

;3T

1 . 1
— | dze P02 + dpr(z) = ¢
2m ~ T

/ dye ¥+ fupe(—iy — &) (3.53)
0

The integral cannot be computed analytically (except for certain limits) but is
easily computed numerically. The influence of the integrals can, however, be
found in the long time limit. In that case only the lowest order in z contributes
to the integrals, and we thus find

1 . i3 oo .
—./dze_”t /2—1—5 a(Z) ~ € / dye_ytﬂét\/ypa(())
2m ~ T Jo
el ot I(3/2
= ot (3.54)

In the long time limit, the detour-integral thus contributes as t=3. A similar
behaviour is found for the other detour-integral.

The prefactor p,(0) in Eq. (3.54) determines the influence of the detour-integral
on the total wave function. By examining the expression for py(z), one finds
pi(0) oc 871 for large detunings. The influence of the detour-integral therefore
becomes negligible when the atomic transition frequency is detuned far from the
band gap edge in which case the atomic evolution becomes exponential (positive
detuning) or the decay is inhibited (negative detuning).

The behaviour of the system resembles the departure from exponential decay
for an atom in free space due to corrections to the pole-approximation [44]. We
recall, however, that in our problem the photon continuum is strongly modified
compared to the free space case, and the pole-approximation does not provide
a valid starting point for our calculation.
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3.6 The wave functions in time domain

Having established the influence of the detour integral, we investigate the system
in different limits in the time domain.

3.6.1 One atom

If the interatomic separation is very large, we have Cyy ~ Vg ~ 0 and the
problem reduces to the one-atom problem already treated in the literature [32,
33]. In that case the characteristic polynomial Eq. (3.37) simplifies to

0=[2(z+4) +C?] (3.55)

which seems to indicate that this one-atom system has three poles that are all
of order two. The expression for Gy, does, however, simplify and we find

z(z 4+ 9) —ivz+6C

Gaa = 22(z4+0)+ C?

(3.56)

which is the expression also derived by John and Quang [32] and Kofman et
al [33]. This expression has three poles; of which only two contribute since the
third pole has a positive imaginary part and thus falls outside the inversion
contour. Of the two remaining poles, one has an imaginary part and thus gives
rise to a transient, dissipative dynamics, whereas the second pole is purely real
and thus corresponds to a stable, non-decaying state of the system. In the
transient regime, both poles will contribute to the dynamics which gives rise to
beating, which is indeed a rather unusual phenomenon in spontaneous decay.
For an atomic transition frequency at the band edge (6 = 0), the roots are

21 = —C%
z5 = 503
3 = e 'ECE (3.57)

In the long time limit, only the real root contributes and the atomic population
is then given by

2
4
== 3.58
y (3.5)

2
N e

(21 = 22) (21 — 23)

which means that a considerable part of the population is bound on the atom in
the long time limit. This is what has been referred to as a “bound photon-atom
state” in the literature [31, 32]. For atomic transition frequencies in the gap,
the population trapping can be close to 1 as is evident from Fig. 3.4, where we
have plotted the atomic population as a function of time for different detunings
with respect to the band gap edge.

Spontaneous emission is taking place on a fast timescale roughly given by C'=%/3
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Figure 3.4: The time evolution of the excited state population as a function
of time for different detunings: § = —10C?/3 (solid line), § = —3C*/3 (dashed
line), § = 0 (dotted line), § = C*/3 (dashed-dotted line) and § = 3C%/3 (long-
dashed line)

and in this transient regime, part of the atomic population is lost. On a longer
timescale, the population remains almost constant but we see a slight oscillation
which stems from the beating between the stable, non-decaying state and the
detour-integral. Physically, this effect stems from the emitted photon which is
reflected in the dielectric host and thus oscillates back and reexcites the atom.
Even for atomic transition frequencies outside the gap (§ > 0), we find a signif-
icant population trapping as has been noted in the literature [32, 33].

3.6.2 Two atoms at the band edge (§ = 0)

At the band edge d = 0 and for negligible dipole-dipole coupling Vi, ~ 0, the
roots of the characteristic polynomial are the following

n o= ETC+ Oyt (3.59)
2 = e B(C+COy)d (3.60)
3 = —(C+Cuy)k (3.61)
4 = €O —Cy)? (3.62)
o= e B0 = Oyt (3.63)
w = —(C—Cuy)s (3.64)
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Figure 3.5: The time evolution of the excited state populations as a function of
time for atomic transition frequencies at the band edge (§ = 0). The solid line
is the population of the initially excited atom A and the dashed line is for atom
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Two of these roots are real; namely z = —(C’—I—C’M)§ and z = —(C’—C’M)§ and
by inserting these in the equation for the characteristic polynomial Eq. (3.36), it
is easily confirmed that these roots are also roots in the orignal polynomial. That
the roots are real means that they correspond to stable, non-decaying states of
the coupled system. The existence of two such stable states implies that the
system has no steady state in the conventional sense of the word, since in the
long time limit, the system will beat between these two non-decaying states.
On the other hand, if the system is viewed in the basis of the symmetric- and
anti-symmetric product states, it is found to have a steady state.

Of the four remaining roots, two will not contribute since they have a positive
imaginary part and thus fall outside the integration contour and the two re-
maining roots will give rise to a transient, damped behaviour.

Now, one of the real poles corresponding to a stable state is actually the eigen-
value of the symmetric product state. We thus find the surprising result that
the symmetric product state which in free space 1s super-radiant in the photonic
band gap can be a partially stable non-decaying state.

In Fig. 3.5, we have plotted the atomic populations as a function of time. From
the figure, we identify an initial transient regime in which part of the population
is lost. On a longer timescale, the remaining population is exchanged between
the atoms in an oscillatory, non-dissipative manner. This is also a rather sur-
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Figure 3.6: The excited state populations as a function of time for § = 3, C' = 1,
Cyr = 0.8 and different values of V. The solid line is the population in the
excited state of atom A. The dashed line is the sum of the populations in the
excited states of atom A and B. a) Vg = 1. ) Vg = 3.¢) Vo = 5.

prising result: In the study of atoms coupled to cavities, we typically see beating
(Rabi-oscillations) when the Rabi-frequency exceeds the decay width and the
Rabi-oscillation is then a transient phenomena, which is eventually damped out.
In the present problem, dissipation only acts in a transient regime, after which
it is effectively turned off and then only the coherent oscillation of the remaining
excitation between the two atoms persists. Physically, this part of the excitation
is protected against dissipation, since it corresponds to a photon with energy in
the gap, tunneling between the two atoms.

3.6.3 Small interatomic separation.

When the interatomic separation becomes very small 1.e. R <« A, the real
part of the dipole-dipole interaction (V45) becomes the dominant part of the
interaction. We investigate this regime for different detunings. In Fig. 3.6, we
plot the population in the excited state of the initially excited atom A and the
total population of atom A and B as a function of time for different values of Vg
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Figure 3.7: The excited state populations as a function of time for § = —3,
C =1, Cy = 0.8 and different values of V. The solid line is the population in
the excited state of atom A. The dashed line is the sum of the populations in
the excited states of atom A and B. a) Vg =1, 8) Vyp =3 and ¢) Vo = 7.

with § = 3. With this choice of parameters, the atomic transition frequencies
are tuned outside the gap into the allowed part of the spectrum. For a relatively
weak RDDI (Vg = 1), the atomic population is lost in the long time limit as is
evident from the figure. For a slightly stronger RDDI (V,, = 3), the coupling
between the two atoms is now comparable to the detuning from the band gap
edge and the splitting of the atomic levels due to the coupling is hence strong
enough to move part of the atomic level into the gap where it is protected from
dissipation. We therefore find a non-negligible population trapping for this
choice of parameters. This becomes even more apparent for an even stronger
coupling (Vg = 5), in which case close to 50 percent of the initial excitation
remains bound on the two atoms in the long time limit.
The reverse case is illustrated in Fig. 3.7, where again the atomic population
on atom A and the sum of the atomic populations are plotted for § = —3 and
various values of V.

For a relatively weak RDDI (V,, = 1), there is a significant population
trapping in the long time limit. As the RDDI is becoming comparable to the
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detuning from the band gap edge, the population-trapping is decreased since
the level splitting is now large enough to move part of the atomic levels into the
allowed part of the spectrum.

3.7 The photonic population distribution

In the literature, different quantities have been employed as a measure of the
spectrum [45]. For an atom in free space, the spectrum is the distribution
of population in the continuum modes in the long time limit. In the present
case, however, an initially excited atom with a transition frequency close to the
edge of the gap with a certain probability evolves into a photon-atom bound
state which is a superposition of atomic excited state in the presence of no
photon and atomic ground state with a superposition of one-photon states.
The superposition of photonic states yields a wavepacket in real space which
is well localized around the atom. A detector located outside the large crystal
does not detect the localized photonic wavepacket but only the fluorescent light
lost in the initial transient regime of the atomic evolution. The distribution
of population in the photonic continuum does therefore not coincide with the
spectrum we would measure with a detector located outside the crystal. Kofman
and coworkers have investigated the spectrum of one atom in a photonic band
gap material [33].

In this section we investigate the distribution of population in the continuum in
the long time limit.

3.7.1 One atom

The one-photon part of the field in the time domain is given by

) = Uea(t) kL) (3.65)

where the summation is over all continuum states and U, is the amplitude for
the continuum mode ¢ with frequency w. = w, + A, obtained by inverting the
expression

‘/C(IG(I(I
Ca=72n

(3.66)
where (44 is the one-atom amplitude given by Eq. (3.56).

In the long time limit, only the roots with no imaginary(dissipative) part con-
tribute to the dynamics in time domain of the continuum mode. Assuming that
the atomic transition frequency is at the band gap edge (§ = 0), there are two
poles contributing: One is the free evolution of the mode at frequency w and the
other pole at —C?/3 stems from the non-decaying photon-atom bound state.
In this case, the population in the mode is

[Vea)? At 4 C2A
(A—I—C’Z/?’)Z (A2_|_C4/3_A02/3)2

Uea(t)]” =
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4 4 A? )
-2 /3
+9 3A2+C4/3_A02/3COS(At+C t)
4 CVA , 23
+3 a7 i aces Sn(Al+ O I3t) (3.67)

Eq. (3.67) contains an implicit dependence on the orientation of the atomic
dipole in space. We perform an integration of Eq. (3.67) over the angular part.
Furthermore we perform a time average over the period 27 /(A + 02/3) in order
to eliminate the time dependent terms.

In the long time limit, the frequency distribution is therefore given by the an-
gular integrated, stationary terms of Eq. (3.67)

Sw) = pw) Y. /dmucaﬁ
=12
Ow —we) C A* 4+ C?A 4
+ =] (3.68)
ﬂ-\/w_—we (A—I—CZ/?’)Z (A2_|_C4/3_A02/3)2 9

where w = wy + A =w, + A since § = 0 and the density of states p(w) is given
by Eq. (3.33).

Eq. (3.68) does indeed yield a rather unusual distribution of population quite
different from the usual Lorentzian form obtained for a two-level atom in free
space as can also be seen from Fig. 3.8, where we have plotted the frequency
distribution as a function of w.

The coupled system consisting of “atom-reservoir” has a pole at exp(—iﬂ'/3)C’2/3
and we would thus expect the population distribution to have a peak at %02/3.
The density of modes does, however, strongly suppress radiation at this wave-
length and instead the photon emission close to the band gap edge (A & 0) is
strongly amplified.

We calculate the population in the continuum modes in the long time limit,
which is given by

/000 dwS(w) = g (3.69)

To obtain this result, the integral has been performed numerically. In the long
time limit, we therefore find that the atomic excited state population given by
Eq. (3.58) and the population in the photonic continuum add up to one as
should be the case.

3.7.2 Two atoms

When the couplings between the two atoms cannot be neglected, the general
expression for the continuum amplitude in frequency domain reads

Gca =

[VcaGaa + Vchba] (370)

Z— We



3.7. The photonic population distribution 43

0.8

0.6 H i

0.2 - .

0.0 n 1 n 1 n 1 n T
0.0 1.0 2.0 3.0 4.0 5.0

0_2/3(w — we)

Figure 3.8: The photonic population distribution for one atom in a photonic
band gap with transition frequency at the band gap edge (6 = 0).

Let us consider the simpler case of V;;, = d = 0. The roots of the system are
then given by Eqgs. (3.59-3.64) and the expression for the continuum amplitude
reads

1 1 . .
Geo = mm [Vca(zz + ZC\/;) — chbCM\/;]

[* + Chy — C* = 2iC/z2] (3.71)

while the stable roots of the system are given by Eq. (3.61) and Eq. (3.64). In
the long time limit, these roots and the root z = w contribute. As before, we
transform the amplitude to the time domain keeping only the contribution from
real roots, taking absolute square and leaving out terms depending on frequency.
In the end, we obtain for the angular integrated continuum population

=12
_ Slw-w) CA 3 2 2 3 2 212 3,42
= o Ay AT G (AT Gy - O+ 4ARCT]
L O —we) 32C7CK C—Cu . C+Cuy
me—w. 9k (0= Cu)P+a) " ((C+Cu) P+ A

(3.72)
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Figure 3.9: The photonic population distribution for two atoms in a photonic
band gap with transition frequencies at the band gap edge (6 = 0) and Vg = 0.
The solid line is for Cpr/C' = 0.9 and the long-dashed line is for Cyy/C = 0.1

where we have defined
h=[(C—Cu)? + (C+ Cu)*® — (0% - c@)m}
(C + Cy)?3 - (C—CM)Z/?’} (3.73)

The population distribution Eq. (3.72) has been plotted in Fig. 3.9. From the
figure, we find that the population distribution has a “shoulder” which vanishes
when C' ~ (. The reason for this becomes apparent by investigating the
eigenvalues of the coupled system. The coupled system fluoresces at the energies
%(C’ — Cy)*? and %(C’ + C3r)?/3. The shoulder in the population distribution
thus stems from the fluorescence at the energy %(C’ — C’M)Z/B, which coincides
with the band gap edge when C' ~ Cjs, in which case the shoulder disappears.
As in the case of one atom, we have by numerical integration of the population
distribution over w, made sure that the population in the continuum modes and
the atomic excited state population add up to one.

3.8 Summary

In this chapter we have presented a model calculation for two atoms with tran-
sition frequencies near the edge of a photonic band gap and interacting through
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the narrow band of strongly coupled modes.

We addressed the problem using the resolvent operator formalism by means of
which, the wave functions of the system are obtained in Laplace space.
Eliminating the field mode amplitudes from the equations of motion, we ob-
tained two coupled, algebraic equations for the amplitudes of the two atoms
coupled through second order expressions involving summations over the con-
tinuum states. One of these couplings is the RDDI between the two neighbouring
atoms. We presented an analytical calculation of the RDDI and showed that
it agrees very well with a numerical integration of the RDDI using the exact
dispersion relation for the dielectric host.

With the analytical expressions for the couplings, the set of equations for the
two atoms was solved and we investigated the amplitudes of the two atoms in
the time domain. Although the atoms are coupled to a dissipative environment,
we found population trapping and beating in the long time limit for a wide
range of parameters.

We have also calculated the photonic population distributions for one and two
atoms, respectively, and found that the location of the peaks of the distributions
1s mainly determined by the mode structure and not as is usually the case, by
the location of the poles of the coupled system in the complex plane. Further-
more we found, not surprisingly, that the mode structure acts as a frequency
filter and effectively cuts off frequencies in the photon distribution below the

band edge.
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Chapter IV

Strongly non-Lorentzian emission spectra in a
radiative cascade

We investigate the spectrum for an atomic ladder system where one transition
is coupled near-resonantly to the edge of a photonic band gap and the other
transition is coupled to a flat background of radiation modes. The corresponding
emission spectra are strongly non-Lorentzian.

4.1 Introduction

The interaction of simple atomic systems with strongly modified radiation reser-
voirs is a topic of much current interest [1]-[5],[32, 33], [46]-[56], motivated in
part by the prospect of a new class of phenomena in quantum optics predicted
in connection with the novel and unusual properties of PBG materials [10, 11]
and in part by the intrinsic interest in new types of effects not amenable to
standard techniques. One such effect was identified in the last chapter; namely
for an atom located inside a photonic band gap material and with a transition
frequency in the photonic band gap, the spontaneous decay is strongly modified
to the extent of being turned off for atomic transition frequencies sufficiently far
inside the band gap resulting in a “photon-atom bound state” [31] reflecting the
fact that a photonic wavepacket remains localized at the site of the atom. But
this very property of localization due to the perfect reflectivity of the inside of
the PBG material, makes its direct observation difficult since the photon does
not leave the material.

It is then necessary to explore arrangements through which the probing of these
features is possible. Such arrangements, intended to probe the strong coupling
of two systems and most notably atom and radiation, are a major domain of in-
terest in quantum optics. They acquire, however, a qualitatively different level
of complexity when applied to non-standard reservoirs. It is the purpose of
this chapter to present an arrangement for the probing of a photon-atom bound
state through the well-known three-level ladder system and to show the unusual
behavior 1t exhibits in this context. Related to the work presented here 1s the

47
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1)

3)

Figure 4.1: The atomic level scheme

paper of John and Quang [32] in which they investigate the emission spectrum
of a Lambda system where one transition is coupled to the edge of a PBG and
the other to a flat background of radiation modes.

The system considered in this chapter is depicted in Fig. 4.1 and it represents
three atomic states capable of cascade dipole transitions |1} — |2) — |3) and
is assumed to be initially in state |1). The transition frequencies of the two
transitions are assumed to be very different which means that the transitions
are effectively coupled to independent reservoirs. One transition is coupled to a
flat background of radiation modes yielding the usual exponential decay while
the other is coupled near-resonantly to the edge of a photonic band gap and
thus experiences a rapidly varying density of modes. We investigate the case
where the upper transition of the ladder is coupled to a PBG as well as the case
where the lower transition is coupled to the unusual reservoir.

In free space, the spectrum for the photon emitted on the upper transition in
the radiative cascade would be a Lorentzian with a width which is the sum
of the decay widths of the two upper atomic levels. In other words: Observing
only the first photon in a radiative cascade provides information about the lower
level in the transition. In the present context, however, when the frequency of
the lower transition is near the edge of the band gap, the respective levels are
coupled to an unusual reservoir whose influence is reflected in the spectrum of
the upper transition.

4.2 The system

We consider a three-level atom as depicted in Fig. 4.1, with the states |1}, ]2),]3).
Neglecting the zero point energies of the field modes and performing the rotating
wave approximation (RWA) for the interaction term, the Hamiltonian for this
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system reads (A =1)

H=Hy+V (41)

with
Hy=wioy +wzozz+zwaa2aa+zwabgba (4.2)

and
V= izga(alﬁzl _aoc0'12)+izgoc(b:&0'32_boc0'23) (4.3)

where a, at(b, b1) are the creation and annihilation operators of the two reservoirs
and the atomic operators are given by o;; = |i)(j| with ¢, j € {1,2,3}.

We denote by D(wy) and D(w,) the spectral response of the upper and lower
transition, respectively. As we noted in the paragraph after Eq. (3.33), the
effective mass dispersion relation Eq. (2.29) corresponds to a spectral response
given by

g O(wa — we)
T W — We
where C' = d*k2w./(4meoV/A) is the effective coupling with d the atomic dipole

moment and the integration in Eq. (4.4) runs over the 4 solid angle.
The relevant states for the system under consideration are

D) = [ dupten)lal = (4.4)

la) = 1]1,0,0) (4.5)
) = 12,1,0) (4.6)
|C> = |3’1>\’17>

where 1., and 1, denote photons in the two radiation reservoirs.

4.3 Spectrum

With the system initially in the state |a), the resolvent operator equations read

(Z — wa)Gaa =1 + Z Vabia (48)
b

(Z — wb)Gba == VbaGaa + Z Vchca (49)

(z —we)Gea = VoG (4.10)

where wg, = w3, wp = wa1 + wy and we = wi + w,.
The total wavefunction |¥(¢)) in time domain reads

(U(1) = Usal)la) + Y Usa()|D) + Y Uealt)lc) (4.11)
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where the amplitudes U;4(t) (i € {a,b,c}) are obtained by performing the in-
version integral

1 —ootie )
Uia(t) = %/ . Gia(2)e " dz (4.12)

The quantity of interest is the emission spectrum which is the population in the
reservoir mode w) in the long time limit

Swa) =D, i w () (4.13)
where 7 is short hand notation for all other quantum numbers.

4.3.1 Lower transition coupled to PBG

Let us consider first the case where the lower atomic transition |2) — |3) is
coupled near-resonantly to the edge of the PBG.

Eliminating the continuum amplitude Gy, and G4, we find for G4, and Gig,
respectively

_ [Vl
(2 —wa)Gaa = sz:z—wa” (4.14)

Vie|?
(z —wp)Gpa = ViaGaa + Z MGba (4.15)

The continuum involved in the summation over b-states 1s assumed to be smooth
which validates the usual Markov approximation

VA 2
ZM:A—ZT/Q (4.16)
5 Z— Wy
The summation over ¢ states is performed using the effective mass approxima-

tion Eq (2.29), which when turning the summation into an integral yields

Viel? —iC'
5 Veel” _ i (4.17)
~ z—we T —we—wy
Inserting these expressions for the coupling, we find for the amplitude Gy,

Vba 1

Ga: .
b z—wa+i0/2 2 — wp +

= (4.18)
VZ—we—wx
which can be cast in the form

Voa vz —we —wi (2 —wp) /2 —we —wy —iC'

Gra = z—we+ 172 (z—z24)(z—2_)(2 — z0)




4.3. Spectrum 51

where 24, zq are the roots of the polynomial (z —wp)?(z —we —wy) + C? defined
such that zp is the purely real root and z;,z_ have a positive and negative
imaginary part, respectively. For an atomic transition frequency wsg far inside
the band gap, all three roots are purely real.

Since wp = waz +wy, 1t 18 clear that all three roots contain a common factor wy.
For later convenience we introduce the roots zp + corresponding to an interaction
picture rotating at wp i.e. Zg+ = 20,4+ — ws.

When the amplitude G, is inverted to time domain, the pole z; does not
contribute, the pole zq is purely real and thus corresponds to a stable state i.e.
the photon-atom bound state and the pole z_ is complex and in time domain
this leads to damping with a rate given by the imaginary part of the pole.
The expression for the continuum amplitude G, reads

Veo Vba V72 —we —wi (2 —wp)/z —we —wy, — iC

Gea = z—wez—we+il/2 (z—2z4)(z—2-)(z — 20)

In time domain and in the long time limit, only the two non-dissipative poles
contribute and the time-dependent amplitude Ucq(t) for the reservoir mode
hence reads

Ueo (1) = Aexp(—iwet) + Bexp(—izot) (4.19)
where A, B are defined such that

VcbeaA = (Z - wc)Gca(Z”z:wC (420)
VcbeaB = (Z - ZO)Gca(Z)|z:zD (421)

The spectrum can now be calculated using Eq. (4.13) and since the rapidly
varying terms A*B and B* A average out when we perform the integration over
the photon frequency w., we find

S) = pr) [ Aol + D) [ dey Dwn (AP + [BP] (4.22)

where the integration in the first term is over the solid angle @, and D(wy)
is the spectral response of the flat continuum coupled to the upper transition
and D(w-), the spectral response of the PBG continuum coupled to the lower
transition.

We should stress that the term p(wy) [ dQx|Upa|* does not appear in the ex-
pression for the spectrum for a ladder system in free space since in that case all
the population is in the atomic ground state |3) in the long time limit [41].
The integral over the frequency w, in Eq. (4.22) can not be calculated in the
usual way applying the residue theorem due to the presence of the square root
terms. Instead the integral is calculated numerically. The results are presented
in Fig. 4.2.

Let us now discuss the form of the spectrum for different detunings §; = wos—w,
with respect to the band gap edge.
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For an atomic transition frequency far inside the gap (d2 < 0), the system re-
duces to an effective two-level system since the transition |2) — |3) effectively
becomes energetically forbidden and the population therefore remains in the
state |b). This means that Eq. (4.22) simplifies to

f

(wy —wia+ Z0)2 + (5)2

S((.J)\) ~ p((.J)\)/dQ)\|uba|2 = (423)

where

f=

(20 — 2+)(20 — Z_

AT —iC
“ovVE T T )\/z0+52‘ D(wy) (4.24)

which has the form of a Lorentzian with a width I' since the spectral response
D(wy) of the flat continuum is very slowly varying. In this case the spectrum
thus reduces to that found for a two-level atom in free space vacuum.

For an atomic transition frequency far outside the gap i.e. d5 > 0, the photon-
atom bound state disappears i.e. [Uyq|? = 0 and the dynamics on the transition
|2) — |3) becomes that of normal exponential decay. We thus expect the spec-
trum to reduce to that of a ladder system in free space namely a Lorentzian
with a linewidth which is the sum of the widths of the two upper levels.

We show now that this is actually the case. The expression for the spectrum
Eq. (4.22) simplifies to

S(wy) ~ /dva(wA)D(wv)|A|2 (4.25)

where

(Wy — we) 1

A = a3, — B — 2 (B #0021 (172

(4.26)

where Ay = wy —wsz and 6y = wx —ws1. The main contributions to the integral
come from the poles z; and §, + i'/2. We can thus approximate the integral
by

©OVE 1 1
2 . (
/dva(wv)|A| _/_Oodwv N T 7‘1‘5>\)2+F2/44.27)

This integral can be calculated using the residue theorem yielding

1
(w—wiz+ %)+ (T +7)2/4

S(w) ~ (4.28)

where Z; = Im(z4) and z, = Re(z4).

For an atomic transition frequency far outside the gapi.e. d2 > 0, the spectrum
is thus Lorentzian with a width given by the sum of the widths of the levels |1)
and |2) and a center frequency given by wis — Z,.
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Figure 4.2: The spectrum for the first photon in the radiative cascade is plotted
as a function of photon frequency for different detunings 6, = ws3 — w, with
respect to the band gap edge 62 = 10 (solid line), 63 = 1 (dotted line), §; = —1
(long-dashed line) and d; = —10 (dot-dashed line)

When the transition frequency wss 1s in the vicinity of the band gap edge,
the narrow band of strongly coupled modes leads to a splitting of the atomic
level. One part of the atomic level is moved into the band gap where it is
protected from dissipation and the other part is moved into the allowed part of
the spectrum where it can decay freely. The upper level can therefore decay to
two different levels and the spectrum consequently acquires two peaks as is also
clearly seen in Fig. 4.2. The splitting of the two peaks is a direct measure of
the strength of the coupling of the lower transition to the photonic band gap.

4.3.2 Upper transition coupled to PBG

We now investigate the case where the upper atomic transition |1) — |2) is cou-
pled near-resonantly to the edge of a photonic band gap and the lower transition
is coupled to a flat background of radiation modes yielding a width I' for the
state b.

Eliminating as before the continuum amplitudes, we then find the expression
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for the upper state amplitude G4

1

Gaa = i (429)

-y Y———
¢ \i—we—waz+il'/2

where the width I' of the state b now enters in the expression for G44. The
decay of the state b means that there is no longer a photon-atom bound state
since any population fed into state b decays to state c¢. It could be said that,
in some sense the photon-atom bound state becomes metastable. In the long
time limit, all the population must therefore be found in state ¢ for which the
amplitude reads

Veo Vie 1
z—wez—wp+i0/2 2 —w, +

Gca = i (430)

N i—we—waz+il'/2
This expression depends on wy since we = wx + W~
In the long time limit only the pole z = w, contributes and the amplitude U, (?)
then reads
Veb Via eTiwet

Uew = .
we —wp + 11/2w, —w,

- (4.31)

+ \/wc—we—w23+iF/2

The spectrum for the first photon is then readily calculated using Eq. (4.13)
and the results are presented in Fig. 4.3. For atomic transition frequencies
far outside the gap (w12 — we > 0), the spectrum approaches a Lorentzian.
For transition frequencies closer to the band gap edge, the spectrum acquires
a divergent tail which becomes increasingly pronounced for atomic transition
frequencies inside the gap. This is indeed an unusual effect in an emission
spectrum.

4.4 Summary

We have analyzed the emission spectra for a radiative cascade in which the upper
or lower atomic transition is coupled near-resonantly to the edge of a photonic
band gap. When the atomic transition frequency is tuned far outside the gap,
we find the usual Lorentzian spectrum. For atomic transition frequencies in the
vicinity of the band gap edge, the spectrum becomes strongly non-Lorentzian
and can thus be used to experimentally probe features of the interaction of
simple atomic systems with the strongly modified radiation reservoirs inside a
photonic band gap.
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Figure 4.3: The spectrum for the first photon in the radiative cascade is plotted
as a function of photon frequency for different detunings § = wis — w, with
respect to the band gap edge 6 = 0 (dashed line), § = 2 (solid line), 6=5 (dot-
dashed line)
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Chapter V

Fluorescence into flat and structured radiation
continua: An atomic density matrix without a
master equation

We investigate an atomic A-system with one transition coupled to a laser field
and a flat continuum of vacuum modes and the other transition coupled to field
modes near the edge of a photonic band gap. The system requires simultaneous
treatment of Markovian and non-Markovian dissipation processes, and to treat
the system dynamics, we propose a formalism based on the resolvent operator
and Monte-Carlo wavefunctions. We demonstrate that the exact results ob-
tained from this formalism are not in accordance with the results obtained from
a non-Markovian master equation obtained by applying only the Born approx-
imation thus demonstrating the invalidity of the Born approximation. Finally,
we present results relevant to the experimental characterization of a structured
continuum.

5.1 Introduction

With the advent of PBG materials and dispersive media, the mode structure
of the electromagnetic field can be tailored in a controllable fashion providing
for instance band gaps or defect modes of various forms [10, 11]. The rapidly
varying mode structure in the radiation reservoir invalidates the Born-Markov
approximations normally employed for a simple quantum system like an atom
when this is located inside a PBG-material with transition frequency near the
edge of the gap. The reservoir degrees of freedom are thus not easily elimi-
nated to derive a master equation for the reduced system dynamics. The main
body [32, 33, 1, 2] of theoretical works on atomic interactions within PBG ma-
terials has therefore addressed the unitary dynamics in terms of the complete
atom(s)—+field wavefunctions.

In this chapter, we address a A-system with one laser-driven transition experi-
encing a flat vacuum without structure and the frequency of the other transition

57
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wr,

@)

Figure 5.1: Level scheme

near the edge of a PBG. A unitary wavefunction dynamics is incompatible with
the treatment of the atomic fluorescence on the “free”-space transition, and we
must seek a way to apply the simple Markovian properties of this process in the
solution of the complete problem. A formulation in terms of Monte-Carlo wave
functions (MCWTF) turns out to be particularly useful for this purpose. This
method then also suggests itself as a means of solving other problems emerging in
the overlapping domain of quantum optics, semiconductors and nano-structures
where dissipation of Markovian and non-Markovian character may co-exist. Fur-
thermore, our work establishes an application of the MCWF treatment which
goes beyond its conventional correspondence with Born-Markov master equa-
tions.

The A-system is interesting from an experimental point of view since atoms
may be present in their ground state in the dielectric host, and the dynamics of
the interaction with the field modes in the vicinity of the gap may be studied
when the laser excitation on the “free”-space transition is turned on. In partial
analogy with the shelving scheme technique we note that the fluorescence signal
on the “free”-space transition may serve as to probe details of the interaction
between the atom and the field modes in the PBG material.

5.2 The model

We consider a three-level atom with two lower levels |a) and |¢) coupled by
the electric dipole coupling to a common excited level |b), see Fig. 5.1. On
the |a) < |b) transition we apply a laser field, and the atom may decay by
spontaneous emission due to the coupling to a flat radiation reservoir. The
transition |b) — |¢) is accompanied by the emission of a photon with frequency
in the vicinity of the photonic band gap edge, and this atomic transition is
significantly modified by the presence of the dielectric host.
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Neglecting the zero-point energies of the field modes, and setting the atomic
energy levels to the values 0, fwy and Aw, respectively, we write the Hamiltonian
for the system (A =1)

H=Ho+V (5.1)
where
Hy :wabb-I-chcc-I-wai\ax-i-zwxb;bx (5.2)
) )

where the interaction term in the rotating wave approximation is given by
Vi= Ve+ Vg + VL (5.3)
= iZgA(a;Uab — arObg) + iZgA(b;Ucb — bxowe)
A A

—ifwpt _

+igL(Ubae O-abeith) (54)

where Vg and V4 denote the couplings to the flat and the PBG-reservoirs,
respectively and V7 is the laser coupling, o;; denote atomic dyadic operators
|i)(j| with 4,7 € {a,b,c}; ax, by are the field annihilation operators of the flat
vacuum and PBG vacuum, respectively, and the laser field is represented by a
semiclassical e-number field. We assume that the coupling to the flat continuum
may be treated by perturbation theory in the usual way, i.e. an energy shift
(Lamb shift) and a decay rate ¥ may be attributed to the excited state |b). The
Lamb shift is assumed incorporated in the atomic energy wp in Eq. (5.1), and
the decay rate describes an incoherent transition mechanism by which atoms in
the excited state |[b) decay to the ground state |a). We shall incorporate the
decay mechanism by an effective non-hermitian Hamiltonian H g

Hyg = Wbo'bb+wc0'cc+zw>\b;b>\+izg>\(b1\0'cb_b>\0'bc)
x x

—iwrpt O_Gbeith) _ %Ubb (55)
In the next section, we identify the wave function evolution governed by this
Hamiltonian, and next, by appealing to the Monte Carlo wave function formal-
ism we shall obtain the exact evolution of the atomic system. In section 5.4, we
derive a non-Markovian master equation applying only the Born approximation
and compare the resulting dynamics to the exact dynamics obtained from the
Monte-Carlo wave function treatment.

+igr, (opae

5.3 Monte-Carlo wave functions

With the system initially in the lower state @, the resolvent operator equations
read

(Z — O)Gaa(z) = 1+ Vabia(Z + (.JL)
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(2 —wi)Geralz) = VereGhalz) (5.6)
( =+ )Ghalz) = VhaGaalz = w1) + Y ViesGeral2)

where Vi = g1 and the amplitudes G, 4(2) pertain to the PBG-continuum
states |¢) ®|14). Using Eq. (2.29) in the summation over continuum modes and
turning the summation into an integral, we get
. i
(z = wy +17/2)Gra(2) = VeaGaal? —wi) — ——=—=GCla(%),

2 — We — Weq

where the effective dipole coupling to the mode structure is given by C =
d?k3w./(4meon/A) [2], with d the atomic dipole moment on the b ¢ transition.

Solving these coupled, algebraic equations for Gy and Gy, we find

_ i~ /9 C' m
Gaalz) = (e oo ¥ iy/2) 440/ /7 - we v _ (5.7)
(z—wp)[(z—wp +iv/2) +iC//z — we — wea| — |Vasl
Vba

Gralz) = - - 5.8
ba(2) (z—wp)[(z—wp+ivy/2) +iC//z2 —we — wea] — |Vial? (5.8)
The dynamics of the system is obtained by inverting the amplitudes to time
domain by means of the inversion integral for the time evolution operator. Due
to the high order of the polynomial of z in the denominator and the presence
of the square root terms in Eqs. (5.7) and (5.8), it is not easy to apply the
residue theorem and thus to obtain the amplitudes in time domain analytically.

Instead we compute the two inversion integrals numerically. This integration is
straightforward, and the calculation yields for example the populations of the
initial ground state |a) and of the excited atomic state |b) as functions of time,
To(t) = [Uaa(t)]?, 7 (t) = [Upa(t)|*. We keep track of the norm P(¢) of the wave
function, noting that it changes only due to the imaginary part of the excited
state energy, and hence

aP
Whoss = _'Yﬂ'g(t) (5.9)

which in integrated form reads

Pt)y=1- »y/ot dt'mp ('), (5.10)

In Fig. 5.2 we show an example of the relevant time dependent quantities
P(t), 7(t) and 7(¢). From the figure, it is evident that the populations in
the states |a) and |b) approach zero after a transient evolution. There is, how-
ever, a substantial part of the population (P(c0) ~ 20%) which is not lost by
fluorescence on the free-space transition. This population is transferred to the
atomic state |¢) associated with the PBG-continuum, and at any time we have
RO(t) = P{t) - 72(t) — 7).

c
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Figure 5.2: The populations 70(t) (dashed line), 7} (¢) (solid line) and the norm

P(t) (dotted line) are plotted as functions of time. The parameters chosen are:
02/3 = 7/3a Vab =7, We = Wp-

The spontaneous decay on the |b) — |a) transition was treated only as a loss
mechanism for the excited state amplitude, but the atoms are incoherently fed
back in the ground state |a), and from here they are re-excited by the laser. In
a density matrix formulation, when tracing over the resulting different photon
number states of the flat reservoir, the elimination of the PBG-modes would be
exceedingly difficult, if possible at all.

It has been shown that dissipative problems in quantum mechanics may be
solved by stochastic wave function equations as an alternative to master equa-
tions [57, 58, 59, 60, 61]. In the “quantum jump” scheme, one propagates state
vectors according to a non-hermitian Hamiltonian, and at certain instants of
time, chosen according to a random process, this propagation is interrupted by
quantum jump projections of the state vectors (see [62] for a recent review).
In the formulations of the method so far, the continuously propagated state
vector is described as the solution of a Schrodinger equation, but, the atomic
populations 7 (¢) identified after elimination of the PBG reservoir above may
be applied just as well for the construction of the atomic density matrix.

The function P (%) is the norm of the no-jump state vector [60] and consequently
the probability that a photon has not been registered in the flat reservoir at time
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t.

The ensemble averaged populations can be found by solution of integral equa-
tions: The population of an atomic state 7;(¢) is a sum of a term representing
the population given that the atom has not decayed and a term representing
the population given that the latest jump occurred at time ¢/,

7i(t) = 7(t) +/0 dt'ym,(t)md (t —t'). (5.11)

Note that 7#?(t —¢') = 7l(t —¢')/P(t — ') - P(t — ') provides the given normal-
ized population with the appropiate no-jump weight-factor. Eq.(5.11) must be
solved for 7, (¢) first, e.g. by a Laplace transform: 7 (z) = 7 (2)/(1 — y7(2)),
and one may subsequently obtain the other populations (see also [63]).

The populations can of course also be found by simulations. In a single tra-
jectory one considers the normalized populations m;(t) = 77 (¢)/P(t) (and other
density matrix elements if necessary), until a jump occurs when P(#) equals a
random number ¢ chosen uniformly on the interval betwen zero and unity. The
quantum jump puts the atom in the state |a), and from here the evolution starts
over again. In Fig. 5.3, we plot 7,(t) and 7,(t) obtained by an average of 10*
stochastic wave functions for the same parameters as used in Fig. 5.2.

Let us comment on the atomic dynamics obtained in Fig. 5.3. After an initial
transient evolution, the populations T, 5(t) approach zero in a non-exponential
way. The fluorescence signal on the |b) — |a) transition thus vanishes as opposed
to the case of a two-level atom in free space. In the simulations we note that
no jump will occur if the random number ¢ is smaller than P(c0). When this
value 1s non-zero, each realization only exhibits a limited number of jumps since
eventually the value chosen for ¢ will be smaller than P(oc). The probability
of having exactly k photon emissions (jumps) in a given simulated trajectory
is (1 — P(00))*P(c0), and the mean number of photons n emitted per atom is
thus

n=Y kP(cc)(l— P(c0))f = P(oc)™ =11 (5.12)

P(o0) can be calculated in the following way: The amplitude U, 4(t) is the
inverse Laplace transform of

Gc;a = ‘/cAbia/(Z - W)\) (513)

In the long time-limit only the pole z = wy contributes and the Residue Theorem
can thus be applied to the inversion integral for G, to yield

uc;a(t) = Vc;bia(wA)e_iwAt (514)

and since P(o0) = 72(00) we find

P(oc) = Y VersGoalwr) [’



5.3. Monte-Carlo wave functions 63

1.0

e
e}
T
!

Populations

o
N
T
L

0.2 b

Figure 5.3: The populations 7,(t) (dashed line) and 7T, (t) (solid line) are plotted
as functions of time. The parameters chosen are the same as in Fig. 2. The
curves are averaged over 10* trajectories.

The summation over modes can be turned into an integral, which is calculated
numerically.

For a A-system in free space with a branching of the decay from the upper
state, there will also be a finite number of fluorescence photons emitted on the
laser driven transition, corresponding to P(oo) =~/ (y+7") with 4,4 being the
decay rates of state [b) to the states |a) and |c) respectively, and the total number
of fluorescence photons on the |b) — |a) transition is thus independent of the
parameters of the driving field for a A-system in free space. This is different in
our case, as seen in Fig. 5.4, where P(c0) and the mean number of fluorescence
photons emitted on the free space transition are plotted as functions of the laser
detuning from the PBG edge for different choices of the laser coupling. For a
rather weak laser coupling, the transition to the atomic state |¢) is a Raman-
process which is strongly suppressed when the laser is tuned below the band
gap edge since there are then no resonant PBG-modes for the Stokes photon.
A stronger laser coupling leads to an Autler-Townes splitting of level |b) and
population is then transferred to the PBG-continuum by a higher order process,
removing the step-like character of P(c0). The fluorescence signal may hence
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Figure 5.4: Solid line is P(oo) for Vi = /2 and dashed line the number
of fluorescence photons. The dot-dashed line is P(o0) for Vg = 35 and the
long-dashed line the number of fluorescence photons. The parameters chosen:
02/3:7, Wp = We

probe details of the PBG structure.

5.4 A master equation in the Born-approximation

We just presented an exact treatment of the problem by means of a mixture of
resolvent operator and Monte-Carlo wave function techniques. A more con-
ventional approach is to derive a reduced master equation (ME) governing
only the motion of the atomic system. To this end we have to apply the
Born-approximation to the density operator for the system consisting of A-
system+PBG-reservoir in order to eliminate the PBG-reservoir.

In this section the derivation of the non-Markovian master equation for the A-
system 1s presented, employing only the Born approximation and the resulting
dynamics obtained from propagation of the master equation is compared to the
exact results obtained using the methods described in the previous secton.
The density operator pr for the total system consisting of A-system-reservoirs
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obeys the equation of motion

Cor =2V, pr(0) (5.15)

where V' is the interaction term given by Eq. (5.4) and we have transformed
to an interaction picture rotating at frequency wg, thus eliminating the free
energies in Hy. By a formal integration of Eq. (5.15), we find

%PT = %[VL ), pr ()]

A5 V) + Voo 010+ [ V) ()] (5.16)

To proceed, we apply the Born-approximation which asserts that correlations
between the atom and the reservoirs can be neglected i.e.

pr(t) = pa(t) © ppeG @ pr (5.17)

where p(t) is the atomic density operator and pr, pppg are the density operators
for the flat and the PBG reservoirs, respectively. We further assume that the
reservoirs are in thermal equilibrium i.e. all off-diagonal elements are zero and
that there are no thermal photons in the reservoirs.

Following the usual steps [64, 41] we find the following equation of motion for
the atomic density operator p.

d 1
7P = ;[VL(t), ol + %[QUbapUab — Obbp — PO
t
+ Zgi/ dt' e 8= oo p(t o — p(t)ows)
A 0
t
+3k [are aptane — ()] (5.15)
A 0

where the Markov-approximation has been applied to the flat reservoir thus
yielding the well-known Lindblad form for the spontaneous decay. The remain-
ing summation over modes is a summation over the PBG-continuum. This
summation can be performed using Eq. (3.31)

Cei(we—wbc)(t—t')+iﬂ'/4

S gletanti=t)
- NN

Inserting the expressions for the coupling to the PBG-continuum, we finally find
the equation of motion for the reduced density operator [49]

(5.19)

d 1 ~y
7P = ;[VL(t), ol + 5[20'bap0'ab — Owpp — POb]
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Figure 5.5: The populations in state a and b are plotted as functions of time.
The solid (dashed) line is the population in state a obtained by MCWF (the
Born-ME). The dot-dashed (long-dashed) curve is the population in state b
obtained by MCWF (Born-ME). The parameters chosen are &,z = . = 0,
Vi /C?3 =1/2,4/C*3 = 0.1.

td /Ceiébc(t—t')—iﬂ'/4 , ,
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t d /C'e_iéb“(t_tl)‘l'm/4 / ! 5.20
+ c it c t '
+/0 NV [oeop(t')obe — Tonp(t')] (5.20)

where Vi (¢) = igL(O'bae_i(“’L_wba)t — Uabei(“’L_wb”)t) and dpe = Wpe — We.

The non-Markovian nature of the master equation i.e. the convolution integral
complicates a direct propagation in time domain. Transforming the equation to
Laplace space, the convolution turns in to a direct product and by projecting
the density operator on the atomic states, closed analytical expressions for the
various populations and coherences can be derived and the expression for the
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upper state population reads

1 Vzb(ozl + Ozz)
== a 5.21
pbb(z) 2z tiv+ B — Vazb[Q-i-ﬁ/Z](Oél +a2) ( )
with
g = 1C _ C
\/Z + 668 \/Z - 668
1
U
! Z+5bL+i7/2_\/£—A
1
o =
: d =+ i7/2 +i s

and for the lower state

paals) = 1/ = (1+ /=) puu(s) (5.22)

and the detunings are given by dp1, = wpq —wi, dpe = Wpe —we and A = §pe — 51 .
The expressions are inverted to time domain by numerically evaluating the
Laplace inversion integral. In Fig. 5.5, we plot the populations in state @ and b
as functions of time obtained by inverting Eqs. (5.21) and (5.22) to time domain.
The agreement is rather poor and in particular we find the pathological effect
of negative values for the probability of being in the upper state . In Fig.
5.6, we plot the population in state a as a function of time when the laser is
resonant with the upper state b which is detuned inside the photonic band gap.
In this case we find a better agreement between the exact MCWF-treatment and
Egs. (5.22) but still the ME does not get the oscillation period and amplitudes
completely right. For larger detunings from the band gap edge or stronger laser
couplings, the atomic levels are removed even further from the band gap edge
into the flat part of the continuum. This will of course increase the validity of
the ME. It is, however, also the regime where an ordinary Born-Markov master
equation becomes valid. For many purposes, the interesting domain is, however,
for atomic transition frequencies in the vicinity of the band gap and for laser
couplings that do not exceed the PBG coupling and in that case, the Born
approximation is invalidated.

5.5 Conclusions

In this chapter we investigated the dynamics of an atomic lambda-system with
one transition coupled to a laser field and a flat continuum of vacuum modes
and the other transition coupled to field modes near the edge of a photonic band
gap. A reduced non-Markovian master equation was derived applying only the
Born-approximation.

In parallel we solved the dynamics exactly using a technique involving the re-
solvent operator and Monte-Carlo wave functions. Comparing the resulting
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Figure 5.6: The population in state a is plotted as function as time. The solid
curve is obtained by MCWF and the dashed curve is obtained by inversion of
Egs. (5.22). The parameters chosen are dpz = 0, (566/02/3 = =3, Vyp = C?/3
and v/C?*/3 = 0.1.

dynamics of the two approaches we found a very poor agreement of the non-
Markovian master equation with the exact results thus invalidating the use of
the Born-approximation.

The Born-approximation neglects correlations between the atom and the reser-
voir modes and it may therefore not be surprising that the Born-approximation
is invalidated since an atom near-resonant with a photonic band gap edge may
form a photon-atom bound state in which the correlations to the reservoir modes
are essential.

In conclusion we have demonstrated a technique for the solution of a problem
for which a Born-Markov master equation does not exist.

The specific form of the structured continuum is not essential for our approach,
but it is important that only one photon states of the PBG-continuum appear
(a possible slow decay from state |¢) back to |a) can only be treated if we may
assume that the photon in the PBG continuum escapes before the atom is re-
excited to level |b)). The simulations and the analytical expression Eq. (5.11)
are simplified by the fact that all jumps put the atom in the same state. Our
formalism, however, 1s perfectly capable of treating more general systems with
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branching of the decay from state |b) to multiple states |a;). This implies that
the index a is replaced by the set of indices a; with the corresponding enlarge-
ment of the set of equations (5.6) and (5.11). The no-jump evolution and the
associated delay function, following a jump to a given level a;, are then readily
computed.

The MCWPF technique has been applied to non-Markovian problems through
the solution of Markovian master equations for enlarged model systems [65].
Our situation, however, is different, since without ever having a master equa-
tion we have, by recourse to conditioned wave function dynamics, been able to
obtain the atomic density matrix. We anticipate that by combination of the
ideas in ref. [65] and in this chapter a wide class of non-Markovian problems
may become tractable.
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Chapter VI

Superradiance in a structured radiation reservoir

An atomic Dicke system 1is coupled to a photonic band gap continuum, which
we model by a Fano-profile density of states. By introduction of two pseudo-
modes, a markovian master equation can be derived governing only the degrees
of freedom of the atoms+the two pseudo-modes. One of the modes can be adia-
batically eliminated and effectively we then have an atomic Dicke system coupled
to a harmonic oscillator and both systems coupled to the same flat continuum.
We find that following the superradiant regime, a meta-stable state is reached
for the atomic system. The decay of the meta-stable state is non-exponential
and we derive an analytical expression for the decay based on perturbation the-
ory and trapping states identified by the Monte-Carlo wavefunction method.
Further, we investigate mean-value equations of motion for the operators of
the system and discuss different decorrelation approximations of the operator
expectation values.

6.1 Introduction

Recently, the interaction of one or more atoms with the strongly modified radia-
tion reservoir inside a photonic band gap (PBG) material [11, 10] has attracted
considerable attention [2, 3, 4, 32, 33, 55]. A common feature of these studies is
the fact that only the zero- and one-photon parts of the reservoir Hilbert space
were involved and consequently the atomic dynamics could be solved in terms
of wave functions for the complete system atom(s)+field [2, 3, 4, 32, 33, 55]. In
the more general case where several excitations of the structured continuum are
involved, the wave function formalism becomes intractable due to multiple inte-
grations over photonic continua. Ideally, we would then prefer a reduced master
equation governing only the dynamics of the atoms. It does not, however, seem
possible to derive a master equation since the Born-Markov approximations nor-
mally applied are invalid for atomic transition frequencies close to the edge of
the band gap. The Markov approximation assuming a “flat” reservoir in the
vicinity of the atomic transition frequency is obviously invalidated but also the
Born approximation which assumes that correlations between the small quan-

71
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tum system and the “large” reservoir are negligible, is no longer valid.

Since the standard methods thus fail, it 1s not evident how to treat a problem
with multiple excitations in the structured continuum. In a recent paper [46],
John and Quang studied superradiance[36, 37] in a PBG and to obtain a closed
set of equations of motion for the atomic operator expectation values they pro-
posed a mean-field Ansatz to the Heisenberg picture equations of motion for the
atomic operators. In this way they could obtain a closed set of non-Markovian
equations of motion for the atomic operators. However, since they could not
obtain a master equation they could not assess the validity of the mean-field
Ansatz.

In this chapter [5] we investigate an atomic Dicke system [36] coupled to a PBG
which we model by a Fano-profile density of states. Although our model does
not possess a full gap it nevertheless shares a number of features with a full band
gap while at the same time it lends itself to definitive quantitative conclusions.
Due to the analyticity of the density of states, we can apply methods proposed
by Imamoglu [65, 66] and Garraway [67, 68], in which a finite number of pseudo-
modes are introduced and treated on an equal footing with the atomic degrees of
freedom, to obtain a Markovian master equation for the atoms-+pseudo-modes
and we can now study processes with multiple photon emissions into the radia-
tion reservoir.

Our model allows us to perform a mean-field approximation to the equations of
motion for the atomic operator expectation values and the resulting dynamics is
compared to the exact results obtained by propagation of the master equation.
In this way we can actually test the validity of the mean-field approximation.
We further study the effects of the modified radiation reservoir on superradi-
ance [46, 36, 37]. When the atomic transition frequency is tuned close to the
minimum in the density of states, we find that following the superradiant emis-
sion, a meta-stable state is reached in which a significant part of the excitation
remains bound at the site of the atoms. This state, then, is a slowly decaying
photons-atoms bound state. The existence of such a state is in contrast to a
Dicke system in free space, where the atoms lose all their excitation in a super-
radiant pulse to the modes of the reservoir. The decay of the meta-stable state
1s non-exponential and we derive an analytical expression for the decay based
on perturbation theory and analytical expressions for trapping states identified
by appealing to the Monte-Carlo wave function method.

This chapter is organized as follows: In section 6.2, we present the model and
derive a master equation for the Dicke system interacting with two pseudo-
modes. One of the modes can be adiabatically eliminated and effectively we
then have a master equation for a Dicke system coupled to a pseudo-mode and
both systems decaying to the same flat reservoir. In section 6.3, we present the
dynamics of the system and find that a significant part of the excitation remains
trapped after the superradiant regime. This is discussed in greater detail in sec-
tion 6.4 and in section 6.5 we derive an analytical expression for the decay rate
of the meta-stable state. In section 6.6, we derive mean-values (semi-classical)
equations for the system and discuss various decorrelation approximations.
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Wi

Figure 6.1: The atomic Dicke system (illustrated by the sphere) is coupled to a
Fano-profile density of modes.

6.2 The model

We study the dynamics of one or several two-level atoms identically coupled to a
structured radiation reservoir which we model as a Fano profile as illustrated in
Fig. 6.1. The model Hamiltonian for the system reads in an interaction picture

(h=1)

HF:wzljz—i—Zw)\a;a)\—l—Zg)\(a;J_—|—a>\J+) (6.1)
A By

where a;, ay are the creation and annihilation operators of the reservoir mode

A with energy wy and coupling constant

WH
= — e, -d 6.2
X ’/260‘/(1(3)‘ 12 ( )

Here d;2 is the atomic dipole moment, V, the quantization volume and e
the polarization vector. The macroscopic atomic inversion and dipole opera-
tors J,, Jt,J7 are defined by J* = >, |2)u(1], J= = >, |1)ii(2] and J, =
> 2)5(2] — |1)ii(1]) where |2);,|1); are the upper and lower levels of atom
1, respectively and ws; is the atomic transition frequency. The atomic oper-
ators obey the commutation relations of angular momenta: [JT,J7] = 2J,,
[J,, Jt] = JT etc., and the atomic product state can thus be represented by the
so-called Dicke states |jm), where j = N/2 with N being the number of atoms
and m € [—j : j] is a measure of the number of atomic excitations.

The structure of the continuum enters through the summation over modes in
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the interaction term. We model the structure of the continuum as a Fano profile
and the density of states thus reads

_ f (¢ +w—we)?
) = S P e T P

(6.3)

where v and ¢ are parameters describing the structure of the continuum. The
Lorentzian of width x (k 3> v, ¢) ensures that the density of states is normaliz-
able such that

/_00 dwp(w) = 27 (6.4)

(o]
which determines the value of the normalization constant f

I i
1= 4¢%/vk + 1 (6:5)

The density of states is zero at frequency w = w. —¢. Since the density of states
is zero in a point and not in an interval, we expect aspects such as population
trapping to be very sensitive with respect to the detuning from w..

Strictly speaking, Eq. (6.3) does not represent a Fano-profile due to the presence
of the extra Lorentzian but in the following calculations, we investigate the
dynamics of the system in the limit k > €2, ¢,y and effectively the atoms are
then coupled to a radiation reservoir with a Fano-profile.

6.2.1 Pseudo-mode description

To derive a master equation we replace summations over modes by integrations

S ot 5 [ dest) (6.6)

where €2 contains the atomic dipole and we apply the method developed by
Imamoglu and Garraway [65, 67, 68] in which pseudo-modes are introduced
to model the structures in the continuum. For a density of states which is
normalizable and only contains poles in the lower half of the complex plane, the
idea is to introduce a pseudo-mode associated with each pole. The poles of the
density of states Eq. (6.3) located in the lower half of the complex plane are
w=uw.—1y/2 and w = w.—1k/2 and the coupling strengths between the atomic
Dicke system and the pseudo-modes are determined by the formalism in Ref.
[67]. The effect of the structured continuum on the atomic dynamics can thus
be represented by two coupled pseudo-modes both coupled to the atoms. The
system is described by the Hamiltonian

W = wuld. +wealar +weabas

+Vis(azal +abar) + g2(JFas + J7al) + gi(alJT +ar ) (6.7)
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N

Figure 6.2: The radiation reservoir with a Fano-profile density of modes can be
eliminated by introduction of two pseudo-modes coupled to the Dicke system as
depicted above.

where

Vi = R/2 (6.8)

1
= Qq/——— 6.9
7 ! \/ >+ yr/4 (6:9)
Q 1
= —|— A
92 2\ /% + 1/4 (6.10)

and is depicted in Fig. 6.2. The pseudo-mode 2 is damped, and the atoms (and
the pseudo-mode 1) only experience dissipation via the coupling to this mode.
The master equation for the coupled system reads

I

5 [Qazpa; — a;azp — pa;az] (6.11)

|
p=-Wrl+
where

[, = &+7~ (6.12)
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6.2.2 Adiabatic elimination of strongly damped mode

To ensure that the density of states is normalizable, we multiplied it with a
Lorentzian of width . If k is much larger than the other couplings €2, ~, ¢ en-
tering the problem, the dynamics of the pseudo-mode 2 is strongly damped and
the mode can be adiabatically eliminated. Consequently we need only consider
the zero and one-photon components of mode 2. Retaining these components
and tracing over mode 2, the following master equation is derived

1 2
p= —,[W’,p]—l—f[?S_pS"' — STS™p—pSTST] (6.13)
i
where
W' = AJ, +g1(alJ™ +aJT) (6.14)

and we have transformed the master equation to an interaction picture rotating
at frequency w.. Thus A = ws; — w. and we have introduced the operator S~
given by

ST =Visa+ gaJ (615)

Effectively, the adiabatic elimination leaves us with an atomic system coupled
to a harmonic oscillator and both systems coupled directly to the same flat
TESEervoir.

Since we are left with a system with only one oscillator mode, the index 2 on
the decay rate I' has been omitted and the index 1 has been omitted on the
annihilation and creation operators of the field mode.

Starting from a structured reservoir where the usual Born-Markov approxima-
tions are invalid, we have thus derived a master equation. In order to make this
master equation Markovian, it was necessary to introduce two pseudo-modes.
This is, however, a small complication compared to the benefits of having a
Markovian instead of a non-Markovian master equation.

6.3 Dynamics

The dynamics of the coupled system consisting of Dicke states+pseudo-mode is
obtained by propagation of the master equation Eq. (6.13) from which we can
also determine the evolution of all operators of the system. An alternative but
equivalent approach is to apply Monte-Carlo wave functions [58, 59, 57, 60, 62].
To this end we propagate the wave function |1} of the system using the effective
non-hermitian Hamiltonian

.
Ho= AJ. + g1 (alJ™ +aJt) — FZSJFS‘ (6.16)

interrupted by quantum jumps with the jump operator \/gS_. The non-

hermiticity of the effective Hamiltonian H g implies that the norm of the wave
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function is not conserved, and the quantum jumps occur when |[¢||> = ¢ where
¢ € [0 : 1] is chosen stochastically. In each jump event, the system loses an
excitation and the post-jump wave function |¢) is given by

1) = STI/IIST I (6.17)

The denominator ensures that the post-jump wave function is normalized and
a new random value i1s chosen for ¢ which determines the occurence of the
subsequent quantum jump. The results are averaged over a large number of
independent realizations.

In the following, it will be convenient to refer to subspaces containing states
with the same number of excitations. We refer to these subspaces as layers and
to characterize the layers, we introduce the quantum number & = m-+n where m
1s a Dicke state atomic quantum number and n is the number of photons in the
pseudo-mode. One layer thus consists of all product states |m,n) = |jm) @ |n)
for which m + n assumes the same value. The effect of a jump is to move the
dynamics of the system from layer k to layer & — 1.

Between jumps the dynamics is determined by the effective Hamiltonian Eq.

(6.16) and since it only couples states with the same number of excitations,
only states within the same layer are coupled. If in addition the system be
initially in a state with a specific number of excitations i.e. within one layer,
the state of the system at any later instant is also restricted to just one layer.
This means that at any instant of a simulation we only have to propagate wave
function amplitudes corresponding to the number of states within a single layer.
It also proves convenient to view the dynamics of the system from a wave func-
tion point of view when we discuss population trapping and dynamics in the
long time limit.

We shall now present the evolution of the system determined by propagation of
Monte-Carlo wave functions.

In Fig. 6.3, the atomic inversion is plotted as function of time for various values
of the atomic detuning from the pseudo-mode frequency A = ws; — w.. From
the figure we find that the short-time dynamics is superradiant for all detun-
ings. When the detuning is large and positive (the dot-dashed) curve, we find
a dynamics which resembles that of a superradiant system in free space. How-
ever, for smaller and negative detunings, the superradiant behavior i1s turned
off before the Dicke system has lost all its excitation. For those detunings the
Dicke system reaches a meta-stable state in which a significant part of the ex-
citation remains bound at the atoms. In particular, we find that the detuning
A = —/2j + 1g; yields a very slowly decaying state and we return in section 6.5
to a discussion of this result. For larger, negative detunings (the solid curve),
the meta-stable state disappears again.

The atomic Dicke system is coupled to a Fano-profile density of modes. When
the atomic system is tuned close to a minimum in the density of modes, the
atomic decay must be suppressed since the atomic decay according to Wigner-
Weisskopf theory is proportional to the local density of modes of the reservoir.
This actually served as a motivation for studying this particular choice for the
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Figure 6.3: The atomic inversion (J,) is plotted as function of time for various
detunings A = w9y —w.. A = —4ga (solid curve), A = —/27 + Tg1(~ —2.82¢5)
(dotted curve), A = —ga (dashed curve), A = 0 (long-dashed curve) and A =4
(dot-dashed curve). The parameters chosen are g1/g2 = 0.2, Vi2/gs = /25 + 1,
I'/go = 101 and j = 100. The curves are obtained by simulation of the master
equation and averaged over 100 trajectories.

density of modes.

We can also explain the meta-stable state in terms of the pseudo-mode pic-
ture: From the master equation Eq. (6.13), we find that the atoms and the
pseudo-mode are coupled to the same flat reservoir (through the operator S7).
This implies interference because whenever we detect a photon emitted from
this system, we can not tell whether this photon was emitted from the atoms
or from the pseudo-mode. The photon in the continuum thus represents a final
state reached through two different paths. In this picture, the meta-stable state
1s thus due to a quantum interference between the atoms and the pseudo-mode.
The sensitive behavior of the inversion on the detuning has also been found for
single atom dynamics in other models of PBG-reservoirs [32, 33, 67, 68, 69].
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6.4 Population trapping

In the previous section, we presented numerical results for the dynamics of the
system. For a wide range of parameters, we found that the system after a
superradiant regime reaches a meta-stable state in which a significant part of
the excitation remains bound at the atoms. This is a feature that our model
shares with PBG models previously studied [32, 33, 46, 67, 68, 69].

We now address this behavior and in the next section we derive an analytical
expression for the decay rate in the long-time limit. But as a first step, we show
in this section the existence of a trapping state within each layer which is an
exact eigenstate of the dissipative part of the Hamiltonian with eigenvalue zero.
A mnon-trivial state |kg) obeying S™|ko) = 0 can be expanded in the product
state basis, |m,n), as |ko) = 3, cF |m,k —m) where k is the number of the
layer and n = k — m, and we thus find

S7 ko) = Z:cﬁ1 {Vlzx/k—m|m,k—m—1>

m

+ 92V + 1) —m(m = 1)|m — 1,k —m) (6.18)

Coeflicients of each state must vanish which provides the following recursive
relation

0=cEVisVk —m+ck 1920/ +1) —m(m + 1) (6.19)

from which the amplitudes of the trapping state can be determined.
Squaring the amplitudes of the recursion relation, we find

Vi k—m

93 J(G+1) —m(m+1)

e l” = Cml” (6.20)

and we derive a closed expression for the population in the m’th level

Via N7 (k4 )25 — p)!
k12 12 J J =P ko2
APP= (2] 2 Tk 6.21
| (gz) (k’ﬂ—p)!?ﬂp!' il (6.21)

where p = m 4+ j and where |c’lij|2 serves as a normalization constant.

6.4.1 Analytical approximation to the atomic population distribution

Although Eq. (6.21) is exact, it is not very transparent. Instead, we shall
derive a gaussian approximation to Eq. (6.21). If the population distribution
has a symmetric peak at m = m, the distribution must assume the same value
in points located symmetrically around the peak. Under this assumption, we
apply Eq. (6.20) for non-integer values of m and find m by solving the equation

_ |Cfﬂ+1/2|2 _ Vi k—m—1/2

= el 930G+ D)~ (m— 12)(m+ 1/2)

(6.22)
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To ensure a comparable significance of the atomic and pseudo-mode contribu-
tions to S, we now assume a fixed relationship between V15 and gs namely

Via = /27 + 1g2. With this choice we obtain

m=j+1/2—/(2j+1)(j — k) (6.23)

We further assume that the population distribution can be approximated by a
gaussian

| 2

~

_ﬁe

The ratio of subsequent populations obtained from the gaussian approximation
reads

(m—m)?/b" (6.24)

e

|Cﬁ1+1|2 —(2(m—=m)+1)/b> 2m—m) + 1

for m ~ m.
Comparing this expression with the recursion relation Eq. (6.20), we identify
the width as

1 1 1 1 1

P k—mr12 Jomaiz jrmti2

(6.26)

In Fig. 6.4, we have plotted Egs. (6.21) and (6.24) as functions of m for
a fixed value of the number of excitations in order to estimate the validity of
the gaussian approximation. A very good agreement is found. In the following,
we use Eq. (6.24) with a width given by (6.26) and extend the integration
limits to oo, when we calculate moments of the distribution. This is a valid
approximation provided the number of excitations left in the system is not too
low (> 10) because if that is the case, the tails of the distribution fall outside
the allowed region of m values. We also note that the gaussian approximation
does not work too well when the number of excitations approaches the number
of atoms 1.e. full excitation. In that case, the trapping state has most of the
excitation on the atoms which means that the distribution can not be well
approximated by a gaussian. When k = j, we find m = j+ 1/2 according to Eq.
(6.23) which obviously is not a valid result. This is, however, not particularly
worrying since the gaussian approximation to the exact distribution is very good
in the domain of interest.

6.5 Decay rate in the long time limit

In this section we derive an analytical expression for the decay rate of the
total number of excitations in the long time limit based on perturbation theory
and the gaussian expression for the population distribution we found in the
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Figure 6.4: The exact atomic population (solid line) is plotted as a function of
m. The dotted line is the gaussian approximation. The parameters chosen are

j=50,k=0.

previous section. For that purpose, it proves convenient to rewrite the effective
Hamiltonian as

Hyp=Ho+V (6.27)
with
.
Hy = (R- FZ)SJ’S‘ — /27 + LN, (6.28)

Vo= AL+ G+ J.)* (6.29)

g1
25+ 1

where we have introduced the coupling parameter R = V192192 and the operator

Ney = J, +ala + 7 which is diagonal within each layer.

The trapping states given by Eq. (6.19) are exact eigenstates of the Hy operator
given by Eq. (6.28) and in particular eigenstates of the dissipative part of the
Hamiltonian with eigenvalue zero. However, since the trapping states are not
eigenstates of the operator V given by Eq. (6.29), this part of the Hamiltonian
rotates the different components of the state at slightly different frequencies
thereby destroying the trapping effect.
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We note that when the system contains only a few excitations, V becomes
negligible since then (j 4+ J,)|jm) ~ 0.

In Fig. 6.3 we plotted the atomic inversion as a function of time and for the
detuning A = —/2j + 1g; we found that the superradiant phase of the emission
ceased at (J,) ~ 0 followed by an extraordinarily slow decay of the atomic
inversion. We note that for this particular choice of the detuning, the linear
terms in J, in Eq. (6.29) are eliminated and the operator V hence only contains
quadratic terms in J, which give rise to a very small contribution when {(J,) ~ 0.
We approximate the state of the system in the long time limit as a trapping
stateda correction. Applying time independent perturbation theory, we find
that the first order correction |k¢) to the population trapping state |ko) is given
by [70]

1 P

ky) = ——VIk .
) = =gV Iko) (6:30)

where @ is a projection operator, projecting on all other states than the popu-
lation trapping state.

The projection operator ® can of course be expanded in any basis. However,
since the exact population distribution is well approximated by a gaussian cen-
tered at /m, we choose to expand & in a basis of superposition states |k;),  # 0,
with amplitudes corresponding to eigenstates of a harmonic oscillator with po-
sition variable z = m — m for integer values of m. The amplitudes of the first
excited state |k1) of this fictitious oscillator for instance are then apart from a
normalization factor given by d,,, = (m — m)ck, and the projection operator ®
can be expanded as ® = Y ;- |k;)(k;| where |k;) is the i’th harmonic oscillator
eigenstate centered at m.

We are interested in the decay rate of the total number of excitations of the
system, which is given by

4 -
T = f<1/)|5+5 %) (6.31)
where we take |¢) = |ko) + |k}), and since S~ |ko) = 0, we find
41t ol
Vi = f<k0|5 ST kg) (6.32)

The matrix element on the right hand side yields

2

v (i STS™ k) (6.33)

ot o— 1y _ ,
WISt = 3 kg

To calculate the matrix elements involved we use the gaussian approximation
Eq. (6.24) to the exact distribution and extend the integration limits to +oo.
The resulting gaussian integrals are readily computed and finally, inserting all
the matrix elements, we find that the dominant contribution to the decay rate
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Figure 6.5: The decay rate =, for the total number of excitations is plotted in
units of g» as a function of &k for two different values of the detuning. The solid
line has A = —4gs, and the long-dashed line has A = —/25 + 1g;(~ —2.82g1).

The parameters chosen are: g1/g2 = 0.2, Via/g2 = /25 + 1, T/g2 = 101 and
j=100.

v comes from coupling to the state |k1) i.e.

4 2
~ 2 v +o-
T’ =T <7<71|E0_H0|k0> (k1]STST k1)
1 b2 [le(jer) ]2
- : _ _ : +A| (6.34)
(j+1—m) (ij—ll)gg +4g2/T2 L V2i+1

The expression was derived under the assumption that the state of the system
is in a well-defined layer and that the wave function of the system can be ap-
proximated by a trapping state+a correction: |ko) + |k}). We thus expect Eq.
(6.34) with m and b given by Eqgs. (6.23) and (6.26) to give a good agreement
with exact calculations in the long time-limit after the superradiant phase. An
interesting feature of Eq. (6.34) is that it predicts the onset of fluorescence
after a meta-stable state. To illustrate this, we have in Fig. 6.5 plotted v as
a function of k for two different values of the detuning. For these values, the
decay rate has two peaks. The left peak corresponding to almost full excitation
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Figure 6.6: The decay rate for the total number of excitations is plotted as
function of time in units of gs. The solid line is the perturbative calculation and
the long-dashed line is the master equation calculation. The parameters chosen
are A =0, g1/g2 = 0.2, Vis/gs = /25 +1, ['/gz = 101 and j = 100. The
curves are obtained by simulation of the master equation and averaged over 100
trajectories.

(k =~ j) is the superradiant regime. We do not expect Eq. (6.34) to give a
very good agreement with exact calculations in this domain, since Eq. (6.34)
was derived under the assumption that the system evolves through a succession
of trapping states. Following the superradiant regime, the decay rate for both
detunings approaches zero for a range of k values. This corresponds to the
meta-stable behavior that we observed in Fig. 6.3 because the system only very
slowly decays from layers corresponding to these values of k. When the system
has lost a sufficient number of excitations, the trapping effect partly disappears
and the decay rate again assumes higher values corresponding to a faster decay.
This behavior can be observed in Fig. 6.3 (solid line).
We may convert the k-dependence of 4 to a time-dependence by inserting
k(t) = (a'a(t))+(J, (t)) obtained from the master equation calculation into Eq.
(6.34). In Fig. 6.6, we plot Eq. (6.34) and the excitation loss rate obtained
from the master equation Eq. (6.13) as functions of time.

After the system has reached its meta-stable state, we find a very good agree-
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ment between the perturbative calculation Eq. (6.34) and the exact results.
Eq. (6.34) is a key result of this chapter. In a compact form it provides a very
good description of the long-time behaviour of the dynamics for a wide range
of parameters.

6.6 Mean-value equations

This section serves to test the results from the mean-field equations against the
exact calculations obtained from propagation of the master equation.

In the first decorrelation scheme that we investigate, operator products are
decorrelated and we assign non-vanishing mean values or amplitudes to the
operators a, J~ i.e. {alJ7) ~ (a")(J 7). The second approximation decorrelates
expectation values containing three operators like (J,alJ~) as (J,)(a'J7) i.e.
in such a way that the decorrelated expression contains an equal number of
raising and lowering operators and thus only couples states with the same total
number of excitations.

6.6.1 Mean-value equations in the symmetry breaking approximation

From the master equation (6.13), we derive the equation of motion for the atomic
inversion

() = B fart) = (@] - )
—2‘/}—292 [(J*a) + (alT7)] (6.35)

To find the time evolution of the atomic inversion, we need equations of motion
for (a'J~) and its conjugate. Their equations of motion do, however, involve
vet other expectation values and the resulting hierarchy of equations can not
be solved without some approximation. The most obvious approximation is to
factorize the operator product (a'J =) as (at)(J~) and (J*J ™) ~ (j +(J.))(j —
(J.) + 1). The resulting equations of motion for (a), (J*) read

() = I ) — @) = G ()G~ () + )
—QV}—M [(JF)(a) + (a')(T )] (6.36)
(Jy) = _%<J+> + (2% + %) (a")(J.)
+2 vy .
= <g71 - 2V1F2g2) W= 2%@ (6.38)

Equations of motion for (J~) and (a') are found by hermitian conjugation of
the equations of motion for (J¥) and (a).
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Although appealing from a mathematical viewpoint, this approximation has
some obvious drawbacks: if the system is started from, say, the product state
|m, 0), the expectation value (a'J~) will develop a non-zero expectation value,
whereas (a'),(J~) both remain zero since their equations of motion are un-
coupled from the operators with non-zero expectation values. Applying the
decorrelation approximation, we thus have to assign a non-zero initial value to
at least one of the coherences. In the following we refer to these equations as
mean-field (MF) equations.

By a formal integration of the equation of motion for the pseudo-mode Eq.
(6.38), we can obtain a closed set of equations for the Dicke-system involving
only atomic operators

() = [g%—%gzvn] () /Otdt’e—wfz/”t—t’><r<t'>>
+h.c._4%(j+<J NG = () +1) (6.39)
G = R [y e (L - 22t

/ dt' e~ 2Vi/T(E=t) = (t')>] (6.40)

0

From a practical viewpoint, this set of equations is not an advantage, since 1t is
much more straightforward to implement numerically the slightly larger set of
Markovian differential equations Eqgs. (6.36)-(6.38) involving the pseudo-mode.

A Heisenberg equation approach

Starting from the structured continuum, we can obtain effective equations of
motion for the atomic operators without introducing pseudo-modes. The re-
sulting equations of motion are non-Markovian thus evidencing the structure of
the continuum. To obtain a closed set of equations, we have to apply a decorre-
lation approximation to the operator expectation values and we show that the
resulting non-Markovian equations of motion for the atomic operators are the
same as Eqs. (6.39) and (6.40).

In the Heisenberg picture the equation of motion for an operator reads b =

+[b, Hp] with Hp given by Eq. (6.1). We then find
ng / dt' [(JH ()= (@))em et Lhe]  (6.41)

where we have eliminated the operator ay by a formal integration and trans-
formed to an interaction picture rotating at w.. The summation over modes can
be evaluated by closing the integration contour with a semi-circle in the lower
half of the complex plane and using the Residue theorem to yield

Zgz —i(wa—wo)(t—t)  _ 02 dwp( ) —i(w—we)(t—t")
2
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407 [(q - i'Y/Q)Z e—1/2(t=t")

(k=77 +#) v
_Me—n/w—t')] (6.42)

and the result is inserted in Eq. (6.41). Assuming that & > ¢,€Q,~, which
corresponds to the adiabatic elimination we performed in the master equation
calculation, we can perform the time integral over the exponential containing &
which yields
t 1
/ dt' T~ (") e 2 ~ 27 (1) (6.43)
0
Collecting the terms, the resulting non-Markovian equations of motion for the
atomic operators thus read
. 0? 1
Jy = ——————[(JtJ (¢

+M/t dt/e—v/z<t—t'><J+(t)><J—(t/)>] (6.44)

v 0
G7) = T+ U e )
! /2(‘1_1'7/2)26—7/2@4’) — (4
—I—/O dt EET— (J~(¢ )>] (6.45)
where we have used
4f 1 1

(6.46)

(k—(r+7) ~ ke ry+1/4

Using the explicit expressions for the couplings Egs. (6.8) to (6.10), one can
see that Eqgs. (6.39) and (6.40) are equivalent to Eqs. (6.44) and (6.45). The
mean-value equations derived from the master equation applying the symme-
try breaking approximation are thus equivalent to the non-Markovian equations
derived directly from the structured reservoir Eqs. (6.44) and (6.45).

In a recent paper [46], John and Quang derived a set of non-Markovian equations
for the atomic operators similar to Eqgs. (6.44) and (6.45). They studied super-
radiance in a PBG with an effective mass dispersion relation wy = we—i—A(k’—ko)z
and their integration kernel consequently differs from ours. Since the density of
states corresponding to the isotropic dispersion relation is non-analytical in the
complex plane, they could not derive a master equation and could thus not test
the validity of the mean-field Ansatz against an exact calculation.

On the other hand, since we have a master equation we can test the validity
of the MF equations Eqgs. (6.39) and (6.40) against the exact solution. Before
presenting the numerical solution of Eqs. (6.39) and (6.40), we present a second,
slightly more sophisticated decorrelation approximation.
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6.6.2 Excitation conserving decorrelation

To improve on this simplest approximation, we go a step beyond, and decorrelate
operator expectation values containing three operators in such a way that the
resulting expectation values only couple states containing the same number of
excitations i.e. (J,ala) ~ (J,)(a'a). With this decorrelation, the equations of
motion read

() = Dty - ()] - e
SB[y g (ot (6.47)
and
LIy = A ) ) (6.48)
Slatay = & [(ats) — ()]
— B2 avitala) + (Tt )+ goaT )] (6.49)
Lrty = Lty asata)] - 2 )
—2‘;12 [Vis(JFa) + g2(JTT7)]
+ 4F£<JZ>[V12<aTa>—|—g2<J+a>] (6.50)

Again we find a closed set of differential equations governing the motion of the
system. A most satisfying aspect of this decorrelation is that it is not necessary
to assign amplitudes by hand to operator expectation values.

Since the equations are non-linear, they can not be solved by Laplace transform.
They can, however, be solved in a straightforward manner applying standard
numerical methods.

In Fig. 6.7, we compare the two decorrelated equations of motion for the atomic
inversion with the exact solution obtained by propagation of the master equation
Eq. (6.13).

In particular, we present the dynamics obtained when the system is started in
the fully excited state with no photons in the reservoir i.e. |j,0). We find that
the simple MF approximation in which we assign mean-values to the atomic
and field operators gives a very good agreement with the exact master equation
calculation for a wide range of parameters. The accuracy of the MF calculation,
however, is very sensitive to the choice of initial conditions. We find that the
best agreement is obtained when we take (J~(0)) = \/(J*J~(0)) = v/2j. We
shall now relate this to the semiclassical description of superradiance [71]. In
this approach, the wave function for the atomic system is assumed to be in the

form |¢) = I;(v/1 —7|1;) + /7|2:)), where [2;),]1;) are the upper and lower
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Figure 6.7: The mean-value equations are plotted as functions of time for two
values of the detuning A. The three lower curves have A = 0. The two mean-
value calculations coincide (solid line) and the dashed curve is the exact master
equation calculation. The three upper curves have A = —1. The dot-dashed
curve is the MF-solution. The dotted and long-dashed curves are the solutions
to the master equation and the equations based on our better decorrelation,

respectively. The parameters chosen are g1 /g2 = 0.2, Via/g2 = /25 + 1, T /g2 =
101 and j = 100.

states of atom 7, respectively and r is a measure of the coherence between the

two states. In this state we find (¢|J 7 |¢) = 2j/r(1 —r). If we take r = 1/2j,
then (¢|J~|4¥) & /27 when j >> 1. Our calculations therefore show that in order

for this approach to give results in agreement with the exact master equation
calculation, r can not be chosen freely but has to be assigned the value r = 1/2j.

With that choice, however, this approach gives exactly the same results as our
MF calculation.

The second approximation Eqs. (6.48)-(6.50) also gives a very good agreement
with the exact results and for a wider range of parameters than the simple MF
appproximation. Although both approximations predict correctly the atomic
inversion where the superradiant phase ceases, both methods overestimate the

rapidity of the superradiant phase i.e. the speed at which the atoms lose their
excitation.
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6.7 Concluding remarks

In this chapter, we investigated an atomic Dicke system coupled to a structured
radiation reservoir in the form of a Fano-profile. Introducing two pseudo-modes,
a Markovian master equation governing the motion of the atoms+pseudo-modes
was derived. For a wide range of parameters, we found that the system reaches
a meta-stable state in the long-time limit in which a significant part of the ex-
citation remains bound at the atoms. A trapping state within each layer was
identified which diagonalizes the non-hermitian part of the Hamiltonian. Using
perturbation theory and a gaussian approximation to the trapping state we de-
rived an analytical expression for the decay rate of the meta-stable state which
showed a very good agreement with the decay rate obtained numerically from
the master equation.

We further investigated various decorrelation schemes for the equations of mo-
tion of the operator expectation values and showed that for a wide range of
parameters the mean-field equations give results that are in very good agree-
ment with the exact results obtained by propagation of the master equation.
For other problems where multiple excitations of a structured continuum are
involved and a master equation for the reduced system is not accessible, the
mean-field approximation may thus prove valuable.

The basic motivation for this work stems from new problems that have arisen
in connection with new technological developments; PBG materials being one
example. A fundamental difficulty inherent in the study of radiation-atom in-
teractions in such environments is the non-Markovian nature of the processes.
Although one can always proceed to the derivation of a master equation through
a Born-Markov approximation, its range of validity is uncertain. It is useful to
have models which share some of the essential features with such materials,
while at the same time lend themselves to quantitative analysis of the relevant
approximations, providing thus some physical insight into the more complex sit-
uations. Qur study of the mean-field approximation represents one illustration
of the usefulness of this approach.



Chapter VII

Epilogue

7.1 Thesis summary and conclusions

The main theme of this thesis is the interaction of a small quantum system with
a strongly modified radiation reservoir and in particular, our focus in this thesis
has been on the radiation reservoir existing inside a photonic crystal and here
the situation is quite different from cavity quantum electrodynamics (CQED)
since the formation of a photonic band structure leads to a density of modes
which can no longer be modelled by coupling the quantum system to a few res-
onant modes and consequently the methods developed in CQED are no longer
applicable.

Our investigations as presented in this thesis thus serve a dual purpose: on one
side, a whole range of new phenomena occur due to the influence of the modified
radiation reservoir such as Rabi-like oscillations in the spontaneous decay of a
two-level atom, and the occurrence of the photon-atom bound state in which
a significant part of the photon remains localized at the site of the atom. On
the other hand our studies aim at investigating the validity of the methods and
approximations that are employed when dealing with a conventional radiation
reservoir and to develop new methods that are applicable when standard meth-
ods fail.

In chapter 3, we address the problem of two identical atoms interacting via
the PBG reservoir. The resulting resonant dipole-dipole interaction (RDDI) is
strongly modified and we find an analytical expression which gives a very good
agreement with the exact numerical results for the RDDI. We can then derive
amplitudes governing the motion of the atoms and study the resulting dynamics
in time domain. We investigate the system for a wide class of parameters and
find that a stable state exists in which a photon tunnels between the two atoms.
The state is stable since the photon has an energy in the gap and thus is not
allowed to propagate freely in the photonic crystal.

The effects of localization are not easily probed in this system since much of the
excitation remains trapped at the atoms located in the bulk of the crystal and
in chapter 4, we thus investigate a system for which the effects of the structured
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radiation reservoir are easier to demonstrate experimentally. The setup we con-
sider is an atomic ladder system where the atom is initially in the upper level
and one of the two transitions is coupled to a PBG-reservoir and the other tran-
sition 1s coupled to a flat radiation reservoir. In this case the photon emitted
on the free space transition is allowed to propagate in the photonic crystal and
we calculate the resulting emission spectra. Strongly non-Lorentzian emission
spectra are obtained and the photon emitted on the free space transition thus
carries a strong signature of the PBG-transition.

In chapter 5, we study an atomic lambda-system with one laser-driven transition
experiencing a flat background of radiation modes and the other transition cou-
pled to a PBG-reservoir. The presence of the laser implies that a description in
terms of wave functions is no longer feasible and we thus derive a master equa-
tion for the atomic degrees of freedom employing only the Born-approximation.
In parallel, we develop a method based on the resolvent operator technique
and the Monte-Carlo wave function formalism. Comparing the resulting dy-
namics from the master equation with the exact dynamics obtained from the
Monte-Carlo wave functions, we find a very poor agreement thus invalidating
the Born-approximation. The method, we develop is applicable to reservoirs
with any density of modes and may thus be a powerful tool in a number of
problems involving structured continua. It is, however, essential that only the
zero- and one-photon components of the structured reservoir are populated.

In order to circumvent this restriction and thus be able to deal with more ex-
citations in the structured continuum, we investigate in chapter 6, the system
consisting of a number of two-level atoms coupled identically to a Fano-profile
density of states. The analyticity of the density of states allows us by introduc-
tion of two pseudo-modes to derive a Markovian master equation for the system
consisting of atoms—+the two pseudo-modes. In this system we study superradi-
ance and the influence of multiple excitations in the radiation reservoirs on the
atomic dynamics.

We find that following the superradiant regime, a meta-stable state is reached for
the atomic system. The decay of the meta-stable state 1s non-exponential and
we derive an analytical expression for the decay based on perturbation theory.
The existence of a Markovian master equation for the system further allows us
to test the validity of the mean-field approximation. A good agreement is found
and the mean-field approximation may therefore be a useful approximation in
various contexts where a master equation can not be obtained.

7.2 Outlook

The studies presented in this thesis have a model character since we have not
chosen any specific atomic transition or photonic crystal. This choice was partly
motivated by our wish to most clearly emphasize the novel features that arise
due to the interaction with the modified continuum but it also reflects that ex-
periments probing the interaction of atoms with a PBG-reservoir are not yet
performed since appropriate photonic crystals with 3D band gaps in the optical
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domain are not yet available. The concept of photonic crystals is, however, still
quite new and with the on-going research in the construction of photonic crys-
tals 1t 1s likely that photonic crystals with full band gaps in the optical domain
will become available in the near future. At that time, calculations using real-
istic parameters for photonic dispersion relations and atomic matrix elements
will be necessary in order to compare theory to experimental data.

The structured continuum gives rise to a range of novel effects as is evidenced in
the rapidly growing theoretical literature on the subject. A number of problems
deserve attention, but in our view there is one problem which is of particular
importance; namely to develop methods to deal with several excitations in the
structured continuum. In chapter b we proposed a method combining the resol-
vent operator technique with the Monte-Carlo wave function formalism. This
method was used to calculate the dynamics of a system for which no Markovian
master equation exists. Our approach is applicable to problems with any density
of modes of the reservoir but it is essential that only the zero- and one-photon
components of the reservoir Hilbert space are populated. In the case of several
excitations in the structured reservoir, a different approach is needed. One such
approach was employed in chapter 6 and consists in the introduction of a num-
ber of pseudo-modes: one for each of the poles of the density of modes. This
approach developed by Garraway assumes that the reservoir density of modes
can be approximated by a function which is analytical in the complex plane. In
many cases as for instance the reservoir discussed in chapters 3-5 this condition
18, however, not fulfilled and a master equation can thus not be derived.

In a recent paper, Quang and John [9] have proposed to use a Monte-Carlo wave
function approach based on dressed atomic states to the study of this kind of
problems and in particular they study a laser-driven two-level atom with tran-
sition frequency in the vicinity of the band gap edge. In appendix A, we argue
that their approach is at variance with the physical principles underlying the
Monte-Carlo wave function technique and that their approach produces unphys-
ical results [6].

One possible solution to the problem of several excitations in the structured
continuum may be to discretize the reservoir. In this approach the structured
reservoir is replaced by a large number of harmonic oscillator modes with tran-
sition frequencies and coupling strengths determined by the density of modes
of the reservoir. The harmonic oscillators are then treated on an equal foot-
ing with the atomic degrees of freedom and it is then rather straightforward
to propagate the total wave function for atom(s)+harmonic oscillators. To our
knowledge this approach of discretizing the structured continuum has not yet
been applied. Whether it is a practical technique or whether the number of
oscillator modes needed for a satisfactory representation of the structured con-
tinuum 1s simply too large to be tractable, remains to be seen.

It 1s therefore still an open question how the general case with several excitations
in the structured continuum is treated and the development of new theoretical
methods to deal with this type of problems will probably be a central theme of
the future theoretical research in structured radiation reservoirs.
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Appendix A

Comment on “Resonance fluorescence near a
photonic band gap edge: Dressed-state
Monte-Carlo wave function approach.”

Tran Quang and Sajeev John have in a recent paper [Phys. Rev. A 56, 4273
(1997)] proposed a dressed state Monte-Carlo wave function approach to a laser-
driven two-level atom coupled to a structured radiation reservoir. In this Com-
ment, we argue that this approach is at variance with basic formal requirements
for the MCWF technique to apply, that it is at variance with the underlying
physical idea of the technique, and that it produces spurious and un-physical
quantitative results for wide ranges of parameters.

A.1l Comment

Atomic systems within photonic band-gap (PBG) materials, microcavities and
optical fibres behave differently from atoms in free space. The Born and Markov
approximations normally used to derive a master equation fail: the former can-
not account for the formation of photon-atom bound states, identified in the
seminal papers by Sajeev John et al. [31, 32], the latter is at variance with the
structured density of states of the radiation reservoir. There is a current need
for theoretical methods which can deal with the atomic dynamics in cases with
more than one excitation in the structured reservoir and Quang and John have
proposed [9] to implement the Monte-Carlo wave function (MCWTF) technique
[568, 57, 61, 60] to deal with this kind of problems.

They transform the wavefuntion equations to a dressed state basis, and refer
to the simulated state vectors as “Dressed-state Monte-Carlo wave functions”.
This choice of basis diagonalizes the laser coupling at the expense of a more com-
plicated coupling to the reservoir but it does not give a more accurate treatment
of the structured continuum and, in particular, it does not justify the omission
in Egs. (8,9) of the coupling to the two-photon sector of the reservoir Hilbert
space. An analysis of this approximation is not presented in [9]. The resulting
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equations of motion Eqgs. (10,11) are exactly equivalent to the much simpler
ones obtained within the same approximation in the basis of bare states.

The quantum jumps in the MCWF treatment of resonance fluorescence can be
interpreted as consequences of Gedanken-measurements of the number of pho-
tons in the radiation reservoir, collapsing the system on its zero-photon or on
its one-photon component, where the photon in the latter case is annihilated
in the detection process. The assumption that such measurements do not alter
the dynamics of the system by Quantum Zeno effects or the like, is established
by a Markov approximation which does not apply for the interaction studied in
Ref. [9].

The quantum jumps applied in Ref. [9] introduce errors by preventing the sub-
sequent atomic reabsorbtion of the light. Quang and John are clearly well aware
of the importance of this process and it is partly retained in their time evolu-
tion between jumps where it gives rise to oscillations in the squared norm of the
zero-photon component of the wave function P(¢) (see Fig. A.1). This, however,
has the unfortunate consequence that P(t) is not useful as a delay function as
in the case of Markovian decay.

Quang and John do not seem to have realized this problem, and they simply
apply the procedure as described in [60] and pick a random number € between
zero and unity to simulate the occurrence of a jump at the (first 7) instant ¢
when P(t) = . In such a simulation the decay is effectively switched off in time
intervals when P(#) exceeds its minimal value at previous times. If one carries
out simulations like in [9], one thus finds unphysical spikes in the atomic popu-
lations, since a fraction of the atoms experience a sudden turn-on of the decay
rate if P(f) at a later time assumes values lower than previous local minima,
see the lower part of Fig. A.1.

In the case of a single atom and no laser light, studied in [32], P(t) equals the
atomic excited state population, and a simulation will lead to a surviving excited
state fraction equal to the minimum value of P(¢) rather than its asymptotic
value, which is the exact result, see the dashed curve in Fig. A.1.

The problem of an oscillating function P(t) is the symptom of a more funda-
mental inconsistency of the method, and one cannot conclude that the method
is applicable even if P(t) does not show local minima.

In previous applications, the MCWF method has always been formally derived
and proved [59] to produce exact results in the limit of many wave functions.
It is possible that stochastic wave functions may be useful in the description
of problems like the one in Ref. [9] as an approzimate technique. Tt is thus
interesting to examine more closely the proposal of Ref. [9] and maybe suggest
suitable improvements respecting that not all radiation can be made subject
of detection. Omne may for instance identify a discrete eigenstate of the full
Hamiltonian restricted to the zero- and one-photon components of the reservoir
Hilbert space [33], and implement a jump scheme, where only the one-photon
components orthogonal to this bound-photon state are removed during jumps.
Exact MCWF treatments of structured reservoirs have been suggested in the
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Figure A.1: In the upper figure part of the figure, P(¢) is plotted as function
of time. The dashed line is the delay function as obtained by John and Quang
[32] when the atom is initially excited and without a laser. The solid line is
for an atom initially in the ground state. The laser coupling /8 = 0.5 and
w21 = we (in the notation of Ref. [9]). In the lower part of the figure, the
population in the upper state is plotted after simulation of 10° wave functions.
The parameters are the same as for the solid curve in the upper part of the
figure. The atoms are stable against quantum jumps between gt & 3.2 and
Ot & 6.5, and at Bt a2 6.5 the sudden onset of quantum jumps leads to a spike
in the mean atomic population. Similar spikes are observed at §t a2 12.5 and

Ot & 18.

literature [65, 67, 5] to deal with reservoir density of states which can be repre-
sented by a number of (coupled) oscillator modes. The model in Ref. [9] has,
however, a sharp band edge in the density of modes and the approach employed
in [65, 67, 5] is therefore less promising for this particular problem.
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Appendix B

Resolvent Operator

The resolvent operator was used in chapters 3 and 4 to derive the time evolution
operator for a specific system. In this appendix we present in slightly larger
detail the connection to the time evolution operator, the analytic properties of
the resolvent and the validity of the pole approximation.

B.1 The resolvent operator

The time evolution operator ¢ (t,t') associated with the Hamiltonian H = Hg +
V' 1s the solution of the differential equation

d
ihau(t,t’) = (Ho+ V)U(t,T) (B.1)
obeying the initial condition U (¢',¢') = 1.
One can easily verify that the solution of (B.1) can be written
t

1

Ut ) =Us(t, 1) + %/ dt Un (t,41) VU (t1, 1) (B.2)
1 t

where Uy(t, 1) = e~ Ho(t=t)

Due to the limits of integration, (B.2) is not a convolution product. By intro-

ducing the retarded Greens functions

Kyt =uUu@thoe -t (B.3)
Kop(t, ) =Up (¢, 1)0(t — 1) (B.4)
where
1 z>0
O(x) = { 0 z<0 (B.5)
1s the Heaviside function, we find however
1 oQ
Ky(t,#) = Koy (t,1) + %/ dt1 Koy (6,81)VE L (t,1) (B.6)
¢ -0

99



100 Appendix B. Resolvent Operator

which can be simplified greatly through Fourier transform.
Introducing the Fourier transform of K

1 o0

- -+ —iET/h
Ki(r) = omi ) dFEe Gy(E) (B.7)
which by inversion yields
L[ iET/h
Gy(E) = W dre K4 ()
? —00
1 [ .
- = dTez(E H)7t/h
ih Jg
= lim i/Oo dre! E-HAin)T/h
n—0+ 1h 0
1
= lim ———— (B.8)
n—0+ B — H 41
In the same way, one defines the advanced Greens functions
K_(t,t)=-U, )01 —1) (B.9)
Ko_(t,¢") = U (¢, )0t — 1) (B.10)
and introduces the Fourier transform G_(FE) of K_(t,t)
1 e ’
K_(1) = —=—— dEe™ BTG _(E B.11
(7= —g [ _dpe () (B.11)
which leads to
) 1
G-(B) = lim o, (B.12)
Defining
G(z) = — (B.13)
2= .
we thus find
Gy (F) = lim G(F £in) (B.14)
n—=04
Fourier transform of (B.6) thus yields the simple expression
G(z) = Go(2) + Go(2)VG(2) (B.15)

for the resolvent operator.
Since the evolution operator U (1) = Ky () — K_(7), it can easily be expressed
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by a simple contour integral

1 - —iET
utr) = oo [ B EING(E) - Gu(B)
1 .
= — dze™ T/ G( 2 B.16
277 Jovo (2) (B.16)

where C'y, C'_ are the paths depicted in Fig. B.1

y

Figure B.1: The two paths C'; and C_ are infinitesimally close to the real axis

B.2 The inversion

Since U(7) is obtained by a contour integral, the analytic properties of G(z)
play an important role.

It is proven by [41] that G/(z) is an analytic function in the whole complex plane
except from some singularities all located on the real axis. The singularities
consist of poles located at the discrete eigenvalues of H, and of cuts extending
over the intervals corresponding to the continuous spectrum of H.

At the cut, a matrix element of the resolvent takes the form

1

Gy(E+1m) = - ;
+ ) E +in — By, — hA(E) + i3T(E)

(B.17)

close to the real axis. Further assuming that A(FE),T'(F) are slowly varying as
a function of F and A(E),T'(F) < Ey, G4 (F + in) can be written

1
E+in— Ep — hA + LT

Gy (E +in) = (B.18)

We note that since 7 is a positive quantity, this expression has no poles in the
upper half of the complex plane. Defining the analytic continuation of G4 to
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the lower half plane by Gﬂ_I

1
E+in— B, — hA 4 i2T

GH(E +in) = (B.19)
this function has a pole at zop = Fp + hA — i%F.

This continuation is called the second Riemann sheet.

For 7 > 0, the contribution of the path C_ in the inversion integral vanishes.
The inversion integral thus reduces to

U(r) = QL/ dze ™ TIMG(z) (B.20)
T Jo,

To evaluate this integral by the residue theorem, we should close the contour
in the lower half plane. At the cut the matrix elements of G(z) do not tend to
the same value, when z tends from below or above towards a point on the cut,
and 1n order to integrate along a closed curve, it is thus necessary to go back to
turn around the branch point of the cut at & = F,. The contour is depicted in
fig. B.2. The contribution of the semi-circle is zero, if its radius is sufficiently

y

20

Figure B.2: Contour for inversion.

large. The contribution of the contour formed by turning around the branch
point represents a correction to the exponential decay associated with the pole
at zp, but is normally negligible.

B.3 The pole approximation

The replacement of A(E) and T'(E) in (B.18) is known as the pole approxima-
tion, and yields a simple expression for the matrix elements of G(z), which can
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then easily be inverted using the residue theorem.

To perform the approximation, it is, however, essential, that the continuum is
smooth i.e. that A(E),T'(FE) vary slowly as a function of E. This need not be
the case, and one should therefore in general be cautious, when performing the
pole approximation.
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Appendix C

Resumé

This thesis deals with aspects of the interaction of light and matter and in
particular we focus on the atomic dynamics resulting from the coupling to the
electromagnetic vacuum field.

In free space, the density of modes of the electromagnetic vacuum field is rather
flat and the coupling to the atom gives rise to the Lamb shift in frequency and
a finite lifetime (the spontaneous decay) of the excited levels of the atom. The
atomic behaviour is, however, sensitive to the density of states of the reservoir,
and we investigate the atomic dynamics resulting from the coupling to a radia-
tion reservoir exhibiting gaps and peaks in the density of modes.

Such structured radiation reservoirs are found in photonic crystals in which a
periodic modulation of the dielectric constant gives rise to a band structure for
the electromagnetic field in close analogy to the electronic band structure exist-
ing in solids. Experimental and theoretical findings concerning photonic crystals
are presented in chapter 2 as well as various schemes for their construction and
possible applications.

In chapter 3, we start investigating the influence of the structured radiation
reservoir on the atomic dynamics. In particular, we study the problem of two
identical atoms near-resonant with a band gap edge and located inside a pho-
tonic crystal. One atom is initially excited and the other atom is in the ground
state. When the two atoms are far apart their interaction can be neglected
and the evolution of the excited atom then reduces to the case of spontaneous
decay of one atom. In that case, the atomic inversion in a transient regime ex-
hibits Rabi-like oscillations in which part of the radiation emitted by the atom
at previous times is reabsorbed and in the long time limit, a significant part
of the excitation remains bound at the site of the atom thus forming what has
been termed a “photon-atom bound state”. When the interatomic separation
is small i.e. comparable to the wavelength of the transition frequency of the
atoms, the radiation is exchanged coherently between the two atoms and this
coherent oscillation persists even in the long time limit for certain parameters.
This, then, corresponds to a photon that tunnels between the two atoms and
it remains trapped since it has an energy in the band gap of the reservoir and
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thus is not allowed to propagate freely in the solid host.

These novel phenomena are not easy to probe experimentally since most of the
radiation remains trapped at the site of the atoms. In order to monitor these
effects, we discuss in chapter 4 an atomic ladder system in which one transition
is coupled near-resonantly to a band gap edge and the other transition is cou-
pled to a flat radiation reservoir. The radiation emitted into the flat reservoir is
allowed to propagate and can thus be detected outside the crystal. In free space,
the spectrum for the photon emitted on the upper transition in the radiative
cascade 18 a Lorentzian with a width which is the sum of the decay widths of
the upper atomic levels. Observing only the first photon in a radiative cascade
thus provides information about the lower transition in the cascade. Indeed, we
find that the emission spectra for the photon emitted on the upper transition
become strongly non-Lorentzian due to the structured continuum coupled to
the other transition.

In addition to the new phenomena arising from the interaction with structured
reservoirs, the validity of the standard approximations employed when dealing
with flat reservoirs has to be questioned. In chapter 5, we address an atomic
lambda system with one laser-driven transition experiencing a flat reservoir and
the other transition is coupled near-resonantly to the edge of a photonic band
gap. Applying conventional methods, we derive a reduced master equation gov-
erning the atomic degrees of freedom employing only the Born approximation.
To determine the exact dynamics of this system, we propose a method combin-
ing resolvent operator equations with the Monte-Carlo wave function formalism.
The dynamics obtained from the master equation is at variance with the exact
dynamics thus demonstrating the invalidity of the Born approximation.

These studies demonstrate that the number of fluorescence photons emitted on
the free space transition for a weak laser coupling depends on the laser detun-
ing with respect to the band gap edge in a sensitive way. Scanning the laser
frequency over the band gap edge and monitoring the fluorescence signal emit-
ted on the free space transition, one can thus experimentally characterize the
structured continuum.

The method proposed in this chapter 1s applicable to problems with any density
of states of the structured radiation reservoir but it is essential that only the
zero- and one-photon components of the reservoir Hilbert space are populated.
In order to circumvent this restriction and thus be able to deal with more ex-
citations in the structured continuum, we investigate in chapter 6, the system
consisting of a number of two-level atoms coupled identically to a Fano-profile
density of states. The analyticity of the density of states allows us by introduc-
tion of two pseudo-modes to derive a Markovian master equation for the system
consisting of atoms+the two pseudo-modes. In this system we study superra-
diance and the influence of multiple excitations in the radiation reservoirs on
the atomic dynamics. We find that following the superradiant regime, a meta-
stable state 1s reached for the atomic system. The decay of the meta-stable state
1s non-exponential and we derive an analytical expression for the decay based
on perturbation theory and trapping states identified by the Monte-Carlo wave
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function method. The existence of a Markovian master equation for the system
further allows us to test the validity of the mean-field approximation in the
equations of motion for the operators of the system. A good agreement is found
and the mean-field approximation may therefore be a useful approximation in
various contexts where a master equation can not be obtained.
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