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Abstract

A key goal in quantum science is to build quantum systems that are robust to disor-
der and experimental imperfections. The application of topology to quantum physics
is one of the most promising avenues towards achieving this goal, since topological
systems are generally insensitive to moderate, local perturbations. This thesis is ded-
icated to the introduction and analysis of novel platforms for engineering topological
states in the optical domain.

First, we analyze the interaction of atoms in Maxwell's fish eye lens, which is
an optical medium mimicking light propagation on the surface a sphere. Due to the
underlying (trivial) spherical topology of the system, light follows circular trajectories
in the lens, giving rise to special focusing properties. We investigate the long-range
atomic interactions mediated by the lens and the efficiency of entangling operations.

We then turn our attention to two-dimensional atomic arrays in free space, where
interactions are mediated by photons. We show that in the presence of a uniform
magnetic field, the system exhibits a photonic band structure with non-trivial Chern
numbers and a topological gap. We explore the topological edge states that arise on
the system boundaries, identify the conditions under which edge states are long-lived
and show that they are robust to imperfections in the lattice.

Finally, we study two-dimensional atomic emitter arrays embedded in photonic
crystals. We engineer a quasi-two-dimensional photonic crystal slab that mediates
long-range dipolar interactions between emitters and gives rise to topological behav-
ior. We analyze the topological edge states of the system and show that they are
robust to the inhomogeneous broadening of the emitters and to missing lattice sites.

Thesis Supervisor: Mikhail D. Lukin
Title: Professor of Physics, Harvard University

Thesis Co-supervisor: Vladan Vuleti6
Title: Professor of Physics
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Chapter 1

Introduction

An outstanding challenge in quantum science is to build quantum systems, which

are robust to imperfections and disorder. For small quantum systems, composed of

just a few qubits, imperfections can be controlled by improving the experimental

apparatus and applying well-established techniques for coherent control. However, as

a quantum system is scaled up to hundreds or thousands of qubits, the probability

of errors increases exponentially, making it difficult to maintain coherence. Given

that quantum devices with a large number of qubits are expected to find various

important technological applications - such as secure communications [1], factoring

large numbers [2J and simulating complicated physical systems [3] - finding ways to

improve the robustness of large quantum systems is a fundamental goal in quantum

science.

The application of topology to quantum physics is one of the most promising paths

towards designing large quantum systems that would be robust to imperfections and

disorder [4]. Topological physical systems are typically insensitive to small, local

perturbations. Therefore, such systems have the potential to maintain their useful

quantum properties even when the system size is scaled up. Over the past decades,

topological quantum physics and its potential applications to quantum information

processing have been the subject of intense research efforts [4, 5].

This thesis is focused on topological quantum optics - a novel branch of topological

quantum physics -, which involves the study of light-matter interactions at optical

13



frequencies in the presence of topology. Quantum systems that operate at optical

frequencies are particularly well-suited for building large-scale quantum networks [61,

as optical photons are excellent carriers of information between distant quantum

nodes (as opposed to e.g. microwave photons). In the quantum systems studied here,

all atomic interactions are mediated by optical photons. Through these interactions,

atoms and photons become intricately interwoven, forming a hybrid system composed

of polaritons that have both atomic and photonic character.

Such a hybrid system has several advantages. Due to its atomic character, time-

reversal symmetry can be broken simply by applying a magnetic field. In addition,

atoms are inherently non-linear, providing a pathway towards introducing interac-

tions, which are crucial for studying interesting many-body states. This contrast

sharply with traditional topological photonics, where breaking time-reversal symme-

try at optical frequencies remains a significant challenge [71 and non-linearities are

typically weak [8]. At the same time, the photonic character of the hybrid system also

ensures that the system evolves at a fast (typically tens of MHz) time scale, thereby

avoiding some of the technical issues associated with very low energy scales, such as

the ubiquitous problem of unwanted heating in systems of ultracold atoms.

The main trade-off in the case of quantum optics is that, in general, atoms also

couple to far-field photons carrying the excitation away from the system, leading

to irreversible decay. Thus, photon-mediated atom-atom interactions are always in

competition with photon decay from the system. There exist various techniques to

mitigate this problem. The most widely employed strategy is to use cavities to confine

the photon and prevent it from flying away [9]. This is a technique that we repeatedly

adopt in this thesis, including in Chapters 2, 5 and 6.

The other technique, that we utilize in Chapters 3 and 4, is more subtle. It

exploits the conservation of momentum, which demands that, when an excitation is

transformed from being a hybrid polariton to a free-space photon, momentum has

to be preserved. The range of possible momenta for free-space photons is capped

at k = w/c, where w is the photon frequency and c is the speed of light. Thus,

if the momentum of a given mode is larger than w/c, it simply cannot couple to

14



free-space photons, as this would violate conservation of momentum. Consequently,

we can effectively decouple our quantum optical system from free-space photons by

increasing the momenta of our hybrid polaritonic modes beyond w/c. As we shall see,

this can be conveniently achieved by using subwavelength interatomic spacing.

All systems discussed in this thesis are quasi-two-dimensional. The implicit moti-

vation for this is that two-dimensional topological physics is expected to be the most

interesting from the perspective of quantum information processing. The underlying

reasoning is that anyons, which are theorized to be useful for quantum computing [10],

only exist in two dimensions. Anyons are special types of quasi-particles, with unusual

quantum statistics [11]. In particular, the exchange of two identical anyons can give

rise to a global phase shift to their wavefunction. Anyons with Abelian statistics are

excitations that arise in the context of the Fractional Quantum Hall effect [121 and

have been experimentally observed before [4]. Anyons with non-Abelian statistics are

also theorized to arise among the states of the Fractional Quantum Hall effect (e.g.

the states with filling fractions v = 5/2 and v = 12/5) [4, 13]. Non-Abelian anyons

are strong candidates for the realization of topological quantum computing.

1.1 Topology and geometry

(a) (b) (c)

Figure 1-1: (a) Sphere with genus 0. (b) Torus with genus 1. (c) Double torus with

genus 2.

A recurring theme in this thesis is the role of geometry and topology in guiding

light and mediating interactions between atoms.

Topology is a branch of mathematics that studies geometric properties that are

15



unaffected by continuous deformations [7]. Fig. 1-1 shows three different geometric

objects, which are topologically distinct entities. From the perspective of topology,

an important concept for the classification of these shapes is the genus, or the number

of holes. Clearly, the sphere, the torus and the double torus have genus 0, 1 and 2,

respectively. The only way to change the number of holes of these objects is to cut

them and re-glue the resulting open boundaries (e.g. poke a hole into the sphere).

Simply squashing them or putting dents into the surface does not change the genus.

The genus of these objects is a topological invariant that does not change under

smooth deformations. The genus of these objects can be calculated using the formula

S=1 -- -- KdS, 1147r

where g stands for the genus, K is the Gaussian curvature and the integral is per-

formed over the closed surface of each object [7].

In Chapter 2, we study the influence of the simplest possible topology on photons

and atoms - a sphere with genus 0. In particular, we study the photon-mediated

interactions between atoms in Maxwell's fish eye lens. The fish eye is an optical

instrument that closely mimics the surface of a sphere and, therefore, light rays in the

lens trace out perfectly circular trajectories. The special spherical topology associated

with the fish eye lens leads to unique focusing properties for light, which in turn can

be used to mediate long-range interactions and entanglement between photons.

In physics we also often use a special topological invariant, called the Chern num-

ber, to classify physical systems 1141. This is a slightly more abstract, but analogous

concept to genus. Instead of studying shapes in real space, we analyze periodic phys-

ical systems in momentum space. In analogy to counting the number of real holes,

we count the number of monopoles of Berry flux in such systems. The Berry flux is

an abstract, quantized quantity that captures how the phase of the wavefunction of

our system changes across the Brillouin zone. It can be calculated via

C = I F - dS, (1.2)
27r '
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where C is the Chern number, F is the Berry curvature and the integral is performed

over the entire Brillouin zone for a given energy band [7, 14]. If the Chern number of

each band is zero, the system is topologically trivial from a physics perspective. Non-

zero Chern numbers indicate that the system could exhibit interesting topological

phenomena.

In each of Chapters 3, 4 and 6, we study periodic atomic lattices that feature

energy bands with non-zero Chern numbers. The non-trivial topology gives rise to

interesting topological phenomena, such as topological edges states that are robust

to imperfections and disorder.

1.2 Topology and dipolar interactions

Topology in physical systems was first discovered in the context of electronic systems,

in particular, the Quantum Hall Effect [151. The Quantum Hall Effect is intricately

tied to the fact that electrons are charged particles, which experience the Lorentz force

and follow Landau orbits in the presence of a uniform magnetic field 16]. In 1988,

Haldane realized that topological behavior can be generalized to electronic systems,

where the net magnetic field is zero [17]. This was followed by the gradual realization

that topological phenomena are, in fact, not confined to electronic systems, but are

much more general and can be found in a plethora physical systems, including those

with chargeless excitations. Over the past three decades, topological phenomena have

been studied in the context of cold neutral atoms [18-21], microwave [22-27] and

optical photonics [28-31], acoustic waves [32-341 and mechanical systems [35-371.

In general, in a system of chargeless particles, the key objective is to ensure that

the excitations experience an effective magnetic field. For example, in optical lattices

with cold neutral atoms, this is typically achieved by engineering an artificial gauge

field via control of the hopping parameters between sites [18]. As a result, the matter

wave excitations behave like electrons hopping on an atomic lattice in the presence

of a real magnetic field. In photonic systems, a common strategy is the use of gyro-

magnetic materials, which change their electromagnetic response as a function of an
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external magnetic field [22-27]. As a result, chargeless photons propagating through a

gyromagnetic medium indirectly experience the effects of the external magnetic field

and behave analogously to charged particles.

In Chapters 3-6 of this thesis, we focus on engineering effective magnetic fields for

chargeless photons hopping on an atomic lattice. However, instead of adjusting the

hoppings or using gyromagnetic materials, we utilize the intrinsic geometric phases

associated with dipolar interactions to obtain topological behavior and simply use the

Zeeman effect to imprint the presence of an external magnetic field on the constituent

atoms.

IB

uB

E

Figure 1-2: Schematic depiction of photon-mediated dipolar atomic interactions
between two atoms with &+ = (2 + i,)/x/2 and &_ = ( - iy)/V transitions that are
Zeeman-shifted by an external magnetic field. The two atoms are generally positioned
at an angle 0 relative to the x axis and the electric field of the photon is parameterized
as E ~ sin q5- - cos, Q.

The emergence of topological phases in a system of atoms with dipolar interactions

can be understood from the following simple argument. Let's consider dipolar atoms

with a ground state and two excited states with &+ = (2 + i#)/V4 and a &_ =

(2 - iy)/v2 transitions (see Fig. 1-2). In the presence of an external magnetic field,

the two transitions are Zeeman-split. Thus, it is meaningful to consider the dipolar

exchange of a photon between one atom in its lo+) state and another atom, some
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distance away, in its lo) state. Each atom (i = 1, 2) couples to the electromagnetic

field via the term

Vi = -di - E, (1.3)

where di stands for the transition dipole moment of the ith atom and E denotes the

electric field. The transition dipole moments of the two atoms are proportional to

di ( + iD) and d2 ~ - 2). (1.4)

In general, the two atoms are located at an angle # with respect to the x axis (see

Fig. 1-2) and, therefore, the electric field of the photon propagating between them is

parameterized as

E ~ sin # - - cos , (1.5)

where we assume that the polarization of the photon is perpendicular to the direction

of its propagation. After adiabatically eliminating the photonic degrees of freedom

[38], we find that the dipolar interaction between the two atoms is given by

V12 ~ VV2* ~ (sin 0 - Z cos #)(sin # + i cos #)* ~ e2i. (1.6)

The above phase in the dipolar interaction between the two atoms is a winding phase,

as it winds around as a function of the angular position of atoms. These phases

become ill-defined for r = 0, which constitutes a phase defect. Such winding phases

provide a straightforward recipe for engineering topology in a dipolar system [39]. In

particular, the phase defects associated with such winding lead to monopoles of Berry

flux in momentum space and, thus, to non-trivial Chern numbers.

As this simple argument indicates, dipolar interactions in the presence of a mag-

netic field naturally give rise to non-trivial topology. The exploration of the topo-

logical phenomena that arise in dipolar systems in free space forms the backbone of

Chapters 3 and 4. Besides finding photonic bands with non-trivial Chern numbers,

we also study the edge states that arise on the system boundaries of finite atomic

lattices. Depending on the geometry of the edge termination, we find edge states
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that are short- or long-lived. We also explore the robustness of these edge states to

imperfections and defects of the atomic lattice.

1.3 Topology and photonic crystals

The argument for the existence of a winding phase in the dipolar interaction of atoms

is very general and holds not only in free space, but also in other electromagnetic

environments [401. The only requirement is that the polarization of the interaction-

mediating photon be tied to the direction of propagation, as in Eq. (1.5). For example,

a standing wave would not satisfy this requirement, but most propagating waves do

- even in structured photonic environments. This is a powerful generalization, as

it opens up the rich and varied toolbox of nanophotonics [41] for the purposes of

engineering topological atomic systems.

In Chapters 5 and 6, we consider dipolar interactions mediated by quasi-two-

dimensional photonic crystal slabs. In particular, in Chapter 5 we engineer photonic

crystals slabs, where the direction-dependent polarization of the guided photons has a

simple and explicit form, enabling precise, analytic calculations of the slab-mediated

dipolar interactions. Then, in Chapter 6 we consider a two-dimensional lattice of

atomic emitters embedded in such a photonic crystal slab and explicitly show that

the system has a topological band structure. We also study the edge states that arise

in a finite lattice and show that the edge states are robust to defects expected in

realistic systems, such as emitters missing from sites and inhomogeneous broadening.
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Chapter 2

Quantum Optics in Maxwell's Fish

Eye Lens with Single Atoms and

Photons

2.1 Introduction

Maxwell's two-dimensional fish eye is an optical lens with remarkable imaging prop-

erties. Light emitted from any point inside the lens refocuses at the antipodal point

on the opposite side of the lens. Since J. C. Maxwell's original work that studied

ray optics inside the lens [42], the properties of the fish eye have been analyzed in a

variety contexts, including electromagnetic waves [43, 44], scalar waves [45], quantum

mechanics [46] and supersymmetry [471.

More recently, it was proposed that Maxwell's fish eye lens may have the ability to

perfectly refocus electromagnetic waves emerging from a point source [48-50], thereby

overcoming the diffraction limit [51]. The idea of perfect imaging with Maxwell's fish

eye has generated vigorous debate [52-79]. It has focused on how the presence of a

point-like detector, placed at the focus point, changes the image formed and whether

perfect imaging is an artifact of the detector. On the one hand, it has been argued that

the presence of the detector, which can absorb the incoming radiation, is necessary to
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form a perfect image [48-50, 52-55]. On the other hand, concerns have been raised

that the detector itself would contribute electromagnetic waves to the image formed,

giving rise to the apparent subwavelength focus point [55-58]. Subsequently, the

discussion about perfect imaging has shifted to finding a simple and realistic model

for such detectors [59-64, 71]. More recently, it was suggested that perfect imaging

may be possible when operating very close to the resonances of the fish eye lens

[76-79].
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Figure 2-1: Light rays propagating within the infinite 2D fish eye lens trace out
perfect circles (dashed red lines). If a mirror of radius Ro is introduced (black dotted
circle), the trajectories remain closed (solid red lines). All light rays emerging from
an arbitrary point within the lens (green dot) refocus at the antipodal point (blue

star). The color code and the inset show the spatial variation of the refractive index

as a function of the radius, where we assume that no = 1 in Eq. (2.1). For r > Ro

the refractive index of the fish eye dips below 1.

In this Chapter, we study the imaging properties of Maxwell's two-dimensional

(2D) fish eye lens at the single-photon level using single atoms. In particular, we

assume that both the source and the detector of the photon are individual atoms and
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thus no ambiguity arises regarding their fundamental properties. One atom, initially

in its excited state, emits the photon and the second atom, initially in its ground

state, absorbs the photon, storing it in a metastable state for fluorescent readout.

This is conceptually the simplest model for a source and a detector [781.

We model the 2D lens as an effective photonic cavity filled with an inhomogeneous

dielectric material and solve for the atom-photon dynamics inside the lens. Since the

rate of photon exchange between the atoms is set by the local electric field strength,

the atomic dynamics is a sensitive indicator of the electric field distribution of the

photon during absorption. In particular, we find the the photon exchange rate be-

tween the two atoms, which are detuned from the cavity resonances, is well described

by a simple model, which assumes that the photon is focused to a diffraction-limited

area during absorption.

We also analyze the capabilities of the fish eye to enhance the interaction between

distant atoms. In particular, we show that the dipole-dipole interaction mediated by

the fish eye lens is effectively infinite in range. This infinite-range interaction is a

consequence of the unique focusing properties of the fish eye lens and is analogous to

the infinite-range interactions mediated by quasi-ID waveguides, which have been the

subject of extensive research in recent years in the context of hollow [80, 81], plasmonic

[82-84], microwave [85-87] and dielectric [88-93] waveguides. Within this model,

we quantitatively evaluate entangling operations and discuss a realistic experimental

realization.

This Chapter is organized as follows. In Section 2.2 we discuss the general formal-

ism behind our work and derive the dipole-dipole interaction mediated by the lens

between atoms. In Section 2.3 we discuss the entanglement of atoms within the lens.

In Section 2.4 we analyze the validity of the Born-Markov approximation. In Section

2.5 we discuss a possible physical realization of the 2D fish eye using transformational

plasmon optics. Key insights of our work are summarized in Section 2.6.
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Figure 2-2: (a) Schematic depiction of the two dipoles embedded in the fish eye
cavity, which is surrounded by mirrors on all sides. (b) Spectrum of the cavity (w, =

/l(l+1)c/(Rono), 1 = 1,2,3...) in the absence (K = 0) and the presence (n 5 0)
of losses. The atomic resonant frequency wo is tuned between two resonances of the
cavity. (c) Strength of the dipole-dipole interaction 6w(ri, r2)/Fo between two atoms
for four different lens radii: (i) Ro = 4.93A, (ii). Ro = 8.11A, (iii) Ro = 11.3A and
(iv) Ro = 14.48A, assuming lens thickness b = A/10 and FO = d2wO3/(3wEohc 3 ). The
lens radii are chosen such that the transition frequency of the atoms wo = 27rc/A lies
halfway between the resonances of the lens (I = 1,2, 3...). In particular, we chose
the order parameters (i) v = 30.5, (ii) v = 50.5, (iii) v = 70.5 and (iv) v = 90.5,
where v = !(V167r 2(Rono/A) 2 + 1+1) and no = 1. The atom on the left is positioned
exactly A away from the mirror, whereas the position of the second atom is sweeped.
The strength of the interaction peaks A away from the opposite mirror surface with
a height that is independent of the radius of the lens and the interatomic distance.
(d) Enlarged view of the dipole-dipole interaction near the antipodal point, showing
that the width of the peak is approximately A/2.
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2.2 General Formalism

In this section we describe the general formalism behind our calculations for exploring

the quantum optical properties of the system and calculate the dipole-dipole interac-

tion between atoms placed inside the lens.

2.2.1 Maxwell's Fish Eye Lens

The two-dimensional fish eye lens is a dielectric medium of infinite size with refractive

index [491
2n0

n(r) = n (2.1)1 + (r/Ro)2 '

where r = V/x2 y2, Ro is the natural length scale of the problem and no > 1 can be

chosen arbitrarily. We assume no = 1 for all numerical calculations in this Chapter.

In the limit of geometric optics, light rays propagate in perfect circles (Fig. 2-1, dashed

circles). All rays emitted from a single point inside the lens ultimately meet at the

antipodal point. For Irl > Ro the refractive index varies between no and 0, which is

difficult to achieve in practice. Thus the lens is modified by placing a mirror around

the circle of radius Irl = Ro (black circle in Fig. 2-1). In the presence of the mirror

the trajectories still remain closed (solid red lines in Fig. 2-1) [48].

The 2D fish eye can be realized for electromagnetic waves in a thin disk of radius

Ro with a dielectric material of radially varying refractive index given in Eq. (2.1),

which is constant along the direction. When the top and bottom surfaces of the disk

are covered with two parallel mirrors, the lowest-frequency transverse electromagnetic

(TEM) mode is invariant along the direction and realizes the ideal dynamics of the

2D fisheye [50, 70]. While other modes with higher frequencies will also be present,

when the operating frequency is below a certain cut-off, only the lowest TEM mode is

excited. Specifically, this is achieved when the frequency of the radiating source Wo is

much smaller than the cut-off frequency rc/b, where c is the speed of light in vacuum

and b is the thickness of the disk [70, 94]. Later, we consider a realistic realization of

the two-dimensional fish eye with surface plasmons, where the transverse confinement
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arises naturally from the confinement of the plasmons to the metal-dielectric interface

[95, 96].

2.2.2 Hamiltonian

We model the atoms as two-level systems with ground and excited states denoted

by Ig) and le), respectively. The Hamitonian describing the evolution of the system

composed of the two atoms and the fish eye modes is given by

H = Hatom + Hield V, (2.2)

where the atoms evolve according to Hatom = hO K. 1,2 ei) (eiI and the evolution of

the electromagnetic field is described by Hfield = rn hwia ma,,m, where al,m is the

annihilation operator of an eigenmode of the lens labelled by (1, m). The interaction

of the two atoms with the electromagnetic field is given by V = - K= 1,2 di - E(ri),

where di = d,(uT + o) with oi = Igi) (eil and d, is the z-component of the dipole

moment of the e -+ g transition of the atom, E(ri) is the electric field operator at

position ri within the lens, and we neglect variations of the field over the size of

the atoms. The two atoms are positioned at r1 and r2 (see Fig. 2-2(a)). Note that

Eq. (2.2) describes a closed lossless system composed of the lens and the two atoms

with no coupling to free-space modes. Later we will consider how photon loss from

the fish eye modes affects our results.

2.2.3 Quantization in the Fish Eye Lens

We follow the quantization scheme of Glauber and Lewenstein [97 to write down the

expression for the quantized electromagnetic field E(ri) of the lens

E(ri) = i [ai,mfir(ri) - af 1/*(ri)], (2.3)
.'( E ) 1j.f,(i -am. l, 23
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where fi,m are the classical eigenmodes of the cavity that are solutions of the wave

equation
2

n(r)2  ,mfi'm(r) - V x [V x fm,i(r)] = 0, (2.4)
c2

subject to the transversality condition

V - [n(r)2 fi,.(r)] =0, (2.5)

together with the boundary condition that fi,rn - = fl,m - 0 at Irl = RO due to

the presence of the mirror. The position-dependent refractive index n(r) is given

by Eq. (2.1). The solutions of Eq. (2.4) and Eq. (2.5) can be chosen to form an

orthonormal set satisfying

/V d~r n(r)2 fi,m(r) - 6m() 14 mme, (2.6)

where the integral is performed over the quantization volume V.

Solving these equations, the lowest TEM modes of the fish eye take the following

form

2 |m Ir| 2 -
fRr i(r, #) = 2 1 arecos , 4 ,(2.7)

b Rong | r|2 + R

where Y1'(0, 0) are the spherical harmonic functions, 0 = arccos(x/Ir) is the az-

imuthal angle associated with position r and the eigenfrequencies are

W1 = c 1(1 + 1)/(Rono). (2.8)

The modes fi,, are labelled with the rescaled wavenumber 1 = 1, 2,3... and the

angular momentum index m, where m(l) = -(1 - 1), -(1 - 3),..., (1 - 1) is enforced

by the boundary condition fi,m(Ro, 0) = 0. The discrete spectrum of the fish eye

is schematically shown in Fig. 2-2(b). The number of degenerate states increases

linearly with 1, since 1 = 1.
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2.2.4 Photon transfer between two atoms via dipole-dipole in-

teraction

In this section, we investigate the resonant transfer of a photon between two atoms

via the dipole-dipole interaction, the strength of which we denote by 6W.

In quantum optics, the most fundamental model for photon emission and detection

assumes that one atom is initially in its excited state lei), while the second atom is

in its ground state 1g2 ). When the system evolves coherently in time, the excited

atom (virtually) emits the photon and after time tint - wr/(26w) the second atom

fully absorbs the photon as its atomic population is transferred to the excited state

le2 ) [84, 98].

Furthermore, by making use of additional metastable states isi) with i= 1, 2 (see

Fig. 2-3) that only couple to lei) via the time-dependent classical control pulse Qi(t)

(such that Qi > 6w), the photon transfer can be performed in a controlled, realistic

scheme [99-101]. In particular, by adjusting Q1 (t) and Q2 (t), the photon transfer

can be initiated via the excitation of lei) and, as the photon is reabsorbed, the

atomic population of the second atom can be transferred to the metastable state |s2).

Then, by switching off Q2(t), reemission into the cavity can be prevented. From the

metastable state the photon can be read out using standard fluorescence techniques

[102, 103]. This completes the detection of the photon.

In a standard quantum optical setting, the dipole-dipole interaction between two

atoms with level spacing wo between ground |gi) and excited states Iei) in any en-

vironment can be expressed in terms of the classical Green's function components

Gaj3(ri, r2 , wO) (with o, = x, y, z) through the following expression [104-107]

d 2
w(ri, r2) = 2 Re{G,2(r1, r2, WO)} (2.9)

where we assume that the two atoms are located at r1 and r2 and their dipole moments

d, are oriented along the z-axis. Note that the real (imaginary) part of the Green's

function G2 (ri, r2 , wo) has the simple interpretation of being the z-component of the

in-phase (out-of-phase) component of the electric field generated at position r 2 within
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the lens due to the presence of a z-oriented point-like dipole at position r1 radiating

at frequency w0 .

leF) le)
Q (t)' ()

1g) 'W '1 2)

Figure 2-3: Schematic depiction of a realistic scheme for the photon transfer between

the two atoms. The first atom emits the photon, while the second atom fully absorbs

it. By applying classical time-dependent control pulses Q1 (t) and %2(t), the transfer
can be initiated and the photon can be captured in the metastable state of the second

atom, from which the photon can be read out using fluorescence techniques.

We note that, when the classical Green's function of a problem is analytically

known, it is typically a simple matter to evaluate Eq. (2.9) and find the dipole-dipole

interaction between atoms. However, for the fish eye there is debate about what

Green's function correctly describes the imaging process. The subtlety of the issue

arises from the fact that the fish eye, which models the closed surface of the sphere,

is inherently a closed system from which radiation cannot escape in the absence

of losses and detectors [48-501. As mentioned previously, the accurate mathematical

modeling of detectors has been a key focus of the discussion regarding perfect imaging

[52, 53, 55-75, 78, 79].

Here, since we model both the 'source' of the radiation and the 'detector' as

atoms, the exact expression for the dipole-dipole interaction can be obtained from

the standard quantum optical master equation [381, where no ambiguity arises in the

derivation of the results. Furthermore, as we show below, the expression obtained

for the dipole-dipole interaction from the master equation exactly matches one of the

two Green's functions discussed extensively in the fish eye literature, allowing us to

directly use Eq. (2.9), which substantially simplifies numerical calculations.

The quantum optical master equation in the Born-Markov approximation, which
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governs the evolution of the atoms inside the lens, takes the following form in the

interaction picture [381

d 1 0
d - d Tr [ (t), dT- T), p(t) 0 10)( m , (2.10)

where 10)(01 is a projector onto the vacuum state of the lens (i.e. no photons in the

lens) and the trace is implied over all photonic Fock states of the lens, n(ni... n),

and

f(t) = eiHatomthp(t) -iHatomt/h (2.11)

and

V(t) = ei[Hatom+Hfieldt/hV (t)e-i[Hatom+Hield]t/h. (2.12)

In Eq. (2.10), the Born approximation was performed by writing the density matrix

for the system in the form ,3(t - T) 0 10)(01, which amounts to neglecting correla-

tions between the atoms and the electromagnetic modes of the lens [38]. The Markov

approximation was made by replacing p(t - r) by f(t), which is based on the assump-

tion that the atom-field correlation time is negligibly short compared to the time

scale on which the system evolves [38]. The Markov approximation allowed us to

self-consistently extend to infinity the upper limit of the integration with respect to

dT. We confirm the validity of the Born-Markov approximation in Section 2.4.

After performing the trace over the modes of the fish eye lens, we need to evaluate

the following standard integral

d-re- '*'o = 7r5(wo - W1) iP , (2.13)
Jo WO W1

where 6(x) stands for the Dirac delta and Pf(x) denotes the principal value compo-

nent of the function f(x). Since the spectrum of the fish eye modes (which act as

the reservoir for the atoms) is discreet, the Dirac delta and the principal value do not

contribute away from resonances and we may simply replace the right-hand side of

Eq. (2.13) with i/(wo -F u 1). More specifically, in the absence of any mechanism for

photon loss that would broaden the energy levels, the atoms experience no sponta-
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neous decay or cooperative emission when their transition frequency does not coincide

with the resonant frequencies of the lens. The master equation then describes the

fully coherent, lossless evolution of the atoms and takes the form

dp [1 - i 6w(rir3 ) [= 1-,p], (2.14)
dt =* h[Hat 7p] 22...,.j) jP1

i,j=1,2
i? j

where the dipole-dipole interaction between the atoms is given by

6w (ri, rj) _ 2zU; fl (ri) fi,(rj), (2.15)
EO I - 0o

where the fish eye modes fz,,(r) are given by Eq. (2.7) and the summation runs

over all eigenmodes of the fish eye. Given the summation over an infinite number of

modes, it is difficult to work directly with the expression given in Eq. (2.15) and it is

desirable to replace it with a simple, closed-form expression.

As shown in Appendix A.1, the right-hand side of Eq. (2.15) can indeed be replaced

by an expression of the same form as Eq. (2.9) using a Green's function, where the

Green's function is given by the following expression

- P,((ai, a2 )) - PvQ(c(ai, 1/cia))
G 1(ri, r2, W) = bs (irv) , (2.16)

4b sin(7v)

where P, is the Legendre function of (non-integer) order

1
v = -( 16w,2 (Rono/A) 2 + 1 - 1). (2.17)

2

Note that the order parameter v depends on the atom frequency wo through the

free-space wavelength A = 27rc/wo and the order parameters with integer values

(v = 1,2,3...) correspond to the resonances of the lens. We have also defined

(Cl, &2) = (K((ai, a2)2 - 1)/(I((C1, 2)12 + 1) and ((0i, a2) = (&1 - a2)/(a1a*2 + 1),

with a = _e i, where (rj, #j) are the cylindrical coordinates of the positions of the

two atoms (j = 1, 2) within the lens. In Eq. (2.16) the second term on the right hand
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side accounts for the presence of the mirror at Irl = Ro, ensuring that the electric

field goes to zero [48]. This Green's function was first derived in Ref. [541, and is

obtained from the canonical equation of the dyadic Green's function in the presence

of a single source term [48, 50, 53]. This Green's function has been used previously

to describe the static electric field distribution inside the lens for the case when a

diffraction-limited image forms at the antipodal point in the presence of a classical

source and in the absence of a 'drain' [53, 56].

Using Eq. (2.9) and Eq. (2.16), the dipole-dipole interaction can be calculated in

a straightforward manner within the lens. In Fig. 2-2(c) we plot the strength of the

dipole-dipole interaction between two atoms. The position of the first atom is fixed

exactly one wavelength away from the mirror and the position of the second atom is

varied across the lens. We plot the interaction strength for four different radii of the

fish eye. As Fig. 2-2(c) shows, the strength of the dipole-dipole interaction peaks at

the antipodal point, exactly one wavelength away from the mirror.

As noted at the start of this section, in quantum optics the strength of the dipole-

dipole interaction sets the rate at which a photon can be resonantly transferred from

one atom to the other. Physically, this exchange rate depends on the strength of the

photon field at the location of the second atom that absorbs the photon. In general,

the smaller the volume the photon is focused to, the larger the field strength gets.

Thus, the dipole-dipole exchange rate depends sensitively on the area the photon

is focused to. Fig. 2-2(d) provides an enlarged view that shows the dipole-dipole

interaction rate - and thus the electric field strength - experienced by the second atom

near the antipodal point'. The width of the peak is approximately A/2, suggesting

that the photon is focused to a diffraction-limited area at the location of the second

atom. These results for the rate of photon transfer are numerically confirmed in

Section 2.4.

Fig. 2-2(c) also shows that the height of the peak remains constant as the radius

of the fish eye and, therefore, the distance between the two atoms is increased. The

'Note that since the Green's function in Eq. (2.16) is purely real, the dipole-dipole interaction is
simply proportional to the electric field strength.
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photon emitted by an atom anywhere within the cavity gets refocused at the antipodal

point regardless of the size of the lens. Such infinite range dipole-dipole interaction is

a well-known feature of quasi-1D waveguides [80-931. Intuitively, the 2D fish eye lens

acts as quasi-1D system due to the fact that the lens mimics the propagation of light

on the surface of a sphere [491. Just as in ID light is confined to propagate along a

single axis without dispersion, the same way light emitted from a point on the 2D

surface of a sphere is constrained to propagate along the geodesics of the sphere and

refocuses at the antipodal point without any dispersion.

The functional form of the dipole-dipole interaction can also be understood an-

alytically by considering the asymptotic behavior of the Green's function near the

source and image points. In particular, note that the source and image points in the

lens correspond to (ai, a2) = -1 and (j, 1/a*) = +1 respectively [481. As ( - -1

we obtain the asymptotic expansion [48, 1081

P( sin(vw) [ log (1 + F(v)1, (2.18)

where we have defined the function

F(v) = -y + 2(v + 1) + r cot(v7r). (2.19)

Here -X is Euler's constant and V is the digamma function. In addition, when -* 1

we obtain the asymptotics Pv( ) - 1 [48, 108]. Thus, near the source point the first

term dominates in Eq. (2.16) and a logarithmic divergence is formed. In contrast,

near the image point, the second term dominates and we can analytically approximate

the Green's function as
1

4b sin(irv) (2.20)

This shows that the absolute value of the Green's function is maximized when the

frequency falls half-way between two resonances such that v = m + 0.5, where m E N.

Furthermore, this expression also shows that the height of the peak at a given fre-

quency only depends on the transverse confinement of the modes b and is independent
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of the lens radius RO. Finally, we note that Eq. (2.20) also shows that the dipole-

dipole interaction is independent of where we place the atoms within the lens as long

as they are situated at antipodal points.

2.2.5 Spontaneous and cooperative decay of atoms

In all calculations so far, we assumed that the fish eye lens is completely isolated from

its surrounding environment and the photon cannot leak out of the cavity. Here, we

next consider the situation when the lifetime of the eigenmodes of the fish eye are

finite e.g. due to the imperfection of the mirrors and dissipation in the dielectrics.

We account for the gradual loss of photons from the fish eye modes by modifying the

Hamiltonian in Eq. (2.2) with a non-Hermitian term [109-1141 of the following form

Hfield = >] h(wi - Zii)cmai,mn, (2.21)
l,m

where 2, sets the rate of decay from the modes, which is assumed to be frequency-

independent in the range of interest. The decay of the cavity modes broadens the dis-

crete energy levels of the fish eye, creating a continuous spectrum, as shown schemat-

ically in Fig. 2-2(b).

With this modification, we can re-derive the master equation from Eq. (2.11). We

evaluate the following integral

dTe~-i'w'o)re-T = 1 , (2.22)
J i( 1 - w0) '

and after neglecting the off-resonant decay terms [381 we obtain the master equation

in the following form

dp _1 r) P
[Hat, p] - i 6w(r , rj)[o-, p]

i,j=1,2
i0j

- '(ri, rj) Uip - {O Ip (2.23)
ij=1,2ifi
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where the rate of decay is given by

1(ri, rj) = ' E K f,*r(ri)fi,,r(rj)(L' + L-), (2.24)
rn

and the modified dipole-dipole interaction is given by

d2
Jw(ri, r2 ) = Zw fl*n(rl)f,m(r2)(D + D-), (2.25)

I'm

where we have defined

L - and D+lW O Wo (2.26) 1 K2 + (W WO)2 a D K2 + (w i wO) 2

Since we are now including losses in the system, the excited states of the two atoms

can irreversibly decay into the eigenmodes of the lens and leave the cavity, leading

to non-zero single atom decay -y(ri) = P(ri, ri) (with i = 1, 2) and cooperative decay

YcOOp (ri, r 2 ) = (ri, r 2 ). The single atom decay -/ describes how quickly an excita-

tion decays from state |e) of an individual atom to the fish eye modes, whereas the

cooperative decay 7coop governs the coherent joint emission of the two atoms into the

modes leading to super (-y + op) and subradiant decay (b - yOOp) of the symmetric

and anti-symmetric superpositions of the two atoms, respectively [38].

As for the lossless case, it is desirable to find closed-form expressions to replace

the expressions that involve infinite summations on the right-hand side of Eq. (2.24)

and Eq. (2.25). As shown in Appendix A.1, the decay rates and the dipole-dipole

interaction can be expressed using the Green's function of Eq. (2.16) in the following

form

a(ri, rd)= C2 )2G, (ri, r, co + Zr) (2.27)

and

d 2
&_;(ri, rj)= ' 2 Re{ (wo + 2 Gzz (ri, rj, wo + isK)} (2.28)

hEoc
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These simple, analytic expressions provide a convenient way to calculate the quantum

optical properties of atoms inside the lossy fish eye lens and to study the atomic

dynamics.

We also note that when r, < wo, Eq. (2.27) and Eq. (2.28) can be approximated

as

2d 2
'(ri, rj) ~ 2 Im{G22(rw,2 rwO+ir)}, (2.29)

and

Jw(rj, r3 ) ~ Re{G,2(rj,rj,wo + ir)}. (2.30)
keoc2

Eq. (2.29) and Eq. (2.30) suggest an alternative way of accounting for the loss of

photons from the modes of the fish eye. In particular, it can be shown (see Appendix

A.1) that G,2(ri, rj, wo + iii) is the Green's function of the fish eye lens with the

following complex refractive index

h(r) n(r)(1 + ia), (2.31)

where

a = s/w0, (2.32)

and n(r) is given by Eq. (2.1). Therefore, the loss of photons from the modes of

the fish eye can also be thought to arise from material absorption in the dielectric

[48]. This is a key observation, which allows us to associate a r, value with material

absorption and, therefore, treat all losses that contribute to photon decay from the

fish eye modes in a unified manner. In particular, even if different loss processes

are present, e.g. material absorption and leakage through the mirror, we can, still

associate a , value with each of these processes and calculate the total decay rate via

Ktotal = Kabs + mirror, (2.33)
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which can be substituted into Eq. (2.29) and Eq. (2.30) to calculate the relevant

atomic properties in the lossy lens. This will be particularly useful when we consider

a possible physical realizations of the fish eye lens with plasmons (see Section 2.5).

Furthermore, we can also find how v, IF and 6w scale with a for system parameters

of interest. First, we note that 16,T 2 (Ro/A) 2 >> 1, whenever A < Ro. Assuming a < 1,

to first order in a we find that

27RO
~ (1+ia). (2.34)

Assuming that Re[v] = m + 0.5 with m E N (which corresponds to tuning the atomic

frequency between two resonances), from Eq. (2.20) we obtain that, to lowest order

in a, the following approximation holds at the image point (r=

Gz2(r, -r, wo +iK)
4b sin (,v)

~ , (2.35)
4b(1 + (27 2Roa/A) 2) (

where the choice of sign - depends on whether m is even or odd. This is a purely real

quantity and, therefore, from Eq. (2.29) and Eq. (2.30) we find that the cooperative

decay is given by

'YcOOP = F(r, -r) ~ 0, (2.36)

and the dipole-dipole interaction takes the form

c(r, -r) ~+ d:F .1 (2.37)
hEOc 4b(1 + (27r 2 Roa/A) 2 )

Finally, we can find the single atom decay rate -y by substituting ri = rj into

Eq. (2.29) and substituting Eq. (2.18) and Eq. (2.34) into Eq. (2.16). We find that

to leading order in a the following approximation holds

djwo r2 RoaS (r, r) ~ . (2.38)
hEOC 2 bA
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2.3 Entanglement of atoms

Structures that mediate long-range dipole-dipole interactions are of significant interest

in quantum information processing, as such interactions make it possible to entangle

[81] and perform deterministic phase gates between distant atoms [841. In this section,

we characterize the potential of the fish eye to entangle distant atomic quits. We focus

on the simple case of a single excitation being exchanged between two atoms due to

the dipole-dipole interaction. In what follows, for simplicity we assume that the two

atoms are located at antipodal points (i.e. Ir I r= Ir2I and 01 =2 + 7r) and, therefore,

-= F(ri,ri) = F(r2 ,r 2).

In the absence of a driving field, the no-jump evolution of the system can be

described by a non-Hermitian effective Hamiltonian of the form [115]

Ho = (hwo-iiy)Iei,e2)(ei,e2

+ (w - i(-y+ycoop)/ 2 ) I+)(+

+ (-Sw - i(y -- 7coop)/ 2 ) -)(-, (2.39)

where we have defined J ) = (Iei, 92) : g1 , e2))/V', and recall from the previous

section that Ycoop = F(ri, r 2 ) and 6w(ri, r2 ) stand for the cooperative decay and

dipole-dipole interaction of the atoms, respectively. Note that the overall decrease of

population in Eq. (2.39) due to the non-Hermitian terms reflects the gradual loss of

the photonic excitation from the cavity.

Assuming that at t = 0 the two atoms are in the state

[|(0)) = e,g2) = (+) + V-)/2, (2.40)

the time evolution of the atomic wavefunction is governed by

Li4Y(t)) = . (e~ " j(y+yc0 0 )]|+) e-[-w'-iy7- 0 ) (2.41)
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Figure 2-4: Excitation probability of two atoms within the cavity as a function

of time. Initially, atom 1 is excited and atom 2 is in its ground state. As the

system evolves, the two atoms repeatedly exchange a photon via the dipole-dipole

interaction. The photon gradually decays from the cavity modes, leaving the atoms

in their ground states. A fully entangled state with maximal fidelity is formed at

t = 7r/(46w) (see arrow). The plot was obtained for RO = 3.34A with a cavity loss

rate of a = rlwo = 5 x 10- 4 , assuming that the two atoms are located at two antipodal

points within the lens such that |ri I = jr2 | = 0.27RO and 01 = 02 + ir.

which, upon substitution, yields

|0(t)) = C+(t)lei, 92) + C_ (t)jgi, e2 ), (2.42)

where

|C+(t)12 e [cosh(7yc00pt) cos(26wt)]. (2.43)2

The expressions IC+ 12 and IC_ 2 give the excitation probability of atom 1 and atom

2, respectively, as a function of time. In Fig. 2-4 we plot the excitation probability

of the two atoms as a function of time. As the plots shows, the photon is coherently

exchanged a number of times between the two atoms before it gradually decays from

the cavity modes.

During time evolution, the state |0(t)) will have maximal overlap with the max-

imally entangled state e) = (le1,gi) - iIgi, ei)) / v2 when IC+(t) C_ (t)|, which
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Figure 2-5: Error (1 - F) of the entangling operation between two qubits located at
two antipodal points within the lens (jr1I = 1r21 = 0.27RO and .1 = 02 +7r). (a) Error

of the entangling operation as a function of the cavity loss rate a = K/wo for four
different lens sizes RO E {1.75, 3.34, 8.11, 14.5}A, where the RO/A ratio was chosen such

that Re(v) = }(V/167r 2(Ro/A) 2 + 1 + 1) E {10.5, 20.5, 50.5, 90.5}. The error increases
as the losses and lens radii increase. (b) Error of the entangling operation for a fixed
loss rate a = 5 x 10-' as a function of the detuning Av = Re(v) - vcenter, where

vcenter E {10.5, 20.5,50.5, 90.5}. Error is plotted for the same four lens radii as in (a).

The error increases with radius and as the frequency approaches one of the resonances.
Numerical results are shown with large dots. Good agreement is obtained between

analytic and numerical data, confirming the validity of the Born-Markov analysis.
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happens when 26wt ~ E + m7, where m E Z. Since in the presence of losses the

fidelity decreases over time, we choose m = 0. Thus, the time needed to reach the

maximal overlap with the entangled state is to = r/(46w) (see arrow in Fig. 2-4) and

the maximum fidelity of the entanglement operation will be

F = I( I@(to))1 2  exp ( cosh . (2.44)
4 6w 4 6w

Eq. (2.44) gives a simple, analytic expression for the fidelity of the entangling op-

eration in terms of y = F(r , ri), ycoop = 1cop(rj, rj) and 6w(ri, rj), which can be

evaluated analytically through Eq. (2.27) and Eq. (2.28). Here, the key figure of

merit is the ratio # = 6w/(7 + -ycop). If the frequency of the atoms is chosen to lie

half-way between two resonances of the fish eye (see Fig. 2-2(b)), the single atom

decay -y and the cooperative decay ycp are small and the dipole-dipole interaction

dominates 1115]. Intuitively, in the absence of losses (-y = -cop = 0), the fidelity of

the entangling operation is 1.

In Fig. 2-5(a) we plot the error in the entangling operation (1 - F) for four

different lens radii as a function of a, where a = r/wo = 1/Q is the inverse of the

cavity Q-factor, characterizing the ratio of the lifetime of the eigenmodes of the lens

to the frequency of the excitation. For all lens sizes, the position of the two atoms

is fixed at two antipodal points such that ir1 = 1r2 | = 0.27Ro and 0i = #2 + 7r.

The ratio of the lens radius to the transition wavelength (Ro/A) was chosen such

that the real part of the order parameter v = !(V/167r 2 (Ro/A) 2 + 1 + 1) associated

with the atomic frequency falls half-way between two resonances of the fish eye for

all four lens radii (i.e. Re(v) = q + 0.5 with q E {10, 20,50, 90}, where note that for

Re(v) = 1, 2,3. .. the transition frequency wo is resonant with one of the eigenenergies

a; of the lens). Clearly, the error increases with increasing a and increasing Ro

(i.e. increasing interatomic distance). The maximal value of the error is 0.5, which

is reached when 3 becomes so small that the initial state has the highest fidelity

(F = I(I V)(0))12 = 0.5).

Fig. 2-5(b) shows the error for a fixed value of a = 5 x 10- for the same four lens
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radii as in (a) and the same antipodal atomic positions. The error is now plotted

as a function of the detuning Av = (Re(v) - center), where Vcenter = q + 0.5 with

q E {10, 20, 50, 90}. Clearly, the error is minimal half-way between the resonances

and increases as the frequency approaches the resonances.

0.95 .--. exact value
approximation

0.90

-0 0.85

0.80 4

, I e I IR0 /0
4 6 8 RA/ 10 12 14 16

Figure 2-6: Maximum fidelity of the entanglement operation as a function of the

lens radius. The fidelity was evaluated at discrete values of RO/A that correspond to

tuning the atomic frequency half-way between two resonances, i.e. Re[v] = m + 0.5,
where m is an integer. The red line marked with circles was obtained from the exact

analytical expression in Eq. (2.44), whereas the blue line marked with squares was
obtained from the approximate expression in Eq. (2.45). Good agreement is obtained

between the two curves. The loss rate was assumed to be a = K/wo= 5 x 10- 4 .

To gain further insight, we assume that the atomic frequencies lie between two

resonances of the lens and obtain the scaling of the fidelity with system parameters

by substituting Eq. (2.36), Eq. (2.37) and Eq. (2.38) into Eq. (2.44). We obtain the

following simple expression

F = e-'Ic/A. (2.45)

In Fig. 2-6 we plot the fidelity of the entangling operation as a function of the lens

radius using both the exact expression in Eq. (2.44) and the analytic approximation

in Eq. (2.45). Very good agreement is observed between the two curves.

Finally, we note that the fish eye lens could be used for entangling many pairs
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of atoms simultaneously. As the radius of the fish eye is increased, the dipole-dipole

interaction at all points further than X/2 away from the antipodal point monotonically

decreases. For lens radii with RO > 5A, the dipole-dipole interaction at the antipodal

point is an order of magnitude larger than anywhere else in the cavity (see Fig. 2-

2(c)). Thus, by placing numerous pairs of atoms into the cavity simultaneously, they

can be entangled pairwise, without substantial interaction between the different pairs.

2.4 Validity of the Born-Markov approximation

In our derivation of Eq. (2.15), Eq. (2.24) and Eq. (2.25) we made use of the Born-

Markov approximation, which presupposes that the environment is large and the

correlation time of the environment is very short compared to the evolution of the

atomic states [38]. Since in our formalism the role of the 'environment' is played by

the modes of the finite cavity, the validity of these assumptions needs to be evaluated

carefully.

In order to verify the validity of the above results, we numerically solve the

Sch6dinger equation, where the Hamiltonian is given by Eq. (2.2) together with the

non-Hermitian term introduced in Eq. (2.21). The form of V is considerably simpli-

fied when the two atoms are placed at two antipodal points within the lens such that

|ri | = r 2 | and 01 =2 +-r. In this case the in-phase combination of the atomic dipole

moments (d,(ai + 0'2)/V2 + h.c.) only couples to the odd modes (1 = 1, 3,5...) and

the out-of-phase combination of the dipole moments (d,(aj - o2 )/V + h.c.) only

couples to the even modes (1 = 2,4, 6...) of the fish eye (see Appendix A.2). This

reduces the size of the Hilbert space, making it possible to efficiently simulate the

system while including a large number of the eigenmodes of the lens with frequencies

close to wo. We further restrict the Hilbert space to have at most a single excitation

in the system.

We numerically determine the time-evolution, starting from the state 4v(O)) =

lei, Y2) via the operator U(t) = exp[-iHt/h]. To obtain the maximum fidelity of the

entangling operation, the overlap of the time-evolved atomic state is calculated with
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the maximally entangled state (le, g) - ijg, e))/V2. In Figs. 2-5(a) and 2-5(b) we

plot the numerically obtained values for the error (1 - F) (dotted lines) for different

lens radii as a function of losses and atom frequencies, respectively. Even though the

analytical results were derived using the Born-Markov approximation and neglecting

retardation [98], good agreement is obtained between the analytic results and numer-

ical data. This confirms the validity of the analytical formalism described in previous

sections.
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Figure 2-7: Physical realization of the fish eye lens using transformation plasmon op-
tics. (a) Effective refractive index n(d) = Re{i(d)} created as a function of the height
of the dielectric d deposited on the silver surface. The inset shows the material losses

X(d) = Im{i(d)} as a function of the dielectric height d. (b) Schematic depiction of
the plasmonic fish eye lens. The two emitters are embedded in the dielectric. The
height of the dielectric varies across the lens, which creates the effective refractive

index distribution of the fish eye lens. The lens is surrounded by mirrors from all

sides (the front part of the mirror has been removed to show the interior).
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2.5 Possible experimental realization

A promising way to realize the fish eye lens is via transformational plasmon optics

[95, 961. The idea behind this approach is to engineer an effective refractive index dis-

tribution for surface plasmon polaritons by depositing a layer of high-index dielectric

on top a 2D silver surface (see Fig. 2-7). By varying the height of the dielectric layer

on the surface, the effective refractive index seen by the plasmons can be changed.

In particular, when there is no dielectric on top of the silver, the effective refractive

index seen by the plasmons is close to 1, whereas in the presence of a thick dielectric

layer, the effective plasmonic refractive index will be close to the refractive index of

the dielectric itself. Through this experimental technique, complex spatially-varying

refractive index profiles can be engineered [95]. Crucially, the behavior of plasmons in

a plasmonic lens with a particular refractive index profile closely mimics the predicted

behavior of classical light rays in the corresponding 2D lens. This correspondence be-

tween 2D classical lenses and quasi-2D plasmonic lenses was theoretically established

in Ref. [951 and experimentally confirmed for the nanoscale Luneburg and Eaton

lenses [961.

We expect that the plasmonic version of the nanoscale fish eye lens could be ex-

perimentally realized analogously to the Luneburg and Eaton lenses. A dielectric

layer of varying height could be deposited on a flat silver surface while the lens is

surrounded by a circular mirror (see Fig. 2-7(b)). To explore the quantum optical

properties of the fish eye, atom-like color defects in diamond could be used as quan-

tum emitters. Subwavelength positioning and coherent manipulation of such color

defects has been experimentally demonstrated previously [116-119]. Recently, the

entanglement of two silicon-vacancy (SiV) color defects inside a nanoscale waveguide

was also demonstrated [120].

For illustration, we provide here an estimate of the entanglement fidelity of two

atoms inside a particular example of a plasmonic fish eye lens. We assume that the lens

operates at 406.706THz, which is the zero-phonon resonance of SiVs corresponding

to a vacuum wavelength of Asiv = 737nm. Furthermore, we assume that the lens has
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a radius of Ro = 1.749 Asiv, which ensures that the SiV resonance falls between two

resonant modes of cavity (Re(v) = 10.5). We also assume that the flat silver substrate

is made of single-crystal silver [121], which at the SiV resonance frequency has a

permittivity of cm = -25.23+0.589i and gives rise to plasmonic propagation distances

on the order of ~ 160 Asiv. It is also assumed that there is a thin (~ 10 - 15nm)

diamond layer on top of the metal that has two SiVs implanted at two antipodal points

such that riI = Jr 2j = 0.27RO and i = 0 2 +7r, as schematically shown in Fig. 2-7(b).

Due to their proximity to the silver surface, the two i-polarized emitters will couple

strongly to the surface plasmons, which are tightly confined to the metal-dielectric

interface.

The spatially varying refractive index n(r) of the fish (Eq. (2.1) with no = 1)

could be experimentally realized by depositing a dielectric of permittivity Ed= 3.6

on top of thin diamond layer. By varying the height of the dielectric between 0 and

200nm, the effective refractive index seen by the plasmons can be varied between 1

and 2. The refractive index of the dielectric (nd = fe = 1.9) was chosen such that

the effective index can reach 2, but a dielectric with even higher index (such as dia-

mond with fdiamond = 5.76) was avoided to ensure that the plasmons are not confined

unnecessarily tightly to the silver surface, which would give rise to significantly higher

ohmic losses.

The direct relationship between the height of the dielectric layer d and the resulting

(complex) refractive index i(d) = n(d) + iX(d) can be obtained from the following

implicit equation [951

tanh(kdadd) = -kairkd ,kdkm (2.46)
kd + kair km

where

kair = (hko)2 - ko, (2.47)

)(k)2 - 2sk
k = -iko Edko (2.48)

Ed

and

km - ,((ko)2 - Emko (2.49)
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where ko = 27r/Asiv and in our calculation we ignored, for simplicity, the presence of

the diamond layer, as it does not significantly modify the effective index seen by the

plasmons as long as the diamond layer is much thiner than the transverse confinement

of the plasmons, which is on the order of a wavelength.

Fig. 2-7(a) shows the real part n(d) and imaginary part X(d) (inset) of the complex

refractive index i(d) seen by the plasmons as the thickness of the dielectric d is

varied. The effective refractive index increases monotonically with the thickness of

the dielectric layer. Since the refractive index of the fish eye increases radially inward

(see Eq. (2.1)), the dielectric layer in the fish eye lens takes a conical shape as shown

in Fig. 2-7(b).

From the imaginary part of the effective refractive index X(d), we can estimate the

average photon loss rate due to ohmic losses via the relation Kas(r)/wo = X(r)/n(r)

(see Section 2.2.5). Since this loss rate varies significantly across the lens, we numer-

ically average X(r)/n(r) over the radius of the lens and obtain the averaged quantity

Nabs(r)/wo ~ 3 x 10-. This is the leading order contribution to the photon loss.

Photons can also be lost from the lens by leaking out through the mirror. Assum-

ing that the reflectivity of the mirror is r2 , we can estimate the loss rate Pmirror/wo. In

the absence of other loss mechanisms, the photon would bounce off the mirror ~1/t 2

times before being lost, where t 2 = I - r2 . The time interval between two bounces is

approximately (2Ro)/(c/n), where RO is the radius of the lens, c is the speed of light

in vacuum and nz is the average index of refraction in the lens. Thus the lifetime of

the photon due to the finite mirror reflectivity is

1 2R0 1
'rmirror ~ r ~ -2 . (2.50)

Kmirror C/h t2

Making the conservative estimate that r2 = 0.95, we obtain the following loss rate

Nmirror ~1 1 Nt 2  4 x 10-4 (2.51)
wo 47r h RO

where we have used n(r) = 1.57, which is obtained by numerically averaging the

refractive index over the radius of the lens. Note that this shows that the losses due
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to the finite reflectivity of the mirror are an order of magnitude smaller than the

ohmic losses.

Next, we consider emission into free space Yo. In the close proximity of a metal

surface, the rate of decay of the emitter into plasmonic modes -y can significantly

exceed the rate of emission into free-space modes yo = d2wO/(37reohc 3) [82, 122]. Here,

we take the Purcell factor to be q = 7/-yo 3, which is the approximate value for

a z-oriented dipole 10-15 nm away from a flat silver surface emitting radiation at

737nm 2. Furthermore, we also make the conservative estimate that the emission to

free space is reduced by a factor of two due to the presence of the silver surface [124].

In order to account for the presence of this additional decay channel, we need to make

the replacement -y -* -y + -yo/2 in Eq. (2.39), and thus Eq. (2.45) becomes

F 1 e-31+j) (2.52)

Note that this equation holds only if the atomic frequencies fall half-way between

two resonances and the atoms are placed at two antipodal points anywhere in the

lens. Substituting Ro/Asiv = 1.749, = (a + 6mirror)/WO = 3.4 x 10-3 and y = 3

into Eq. (2.52), we obtain that the fidelity of the entangling operation would be

approximately F = 80%. We note that this fidelity could be further improved by

utilizing the adiabatic passage of a dark state in a Raman scheme [991.

2.6 Conclusion

In conclusion, we have investigated the single-photon dynamics of atoms inside the

fish eye lens. We demonstrated that the lens mediates long-range interactions between

distant emitters. The dipole-dipole interaction has an infinite range, limited only by

the decay rate of the cavity modes. Furthermore, our results show that the fish eye

focuses a single photon to a diffraction-limited area during the exchange of a photon

2We calculate the Purcell factor exactly near a flat metal surface by evaluating
-pj = 2d 2 w/(heoc 2)Im{G, 2}, where G,, is the exact Green's function of a z-oriented dipole near

the surface 11231
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between two antipodal atoms, whose frequency is tuned between two resonances of

the cavity. We derived closed-form expressions for the decay rates and dipole-dipole

interaction of atoms in the presence of losses and studied the fidelity of entangling op-

erations. We confirmed the validity of our analysis, which relied on the Born-Markov

approximation, by numerically solving the Schrbdinger equation. Finally, we pro-

posed a possible realization for the fish eye lens using tranformational plasmon optics

and silicon-vacancy centers that could open up the fish eye for practical applications.

We note that while this work has focused on atoms whose frequencies were tuned

in-between two resonances, we expect that our analysis can be adapted near resonant

frequencies as well, where the Born-Markov approximation may not be accurate. In

particular, our method for numerically solving the Schr6dinger equation for single

photons could shed further light on whether perfect imaging is possible very close to

the resonant frequencies of the fish eye lens [76-791.
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Chapter 3

Photonic Band Structure of

Two-dimensional Atomic Lattices

3.1 Introduction

Quantum optical properties of lattices of atoms and atom-like emitters are being

actively explored both theoretically and experimentally [109-113, 125-134]. In such

lattices, atoms are assumed to be confined such that tunneling between sites is negligi-

ble and they interact via photon-mediated dipole-dipole interactions giving rise to hy-

bridized atom-photon bands. The photonic band structure of three-dimensional (3D)

atomic lattices has been investigated in a number of studies [109, 126-1291. Recently,

there has been significant interest in the photonic properties of two-dimensional (2D)

atomic lattices, which have been shown to exhibit a variety of remarkable phenomena,

including subradiance [134, 135], near perfect reflection of radiation [110, 132] and

long-lived topological excitations 1113, 131].

In such lattices, a key distinction arises between the radiative interatomic coupling

that gives rise to collective behavior and the radiative coupling to free-space modes

that leads to unwanted losses. In order to fully account for the radiative loss of

atoms, the atomic coupling to all free-space modes, including propagating long-range

photons, has to be considered. Determining the eigenmodes of the lattice in the

presence of such long-range interactions between atoms is a non-trivial task, requiring
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careful treatment in order to obtain accurate results and to understand the photonic

properties of the lattice.

In this Chapter, we describe a general approach for the calculation of photonic

band structures in two-dimensional atomic lattices with arbitrary lattice geometries.

Previously, general methods have been put forward [109, 126-1291 to accurately cal-

culate photonic band structures for 3D infinite atomic lattices. Here, we make use

of the general approach described in Refs. [109, 1291 and focus on 2D lattices, where

the axial symmetry is broken along the third dimension. Previous photonic calcula-

tions involving infinite 2D atomic lattices were either restricted to two-level atoms in

a square lattice [134], required summations in real-space where convergence is slow

1110, 1311, or relied on the method that we will now describe in detail [1131. As an

application of our method, we study the topological properties of both Bravais and

non-Bravais lattices in free space.

1g)

Figure 3-1: Constituent atoms in the 2D atomic lattice. Each atom is assumed to

have one ground Ig) and three excited states lI+), ou-) and br) that can be Zeeman

split by a magnetic field.

Furthermore, our formalism can also be used to describe two-dimensional lattices

of emitters near planar surfaces. As a novel application, we study atomic lattices

close to plasmonic surfaces and describe their emerging topological character. We

note that studying the emission pattern of dipoles near metallic surfaces has been an

active research area for over a century [1361 and has been at the forefront of plasmonics

research over the past few years [82, 121, 137-1421. Our work provides a new and

simple framework to study the collective decay rates into both free-space modes and
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plasmonic channels of a periodic lattice of dipole-like emitters near a metal surface,

while also taking into account realistic metallic dispersion.

This Chapter is organized as follows. In Section 3.2 we describe a general analyti-

cal approach to finding the Bloch modes of an infinite two-dimensional atomic lattice.

In Section 3.3 we apply our formalism to analyze a non-Bravais square lattice and a

triangular lattice of atoms in free space and discuss their topological properties. In

Section 3.4 we discuss a square lattice and a triangular lattice of atoms in the vicinity

of a silver surface and discuss the topological properties of the latter. Key results and

conclusions are summarized in Section 3.5.

3.2 General formalism

We consider a 2D lattice of atoms in the x-y plane with interatomic spacing a. The

quantization axis i is perpendicular to the plane of the atoms. Each atom is assumed,

for simplicity, to have transitions from the ground state 1g) to the excited states

lo+) = F(Ix) ily))/V2 and 1,r) = 1z), which are excited by 6,+ and 2 polarized light

respectively (Fig. 3-1). Note that our formalism can be extended in a straightforward

way to describe atoms with different internal level structures as long as only a single

ground state is considered.

3.2.1 Hamiltonian

We use the dipole approximation to write down the Hamiltonian describing the in-

teraction of the atoms with the quantized radiation field [109, 129, 1431

N

H h EWA ( +,nO +,n -I--,n)(U-,nI + Irn)(wFnl
n=1

N

+]d 3 k Ahckatak, - d -E(rn) + Hzeeman, (3.1)
E n=1

where N is the number of atoms, WA = 2'wc/A is the atomic transition frequency with

wavelength A and c is the speed of light in vacuum. Here jIa,n)(a+,n and 7n)(wrnI
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represent operators that only act on the subspace of the n-th atom. The creation and

annihilation operators of the electromagnetic field satisfy [ak,, at,,, - k'),

where k is the wave vector with magnitude k = Iki and c labels the two photon po-

larizations ek perpendicular to k. The atomic transition dipole operator is given by

d = d(r+)(gj6-+ + o-_)(g|&_ + jir)(g|2) + h.c., where we assume, for simplicity, that

all three transition dipole moments are equal. The dipole operator couples to the

quantized transverse electromagnetic field modes E(r) = f d3 k [sskakEeikr + h.c.1,

where E= i(2- - 3/ 2 [hkc/(2co)]1/ 2 and r,, denotes the position vector of individual

atoms. The Hamiltonian accounting for the Zeeman splitting of the atoms is given

by

N

Hzeeman = h EIB(Io+,n)(a+,n - I,-,n)(o-,nI), (3.2)
n=1

where ptB is the Zeeman shift of the atomic levels with magnetic moment p due to

an out-of-plane magnetic field B = B .

Following the adiabatic elimination of the reservoir degrees of freedom via the

Born-Markov approximation [109, 126-129, 134, 143, 144], we obtain a master equa-

tion for the evolution of the system density operator p(t), which in the single excitation

sector is given by

- (HepffP - pH'ff) (3.3)

6-ghFoc N
+ Y E Im Gcj#(ri - rj) Igi) (ai Iplj) (gj 1,

i,j=1 a,#=a+,o-,7r

where the non-Hermitian, effective spin Hamiltonian reads

N 
F

Heff = h (WA - 12 ) al I+ Hzeeman
i=1 a=O,/O-,_ 7r

+ 31rhdoc E / 3 G a (r - r) a ig)e , (3.4)

and 170 = d 2WI/(37rcohC3) is the radiative linewidth of a single atom in free space arid
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Gay (r) is the dyadic Green's function describing the dipolar spin-spin interactions (see

Section 3.2.4). Note that as part of the Markov approximation, the only frequency-

dependence is through the atomic frequency WA [134].

The first term on the right-hand side of Eq. (3.3) describes the deterministic

evolution of the atomic wavefunction and includes dipole-dipole interactions mediated

via photon exchange, whereas the second term accounts for stochastic quantum jumps

[134, 145-147]. In the absence of a driving field, the dynamics in the single excitation

sector is completely characterized by the non-Hermitian Hamiltonian in Eq. (3.4),

since a quantum jump prepares the system in a trivial state where all atoms are in

their ground states and the system does not evolve. Therefore, it is not necessary to

keep track of these quantum jumps and the system dynamics can be studied without

including the second term on the right-hand side of Eq. (3.3). The time evolution of

the system is then described by the non-Hermitian Hamiltonian in Eq. (3.4) via the

equation

Heffj(t)) = ih~t|V(t)), (3.5)

where the overall decrease in amplitude reflects the dissipative transfer of population

to the ground state.

3.2.2 Bravais lattices

For an infinite periodic Bravais lattice, which has a single atom per unit cell, the

single excitation eigenmodes of Eq. (3.4) are Bloch modes of the form

L?'kB) =ZeikB.R (c+I0+,n) ) + C.zIzn) (3.6)
n

where the summation runs over all lattice vectors {Rn}, kB is the Bloch wavevector,

and c+, c- and cz are constants that depend, in general, on kB.

It is convenient to solve for and manipulate the dyadic Green's function in the

Cartesian basis. Therefore, we transform Eq. (3.4) and Eq. (3.6) using the relation

lo+) = -(Ix) iy))/v 2 and perform all calculations in the Cartesian basis in the
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rest of this Chapter.

Using the Bloch ansatz for the wavefunction, finding the eigenvalues EkB of the

effective Hamiltonian Heff reduces to diagonalizing the following 3 x 3 matrix M,

whose components are given by

M'3 = (OA - i]o7/2) + g + Xap7  (3.7)

where a, 3 = x, y, z label the polarization components, and &,g is the Kronecker delta.

Here (og and X,3 stand for the components of the complex matrices accounting for

the magnetic field and the atom-atom interactions, respectively, and take the form

(af = -i pB(6axoay - 6J 6aBx), (3.8)

and

Xa/ = 37Foc S eikB'RGa(R). (3.9)
OA R$O

The matrix M captures how the energy levels, decay rates, and internal level couplings

of a single atom are affected by the magnetic field and the presence of all the other

atoms in the periodic lattice for a given Bloch vector kB. For example, the matrix

element xry captures how the Ix) state of an individual atom is affected by the

couplings to the ly) states of all the other atoms in the lattice. The diagonalization

of M yields three complex eigenvalues for each value of the Bloch vector kB of the

form EkB = WkB - 'YkB, where the real part WkB corresponds to the energy of the

Bloch eigenmode and the imaginary part _YkB characterizes the overall decay rate of

the mode.
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3.2.3 Non-Bravais lattices

For an infinite periodic non-Bravais lattice, with m sites per unit cell, the single

excitation eigenmodes of Eq. (3.4) are Bloch modes of the form [148]

Z= eikB-Rnc b b _ Ic + CZ'), (3.10)
n b=1

where b labels the different atoms within the unit cell. In this case, the eigenmodes

of the system are obtained by diagonalizing a 3m x 3m matrix.

For simplicity, we focus on non-Bravais lattices with two sites per cell, but the

formalism can be extended in a straightforward way to include more sites per cell.

For m = 2, the non-Bravais lattice can be thought of as a lattice arising from the

union of two sublattices {R1 } and {R 2 }, which are shifted with respect to each other

by the basis vector b that points from one site to the other within the periodic unit

cell. With this notation, the matrix components of the relevant 6 x 6 complex matrix

M are given by

May, = ( 2) -ilo/2 
6 /61yL1V+ op,/u

+ (f2) - iFo/2) 6 ,i3 6 2, 62,v + Xay,/u, (3.11)

where Wi and wA( are the transition frequencies of the atoms located on the two

sublattices, while p and v are sublattice labels than run over [p, v = 1, 2. The terms

accounting for the magnetic field interaction are given by

= -- iiB(JaxJOv - JayJ6x)(
6

1,
6

1v + 621k2v), (3.12)
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and the terms describing the atom-atom interactions take the form

37rIoc ik-RG
Xay,43L R1i$E eik~ Gc,,(R1  it~i

WA R1 0

+ E eikB-R1G (R1 + b)6j,62v
R1

+ E eikB-R2Ga3(R 2)62p6 2v
R2:AO

+ Z eik-R2Gafl(R 2 - b)62,lvl, (3.13)
R2

where we have used the fact that |A) - Af|/wy < 1 to replace all occurrences

of C( with (1 in Xa,,3v and factor out a common prefactor. In Eq. (3.13) the

first term on the right-hand side describes how atoms in sublattice {R1 } affect each

other, whereas the second term describes how atoms in sublattice {R1 } are affected

by atoms in sublattice {R2}. The third and fourth terms can be interpreted similarly.

In principle, the eigenmodes of the lattice can be directly calculated from Eqs. (3.7)

and (3.9) for Bravais lattices, and Eqs. (3.11) and (3.13) for non-Bravais lattices for

arbitrary lattice geometries using the expression for the Green's function in real space

and summing over all lattice sites. However, in the presence of long range interac-

tions, as for example in free space, the summation over the lattice sites converges

very slowly, making accurate numerical computations difficult. Furthermore, in cer-

tain geometries, e.g. near planar surfaces (see Section 3.4), no closed form expression

exists for the Green's function in real space. Below we describe a method to perform

the relevant summations in momentum space, where convergence is fast and the ex-

pression for the Green's function in momentum-space can be used for the calculation,

which is typically easier to obtain than the equivalent expression in real space.
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3.2.4 Dyadic Green's function

The dyadic Green's function Gp that appears in Eqs. (3.3), (3.4), (3.9) and (3.13) is

the solution of the dyadic equation [1041

W2
E(a, r)- -G,(r, r') - (0,, - cO?7d71) G,,(r, r') = 6.p6(r - r'), (3.14)

where r = xx + y9 + z2 and r = Irl. Summation is implied over repeated in-

dices. The dielectric permittivity E(w, r) is potentially spatially inhomogeneous and

frequency-dependent and we assume a non-magnetic medium with magnetic perme-

ability p(w, r) = 1. Physically, the Green's function describes the electromagnetic

radiation at position r emitted by a point-like dipole oscillating at frequency w at

position r'.

In free space, the permittivity is E = 1 and Eq. (3.14) has a closed-form solution

for the free-space dyadic Green's function GO,,O (see Appendix B.1). The components

of the Green's function with radiating boundary conditions are given by [104, 149]

ikr 1
Go,a(r) = [1 + 2 k ar 3

4j1r kr k2

+( ) + + 6C0(3)(r) (3.15)
kr (kr)2 r2 3k2 '

where k = w/c and we have used the fact that the Green's function only depends on

r - r' to write it with a single argument. This is the well-known expression describing

dipole-dipole interactions in free space, which can also be derived using conventional

quantum optical techniques [38, 98].

In the presence of planar interfaces, the expression for the dyadic Green's function

gets more complicated and the components can be evaluated in a closed form only in

momentum space. The explicit expressions for the moment um-space components of

the Green's function near planar surfaces are described in detail in Appendix B.4.
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3.2.5 Summation in momentum space

From Eq. (3.15) it is clear that the Green's function decays as - 1/r in the far-field

limit. In the presence of such long-range interactions between atoms it is desirable

to perform the summations in Eq. (3.9) and Eq. (3.13) in momentum space, where

all sums converge rapidly as previously noted. The summation in position space is

transformed to a summation in momentum space using the following form of Poisson's

identity

ei(px-y+kB)-R _ Z(2) 26( 2 )(PX-y + kB - G), (3.16)
R G

where px-y = pxX + pyY, A is the area of the unit cell and the reciprocal lattice

vectors {G} are related to the lattice vectors {R} by G - R = 2wrm for integer m

[150]. Making use of Eq. (3.16), we obtain

E eikB'-G (R) = >eikB-R G (R) - Gc[(0)
ROO R

I E ga,(G - kB; 0) - Gaf(0), (3.17)
AG

where we have used the Weyl decomposition of the Green's function in terms of 2D

plane waves [1511, which is defined via

G,, (r) = dP9d (gP-; z)egzx+yy). (3.18)

In free space the Weyl decomposition is given by (see Appendix B.1)

z =J z~z I k 2 6j - p 

(paP31

9aj3(PX-v; Z) = 'e k kz', (3.19)
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where p = p2 + p + p . Following similar reasoning, we also obtain

E eikB-RGay(R + b)
R

1 E gal(G - kB; 0)e+ib-(G-kB). (3.20)
G

3.2.6 Green's function regularization and quantum fluctua-

tions

In order to evaluate the right-hand side of Eq. (3.17), special care has to be taken.

While the left-hand side of Eq. (3.17) is finite and physically meaningful, the two

terms on the right-hand side diverge individually - only their difference is finite. An

established technique to avoid such divergences is to take into account the quantum

fluctuations of the particles 1109, 129]. These fluctuations 'smear out' the divergent

part of the Green's function at r = 0 over a finite volume, making it finite. In practice,

this can be achieved by averaging the free-space Green's function with respect to the

ground state wavefunction of a harmonically trapped atom [109, 129]

G* 3(r) = d3q Go,ao (r - q)1I'o(q)j 2 , (3.21)

where io(q) is the ground state wavefunction of a quantum harmonic oscillator of

frequency wch = h/(2ma 0 ) given by

-o(q)2  1/2.
S2aho)3(3.22)

Performing this integral with r = 0 yields the following non-divergent, closed-form

expression for the fluctuation-averaged Green's function at the source [109]

k [ erfi(kahoIV2') - i (-1/2) + (kaho )2
67 _ e(kao_)2/2 ))1/2(kaho)3 a ,

where erfi(b) = 2/ fo dy exp(y2) is the imaginary error function.

The regularization techniques of Refs. [109, 129] can be specialized to the two-
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dimensional lattice to derive the fluctuation-averaged Weyl decomposition of the

Green's function g*(p,-,;0) in the z = 0 plane (see Appendix B.2 for details of

the derivation). The components of the resulting expression are given by

g..(px-=; 0) = (k 2 -p)4,

g*,(px-y; 0) = (k2 _

g*z(px-y; ) = (k 2
0 _ 1 2 ),

g2 (pX-V; 0)= g* (pX-Y; 0) = -PXPYjO

g.*(PX-y; 0) = gz*2(P-; 0) = 0,

9'z(P2-y 0) = gz*V(P-Y;O) =0. (3.24)

where

aO (PX, Py) C A / 2  i + erfi a )1, (3.25)

and

12(px, Py) = ah + e-hoA 2 /7A -i + erfi (a'A) (3.26)

The functions C and A depend on px and py and their explicit form is given by

C(pX, pY) = 27rk2 e h0(o+2)/2 (3.27)

and

A(p, py) = (k 2 PX2)1/2 > 0. (3.28)

We note that the last two lines in Eq. (3.24) are identically zero, since the polarization

of the radiation emitted by a dipole is always parallel to the dipole orientation in the

plane perpendicular to the dipole.
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After substituting the regularized expressions from Eq. (3.23) and Eq. (3.24) into

Eq. (3.17) and Eq. (3.20), we may use Eq. (3.7) and Eq. (3.9) (or Eq. (3.11) and

Eq. (3.13)) to obtain the eigenmodes of any Bravais (or non-Bravais) 2D lattice in

the presence of atomic fluctuations.

Furthermore, the eigenmodes for point-like atoms (that are pinned to their lattice

sites) can also be obtained through the simple modification of the fluctuation-averaged

expressions for the Green's function. In particular, it can be shown (see Ref. 1109]

and Appendix B.3) that the expression

e 2a 2 Ie kahS/2 g*j3(G - kB; 0) - G*(0) (3.29)
G

approaches an aho-independent value as the limit aho -+ 0 is taken. Therefore, when

aho < 1/k, the following approximation holds

k k2 a 2/2

e ikBRGo(R) ~ g* (G - kB; 0) - G*3 (0). (3.30)
ROA G

Using this approximation in Eq. (3.9) or Eq. (3.13), we obtain the eigenmodes for

arbitrary 2D lattice geometries made up of point-like atoms.

The regularized expressions given above provide a straightforward, efficient and

accurate way of calculating the eigenmodes of any 2D lattice composed of point-like

or fluctuating atoms. Since we perform the summations in momentum space, only a

few dozens of reciprocal lattice sites have to be included for full convergence. This

contrasts sharply with performing summations in real space, where convergence often

remains an issue even after tens of thousands of lattice sites have been included. To

illustrate our formalism, we analyze below particular examples of 2D atomic lattices

in free space and near planar metallic surfaces.
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3.3 Atomic lattices in free space

As an application of our formalism, we study 2D atomic lattices in free space. We

focus on two examples - a non-Bravais square lattice of three-level atoms and a

triangular lattice of three-level atoms - and discuss their topological properties.

3.3.1 Non-Bravais Square lattice of three-level atoms

As our first example, we consider a non-Bravais square lattice of closely spaced (a

A/20) atoms in free space as shown schematically in Fig. 3-2(a). The properties of

a non-Bravais honeycomb lattice in free space was studied previously in Ref. [1131,

where long-lived topological edge states were shown to exist on the system boundaries.

Here, we show that a non-Bravais square lattice also supports long-lived topological

edge excitations. These results demonstrate that these topological phenomena are

not confined to any particular non-Bravais lattice geometry. Later, we will also see

that these results stand in contrast with those obtained in Bravais lattices, where

edge excitations are short-lived.

The atomic non-Bravais square lattice lies in the x-y plane with the quantization

axis set along the z-axis and the interatomic spacing is a. Each atom is assumed to

have two excited states lI+) and jo-_), which can be excited by &+ and &_ polarized

light, respectively. Note that the atoms could also have a transition to the Iz) state,

but from Eq. (3.15) (see also Eq. (3.24)) it follows that Gx2 = Gzx = GYZ = Gzy = 0

in the x-y plane and, therefore, the u transitions are decoupled from the transition

to the Iz) state and we can ignore the latter. The lattice is assumed to consist of

atoms of two different resonant transition frequencies (1) (red atoms in Fig. 3-2(a))

and W= + 6w (green atoms), where 6w is a non-zero energy shift that may

originate from having two different atomic species or a position-dependent Stark-

shift. Here we assume that the atoms are point-like and their position is fixed.

First, we consider the atomic lattice in the absence of a magnetic field. After

substituting Eq. (3.20) and Eq. (3.30) into Eq. (3.13), we diagonalize the matrix in

Eq. (3.11) to obtain the complex eigenvalues Ek, = wkB - kB, for each Bloch vector
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Figure 3-2: (a) Non-Bravais square lattice of atoms in free space. Atoms marked

in red (green) have resonant frequency WA (wf = w 4 + 6w). Each atom has two
excited states J-+) and lo-) that are Zeeman shifted by t 1 B in the presence of an
out-of-plane magnetic field B. (b) Part of the photonic band structure of the lattice
for B = 0. Green dashed lines mark the edges of the light cone. Modes that have
quasi-momentum kB < Wk, (green shaded region) can couple to free-space modes of
the same momentum, making them short-lived. Modes that have quasi-momentum
kB > Wk, cannot couple to free-space modes and are long-lived. Decay rates of the
modes are color coded. Bands are degenerate near the mid-point of the line joining
the X and r points. (c) An out-of-plane magnetic field (IpB = 20F0 ) opens a gap
(A = 71O) between the bands (grey shaded region). The bands acquire non-trivial
Chern numbers (purple numbers). Relevant parameters are A = 790nm, 6w = 301PO,
FO = 27r x 6MHz and a = 0.054A.
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kB inside the Brillouin zone. Fig. 3-2(b) shows the resulting band structure along the

lines joining the high symmetry points r, M and X inside the irreducible Brillouin

zone (see inset of Fig. 3-2(b)).

The decay rates of the modes (-ykB) are shown using a color code. The edges of the

light cone are marked by green dashed lines at kB = 27r/A. These lines correspond

to free space modes propagating in the x-y plane with maximal in-plane momentum

kB = Wk,/c. All other free-space modes have an in-plane momentum component

that satisfies kB < WkB /c (green shaded region in Fig. 3-2(b)). The hybridized atom-

photon modes of the atomic lattice with quasi-momentum kB < WkB/c can couple to

free-space modes with matching momentum and energy, making these lattice modes

short-lived. In contrast, lattice modes with quasi-momentum kB > WkB,/c cannot cou-

ple to any of the free-space modes due to the momentum mismatch (since (klk') = 5kk'

in the momentum eigenbasis) [113, 1341. Therefore, lattice modes with kB > ukB/C

are decoupled from free-space modes and do not decay when the lattice is infinite.

This distinction between short-lived modes inside the light cone and long-lived

modes outside the light cone is well-known in the literature of photonic crystal slabs,

where periodic subwavelength dielectric structures are used to confine light in quasi-

2D structures [411. We also note that even though the edges of the light cone indeed

trace out a conical shape in k-space, the dashed green lines in Fig. 3-2(b) appear

vertical as we are only looking at a small energy range of a few linewidths around the

atomic transition frequency and Fo < WA at optical frequencies.

Due to the underlying symmetries of the lattice, the bands in Fig. 3-2(b) form

Dirac cones along the paths joining the F point with the four X points and there is a

quadratic degeneracy at the F point. These degeneracies arise due to the degeneracy

of the Iu+) and ja) transitions in the absence of a magnetic field. When a magnetic

field B = B; is switched on, the energy levels of the Iu ) transitions are shifted

by B due to Zeeman splitting. Breaking the degeneracy of the Ia+) and Ia-)

transitions lifts the degeneracy of the bands and a complete band gap forms across

the Brillouin zone (grey shaded band in Fig. 3-2(c)).

We investigate the topological character of the bands by calculating their Chern

66



numbers [14], which are defined via the integral

C_ = J Vk x A(kB) -dkB. (3.31)

The integral is performed over each band inside the irriducible Brillouin zone and the

integrand is curl of the 'Berry curvature', which is defined via

A(kB) = (ObkB I ZVkB I"B), (3.32)

where VkB is the wavefunction of the Bloch mode with Bloch momentum kB. We use

the discretization method in Ref. [1521 to numerically obtain the Chern numbers for

the bands. The resulting non-zero Chern numbers for the bands above and below the

gap are shown in Fig. 3-2(c). The four Dirac points between the two middle bands

contribute +2 and -2 to the Chern numbers of the upper and lower bands respectively.

At the same time, the quadratic degeneracy between the top two bands contributes

+1 and -1 to the upper and lower bands respectively. Thus the three bands, from top

to bottom, acquire Chern numbers +1, (+2-1)=+1 and -2.

Band gaps between topological bands are associated with edge states [14]. We

investigate the spectrum of edge states by finding the eigenmodes of a periodic strip

of the atomic lattice (see Fig. 3-3(a)). The calculation proceeds by defining an MxN

lattice of atoms in real space, where the lattice has periodic boundary conditions along

the first direction (Fig. 3-3(a)). The interactions between atoms is calculated using

Eq. (3.4) and the range of the interactions is truncated after M/2 sites1 . The wave-

functions of the resulting eigenmodes are then Fourier-analyzed to find km, the com-

ponent of the Bloch quasi-momentum along the x-axis, associated with each mode.

Fig. 3-3(b) shows the spectrum of Heff for such a configuration, where the eigen-

ergies are plotted versus k.. Edge modes on the lower and upper boundaries of the

'Since the interactions are long range (~ 1/r), assuming periodic boundary conditions along one
direction requires the truncation of the range of interaction. This leads to small deviations in the
decay rates, potentially making them negative. This is an artifact of our numerical method with no
physical significance. When the edge modes are obtained for a lattice of atoms that is finite in all
directions (see Fig. 3-4), no such truncation is necessary and all decay rates are non-negative.
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edge modes propagating only in a single direction. (b) Modes that propagate on the
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Extended bulk modes are marked with dots. There are two sets of edge modes on

each boundary. Decay rates of modes are color coded. The edge modes cross the gap

with quasi-momentum kB > Wk, and thus are long-lived. Parameters are the same as

in Fig. 3-2(c). The spectrum was obtained for a 80x40 lattice of atoms with periodic

boundary conditions along one direction. A state is classified as an edge state on the

(upper) lower boundary if the excitation probability on the top (bottom) four rows

is at least 15 times the excitation probability on the bottom (top) four rows.
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strip are marked by diamonds and squares respectively. The edge states cross the

gap connecting the two bulk bands. Since the sum of the Chern numbers above and

below the band gap is +2 and -2 respectively, there are two sets of edge modes on each

boundary. Note that both sets of edge modes on the lower boundary carry energy to

the right, whereas both sets of modes on the top boundary carry energy to the left.

Since energy flow is unidirectional on each boundary, these edge states carry energy

forward without backscattering. Crucially, we find that the edge modes cross the gap

outside the light cone with quasi-momenta kB > WkB/c. Therefore, these edge states

do not couple to free-space modes due to the momentum mismatch, making them

long-lived with decay rates much smaller than 1o/2. This suppression of losses is the

key result, which leads to long-lived edge excitations. Such edge excitations can carry

energy around the boundaries of the lattice with minimal losses.

Fig. 3-4 shows a snapshot of the excitation probabilities during the no-jump time

evolution of the system when a single atom is continuously excited by a laser on

the boundaries of the lattice. If the driving field is weak, the dynamics are essen-

tially captured by the single excitation description introduced above. We add to

Eq. (3.10) the ground state component +c9 Ig,) of the driven atom and Ig.) is cou-

pled to the excited states I9+,*) and lo_,,) of the atom by adding the driving terms

Q(t) (lu+,.)(g*J + J_,.)(gJ + h.c.) to the effective Hamiltonian Heff. We obtain the

time-evolved wavefunction at time t by numerically finding

I b(t)) = exp (- iHeff/ht) 10(0)), (3.33)

where the excitation is initially in the ground state of the driven atom (I (g. I'V)(0)) 12 =

1). The laser is resonant with the edge states inside the band gap and is switched on

adiabatically to avoid exciting non-resonant modes. We find that approximately 96%

of the excitation emitted by the atom is coupled into the edge modes carrying energy

in the clockwise direction, while coupling into modes circulating anti-clockwise and

into the bulk modes is strongly suppressed due to the gap and topology. Given the

absence of channels for backscattering and highly suppressed coupling to free space
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Figure 3-4: Snapshot of the time evolution (at t = 11.1'- 1) of a finite non-Bravais
square lattice in free space with an irregular defect. An atom on the edge (marked

by the red star) is driven by a laser (see inset). The color code depicts the excitation
probability I (4(t) 1) 12 + (,0(t) IL) 12 at each site. Approximately 96% of the emit-
ted excitation is coupled into the forward direction. Emission into bulk modes and

the backward edge modes is suppressed. The excitation goes around the corners and
routes around the large, irregular defect, which demonstrates the robustness of the
topological excitation to disorder. Relevant parameters are N = 1576, A = 790nm,
6w = 301o, FO = 2- x 6MHz, a = 0.054A and pB = 201FO. The strength of the drive
is Q = 0.1lo and the driving frequency is WL = WA 1817O. The driving laser is adia-

batically switched on with a Gaussian profile Q(t) = Q exp(-[t - 4.51F-1] 2/[1.351PO 2])

for t < 4.5f.
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modes, the excitation routes around corners with approximately 97% efficiency as well

as around the irregular defect with approximately 86% efficiency. We emphasize that

these results illustrate the key point that topological quantum optical systems are

protected against both losses into free space and large defects in the lattice. We also

note that qualitatively similar results were obtained in the non-Bravais honeycomb

lattice in Ref. [1131.

3.3.2 Triangular lattice of three-level atoms

Topological photonic bands in atomic lattices can also be obtained when a ~ A/2

- a trapping regime that is routinely explored in cold atom laboratories worldwide

11531. Fig. 3-5(a) shows a triangular Bravais lattice of atoms in the x-y plane in free

space with a = A/2 and quantization axis along the z-axis. As in the case of the

non-Bravais square lattice, each atom is assumed to have two excited states lua) and

lou-).

Initially, we assume point-like atoms in zero magnetic field. After substituting

Eq. (3.30) into Eq. (3.9), we diagonalize the matrix in Eq. (3.7) to obtain the com-

plex eigenvalues. Fig. 3-5(b) shows the band structure along lines joining the high

symmetry points r, K and M of the Brillouin zone (see inset of Fig. 3-5(b)).

The decay rates of the modes 7kB, are encoded using a color code and the light

cone edges are marked by green dashed lines. Given the a = A/2 spacing of the

atoms, the boundaries of the irreducible Brillouin zone are close to the light cone

edges. Therefore, the modes are decoupled from free-space modes only in a small

region near the perimeter of the irreducible Brillouin zone.

The bands in Fig. 3-5(b) form a Dirac cone at the K point and a quadratic

degeneracy at the F point. When a magnetic field B = B is switched on, the

degeneracies are lifted and a small gap forms across the Brillouin zone (shaded band in

Fig. 3-5(c)). The bands acquire non-zero Chern numbers (purple numbers) indicating

the topological nature of the bands.

Fig. 3-5(d) shows the band structure in the presence of a magnetic field when the

fluctuations of the atoms are taken into account. The plot is obtained by substituting
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Figure 3-5: (a) Triangular lattice of atoms with interatomic spacing a in free space.
Each atom has two excited states |c-+) and lo,-) with Zeeman-splitting pB due
to an out-of-plane magnetic field B. (b) Photonic band structure for B = 0 and
point-like atoms pinned to their lattice sites. Green dashed lines mark the light

cone edges. Modes with quasi-momentum kB < k, (green shaded region) couple

to free-space, making them short-lived. Modes with quasi-momentum kB > wk, are

long-lived. Decay rates of the modes are color coded. Bands are degenerate at the

F and K points. (c) A transverse magnetic field (pB = 0.510) opens a small gap

(A = 0.5 0 ) between the bands (grey shaded region). The bands acquire non-trivial
Chern numbers (purple numbers). (d) When the atoms fluctuate around the lattice

sites, the size of the gap is reduced. Here the amplitude of fluctuations is ah. = 0.4a.

Relevant parameters for all three plots are A = 790nm, IFO = 27r x 6MHz and a = A/2.
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the regularized expressions from Eq. (3.23) and Eq. (3.24) into Eq. (3.17) and diag-

onalizing Eq. (3.7) with a = A/2 and ah. = 0.4a. Since fluctuations smear out the

relative phases between sites, the band gap becomes smaller relative to the case when

atoms were assumed to be point-like. For even larger fluctuations the gap closes. We

note that the band structure is not significantly affected by fluctuations as long as

aho < 0.15a.

The presence of the gap between the topologically non-trivial bands implies that

for a finite lattice, edge states appear on the system boundaries. However, since

the boundaries of the light cone are very close to the boundaries of the irreducible

Brillouin zone, all edge states will fall within the light cone. Therefore, all edge states

couple to the free-space modes, making them short-lived. This makes energy transfer

with these edge states impractical. The spacing of the atoms can be reduced slightly

to increase the size of the Brillouin zone and establish larger areas that are outside the

light cone. However, as the spacing between atoms is reduced, the gap size gradually

decreases and closes before the edge states cross the edges of the light cone. This

stands in contrast with the case of a honeycomb lattice of atoms, where the gap size

increases as ~1/a 3 with decreasing interatomic distance [113].

Qualitatively similar results can be obtained in a square Bravais lattice of atoms

with a ~~ A/2 and identical atomic level structure. In this case, quadratic degeneracies

form both at the F and M points. A magnetic field lifts the degeneracies, opening

a gap. The size of the gap varies with interatomic spacing and is non-negligible

(A ~ 0.517O) only when a ~ A/2. The maximum gap size is generally smaller in the

square lattice than for a triangular lattice with similar parameters, as the Brillouin

zone of the square lattice is less circular than that of the triangular lattice 1401.

3.4 Atomic lattices near a metalic planar surface

The study of dipole-like atomic emitters near metallic surfaces has received significant

attention lately as part of recent research efforts into plasmonics f82, 121, 137-1421.

The technique developed so far can be extended in a straightforward way to describe
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atomic lattices in the vicinity of planar metal surfaces as long as the plane of the

atomic lattice is parallel to all surfaces, thus ensuring that translational invariance

is preserved in the x-y plane. Here, we analyze atoms placed near a single metal-

dielectric interface. In Appendix B.4, we also discuss how our method generalizes to

describe atomic lattices in the presence of arbitrarily layered planar media.

We assume that the plane of the atomic lattice lies at z = 0 and the metal-

dielectric interface is located at a distance h below the dipoles at z = -h. The

eigenmodes of the atomic lattice are then obtained form Eq. (3.7) and Eq. (3.11) by

substituting G0 3 into Eq. (3.9) and Eq. (3.13), where G 13 is the solution of Eq. (3.14)

with the following spatially inhomogeneous and frequency-dependent permittivity

E(w, r) = Ed, if z > -h (3.34)
EM(w) < 0, if z < -h

where Ed is the permittivity of the dielectric and 6m(w) is the frequency-dependent

permittivity of the metal. In the presence of a planar interface, there is no known

closed-form solution for G,, in position space. In contrast, it is possible to exactly

solve for the Weyl decompositon ga(p 1 ,; z) in momentum space in the presence of

arbitrarily layered planar media (see Appendix B.4 for more details), which allows us

to efficiently perform the band structure calculations using the expressions Eq. (3.17)

and Eq. (3.20)2.

For illustration, below we analyze two examples of atomic lattices near plasmonic

surfaces - a square lattice of four-level atoms featuring a non-topological gap and a

triangular lattice of three-level atoms giving rise to topological gaps.

2We note that using the exact Green's function in momentum space has the other advantage of
allowing us to account for the interaction of the atoms not only with surface plasmons, but also with
other types of surface waves, which are collectively known as "creeping waves" or "quasi-cylindrical
waves" [139, 154-1561
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Figure 3-6: (a) Square lattice of atoms with interatomic spacing a and distance h

from a silver surface. Each atom has three transitions to the lo+), |7r) and Jo-) states.

(b) Band structure of the lattice. Green dashed lines mark the edges of the free-space
light cone (green shaded region), purple dashed lines show the plasmonic dispersion of
the metal surface. Decay rate of the modes is color coded. Due to the strong coupling

of the [r) state to the plasmons, a non-topological gap opens in the spectrum (grey
shaded region). Relevant parameters are A = 737nm, 1'o = 27r x 0.95MHz, a = A/3
and h = A/10.

75



3.4.1 Square lattice of four-level atoms

As our first example, we consider a square lattice of atoms in free space (Ed = 1)

near a silver surface as shown in Fig. 3-6(a). Each atom is assumed to have three

excited states ou+), lo-) and [7r), which are excited by &+, &- and i polarized light.

The atoms are assumed to be very close to the surface h < A, such that coupling

to plasmons is strong at optical frequencies. For the frequency-dependent dielectric

permittivity of metal we use the material properties reported for single-crystal silver

in Ref. [1211, which were experimentally shown to give rise to propagation distances

on the order of 150-200A for plasmons at optical frequencies. Therefore, we disregard

the imaginary part of the permittivity with the understanding that the propagation

distance of the hybrid atom-plasmon modes of the lattice is eventually limited by

ohmic losses. For a discussion of the notion of band gaps in the presence of losses see

Ref. [125].

Fig. 3-6(b) shows the band structure of the atomic lattice near the metal surface

with a = A/3 and h = A/10. Due to the proximity of the metal surface, the in-plane

components of the electromagnetic field are small. Therefore, the bare resonant energy

WA of the log) and ou) transitions of the individual atoms is not strongly affected

by the presence of the other atoms, resulting in the two nearly flat bands near WA.

In contrast, the 17r) transition couples strongly to plasmons, which are predominantly

polarized along i. The strong interaction splits the polarized band into two bands

(top and bottom band in Fig. 3-6(b)), resulting in a (non-topological) band gap. At

energies inside the band gap no plasmonic modes can propagate.

The edges of the light cone are marked by green dashed lines in Fig. 3-6(b). For

frequencies far away from the plasma frequency, the plasmonic modes fall just outside

the edges of the light cone. These plasmonic modes are marked by magenta dashed

lines in Fig. 3-6(b). Modes within the light cone couple strongly to free space modes,

whereas modes outside the light cone do not decay.
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Figure 3-7: (a) Triangular lattice of atoms with transitions to the lo+) and la-)

states near a metal surface. (b) Band structure of the lattice for B = 0. Green

dashed lines mark the edges of the free-space light cone (green shaded region), purple

dashed lines show the plasmonic dispersion of the metal surface. Decay rate of the

modes is color coded. Bands are degenerate at the r and K points. (c) A transverse

magnetic field (pB = 0.51PO) opens two small gaps between bands that have non-

trivial Chern numbers. The relevant parameters are A = 437nm, ro = 2-x x 0.95MHz,
a = A/1.95 and h = A/15.
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3.4.2 Triangular lattice of three-level atoms

Hybridized atom-plasmon-photon bands may also have topological character in the

proximity of the metal surface. Fig. 3-7 shows a triangular lattice of three-level atoms

with V-level structure near a metal surface, where the transition to the br) state is not

included since it decouples completely from the transition to the lo+) and lo-) states

(see discussion in Section 3.3.1). The lI+) and lo_) transitions are assumed to be

near-UV (A = 437nm). Such transitions are favorable, since at higher frequencies the

plasmons get more tightly confined to the metal surface and the in-plane components

of the plasmonic fields increase, making interactions with the lIa) transitions stronger.

Fig. 3-7(b) shows the band structure in the absence of a magnetic field. A quadratic

degeneracy forms at the F point and a Dirac point is found at the K point, just as in

free space. Applying a magnetic field lifts the degeneracies and opens up two small

gaps in the spectrum (grey shaded bands in Fig. 3-7(c)) and the bands acquire non-

trivial Chern numbers (purple numbers). The bands remain topological even if atoms

with longer transition wavelength are used. However, in this case the interactions will

be weaker, making the 'avoided crossings' of bands smaller and the gap disappears.

Note that the band structures in Fig. 3-7(b) and (c) are qualitatively similar to the

band structures obtained for a triangular lattice of atoms in free space (Fig. 3-5(b)

and (c)). The key difference is that in Fig. 3-7 the uppermost band asymptotically

approaches the unperturbed plasmonic modes of the metal surface (purple dashed

lines) for WkB > wA, whereas in Fig. 3-5 the decay rate of the uppermost band

diverges as the edges of the light cone are approached, effectively dissolving the band

[113].

3.5 Conclusions

We have described a general method for calculating the photonic band structure for

infinite two-dimensional atomic lattices in free space and near planar surfaces with

arbitrary Bravais and non-Bravais geometries. This method takes into account the

full radiation pattern emitted by individual atoms, which gives rise to long-range in-
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teractions that scale as ~1/r. By performing the required summations in momentum

space rather than in real space, calculation of collective energy shifts and decay rates

can be performed efficiently. This method makes it possible to account for atomic

position fluctuations and can be extended to describe atomic lattices near metallic

surfaces.

As applications of our method, we studied non-Bravais square lattices and tri-

angular Bravais lattices in free space and investigated their topological properties,

including topological edge states in the band gap. We also obtained the band struc-

ture of an atomic square lattice near metallic surfaces and studied the topological

bands that arise when a triangular lattice of atoms is placed near the metal surface.

Given the generality of our method, we expect that it will pave the way for further

studies of two-dimensional atomic lattices both in free space and near planar sur-

faces and will facilitate finding experimentally accessible parameter regimes for the

realization of topological quantum optics and other intriguing phenomena.
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Chapter 4

Topological Quantum Optics in

Two-Dimensional Atomic Arrays

4.1 Introduction

Charged particles in two-dimensional systems exhibit exotic macroscopic behavior

in the presence of magnetic fields and interactions. These include the integer [15],

fractional [12] and spin [157] quantum Hall effects. Such systems support topolog-

ically protected edge states [158, 159] that are robust against defects and disorder.

There is a significant interest in realizing topologically protected photonic systems.

Photonic analogues of quantum Hall behavior have been studied in gyromagnetic

photonic crystals [22-27], helical waveguides [281, two-dimensional lattices of optical

resonators [29-311 and in polaritons coupled to optical cavities [40]. An outstand-

ing challenge is to realize optical systems which are robust not only to some specific

backscattering processes but to all loss processes, including scattering into unconfined

modes and spontaneous emission. Another challenge is to extend these effects into a

nonlinear quantum domain with strong interactions between individual excitations.

These considerations motivate the search for new approaches to topological photonics.

In this Chapter, we introduce and analyze a novel platform for engineering topo-

logical states in the optical domain. It is based on atomic or atom-like quantum

optical systems [110], where time-reversal symmetry can be broken by applying mag-

81



(a)

(b)
100

3 0

3-50

-100

(C)
100

1 50

3 0

3 -50

-100

uB= 12F

24r bandgap

F-~ -~ I

K M

Y

2;AX r 2r/ K
quasi-momentum (kB)

M

kB/"O
40

30

20

10

0

Figure 4-1: (a) Honeycomb lattice of atomic emitters with interatomic spacing a.

Each atom has a V-type level structure with optical transitions to the Ic+) and ju_)

states. A B-field breaks the degeneracy via the Zeeman splitting. (b) Band structure

of the lattice with B = 0. Green dashed lines indicate the edges of the free-space

light cone. Modes with quasi-momentum kB < WkB/c couple to free-space modes

and are short lived (green shaded region). Decay rates of the modes are color-coded.

Bands are degenerate at the symmetry points K and r. (c) A transverse magnetic

field (1pB = 12FO) opens a gap (grey-shaded region) between topological bands with

non-trivial Chern numbers. Relevant parameters are A = 790nm, Fo = 27r x 6MHz

and a = 0.05A.
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netic fields and the constituent emitters are inherently nonlinear. Specifically, we

focus on optical excitations in a two-dimensional honeycomb array of closely spaced

emitters. We show that such systems maintain topologically protected confined opti-

cal modes that are immune to large imperfections as well as to the most common loss

processes such as scattering into free-space modes. Such modes can be used to con-

trol individual atom emission, and to create quantum nonlinearity at a single photon

level.

4.2 Physical system

The key idea is illustrated in Fig. 4-1(a). We envision an array with interatomic

spacing a and quantization axis i perpendicular to the plane of the atoms. Each

emitter has a V-type level structure with transitions from the ground state to the

excited states l-+) and lo-), excited by the corresponding polarization of light'. The

hybridized atomic and photonic states result in confined Bloch modes with large

characteristic quasi-momenta that for dense atomic arrays significantly exceed the

momentum of free-space photons. These confined modes are outside of the so-called

"light cone" and are decoupled from free space resulting in long-lived, sub-radiant

states2 . Atomic Zeeman-shifts induced by a magnetic field, create a bandgap in the

optical excitation spectrum, and the Bloch bands acquire non-trivial Chern num-

bers. The resulting system displays all essential features associated with topological

robustness. Before proceeding, we note that polar molecules coupled via near-field

interactions [39, 1601 and excitons in Moire heterojunctions [1611 have been shown to

give rise to chiral excitations in 2D. In contrast, the present analysis includes both

near- and far-field effects as well as scattering to free space. We also note that the

emergence of Weyl excitations has been recently predicted [133] in 3D lattices of polar

'For simplicity we assume that the 1z) state is far detuned from resonance, e.g. due to Stark shift.
However, one can include the 1z) state without detuning as long as there are no polarization-mixing
perturbations in the system, as radiation from the ao+) and lo-) states is completely decoupled from
the 1z) transition

2 Subradiance in periodic atomic lattices was also discussed recently, in the absence of topology,
in Ref. 1134].
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particles.

In the single excitation case, following the adiabatic elimination of the photonic

modes, the dynamics of the system (no-jump evolution in the master equation [1441)

can be described by the following non-Hermitian spin Hamiltonian [109-112, 114]

N /

H = h( ( A + sgn(ai)pB - i 2 a)(i
i=1 LkU+,U-

+ L r Go1 (ri -rj)I i) (#j, (4.1)
WA 

where N is the number of atoms, WA = 27rc/A is the atomic transition frequency with

wavelength A, pB is the Zeeman-shift of the atoms with magnetic moment P due to

an out-of-plane magnetic field B = B with sgn(u ) = t. Here, FO = d2 w/(37rcohc3 )

is the radiative linewidth of an individual atom in free space, c is the speed of light,

d is the transition dipole moment, Gay(r) is the dyadic Green's function in free space

describing the dipolar spin-spin interaction (see Appendix C.1) and ri denotes the

position of the atoms. Note that the Hamiltonian in Eq. (4.1) assumes the atoms

are pinned to the lattice. The effect of fluctuating atomic positions is discussed in

Appendix C.8.

4.3 Photonic band structure

For an infinite periodic honeycomb lattice, the single excitation eigenmodes of Eq. (4.1)

are Bloch modes [148] given by

iVkkB) = e1 IeikB.R [c~,b I+ b b,k I((4.2)

n b=1,2

where the summation runs over all lattice vectors {R}, b = 1, 2 labels the two atoms

within the unit cell and kB is the Bloch wavevector. For each kB there are four

eigenvalues of the form Ek, = WkB - i--yk, where the imaginary part corresponds to

the overall decay rate of the modes (see Appendix C.2).
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Figure 4-2: (a) Size of the gap between topological bands (blue line) as a function

of magnetic field for a = A/20. (b) The maximum gap size A,. (blue dotted line)

as a function of the interatomic spacing a. The solid magenta line shows the dipolar

interaction strength J between two atoms with parallel dipole moments. The dashed

green line is a phenomenological J ~ 1/r3 fit. For a < A, Amax scales as 1/03 .

Fig. 4-1(b) shows the band structure in the absence of a magnetic field along the

lines joining the symmetry points M, r and K of the irreducible Brillouin zone (see

inset of Fig. 4-1(c)). The decay rates of the modes (ykB) are shown using a color code.

Crucially, we find that the decay rate of some modes can be significantly smaller

than Jo/2 due to collective interference effects. Green dashed lines at kB = 27r/A

mark the edges of the light cone corresponding to free space modes with dispersion

WkB = kBc. The modes close to the center of the Brillouin zone (1) have quasi-

momenta kB less than the maximum momentum of free space photons at the same

energy (kB < wkB/c). These modes couple strongly to free-space modes with matching

energy and momentum and decay rapidly (Appendix C.3). In contrast, modes with

quasi-momenta greater than the momentum of free space photons (kB > WkB/c),

are completely decoupled and do not decay into free space due to the momentum

mismatch.

Fig. 4-1(b) also shows that the photonic bands are degenerate at the symmetry

points 1 and K in the absence of a magnetic field. These degeneracies originate from
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the degeneracy of the lo+) and ou-) states at zero magnetic field. Due to the lattice

symmetries, the degeneracy at the F point is quadratic [162], while a linear Dirac

cone is formed at the K point [23]. Applying an out-of-plane magnetic field lifts this

degeneracy and an energy gap forms across the Brillouin zone.

4.4 Topological properties of the system

We explore the topological nature of these bands, by calculating the Chern numbers

using the method described in Ref. [152]. The sum of the Chern numbers above and

below the band gap is +1 and -1, respectively. The origin of these topological bands

can be understood intuitively by noting that at the K point the modes separated in

energy due to Zeeman splitting have, respectively, &+ and &. circular polarizations.

The opposite chirality of the bands reflects the time-dependent circular rotation of

the electric fields associated with the &+ and &_ polarizations in the x-y plane.

The size of the topological gap at the K point scales linearly with the magnetic

field due to the Zeeman splitting (2paB) of the Ior+) and o--) states (Fig. 4-2(a)), but

the gap size is eventually limited to a maximum value Amax due to the level repulsion

between the two upper bands at the r point. Fig. 4-2(b) shows the maximum gap

size as a function of the interatomic spacing a (blue dotted line). The strength of the

dipolar coupling J = 37rFoc/WA Gx (a) between two parallel dipoles at a distance a is

also shown. The close agreement between the two curves shows that the maximum

gap size is determined by the dipolar interaction strength between the atoms. For

a < A the maximum gap size has the simple scaling Amax 1/a3 .

Gaps between topological bands are typically associated with the presence of one-

way reflection-free edge modes at the boundaries of a finite system. To explore the

spectrum of edge modes in the gap, we calculated the band structure for periodic

stripes of atoms in a honeycomb lattice. The stripes may have bearded, armchair or

zig-zag edges [14, 1631. Fig. 4-3 shows the edge geometries and the corresponding band

structures of stripes with bearded and armchair edges. Zig-zag edges are discussed

in Appendix C.4. Edge modes on the lower (upper) edge of the stripe traversing the
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gap have positive (negative) group velocity and carry energy to the right (left). Thus,

energy transport by edge modes is unidirectional as a consequence of the broken time-

reversal symmetry of the system. If the direction of the magnetic field is flipped, the

direction of the energy flow on any given edge is reversed. Edge modes on bearded

boundaries have quasi-momenta kB > WkB /c while crossing the gap and therefore

couple weakly to free-space modes making them long-lived. In contrast, modes on

the armchair edges cross the gap with quasi-momenta kB < wkB/c and the relatively

strong coupling to free-space modes makes them short-lived. The lifetimes of edge

modes are also influenced by the lattice size. Increasing the number of atoms N in a

finite lattice, decreases the losses from finite-size effects and increases the lifetimes of

long-lived edge modes (Appendix C.5).

Fig. 4-4 illustrates the unidirectional energy transport. It shows a honeycomb

lattice of atoms with an overall hexagonal shape and a large defect on one edge. The

geometry was chosen such that in the absence of defects, all boundaries are bearded

edges supporting long-lived edge modes. An out-of-plane magnetic field B induces a

band gap of size A in the energy spectrum. An atom on the boundary is adiabatically

addressed by a laser at a frequency WL resonant with the long-lived edge modes in

the topmost part of the band gap. The laser drives the o+ and a_ transitions of the

atom off-resonantly with equal coupling strengths Q, where Q < A. Fig. 4-4 shows

a snapshot of the excitation probability of each atom in the lattice. Approximately

96% of the excitation emitted by the driven atom is coupled into the edge modes

carrying energy in the forward direction. Coupling into the backward direction or

into the bulk modes is suppressed due to topology and the large band gap. These

results are qualitatively independent of the relative driving strengths of the a_ and a+

transitions (Appendix C.6). The excitation routes around lattice corners with ~ 97%

efficiency and goes around defects of arbitrary shape and size by forming new edge

modes at the defect boundaries as shown in Fig. 4-4, where ~ 83% of the excitation

survives. Atomic emission in the bulk is discussed in Appendix C.7.

The distance the photon propagates on an edge is set by the ratio of the group

velocity and the intrinsic lifetime of the edge modes. The group velocity of the edge
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Approximately 96% of the emitted excitation is coupled into the forward direction

and scattering into bulk and backward edge modes is strongly suppressed. The

excitation goes around corners and routes around the large lattice defect. Rele-

vant parameters are N = 1243, A = 790nm, ro = 2-r x 6MHz, a = 0.05A and

puB = 121o. The strength of the drive is Q = 1/5F0 and the driving frequency is

WL = WA + 151O. The driving laser is adiabatically switched on with a Gaussian pro-

file Q(t) = (2exp(-[t - 1.5FO 1] 2/[0.15FO 2]) for t < 1.51'.
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modes traversing the gap is vg ~w/6kB~ A/(w/a), where A is the size of the energy

gap and a is the interatomic spacing. Thus for a < A, the maximum group velocity

of the edge modes scales as vg ~ Amax/(7r/a) ~ a- 2 . While bearded edges support

long-lived modes, any departure from the ideal hexagonal shape of Fig. 4-4 creates a

combination of armchair and zig-zag modes that couple more strongly to free-space

modes and thus have limited lifetimes. To ensure that only a small fraction of the

excitation is lost while the photon is routed around a defect, large group velocities

and, therefore, small interatomic spacing is required.

We note that efficient coupling of individual quantum emitters to a confined unidi-

rectional channel (Fig. 4-4) immediately implies the feasibility of quantum nonlinear

interactions between individual photons. This can be understood by considering a

'defect atom' placed along the path of the edge excitation. Such an atom can be used

to capture and store an incident photon in a long-lived atomic state, following e.g.

Ref. [101] (see also Refs. 1164-1671). After photon storage, the defect atom will form

a lattice defect for subsequent incoming photons, which will be routed around this

defect and, as a result, will acquire a nonlinear phase shift.

4.5 Possible experimental realization

Atomic arrays with much smaller interatomic spacing than the transition wavelength

(a < A) could be experimentally realized using state-of-the-art experiments with

bosonic Stronium atoms [133, 1681. Mott insulators in the 1
0 ground state of 'Sr

atoms using a 532nm trapping laser have been realized experimentally [169] and the

atoms can be further transferred to the metastable 3Po state [170]. Using the long-

wavelength P0 - 3 D1 transition with Asr = 2.6pm for atom-atom interactions would

give a = 2A 1asr/(3V/5) = Asr/12.7 in an optical honeycomb lattice. The interatomic

spacing could be further reduced to a = Asr/16.3 using a 412.8nm 'magic wavelength'

trapping laser providing equal confinement for the 3 PO and 3 D1 states [168]. Typical

trapping frequencies in Mott insulators are 5Erecoii/h [153], where ErcO./h ~ 13kHz

for Stronium. Since the linewidth is Isr = 290kHz for the P0 -3 D1 transition, the
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motional states of individual atoms are not well resolved and we expect heating due

to photon scattering to be small. The main experimental challenge is to ensure

near-unity lattice filling [1711 and near-uniform excitation of atoms to the 3P0 state.

Other approaches to deep subwavelength atomic lattices include utilizing vacuum

forces in the proximity of dielectrics [1721, using adiabatic potentials [173], dynamic

modulation of optical lattices [174] or sub-wavelength positioning of atom-like color

defects in diamond nanophotonic devices [116, 118-120]3.

Subwavelength emitter lattices could also be created using monolayer semiconduc-

tors, such as transition metal dichalcogenides (TMDCs) [175-180]. Large splitting of

the o,+, a_ valley polarizations due to interaction-induced paramagnetic responses

was recently demonstrated in TMDCs [181]. Moir6 patterns [182] could provide deep

subwavelength (a < 36nm) periodic potentials for TMDC excitons and give rise to

topological bands and chiral excitonic edge states [161]. In such Moire heterojunc-

tions the band gaps - and thus the group velocities of edge states- are predicted to

be small (A < llo). However, as our current analysis shows, edge states outside the

light cone would be long-lived and thus could still propagate a significant distance

along the edges of TMDCs prior to decay into far field modes.

4.6 Conclusion

In summary, we have shown that two-dimensional atomic lattices can be used to

create robust quantum optical systems featuring band gaps between photonic bands

with non-trivial Chern numbers. For a finite lattice, unidirectional reflection-free

edges states form on the system boundaries at energies inside the band gap. These

edge modes are robust against imperfections in the lattice as well as scattering and

emission into free space. These can be used, e.g. to control emission of individual

atoms. We emphasize that, in contrast to linear topological photonic systems, a

distinguishing feature of the present approach is the intrinsic, built-in nonlinearity

3Given the robustness of topological lattices, inhomogeneous broadening present in solid-state
systems will not significantly change the results as long as the broadening is small compared to the
topological energy gap.
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associated with quantum emitters in the lattice, which leads to strong interactions

between individual excitations. Harnessing such interactions could open up exciting

possibilities for studying topological phenomena with strongly interacting photons,

including quantum optical analogues of fractional Quantum Hall states. These in-

clude exotic states, such as those with filling fractions v = 5/2 and v = 12/5, which

may feature non-Abelian excitations [4]. In addition, the inherent protection against

losses may also be used for the realization of robust quantum nonlinear optical de-

vices for potential applications in quantum information processing and quantum state

transfer4 .

4Following the completion of this work, we became aware of the related study by R. J. Bettles,
J. Mindr, I. Lesanovsky, C. S. Adams, B. Olmos, Physical Review A 96, 041603(R) (2017).

92



Chapter 5

Theory of Dipole Radiation Near a

Dirac Photonic Crystal

5.1 Introduction

Since the experimental discovery of single-atom graphene sheets [1831, the Dirac-like

energy spectrum of graphene has been studied extensively [184]. This has inspired

research into finding photonic analogues of graphene with Dirac-like dispersion for

photons, which have been shown to give rise to a number of remarkable phenomena,

including topological waveguides at microwave and optical frequencies [22, 23, 185,

186], pseudo-diffusive transport of light [187, 188], Klein tunneling [189] and photonic

Zwitterbewegung [190]. Photonic Dirac cones have also been studied in the context of

quantum optics and were found to give rise to single-mode behavior over large areas

[191] and two-dimensional localization without a band gap [1921. More recently,

quantum emitters coupling to photonic Dirac cones were found to exhibit exotic

quantum dynamics and purely long-range coherent interactions without exponential

attenuation 1193].

A key challenge for making such devices useful for quantum optical applications is

to find realistic structures, in which the Dirac cone is energetically detuned from all

other bands [185] and which support quasi-two-dimensional propagation of light [191].

An additional challenge is the inherent complexity of the electromagnetic spectrum
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of such devices, which usually makes full-scale numerical analysis onerous [185, 191,

193]. Consequently, previous studies of the photonic Dirac cone relied on simplified

analytic models that neglected key aspects of the electromagnetic properties of the

devices, such as the polarization structure of the modes. Therefore, it is of significant

interest to investigate whether there exist realistic quasi-two-dimensional structures

with photonic Dirac cones, whose electromagnetic spectrum - including polarization

effects - can be understood analytically.

(a) W, I / b

Figure 5-1: (a) Quantum emitter embedded in a quasi-two-dimensional photonic

crystal slab with a cavity-like unit cell. The emitter is assumed to have three degen-
erate transitions of energy wA from the ground 1g) to the excited states lo- ) and |,7r).
(b) The photonic bands of the slab feature a Dirac-like dispersion cone. The emitter
transition frequency wA is detuned by 6A from the vertex of the Dirac cone Womac.

In this Chapter, we develop an analytic formalism to describe dipole radiation

near a realistic photonic crystal slab with a Dirac cone (Fig. 5-1 (a)). The Dirac cone

is energetically detuned from all the other bands, allowing us to tune the transition

frequency of quantum emitters close to the Dirac point (i.e. the Dirac cone vertex)

without interacting with any other bands, as shown in Fig. 5-1(b). Consequently,

all dipolar interactions are mediated by the modes comprising the photonic Dirac

cone, simplifying the form of the interaction. Crucially, we find that the polarization

structure of the modes of the Dirac cone can be captured by an analytic model,
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which allows us to incorporate polarization effects into our quantum optical treatment.

Using our analytic model, we obtain a Green's function in a closed form, which

captures all cooperative atomic effects relevant for the quantum dynamics of two or

more emitters. In addition, we also find that the dipolar coupling between emitters

exhibits winding phases, which are the key ingredients for engineering topological

atomic arrays (see Chapter 6). Finally, as an application of our formalism, we study

the coherent atomic interactions mediated by the photonic Dirac cone, which were

recently shown to be unusually long-range with no exponential attenuation [1931.

This Chapter is organized as follows. In Sec. 5.2 we describe how to engineer a

two-dimensional photonic crystal slab with a Dirac-like dispersion that is energetically

fully separated from the rest of the bands. In Sec. 5.3 we develop an analytic model

for the photonic modes that constitute the Dirac cone. In Sec. 5.4 we calculate the

Green's function that describes the dipolar coupling between emitters. In Sec. 5.5 we

analyze the interactions mediated by the Dirac cone. Key results and conclusions are

presented in Sec. 5.6.

5.2 Photonic crystal slab with a Dirac dispersion

In this section, we discuss how to engineer a quasi-two-dimensional photonic crystal

slab that features bands with Dirac-like conical dispersion, such that the Dirac cone

is energetically detuned from all other bands.

The key idea is illustrated in Fig. 5-2. We consider a gallium phosphate (GaP)

photonic crystal of finite thickness h with air holes. The hole pattern of the slab has

an underlying triangular lattice symmetry with lattice constant a and lattice vectors

a+ = a( V3 +)/2. (5.1)

The hexagonal unit cell of the triangular lattice is comprised of 6 holes with radius

r, near the center of the cell and an additional set of holes with radius r, on the

boundaries, which fall only partially inside the unit cell. Fig. 5-2(a)-(c) shows the
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Figure 5-2: Photonic crystal slab unit cell and the corresponding TE-like band
structure for 4 different geometries. The thickness of the slab is h = 0.5a, the radius
of the holes is r. = 0.0833a and the dielectric permittivity is CGaP = 10.5625. (a)
When 6 holes are placed I = 0.2a from the center, the modes in the upper band have
a higher field intensity than in the lower band. Color code shows the electric field
strength jEp(O)1 2a 3 at the center of the cell for each mode. (b) For I = 0.333a the
modes in the lower band have a higher field intensity than in the upper band. (c)
Pushing the holes to the edge of the cell (I = 0.4a) increases the energy gap between
the bands at the M point. (d) Increasing the radius of the 6 holes to r, = 0.116a
makes the Dirac cone energetically separated from all other bands.
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holes for three different values of 1, where I is the radial distance of the 6 holes from

the center of the cell. We use the plane-wave expansion method to numerically solve

Maxwell's equations [1941 and obtain the lowest-lying transverse electric (TE-like)

bands for the unit cells shown. Here, we only consider TE-like modes, since in what

follows, we will assume that the quantum emitters sit at the center of the unit cell

at r = 0, where tranverse magnetic (TM-like) modes have zero field strength due

to the inversion symmetry of the structure [411. This symmetry ensures that the

z-component of the TE-like modes is also zero at r = 0. The color code for the bands

shows the normalized electric field strength IEp(0)1 2a3 of each mode, sampled at the

center of the cell (r = 0).

From the colors of the bands in Fig. 5-2(a), we see that when the 6 holes are close

to each other, the modes in the lowest band have a low field concentration in the

dielectric at the cell center, whereas the upper band has a high field concentration.

As the holes are pushed radially outward, the two bands approach each other, and

eventually cross, and thus the lower band has higher field concentration (Fig. 5-2(b)).

When the holes are pushed radially further out, the two lowest bands energetically

separate at the M point, while maintaining their degeneracy at the K point, forming

a Dirac cone as shown in Fig. 5-2(c). Once the holes reach the edge of the irreducible

Brillouin zone, the band separation at the M point can still be increased by expanding

the radii of the 6 holes as shown in Fig. 5-2(d). For sufficiently large radii, the modes

of the air band are no longer degenerate with the modes of the Dirac cone. Thus,

the Dirac cone becomes energetically well-separated from all other bands, making it

possible to tune emitters close to the Dirac point without coupling to any modes other

than those constituting the Dirac cone. Note that similar techniques have been used

previously to control the gap at the photonic Dirac cone for topological waveguiding

with a single quantum emitter [185, 186].

In what follows, we will assume that the transition frequency of the emitters WA is

tuned sufficiently close to the frequency of the Dirac point WDirac (i-e- WDirac - WA < WA)

that coupling to all modes away from the Dirac cone is small and can be neglected.
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5.3 Analytic model for the Dirac cone

In this section, we develop an analytic approximation to the electromagnetic modes

that constitute the photonic Dirac cone. This will enable us to derive a closed-

form expression for the dyadic Green's function of the geometry (see Sec. 5.4), which

describes the atomic properties inside the photonic crystal.

We start by parameterizing the linear dispersion of the Dirac cone as a function

of the quasi-momentum p as

W -= WDirac VsIP - PK, (5.2)

where (+) and (-) correspond to the top and bottom bands respectively, wDirac is

the energy associated with the vertex of the cone, PK = 27r/a(1/v/,1/3) is the

momentum vector of the Dirac cone inside the irreducible Brillouin zone and v. gives

the group velocity of the guided modes in units of c. Mathematically, v, corresponds

to the slope of the Dirac cone. Both WDirac and vs can be obtained from numerical

calculations.

While the dispersion is linear in the immediate vicinity of the Dirac cone, the

slope v, is found to vary slightly along different directions. Fig. 5-3(a) shows the cross

section of the cone taken above the Dirac point. The black dashed line shows the

results predicted by Eq. (5.2), while the solid blue line gives the numerically obtained

results showing slight deviations from perfect circularity due to the underlying three-

fold symmetry of the lattice. We average the numerical values of v. along the different

directions to obtain an effective value for v8, which we can use in Eq. (5.2).

Next, we explore the polarization structure of the electromagnetic modes at the

center of the unit cell. Fig. 5-3(b) shows the overall field intensity IEp(O) 2a 3 of each

mode in the top band at r = 0. The intensity varies only weakly as a function of

momentum and falls within a small interval. Similar results are obtained in the lower

band. Therefore, we average the field intensity of all the modes to obtain an effective

constant value jE0 203 that we use to parameterize the field intensity of all modes in

the vicinity of the Dirac cone.
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To understand the contributions of the different polarization components to the

overall intensity, in Fig. 5-3(c) we color each of the modes of the Dirac cone according

to the normalized intensity of the x-component of the field IEP, (0)1 2 /IEp(0)1 2. Fig. 5-

3(d) shows the colored modes in the top band from above. The simple functional de-

pendence of the resulting intensity pattern can be approximated by sin2 (4 K/2 - 7/4)

for the top band and sin2 ((K/2 + 7r/4) for the bottom band, where the polarization

is expressed as a function of the angle 4DK measured from the px axis. Figs. 5-3(e)

and (f) show the corresponding results obtained from this simple analytic model and

using Eq. (5.2). Good agreement is obtained between the numerical and analytic

results. Similarly, for the y-component of the electric field jEp,,(0) 12 we find that the

changc in polarization as a function of 4DK is captured by sin2 (4)K/2 + 7r/4) for the

top band and sin2 (4)K/2 - ir/4) for the bottom band.

In general, we can model the electric field of the Dirac cone modes at r = 0 as

E(K, ) = E0 sin (>&> isin i>] (5.3)

where

4)K (Px, Ay) = arctan Py - PK,y .(5.4)
(PX - PIK,7

Note that there are two inequivalent Dirac cones inside the irreducible Brillouin zone,

and the dispersion at the second Dirac cone can be expressed as

( ',+) =-(5.5)

where PK = 2-r/a(1/v/5, -1/3) is the momentum vector associated with the second

Dirac cone. As in the case of the other Dirac cone, we find that the electric field of

the modes of the second Dirac cone at r = 0 can be expressed as

E(K',+) - E0 [sin( T ) sin( T y> , (5.6)
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where

DrK (Px, Py) = arctan (y - :')* (5.7)
(Px - pw,)X

The simple analytic model descibed by Eqs. (5.2)-(5.7) shows that the electro-

magnetic environment of an emitter tuned close to the vertex of the Dirac cone is

completely described by the parameters WDirac, Vs and Eo, as long as the second band

near the M symmetry point is energetically separated from the Dirac point (see Fig. 5-

2), i.e. WM > WDirac. In Fig. 5-4 we plot these four numerical parameters as a function

of the geometric parameters rl, I and h. More specifically, we plot WM - WDirac and v.

only as function of ri and 1, since we found that these quantities are largely insensitive

to h. For the same reason, we plot 1E0 1 2 and WDirac only as a function of r, and h, but

not 1.

Fig. 5-4(a) shows that WM - WDirac initially increases with 1, before decreasing in

magnitude. Intuitively, once the holes reach the edges of the unit cell increasing 1

does not help any more. Instead, pushing the holes further out merges them together,

reducing the volume of air holes. The figure also shows that Wm - Dirac can be

increased by increasing the hole radius. Similarly, Fig. 5-4(b) shows that the slope

of the Dirac cone v, increases both with 1 (until the holes reach the edge of the unit

cell) and the hole radius.

Fig. 5-4(c) shows that the electric filed intensity is largely insensitive to the hole

radius, but varies inversely with h. This latter result makes intuitive sense - increasing

the thickness of the slab expands the mode volume and, therefore, decreases the field

concentration at the location of the emitters. Finally, Fig. 5-4(d) shows that WDirac is

inversely proportional to h and increases with hole radius. These results are simple

consequences of the fact that increasing the relative volume of the dielectric inside

the unit cell increases the effective refractive index of the medium and thus rescales

all relevant length scales of the system, including the effective wavelength.
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Figure 5-4: (a) The detuning WM - WDirc as a function of rz and 1, the radius and
radial displacement of the central holes. Slab height is h = 1.13a. (b) The slope

constant vs as a function of r, and 1 for h = 1.13a. (c) The electric field strength

lEo! 2 as a function of r, and the slab thickness h for 1 = 0.4a. (d) The frequency of
the Dirac point wDirac as a function of r, and h for 1 = 0.4a. The inset of (c) provides

the color-coded legend for the curves with different hole radii.

5.4 Calculation of the Green's function

In quantum optics, single atom decay rates and cooperative effects such as the dipole-

dipole interaction and cooperative decay of atoms can be fully determined from the

dyadic Green's function of the problem when the Born-Markov approximation holds

[84, 172, 193, 195, 1961. In particular, the overall spontaneous decay rate of an atom

can be expressed as

2d2w ,
17= Im{Gaa(0)},

he0c2 (5.8)

where d is the transition dipole moment of the atom, EO is the electric permittivity

in vacuum, a = X, y, z and the Green's function is evaluated at the location of the
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emitter (r = 0). Similarly, the dipole-dipole interaction and cooperative decay rate

between two atoms at a distance r apart are given by

d2w 2

Jwcoop(r) = A Re{GoO(r)}, (5.9)

and

2d2w 2

=OOP -- A Im{Gay (r)}, (5.10)

respectively, where the first atom is assumed to be in its a-polarized excited state

and the second atom is in its 3-polarized state (a, 3 = x, y, z). Note that the single-

excitation atomic dynamics can be fully determined in terms of IF, 6wcop and 1c7op,

when the Born-Markov approximation is valid (see Ref. [193] for discussion of the case

when these approximations break down). In this section we will derive an analytic

approximation for the dyadic Green's function.

Before proceeding, we note that since the z-component of the TE-like modes of

the slab is zero at the location of the emitters (see Section 5.2), the I-r) states of the

emitter do not couple to the the guided modes and thus

GZ = Gzx = GY2 = GzY = 0. (5.11)

Therefore, we will focus our attention on the x- and y-polarized states of the emitters

and derive the Green's function for these states.

We start by expessing the momentum-space Green's function as a summation over

the electric field eigenfunctions of the geometry (see Chapter 2)

E,")* (ri) E (n (r2)
ga[3(P) = AC2 2l( ,4 (5.12)

n A - (U)p)

where A = V/3/2a2 is the area of the hexagonal unit cell, E?2(r) denotes the a

component (a = x, y) of the electric field of the photonic crystal mode in the nth

band for quasi-momentum p at location r, wp") is the corresponding frequency of
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the mode and the summation runs over all bands. In the expression above r1 is the

position of the emitter and r 2 is the position where the Green's function is evaluated

(e.g. the location of the second atom).

In order to find the Green's function in real space, it is necessary to integrate

Eq. (5.12) across the entire irreducible Brillouin zone

Ga (r 2) = Jz( 2 g(p). (5.13)

To perform this integral, we need to make a number of approximations.

First, note that given to the periodicity of the photonic crystal, the electric field

eigenmodes can be expressed in the following Bloch form

E n) p~(r) i-

E -) u (r) eipr (5.14)

where u" (r + R) = up (r) is a periodic and dimensionless function and R = n a+ +

m a_ is any valid lattice vector of the triangular lattice, where n, m C Z and a are

defined in Eq. (5.1). The eigenmodes are normalized such that

J d3r e(r) E(')(r) -E ,*(r) = 6p,, (5.15)

where E(r + R) = E(r) describes the periodic dielectric permittivity of the photonic

crystal in real space and the integral is performed over the quantization volume V

[97, 1961. We also assume that r2 = r1 + R, which allows us to write

EPIC, *(r)E)(r = u(ri) z4,d>ri) =ip, (5.16)

where we have defined r 1 2 = r, - r2 . In addition, recall our assumption that wDirac -

WA < wA, which ensures that only the bands of the two inequivalent Dirac cones at

K and K' contribute to the integral. Therefore, we can make the approximation

A- ( P)2 ~ 2wA(WA - (' )). (5.17)
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Finally, we assume that r1 (and hence r2) is positioned at the center of the unit cell,

where Eqs. (5.3)-(5.7) are valid.

With these assumptions, the integral Eq. (5.13) can be evaluated in a closed form

(see Appendix D) and we obtain

G (r,#) = sin#P~(r)H(2 ) (r/g)

--iP+(r)HO (r/), (5.18)

G,,(r, ) = - sin#P~(r)H (r/ )

-iP+(r)HO (r/ ), (5.19)

G2y(r, o) = cos # P-(r)H(2 ) (r/ ), (5.20)

Gyx(r,O) = Gxv(r,9#), (5.21)

where r r(cos #, sin #), H) denotes the Hankel function of the second kind of order

m,= vs/ 6 A and 6 A = WDirac - WA. The prefactors are given by

P+(r) = Ac2EO126A iPK'r eiPK) . (5.22)

Note that this Green's function expression is only valid when the position of the

source (ri) is at the center of the unit cell of the photonic crystal and the Green's

function is sampled at a position that is a lattice vector away (r1 = r2 + R).

It is instructive to reexpress the Green's function in a circularly polarized basis

using Io ) = -- (x) if y))/V2', which yields

G,, (r) = -P+(r)HO (r/ ), (5.23)

G__(r) = -P+(r)H0 (r/ ), (5.24)

Gs,_(r) = eioP-(r)H 2 (r/ ), (5.25)

G,-,(r) = -e-P (r)H ,(r/ ). (5.26)

Note the presence of the winding phases e"O in the off-diagonal terms [39, 40, 131].

These phases are of particular importance, as they give rise to chiral interactions and
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topological behavior when emitters interact through the photonic Dirac cone. The

topological properties of a two-dimensional lattice of emitters embedded in a photonic

crystal are discussed in more detail in Chapter 6.
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Figure 5-5: (a) Real and imaginary parts of the Green's function as a function of

the detuning, JA, corresponding to the coherent and dissipative parts of the dipolar

interaction, respectively. The dissipative part goes to zero at the Dirac point. (b)
Ratio of the coherent and dissipative interactions as a function of the detuning, 6A-
The Green's function is evaluated 5 lattice sites away from the dipole source along

the axis aligned with the a+ lattice vector. The transition wavelength of the atoms is

assumed to be A = 738nm and the Green's function parameters are E012/a 3 - 0.75
and vs = 0.3c.

5.5 Analysis of the dipolar interaction

In this section we analyze the dipolar interaction mediated by the photonic Dirac

cone between atoms.

Recently, the dipolar interaction mediated by a photonic Dirac cone between

atoms was studied in Ref. [1931 using a tight-binding model. It was shown that the

emerging atomic interactions are purely coherent, with negligible dissipative terms,

and have a long range without exponential attenuation. This stands in sharp contrast

with previous results in structured reservoirs, where dissipative terms could only be

suppressed at the cost of making the interaction decay exponentially with distance

[81, 93, 172]. As an application of our formalism, we now study the emergence of

long-range coherent interactions, when all polarization effects are included, and then
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provide expressions for the asymptotic behavior of the dipolar interaction as a func-

tion of distance.

Fig. 5-5(a) shows the real and imaginary parts of the Green's function (Eqs. (5.18)-

(5.21)), corresponding to the coherent dipole-dipole interaction (Eq. (5.9)) and dis-

sipative cooperative decay (Eq. (5.10)), as a function of the detuning 6 A. The two

interacting atoms are assumed to be x-polarized and 5 lattice sites away. The dissi-

pative part of the interaction goes to zero as the atomic frequencies become resonant

with the Dirac point, whereas the coherent part remains finite. Fig. 5-5(b) shows

the ratio of the coherent and dissipative parts of the interaction as a function of

JA. Close to the Dirac point, the dipole-dipole interaction can be several orders of

magnitude larger than the cooperative decay. Thus the interaction between atoms is

almost completely coherent. Note that as JA -+ 0, the Born-Markov approximation

eventually breaks down and the simple description of the dipolar interaction via the

dyadic Green's function becomes invalid (see Ref. [193] and Chapter 6).

(a)

5 10 15

r/a
20 25 30

im[G (r)]ab)

0,

-5

-10
0 5 10 15

r/a

Figure 5-6: (a) Dip.ole-dipole interaction (Re[G.,(r)) and (b) cooperative decay

(Im[G.,(r)I) as a function of distance between two x-polarized atoms. The transition

wavelength of the atoms is assumed to be A = 738nm, the detuning is 6A = 19.5GHz,
and the Green's function parameters used are lEo 12/a3 = 0.75 and v. = 0.3c.

In Fig. ?? we plot, as a function of distance, the real and imaginary parts of the
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Green's function, which correspond to the dipole-dipole interaction and cooperative

decay between two x-polarized atoms, respectively (see Eqs. (??)-(??)). The dipole-

dipole interaction initially decreases rapidly away from the source, before transitioning

to a slowly decaying oscillatory regime. Note that in Fig. ??(b), the imaginary part

of the Green's function is non-zero at the source, which corresponds to the decay rate

of the x-polarized excited state into the modes of the slab (see Eq. (??)).

We obtain the asymptotic analytic behavior of the interaction, by re-expressing

the Hankel functions of the Green's function in terms of Bessel functions as

H - Jm() - iYm(X), (5.27)

and observing that for x > 1 to leading order we get

Jm(x) ~ -- and Ym(x) ~ --. (5.28)

Thus, both the diagonal and off-diagonal terms of the Green's function fall off as

~ I//f with distance. For completeness, we also note that when x < 1, we obtain

Jm(x) ~ 1, Yo(x) ~ In(x) and Y1(x) ~ 1/x.

These results confirm that the photonic Dirac cone mediates long-range coherent

interactions between emitters without exponential attenuation. Such long-range co-

herent interactions are of significant importance in quantum information processing,

as they can be utilized to entangle [81, 193, 196] and perform deterministic phase

gates between distant atomic qubits [84]. Long-range coherent interactions are also

advantageous for engineering nearly flat bands in topological quantum optical sys-

tems, which have important applications in exploring exotic many-body phases (see

Chapter 6).

5.6 Conclusion

In conclusion, we have developed an analytic formalism to describe dipole radiation

near a realistic two-dimensional photonic crystal slab with a photonic Dirac cone. We
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derived a closed-form dyadic Green's function and showed that it mediates interac-

tions that feature winding phases, which are key ingredients for engineering topology

in photonic systems. As an example, we studied the long-range coherent interactions

mediated by the Dirac cone between emitters, which have important applications in

quantum information processing. We believe that these results will enable further,

rigorous studies of the behavior of atomic emitters interacting via photonic Dirac

cones.
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Chapter 6

Topological Quantum Optics in

Two-dimensional Photonic Crystals

6.1 Introduction

Since their discovery in electronic systems [12, 15, 1571, topological phenomena have

been explored in a variety of systems, including microwave [22-27], photonic [28-311,

acoustic [32-34], mechanical [35-37], and cold atom environments [18, 21]. While such

systems can exhibit reflection-free excitation transport on system edges, even in the

presence of imperfections, they are generally robust only with respect to certain types

of disorder [7, 33, 197]. This is in contrast to electronic systems with time-reversal

symmetry breaking that are robust to arbitrary perturbations [158, 159]. In addition,

the linear acoustic, microwave or photonic systems generally lack the interactions

between constituent particles required to obtain exotic states of matter such as the

fractional quantum Hall effect [198]. Recently, there has been significant interest

in combining photonic systems with non-linear quantum emitters to realize robust

topological phenomena at optical frequencies [114, 131, 199] and to study strongly-

correlated states of light and matter [93, 172, 200-203]. While the coupling of a

single quantum emitter to a topological photonic interface was recently demonstrated

[186], development of a truly robust, many-body platform for topological quantum

optics remains an outstanding challenge. Furthermore, strongly correlated systems
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must be based on topological bands with negligible dispersion relative to the energy

scale of the interactions, which typically requires careful fine-tuning of the system

parameters that is difficult to realize in practice [39, 160, 204-2071. Realization of

robust topological systems in the optical domain is especially interesting in light of

potential applications to quantum networking [208].

(a) G) (
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X 
+~
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y
t-X

tLX

a

Figure 6-1: (a) Schematic depiction of the photonic crystal slab with air holes and
the embedded triangular emitter array. Emitter spacing is a = 240nm, transition
wavelength is A = 738nm. Out-of-plane B-field splits the Ioa) and j-) atomic tran-
sitions. (b) Unit cell of the photonic crystal (black lines). The emitter is embedded

at the center. The diameters of small and large holes are d. = 40nm and d, = 56nm,
respectively. The large holes are centered R = 96nm away from the emitter. (c)
Cross section of the photonic structure along the dotted line indicated in (a). The
SiVs are embedded in a diamond (nd = 2.4) layer of thickness h = 120nm, which is
surrounded on both sides by GaP (nGaP = 3.25) layers of thickness w = 75nm.

In this Chapter, we propose a novel, experimentally realistic nanophotonic plat-

form integrated with quantum emitters, which gives rise to topological states at op-

tical frequencies. In particular, we consider a two-dimensional atomic emitter array

integrated with a two dimensional photonic crystal slab, where the emitter spacing is

comparable to the wavelength. We show that in the presence of an out-of-plane mag-
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netic field, the hybridization of the atomic levels and the photonic modes of the slab

lead to energy bands with non-trivial Chern numbers and large band gaps. One of

the bands is almost completely flat, making it a strong candidate for the realization of

fractional Chern insulators. We demonstrate that topological edge states form on the

system boundary that are robust to imperfections in the lattice and inhomogeneous

broadening of the emitters.

6.2 Physical system

Fig. 6-1 (a) provides a schematic depiction of the physical system. A triangular lattice

of quantum emitters with spacing a = A/3 is embedded in a two-dimensional photonic

crystal (PhC) slab of air holes. Each atomic emitter has two optical transitions

with wavelength A between the ground state 1g) and the two excited states ju+)

and 1a_) and is surrounded by a cavity-like hole structure. The emitters interact

primarily via the guided modes of the slab. A uniform out-of-plane magnetic field

Zeeman-splits the excited states of each emitter. The resulting hybridized polaritonic

bands feature non-trivial Chern numbers and one of the topological bands is almost

completely flat (Fig. 6-2(b)). In addition, a large energy gap is formed between

the bands, which is two orders of magnitude larger than the gap in free space for

comparable emitter spacings [114, 199]. Inside the gap topological edge states appear,

which are protected by the large gap from scattering into extended bulk states or

the guided modes of the slab and have a large group velocity. Thus these modes

carry energy around the system boundary rapidly with minimal losses even in the

presence of lattice imperfections and inhomogeneous emitter broadening. Note that

this topological quantum optical system is significantly more accessible experimentally

than topological atomic lattices in free space, which require deeply subwavelength

interatomic spacing [114, 131, 1991.

For concreteness, we now focus on the hybrid PhC structure illustrated in Fig. 6-1.

The hexagonal unit cell of the PhC slab made of gallium phosphate (GaP) with air

holes is shown in Fig. 6-1(b). Each atomic emitter is placed at the geometric center of
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the unit cell, forming a periodic triangular lattice. In addition, the emitters are placed

in the middle of the slab (in the z = 0 mirror plane) to ensure that they only couple

to TE-like guided modes [41]. Such an arrangement can be achieved for different

kinds of quantum emitters by introducing slight modifications to the PhC structure.

One option is to create quantum dots directly into the dielectric slab [124, 186, 209-

212]. Another option is to create an additional hole at the center of the cell and

trap a neutral atom in the z = 0 plane using a combination of far-off resonance

optical trapping, vacuum forces and side illumination [1721 (see also Refs. [213-218]).

Alternatively, atom-like color defects in diamond such as Silicon Vacancy (SiV) color

centers can be integrated with the photonic structure [120, 219, 2201, by using a thin

diamond layer sandwiched between two layers of GaP as shown in Fig. 6-1(c).

The TB-like guided bands of the slab near the emitter frequency are shown in

Fig. 6-2(a) (see Appendix E.1 for details of the calculation). The colors of the bands

indicate the normalized field strength IEk(rA)1 2 a3 at the location of the emitter inside

the unit cell, where Ek(r) denotes the classical field solutions of Maxwell's equations

for Bloch quasi-momentum k [41, 97, 1961. This photonic structure was specifically

designed to ensure that there are no other guided modes within a few THz energy

range just below the tip of the Dirac cone. Such a photonic spectrum is a general

feature of PhC slabs with the cavity-like hole structure shown in Fig. 6-1(b) and can

be achieved for a wide range of geometric and material parameters (see Chapter 5).

The thickness of the layers and the size and spacing of the holes of the diamond-

GaP structure are chosen such that the tip of the Dirac cone WDirac is tuned within

a few hundred GHz of WA= 27rc/A, the transition frequency of the SiV emitters

(A = 738nm). Thus the emitters interact primarily through the guided modes of the

Dirac cone.

6.3 Hamiltonian

The dynamics of the embedded emitters (no-jump evolution in the master equation)

in the presence of a magnetic field can be described by the following non-Hermitian
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Figure 6-2: (a) TE-like photonic band structure of the slab in the vicinity of the
SiV transition frequency WA. The light cone region is shaded green. The tip of the
Dirac cone is detuned by JA = 3.74THz from WA. Band colors reflect the normalized
field strength IEk(rA) 12a3 at the location of the emitters. (b) Hybrid atomic-photonic
bands in the presence of an out-of-plane B-field (pIB = 25-y) in the immediate vicinity
of the K point (see black box in (a)) for a detuning of 6A = 0.321THz. Yellow dashed
lines indicate the bare photonic bands. One atomic band does not interact with the
slab modes and remains flat. The other atomic band interacts with the photonic
modes and avoided crossings arise. Chern numbers of the bands are indicated by
black numbers.

Hamiltonian [109-112, 114, 199]

H = h S (wA+ sgn(ai)pB -i 2|ai)(ai|
i=1 a=a+,--

+ E E Gao(ri - rj)i)(0jI1,
W A'nd

(6.1)
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where N is the number of atoms, we define sgn(u+) = , MB is the Zeeman-shift of

the emitters with magnetic moment i due to the magnetic field B = Bi, -Y is the

emission rate of SiVs in bulk diamond, c is the speed of light and nd is the refractive

index of diamond. The dipolar spin-spin interaction of emitters is described by the

dyadic Green's function Gp(r) and ri denotes the position of the zth atom. The

irreversible decay rate of individual emitters inside the slab is given by F = Fpc + ]Fo,

where Fpc and [o account for the coupling of the emitters to the guided slab modes

and free-space modes, respectively. In general, o < -Y due to total internal reflection

at the surfaces of the patterned slab [124]. Thus, for now we neglect coupling to

free-space modes. (The effect of coupling to free-space photons is discussed in detail

in Appendix E.4)

6.4 Green's function of the photonic crystal

The dipolar coupling mediated by the photonic Dirac cone is described by the follow-

ing Green's function (see Chapter 5)

P+ (r)H(2 ) (r/g) e'OP-(r)H(2 , (r/ )
G(r)= J, (6.2)

-e *P(r)H1 (r/ ) -P+(r)H0 (r/ )

where r = r(cos 0, sin #) is the position vector, the diagonal (off-diagonal) terms of G

account for the coupling between atomic transitions of the same (opposite) circular

polarization, H denotes the Hankel function of the second kind of order m and

S= v,/ 6 gives the length scale of the interaction as a function of the linear dispersion

of the slab modes at the Dirac cone vs and the atomic detuning from the tip of the

Dirac cone 6A = WDirac - WA. The prefactors are given by

P+(r) = i F2 16 A (eipKr eiPK r (6.3)
8

WAVS2

where A = v/'3/2a2 is the area of the hexagonal unit cell, E 12 - IEk(rA)1 2 is the

electric field intensity in the vicinity of the Dirac cone, which is approximately k-
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independent, and PK and PK' are the quasi-momenta associated with the two in-

equivalent K points in the Brillouin zone. The parameters v, and E0 are obtained

numerically (see Chapter 5). This analytic Green's function quantitatively captures

the slab-mediated dipolar interaction, when 6 A is small. Note the presence of the

winding phases e i [39, 40, 131] in the off-diagonal terms of G, which give rise

to the topological properties of the system. These winding phases arise from the

propagation-direction-dependent polarization structure of the photonic modes of the

Dirac cone (see Chapter 5).

6.5 Photonic band structure

The single excitation eigenmodes of Eq. (6.1) are Bloch modes of the form

[V'k) = Z eik-Rn [C+,k +,fl) C-,k U-,n (6-4)

where the summation runs over all lattice vectors {Rn} and k is the Bloch quasi-

momentum. For each k, there are two eigenvalues wk that can be numerically cal-

culated from the photonic band structure shown in Fig. 6-2(a) (see Appendix E.1).

Fig. 6-2(b) shows the hybridized atomic-photonic bands in the immediate vicinity of

the K symmetry point in the presence of an out-of-plane magnetic field. The bare

photonic bands of the Dirac cone are also shown schematically as yellow dashed lines

for reference. One of the atomic bands does not interact with the guided slab modes

due to polarization mismatch, forming a flat band in the middle. The other atomic

band hybridizes with the guided modes, forming avoided crossings that split the band

into two disjoint parts. Two equal band gaps form just above and below the middle

band and the three bands have Chern numbers -1, +2 and -1, respectively.

The size of the band gap A between topological bands is of particular importance,

since the topological protection of the system (e.g. the robustness of edge states to

defects) increases with gap size. Since the gap arises from the Zeeman-splitting of

the atomic levels [199], the gap size is a linear function of the applied magnetic field
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Figure 6-3: (a) Gap size scales linearly with B-field (A = 2pB) until a plateau is
reached at Amx (blue line). (b) Maximum gap size Amax as a function of the detuning

6A -- WDirac - WA (blue line). The dashed red line is a ~ 1/ 6A fit.

(Fig. 6-3(a)), until a plateau is reached at Amax when the middle band completely

flattens. The maximum achievable gap size Amax is plotted in Fig. 6-3(b) as a function

of 6A. As the tip of the photonic Dirac cone is tuned closer to the atomic frequency,

the energy gap increases as ~ 1/ 6A. Ultimately, the gap size is limited by the fact that

our quantum optical model (which relies on the accuracy of the Markov approximation

near the Dirac cone [193]) is only valid as long as the emitter-field correlation time

Tc is much shorter than the typical timescale on which the atomic system evolves TA.

Here, the correlation time is set by the time it takes for a photon to leave the emitter

array of size L (i.e. T, - L/v,), while the relevant time scale for the system evolution

is set by the band gap (TA ~ A- 1 ) (Appendix E.2). As JA is reduced, the density of

photonic states at the Dirac cone decreases linearly. Thus, the number of emitters

in the array has to be increased as - 1/ 6A to maintain the density of states and the

characteristic behavior of the system. Once the system size L becomes comparable

to vs A 1 , the model breaks down. Assuming -y/21r = 300MHz for the bulk emission

rate for SiVs 12211, we find that this occurs around A - 2 5 0-y (Appendix E.2). Note

that the accessible gap sizes in this system are two orders of magnitude larger than

those that can be obtained in free space for similar emitter spacings [114, 1991.
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Figure 6-4: (a) An infinite stripe of emitters embedded in an extended photonic
crystal slab. (b) Edge states inside the band gap near the K point. Unidirectional
edge states on the left (right) boundary are indicated by diamonds (squares). The

bulk modes are marked by dots, forming the two nearly flat bands near the top and
bottom. Yellow shading and yellow dashed lines mark the region where bands can

decay into resonant slab modes. Color coding shows the decay rate Ppc. Relevant
parameters are 6A=18.73THz, v = 0.25c, 1EO|2 = 0.1855/a 3, A = -y and MB = 0.57.
Results were obtained for a stripe with 41 atoms in the transverse direction. States

that have 5 times more overall amplitude on the five leftmost emitter columns than
on the five rightmost columns, are classified as edge states.

6.6 Topological edge states

We next explore the topological edge states of the system. We consider a stripe of

emitters, embedded in an extended PhC, that is infinite along the y-axis, but finite

along the x-axis as shown in Fig. E-6(a). Fig. E-6(b) shows the unidirectional edge

states inside the gap near the K point'. These states are confined to the system

boundaries and carry energy only in a single, direction, reflecting the broken time-

reversal symmetry and the topological protection of the system [22-24, 114, 158, 159,

1991. Edge states on the left side of the stripe are marked with triangles, whereas

edge states on the right side are marked with squares. The quasi-momentum region

where the guided modes of the Dirac cone are resonant with the emitters is shaded

'Note that all edge state calculations are performed for a small gap size (i.e. large 6A) to ensure
sufficient density of states even for limited lattice sizes.
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yellow and its boundaries are marked by yellow dashed lines (see yellow dashed lines

in Fig. 6-2(b) for reference). In this region the emitters can directly couple to guided

slab modes with decay rate Fpc, the magnitude of which is indicated in the figure

by the color code. Modes that fall outside the yellow region cannot couple to slab

modes due to the momentum mismatch, making these modes long-lived. Note that

a different edge termination with slightly different edge state properties is obtained

when the triangular lattice is rotated 7r/6 relative to the one shown in Fig. E-6(a)

(see Appendix E.3 for more details).

Next, we study the time evolution of edge states in real space. Fig. 6-5(a) shows

a defect-free triangular lattice of emitters with a hexagonal shape. The emitters are

embedded in an extended PhC, whose spatial dimensions are much larger than those

of the atomic lattice, such that Eq. (6.2) remains valid and can be directly substituted

into Eq. (6.1) to obtain the Hamiltonian. We assume that one emitter on the edge is

addressed by a weak laser with frequency WL that is resonant with the edge states in

the lower half of the gap. The laser couples to the o, and a transitions with equal

strength Q, such that Q < A. We calculate the time evolution of the wavefunction of

the initial state by numerically exponentiating Eq. (6.1) [1141. The evolved state of

the system is shown in Fig. 6-5(a), where the color of each site reflects the excitation

probability of the emitter. The edge states excited by the laser carry energy only in

the clock-wise direction, reflecting the broken time-reversal symmetry of the system.

Coupling to bulk modes is strongly suppressed. Furthermore, the excitation routes

around the lattice corners without reflection or significant loss into the guided modes

of the slab.

The hallmark of topological edge states is their robustness to significant imperfec-

tions in the system. Fig. 6-5(b) shows a lattice, where a random 10% of the emitters

is missing. Furthermore, we assume that the inhomogeneities in the nanophotonic en-

vironment (e.g. fabrication imperfections) give rise to the inhomogeneous broadening

of emitters. Therefore, we sample the emitter frequencies from a Gaussian distribu-

tion, whose width is 10% of the gap. Fig. 6-5(b) shows a snapshot of the time-evolved

state of the system. Despite the presence of the lattice defects and the inhomogeneity
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Figure 6-5: (a) Time-evolved state (t = 161.5-y-1) of a hexagonal-shaped triangular

lattice of emitters (N = 1519) embedded in an extended photonic crystal slab. An

emitter at the edge (black star) is addressed by a laser (inset). The edge state

propagates on the boundaries without reflection or significant decay into slab modes.

The color code shows the excitation probability at each emitter. (b) Time-evolved

state (t = 297.57- 1) state of the system (N = 1380) in the presence of imperfect

lattice filling (90%) and inhomogeneous broadening, where the emitter frequencies

are sampled from P(w) = 1/V'2xro.2 exp(_(w _ WA) 2 /(2U 2 ), where u = 0.1A. Other

relevant parameters are 6A/27r = 18.73THz, v, = 0.25c, IEo1 2 = 0.1855/a 3 , A =7

puB = 0.5-y, Q = 0.0059- and U L WA - 0.37-y. The laser drive is switched on

adiabatically with the profile Q(t) = Q exp(-[t - to] 2/[2E 2]), where to = 127.5-y 1

and E = 23.3-.

121



of emitters, the edge state propagates along the system edges, routing around all

defects, including the cluster of missing emitters near the bottom edge. These results

demonstrate the topological robustness of the edge states and the system as a whole.

6.7 Flat band and interactions

The flat middle band in Fig. 6-2(b) is another key feature of our topological system.

The flatness of the band and the non-trivial Chern number are, in general, the two key

ingredients for fractionalized topological phases in lattice models [39, 160, 175, 204-

207, 222, 2231. Usually, such flat bands require careful tuning of the long-range

hopping parameters. Here, away from the K point the band remains flat due to the

fact that the guided photonic bands are far-detuned and coupling to them is weak

(Fig. 6-2(a)). Near the K point, flatness arises from the combined effects of the uni-

form magnetic field and the fact that the middle band does not couple to the PhC

bands due to polarization mismatch. The inherent non-linearity of the constituent

emitters gives rise to a hard-core constraint for the bosonic excitations of the system,

which provides a point-like interaction for the excitations. Such short-range interac-

tions are ideal for the realization of interacting many-body topological phases [2241.

Within such a system we expect non-trivial competition between states with strongly

correlated topological phases and those that behave analogously to electronic charge

density waves. This competition arises from the fact that the atoms interact primar-

ily through the Dirac cone and, therefore, the Berry curvature is concentrated in the

vicinity of the K points. Thus only states near the K points are expected to yield ex-

otic topological many-body phases, whereas the rest of the band will likely contribute

to states that resemble an ordered quantum fluid. Controlling the distribution of the

Berry curvature in the flat band (e.g. using established techniques from cold atom ex-

periments [225]) can be explored for engineering experimentally observable fractional

topological phases.

While practical realization of the proposed systems constitutes a non-trivial chal-

lenge, most of the key ingredients have already been demonstrated recently. For
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example, a hybrid system based on SiV color defects in diamond can be created by

first fabricating a thin diamond slab [219, 226], SiVs can be implanted using focused

ion beam implantation [2271, while GaP can be positioned both sides of the slab [2281

with the air-hole structure created by etching through the GaP and diamond layers.

Alternatively, a PhC hole structure made entirely of diamond can potentially be used

(see Appendix E.1 for more details).

6.8 Conclusion

In summary, we have demonstrated that two-dimensional quantum emitter arrays

embedded in photonic crystals constitute a topological quantum optical system. The

atomic bands have non-trivial Chern numbers in the presence of an out-of-plane mag-

netic field and the dispersion of one of the bands is significantly quenched. Long-lived

topological edge states appear on the system boundaries, which are robust to imper-

fect lattice filling as well as to inhomogeneous broadening of the emitters. We believe

that the experimental accessibility of this platform will open up exciting opportunities

for exploring novel topological states of light and matter, including quantum optical

analogues of fractional Chern insulators.
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Chapter 7

Outlook

A natural extension of the work discussed in this thesis would be the study of topolog-

ical quantum optics with multiple excitations and interactions. Interacting topologi-

cal many-body physics gives rise to a wealth of remarkable phenomena, including the

Fractional Quantum Hall effect [12] and anyonic excitations [4]. As noted in Chapter

1, anyonic excitations with non-Abelian statistics are key ingredients of theoretical

proposals for topological quantum computing and could enable the implementation

of large, fault-tolerant quantum computers.

However, finding and exploring non-Abelian anyons in Fractional Quantum Hall

systems is a significant challenge in itself. Numerically studying such interacting

systems is hard due to the limited system sizes that can be simulated using state-

of-the-art computational resources [4]. At the same time, experimentally observing

and characterizing quasi-particles with possibly non-Abelian statistics, such as those

at v = 5/2 filling, is difficult in conventional solid-state systems due to the stringent

requirements for high sample purity and low temperatures [2291. Therefore, it would

be desirable to find alternative physical systems where the Fractional Quantum Hall

effect can be studied with less demanding experimental requirements.

Given the experimental accessibility and wide tunability of parameters in quantum

optical systems, finding analogues of the Fractional Quantum Hall effect in such

systems would be of significant value. The presence of the flat band with a non-

trivial Chern number in the photonic crystal system described in Chapter 6 makes

125



such a system a promising candidate for the exploration of quantum optical analogues

of the Fractional Quantum Hall effect.

As discussed in Section 6.7, finding non-trivial topological many-body states re-

quires a flat band with a reasonably uniform distribution of the Berry curvature

across the Brillouin zone. In the system discussed in Chapter 6, the Berry curvature

is tightly concentrated near the K symmetry points. Therefore, smearing out the

Berry curvature across the Brillouin zone is of key importance for observing non-

trivial interacting topological states. Conventional techniques that could achieve this

include the shaking of the lattice, and applying electric or magnetic field gradients

across the lattice to break translational invariance.
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Appendix A

Appendices for Chapter 2

A.1 Derivation of a closed-form expression for the

dipole-dipole interaction

In this section we show that the single-source Green function derived by Leonhardt

[48, 53] for the 2D fish eye lens can be written as a sum over the eigenmodes of the lens

(Eq. (2.7)). This result enables us to connect the Green's function to the expressions

obtained for the atomic properties from the master equation treatment.

A.1.1 Green's function of the 2D fish eye

The single-source Green's function of Maxwell's 2D fish eye (of radius RO, thickness

b and refractive index profile n(r) = 1+( /o)2) is a solution of the following equation

- 6 ,,) GO(r, r', wo) - e(r) -2-Gf3(r, r', wo) = 6J(r - r'), (A.1)

where a, , v = x, y, z and summation is implied over repeated indices and e(r) =

n(r)2 = [2no/(1 + (r/R)2)] 2 is the position-dependent electric permittivity. When b

is chosen such that wo < rc/b, only the lowest TEM polarized mode of the fish eye

can be excited and the electric field is invariant along the z-axis (OzE(r) = 0). The

explicit expression for the zz-components of the Green's function (Eq. (2.16)) is then
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given by

Gzz(ri, r2 , W) = F(ai, a2) - F(ai, 1/a*),

where

F(ai,a2 ) = - 4bi( 2)4bsin(rv)

where Pv is the Legendre function of (non-integer) oder v,

v = 4 R~j+1-1(Z
2 VC2

where

((a1 , a2) = a 1 -a 2

A.1.2 Virtual coordiantes

The stereographic transformation [49]

and (al, a2) =

andcfj- r3 eiq5,
and a~=-

pi

1((al, a2)1 2 _ 1
M((l1, a2)1 2 + 1'

(j =1, 2).

r2 p22irif- 0R_ p -1

Sr,+Ro p, +1
=: cosQ , (A.6)

can be used to map any point (r, 0) on the real plane to a point (0, #) on the surface

of a virtual sphere (where q is the same value in both coordinate systems). Using

this transformation, we can simplify the definition of the Green's function

((ai, a2 )

I((Cea, 02)

(Oz , a2 )

(p1 cos 01 -p 2 cosS 2) + i(p1 sin #1 - p 2 sin 0 2 )

P1P2 cos(0 1 - 02) + 1 + zpip2 sin(# 1 - #2)

p p2 - 2pip 2 cos( 1 - 2 )
(pIp2)1 + 1 + 2 piP2 cos(# 1 - 02)

2 22 _P + P2 (P p2 )2 _ 1 - 4p1P2 cos (01 - 02)[( + P + (pip2)2 +
2 1 21\_ 

P
= - + (p ) (P 1) COs(1 - 2) =

S- cos 01 cos 02 + sin 01 sin02 cos(01 - 02)] COS 012,
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where 012 is the spherical distance beetween two points, (01, 0 1) and (02, k2), on the

surface of a unit sphere, since

cos 012 = X 1X 2

sin 01 cos ,1 sin 02 cos 02

= sin 01 sin 01  sin 02 sin 0 2

cos0 1  J cos02

Scos 0 1 cos 02 + sin 01 sin 02 cos(01 - 02).

(p1 cos 0 1 - cosS 2) + i(p, sin # 1 -- sin 12)=P2 P2

Cos(01 - 02) + 1 + 2L1 sin(01 - 2)

p + -2- cos(1 -- -2)2 P2(01-

(P-')' + I + 2 1 cos(o1 - 02)'

- (p)2 -1 - 4L cos(01 -k2)P2 P2

(pi 2) (2
= - [ cos 01 cos(mr - 02) + sin 01 sin(7 - 02) cos(01

cos(01 -- 02) =

- 02)] =-cos ' 12,

where, now, ' is the spherical distance between the points (91, 1) and (wr - 02, 02).

Now, we can write the Green's function as

G..(ri, r2 , W) =
P,(-cos 012) - P1(-cos 0'12 )

4b sin(7rv)

A.1.3 Expansion in Spherical harmonics

Expansion with respect to 1

The full set of Legendre polynomials, P1, form a complete, orthogonal basis on the

space of smooth [-1, 1] -* 1 R functions. This allows us to expand the Legendre
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p2 +2
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function P, in terms of the Legendre polynomials P

00

P(x) = ZciPi(x),
l=0

where c, = 21+1
2
7
_1

1

dx P(x)Pv(x).

According to Abramowitz & Stegun, Section 8.14 [230]

+1

/dxP,7(x)P,(x)
-1

2 2sin(ir7)sin(7rv)[ik(ri+ 1) - b(v + 1)] + 7rsin(zrv - m7)

7r2 (v _q )(v + 77 + 1)

where b is the digamma function and which expression, in case of q = I E IN, simplifies

to
+1

d P(x) P.(x) = 2 (-1)' sin(rv)
J l7 r7v(v+1) -1(1 + 1)'

-1

if l E IN. (A.10)

This means that

P (x) = sin(wv) E(-1) 21 1 Pi(x),
1=0 v(v+ 1) -l(l + 1)

(A.11)

and we can write the Green's function as

1 00 21+1
47rb v(v + 1) - (I + 1)l=0

[PI(- cos 012) - P (- cos 0'1 2)]-

(A.12)

Expansion with respect to m

According to the addition theorem of spherical harmonics,

41r
PI(X1 - x 2 ) = P (cos 012) =21 1 (A.13)7 "(01, #1)Y"y (02, 02),

where the spherical harmonics are defined by

(A.14)
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I I ,, -1- 1

G.. (ri, r2, LJ) =

2L +r 1 (1 -m)i .
CS0 F ' 1 ' IP"(cs)"",1yr" (0, )=



where Pjm are the associated Legendre polynomials.

By using this theorem, and the property that Pt(-x) = (-1)'P(x), we can write

P(- cos 012)

P(- cos 0'12)

P(- cos 012) - P(- cos 0'12)

= (-1)'2_ 4 12 +1_

21 +

- (-1)1 21+1 1 Yr 1O
mn=-I

14+1 + [11

(r1)( - 02, 02),

(-1)'_-Y (02,02)

- (-1)1-,] jyf*(91 0I)Ym(02, #2)-

The expression inside the square brackets is zero if 1 and m have the same parity, and

2, if they have different parity. The set of m values for which the corresponding term

is non-zero is M, = {-(l - 1), -(1 - 3),. .. , (1 - 3), (1 - 1)}. Using this notation, we

can write the Green's function as

Yrn*(01 # 1)Y m (02 , 02)

V(V + 1) - 1(1 + 1)
(A.15)

2 0
G22(ri, r 2 , W) = E E

ibO MEMI

A.1.4 Expansion in cavity modes

Recall from Eq. (2.7) that the TEM eigenmodes of Maxwell's fish eye with radius Ro

and width b are

fz m (r) = 2 21 + 1(1--rn)! m
bRin\ 4wr (l+r)i

2
2(- )IYIm(0, #),

bRono

(2 R 2 eimo
02R)

(A.16)

0 r
2

- R2 .Te aif h r
where r and # are polar coordinates of r and cosO = . They satisfy the or-

thonormality condition,

Ro 2,r

61,M'ar,= Jdr r ]d
0 0 0

b

dzn2(r)f*r (r, #)f, (r, #).
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The corresponding (partially degenerate) eigenfrequencies are

C

Wi,m =W1 -= c l(l + 1) =: cki.
Rono

Now, we can write the Green's function in Eq. (A.15) as

-R 0n fim (rj)fj,m(r2)

l=0 mEMI V(i 1

fifm(rj)fj,.(r2)

1=1 mEMi (w/c)2 -

(A.18)

(A.19)

where we used the connection between w, and 1, and w and v. Using Eq. (2.9), we

can then write the dipole-dipole interaction within the fish eye in the following form

6wrir2  =d20 d2wg 'o fim(ri)fi,m(r2 )6w (ri, r2) = h 2 Re{G22(ri, r2,WO)} = m rf .rhE0C kc 2 -mWEMC)2 1=1 mEMI
(A.20)

We note that this decomposition of the Green's function in terms of the eigenmodes

of the fish eye is a particular example of Fredholm's theorem [231].

A.1.5 Comparison with master equation results

Recall that the dipole-dipole interaction obtained from the master equation (see

Eq. (2.15)) has the form

Jw(r1 , r2 ) =

lm

Making use of the transformation

W2

2 2 =
A~ U 0

2

2 2 f.m(rj)fj,m(r2).
L 1 0

(A.21)

1 + 2 2
1i ~ 01
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and the dipole-dipole interaction becomes

o E f ,(r)fl,rn(r2) + Wo
1,,r I'

f* m (ri)fir,(r2)
2 - 2W -I

Since the modes ft,m form a complete basis, i.e.

E fl*m.(r1) fl,m(r2) = 6,3 (r, - r2),
I,m

the first term inside the square brackets does not contribute if r1 z r2 , thus

d2 wl f (ri) fl,m(r2)
Jw (ri, r2) = 2 -0 z (l) 2)

hEO - (wo/c)
if r1 = r2 ,

(A.23)

(A.24)

(A.25)

which is identical to Eq. (A.20). This shows that the right-hand side of Eq. (2.15)

can indeed be replaced by Eq. (2.9) and Eq. (2.16).

More generally, using Eq. (A.22) and Eq. (A.24) we can express Eq. (A.19) in the

form

r2 , oO) =h Lfim(r1)fi,(r2)
2hEo WO + W1 WO ) (A.26)

from which it is straighforward to show that

d2 (Wo + i) 2

hEO C ')2G22 (ri, r2, WO

+ Pw - WO)
+ (WI -

+ i) = 2heo E

K2 + (W 1 + Wo) 2

fl* (WI + Cio)
flr(ri)fl,,r(r2){ + 2(P1 + WO)

(A.27)
K2 + (W - U))2

which allows us to express the decay rates Eq. (2.24) and the dipole-dipole interaction

(Eq. (2.25)) in the presence of losses in the following closed form

E2I7(ri, r3) = 2d 2 Im{(wo + i) 2 G22(ri, r1 ,wo + i)}. (A.28)
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and

hdc2

We note that G2,(ri, rj, wo + ii) is the solution of the following equation

- iOnnO,) G,(r, r', wo + iri)

n(r)2 (WO + i;) Gk/i(r, r', wo + ir) = 6,3J(r - r'),
c2

(A.29)

(A.30)

which can be thought of as the dyadic equation for the fish eye lens with the complex

refractive index fi(r) = n(r)(1 + iI/wO), since

n(r)2(wo i+K) 2 = n(r)2 (1 + iKI/wo) 2W2 = h(r)2a.

Noting that for r, < wo the following approximations hold

F(ri, rj)

6w(ri, rj)

2di22
~ d.2 Im{G. (ri, rj, wo +ZiK)}
hEOc2

d? w2
~- 0 2Re{G2(ri, r3, wo iis)},

(A.31)

(A.32)

we find that photon loss from the modes of the fish eye of the form of Eq. (2.21) can

simply be modeled with the complex refractive index profile fi(r).

A.2 Numerical Solution of the Schr-dinger Equation

In this Appendix we describe an efficient way to numerically solve the Schrddinger

Equation while including the two atoms and the modes of the fish eye in the dynamics.
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A.2.1 Hamiltonian

Electric dipole interaction of a single atom

Recall that the electric dipole coupling of a single atom, placed at ri, to the electro-

magnetic field modes of the fish eye is given by

V=-di-E(ri), where di=dz(-j+-i), where a-,= Igi) (ei1, (A.33)

where d, is the magnitude of the transition dipole moment between the two states

of the atom lei) and Igi), whose energy difference is hwo. Substituting Eq. (2.3) into

Eq. (A.33) and neglecting the counter-rotating terms in V, we arrive at

VRWA = id bR2 [aj,motYV,m(O, 4) - at ,(#
1'M 00lr m ,Yj

(A.34)

where no = 1 was assumed.

Two atoms

Assuming that

term takes the

there are two identical atoms positioned at r1 and at r2 , the interaction

form VRwA(ri) + VRwA(r2). The total Hamiltonian then becomes

H = hwocrlc- + hwo Uco 2 + Z hwiaina,,.

hg all ai,mY,m (01, 41) + a ajrnY,m (02, 02) + h.c., (A.35)
L m mn

where gj = d, .
VIhbREO

The diagonal terms hwo - l + Zm at ,al,m), simply give a constant en-

ergy shift to all eigenvectors in the subspace of interest and can, therefore, be sub-
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tracted from the Hamiltonian. The modified Hamiltonian then takes the form

I m

+ ug t al,, )o alr,m(92, #2) + h.c., (A.36)

where J, = w, - wo.

Opposite positions

If the two atoms are placed at opposite positions (0 = 01 = 02 and 1 = =02),

then we can write the interaction part of H as

V/h = Egi E [4aj,mYz,m + Utai,m(-1)myi,n + h.c.] , (A.37)
m

where yl,m = Yi,m(0, # Here we used that Yi,m(0, -#) (-1)"m Yin(0, #). Since the

summation of m goes over m = -l + 1, -l + 3,.. 1 - 3,1 - 1, m and 1 always have

opposite parity, and we can pull out (-1)m (-1)+1 from the summation, giving

V/h = gi [ + (-1)1+1072 al,.y, + h.c. (A.38)
m

We define an incomplete set of new modes,

A - m alyr', N12 = Z YLm 12, [A, At] = 1. (A.39)

The normalization factor can be calculated as follows.

Yi,m(0, 4)12 
= 5 1IYim(0, 0)12, (A.40)

mEM M=-l

M ={-l + 1, -l + 3,... l-3,l-1}. (A.41)
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Recall the sum rule:

(A.42)
+1 21+ 1

Y*(01, 01)YI,m(02, 2) = 4r Pi(cos 012 ),
7n=47

where 012 is the angle between point 1 and 2 on the unit sphere, and P is the lth

Legendre polynomial. We use Eq. (A.42) to evaluate the two series:

+1

S: 1i, (,4) 2
m=-1

+1

E (-1)lrnIyl1n(0) 2

rn=-1

21 1
- P(1)4-x

21 1

47r

+1

-SYj*,,(7x -0q5)Ylrn(0, 0)

21 + 1
= 4 Pi (cos(w - 20)),

47r

where we used that (-1)-rnYi,rn(0, 0) = Yi,m(fr - 0, 4) and that the angle between

point (0, #) and point (7r - 0, #) is 012 = 7r - 20.

Using these new A, modes, the interaction can be written as

V/h = g1N [ + (-1)+1o] A, + h.c. (A.45)

Modes A, with different 1 parity couple to different combination of the two atoms.

Let us define

UO- + C2
Jo"2

ae - C2 (A.46)

and write

V/h= 5 Gi(Aiat + At o-) + E Gi (Aia + At e),
IEodd

(A.47)
lEeven

where

Gi = 2giNl = dz C
bROEO

(21 + 1) 1(1 +1) [1 - P(cos(-x - 20))].
47
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A.2.2 Numerical analysis

Hilbert space

We are interested in the dynamics of a single excitation, i.e. we truncate the Hilbert

space to

Span{ e)lg)Ivac), Jg)le)lvac), {Ig)Ig)Atlvac) : 1 = 1, 2,...max}},

a) lb)

(A.49)

|I)

and separate it into two subspaces

I0 = Span{ aOIg) g)lvac), {A g)1g) vac) : l = 1, 3, 5, ... (A.50)

bo)

ie = Span{o-Ig)g)vac),

e)

1L)

{A Ig) |g) Ivac)

1i)

: 1=2,4,6, ... }}, (A.51)

each of which is governed by its own Hamiltonian block.

Hamiltonian

The following H, He act as two independent blocks on 7, and WHe.

Ho = 6 AtAl + Gj(Ajo + Aao)]
IEodd

= [J(61l)(1|+ Gl(|o)(1|+|jl)(o|)]
lEodd

He = S [ A Ai +Gi( At- + AJe
lEeven

S> 1 [Jil)(l| + G(Ie)(11 + |l)(eI)],
lEeven

where

Ro = /1(l +1) - V/lo(lo+ 1)],
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where lo stands for the atomic frequency, i.e. wo = V lo(lo 1) and

G, dc C (21 + 1) 1(1 + 1) [1 - P(cos(7r - 20))]. (A.55)
hbR 0  47r

Results: Time series

We start the system from Li$(O)) = le)1g)Ivac) = Ia) = o"j e), evolve it with U(t) =

exp[-iHt/h], to get

(t)) = [e-iHoth IO) iHet/hle)]

- (OO')e-iQpjtI,,) + E( e,kIe)C^~,k
t lde,k)], (A.56)

where 9.,,, 100,) and Qe,k, 1#e,k) are eigenvalues and eigenstates of Ho/h and He/h,

respectively.

Finally, we note that the numerical results shown in Fig. 2-5 are independent of

the atomic parameters and the thickness of the lens as only ratios of the dipole-dipole

interaction, spontaneous decay and cooperative decay are considered (each of which

is proportional to the square of the prefactor d c/hbR3co).
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Appendix B

Appendices for Chapter 3

B.1 Green's function expressions

In free space the permittivity is e = 1 and Eq. (3.14) can be solved using Fourier tech-

niques to obtain the following momentum-space representation of the dyadic Green's

function [1511

Go, (r) = 1 d 3p e i., 1_ k26,.o - pp,
S(2r)3 k2 k2 _p2 (B.1)

where p = pxi + pyy + pz2, p = p I and k = w/c. Eq. (3.14) also has a closed-form

solution in position space [1511 given by

1 1 ( 0
Go~a (r = - pk2a

eikr
+ /) 4irr

(B.2)

After evaluating the derivatives [232, 233], we obtain the following Green's function

components [104, 149]

Go, 0 l(r) = -+ [

+ ( - 1 3 + 3 xaz(
kr (kr) 2) r2 I

kr

6cA () (r)
+ 3k2 (B.3)
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B.2 Green's function regularization

We regularize the Green's function by inserting a Gaussian momentum cut-off of the

form [109]

lZ(aho, P) = e5*o 2 /2 (B.4)

into the Fourier integral of the Green's function (Eq. B.1), which yields

G* j(r) = e k -- eaoP 2 /2, I , (27r) 3  k2(k2 -P2) (B-5)

The momentum cut-off removes the high-frequency contributions that are associated

with momenta p > 1/aho. Eq. (B.5) is a convolution between the Green's function

and the momentum cut-off and, therefore, by the convolution theorem we obtain

G*,, (r) J d3q Go,.3(r - q)R(ah., q), (B.6)

where R(aho, q) is the Fourier transform of the momentum cut-off function l(aho, P)

given by

JR(ah., q) = 27r 3 e "h2/2

-1 e q2/2a40

(v2 aho)3

= 10o(q)1 2 , (B.7)

where bo(q) is the ground state wavefunction of a quantum harmonic oscillator of

frequency Who = h/(2mah.). Eq. (B.6) thus represents the averaging over the ground

state fluctuations of a harmonically trapped atom, where aho is the amplitude of the

ground state fluctuations [109]. Substituting Eq. (3.15) into Eq. (B.6), setting r = 0

and evaluating the integral gives Eq. (3.23).

In order to find the fluctuation-averaged Weyl decomposition of the free-space

Green's function in the plane of the atoms (z = 0), we need to evaluate the following
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expression

F dpz k26 - pap1 _ p2/2g0(Px-y; 0) 27r Vk2(k2 - p2 + ie) (B.8)

where, as part of the Sommerfeld prescription to make the Green's function causal,

we have included an infinitesimal imaginary number with c > 0 in the denominator

to move the poles off from the real axis [151]. The six independent components are

given by

g*= (k2 _p4,

g *y (k 2- _ 4

9 = (k2 1 0 -1 2 ),

X* = g* = -PaPy'O

= 9I =-
9* z *

*= = -pI (B.9)

where the integrals are given by

0 =cJ

11 = CJ

and

12 = Cf

where

e- hoP./2

d,-1

(k2 _p.2 _p2)+g _ 2'

d-a PoP2/2
dpz 2z(k2 _X -g p2 +i- pz

2 e-a 2 2/

dp P _ Pz/

(k2 _pX2 _ p2) + if pl

(B.10)

(B.11)

(B.12)

C(po, pY) = _e-ao(p +p)/2. (B.13)
2irk2

Using the closed-form solutions for these integrals (see e.g. [2301), we obtain Eqs. (3.25)

and (3.26).
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B.3 Cut-off independence of Green's regularization

As described in Ref. [109], in order to demonstrate that Eq. (3.29) is independent of

ah0, we need to differentiate Eq. (3.29) with respect to a20 and show that the value

of the resulting derivative goes to zero as the aho -* 0 limit is taken. To simplify the

calculations, we use the form of the Green's function as given in Eq. (B.2) and the

following observation [104, 151]

e ikr fd3p eip-r (.4-- =f .__(B.___4)

47rr (27r)3k2 _ p2

We substitute into Eq. (3.29) the following expression

G*,a/(W, r)= +E V (27r3 k2 2 el-hoP/2 (B.15)

After taking the derivative with respect to a 2 and performing the resulting Gaussian

integral, we obtain

lim an02 .ekho ikBRG* (R)
aho-+O aha R

R k - aZk2 2 /

lim ikR ( + 0 r) "2 (0) 3/2 e =- 0, (B.16)
aho- k2 2 a2 2

where the last equality follows from the observation that exp(-R2 /4a ) -+ 0 as

aho -+ 0 for R $ 0.

B.4 Green's function near a flat surface

The Weyl decomposition of the Green's function in the presence of flat surface has

previously been derived by a number of authors [104, 123, 234, 235]. Assuming the

interface is located at z = -h, for z > -h the Weyl decomposition is given by

ga (pX-Y; z) = go,o (px,; z) + g a (pl ; z), (B.17)
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where go,,3(pX_,; z) is the Green's function in free space discussed previously and the

term accounting for the scattering from the surface is given by

g2 (p z) -ie ikd(2h+z) rsawhert (pF; Z) = 2ke Ioffc +ensaa-i+e

where the Fresnel coefficients are given by

kd - km
rs =m

kd km
and

Ernkd - Edkm

Emkd + Edkm

km (emk2 _ ) 1/ 2 > 0

where k = w/c. The unit vectors for the S- and P-polarizations are given by:

( 2

(B.22)

(B.23)kPjXiL+ Y)

Using these expressions, we obtain the following matrix expressions

Px +P22

_XP P 2

0

0

0 0 0

(B.24)
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(B.18)

with

(B.19)

and

k = (6k2 __ )1/ 2 >0 (B.20)

(B.21)

= (pyi - pJ),
p

1+



and

p-p+ =

k2  
p + 2  

PxP

4 PP k2 P 2

k
ldkPx

k
6dk Py

k 1Px

px+p2

(B.25)

Therefore, the full matrix expression in Cartesian coordinates for the scattered part

of the Green's function is given by

gsc(px-y; z) = eik(2d+z)W,
2kd

where the matrix W is given by

p2 k p2

p.2+P2 Id ek2 p.2 p r
PxPy _- k y _______

P + Edk2 p2+P2 p
kd

Edk2Px rp

pXpy k2 ~y
2 rs e2k2 r+- d P

O2px rp

p 2  k 2 p2
+P r edk 2_ p+ rp

Cdk2Py rp

For completeness, we note that for z < -h the Weyl decomposition takes the form

g.3(PX-y; z) = ) (p2-,; z), (B.27)

where g () is given by [104, 123, 234, 235]

ie i(kdh-km(h+z))
gsc,ao (PX-y; z) = 2kd tScaS/ + tP"PM+ j,
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,dk2Py rp

p2 p2

Edk
2

,rp

(B.28)



where the Fresnel coefficients are given by

2kd 2k______m
ts = and tp = , (B.29)

kd + km Enkd + Edkm

and

PM 1 ( p2  ) 2 - kmPXX + P .Y (B.30)
k gi~ jx + pV

Furthermore, we note that our method can be extended to describe atoms in the

presence of multiple interfaces in a straightforward manner, since the Green's function

in momentum space can be written down in a closed form in the presence of arbitrarily

layered planar media. In particular, the above expressions for the Green's function

depend on the particular planar geometry only through the Fresnel coefficients. In

order to treat a more complicated planar geometry, we simply need to substitute the

relevant Fresnel coefficients into Eq. (B.18) (see Ref. [1231 for more details).

In order to perform the summation in momentum space, it is also necessary to find

an expression for G, 0,(0), which can be expressed in terms of the following integral

Gsc,aj (0) = 2) "gSC,a (pX-Y; 0). (B.31)

After performing the angular integral in the px-py plane, only the diagonal terms

survive and we are left with the components

GSCXX8(0) =- k [2xs - 122,, (B.32)

and

Gscyy(O) = GSCXX(0), (B.33)

and
il1

GSC,=() --- k 22,,, (B.34)
47 d
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where the dimensionless contour integrals are given by

Jd= d x A-AmeiAd2kd, (B.35)
J0 Ad Ad + Am

and

IEX,= dx x Ad EmAd - edAm eiAd2kd (B.36)
0 emAd + EadAm

and

IzzP J dx 3 eMAd - edAm eiAd2kd. (B.37)
J0 Ad Em.Ad + EdAm

The x-dependent functions Ad and Am are given by

Ad(X) = VE -X 2 , (B.38)

and

Am(x) = V rm -x2, (B.39)

where the square root with Re(Ad) > 0, Im(Ad) > 0 and Im(Am) > 0, Re(Am) > 0 is

taken to preserve causality. Note that these integral have previously been obtained

in the context of studying qubit relaxation rates near metallic surfaces 236-238].
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Appendix C

Appendices for Chapter 4

This Appendix is organized as follows. In Sections C.1 and C.2, we discuss the theory

behind our calculations for the atomic lattice. In Section C.3, we discuss energy bands

inside the light cone. In Section C.4, we discuss edge modes on the zig-zag boundary.

In Section C.5, we discuss the influence of lattice size on the decay rate of edge

modes. In Section C.6, we discuss the polarization independence of unidirectional

emission. In Section C.7, we discuss atom-photon bound modes in the bulk of the

lattice. Finally, in Section C.8, we discuss the effects of atomic fluctuations on the

spectrum.

C.1 Dyadic Green's function in free space

The dyadic Green's function G,3 (r) in Eq. (4.1) is the solution of the dyadic equation

[1041
w2

7 Gvt(r) - (Oa8v - & G,8,) G,(r) = 6vOJ(r). (C.1)

The Cartesian components of the Green's function are given by [104, 149]

Ga(r)= +__ 2 1
47rr [ kr (kr)2)

+ ~32 3 x,,x3] o"36(3(r)
-2+ + (C.2)

kr +kr)2 r2 3k2
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where k = w/c and a,3 = x, y, z and r = Vx 2 + y 2 + z 2 .

C.2 Band structure calculation

The modes of the periodic lattice with Bloch quasi-momentum kB can be obtained

by substituting Eq. (4.1) and Eq. (4.2) into HI0) = hEkBI'b). After transforming

to a Cartesian basis using the relation l ) = +-(Ix) ily))/v 2, finding the Bloch

eigenmodes reduces to the diagonalization of the following 4 x 4 complex matrix

Map,[v = (PA - iro/2) 6JO1~j,61v + o,j3v

+ (WA - i'o/2) 6cO62,J2v + Xa"u,v (C.3)

where

= -ijB(6axJOy - 6 aV60x)(J1,1,v+ 62,62v), (C.4)

gives the Zeeman splitting of the atoms and the terms accounting for the atom-atom

interactions are given by

Xa~v=37rFocXctp/3v = c
WA E Z ikBRGa(R)61,61v

R7$O

+ e ikBRGa (R + b)6 11, 2 v

R

S e ikB.RGy(R)J2,62

R O

+ e B -Gay(R -b)21 ,
R ..

where b is the basis vector pointing from one site to the other within the unit cell of the

non-Bravais honeycomb lattice which has two sites, a, # = x, y label the polarization

components and p, v = 1, 2 are the sublattice indices. Diagonalizing May"8 gives

four eigenvalues of the form Ek, = WkB - i-Yk, for each kB within the Brillouin zone,

where the real and imaginary parts of the eigenvalues correspond to the energies and
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decay rates of the modes respectively.

To ensure rapid convergence, it is convenient to perform the summation in mo-

mentum space. We use Poisson's summation formula [109, 114, 129] to obtain

E eikBRGj(R) = eikB-RGaj3(R) - Gaj(0)
RO R

S E ga(G- kB; 0) - Ge[(0), (C.6)
AG

and

eikBRGaj (R b) = g (G- kB; 0)etib(G-kB)I (C.7)
R G

where A is the area of the periodic unit cell and the summation is performed over the

reciprocal lattice vectors {G} in the 2D plane, which obey R - G = 2wTm for integer

m and g&,/(q; z) stands for the Weyl decomposition of the Green's function in terms

of 2D plane waves at position z along the z-axis. In the plane of the atoms (z = 0)

it is given by [114, 151]

g=,1(q; 0) = q k k 32 - (C.8)

where q = qP + qy9 and q = Iql and we restrict ourselves to a, 3 = x, y.

The terms on the right-hand side of (C.6) are divergent, but after regularizing

both terms, their difference becomes finite. Regularization is performed by inserting

a Gaussian momentum cut-off e-h Y+) into the Fourier decomposition of each

term [109, 114, 1291. Upon substitution, the regularized Weyl decomposition becomes

g(q; 0) = k 2 k 3 - qa aE(q2+q)/2
2k2k2 c2 - q24

This integral can be evaluated in a closed form [114] and the resulting components
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Figure C-1: Close-up view of the lower part (Wk, < wA) of the light cone region in
Fig. 4-1. (a) When B = 0 the two bands touch at the I' point, where a quadratic
degeneracy is formed. The decay rate of the upper band diverges as it approaches
the edges of the light cone, whereas the lower band is continuous across the edges of
the light cone. (b) When a magnetic field is switched on the degeneracy is lifted.
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are given by

g.*(q; 0) = (k 2  _

g*y(q; 0) = (k 2  2

9gY(q;0) = g* (q;0) = -qxqI(q), (C.10)

where we have defined

1(q) = X(q) [-i + erfi(ahoA(q)/V/2)] (C.11)A(q)

with

X(q) = 1 e-ah(x2+42+A(q)2)/2 (C.12)
2-i k2

and

A(q) = (k 2 
- _ q2)1/ 2, (C.13)

where Im(A) > 0 and Re(A) > 0 is assumed and erfi(x) stands for the imaginary

error function. The regularized Green's function at the source takes the form [1091

k [(erfi(kaho/V/2) - \ (-1/2) + (kaho) 2 ]
(0) 7 ((kaho )

2
/2 (/2) 1/2 (kah)14)

It can be shown using the methods developed in [109] that

exp(k 2aho /2)1A]g(G - kB; 0) - G*f3 (0)] (C.15)
G

approaches the value of the left-hand side of Eq. (C.6) as the limit aho -0 is taken

[114]. Therefore, choosing a small aho such that aho < A we obtain

kR ek2a /2
e ikB RGf (R) A 5g*(G - kB0) - G(), (C.16)

R$O G
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where g*,, is given by Eq. (C.10) and G*O is given by Eq. (C.14). The summation

over G converges rapidly.

C.3 Energy bands within the light cone

Fig. C-1 shows a close-up view of the lower part (wk, < WA) of the light cone region

of Fig. 4-1. For B = 0, the two bands are close to each other in energy and touch

at the F point in a quadratic degeneracy. The quadratic degeneracy arises due to

the inversion symmetry of the reciprocal lattice with respect to the F point [1621.

Switching on a magnetic field raises the degeneracy and the bands exchange one

unit of Berry flux (AC = 1). The modes in the lower band are predominantly

polarized in the longitudinal direction, whereas the modes in the upper band have

transversal polarization. Therefore, the lower band couples weakly to the transversely

polarized free-space modes and remains continuous as it crosses the edges of the

light cone. In contrast, the upper band couples strongly to free-space modes and

the decay rate of the modes diverges as the edges of the light cone are approached,

effectively 'dissolving' the band due to broadening. In particular, for the upper band

-Y 1/ 1 - (kB/kL) 2 , where kB is the magnitude of the in-plane Bloch vector and

kL = 27/A f110. Physically, the divergence arises due to the fact that a free-space

photon traveling exactly in-plane would interact with an infinite number of atoms

and, therefore, a transversely polarized extended lattice mode with kB = 2wr/A would

decay immediately through its overlap with free-space modes of the same momentum

11

C.4 4. Edge modes on the zig-zag boundary

In addition to the bearded and armchair modes, a honeycomb lattice can also be

terminated by a zig-zag boundary. Fig. C-2 shows the spectrum of the edge modes

on such a boundary. Edge modes in the bottom half of the band gap have quasi-

"We thank D. S. Wild for pointing this out
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Figure C-2: Edge modes on the zig-zag boundary of a honeycomb lattice. Edge

modes in the bottom half of the band gap have quasi-momenta kB < W.k/c and are

short-lived. Modes in the top half of the gap have quasi-momenta kB > wkB/c and

are long-lived. Relevant parameters are A = 790nm, FO = 27r x 6MHz, a = 0.05A and

pB = 12FO and the spectrum was obtained from a lattice with 40x41 atoms with

periodic boundary conditions along the first dimension. States for which the ratio

of the total amplitude on the top (bottom) four atom rows to the bottom (top) four

rows is greater than 15 are classified as edge states.
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Figure C-3: Scaling of the decay rate of the edge modes on the bearded boundary as
a function of the total number of atoms in the hexagonal-shaped atom lattice. The
decay rate scales approximately as ~ 1/v'H. The numerical fit to the data points

S1/NO 5 7 is shown as a solid line. To obtain each point in the plot, a hexagonal-

shaped lattice of N atoms with bearded boundaries was considered with a = A/20
and MB = 1217o. The average decay rate was obtained by averaging the decay rates

of all edge states inside the band gap. The inset shows the probability amplitudes of

a bearded edge state on a lattice of N = 120 atoms.

momenta kB < WkB/c and are short-lived, whereas modes in the top half of the gap

have quasi-momenta kB > WkB/c and are long-lived. By tuning the frequency of a

laser to be resonant with the modes in the top half of the gap, we can predominantly

excite the long-lived edge modes of the zig-zag edge.

C.5 Influence of system size on decay rate of edge

modes

For an infinite lattice, modes with quasi-momenta kB > WkB/c are decoupled from

free-space modes and, therefore, do not decay. In contrast, for finite lattices even

such modes have a finite lifetime. Fig. C-3 shows the decay rate of the bearded edge
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modes with kB > "kB/c as the total number of atoms in the lattice is varied. The

interatomic spacing is assumed to be fixed at a = A/20. The decay rate of the modes

scales approximately as ~ 1/\N, where N is the total number of atoms in the 2D

lattice. This scaling is consistent with the observation that, since edge modes are

confined to the boundaries, they explore only the ID perimeter of the lattice, which

scales with ~

Note that changing the size of the lattice has little effect on the decay rate of short-

lived edge modes with quasi-momenta kB < WkB/c. These modes couple directly to

free-space modes and thus their loss via out-of-plane emission dominates, making

finite-size effects negligible in comparison.

C.6 Polarization independence of unidirectional emis-

sion

In Fig. 4-4 a single atom on the lattice boundary is driven by a laser. When the

transitions to the lu+) and Ia-) states are driven with equal coupling strengths Q,

approximately 96% of the excitation emitted by the driven atom is coupled in the

edge modes carrying energy in the forward direction. If only one of the transitions

to the la-) or Ia+) states is driven, the efficiency of coupling into the unidirectional

edge modes changes to approximately 90% and 97%, respectively.

Note that the fact that unidirectional emission does not depend on which transi-

tion of the atom is driven demonstrates that the unidirectionality arises from topology

and not from polarization selection as, for example, in Ref. [2391.

C.7 Bulk excitations within the band gap

In Chapter 4 we discussed the system dynamics when edge states are excited through

an individual atom that is located near the boundary of the lattice. Here we focus

on the time evolution of the system when an atom in the bulk is excited with a

laser, whose frequency WL falls inside the band gap. The driving laser is adiabati-
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cally switched using a sigmoid profile to avoid exciting non-resonant modes and it

continuously excites the atom.

Since inside the band gap there are no extended bulk modes, the atom cannot

resonantly couple to any of the extended lattice modes. Instead, the atom weakly

dresses the far-detuned modes. Consequently, the atom exchanges energy only with

atoms in its immediate neighborhood and a spatially confined atom-photon bound

state is formed as shown in Fig. C-4. This is analogous to the atom-photon bound

states that are predicted to exist in photonic crystals with band gaps [93, 240].

Here a sigmoid profile is preferred to a Gaussian one, since the higher order deriva-

tives of the sigmoid function vary slower as the function approaches its maximum

value than the corresponding derivatives of a Gaussian profile. Thus the sigmoid

profile performs better than a Gaussian in not exciting far detuned extended bulk

modes, making the weak, off-resonant dressing of bulk modes observable.

Since the majority of the extended bulk modes above and below the band gap are

long-lived, the bound state itself is sub-radiant with a decay rate that depends on

the polarization of the exciting laser. In particular, since the band gap arises from

the Zeeman-splitting of the lo+) and o-) levels, the bulk modes above and below

the band gap couple more strongly to light polarized along &+ and 6_ respectively.

Since the modes close to the center of the Brillouin zone and immediately above the

gap are short-lived, a laser with polarization &+ excites a shorter lived bound state

with y = Fo/4.7, whereas a laser with polarization &_ yields y = Fo/7.7. For an

polarized laser we obtain -y = Fo/5.7.

C.8 Effect of fluctuating atomic positions

The Hamiltonian in Eq. (4.1) assumes that the position of the atoms is fixed at

the sites of the lattice. In practice, even when the atoms are tightly trapped and

are occupying their motional ground state, their position will fluctuate around the

lattice sites. These quantum fluctuations are uncorrelated between different sites.

To quantify how the quantum fluctuations in atomic positions affect our results,
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Figure C-5: Maximum gap size A ma as the atomic positions fluctuate with amplitude
6a around the lattice sites with fixed interatomic spacing a = 0.05A and pB = 121'o.
When the amplitude of the fluctuations is less than 25% of the interatomic spacing
a, the band structure is not significantly affected.

we assume a harmonic trapping potential of frequency who, with the corresponding

spatial extent of the ground state oscillations on the order of 6a = Vh/(2mWho)-

We then average the dyadic Green's function in the Hamiltonian with respect to the

ground state fluctuations [109, 114]. Fig. C-5 shows how the size of the band gap

between the topological bands changes as the magnitude of 6a is varied as a fraction

of the interatomic spacing a. Larger fluctuations smear out the well-defined phase

between different atoms and eventually the gap closes. However, when the extent

of the fluctuations is less than 25% of the interatomic spacing, the size of the gap

(and the band structure as a whole) is not significantly affected. This shows that

our results are robust against moderate fluctuations in atomic positions around the

lattice sites.
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Appendix D

Appendices for Chapter 5

In this Appendix, we describe the analytic calculations behind obtaining the Green's

function of Eqs. (5.18)-(5.22).

Given the approximations described in Section 5.4, we can rewrite Eq. (5.13) as

Gaj(r2 ) ~ Ac 2  () i$ +I
8&2 WAa3 (K,&/3 ' K,c4

+I(+) + I(,-D.)

where the four terms in the brackets correspond to the contributions from the upper

and lower bands of the Dirac cones at the K and K' points. The integrals at the K

point are given by

(K, )*(ri) u(,+)(r)
IMi = d2 P. __ __ ,_ e ip-r, (D.2)K,a/3 - dI (K, ) e

W A - WP

and an analogous expressions holds at the K' point. The evaluation of these integrals

follows closely the methods outlined in Ref. [1721.

First, we substitute Eq. (5.2) into the denominator, and after changing changing

variables to k = p - pK, we obtain

(+)* (+)
i - ezpK-r2 2 k PK+k,a PK+k,/3 r, (D.3)I WA - WDirac T vsIk (
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where for notational convenience we have made the positional argument of u ( )*
PK +k,a (ri)

implicit.

We proceed by parameterizing the position vector r1 2 and momentum vector k as

follows

r12 = r(cos 0, sin #),

k = k(cos (K, sin K),

(D.4)

(D.5)

where # is measured from the x-axis and 4K is given by Eq. (5.4).

parameterizations, we obtain

k - r12= krcos(# - 4K),

and substituting this expression into Eq. (D.3) yields

( )* () ikr cos(#-<bK)
I( ) = eIPKr fd2k PKk, UPK+k'3e
Ka -e WA -WDirac - vsIk

First, we evaluate this expression for the top band when a# = xx.

Eq. (5.3) and Eq. (5.14) into Eq. (D.7), we obtain

Using these

(D.6)

(D.7)

Substituting

= a3 1Eo1
2 eiPKrl2

k,

I
0

(D.8)kdk A(qkr)
-J -- vk

where we take the limit of the integral to be k, = IpK for simplicity. We have also

used the notation 6 A = WDirac - WA and IkI = k, and defined the expression

27r

A(O, kr) = d'1K sin2 7 ikrcOs(O-&Dk)

which, after changing variables to O - (dK = 0, evaluates to

A(0, kr) = 7r Jo(kr) - iir sin # J(kr).
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Next, we substitute this expression into Eq. (D.8) and change variables to q = vsk/SA.

We also extend the limit of integration with respect to q to infinity based on the

observation that vSkc/A > 1 when JA is small. Performing the resulting integral

yields

I(+)= a3 IE0I2 6Ar ipK.rl 2 2 + TrYor)
2v2 e /(

-7rHo(r/k) + ir sin 0[Y(r/ ) + H_1(r/) (D.11)

where Ym(r) and Hm(r) are Bessel and Struve functions of order m, respectively, and

we have defined = vS/ 6 A, which sets the length scale of the interaction mediated by

the Green's function.

For the bottom band, we need to evaluate the integral

k,

S = 31EO|2iPK.r2 kdkA'(, (D.12)Kxx I 
a-JA + vsk(

0

where

27r

A'(0, kr) = d(DK sin2  + ikrcos(O-Dk),

0

= rJo(kr)+i-xsinOJ1(kr). (D.13)

This integral is singular, since the denominator can be zero. To make the integral

well-defined, we introduce a small imaginary component +iE, where e > 0, into the

denominator to move the pole off the real axis. This corresponds to only considering

the outgoing waves that arise from the point source, making the Green's function

causal [151]. Then, after changing variables and extending the limit of integration as

for the top band, we use the following identity

1
.: = P [] iMrJ(x), (D.14)
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to obtain

a3IEoI 2 6Alr ( 2 -xYo(r )
IKxx 2v2 eiPK12

+ -rHo(r/ ) + i7r sin q[Y(r/ ) - H_ 1 (r/)],

+ 2i [-rJo (r/ ) + iT sin 4 J (r/ )] (D.15)

Finally, adding up the contributions from the top and bottom bands, we obtain

Ijx + I - a 3 1E2 6A 2 eiPK-r1 2  - iH (r/ )

+ sin OH,' r (D.16)

where we have used the the definition for the Henkel function of the second kind of

order m in terms of Bessel functions (Eq. (5.27)).

The integrals near the K' point can be evaluated using analogous calculations. The

only difference is that we need to use pK' instead of pK and the electric field modes

are different. The results are identical to those in Eq. (D.16) with the replacements

PK -+ PK' and sin # -> - sin q yielding

KIxx K'+xI - e Kr12 - iVH2 (r/)
s

- sin OH, (r/ )). (D.17)

Substituting all four terms into Eq. (5.13), we obtain

G2x(r, ) = sin P-(r)H2 ) (r/ )

()H (D.18)
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where

P (r) = A2|2 (eiPK r iPK).
8CJAVS

(D.19)

The Green's function for the cases when a3 = yy, a/3 = xy and ao = yx can be

calculated analogously. In particular, the final result for G., can be obtained by

making the substitution sin # -+ - sin 5 in Eq. (D.18) to get

Gy (r, #) = - sin P- (r)H2 (r/)

-iP-i(r)HO (r/ ).

The expression for GxY is given by

Gxy(r, ) = cos P-(r)H 1(r/ ),

and we note that

GYX(r,q#) = Gxy(r, #).

These results are summarized in Eqs. (5.18)-(5.22).

(D.20)

(D.21)

(D.22)
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Appendix E

Appendices for Chapter 6

This Appendix is organized as follows. In Section E.1, we discuss the calculations

for obtaining the atomic band structure. In Section E.2, we discuss the validity of

our model and the limits on the maximum achievable gap size in our system. In

Section E.3, we describe the calculations behind obtaining the edge states in our

system. Finally, in Section E.4, we analyze the edge states in the presence of free

space decay.

E.1 Calculation of the atomic band structure

In this section, we calculate the Bloch modes of the hybrid emitter-photonic crystal

system. For simplicity, we focus on the atomic interactions mediated by the photonic

crystal modes and neglect coupling to free-space photons. This is motivated by pre-

vious studies of a triangular lattice of emitters in free space [1141. The cooperative

effects mediated by free-space photons reported in Ref. [114] are, in general, an order

magnitude smaller than those mediated by the photonic crystal modes described here.

E.1.1 Analytic calculations

The Bloch eigenmodes of our system with quasi-momentum k can be obtained by

substituting Eqs. (6.1) and (6.4) into H|4'k) -- hWk|k). After transforming to a
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Cartesian basis using the relation Ia ) = -(Ix) ijy))/v2, the Bloch modes are ob-

tained by diagonalizing the following 2x2 matrix

Ma3(k) = A iF+t

+ 37r>yc eik.RGa,(R), (E.1)
WAnd R0O

where a, = x, y label the polarization components and WA denotes the 'dressed'

atomic transition frequency in the photonic crystal. The summation is implied over

the set of triangular lattice vectors {R = n1 R1 +n 2R2}, where ni, n 2 = 0, +1, 2, ...

and

R, = a 23 ' 2 and R 2 =a (23 ' 2. (E.2)

The Zeeman splitting of the atomic levels is given by

G,,13 = -i pB(Jax3y - oyJOx ). (E.3)

To simplify Eq. (E.1), we write the atomic transition frequency as

WA = WA + 6WPc, (E.4)

where WA is the 'bare' atomic transition in bulk diamond and 6WpC is the energy shift

of the individual atoms due to the presence of the photonic crystal environment. We

make use of the fact that

3'yhc FPc
Ga(0) = 6WPC - i-- (E.5)

to rewrite Eq. (E.1) as

M (k) = WA 63 + (~ + 37ryc eik-RG(R). (E.6)
WAnd R
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Generally, it is difficult to find an exact expression for the Green's function in real

space, even numerically. Therefore, it is convenient to transform the summation over

real-space lattice vectors {R} to a summation over momentum-space reciprocal lattice

vectors {G = n1 G1 + n 2G 2 }, where

G1 = 1 and ,2  1 i. (E.7)
a ( '3 a ( d3

The momentum-space summation can be performed over the Fourier-transform of the

Green's function in momentum space.

In particular, we substitute into Eq. (E.6) the following expression

G0 y (r) =JBZ (2 (p)e , (E.8)

where the integral is performed over the irreducible Brillouin zone of the photonic

crystal and ga(p) stands for the Green's function in momentum space. Next, we

make use of the following form of Poisson's identity

Zei(k+p)-R = Z(27)2 6( 2)(p + k - G) (E.9)
R G

to transform the summation to momentum space, where A is the area of the hexagonal

unit cell in real space. We perform the integral to obtain

1 Z J gd2 p (P)6( 2 ) (p - (G - k))
G Y'BZ

1 1
= gag(-k)= ga (k), (E.10)

where the first equality follows from the fact that only the Dirac delta with G = 0

contributes to the integral (since the integral is restricted to the irreducible Brillouin

zone), and the second equality follows from time-reversal symmetry of the photonic
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crystal spectrum [14]. Using this expression, we can rewrite Eq. (E.6) as

3iuyc 1
Map(k) = 6A 0, + 0J3 + -ga(k). (E.11)

wAnd A

Finally, we expess the momentum-space Green's function in terms of its eigenvalue

expansion [196] as
El(n) * ()

ga# (k) = Ac2 E En (rA) E2,,3(rA) (E.12)
1A - CkJ

where E (n) (r) denotes the a component (a = , y) of the electric field of the photonic

crystal mode in the nth band at quasi-momentum k, while w (n is the corresponding

frequency of the mode.

Even though E ( (r) gives the electric field distribution inside the entire real-space

unit cell, we only sample the field at the position of the emitter (r = rA), which we

choose to be at the geometric center of the hexagonal cell and z = 0 to ensure that

the emitter only couples to TE-like modes [411.

Due to the underlying periodicity of the photonic crystal lattice, the electric field

mode can be expressed in a canonical Bloch form as

n) (r)
Ek () - e ik~rE,. (r) = e3 ' , (E.13)

where a = IRI is the periodicity of the lattice and u(' (r + R) = u ")(r) is a dimen-

sionless periodic vector function that is normalized to ensure that

J d3r e(r) E(') (r) -E)* (r) = 6 kk, (E.14)

where E(r + R) = E(r) is the periodic dielectric permittivity function describing the

photonic crystal in real space and the integral is performed over the quantization

volume [97, 1961.
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E.1.2 Numerical calculations using MPB

We use the open-source MIT Photonic Bands 1.4.2 (MPB) numerical software pack-

age [194] to directly obtain the expressions for win and the normalized U (ra) .

MPB is an iterative eigensolver that uses a planewave basis to iteratively improve

approximations to the eigenstates and eigenvalues of Maxwell's equations. MPB ap-

proximates the solution using a planewave cutoff, which corresponds to the spatial

discretization of the unit cell. In our simulations, we take a supercell of height 4a and

run the calculations with a supercell discretization resolution of 256 x 256 x 64.

In particular, we perform the numerical calculations by defining a rhombic 2D

supercell that contains a 3 x 3 triangular array of holes with hole spacing d = a/3.

We remove the central hole and push the surrounding 6 holes radially outward (Fig. E-

1), such that the center of these 6 holes is a distance 1.2d away from the center. The

radii of these 6 holes is increased to ri = 0.35d. We leave the other two holes in

place, which have a radius of rs = 0.25d. The slab is composed of three different

layers. In the middle, we define a diamond (Ed = 5.76) layer of thickness 0.5a, which

is sandwiched between two GaP (EGaP = 10-5625) layers of thickness 0.315a. In the

resulting band structure, the tip of the Dirac cone is at wa/(27rc) 0.32545. The

eigenenergies wn and the corresponding field intensities Iuk' (rA) 2 of the TE-like

modes at the location of the emitters (rA = 0) are plotted in Fig. 6-2(a). After

substituting wo ) and u( (rA) into Eq. (E.13) and Eq. (E.11), we diagonalize the

2 x 2 matrix in Eq. (E.12) and we obtain two eigenvalues 4cm) (m = 1, 2) for each k.

The results are plotted in Fig. 6-2(b) for a non-zero magnetic field.

E.1.3 All-diamond photonic crystal slab

Note that it is also possible to use an all-diamond photonic crystal with SiVs, which

would significantly simply the fabrication process. An all-diamond structure with the

cavity-like arrangement of air holes shown in Fig. E-1 would also have a stand-alone

Dirac cone and give rise to dipolar interactions with winding phases (Chapter 5).

1 S. G. Johnson, Official MPB Documentation (online), https://mpb.readthedocs.io/en/latest/
SchemeUserInterface/#field-normalization
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However, given that diamond has a lower refractive index than GaP, tuning the

photonic Dirac cone resonant with the SiVs would require a photonic structure with

significantly larger lattice spacing a than for the hybrid structure. This reduces the

size of the irreducible Brillouin zone in k-space to the extent that the entire Brillouin

zone falls within the light cone region (k < 27r/A). This, in turn, implies that all of

the edge states of the system could couple to free-space photons (see Section E.4 for

more details).

Figure E-1: Constructing the unit cell for the photonic crystal. We take a rhombic
supercell with a 3 x 3 triangular array of holes with spacing d and radius 0.25d. The
central hole is removed and the surrounding 6 holes are pushed radially outward to a
distance of 1.2d, while also increasing their radii to 0.35d. The spacing between units

cells is a = 3d.

E.2 Model validity and maximum gap size

In Fig. 6-3(b) we found that the size of the gap is inversely proportional to 6A, the

detuning of the atomic frequency from the tip of the photonic Dirac cone. Eventually,

as 6 A is decreased, our theory breaks down, limiting the maximum achievable gap size.

In this section we discuss for what parameters this breakdown occurs.

The non-Hermitian Hamiltonian in Eq. (6.1) describes the evolution of the system

in the absence of quantum jumps and is obtained from the canonical master equation

for open quantum systems [114]. Since the derivation of the master equation assumes

the validity of the Born-Markov approximation [38], our results are guaranteed to be

valid only as long as these approximations hold. However, the Born-Markov approx-
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imation is known to break down as the atomic emitters are tuned close to the Dirac

vertex [1931.
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Figure E-2: (a) Spectrum for a hexagonal array of N = 1519 emitters with 6 A =

18.73THz, A = -y, pB = 0.5-/ and a = A/3. Eigenstates are sorted in ascending

order. The edge states form a dense set in the bottom half of the gap, leading to the

dispersive time-evolution of the edge states shown in Fig. 6-5(a). (b) Spectrum for a

hexagonal array of N = 1519 emitters with JA = 3.78THz, A = 5-y, pB = 2 .57 and

a = A/3. The edge states are sparse in the bottom half of the gap due to the reduced

density of states for the resonant photonic slab modes. Excitation of the edge states
leads to the characteristic few-mode dynamics depicted in Fig. E-3. For both (a)

and (b), the emitters are assumed to be embedded in the same photonic crystal as in

Fig. 6-1, with v, = 0.25c and IEo1 2 = 0.1855/a3 .

The Born approximation assumes that the state of the environment (i.e. the

collection of photonic crystal modes) is not significantly affected by its interaction

with the emitters. This assumption is guarenteed to hold as long as the photonic

crystal is much larger than the emitter array.

The Markov approximation assumes that the correlation time -r between the
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environment and the emitters is much smaller than the typical time scale for the

evolution of the system rA, (i.e. Tc < TA). Here, the correlation time Tc of the

environment corresponds to the time it takes for a photon to leave the emitter array,

since for t < Tc the photon can still be reabsorbed by another emitter. Denoting the

characteristic size of the emitter array with L, we find that Tc ~ L/v,, where v. is the

group velocity of the guided modes of the photonic crystal slab.

Our focus here is the excitation and time evolution of edge states, for which the

relevant time scale is T, - A', where A is the energy gap (recall that the group

velocity of the edge states is proportional to A). Thus the Markov approximation

requires that

A < vs/L. (E.15)

Note that the system size L and the gap size A cannot be varied independently. The

gap size scales as A ~ 1/ 6 A, and as JA is reduced, the density of photonic states

(DOS) through which the emitters interact decreases as DOS ~ JA 1/A. To

illustrate how the DOS of the photonic slab modes influences the edges states of

our system, in Fig. E-2(a) and (b) we plot the spectrum for N = 1519 emitters for

A = -y (JA = 18.73THz) and A = 5-y (J = 3.78THz), respectively. All eigenstates are

ordered in ascending order. The energy gap is indicated in both spectra with a double

arrow. All eigenstates inside the gap are edge modes. The parameters in Fig. E-2(a)

correspond to those used for the time-domain simulation in Fig. 6-5. Note that the

edge states are densely packed in the lower half of the gap. This leads to dispersive

edge state propagation on the system boundaries (see Fig. 6-5 for reference). In

contrast, Fig. E-2(b) shows the spectrum when 6 A is reduced by a factor a 5, leading

to a 5 times larger band gap, but also to 5 times fewer edge states in the gap. Fig. E-3

shows a snapshot from the time-dynamics when these edge states are excited. Given

that only a few modes are excited, no dispersive propagation is observed. Instead,

patches of delocalized excitations are formed that appear and disappear as the system

evolves in time. This interference effect is the expected behavior for the time evolution

174



of a limited set of modes that have similar energies.

5

0

3.5

(D

photonic
crystal

Figure E-3: (a) Time-evolved state (t = 306-') of a hexagonal-shaped triangular

lattice of emitters (N = 1519), showing the non-dispersive edge state dynamics when

the density of photonic states mediating emitter interactions is small. A single emitter

at the edge (black star) is addressed by a laser of stength Q and frequency WL.

Relevant parameters are 6A/27r = 3.78THz, v, = 0.25c, 1EO1 2 = 0.1855/a 3 , A = 5-Y,
pB = 2.5-, = 0.02957 and WL = wA - 1.85-. The laser drive is switched on

adiabatically with the profile 2(t) = (2exp(-[t - to] 2/[2E 2]), where to = 127.5y-'
and E = 23.37-.

In order to keep the number of edge states inside the gap constant while A is

increased, the number of emitters has to be increased as N ~ A. In general, the re-

quired number of emitters for dispersive edge state propagation scales approximately

as N An, where we introduced n to parameterize the size of the gap as A = n-y

and A 1600 is a phenomenological constant that we deduce from Fig. E-2(a), where

N ~ 1600A/-y. Since the size of the emitter array scales as L K V a, we can rewrite
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Eq. (E.15) as

ny < v/Vna), (E.16)

which, after rearrangement, yields

n< ( 2/3 (E.17)

Substituting v, = 0.25c, -y/2r = 300THz, a = A/3, A = 738nm and A ~ 1600, we find

that in our system the Markov approximation holds as long as the gap size satisfies

A < 250y. (E.18)

E.3 Calculation of edge states

In this section we describe how to numerically calculate the edge states of the system

and analyze them in detail.

We consider stripes of atoms that are infinite along one direction and finite in the

other as shown schematically in Fig. E-4. The periodic unit cells of the stripes are

identified with black rectangles. The unit cells for both orientations are also shown

with m = 17 atoms. The set of unit cells form a periodic ID lattice. For the stripe

along the x axis the ID lattice vector is R. = a., whereas for the the y axis it

is R. v/3ay. Here, we describe the calculation of the edge states for the stripe

oriented along the y axis. The calculation for the other stripe orientation proceeds

analogously.

For the stripe oriented along the y axis, the Bloch ansatz takes the following form

b) = eIIl (cijol ) cIo .,i)) , (E.19)
1=0, l,... b=1

where the summation over 1 is implied over all unit cells, which are placed JRI = Pl=

v/3a apart along the y axis, ky is the Bloch quasi-momentum and b labels each of the
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Figure E-4: Unit cells for stripes of emitters with two different orientations relative

to the triangular lattice. The set of unit cells form 1D lattices with lattice spacing

R, = a along the z axis and R. = v~/a along the y axis.

m emitters inside the unit cell. Acting on Eq. (E.19) with the Hamiltonian (Eq. 6.1),

neglecting the term responsible for coupling to free-space photons and making use of

Eq. (E.5), we find that the eigenvalues of the stripe can be obtained by diagonalizing

the following (2 x m) x (2 x m) Hamiltonian

m

May,p f (ky) = SWAa/3Sbp 6 b,
b=1

WAnd E E
b=1 V=1

(E.20)

where we have defined

Aab,/3b(ky) = E eiklR YG,(lRj + rb - rb), (E.21)

where rb = bX i yb9 and ry = xyi + yyv denote emitter coordinates within a single

cell.

Similar to the 2D band structure calculation (see Section E.1), it is convenient to

transform the real-space summation that runs over 1 to a summation in momentum

space. In order to perform this transformation over the lattice sites along the y-axis,

we need to find an expression for the Green's function that depends on py and x.
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Thus, we need to Fourier transform the Green's function along the y-axis only. We

express the Green's function as

Goo(x,y) =
I

where

gap(pY; X) = J

dp,
Pygao(p.; x) eip" Y

27r

-gao (p., py)eiPxx.
21r

In addition, we also make use of Poisson's summation formula in the following form

e ipyR = > 2ir6(p, - Gy),
1 Gy

(E.24)

where {G.} is the set of reciprocal lattice vectors along the ky axis.

expressions, we obtain

Aabob = goa(Gy - ky; Xb - Xb,)ei(Gy-ky)(Yb-Yb)

= g ,,a (ky; z X - xw )e-ik (Yb-yb ),
Ry

Using these

(E.25)

where the second equality follows from the fact that only the irreducible Brillouin

zone, where G, = 0, contributes to the summation and from the observation that

g(-ky; x) = g(k,; x) due to the time-reversal symmetry of the photonic crystal spec-

trum.

To proceed, we need to numerically evaluate Eq. (E.23). Substituting Eq. (E.12)

into Eq. (E.23), we obtain

gcko (Py; X) = AC 2 I dpx EPIC*(rA) E (rA) e1Px

27r W _ (()A 2

where p = (px, py) and the summation runs over all bands. The sum is dominated
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by the two bands that constitute the Dirac cone (which we label (+) and (-)), and

there are two inequivalent Dirac cones at the K and K' points. Therefore, to a good

approximation, we can rewrite the above expression as

g (Py; X) = (,+)( +g (mn; )

+ g('+)(py;x) +g ' (py; x), (E.26)

where we have defined

(Ki) 2J dpx EK' *(rA) E, ' (rA)
g9 ; =cj 2-F 2 (K,t 2PY X) Ac

A- PjP )

and

(K', ) _ dp E *(rA) E(K (r )
(7 (Py; X) = Ac 2 ,d-x , - ' A2 c .

A P

To proceed, we need to utilize the analytic approximations developed in Chapter 5 for

the band dispersion and electric field near the K and K' points. The band dispersion

near the K point is well approximated by

K.' = WDirac vs (p - K)2 (py _ PK,y)2

where PK (PK,x, pK,y) is the quasi-momentum associated with the K point inside

the irreducible Brillouin zone. Similarly, near the K' point we have

= WDirac vs PX - K (Vs _

where pK' = (piK',x,PK',y). The electric field of the guided modes near the K point is

well-approximated by

E(K' )(rA) = EO sin 4KT-F J t sin 'T y,
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where

K(pc, py) = arctan (P PK'Y
\P. - PKi< .

whereas the electric field of the modes near the K' point is given by

EPK', (rA) = Eo sin ( - sin ( FK + 'T

where

DK'(px, py) = arctan (P .ZI/')

The numerical evaluation of g,,') and g9 is somewhat subtle, as the integrands

contain poles, branch cuts and branch points. Thus, special care has to be taken to

define the appropriate integration contour. Here we describe how to evaluate g(K'

(i.e. the contributions from the K point). Evaluating g(K', ) proceeds analogously.

First, note that the integral g ' (py; x) has a pole when wA = (K,-), i.e. when

the atomic frequency is resonant with the photonic modes of the lower half of the

Dirac cone. While these resonant states occupy a circle in the px - py space, since

we are integrating along the p., axis, there are at most two such singular points along

the integration path. These two points are located at

Px K = PK,x J (Dirac - WA)2  (PI _

whenever the expression under the square root sign is positive (otherwise there are no

poles). These poles in the integrand can be avoided by using an 'E-prescription'. In

particular, we introduce a small imaginary term +iE with E > 0 into the denominator

of the integrand to obtain

2 dpx Epn) (rA) Ep 3 (rA) i
gck (py; x) = Ac2 2 - (U K' )) 2 C e
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Figure E-5: (a) Integration inside the 2D Brillouin zone to obtain edge states along

the k axis. Black dots mark the K and K' points, whereas orange circles indicate

the set of modes in the photonic Dirac cone that are resonant with the emitters. The
eigenmodes can be obtained for any Bloch vector k. E [-7r/a, 7r/a], by integrating the

interval between -27r/(V/3a) p, 2ir/(v/3a). Blue dotted line shows an example

of such an integration path. (b) Integration inside the 2D Brillouin zone to obtain

edge states along the k, axis. The eigenmodes can be obtained for any Bloch vector

ky E [-r/(v/sa), r/(V/a)], by integrating the interval between -27r/a < p, < 27r/a.
(c) Integration contour near the K point for the blue dotted line shown in (b). Poles

are indicated by black crosses, the branch cuts and branch points the arise from the

square root function are shown in red and blue.

This prescription makes the integral well-defined and corresponds to the causal Green's

function, which represents the outgoing radiation from a point source [151J. The rel-

evant integration path (that is equivalent to the c-prescription via a contour defor-
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mation) is indicated in Fig. E-5(c). Note that for ga ' (py;x) the integrand has no

poles. However, we may use the same c-prescription prescription for simplicity.

Furthermore, it is also necessary to choose the appropriate branch when taking

the square root p- PKx) 2 + (p, - pK) 2 to find '. The square root function

(with a quadratic function as its argument) introduces two branch cuts that emanate

from two branch points at +i(py -pK,y), as shown in see Fig. E-5(c). Causality of the

Green's function requires that we follow the E-prescription path on the first Riemann

sheet [1511. Doing so corresponds to enforcing

Re(/(p. K)2 + (py PKy)2 ) 0

and

Im(j(px - )2 (py PK,y)2 ) 0.

Note that the two branch cuts come infinitesimally close at (Re(px), Im(px)) = (PK,X, 0),

which makes this point ill-defined. Therefore, it is essential to break the integration

contour into separate paths, such that the first path ends at (PK,x, 0), whereas the

second one starts from there.

In addition, we also need to ensure that the appropriate branches are chosen when

evaluating the inverse tangent function to obtain IDK. In particular, we need to ensure

that "PK E [-7r,wx].

With these prescriptions, the integral g]' ) (py; x) can be numerically evaluated

(see Fig. E-5(b) for the relevant integration limits). Analogous prescriptions apply to

g ' (p.; x). Then, substituting Eq. (E.26) into Eq. (E.25), we can diagonalize the

matrix Ma(ky) in Eq. (E.20) for any k. E [-27r/(2V'Fa), 27/(2V3/a)] inside the ID

irreducible Brillouin zone, yielding 2m eigenvalues for each k.

Finally, we note that the calculation for the other stripe orientation can be per-

formed analogously, where the only difference is that the integration is performed

along the p., axis with different limits and the K and K' points are located at the

edges of the integration interval (see Fig. E-5(a)).
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E.4 Analysis of edge states in the presence of free-

space decay

In Chapter 6, we analyzed the topological edges states when emission to free space

modes is neglected. Here, we discuss the effect of free-space emission on the decay

rate of edge states.

Before proceeding, we note that standard high-performance calculations for the

eigenmodes of photonic crystals, which are based on the plane-wave expansion method

to numerically solve Maxwell's equations [194], do not accurately account for the

coupling of non-guided modes to free-space photons within the light cone. While there

exist techniques for numerically obtaining the out-of-plane decay rate of such modes

based on finite-difference time-domain calculations [241], doing such calculations at a

massive scale would require prohibitively large amounts of computational resources.

Therefore, here we utilize prior results from Refs. [114, 199] on the decay rates of

edge states, arising from cooperative atomic behavior, to analyze the edge states of

our system in the presence of free-space decay. In particular, we will make use of

the observation that edge modes inside the free-space light cone can decay out of

plane at a decay rate comparable to the individual free-space linewidth of the atoms

'o, whereas modes outside the light cone cannot couple to free-space photons due to

momentum mismatch [114, 199].

The edge states for the two different stripe orientations are illustrated in detail

in Fig. E-6, where a small detuning of JA = 0.321THz was used to analyze the edge

states for a large gap of A = 5O-y. The properties of the edge states for the two

different stripe orientations can be understood by considering the 2D Brillouin zone

in momentum space and its projection onto the k, and k. axes as shown in Fig. E-6(a),

(b) and (c) (note that we would obtain one of these two types of edge terminations

when projecting along any of the 5 other edges or vertices of the 2D Brillouin zone).

The light cone region with |ki < 27r/A is shown in green and the modes of the photonic

Dirac cone that are resonant with WA are marked with yellow circles. Edge states arise

only near the Dirac cones (which are the sources of topology in our system). While
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the projection of the light cone covers the entire 1D Brillouin zone on the k. axis, it

only covers the central part on the k,, axis. Furthermore, while the two inequivalent

Dirac cones project to the center of the Brillouin zone on the k. axis, on the k. axis

they project outside the light cone.

Fig. E-6(d) shows the localization of a typical edge states near the boundary.

Fig. E-6(e) shows the edge states on the kr-axis. Edge states on the top boundary of

the strip are colored purple, whereas edge states on the bottom boundary are colored

blue. The part of the Brillouin zone that falls inside the light cone (k, < 27r/A)

is shaded green. Modes that fall outside the light cone (k. > 27r/A) cannot couple

to free-space modes due to the momentum mismatch (note that (kzjk') = 6 k.,k in

the momentum basis), making these modes long-lived [114, 1991. In contrast, modes

inside the light cone can couple to free-space photons and, therefore, their decay rate

is on the order of LFo [114, 1991. The edge states have non-negligible dispersion only

in the immediate vicinity of the K and K' points. Fig. E-6(f) provides a zoomed-in

view of the edge modes near the K' point. Inside the yellow region, atomic bands

overlap with guided modes of the Dirac cone with the same energy and momentum,

and coupling to these modes effectively dissolves the atomic bands (their broadening

exceeds the gap size). Fig. E-6(f) also shows that the edge states traverse the lower

half of the gap outside the light cone and only cross into the yellow region near the

center of the gap. Therefore, the edge states in the lower half of the gap are long-lived

11991.

Figs. E-6(g) and (h) show the edge states on the k. axis. The edge states have

non-negligible dispersion only near the K and K' points, which are both projected to

the center of the Brillouin zone for this geometry. Thus all edge modes fall inside the

light cone and have an out-of-plane decay rate of approximately Fo.

Crucially, for these parameters the edge states traverse an energy interval of 6W =

257 over a momentum interval of 6k 0.002(2ir/a), leading to a large group velocity

of vg 6w/6k 2000a/-y 1. Therefore, making the conservative assumption that

1 ~ -y, an excitation would hop 2000 sites before decaying into far-field photons

even if carried by edge modes that can decay to free-space photons.
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Figure E-6: (a) Projection of the 2D Brillouin zone onto the k, and k, axes. The

light cone region (Iki < 27r/A) is shaded green, while guided slab modes resonant

with wA are marked with yellow circles. The projection of the light cone spans the

entire Brillouin zone on the ky-axis, while covering only the central portion on the

k, axis. (b) & (c) Schematic illustration of infinite stripes of atoms along the y and

x axes, respectively. (d) Typical edge state probability amplitude distribution for a

stripe with 300 atoms in the transverse direction, showing localization at one edge.

(e) Edge states inside the ID Brillouin zone on the k. axis. Edge states traverse

the gap very close to the K and K' points. The lossy region falling inside the light

cone is shaded green. (f) Zoomed-in view of the edge states near the K' point. Edge

states on the top (bottom) boundaries are colored purple (blue). Yellow shading

indicates region where bands rapidly decay into guided slab modes (the broadening

of the modes exceeds the gap size). (d)-(f) Results for a strip along the y axis. The

entire Brillouin zone falls insider the light cone making all edge states lossy.
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In general, as 6 A is decreased to increase the gap size A, the group velocity of

the edge states increases as ~ 1/6. To understand this scaling, note that vg

6w/6k, where 6w and 6k are the energy and momentum intervals traversed by the

edge states inside the Brillouin zone. Since 6w ~ A - 1/6A and 6k - SA/vs (from

Wp = WDirac vsIkI), we obtain vg ~ 116A.

These considerations show that in order to obtain long-lived topological edge states

in our system, the lattice edges should be terminated as shown in Fig. E-6(c). For

such an edge termination, long-lived edge states can be excited, where losses arise

only from finite-size effects, such as corners, and imperfections in the periodic lattice

[199]. The key strategy for ensuring that excitations propagate a significant distance,

even in the presence of corners and defects, is to maximize the group velocity of the

edge states by increasing the gap size. Thus, lossy regions, where decay occurs on a

t ~ Fo-1 time scale, will be traversed quickly by the excitation, leading to negligible

emission [199].

Recall, however, that obtaining a large energy gap requires 6A to be small, which

leads to a small density of states. Thus, a large system is needed to ensure that there

are a sufficient number of edge modes in the gap to enable the dispersive propagation

of the excitations on the boundaries. Given the limits on system sizes that can be

readily simulated with state-of-the-art computational resources, in Chapter 6 (Figs. E-

6 and 6-5) we focused on systems with a large detuning and small band gap, and

ignored emission into free-space modes. However, as the preceding analysis shows

(see also Ref. [199]), the inclusion of emission into free space does not significantly

change the results as long as A > Fo.
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