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ABSTRACT

In this thesis, we study atom-photon interactions on quantum level, inside Hyperbolic
Metamaterials (HMM). First, the macroscopic Maxwell equations are examined in the light
of Green’s dyadics. Second, this formalism, combined with Drude-Lorentz model of mate-
rials, is used to infer the existence of Surface Plasmon Polariton excitations and hyperbolic
dispersion in layered HMM by means of Effective Medium Approrimation. Third, many-
body polaritonic Hamiltonian is diagonalized, and, the medium assisted field is found to be
dependent on classical Green’s tensor, while no reference to microscopic model is needed.
Last, as a test case, QED in complex media based on classical Green’s tensor formalism is
used to calculate single photon excitation probability for an atom embedded in -HMM sys-
tem (Ag/Ti0 layers), when it is shed by a time-inverted, conical, single photon pulse. High
excitation probabilities are found, yet problem of outcoupling leaves the implementation

impractical.
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OZETCE

Bu tezde, Hiperbolik Metamateryal (HMM) igerisine gomiilii atomlarin fotonlarla kuan-
tum mertebesindeki etkilegimlerini inceliyoruz. lk olarak, makroskopik Maxwell denklem-
leri diyadik Green fonksiyonlar1 is1iginda gozden gegirildi. kinci olarak, bu formalizm,
Drude-Lorentz metal elektron kuramiyla birlikte diigiiniildiigiinde Yiizey Plazmon Polari-
ton uyarimlarmin ve katmanli HMM’lerdeki (I-HMM) hiperbolik dispersiyonun varligim
gikarsamak amaciyla Efektif Ortam Yaklagtirimi’na binaen kullanildi. {i¢iincii olarak, ¢oklu
cisim polariton Hamiltonyam kogegenlestirildi. Ayrica, ortam destekli elektromanyetik
alanin, herhangi bir mikroskopik modele dayanmaksizin yalnizca klasik Green tensoriine
bagli oldugu bulundu. Son ve deneme amacl olarak, klasik Green tensorii formalizmine bi-
naen, karmagik ortamlarda kuantum elektrodinamik kuramini I-HMM ortamina (Ag/Ti02
katmanlar1) gémiilii bir atomun tekil foton uyarim olasiligini hesaplamak i¢in kullaniyoruz.
Bu amacla, atomumuzun zamanda geriye dondiiriilmiig, konik bir tekil foton sinyaliyle
aydinlatildigini varsayiyoruz. Yiiksek uyarim olasiliklar: ongorsek de, sistemin dig diinyayla

etkilesim noksanligi, uygulamalarn iglevsiz kilmakta.
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Chapter 1: Introduction 1

Chapter 1

INTRODUCTION

Almost 15 decades past since the theory of Maxwell equations, 9 decades since Quan-
tum mechanics, 7 decades since Quantum Electrodynamics and 5 decades since Quantum
Optics were well established, yet new phenomena and innovations still keep emerging. It
can partly be attributed to the wide scope of related phenomena and applications leading
to almost infinite amount of possibilities, partly to well known yet not feasible prospects
enabled by contemporary techniques and devices, and partly to losses in history and com-
munication; still many treasures have been waiting to be unearthed in Soviet or pre-war
German scientific journals.

Implementations of quantum information science [1] [2] and quantum imaging [3] [4] [5]
are one set of novelties facilitated by new laser and solid state technologies, and, excellence
in experimental control. Phenomena related to Surface Plasmon Resonance is observed in
the beginning of 20th century [6], and the theoretical framework is devised by Wood and
Lord Rayleigh [7] [8] , but the scientific and industrial focus had to wait ’60s fabrication,
spectroscopy techniques and invention of laser, but it had not peaked until metamaterial
[9] "revolution” of 21st century. Classical framework of subdiffraction imaging and near-
field optics, such as angular spectrum representation, already devised by Sommerfeld [10],
Zenneck [11] and Weyl [12], and, quantum theory of the complex electromagnetic media
devised by Fano [13] and Hopfield [14], nevertheless they have never been as significant
until the invention of scanning optical microscope and emergence of quantum plasmonics
[15] [16] [17] [18] [19] [20] [21] [22] [23].

Since Pendry [24] predicted the possibility of left-handed materials (negative refrac-
tion), metamaterials are on focus. They have promising features like cloaking [25] and

subdiffraction imaging [26].
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One of the children of metamaterial "revolution” is layered Hyperbolic Metamaterials
(I-HMM) [27] [28] [29] . These artificial materials are extremely anisotropic because they
both have metallic and dielectric characteristics. The hyperbolic dispersion relation, as a
product of extreme anisotropy, enables generation and transfer of high-k states [30], thus it
is offered as a candidate of hyperlens [31] for subdiffraction imaging. Due to spontaneous
emission rate increase [32] [33] and directionality [34] inside -HMM, it is also proposed as
a single photon source, a platform of quantum optics and information.

In this thesis, we want to establish a theoretical formalism to examine atom-photon
interactions inside HMMs on quantum level. We want to unleash HMMs potential as a
quantum metamaterial [35] [15], and use it as a platform of quantum information and
imaging. Therefore, in the first chapter, we start by classical foundations of Hyperbolic
Metamaterials. In the second chapter, we develop the theory of atoms interacting with
medium-assisted quantum field in complex media. In the last chapter, we apply this theory

to the problem of single photon excitation of an atom embedded in HMM.
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Chapter 2

PLASMONICS AND HYPERBOLIC METAMATERIALS

2.1 Macroscopic Maxwell Equations

Many sources on optics [36] [37] [38] start with the discussion of macroscopic Maxwell
equations. Without giving a reference to any microscopical model, we can give differential

form of these equations as follows,

V - D(r,t) = pegt(r, 1)

V:B(r,t) =0
V X E(r,t) = —8]38(?75) (2.1)
OD(r,t)

H(r,t) = j =
Y X H(r,t) = j(r,t) +

Electric displacement term in fourth equation, D(r, t), is related to macroscopic electric

field, E(r,t), through overall polarization of the media, P(r,t), same applies for magnetic

field and magnetization,

D(r,t) = e¢oE(r,t) + P(r,t) (2.2)
B(I‘, t) = MOH(rv t) (23)
Once we assume isotropic, linear and local response from the media, we get the expres-

sion below in accordance with fluctuation-dissipation theorem [39] , where we define linear

response function, x, known as electric susceptibility,

P(r,t) = /too dt'x(r,t — t")E(r,t") (2.4)
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Defining dielectric function in frequency domain, e(r,w), using convolution theorem to
gather all (delayed) responses in time domain, ¢, ¢/, t — ¢/, and combining with equations

above, we get,

oo
e(r,w) =1+ / dt' ey (x, 1) (2.5)
t
D(r,w) =¢(r,w)E(r,w) (2.6)
By using Kramers-Kronig relations [40], we could separate real (related to dispersion)

and imaginary (related to absorption) parts of the dielectric function in frequency domain,

which are related to each other,

/ 1 / e"(r,u)
—1-2p [ d0Y) 2.
) =1 o [ B (27)
1 e(r,w)—1
M(r,w) = —p [ do/ L2 2.8
) = 2o [ ar =D (28)

If we take Fourier transforms of Maxwell equations with respect to time domain, such

that time derivatives, %, bring frequency term, —iw, on the exponent to front, we get,

V.e(r,w)E(r,w) = p(r,w) (2.9)
V.e(r,w)B(r,w) =0 (2.10)
V X E(r,w) = iwB(r,w) (2.11)

w2
V X B(r,w) = poj(r,w) — iC—ZB(r,w) (2.12)
(2.13)

Once we bring these equations altogether, we get a nonhomogeneous wave equation

with respect to current density as a source term.

2
(% — V X VX)E(r,w) = —iwpoj(r,w) (2.14)
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This can be solved for homogeneous case, then the problem of non homogeneity is
reduced to find the map, which is a Green’s Dyad (or a tensor), from sources, j(r',w),
situated in source coordinates, r’, to target field, E(r,w), on, target position, r. A Green’s
function, or a tensor as a three dimensional map, needs to solve this equation for the
homogeneous case, leaving only identity tensor (matrix) and a Dirac delta function in

between source and target coordinates on right hand side,

2
w
(VX V x——e(r,w)G(r,r,w) =15r —r) (2.15)
c
If we multiply both sides with some constants and current densities in source coordi-
nates, j(r’,w), and take the integral for the volume of the body containing the sources we

get,

E(r,w) = iwuo/dgrlG(r,r’,w)j(r’,w) (2.16)

This integral maps the electric field generated by each current in source volume to

target coordinate, then superimpose them.

2.2 Drude-Lorentz Model of Dielectrics and Metals

The optical response of dielectric media is positive, real and almost lossless, because the
electrons are tightly bounded to nuclei of the respective atoms. The metals, on the other
hand, have a negative and lossy response to electromagnetic radiation, which can be ac-
counted by a gas of electrons roaming freely with respect to ion cores and colliding to each
other; more or less a plasma model when interband transitions are not considered -not
negligible for noble metals. The Drude-Lorentz model (classical) starts with freely oscil-
lating charges that can be easily driven with electric fields, and possess phenomenological
collision(damping) rates, gamma = 1/7 and optical masses, m associated to them. Typical
relaxation time [36] of the free electron gas is around 7 = 10~!s or v = 100 THz. When

an external electrical field E is applied, an electron’s equation of motion is
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mx + myx = —eE (2.17)

When E(t) = Ege~*? and x(t) = xge~*? time dependences are incorporated:

e
t) = ——E(t 2.18
x(t) = ) (218)
Since the dipole moment is p = —ex and the macroscopic polarization is the overall
dipole moments of all particles averaged over the whole volume P = (N/V)p = —nex
P= LE(@ (2.19)
 om(w? +iqw) '

By defining plasma frequency, wp, = 1/ g)‘i and making use of the definition of electric
displacement D = gpe(w)E we get the expression for the dielectric function of free electron

gas, and its real and imaginary constituents

2

w
D=cy(l-—L2—)E(t 2.20
2
e(w)=1- Y (2.21)
w? + iyw
w1227'2
2
wyT
=¥ 2.23
er(w) w(l 4+ w?72) (2.23)

In the frequency domain w < w, metals have dielectric functions whose real part is
negative, eg < 0, and imaginary part really small e; =~ 0. They are mostly reflective to
incoming light and the fields emanating from metals in this region can propagate only short
distances due to decay. In the w > w,, domain, on the other hand, most light is transmitted
through.

In the case of noble metals, Drude-Lorentz model can not account for high-frequency

response. This can be overcome by adding the residual polarization from ion cores, Py, =
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Figure 2.1: Real and Imaginary parts of silver’s dielectric response, £(w), from Johnson and
Christy’s(1972)data [41]. Red dots are the data and the curves are fitted to Drude-Lorentz
model(adapted from Maier [36] )

€0 (oo — 1),
(w) = wf, (2.24)
FW) = Coo ™3 + iyw '
(2.25)
and taking interband transitions into account.
mx + myx + mwix = —eE (2.26)

Interband transitions lead to another classical oscillator term, a bound electron with res-

onance frequency wg . Because of this term, Lorentz-oscillator terms S E—
’ ? wi—w?—iyw

added to the solution. [36] [42]. Let 7 be bound electron density and @, = 4/ ;ﬁi,

must be

~2

w
EInterband = 1+ (w% — w;) — Z"}/CU (227)

2.3 Surface Plasmon Polaritons and Electromagnetic Response of Layered

Media

2.8.1 Surface Plasmon Resonance

Presence of plasma oscillations inside metals, as we saw in the last chapter, cause peculiar

optical phenomena. It makes [36] metals highly reflective in frequencies below bulk plasmon



Chapter 2: Plasmonics and Hyperbolic Metamaterials 8

frequency, wy, by making real part of relative permittivity negative, e < 0. Also, it
makes metals lossy because of the many damping channels of these bulk plasmons make
imaginary part of permittivity positive, e; > 0. When such a metal is combined with
a dielectric material possessing positive permittivity in real part, eg > 0, even in the
simplest configuration such as two layer stack, field is focused and forming hotspots on the

boundary.

Dielectric

Metal

Figure 2.2: Surface plasma resonance at metal dielectric boundary, Adapted from Maier
[36]

Starting point [36] is the electromagnetic wave equation in the absence of external

charge and currents.

0?D(r,t)

VXVXE=-—
% HO™ 52

(2.28)

t

Once harmonic time dependence, E(r,t) = E(r)e~*", is assumed, well known Helmholtz

equation is recovered,

w2
V’E + —eE =0 (2.29)
c
This equation has two solutions for two different polarizations for our configuration,
Transverse Electric (TE) or s polarization, and, Transverse Magnetic (TM) or p polar-
ization. Both solutions keep fields non zero in the vicinity of boundary and letting them
decay everywhere else. Hence, in addition to broken symmetry of the system due to layer

stack (spherical symmetry is replaced by azimuthal or cylindrical symmetry), presence of
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metal-dielectric boundary effectively makes system anisotropic as we will see in later sec-
tions. The case of TM polarization yield even more strange phenomena. The fields above,

z > 0, and, below, z < 0, the boundary are as follows,

kgzel,metal

Hy(z) — Adiel,metaleiﬁxe$ (230)
B (Z) _ :l:iAdiel,metal 1 kdiel,metalezﬂxe$kgid‘memz (231)
‘ WENEdiel metal ?
. diel,metal
Ba(z) = —Ametal B ign gt (2.32)

WEOEdiel,metal

And, for a; = 4/ 82‘%22 — k2, Fresnel reflection coefficient [38] for TM polarization is,

T™M _ Ci—10Q4 — EiQG—]
ii—1 —
€i—104 + €ji—1

R (2.33)

The continuity boundary condition for H, and ¢;E,, which also corresponds to the case

RTM

[38] where Fresnel reflection coefficient, , equals to 0, yielding,

Ametal — Adiel (2.34)
Jdiel Ediel

= — 2.35

k;?znetal Emetal ( )

From this, the presence of propagating surface modes, known as Surface Plasmon Po-
laritons (SPP) can be inferred. SPPs have the following dispersion relations, also shown

in Figure 2.3,

9 2 22 w2 Ediel€metal
2 (kgp)? = 2B% = (7) _CdielCmetal 2.36
( ) & Ediel T Emetal ( )
A 2 w2
(k;hel’memz) = Ediel,metal <Z> - k’%P (2.37)

Since k:% is greater than, €giel metal (%)2, k. is imaginary, hence the wave becomes evanes-
cent once it is away from the interface. SPPs propagate horizontally along the interface,

by wave vector k.
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Figure 2.3: Dispersion relations for SPP at air silica interface, Adapted from Maier [36]

2.4 Layered Hyperbolic Metamaterials

The system we are going to examine is an artificial material, made out of metal-dielectric
layers [35]. As already anticipated in last section, excitation of SPPs in metal-dielectric
interfaces lead to strong anisotropy that can not be found in nature, making the metamate-
rial behave metalic in one direction and dielectric in other [30]. Once material parameters
are engineered correctly, an odd type of uniaxial metamaterial with hyperbolic disper-
sion relations, known as layered Hyperbolic Metamaterial (I-HMM) can be fabricated. We
will, first, examine field distribution of such a multilayer system. Then, utilizing effective
medium approximation [43], we formulate anisotropy and hyperbolicity of these systems,
and, use Green’s dyad [42] in this frame to calculate Purcell effect [44] and electric field
profile [45].

2.4.1 Green’s Tensor for Multilayer Dielectrics

Novotny [42] starts the calculation of Green’s dyad associated to an electric dipole (atom),
sitting on or embedded in multilayer dielectric (or metal) media by Helmholtz equation for

vector potential in Lorentz gauge,

(V2 4+ k2] A(r) = —ppo(r) (2.39)
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‘o
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Figure 2.4: Electric dipole embedded or positioned above dielectric stack, Adapted from
[43]

Then, scalar Green’s function can be obtained for this equation,
(V2 + k2] Go(r,v') = —d(r — 1) (2.39)

Only solution for scalar Green’s function [46] [47] in free-space is the spherical wave,

eiik\rfr’\
Go(r,r’) =

 Arfr — /|

(2.40)

Since ,an electric dipole (atom), p, is the source of electromagnetic fields in this problem,

current density and vector potential are given as,

j(r) = —iwd(r —1')p (2.41)
2
A(r) = ,uo,u/dgr'j(r')Go(r,r’) = pzwke:]el Go(r,1’) (2.42)

Using the Weyl identity [12], vector potential can be written in the form of angular spectrum

representation,

TN
Alr)=p—L — tlka(z—w0)+ky (y—yo)+kzy [2—20]] 2.4
(r) p8ﬂ'2w6061 // kzle ' (2.43)

Using the identity, E = iw [1 + ki 2VV-] A, we get the general form of Green’s tensor,
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G(r,ro) = 82? / / Ml (220)+y (4—y0) +hzy |20 (2.44)

K2 — k2 —koky  Fhoks,
—koky K-k Fhyks, (2.45)

Thoks,  Thyks, k2 —k2

M=
Kk,

To be able to apply Fresnel transmission and reflection coefficients, Green’s dyad should
be separated into parts corresponding TE and TM polarizations. Using radial part of

wavevector in cylindrical coordinates, l{:?, = k:% =+ k:g,

M = MTE L MT™ (2.46)

, k:; —kzky 0O
MTE = | keky K20 (2.47)

phz
0 0 0
K2k, kykyk. $kzkg
1
™ _

M; = ka% k‘xk‘ykz k‘gk‘z :Fk‘yk‘% (2-48)

:Fk:xkﬁ :Fk:yk% kﬁ/kz_
In the second matrix above, M;M , 7= corresponds to upper half-space, vice versa.

Matrices related to reflection and transmission Green’s tensors, are calculated using ma-
trices for different polarizations and generalized Fresnel coefficients associated to these

polarizations,

MPF = T8k, k, )MTE (2.49)
MM = M (g, MM (2.50)
MPE = tTF(k,, k,)MTE (2.51)
k%k‘zn kykyk., kxk%zn/k:z
t k1knk‘§ xhylzy yVzn yMp Zn/ 21 :

2 2 4
kok?  kyk? ky/ks
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TETM 4TETM are cal-

Where generalized reflection and transmission coefficients, r
culated by Fresnel coefficients, and phase terms using geometric series, depending on the
multilayer geometry and material parameters. Generalized reflection and transmission

coefficient for the boundary between regions i and ¢ — 1 is given [38] as,

RTMvTE 4 R?Afvfgei25i—1(di—1—di—2)
1

TMTE _ “Yi-1 (2.53)
ii—1 1+ REMTERTMTE jing,_y(di1—di-s) '
TM,TE
TM,TE ii—1
tr T = : 2.54
Gi—1 1+ R?%iTERzlJ\{gigeiZBifl(diflfdi72) ( )
TE Qy — Q—1
Iy == = 2.55
1,6—1 a; + o q ( )
2g;00—
T, = e (2.56)
’ Ei-1Q + EiQi—1
20
TIE = = (2.57)
’ Q; + Q-1

As a result, reflection and transmission Green’s tensors are given as follows,

Gyef(r,ro) = 84.2 / / (MIE 1 MIM)gilka(@=z0)+ky (y=yo)+hs, (2420)] (2.58)
s
. (X) :
Gy (r,r0) = 8% / / (MTE 4 MTM)gilke (z=20) +ky (y=y0) ~kzn (+2) +hz, 20] (2.59)
Y

2.4.2 FEffective Medium Approzimation for Layered Medium

The widespread method to obtain effective dielectric response from a composite, complex
medium is to take spatial averages of the fields in the mesoscopic scale over materials. Typ-
ical example is Maxwell-Garnett geometry [48] [43] , where a lattice of atoms, or roughly
dielectric spherical inclusions, are hosted inside another dielectric medium. The macro-
scopic field is not enough for polarizability, hence effective dielectric response, calculations,

local field corrections from neighbouring dipoles are required.
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Figure 2.5: Maxwell-Garnett Topology (adapted from Shalaev [43] )

P = & (Epqcro + local field corrections) (2.60)
4
/dVEmmm:——gp (2.61)
P

Figure 2.6: Lattice of Dipoles (adapted from [43]

For the lattice of N atoms inside the volume V, the local field correction is

_dnp,
=al|E——3 2.62
p=a VN (2.62)
N N A
P="p="—alE+—P 2.
P Va( + 3 > (2.63)

Using the definition of the electric displacement, D = E +47P = €E, famous Clausius-

Mossotti equation is obtained

e—1 4n N
= ——«
€+ 2 3V

(2.64)

In the case of Maxwell-Garnett topology, where we include dielectric properties of the
host medium, electric field of spherical inclusions of » = a are not equal to overall field due

to depolarization field. Effective polarizability is calculated by
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€inc — 1 3 €ine — €host
P. . — | D - e host 2.65
e 47 AT €ime + 2€h0st ( )
4ar 3 3 €inc — €host
o P, = ine  “host @ 2.66
Pine 3 @ Fine ¢ €inc 1+ 2€host 0 ( )
a=a’ SCine 7 Chost (2.67)

€inc T 2€host

Figure 2.7: Depolarization field of inclusion sphere in a host dielectric (adapted from
Shalaev [43] )

Combining this expression with Clausius-Mossotti equation by noticing dielectric inclu-
sions are not suspended in vacuum but host medium, one could obtain effective dielecric
constant by averaging over the whole volume. The effective dielectric constant obtained
is closely associated with filling factor, f, which is related to ratio of different dielectric

media and geometry.

€eff — €host 477(5 <CL3 €inc — €host > _ €inc — €host (268)

€eff + 2€h0st 3V €inc T 2€host €inc T 2€host
If there are two dielectric inclusions, €1 and eo, of filling factors, f; and fo, inside the

host medium, the expression changes into

€eff — €host €1 — €host €2 — €host (2 69)

1 2
€cff T 2€host €1 + 2€h0st €2 + 2€h0st

In the case of layered media, the continuity of tangential and normal components of the

mesoscopic electric field leads to different effective dielectric constants. Tangential fields
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e L
&

Layered

Figure 2.8: Material composed of dielectric layers (adapted from Shalaev [43])

lead €|, and along the symmetry axis normal fields lead to e, . If the thickness of the

metal is ¢, and the dielectric is ¢4 for a metal-dielectric layer. [35]

I (2.70)
fo=1-fa (2.71)

€| = fa€a + foev (2.72)
L Lyt (2.73)

€1 € €

The material is isotropic in the mesoscopic level, but behaves anisotropic in the macro-
scopic level. Due to cylindrical symmetry of metal-dielectric layers, layered Hyperbolic
Metamaterials (I-HMM) are uniaxial. These approximations are valid only if Wiener lim-

its hold.

1
Zfz‘ez‘ > €eff > [Z “Z] (2.74)

In a realistic -kHMM configuration [34], the layer thicknesses should be at least smaller
than \/10 for effective medium approximation to be valid.
2.4.8 Hyperbolic Dispersion Relations in Metal-Dielectric Layers

The dispersion relation for an isotropic dielectric is linear in 1D and comprises an isofre-

quency contour of a sphere in 3D k-space.

K24+ K2+ k2 = (%)2 (2.75)
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k

* z

Figure 2.9: k-space isofrequency plots for a) an isotropic dielectric; sphere. b)type-1 1-
HMM, €32 = €yy = € > 0 and €,, = e, < 0; hyperboloid. c)type-2 I-HMM,¢| < 0 and
€1 > 0; hyperboloid. Waves in a) are bounded, but I-HMMs in b) and c) are not. They
can support high-k states. (adapted from Zubin Jacob Q.Hyp [35])

Due to surface plasmon resonances induced in respective surfaces of metal-dielectric
layers and extreme anisotropy (e 1€ < 0), which is nowhere to be found in nature, -HMMs
have a spectacular dispersion relation. Their uniaxial electromagnetic response is dielectric

(e > 0) on one direction, and metalic (¢ < 0) on the other direction.

€ 0 0
€= 0 6” 0 (276)
0 0 €
2+ k2 k2 w
x Yy z 2
Yy (2 2.77
=) (277)

Since isofrequency surfaces of both types of -HMMSs are not bounded in k-space, they
can support very high-k states. These high-k states are normally lost due to their evanes-
cent character in usual dielectrical media such that the visual information carried by these
states are as well gone, resulting in diffraction limit, £ 1/\. In the -HMM, on the other
hand, they are neither lost, nor partly-evanescent like Pendry’s proposal [24]. There are in
fact propagating, and many hyperlens proposals [31] [49] are based on this property. Yet,

no one ever accomplished outcoupling [50] these high-k modes to vacuum.
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2.5 Field Distribution and Purcell Effect inside I-HMMs

The Green'’s tensor in k-space for an electrical dipole (atom) embedded in layered dielectri-
cal media with hyperbolic dispersion [45] [51] [52] , and uniaxial anisotropy, is as follows.

For k = w/c, q = qg +q§ and Qi = CIgv

. d3q -
Gr) = [ Gl (2.78)
A R ®q 1
G(q) = 4rk? _4 2.79
() =4 { (qmg k2 > qtel +afe) — Paer (27

(qxi)@(quxi)( 1 €L )} (2.50)

qi ¢ — ke qlel +aje
Where x denotes dyadic product, ® denotes direct product, [a ® bjoS = anbg, and é
denotes dielectric tensor. First pole in this equation corresponds to TM and second pole to

TE polarized electrical field. According to [53] [52] [53] , Green’s tensor in position space

is given as,

. R 1 ikre 1 1
G(r) = Gying(r) + {er <1 - ) é

kre  k%r?

ikr
2 (13 3 Ve (e
k (1 s k:2r§> (ér) ® (ér)

re
eikro etkre rxz®(rxz
+ k2 (E” " —€1 re > ( (r)x 2()2 )
eikro _ gikre (I‘ % 2) ® (r X i)
I S S 2.81
ik xa) < Z®z (r x 2)° ) (2.81)
R 1
Gsing(r) = (V ® V) GIg ]
m sing

(2.82)

— / dgq ez’q-r q® q
(2m)%"  qiel +ajey

Where, é = 6”61_(@)*1, re = Vrér, and, v, = \/E|. As we will see in later sections,

sing

Purcell factor [44], the term determines enhancement of spontaneous emission rate in 1-
HMM with respect to vacuum, I' = fT'y, can be calculated using Green’s tensor. Once the

singularities are smeared out [45] by using test function of a Gaussian of width a, Purcell
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factor for dipole oriented in 7 direction is given as,

Fe =2 Im [Tr[Glre, vo)]s] = %Im[ﬂG(O)-ﬁ]

~ k3 "
__ 3ymE2e £ L)) N 3. /7] (283)
I 8]{(1(6“ + ’5J_‘)3/2 8(/-(7@)3(6” + ’&]_’)3/2

As Newman [34] and Liu [32] demonstrated not by using Green’s tensor formalism, but
FDTD simulations and Wigner-Weisskopf approximation, there is significant increase of
spontaneous emission rate inside I-HMM, both for Type 1 and Type 2 with respect to both

wavelength and spatial parameter,c,

60+
40
o FDTD
20 1 Semi-Analytical
O | T T T T T T T T T
600 1000 1400
A [nm]

Figure 2.10: Single

Cy/Ty

Figure 2.11: Single

By integrating Green’s tensor [45] [29] with a point dipole as source current density,
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j(r) = 6(r)p, we get the the spatial electric field distributions, E(r) = [ d®*rG(r—1')d(r)p,
for respective polarizations, HMM types and dipole orientations as demonstrated in figures

212 2.14 2.13 2.15.

-5 4 -3 -2 -1 0 1 2 3 4 5

Figure 2.12: Electric field distribution of a dipole embedded in Type 1 -HMM medium
and oriented in & = 2 direction. Adapted from [45]

-5 —4 -3 -2 -] o1 2 3 4 5
vii

Figure 2.13: Electric field distribution of a dipole embedded in Type 2 I-HMM medium
and oriented in & = Z direction. Adapted from [45] )

In figures 2.12 2.14 2.13 2.15, field is either distributed conically, or with a ”butterfly”

shaped profile where field is emitted to every direction by the dipole, except a conical
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3

£ Ul

5
- 4 -3 -2 -1 0 1 2 3 4 5

Figure 2.14: Electric field distribution of a dipole embedded in Type 1 I-HMM medium
and oriented in & = gy direction. Adapted from [45] )

=5 4 -3 -2 -1 0 1 2 3 4 5

yik

Figure 2.15: Electric field distribution of a dipole embedded in Type 2 I-HMM medium
and oriented in & = gy direction. Adapted from [45] )

region, depending on HMM type. This behaviour is known as Resonance cone [34] [54] [55]
[56] [27] [29] , and field is (not) emitted to a cone of half-angle, §pc = arctan (‘(E”/EJ_)D.
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Chapter 3

GREEN’S FORMALISM

3.1 The Hopfield Model of Bulk Dielectric

The Hopfield model [37] [14] [57] [58] [59] [60] [61] [62] [63] interprets the bulk dielec-
tric medium as a collection of N harmonic oscillators that correspond to polarization of
the medium and a continuum of harmonic oscillator field describing the reservoir. These
discrete and continuum fields are linearly coupled to each other by nonsingular, square-
integrable coupling constants, and, leading the energy flow to the reservoir, where it is

absorbed. The Lagrangian of the total system when radiation is included

L= /d31‘£ = /dsr(crad + ﬁmat + [’znt) (31)
L= 0m2_ 22y = S01A 22 A)2
ad = 2(B = *B?) = D[(A+ V)’ - A(V x AV (32)
N o0
Lot = B0 — XD + [ do(R@) - X)) (33)
i=1 0
N o0 N
Lint =— Y ai(AX; + ¢V - X;) — / dwX(w) Y vi(w)X; (3.4)
i=1 3 i=1
Where X; is medium oscillator field for polarization, X(w) is continuous reservoir oscillator
field, o is medium polarizability and v(w is medium-reservoir coupling term. Since g—g =0,

¢, the scalar potential is a redundant variable, which can be eliminated within Coulomb
Gauge (V-A = 0) using Euler-Lagrange equations of motion (correspond to Maxwell equa-

tions in this case). If we go to reciprocal space by using 3D Fourier transformations,using
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the fact that for real fields E(r), E*(k) = E(—k),

d3k ikr
E(r,t) = TE(k, t)e (3.5)
(2m)2
N . .
cmtz—Z{a[A*-XﬁA-XZ‘Hk(¢>*-Xi—¢-X;-*)] (3.6)
i=0
- [ dovte) (X: - Xw) + X, X)) } (3.7)
0
Equation of motion for the variable Q*(k) can then be used to eliminate ¢
ca (k-X;(k,t)
- (= 3.8
o—it (D) (3.5
Coulomb gauge condition in reciprocal space, k- A(k,t) = 0, makes A a purely transverse
field so that we can separate transverse and longitudinal parts of the fields. Using x = ﬁ,
e)\(k)J_k,
_ 2
A(r) > A(k) = Ax(ker(k) (3.9)
A=1
2
Xi(r) = X (k)r + > Xia(k)ex(k) (3.10)
A=1
L= /cli”kﬁL + £l (3.11)
Lha==0 (AP - *?AR)  (312)
N . 7 . |
Chu = Yo |KEP Xt Pt [ o (K@ -oXt@P)| @1y
=0 0 i
N . y . |
L, =— Z aA - X+ /dwv(w)XiL* X (W) + ee (3.14)
=0 0 _
N . 7 .
ol = Zu{yxyy? — 03 Xl + /dw <|X”(w)\2 . wa(w)P) (3.15)

4 /Oodwv(w) (I X (w) + ec.) } (3.16)

0
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Where d)i = W;

obtaining canonical coordinates and momenta,

I = ;M = £0A (3.17)
oL
Qi = 7, = uX; — ;A (3.18)
oL al
Q 3.19
(w) = X)) z; (3.19)

Having obtained the canonical variables, a canonical transformation to obtain complex field

. N
amplitudes for transverse and longitudinal can be made by defining k2 = k2 + e and
i=1
+ [ dw
0
- 7 1
ax(k) = — |kcAx(k) + —IIx(k 3.20
100 = /5 e + Sk (3.20)
0= o x4 L0 10)]
bian(k) = o, {leZA(k) + . Qz/\(k)_ (3.21)
_ 1 '
ba(k,w) = S [ iwXy(k,w) + MQ/\(k,w)_ (3.22)
m - i |
b0 = [t |61 00 + 240 (3.23)
[ ] . 1 |
by(k,w) = oY, {—sz(k,w) + ;Q”(k,w)_ (3.24)

If we change these complex amplitudes with bosonic creation(annihilation) operators, quan-

tization scheme is complete to gather Hamiltonian operator,

o=f*++a H' = Hypq+ H:,, + HY (3.25)

int
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For V(w) = (vi(w)/p)(w/@;)*/? and Ai(k) = [(@i02)/(uesok)]V/?,

Al = /d3k{ /dwhwbﬁ(k w)by (k, w) +Zhw1||b ()i (k) +

0
00

/ zn: [ hVi(w ( i (%) +6i||(—k)) (b”( k,w) + b (k, w))] } (3.26)
H:, = Z / dPkhikeal (k)ay (k) (3.27)

mat—Z/d5{/dwhwa(kwb,\kw Zhwb (k)+

0

; LVi(@)V5(@) (By 1<) + bia(—K) ) (Bl (k) +Bjx(k,w))” (3.28)

JF£

LYY / Pheindi(k) [a) (k) +axk)| [0 +ha(-k)|  (3.29)
A=1i=1

3.1.1 Fano Diagonalization

The diagonalization procedure of the Hamiltonian starts, first, by a Fano [13] type diag-
onalization [64] of the longitudinal matter part. The derivation of all the parameters is

rather lengthy for the scope of this thesis, but the essence is as follows. The procedure
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begins by defining dressed matter field, B(k,w),

al = dwhwB' (k, w)B(k, w) (3.30)
/ gl

[B( ,w’)] §(k — K)d(w — ') (3.31)

Bk, ) = ao(w)by (&) + fo(w)Bh, (k)

+/dw' [al(w,w')BH(k,w') + B1w,w')f)ﬁ(—k,w')} Z)i||(k)

0
= /dw [@Sé(k,w) - BOET(—k,w)} (3.32)
0
by (k,w) = / du [a;(w’,w)é(k,w') ~ B, w) BT (K, w')} (3.33)
0
[blH(k) B, (K )} — 5(k — ¥)I
5(k — k') [ dwllaol* —|Bol’] (3.34)
e

[b”(k w), b (K, )} = 5(k — ¥)I(w,)

5k — k') / o (v, w)as (v, ) — B (v, ) B (v, )] (3.35)

0
Commutation relations [63] are satisfied if and only if I; = 1 and [(w,w’) = 0(w — &’).
Similarly, the transverse part of the Hamiltonian, which includes transverse matter modes
and radiation field, can be diagonalized by Fano method, this time defining g(w) =
i(ap(w) + Bo(w)) and polaritonic operators C(k,w),

H, = gAi(w) / dw {g(w)BT(k,w) a(k) + &T(—k)” (3.36)
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Diagonalized H,Hnat results are used to diagonalize the rest,

2 o
A=y / Pk / doheoC (k, w) O (k, w) (3.37)

Ci(k,w) = ao(k, w)a(k) + fo(k,w)al (k)
—i—/dw’ [&1(k,w,w’)1%(k,w’) + B1(k,w, )BT (=k, ) (3.38)
0

[Cx(k, w), Ol (K, w')} — §(k — K)o(w — o) (3.39)

By imposing the commutation relations, ag, ai(w,w’), Bo, Bi(w,w’), do, o1 (w,«’), Bo,
ﬁl(o;, w’) parameters are found so that the quantum mechanical vector potential of the

overall system is,
2 2 h 7 ~
Ao ==Y enk)y - / duwo /21 (@) Gk, )i (k, w) + H.C (3.40)
TEQ

Where é(k, w) is the reciprocal space Green’s tensor of macroscopical electric field in bulk
dielectric,

~ 02

The overall polarization in the bulk dielectric medium is,
P 2 N A~
Pk) =) "> aX(k)
A=1i=1
& he T ~ -
=y /dww2[a(w) e (@), w)Cr (K, w) + H.C
A=1 9
+Py(k) (3.42)

First part of the polarization corresponds to induced polarization. Though, the second

part is noise polarization, which is the fluctuating part related to absorption in the media,

Py =3/ / dwiy/F1C (K, w) + H.C (3.43)
—

™

2 o0
1 0
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To sum up, electromagnetic fields can be quantized without referencing any microscopi-
cal model. A source quantity representation of macroscopical electric field with classical
Green’s function and permittivities and a continuum of harmonic oscillators standing as a
reservoir are enough to give a picture of quantum electrodynamics inside bulk dielectrics,

which can be generalized to any dielectric media.

3.2 The Medium Assisted Maxwell Field

We start by macroscopical Maxwell equations stated in chapter 2, and phenomenological
dielectric functions obtained from measurements, which contains most of the knowledge re-
garding media, including reservoir. By adding noise polarization terms obtained in section

1 to overall polarization we have,
oo
P(r,t) = / dt'x(r,t —t")E(r,t') + Py (k) (3.44)
t
D(r,t) = eoE(r,t) + Pn(r,t) (3.45)
Noise charge and current densities are obtained,
g0V - (e(r,w)E(r,w)) = pn(r,w) (3.46)
V X B(r,w) +ige(r,w)E(r,w) = pojn (r, w) (3.47)
Continuity condition must be satisfied,
pN(r,w) ==V -Py(r,w);jn(r,w) = —iwPy(r,w) (3.48)
V- jn(r,w) —iwpn(r,w) =0 (3.49)
Adding noise polarization,
E(r,w) = iwuo/d3r'G(r,r/,w)jN(r’,w) (3.50)
Fourier components of magnetic induction and electric displacement are directly related to
Fourier component of electric field,
B(r,w) = (iw) "'V x E(r,w) (3.51)

D(r,w) = (uow?) "'V x V x E(r,w) (3.52)
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Continuous, complex field amplitudes f(r,w) can be associated with Fourier components
of noise polarization and current terms.They provide a dynamical picture of the radiation
field, the medium it linearly interacts and the dissipation process inside this medium.

Py(r,w) =1 ?aj(r,w)f(r,w) (3.53)

3.2.1 Quantization of Medium Assisted Field

If we are to change complex field amplitudes in Fourier components of noise polariza-
tion with Bosonic creation(annihilation) operators and impose usual commutation relation

condition,

[fk(r, w), fg,(r’,w’) = S 0(r — 1')0(w — W) (3.54)

e, fiw)| = [Fw) L )] =0 (3.55)

[E—

The total energy of medium assisted Maxwelll field can be expressed by means of these

Bosonic operators,

o0

H= / d’r / dwhiwf! (v, w)f(r, w) (3.56)

0
Fourier component of electric field operator can be obtained by plugging medium-assisted
field operator, classical Green’s dyad and imaginary part of dielectric function into above
equations, and magnetic field component is easily obtained,

BE(r,w) = z% <8)2 Br' e, w)G(r, v, w)f(r,w) (3.57)

Cc

N

B(r,w) = (iw) 'V x E(r,w) (3.58)

Negative frequency(counter-rotating) parts of electric field operator must also be added,

E(r) = [ dwE(r,w)+ H.c (3.59)
/

B(r) = [ dwB(r,w)+ H.c (3.60)
/
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Well-known commutation relations between electric and magnetic field operators also hold
because of the properties of Green’s tensor and permittivity,

[50Ek(r), Bl(r/)] = —iliermd",0(r — ') (3.61)

A

(), Bax')] = [Bitw). Bie)] = 0 (3.62)

3.2.2 Heisenberg Dynamics of Atom-Field Interaction

Bringing the Hamiltonian for interaction between medium-assisted field and an atom is
a rather lengthy discussion beyond the scope of this thesis, so we omit the most part.

However, after a series of gauge transformations and basis changes we have the usual form,

H = Hy+ Hy + Hiny (3.63)
Hy = /dgr/dwhwﬁ(r,w)f'(r,w) (3.64)
0
. f)2
Hy=>" 27; + ;/df’)rpA(r)@A(r) (3.65)

Where p2 /2m,, is kinetic energy of individual atoms and, o, term is related to Coulomb
energy,

Pa(r) = /d3r’ﬁ‘4(r/)/| (3.66)

dreglr — r

pa(r) =) gad(r — £a) (3.67)
Interaction Hamiltonian now has the form p - A,

Hint = — Zai—“ﬁaAa(ra) + / dPrpa(r)@a(r) (3.68)

o

When dipole-approximation is made, it becomes,

. 1 s a1s
_ OZLI;,aAa(ra):fﬁ [dA,HA} Au(ra) (3.69)

For a two level system under rotating-wave approximation, we have interaction Hamiltonian

of the form H;p = d - E,

Hu = Ty |u) (u] + hwy [I1] = $hwaé, + const. (3.70)

Hipy = — ATES\}L)(I‘A)d + H.c (3.71)
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Heisenberg equations of motion can be obtained by using commutation relations,
At) = % [ﬁ,A(t)} (3.72)

Coupled differential equations for atomic and field operators are following,

b, = 27; 5B (r4)d + Hee (3.73)
&t = iwast + %Eg;)(r A)dé. (3.74)

if f 2 E](I‘ w) % R
(r,w) = —iwf(r,w) + sz ?&G (r,rq,w)dé (3.75)

We must make a distinction between the radiation which is coupled to atom and the free

radiation. The former is stemmed from a Rabi oscillating, radiating atomic dipole,

o] t
: 2
B (r,t) =B, (0 + WZO/dwO;ImG T, T4, W d/dTeW tg(r)  (3.76)
0 t/

Next step, we apply Markov approximation, we assume time integral runs over a small
correlation time interval, t — ¢’ >> 7.. If 7, is negligible compared to the time scale atom

is changing due to interaction with medium assisted field, then slowly varying quantity

&(7)e™A7™) can be taken out of time integral. By defining ¢(z) = wd(x) + ipz~", we have,
5 () 5 () i
B0 (r,8) = B, () 4+ 6(0)—— / 0o TG (r, 1.4, w)dC(w — w1) (3.77)
’ TED c
0

Pluging these results into our coupled integro-differential system, we obtain Langevin-type

equations,
. 2 A
0, =—(140.)+ [};aTEg\z)free(rA)d + H.c (3.78)
51 = [i(wa — ow) — Ly] &1 nE( '(ra)dé. (3.79)

In which, gamma corresponds to spontaneous emission rate, and dw corresponds to Lamb-

shift.

r = ~ 2 led
y = thd /dw(O]Ei(rA,w)E;(rA,wA) |o>:%1maij(u,u,w,4) (3.80)
0

T 2

ityj I 17 ) y

S — d;d; @/w mGi;(ra,ra,w) (3.81)
hreo c2 Ww—wa

0
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The spontaneous emission is affected by surrounding medium by a factor

known as Purcell factor ~ ImG;;(ra,ra,wa).

3.2.8 Harmonic Oscillator Approximation for Two-Level Atom

In order not to calculate all non-diagonal elements of Green’s dyad and make Heisenberg
equations of motion [38] [65] coupled, first order separable differential equations, we ap-
proximate our system as a harmonic oscillator. This approach is advantageous for systems

involving initial photon pulses, as we will later see in the last chapter.

%= 2WZJA (ZBT + 13) (3.82)
p=1/ hm% (BT —~ B) (3.83)

Combining them together, atomic Hamiltonian can be approximated to,

A2
N D 1 .9 At
Hy=—+- = hwab'b 3.84
A D) 2wA37 A ( )

Relating position operator to the dipolar one, d= Qcharged€ and defining coupling constant,

__ Y4charge h

g 7 Sman We get Jaynes-Cummings type interaction Hamiltonian,
Hing = d - Bar(ra) = —hg (?ﬂé B () +e- Eﬁ;’(u)z}) (3.85)

When harmonic oscillator approximation is used, Heisenberg equations of motion take the

form,
i‘(r,w) = —iwf(r,w) +ig |f(r,w), Eg\;)(rA) -é] b (3.86)
b= —iwab+ige B (r4) (3.87)

Instead of making Markov approximation, now we will use Laplace transformations. At

t =0, we define b(t = 0) as by and f(r,w,t = 0) as f(r,w).

(r,w,s) = - jiw (f(r,w) +ig [f(r,w),Eg?(rA) .é] B(s)) (3.88)
bs) = - +1Z,WA (z}o +ige B (4, s)) (3.89)
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Commutator in the equation has the form,
% 2
fi(r,w),Eg\;)(rA) el =—i hﬂ'{io/dw/ dSr’\/EI(r’,w’)%G;k(rA,r’,w’)
0
% [filr,), fl@ )] e

.| h w?
= —1 77750\/ 8[(1’,0\})67267\12}(1',1'14,&])6]‘

Inserting this commutator into equations of motions,

A

EM(I'a 5) = EMJree(r? 5) + iM(I‘, 5)6(8)

o0
~ dw -
EMyfree(ra S)I/S_i_inM(raW)
0
ho | odw w?
g w w .
Mirs) = 8 [ Gl ) -6

Since b(t) is coupled to the electric field at position r 4,

b(s) = by + ige - Bar pree(ra, 5)
S+iwa+gé-M(ry,s)
(

80 + Zgé ' EM,free ra, S)
s+ iwa +gé-M(ra,s)

EM,i(ra 3) = EM,i, free(r> 3) =+ iM(I‘, 8)

(3.90)

(3.91)

(3.92)

(3.93)

(3.94)

(3.95)

(3.96)

(3.97)

To further simplify this expression, we use lowest perturbation and Wigner-Weisskopf ap-

proximation, by changing M(r 4, s) with M(r, —iw,),

oo
. hg? dw w?
7ij (r, 8) + i3 (r, s) = P / o ingmGij(r, ry,w)
0
b : (B +igé - B fre( ))
=—F ige - ra,s
s—i—iw;l—i—'y 0 g M, free\l' A

Eni(r,s) = Engi pree(r, s) + é (Ti;(x, 8) + 655 (x, 5)) é;b(s)

Where, the new forms of spontaneous emission rate, v, and, Lamb-shift, dw are,

e |7 d
5wA:wf4—wA292—Im /,we'ImG(rA,rA,w)'e
TED i(w—waq)

Lo _

v = 2iRe /,dwe-ImG(rA,rA,w) e
TED i(w—wq)

LO J

(3.98)

(3.99)

(3.100)

(3.101)

(3.102)
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Note that the expression for Lamb-shift is not converging, and needs to be renormalized.
This is often done by means of double Lorentzian smearing functions of the form, S(x) =

w/(m%(r? + w?)?), or just by Gaussians centered at atomic frequency and position.
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Chapter 4

SINGLE PHOTON EXCITATION IN L-HMM

Excitation of an atom by a single photon pulse has applications in quantum informa-
tion science [66], quantum imaging and subdiffraction imaging. Processes involving single
photons often involves spontaneously emitting atoms or quantum dots. When all atomic
and radiation degrees of freedom are taken into account, spontaneous emission [38] [65]
can be considered as a unitary process, so in principle it can be reversed in time. A perfect
time-reversal of a spontaneously emitted single photon pulse, which should mimick the
pulse shape in time and space, could excite an atom with certainty.

In free space, there is perfect spherical symmetry. Thus, a time reversal of a sponta-
neously emitted single photon pulse would require swapping whole solid angle, which is
practically not possible. On the other hand, if the symmetry of the system is somehow
broken such that power is flowing directionally, then a directional single photon pulse can
be designated. Choquette et. al [38] used an atom sitting on top of a metal layer in
Kretschmann configuration, see Fig. 4.1 4.2. They made use of directionality imposed
by surface plasmon excitation angle, which results of a cone with half angle gp. They
generated their own conical single photon pulse, which is more or less time reversal of spon-
taneously emitted photon. By following Choquette et.al’s [] footsteps and using extreme
anisotropy present in layered Hyperbolic Metamaterials, we propose using a conical single
photon pulse to match the resonance cone, Orc of -HMM. We first provide theoretical

background for a photon pulse in a specific mode.

4.1 Specific Single-Photon Mode

If we omit non-resonant processes for atoms and molecules that are excited by just a single
photon, we can use harmonic oscillator approximation developed in last chapter. Since we

are only interested in resonant processes at specific frequencies, i.e designing pulses with
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Ring mirror

Light pulse

Figure 4.1: The system proposed by Choquette et al [65] to emulate time-reversal of an
atom spontaneously emitting single photon in Kretschmann configuration. Conical lens
creates conical field similar to one diverted by prism.
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Figure 4.2: 2D Cross section of the system proposed by Choquette et al [65] to emulate time-
reversal of an atom spontaneously emitting single photon in Kretschmann configuration.
Conical lens creates conical field similar to one diverted by prism.

very narrow frequency widths, we will not need permittivity information for all frequencies.
We follow Choquette et. al’s proposal[65], in which, they start with mode annihilation
operators, @, that annihilates a photon into a specific field mode, £(r).

Vacuum field amplitude of a single photon state in this mode, [¢) = a' |vac), is just,

E(r) = (vac|E(r) ) (4.1)
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The annihilation operator of this specific mode is,
2 d A
i= 506‘” /d3 / Y& (r) - B(r,w) (4.2)

Where €5 = limy, —o0f(r,w). To check consistency of the expression for mode annihilation

operator, we check electric field amplitude of a single photon state in this specific mode,

(ac| B(r)a' jvac) = [E(r),&q (4.3)
= 26700 dgrlé’j(r')/dw ImGjj(r, v, w) (4.4)
0

Where the integral can be found using these properties of classical Green’s tensors,

T 1 T T ,
/dw ImGix(r, v, w) = %2 / dwwGy, = gézké(r— r') (4.5)
0 —00
lim|w|ﬁooq2(r,w)Gik(r, ' w) = —6;xd(r — 1) (4.6)
with ¢(r,w) = /%, electric field amplitude is validated
(vac| B;(r)al [vac) = /d?’xé'k(x)&iké(r —x) = &(r) (4.7)

Meanwhile, commutation relations for this specific field mode must alse be met,

[A AT} 4eoel, 3 3,
6,d'| = —3 acr | d°r'E( ) demGZ](r rw)=1 (4.8)

4.2 Time-Inverted Single Photon Pulse For Atomic Excitation

To find single-photon excitation probability, P.(t), we should first create a field mode ansatz
to mimick time-reversal of a spontaneously emitted light. Again, following Choquette et
al’s proposal [65] of field ansatz in momentum space, which is a perfect approximation for

an exact cone,

E(k) = <e - ka> A (4.9)

(4.10)
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The field ansatz, £(k) has three major components. The term (e — k%‘) ensures that the
time-reversed field remains transverse and produces the same field profile as an electric
dipole pointing é direction.

eiwktsfik-rg

A= N h(0) (4.11)

The amplitude part, A has four components. First, N ensures normalization. Second,
Denominator is a Lorentzian centered in Lamb-shifted atomic frequency, dw’. This factor
is also responsible for field enhancement as distance from the origin increases. Third,

iwptp—ikrg

exponential factor, e , guarantees the pulse is propagating towards the origin

1 is the time when the pulse is reverted in time such that it cuts

(incoming). t. >> v~
the field at r = Cle /€. Te is the focal point of the field in vacuum, which can be used to

optimize P, .

_ 2
h(0) = exp {_(96350)} (4.12)

Last, the right most part, h(f), provides the geometry of the pulse. Since it is a
Gaussian envelope, it contains the pulse within a small range, d6 of inclination angles,
0 = cos! (%), centered around resonance cone angle, 0. With the addition of this
envelope, keeping the pulse conical, this field ansatz could effectively simulate the time
reversal of an electrical dipole embedded in a HMM. Choquette et. al [65] proposed this
ansatz to be centered in surface plasmon excitation angle, fgp, for a multilayered system
(Kreschmann configuration: vacuum, dielectric prism, metal surface), which has similiar
field outcome.

Once we constructed this field mode, the probability of transfering this excitation into
atomic mode, i.e single photon excitation probability, can be calculated by means of time
dependent perturbation theory. If we start with the initial state, |¢o) = af |[vac)®]0), which
contains single photon excitation in the designated field mode, and, as a target state, want

to end up in the excited atomic state, |Yrarget) = b [vac) ®0), the first order perturbation



Chapter 4: Single Photon Excitation in I-HMM 39

will give excitation probability:

Pu(t) = (0] b(t) o) (4.13)
= [[b(e).at) (4.14)

4.3 Excitation Probability Inside Uniaxial Medium

P.(t) = |[b(1).at| 2 (4.15)

To evaluate this commutator, we need to make a Laplace transform, as we did in last
sections. It is clearly easier than solving coupled differential equations for atom coupled to

polaritonic continuum, involving non-diagonal elements of Green’s tensor.

1 €+100
[B(t),eﬁ} =~ [ dsets [é(s),eﬂ] (4.16)
2mi
€—100
€+100

_ 9o ts 3
d d’r —I G 4.17
2 se s—i—zwA—}—'y/s—i—ZUJ/ mGp;i(ra,r,w) ( )

€—100

This Cauchy integral has contributions from poles s = —iw and s = —iw/y — v . If the

time period to excite the atom using single photon exceeds the time period for the day in
many orders of magnitude,t >> v~!, the contribution from second pole is suppressed. In

this case, only the first pole, s = —iw, is relevant:

- . 20€x0 e~ wt w 3
b(0).a] = / o | e MG xwER) @1

To evaluate three dimensional Fourier transform further, we should use parameters in
the system geometry. In our system, the atom to be excited is positioned at the origin, r4 =
(0,0,0), and single-photon pulse coming from below, (z < 0), to z4 = 0. Since the HMM
geometry we use is a stack of metal-dielectric layers, leading to uniaxial electromagnetic
response, in other words, our geometry possessing azimuthal (cylindrical) symmetry, we can

make use of two dimensional Fourier transforms around atomic positions. This corresponds
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to Weyl representation of a spherical wave by planewaves, which is mostly used in Fourier

optics when a symmetry is present:

d2q .
ﬂe’qll'(‘3“_")(}(q”,(,u7 24, Z) (4.19)
2

G(I‘A, X, W) = /

Having Fourier transformed our Green’s tensor in 2D, we obtained an identity mapping
the fields for certain transverse values of wavevector and certain vertical positions (z-axis)
into atomic position. Because of the symmetry, change of field in vertical positions only

corresponds to a phase difference:

G(q||,w7 ZA, Z) = 6_(i5ign[z_ZA])ﬁzG(q“ , W, ZA) (4‘20)

We were able to take phase part out of the integral, which depends on the wavevector

in the vertical direction, 3,

1
8= (Eva), = {Enij - qz} 2 (4.21)
(isign[z — z4])Bz = —i (% 5”)2 (4.22)

Where the dyadic expression involving transverse wavevectors and atomic position is noth-
ing but one dimensional inverse Fourier transform in vertical direction, with respect to
atomic position:

dqz

Once we plug all these expressions into commutator, we have,

G(q),w, 24) = A=) G (q, w) (4.23)

e}

[l;(t),&q _ e /dw e q” / dze-  (4.24)

2
™ ) w — wA+wc

x (eique—iﬁz.rAG(qH’w’ ZA) . g(q”7 Z) _ efiQH‘l‘AeiﬁzG*(q”’w’ ZA) . g(—q”’ z)) (4.25)

—zwt w °
iq| T
= ig€co /dww o 2 d°qe'tirAe.  (4.26)

x (G(qy,w, 24) - E(qp, +8) — G*(q),w, za) - E(—qy, —B))  (4.27)
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Since the pulse is coming from (z < 0), only ¢, = 5 > 0 components survive. Because

of (éd’ip — édqi’g"qq) factor, which guarantees transversity of time-inverted, conical, sponta-
neously emitted single-photon pulse, and, azimuthal symmetry; only Gss(q,w,z4) term
survives for &4, = 2 corresponding to E, # 0 TM-mode, and, G22(q,w, z4) for &4, = ¥
corresponding to £, # 0 TE-mode.

% For € = 2, and using the spherical coordinates for 2D Fourier transform d2qH =

gsin(0)dqdg :

2

~ 2 (0-0Rrc) 7 e—iwt-l—iwgtg w
Al )2 B . _ d e T w
[b(t), a } z\/;geoo (—cos(20)sin(0)) e o0 /dww P (4.28)
0

7 e'q(rAsinG—rg) 2
X/dq_i(w/ - /d¢G33(Q||7W,ZA) (4.29)
0 0

= w)+y

Defining o = (eH — el) c0s26 — (eH + el) ,setting c =1, n = \/% and tg = rE/Es

for the pole w = w4 — iy our expression becomes:

(0-0pc)*

A 7 .
[b(t), dT] = 16V272 gesosinfcosfe” 502 (wy — ivy)) e WATTeVEl

(4.30)
{ - e—i\/q(w,q—i'y)rscosé
X — i

Vel [7 41 ((wA — 1Y) /e — wA)}
(4.31)

(1 _ eﬁq) e VEwa—in)recostn. /z [_(7 —iwa)o+ (wa — i7) \/W] }

VEEL@ [ (2eL(wa — )% + (v — iwa)?) + €L (v —iwa)? — (g — €1) (v — iw?)cos26]

(4.32)

—+

% For é =g,
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0o
~ (979 )2 —twt+iwete
[b(t),fﬁ] = igeoosin®fe” set /dwe/-wz (4.33)
Ww—wy +iyc
0
i eiq(rAsinefrg) I ,
X/dq_i(w/ _w)+7/d¢G22(q||,w,zA)sin @ (434)
A
0

for the pole w = w4 — iy our expression becomes:

(6—6pc)>

[6(0), 7] = 8var geoesin®e™ 5t \JEEL (wa — in)) e Heam e e VA inrecostn

(4.35)
[—(’y —iwa)a + (wa — ) \/W} (ejeLcos?d — €1 sin0)
Va [GH (2¢1 (wa —i7)2 + (v —iwa)?) + €L (v —iwa)? — () — €1)(y — iw? ) cos20]
(4.36)

X

We first start by checking the validity of these expressions. By following the footsteps
of Choquette et al [38], in order our field ansatz to mimic a conical field, restricted by
half-cone angle 6,.s inside uniaxial medium, it should be able to imitate atomic dipole
emission in vacuum. Spontaneous emission in vacuum, which has a spatial field profile
close to dipolar emission, is not directional. In order our expressions to be valid, once the
medium is set to vacuum, ¢ = €, = 1, and cone angle is brought to 27 in the so-called
”spherical wave limit”, single photon excitation probability should converge to unity. Our
calculations, demonstrated in Figure 4.4, verify this claim. Creating a non-directional
single photon pulse terminating at a certain atomic position, which is the time-reversal of
spontaneously emitted photon in vacuum, is not physically feasible, yet works as a good,
theoretical test case.

Once verified, we set medium parameters to Type 1 HMM, Type 2 HMM and pos-
itive uniaxial cases, where ¢ = +4.3 + 0.47 and €, = F11 + 1j % 0.07 leading Opc =

arctan (}(eH/el) ), which is around 21.35 degrees for our setting. In the case of atom em-
bedded in Type 1 HMM, and dipole pointing in z direction (see Figure 4.5 ), we see single

photon excitation probabilities upto 0.8, for decay rate v = 69, which can be manipulated
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v Dipole

Figure 4.3: The system proposed by Cortez et al [65], where dipole embedded in HMM,
which is made out of Ag, and, TiOy layers of 10 nm and 30 nm thickness. Their model
indicates that at A = 900 nm, dielectric tensor yields ”—4.3 4+ 0.027” in transverse, and
”11 4+ 0.04¢” in longitudinal direction, according to Effective Medium Theory.

by Purcell factor engineering in the media, then a gradual decrease. These high proba-
bilities can be attributed to spatial overlap between time-reversed field, and conical field
output by dipole in Figure 2.12. When dipole is pointing in y direction (see Figure 4.8),
no high probability is observed due to small spatial overlap with field in 2.14. These are
also the cases for both alignments in Type 2 HMM, as demonstrated in figures 4.9 4.6,
because of the "butterfly” spatial field profile in figures 2.15 2.13. In positive uniaxial
media, where both medium parameters are greater than zero, ¢| > 0 and €, > 0, relatively

high probabilities observed (see figures 4.10 4.7).
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Dipole Emitter In Vacuum, Spherical Wave Limit
I I I I I I

0.8~ -
0.6 -
0.4 -
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Excitation Probability for z-direction

| | | | | |
00— =2 3 4 5 6 7

Half Angle of Cone Width

Figure 4.4: To check validity of our expressions, half-cone angle 0, is set to ”spherical wave
limit”, 27, such that excitation probability goes to unity. This is the perfect time-reversal
of a spontaneously emitting atomic dipole in vacuum.
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Figure 4.5: Single Photon Excitation inside Type 1 HMM where ¢y = 4.3 + 0.47 and
€1 = —11 + 0.07¢ for the case of dipole pointing in € = 2 direction. Different colours
representing different cone half-angles
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Figure 4.6: Single Photon Excitation inside Type 2 HMM where ¢) = —4.3 + 0.4i and
€1 = 11 4+ 0.07: for the case of dipole pointing in € = 2 direction. Different colours
representing different cone half-angles
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Figure 4.7: Single Photon Excitation inside Positive Uniaxial Material where ¢ = 4.3+4-0.4¢
and €, = 11 + 0.07¢ for the case of dipole pointing in & = Z direction. Different colours
representing different cone half-angles
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Figure 4.8: Single Photon Excitation inside Type 1 HMM where ¢y = 4.3 + 0.47 and
€1, = —11 + 0.07; for the case of dipole pointing in &€ = ¢ direction. Different colours
representing different cone half-angles
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Figure 4.9: Single Photon Excitation inside Type 2 HMM where ¢) = —4.3 + 0.4i and

€1 = 11 4+ 0.07: for the case of dipole pointing in € = g direction. Different colours
representing different cone half-angles
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Figure 4.10: Single Photon Excitation inside Positive Uniaxial Material where ¢ = 4.3 +
0.47 and €; = 1140.07¢ for the case of dipole pointing in & = ¢ direction. Different colours
representing different cone half-angles
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Chapter 5

CONCLUSIONS

Hyperbolic metamaterials are popular because of the presence of high-k states that
could be harnessed for sub-diffraction imaging [31], and, high Purcell factors for single
photon sources [32] [34] . Both of these properties can be combined for the sake of quantum
information processing and quantum imaging (e.g, to enhance the proposal of Thiel [3]). To
do so, we needed theoretical foundations of classical and quantum electrodynamics inside
complex media. The Green’s tensor formalism, although is not the only way of examining
such systems, was preferred throughout the thesis, because it is a compact, self-consistent
theory and does not refer to any microscopic model. Also, the dyads computed for classical
problems (e.g, by a commercial FDTD simulator) can be used to solve quantum mechanical
problems.

Being motivated by the heuristic that time reversal symmetry of a physical system
that is particularly good at a certain task, such as an atom spontaneously emitting single
photons inside a medium with high Purcell factor, should be able to deliver the reverse
of this task again with the good efficiency, we applied this formalism to calculate the
single photon excitation probability of an atom embedded in -HMM. Although we had
promising results, there is still no known way of implementing the system we proposed,
because outcoupling light into HMM is still an issue [50] [34], hitherto obscuring the dream
of making a hyperlens.

As a future work, on the other hand, instead of embedding a dipole inside a I-HMM, the
atom in question or an array of atoms can be suspended on top of a -HMM, as proposed by
[67]. Some quantum information tasks such as entanglement transfer is shown [22] [17] [19]
to be very efficient in similar systems, like plasmonic waveguides. Entanglement transfer
and similar quantum information tasks for atoms suspended over - HMM will be examined

in the future.
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Chapter 6

APPENDIX

6.1 Equivalence of Classical-Quantum Modes and Their Relation to Green’s

Dyad

The most basic form of the electric field operator, which we can further generalize to more
complex ones by superposing with similar structures, is given, in the Heisenberg picture,

as follows [42]:

BE-Y (E;a(t) + E,;af(t)) (6.1)
k

The complex field E,‘: (E, ) corresponds to the field envelope of positive (negative)
frequency. For the free fields not interacting with atoms, equation of motions for bosonic
operators are given by Heisenberg time-evolution operators of the unperturbed Hamilto-
nians, leading harmonic time dependence, a(t) = a(0)e™™! (af(t) = af(0)e™*). These
(counter) rotating complex fields are comprised of normal modes, Ef = \/%u,(:).

Quasi-classical normal mode functions (classical fields with quantization volumes),
which satisfy homogeneous wave equation and assumes their specific forms due to boundary
conditions, have complex vectoral (3 x 1) form, and they carry the information regarding
spatial spread, geometry, polarization, direction, wave envelope and orbital angular mo-
mentum [?] of the field; anything, but amplitude and quantum statistics information carried
in bosonic operators, and states (especially coherence, interference of different modes and
superposition). The normal mode function [?][?][15] of a cavity with perfectly conducting
walls (PC), a cavity with periodical boundary conditions (PB), a surface plasmon polariton

emitted by a single SPP source (SPP), and electric field operator of the superposition of



Chapter 6: Appendix 51

Laguerre-Gaussian normal modes, v1g, vo1 lying on waist plane are as follows,

1
ubY = Visin(kxx)sin(kyy)sin(kzz)ek)\ (6.2)
quantize
1 .
ukpf = erlkrﬁk)\ (63)
quantize
uSPP 1 e (e B K
upy s =g e K —i—zerp(iIKR (6.4)
quantize Hj
E = vig(2, y)by + vorb- (6.5)

These normal mode functions are inherently connected to density of modes [38] or
photonic density of states, p,(ro,wo).Presence of this photonic mode density modifies [42]
the ratio of average power radiated by a classical harmonic oscillator, such as dipolar
antenna, inside a dispersing/absorbing media to the one in free space, and equivalently,
the ratio of spontaneous emission by a quantum dipolar source (atoms, q.dots etc.) in
media to the one in free space, also known as Purcell factor. Then, Novotny [42] shows
the equivalence of Green’s tensor formalism by expanding the field in terms of modes and

amplitudes in Helmholtz equation,

£ 7 2I1¢3

= =" 6.6
B o pu(ro,wo) (6.6)
pu(ro,wo) = 32 n, - (u; ®uy) -n, (6.7)
Huy (! wk ) @ ug(r, wg)
G(r,ro;w Z W =i (6.8)
i 6w0
p(ro,wo) = Y pulro,wo) = —a Ir[Im[G(ro, ro; wo)l] (6.9)
I

Tame et al [15] use these properties of normal modes to quantize SPPs, hence showing

equivalence of this formalism to Green’s tensor formalism devised by Knoll et al [37]. Start-

ing by discretization of classical mode function, uff P and amplitudes, keeping dispersion

relations K = (w/c)\/e(w) ) +1), k2 = K? — gjw?/c? , then changing amplitudes by
bosonic operators through correspondence principle, they get the canonical form for electric
field operator B = > (nu,fp Pa + c.c). They further claim single quantized excitation of
any complex optical ksystem generated by a single quanta source, either waveguide modes,

or surface plasma wave, can be brought into this form, leaving spatial profile of the field
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(or pulse) invariant from classical normal mode function. To sum up, the literature claims
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Figure 6.1: Spatial variance and dispersion relations of single photonic (polaritonic) exci-
tations (adapted from Tame et al [15] )

spatial information of single photons (polaritons), which are generated by processes like
spontaneous emission, is carried by classical normal mode functions, and, the formalism
of mode functions is equivalent to Green’s tensors we use throughout this thesis. In the
following subsections, we will test these claims by finding the pulse shapes generated by

spontaneously emitting atoms on single dielectric layer, and inside I-HMM.

6.2 Spontaneously Emitted Pulse of an Atom On Single Dielectric Layer

To address the problem of finding the spatio-temporal distribution of the spontaneously
emitted single photon pulse, Choquette et al [38] analyze the Heisenberg equations of mo-
tion in the second section. Their model assumes two level atom, which has electronic pop-
ulation Rabi oscillating between energy levels through transition dipoles, to be a quantum
harmonic oscillator (or a quantum dipolar antenna) centered around transition frequency
- by using smearing functions (Gaussian, double-Lorentzian etc). Initial state of the atom,

an excited state, is given as,

[tinit >= bol0 > @|vac > (6.10)
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To get spontaneously emitted field, they use Laplace transformed, coupled Heisenberg

equations shown in equations 3.96 and 3.97.

E(r,s) =< 0|® < vac|E(r, )0 > @|vac >

oy S
_ gek%g(r, s) '—i—/z (T, s) (6.11)
g s +wwy + 7y

When inverse Laplace transform is taken for the pole, s = —iw( — 7, and the identity
ImGj, = (2i)"1(Gi — GY,) is used, we end up with the following,

o

2gh efiwt w2
E(r,t) = o [ do— G (AWt 6.12
(r,t) €k / wi(wo B k(r,ra;w,t) (6.12)

Classical dipolar sources radiate the field, E(r) = G(r) - p, where p is the dipole moment.
Similarly, the integral above for quantum sources has its contributions coming from the
pole (unless Green’s dyad has other poles, but it does not have any other in our case),
w = wp — 7, making the field proportional to, E oc - G(r,ra;0 = wo — i, 1).

The case we are interested in is an atom, whose transition dipole moment is in z direction,
sitting on top of a planar interface, which spans xy directions. Atom is positioned at the
origin, r = (0,0, 0), the region above atom, z > 0 is filled with air, n; = 1, and the region
below, z < 0, is flint-glass, no = /g2 = 1.62. Choquette et al [38] evaluate the above

integral in far-field for Kreschmann configuration (air-metal-dielectric), kr >> 1.

The spatial Green’s tensors of a dipole sitting on origin for layered dielectrics in far-field
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[42] are given as follows,

1-2 _zy _zz
ikr e r? r?
& 2

_ T z

Go()=—| -% 1-% -4 (6.13)
= w12
r T r
<I>§3>y2 <I>§2)x222 <I><12)zy22 <I><13)xy <I>(11)xz
ik 02 r2p2 r2p2 2 )
2 3 3
Grop(r) = S | 2oy oPVay @2 ey el (6.14)
ref r 72p2 2 2 7202 o) .
<I>§2)a:z <I>(12)yz (1) 22
T2 T2 (1)1 T r2
<I>£13iy2 <1>$2m§z2 <I>$12)2:E32/z2 _ @%S)Q:By _@g};mz
iknor mp N P "
G (’I”) _ € ‘i’g):z:yz2 <I>£l3>:cy <I>§f)a:2 @53)3/%2 @gll)yz (6 15)
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Where the coefficients are functions of generalized Fresnel coefficients, in a bilayer

system they are equivalent to usual Fresnel coefficients,

@gl) — P
<I>g2) = —7P
) = ps (6.16)
(1) oy, K122/
2 = —tPp,

) = gskmzz/r

z

Since classical field is given by dot-product of Green’s tensor with dipole vector, E =
p )

KeoulombtG + i, for dipole pointing into z direction and Keouiompit = const, we have the

following fields with implicit harmonic time dependence, e ™™,
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Using the Rubidium 87 D line data for the ground state transition 525, /2 = 52P; /2 168],
where wy = 2m384.230T Hz, v = 276.06 M Hz, Qgrap; = 9.9KhZ and piransition = 4.22eaq,
we have the following classical distribution of fields and intensity in bilayer dielectric stack
and vacuum, and as we scale the electric fields in the graph by 1/const,

As seen in Fig 6.6, a classical dipole on vacuum pointing in z-direction emits non-
directional light, two spherical bulges separated by the dipole vector, whose spatial in-
formation is carried out by Go(r). When we add a second flint glass layer below z = 0

plane, the radiation generated by the dipole is transmitted/refracted to z < 0 and emit-
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Figure 6.2: Distribution of E¢@ssical i far-field, generated by a classical dipole on bilayer
dielectric geometry.
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Figure 6.3: Distribution of E;la“ic“l in far-field, generated by a classical dipole on bilayer
dielectric geometry.
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Figure 6.4: Distribution of E¢essical in far-field, generated by a classical dipole on bilayer
dielectric geometry.
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Figure 6.5: Distribution of classical intensity, I lffﬁf;éﬁal in far-field, generated by a classical
dipole on bilayer dielectric geometry.
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Figure 6.6: Distribution of classical intensity, I5l2ssical ip far-field, generated by a classical
dipole on vacuum.

ted/reflected to z > 0 as can be seen in Fig 6.2-6.5.

In the quantum case, where we have a spontaneously emitting atom (a quantum har-
monic oscillator smeared out by a Gaussian centered by transition frequency wg, and Bohr-
radius ag in our approximation) instead of a classical dipole, whose spatio-temporal field
pattern (pulse shape) is given by Eq 6.12. In this equation, due to Lorentzian term in
Fourier transform, we have all contributions coming from w = wy — iy pole, hence we get

the spontaneously emitted single photon pulse shape on bilayer dielectric media as,

Eguantum(r’ t) _ 7_‘_Eiclassical(,r.7 w=wy— Z',.y)e—’)/te—iwt (6.23)

By using Rubidium data [68], we get the following spatial field /intensity profiles,
Comparison of classical, Fig 6.2-6.6, and quantum, Fig 6.7-6.11, pulse shapes in spatial
domain shows that they have same geometry. On the other hand, the —iv factor in the

pole not only yields temporal decay by the term, e~**, but also making fields spatially
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Figure 6.7: Distribution of EZ“*"™™ in far-field, generated by a spontaneously radiating
atom on bilayer dielectric geometry.
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Figure 6.8: Distribution of EZ**™"™ in far-field, generated by a a spontaneously radiating
atom on bilayer dielectric geometry.
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Figure 6.9: Distribution of EZ““"™™ in far-field, generated by a spontaneously radiating

atom on bilayer dielectric geometry.

1.05414 * 10% Quantum Bilayer Intensity
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taneously radiating atom on bilayer dielectric geometry.

in far-field, generated by a spon-
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Figure 6.11: Distribution of quantum intensity, Igggﬁf%n in far-field, generated by a spon-
taneously radiating atom on vacuum.

decaying faster, thus classical fields spread more than quantum ones by three orders of

magnitude on graphs above.

6.3 Spontaneously Emitted Pulse inside I-HMM

For the pulse shape in - HMM, we solve the equation, for Green’s dyad given in equation

2.81.

2gh T et w?
- e | dp—m TG cw, .24
ék / wi(wo—w)+'y = Gik(r,ra;w,t) (6.24)

As shown by Potemkin et al [45], the singular part of Green’s tensor does not affect field
distribution other than atomic position, where singularity is, only affecting Purcell factor.
Only contribution comes from the pole, w = wy — iy, so we have the classical equation
given by Potemkin [45] recovered, only by changing frequency with w = wy — i, leading to
a decaying factor for harmonic time dependence. Since, according to Rubidium data [68]

(and, for all atoms in general), transition frequency is six orders greater than decaying rate,
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Figure 6.12: Distribution of E, in Type 1 I-Hmm, as the field scaled by A3 /const

wp >> 7. For the THz orders of transition frequency, we have MHz, leaving the classical

field distribution mostly unaffected.

Since the gh part of the formula brings Qpgpifi/2, and, hence uFEy/2, we scale our
graphs by the dimensions of Ey (usual pump laser strength in optics experiments), and by
the orders of 1u(1/4meg)k®. We get the following graphs for AE;,

Once we plot for the quantum case in Fig 6.12-6.15, we reproduce the pulse shapes given
in Fig 2.12-2.15. For the typel l-hmm we recover hourglass, and, for the type2 l-hmm we

recover butterfly shape.
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Figure 6.13: Distribution of E, in Type 2 I-Hmm, as the field scaled by A3 /const
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Figure 6.14: Distribution of E, in Type 1 I-Hmm, as the field scaled by A\3/const. Please
note that hourglass shape is recovered, and the white parts in color gradient are non-zero,
but the blue parts are
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Figure 6.15: Distribution of E, in Type 2 l-Hmm, as the field scaled by A3/const. Please
note that butterfly shape is recovered, and the white parts in color gradient are non-zero,
but the blue parts are
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