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A B S T R A C T

This thesis investigates properties of quantum states of light while

travelling as surface plasmon polaritons in plasmonic waveguides

and structures. The bosonic nature of SPPs has been shown in pre-

vious work by performing a Hong-Ou-Mandel interference experi-

ment with a plasmonic scattering-based beam splitter [1]. Here, we

show the same interference with a higher statistical power thanks to

an improved set-up. A visibility of 59 ± 1 % is obtained in the two-

photon interference, clearly breaking the classical limit of 50 %. The

importance of the phase-relations between the different modes in the

beam splitter is experimentally probed. The output state of the in-

terference is then further analyzed by a quantum state tomography

set-up. This makes it possible to quantify the entanglement gener-

ated in the interference. As the interference happens in the plasmonic

beam splitter, this shows, to our knowledge for the first time, entan-

glement generated in a plasmonic structure. Together with the recent

results in terms of entanglement and coherence preservation of SPPs

[2], this clearly shows the potential of quantum plasmonic devices. To

move into the realm of applications, we also investigate theoretically

the enhancements in sensitivity quantum states of light can deliver

for plasmonic sensing. It is shown that despite the losses, quantum

metrology techniques can be useful in an interferometer with plas-

monic waveguides [3]. Considering the strengths and successes of

plasmonic sensing techniques in a wide range of fields [4], we envi-

sion that entangled and squeezed states of light will become a new

route to push the limits in sensitivity.
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I N T R O D U C T I O N

Richard Feynman described quantum mechanics as "the description

of the behaviour of matter and light in all its details and, in particu-

lar, of the happenings on an atomic scale" [5]. After the tremendous

achievement of providing a consistent description of the behaviour

of matter on the atomic scale, the theory started unveiling puzzling

implications for the understanding of reality, especially in terms of

its non-local nature. Two manifestations of this inherit non-locality

of quantum mechanics are central in this work: entanglement and

the role of indistinguishability in interference [6]. Schrödinger intro-

duced the term entanglement to describe the possible correlations

between two distant particles and called it "the characteristic trait of

quantum mechanics" [7]. The consequences of these non-local corre-

lations sparked fierce debates on the interpretation of quantum me-

chanics, most notably led by Einstein [8] and pushed towards exper-

imentally testable assertions by Bell [9]. Feynman on the other hand

considered quantum superposition, in the context of Young’s famous

double slit experiment, the only mystery of quantum mechanics [5].

If an event can be realized in two or more ways, the state of the

system is a superposition of each way simultaneously. The interfer-

ence of the probability amplitudes of these different ways crucially

depends on their indistinguishability. This leads to the well known

wave-particle duality of light or electrons in the double slit exper-

iment. Even though many fundamental debates are still not settled,

the possibility of using quantum effects for technological applications

has been realized for a while.

Quantum technology can be defined as the discipline that aims to

engineer devices that actively create, manipulate and probe quan-

tum states with the goal of harnessing the distinct quantum effects

for practical applications [10]. Quantum computing, cryptography

and metrology are prime examples and research has shown steady

progress in these fields. The first realizations that quantum devices

could perform better than classical ones came at the beginning of the

’80s. Feynman pointed out that some problems in quantum mechanics

1



introduction 2

are exponentially hard to solve on classical computers, but could be

done efficiently with a computer that uses quantum states [11]. The

theoretical foundations of a universal quantum computer were laid

soon after and the field of quantum computation was born [12]. In the

same period Caves showed that quantum states of light could be used

to obtain remarkable improvements on the sensitivity of interferom-

eters, the start of quantum metrology research [13]. The whole field

took off the next decade. Schor showed that quantum computers are

capable of efficient prime factorization [14] and the first experimental

proof of concepts of both quantum computation [15] and long-range

quantum key distribution (QKD) were performed [16].

Optics and quantum optics have had a crucial role in both fundamen-

tal research and the progress of quantum technologies. The nonlin-

ear optical effect of parametric down-conversion allows to efficiently

generate highly entangled photons, which has been used in most of

experimental tests of Bell’s inequalities [17, 18]. Furthermore, lasers

are ubiquitous to manipulate and read quantum states, or qubits, in

many other platforms, such as in ion and atom traps [19, 20]. The

idea of using photons as the information carriers, i.e. photonic qubits,

became even more popular when Knill et al. proposed a universal

quantum computation scheme purely based on linear optics and sin-

gle photons, called linear optical quantum computing (LOQC) [21].

Due to this and other advancements, integrated photonics and nan-

otechnology started to take a central place in quantum optics re-

search. Many important components needed for LOQC and QKD

have already been already been fabricated on platforms like silicon-

on-insulator chips [22]. The coupling of quantum emitters, such as

quantum dots or vacancy centres in diamond, with nanophotonic

structures to control their spontaneous emission has also shown great

progress in the past decade [23–26]. This is both interesting for the cre-

ation of efficient single-photon sources for the aforementioned appli-

cations and for research into light-matter interactions. In this context

the potential of using plasmonic nanostructures in quantum optics

became clear.

Plasmonics is the research field that studies the coupling of light with

the collective oscillations of free electrons in metallic nanostructures,

resulting in two distinct effects: surface plasmon polaritons (SPP) and
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localized surface plasmon resonances (LSPR) [27]. SPPs are travelling

electromagnetic waves confined at a metal-dielectric interface [28].

The confinement at this interface is created by the coupling of the

light to the coherent oscillations of the free electron gas relative to

the lattice of the ions close to the metal surface [29–31]. These collec-

tive excitations or quasi-particles arise from the long-range nature of

Coulomb interactions [32]. SPPs are thus hybrid in nature, with both

an electromagnetic and electronic component. Even though involving

large amounts of electrons the quantum of the electronic component,

Plasmon or Surface Plasmon, is also bosonic [32]. Considering the

bosonic nature of photons for the electromagnetic component of the

excitation, SPPs were thus expected to be bosons, but this was only

proven directly recently by performing the seminal Hong-Ou-Mandel

interference with SPPs [1, 33–36]. The Hong-Ou-Mandel interference

was an interference effect first conducted with two photons and can

only be explained in the quantized bosonic description of electromag-

netic radiation [37]. The different expected outcome of the interfer-

ence for two fermionic particles compared to bosonic particles made

it a useful tool to probe the nature of SPPs [38]. At higher intensities

SPPs can also be described accurately with classical electromagnetism

by a combination of Maxwell’s equations with a macroscopic model

for the dielectric constant ε of the metal involved. A damping term

in the description of ε is used to include microscopic interactions

such as electron-electron and electron-photon interactions [28]. Mi-

croscopic interactions could still be important though, as they could

introduce decoherence in quantum correlations of SPPs. Unlike pho-

tons, electronic systems tend to interact strongly with their environ-

ment, making them prone to decoherence. The first demonstration of

the lack of visible decoherence on a system of two entangled SPPs

thus sparked the interest of both the plasmonics and the quantum

optics community [39]. Next to the probing of the bosonic nature of

SPPs, a range of experiments and applications have been suggested

and shown with SPPs at the single quantum level [2]. This thesis will

go further in both fundamental research of the quantum behaviour

of SPPs and also show a potential application of the merging of quan-

tum optics and plasmonics.

Chapter 1 of this thesis will start by introducing SPPs. The main prop-

erties of the confined surface wave will be illustrated in a general
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geometry and some specific concepts used later on will be treated in-

depth. In the subsequent chapter some fundamental concepts of quan-

tum optics and quantum information theory will be introduced, most

importantly quantum interference and entanglement. We will also go

through the quantization of SPP modes starting from the macroscopic

description of the metal. The research so far conducted in quantum

plasmonics is reviewed at the end, showing the wide range of poten-

tial applications and advantages plasmonic structures can offer for

quantum optics. In chapter 3 new results on the combination of quan-

tum metrology with plasmonic waveguides are presented. We the-

oretically show the quantum enhancements in sensitivity quantum

states of light can deliver for plasmonic sensing devices. The experi-

mental work conducted during this PhD is divided over two chapters.

Chapter 4 shows the results obtained on the Hong-Ou-Mandel inter-

ference with a plasmonic beam splitter. The work is a continuation of

the results presented in the thesis of Giuliana DiMartino [40]. We im-

proved the set-up and gained more understanding in the plasmonic

structure, which allowed us to obtain results with a higher statisti-

cal power. This allows us to elaborate more on the influence specific

characteristics of the structure have on the quality of the measured

interference. By combining this set-up with a quantum tomography

set-up, we were able to probe the entanglement generated in the in-

terference. This tomography technique and the results are described

in chapter 5. The generation of entanglement in a plasmonic structure

has not been shown before to our knowledge and can be considered

the next step after showing the preservation of entanglement in plas-

monic structures.



1
S U R FA C E P L A S M O N P O L A R I T O N S

Several fundamental properties of SPPs can be shown with the most

simple geometries, an extended flat metal surface and thin metal film

between two dielectric materials. These will be analysed in the first

section 1.1, together with the basic model for the optical behaviour of

the free electrons in a metal. This will give some insight in the new

research of the later chapters. With only a few calculations with the

Maxwell equations, the dependency of SPP behaviour on the shape

of the metallic structure and surrounding material can be pointed out.

The first allows real sub-wavelength light guiding by proper design of

waveguides, both the reason they are interesting for quantum applica-

tions as the driving force behind the spur of interest in plasmonics in

the past decade. The strong influence of the (refractive index of the)

surrounding medium on the SPP wave-vector gives a fundamental ar-

gument for plasmonic sensing applications, including our quantum

metrology research in chapter 3. Section 1.2 introduces the most used

ways of exciting SPPs, an important roadblock in many plamsonic ex-

periments. This is also the case for our experimental work in chapter

4 and chapter 5, for which we designed and tested excitation gratings.

The basic theory behind this technique is explained in-depth here. In

section 1.3 an overview of some often used and promising waveguide

structures and applications will be given.

1.1 metal-dielectric interfaces

1.1.1 Drude model

The interaction of the electromagnetic field at optical and near-infrared

frequencies with metallic structures is mainly defined by the free elec-

trons of the metal. These electrons oscillate approximately 180o out

of phase of the driving optical fields, resulting in a negative dielectric

constant. The Drude model describes the free electrons as a plasma -a

gas of charged particles- against the background of positive ion cores.

5
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Figure 1.1: Schematic depiction of Surface Plasmon Polaritons on a metal-
dielectric interface.

This results in the following dielectric constant as a function of the

radial frequency ω [28, 41]:

ε(ω) = 1−
ω2p

ω2 + iγω
, (1.1)

with ωp the plasma frequency and γ the collision frequency, which is

a damping term. Both are material-dependent parameters and have

been measured for a range of (noble) metals [42]. Gold and silver

are most frequently used metals in plasmonics, their high plasma fre-

quency (ωp,silver = 1.37 × 1016 rad/s and ωp,gold = 1.37 × 1016

rad/s) and relatively low collision frequency (γsilver = 2.73× 1013

rad/s and γgold = 4.05× 1013 rad/s) create desirable optical proper-

ties in terms of the real and imaginary part of ε(ω). Interband transi-

tions of the bound electrons of the material can limit the accuracy of

the Drude model at the higher frequency end of the optical spectrum,

for gold the imaginary part of ε(ω) starts to become considerably

bigger at wavelengths below 600 nm, while silver remains accurately

described by the model up to a wavelength of 400 nm [28, 41]. For

this reason we will use silver in the following derivations.

1.1.2 Metal-dielectric interface

SPPs are the result of the coupling of the electromagnetic field with

plasmons, the quanta of the plasma oscillations of the free electrons in

the metal. Their existence as confined electromagnetic surface waves

can be shown purely with Maxwell’s equations and the appropriate

material parameters (ε(ω)) and boundary conditions. This is most
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easily done for an infinite interface between two materials, as de-

picted in figure 1.1. During the derivation we will see the necessary

condition for two materials of having opposite signs of the real part

of the dielectric constant. This explains the use of metals at optical

frequencies. The wave equations for the electric and magnetic field of

a travelling electromagnetic wave,

∇2E −
ε

c2
∂2E
∂t2

= 0 (1.2)

∇2H −
ε

c2
∂2H
∂t2

= 0 (1.3)

are valid as long as the material profile varies more slowly than the

wavelength of the wave. The relative magnetic permeability is set to

1, both silver and gold are up to a very good approximation non-

magnetic. These equations can be applied in the two separate areas,

with εm(ω) for z < 0 and εd for z > 0, after which both solutions will

be connected by the boundary conditions imposed by the interface.

First they are transformed to the Helmholtz equation by using the

harmonic time dependence of the wave (E(r, t) = E(r)e−iωt):

∇2E + k20εE = 0, (1.4)

with k0 the wave vector of the wave in vacuum and the same trans-

formation for the wave equation of the magnetic field. As in figure

1.1, we assume propagation in the x-direction and uniformity in the

y-direction, so the Helmholtz equations become:

∂2E(z)
∂z2

+ (k20ε− k
2)E = 0 (1.5)

∂2H(z)

∂z2
+ (k20ε− k

2)H = 0, (1.6)

To find the field profiles of all the components of the wave, we need to

use Maxwell’s curl equations: ∇× E = −µ0
∂H
∂t and ∇×H = ∂D

∂t . Har-

monic time dependence ( ∂∂t = −iω), propagation along x-direction

( ∂∂x = ik) and invariance in the y-direction ( ∂∂y = 0) are still assumed,

resulting in two uncoupled sets of equations. The transverse magnetic

(TM) equations:

Ex = −i
1

ωε0ε

∂Hy

∂z
,

Ez = −
k

ωε0ε
Hy, (1.7)

∂2Hy

∂z2
+ (k20ε− k

2)Hy = 0, (1.8)
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where the last equation is the wave equation. In similar fashion the

transverse electric (TE) equations are given by

Hx = i
1

ωµ0

∂Ey

∂z
,

Hz =
k

ωµ0
Ey, (1.9)

∂2Ey

∂z2
+ (k20ε− k

2)Ey = 0. (1.10)

We start by analysing the TE equations. Considering the two different

media for z < 0 and z > 0, we can construct solutions for the wave-

equation for both half-spaces: Ey(z) = Ame
ikxekmz and Ey(z) =

Ade
ikxe−kdz for z < 0 and z > 0 respectively. The boundary con-

ditions for the magnetic ((Bm − Bd).n = 0) and electric displacement

field ((Dm − Dd).n = ρsurface = 0) impose continuity of Ey and Hx
at the interface. This means that Am = Ad and Amkm = Adkd. The

only confined solution (Re[km] > 0 and Re[kd] > 0) for these two

equations is Am = Ad = 0, there are thus no confined transverse elec-

tric surface waves at a metal-dielectric interface.

With the same approach we can construct a general solution for the

TM wave-equation for both half-spaces: Hy(z) = Ame
ikxekmz and

Hy(z) = Ade
ikxe−kdz for z < 0 and z > 0 respectively. The same

boundary conditions on the magnetic field and electric displacement

field now impose continuity for Hy and εiEz, so Am = Ad and:

kd
km

= −
εd
εm

. (1.11)

This is solvable with both Re[km] > 0 and Re[kd] > 0 thanks to the

negative real part of the dielectric permittivity of the metal. From the

wave equation, km and kd can be written as a function of the wave

vector of the surface wave k and k0:

k2m = k2 − k20εm, (1.12)

k2d = k2 − k20εd. (1.13)

Together with equation 1.11, this delivers the dispersion relation of

the surface waves, SPPs, at the interface between a dielectric with

permittivity εd and a metal with permittivity εm(ω):

k = k0

√
εmεd
εm + εd

. (1.14)
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Putting equation 1.1 for εm in this dispersion relation gives some in-

teresting first insights. First of all, εm is complex, consequently k will

also have a real and imaginary part: k = β+ iα. The real part of k,

β, is the propagation constant, while the imaginary part, α, defines

the propagation loss. The real part of the dispersion curve is shown

in figure 1.2 (a) for a silver-air interface with ωp = 13.7× 1015rad/s
and thus εd = 1. The SPP-line starts to deviate strongly from the

light line in a vacuum and β goes to infinity for ω→ ωp
1+εd

. The SPP

becomes less and less light-like and more confined at the surface, the

group velocity also slows down and eventually goes to 0, the mode

becomes electrostatic. This extreme situation does not happen with

realistic metals, due to the aforementioned breakdown of the Drude

model, the SPP curve turns around at a maximum propagation con-

stant (for vacuum-silver around 3 × 107) and continuously evolves

into the higher energy branch. This branch is called the Brewster

mode and represents radiation in the metal instead of surface waves,

which is thus of little importance for this thesis. Although at wave-

lengths around 800 nm, the region we are interested in in this thesis,

the propagation constant of the SPP at a vacuum-silver or vacuum-

gold interface lies close to the light-line, it will always be to the right

of it. This means a SPP has a higher momentum than the free space

photon with the same frequency, and to excite SPPs phase-matching

techniques are necessary, as explained in the next section.

From differential equations 1.7, the electric fields in the dielectric are

given by:

Ex(z) =
ikd

ωε0εd
kde

ikxe−kdz,

Ez(z) =
−k

ωε0εd
eikxe−kdz., (1.15)

and in the metal by:

Ex(z) =
−ikm
ωε0εm

kde
ikxekmz,

Ez(z) =
−k

ωε0εm
eikxekmz. (1.16)

Equations 1.15 show that the transverse electric field in the dielectric

is considerably bigger than the longitudinal field at lower energies

as k >> kd, the mode can not exist without the longitudinal compo-

nent, but SPPs are by approximation TEM modes. It is interesting to
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check how confined SPPs are: from equations 1.15 and 1.16 one can

see that the decay length of the fields into the dielectric and metal

are given by zd = 1
Re[kd]

and zm = 1
Re[km] respectively. These can

be calculated with equations 1.12 and 1.13, which is done over a free-

space wavelength λ0 range of 400 (β = 1.7 × 107m−1) to 1500 nm

(β = 4.2× 106m−1) in figure 1.2 (b). While the penetration into the

metal stays quite constant around 22 nm over the whole range, the

confinement at the dielectric side is highly wavelength dependent and

becomes sub-wavelength only at the very short wavelengths. To ob-

tain real sub-wavelength confinement more complicated waveguide

structures than a flat interface have to be used, like stripe, wedge

and nanowire waveguides presented later in this thesis. These not

only provide confinement in the lateral dimension, the electromag-

netic wave is also more densely squeezed towards the metal surface.

With the full description of the field profiles of the SPPs, it is also pos-

sible to calculate how much of the electromagnetic energy is localized

in the metal. The energy density in in the metal can be approximated

by um = ε0
4

(
Re[εm(ω)] +

2ωIm[εm(ω)]
γ

)
|E|2, while the density in the

dielectric is given by ud = 1
2

[
ε0εd |E|

2 + µ0 |H|
2
]

[28]. By plugging

in the field components and integrating over z, we can calculate the

fraction of the total energy U that is localized in the metal, shown as

a function of the wavelength in figure 1.2 (c). At 1500 nm, only a very

small fraction, 0.5 % is located in the metal, at 400 nm it is around

3 %, this is not unexpected as at 1500 nm the propagation constant

only deviates 0.5 % for the light line, at 400 nm already 7.5 %. The in-

fluence of ohmic losses thus strongly increases at lower wavelengths,

which influences the propagation length of the SPPs, the length over

which the intensity of the mode falls down to a factor 1e of the original

intensity, given by

Lprop =
1

2Im[k(ω)]
=

1

2α(ω)
. (1.17)

With the theoretical values of εm(ω) the propagation length is over 1

mm at λ0 = 1500 nm, while at 400 nm it has decreased to a mere 58

µm. At 800 nm it is still 330 µm, but we will see in later chapters that

the higher confinement offered by waveguide structures comes with

a strong increase in propagation loss. It has to be noted that the prop-

agation length also strongly depends on the deposition techniques

of the metallic surface, ohmic loss is not the only loss factor, surface
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smoothness and grain boundaries have a considerable influence and

can be optimized with the right techniques [43]. Even on this seem-

ingly established and fundamental level, progress is still being made

for plasmonics applications.

The fact that most of the energy of SPPs is located outside of the

guiding medium (the metal) is one of the crucial advantages of SPP

waveguides. It allows to tailor the optical behaviour by choosing the

surrounding medium, for example with nonlinear dielectrics for ac-

tive devices. This is considerably less efficient in fibre optics and sili-

con photonics, often resulting in the need of long interaction lengths

to obtain the same effect [44]. This also makes plasmonics a popular

platform for sensing applications, the wave vector of SPPs is highly

dependent on the surrounding material. Figure 1.2 (d) shows that for

an increasing value of the refractive index of the dielectric, an increas-

ing fraction of the light is pushed into the metal, the optical mode

becomes smaller. The result on the propagation constant and length

is shown in 1.2 (e), SPPs are more sensitive to the refractive index

than free-space photons, in clear contrast to most dielectric waveg-

uides. The propagation length, as expected and generally undesir-

ably, also drops strongly with increasing nd, as shown in figure 1.2

(e). The high confinement of SPPs also means that the sensitivity to

the surrounding material is highly local, allowing to design sensing

applications with a high spatial resolution [4].

1.1.3 Thin film

It is interesting to look at the first step towards more complicated

structures than a single interface, a thin film of metal surrounded

by two dielectric materials. Some new concepts arise from this struc-

ture that help to understand waveguides, like the wedge waveguide

in chapter 3 and the stripe waveguide in chapter 4. The solutions to

this problem are obtained in the same way as the single interface,

by imposing the right boundary conditions on general solutions of

the wave and curl equations in the respective regions. Due to the

larger set of linear coupled equations, more physically distinct solu-

tions arise, depicted in figure 1.3 (a). Based on the behaviour of the

transverse electric field in the metal, the solutions can be classified

in anti-symmetric modes, where the transverse electric field goes to
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Figure 1.2: (a), Dispersion curve for SPPs at silver-air interface, εm(ω) taken
from the Drude model, ωp = 1.37× 1016 rad/s. Red line is the
light line (ω = kc), dotted grey lines at ωp and ωp/

√
2. (b),

Decay length into the dielectric (zd) and metal (zm) as a function
of the free-space wavelength λ0. (c), Fraction of the energy of the
mode localized in the metal, as a function of λ0 . (d), Fraction of
the energy of the mode localized in the metal, as a function of nd.
(e), Propagation constant and propagation length as a function
of nd. Blue dotted line is the propagation constant for the free-
space light.
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zero in the metal, and symmetric modes, where it does not. Depend-

ing on the material parameters, both of these types can exist as bound

modes and/or leaky modes. Bound modes are modes where the SPP

is spatially confined at both interfaces, where for leaky modes the

SPP is bounded at one of the two interfaces, but radiates into free

space at the other side of the metal film. Leaky modes are important

in the asymmetric geometry n1 6= n3, where the symmetric mode is

positioned at the lowest refractive index side and radiates into the

higher index material. Inversely, it allows to couple from free space

to this mode through the high refractive index material, the basis for

the Kretschmann configuration to excite SPPs. Except for the radia-

tion loss, this mode largely has the same properties as SPPs at the

single interface. Crucial parameters for the existence and behaviour

of the 4 different modes are the thickness of the film and the values

of n1 and n3 relative to each other; excellent overviews are given by

Burke et al. [45] and Prade et al. [46].

For the symmetric case n1 = n2 with a lossless metal, only the bound

modes exist, dispersion curves are shown in figure 1.3 (b) for thick-

nesses of 40 and 80 nm and ni = 1. The symmetric and asymmetric

mode clearly decouple strongly when the film becomes comparable

to the penetration depth of the single-interface SPP. For the limiting

case of a very thick film, the two modes become degenerate, they are

just single-interface SPPs at both sides of the film. Compared to the

single-interface dispersion curve, the symmetric curve lays closer to

the light-line, the mode is more light-like. The thinner the film, the

more the mode penetrates into the dielectrics and it becomes a regu-

lar plane wave for h→ 0. Very long propagation lengths are possible

with thin films due to this, making them often referred to as long-

range SPPs. The asymmetric mode on the other hand, becomes more

confined for thinner films, resulting in a propagation constant that

strongly deviates from k0 (shown in figure 1.3 (c)) and a small mode

volume, but also (very) short propagation lengths. This clearly shows

the strong influence the geometric parameters have on the optical be-

haviour, useful to tailor modes.
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Figure 1.3: (a), Thin film geometry with depiction of the transverse electric
fields of the different modes. (b), Dispersion curve of the bound
modes for a theoretical lossless silver film of 40 and 80 nm. (c),
Dependence of the propagation constant on the silver film thick-
ness for the symmetric and asymmetric mode.
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1.2 excitation of spps

In the corpuscular description of radiation, the momentum of a SPP

is larger than that of a free-space photon of the same frequency:
 hβ >  hk0 [47], following the relation between β and k0 shown in the

previous section. Considering all the momentum of SPPs is in-plane

along the flat metal-dielectric interface, it explains why SPPs are con-

fined at the surface, the in-plane momentum of the SPPs will always

be bigger than the momentum of the photon radiated into the dielec-

tric, regardless of the angle it radiates away from the surface with;

k0,x = sin(θ)k0 will always be smaller than βx = β. It also means that

it is not possible to couple photons to the SPP-mode by just shining

light on the surface, regardless of the angle it impinges it with. Sev-

eral techniques have been developed to alleviate this problem. Exci-

tation by the electromagnetic field of high-energy electrons travelling

through the metal surface is a possibility, but most techniques involve

the direct coupling of photons to SPPs by matching their momentum

[28]. Prism coupling, grating coupling and waveguide coupling will

be discussed here. Grating coupling is the technique used in our ex-

perimental work in the last chapters, prism coupling is important in

plasmonic sensing and the progress in research of efficient coupling

between dielectric waveguides and plasmonic modes is exciting for

the potential merging of integrated (quantum-)photonics with plas-

monics.

1.2.1 Prism coupling

A first possible solution is the use of a three-layer system, as shown

in figure 1.4. The metal film is sandwiched between two dielectrics

with different dielectric constants, so nsub > nsup. The symmetric

leaky mode, that is mainly positioned at the superstrate-metal inter-

face, has a propagation constant that is smaller than the wave vector

of the free space photons in the substrate: βsym,leaky < k0nsub, re-

sulting in radiation leakage. By impinging the metal with the right

angle θ, the in-plane part of the wave vector kx = k0nsubsin(θ) can

thus match β. This method of exciting SPPs is called the Kretschmann

configuration and typically achieved by evaporating the thin layer of

metal on the prism face. Another method is the Otto configuration in

which a prism, without metal layer, is brought close to the metal sur-
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Figure 1.4: Kretschmann configuration SPP excitation set-up.

face in a controllable fashion, the evanescent waves created by total

internal reflection at the prism-air interface have an in plane momen-

tum high enough to excite SPPs at the metal-air interface. Due to the

need of accurate control of the prism-metal distance with the Otto

technique, the Kretschmann configuration is preferred for most ap-

plications. The excitation of SPPs can be monitored by measuring the

reflected light, efficient excitation means high losses due to SPP prop-

agation and low reflected intensity. As we’ve seen before, the propa-

gation constant of SPPs depends strongly on the refractive index of

the dielectric at the surface. In these set-ups, the excitation angle can

thus with high sensitivity be related to the refractive index , which

is the idea behind the well-established Surface Plasmon Resonance

sensors. Different approaches have been developed, monochromatic

light with a range of excitation angles (by a non-collimated source)

can be used, where the angle with the lowest reflectivity is related to

the refractive index. Another approach uses collimated light with a

wide spectrum, the excitation wavelength can then be used to calcu-

late the refractive index [4].

1.2.2 Grating coupling

Prism coupling is well-established and easy to use for many appli-

cations, but excites over large areas - depending on the laser spot

size - and is thus not really suitable for integrated plasmonics. Grat-

ing couplers are a potential solution for this, as the structures can be

fabricated highly locally with techniques like Electron Beam Lithog-

raphy and tailored for specific waveguide structures. The diffraction

equation for a grating, which calculates at which angles constructive

interference from the scattered plane waves results in the diffraction
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peaks, can be expressed in terms of the in-plane momentum of the

incoming light and of the scattered light of the diffraction peaks:

ks,x = ki,x +m
2π
L , with L the period of the grating and m the diffrac-

tion order, so m ∈ Z [48]. To use a diffraction peak to excite SPPs,

the in-plane momentum of the diffracted photons has to match the

momentum of the SPPs on the surface [49]:

kSPP = ±k0sin(θ)±m
2π

L
. (1.18)

The easiest case to analyse is for small sinusoidal modulations of the

surface, shown in figure 1.5 (a), as only the first order diffraction will

have a meaningful efficiency. Barnes et al. [49, 50] made an in-depth

study of these metal gratings by calculating the total reflectivity as

a function of the angle and wavelength of the incident light, a result

is shown in figure 1.5 (c). At a fixed angle of incidence, there are

two wavelengths of the incoming light that excite SPPs, the shortest

wavelength creates forward scattering of SPPs, while the longer wave-

length creates backwards scattering, both relative to the direction of

the incoming light. At normal incidence these two energies become

degenerate, the branches in (c) cross and both directions are excited

at the frequency of the light for which the wavelength of the SPPs

matches the period of the grating.

Different shapes, like square ridges shown in (b), can be considered as

the summation of many sinusoidal gratings due to the Fourier com-

ponents. When taking into account only the first two Fourier compo-

nents of a random (small) modulation, the surface can be expressed

as:

s(x) = d1sin(Kx) + d2sin(2Kx+φ2), (1.19)

with d1 and d2 the modulation depth of the two components and

φ2 the relative phase between the two. The reflection of this surface

with d1 = 5 nm, d2 = 2 nm and φ2 = 0o is shown in figure 1.5

(d). An important difference is the appearance of an energy gap at

normal incidence, the two branches do not become degenerate. The

added 2K component provides an interaction between the forward

and backwards travelling SPP modes, resulting in 2 standing waves

with different energies, which creates a bandgap between these ener-

gies. This is similar to the photonic band gap behaviour of a quarter

wave dielectric stack. This effect is used to create a (semi-transparent)
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(a) (b) θθ

(c) (d)

Figure 1.5: Excitation of SPPs on a metal surface with sinusoidal modula-
tions in (a) and rectangular ridges in (b). Numerically modelled
total reflectivity of a silver surface with small sinusoidal modula-
tions as a function of the angle of incidence and the wavelength
of the illuminating plane waves, with grating pitch 634 nm, am-
plitude d1 = 5 nm. (d), Same as (c), but with and extra modula-
tion component with d1 = 2 nm and φ2 = 0o. Images (c) and (d)
are taken from Barnes et al. [49], reprinted with permission from
APS Physics.

Bragg reflector in chapter 4. The importance for grating coupling is

the fact that kSPP is not just the wave vector of the SPPs on a metal-

dielectric interface. For the parameters we will use for our rectangular

ridges in chapter 4, this deviation turns out to be large, and even for

normal incidence the incident wavelength does not lie close to the pe-

riod of the optimal grating, as one would expect from the first order

approximation.

Although the set-up of plane waves illuminating an infinite grating

with small modulations shows both the possibility of grating cou-

pling and the influence gratings have on the dispersion curve of the

travelling SPPs, experimentally used gratings have strongly different

geometric parameters. The excitation needs to be local, so the grat-

ing often only consists of a small amount of periods, typically ten or
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less, and the excitation beam is generally, also in our experiments, a

Gaussian beam focused down with a microscope objective. For this

limited amount of elements, it was shown that bigger modulations of

the surface resulted in more efficient excitation [51]. With rectangular

gold ridges of 60 nm high and 200 nm wide on a gold film, Ditlbacher

et al. showed experimentally the importance of the period of the grat-

ing, even with only 3 ridges the excitation efficiency was drastically

improved when the period matched the the expected wavelength of

the SPPs for the used excitation wavelength [51]. This clearly points

towards constructive interference from the SPPs excited by scattering

on the seperate ridges. Optimizing the scattering properties of a sin-

gle ridge or indentation and then optimizing the grating parameters

is an approach that was followed by several groups. A single sub-

wavelength ridge on the surface can be approximated as a Rayleigh

dipole scatterer [52], considering the squared dependence of the scat-

tered efficiency to the volume of the scatterer [53], it indeed seems a

good idea to create large modulations of the surface, so moving away

from the first order investigations of Barnes et al. [49]. The excitation

of SPPs on a gold metal film with a finite grating of rectangular ridges

was experimentally studied in the near-infrared by Radko et al., cor-

roborated by numerical simulations [52]. The experimental measure-

ments of excitation efficiency were performed by collecting the radi-

ation of the leaky mode into the substrate. Simulations to find the

optimal ridge width and height for an excitation wavelength of 800

nm are shown in 1.6 (a), high ridges are clearly favoured and ideal

widths are close to half the wavelength. The same conclusion was

made by Leveque et al., who showed that the ridge width is ideally

around half the grating period [54]. Experimentally measured excita-

tion efficiencies are shown in figure 1.6 (b) as a function of the num-

ber of ridges, illuminated with a 5 µm wide Gaussian beam. When

the wavelength is correctly tuned for the grating period of 800 nm,

adding more ridges clearly helps the efficiency, even though 10-15

ridges cover an area larger than the incoming spot. Interestingly, they

still found a resonant wavelength very close to the 800 nm period of

the grating, unlike our experimental results shown in chapter 4. This

seems to indicate that while 50 nm high ridges do not influence the

dispersion curve of the SPPs considerably , heights of 90 nm do create

a strong deviation of the SPP wavelength from the wavelength on a

flat surface.
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(a) (b)

Figure 1.6: (a), Numerical predictions of the excitation efficiency of one
ridge with a 800 nm laser as a function of the ridge width and
height. (b), Experimentally measured efficiencies for gratings
with a period of 800 nm, ridge height of 50 and width of 280

nm. Both pictures taken from Radko et al. [52], reprinted with
permission from APS Physics.

Recent research showed that single scatterers like a ridge or groove

on a metal surface create hybrid waves of SPPs and quasi-cylindrical

waves (CWs) [55–57]. An example of these hybrid waves obtained by

full-vectorial simulations is shown in figure 1.7, taken from Lalanne

et al. [55]. The magnetic fields on the right-hand side clearly show

that the total field can be decomposed in SPPs and CWs. Fortunately

at the metal surface, the field of the CW rapidly decays. At a distance

of several wavelengths the total wave mainly consists of SPPs, which

is important for our experimental work. The CWs are expected to

influence the working of the grating, the ones generated at one ride

or groove can scatter into SPPs on the next and attribute to the to-

tal behaviour of the grating. It is clear that the problem of a finite-

sized grating with large modulations of the surface is complicated

and necessitates experimental measurements or complete numerical

simulations to optimize the parameters used. In section 4.1.3 spectral

measurements on fabricated gratings with 11 ridges with a range of

periods are shown and used to chose the best choice for the quantum

interference experiments. The parameter range was decided on the

basis of basic numerical simulations and results reported in the pub-

lications mentioned here, more information can also be found in the

thesis by Giuliana DiMartino [40].

More complex grating structures have been proposed and fabricated
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(a)

(b)

(c)

(d)

(e)

Figure 1.7: (a), Slit in gold substrate with width = 200 nm, second indenta-
tion is square with of a 150 nm, creating a asymmetric scatter-
ing pattern of the incoming light with λ0 = 800 nm. (b), Real
part of the scattered magnetic field on the surface, subdivided
in SPP and CW contribution. (c), Total magnetic field scattered
in air. (d), Magnetic field from the SPP component. (e), Differ-
ence between total and SPP magnetic field, the contribution of
the quasi-cylindrical wave. All images taken from Lalanne et al.
[55], reprinted with permission from Elsevier.

in recent years. Baron et al. showed that it was possible to efficiently

excite SPPs unidirectionally on a gold film with normal incidence of

the exciting laser beam by optimizing the width and depth of each

the 11 sub-wavelength grooves separately [58]. By illumination with

a Gaussian beam, this structure with a total size of less than 8 µm

excited SPPs with an absolute efficiency of more than 50 % and the

extinction ratio between the two directions perpendicular to the grat-

ing was 47. Similar results have been shown for a different grating

structure [59] and expanded towards the control of the direction of ex-

citation by the polarization of the incoming light, done by creating a 2-

dimensional grating of rectangular scatterers [60, 61]. To improve the

potential applications of these plasmonic structures in quantum tech-

nologies, even higher efficiencies and the combination with (highly

confined) waveguides should be achieved.

1.2.3 Waveguide coupling

The direct coupling from a dielectric waveguide to a plasmonic one

is a highly promising approach to excite SPPs. It allows the integra-

tion of plasmonic structures with other versatile dielectric platforms,

where propagation losses are a less stringent parameter. One could
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easily imagine the use of plasmonic waveguides for short lengths,

when there is a need for high light-matter interaction e.g., after which

the light is coupled back to dielectric structures to minimize propaga-

tion losses [62]. The efficiency of the coupling depends on the overlap

between the dielectric and the plasmonic mode, which immediately

creates the biggest challenge: overcoming the typical size-mismatch

between the two [63]. Experimental progress has been achieved in

the past decade, mainly with silicon waveguides; the high refractive

index of silicon provides small mode volumes for dielectric standards

and silicon is a highly popular platform for integrated photonics on

itself. Chen et al. showed that covering a tapered area of a silicon-

on-silica rectangular waveguide with gold creates a highly confined

waveguide at telecom wavelengths. The coupling between the dielec-

tric mode in the silicon waveguide and the plasmonic mode in the

gold-covered area can in principle be made highly efficient with the

right tapering length, up to almost 90 % theoretically, experimentally

values of 55 % were reached [64]. More efficient coupling, with exper-

imental values up to 80 %, has been reported between silicon waveg-

uides and dielectric-loaded plasmonic waveguides made of PMMA

[65]. Dielectric-loaded plasmonic waveguides are structures where

SPPs vertically confined to a metal surface are laterally confined with

the help of a dielectric rectangular waveguide. The confinement of

the light inside the silicon or a fixed dielectric of course limits the

use of the waveguide for sensing or active plasmonics applications.

Tian et al. followed an altered approach, where a tapered ending of

a silicon waveguide was coupled into a plasmonic gap waveguide

[66]. Theoretical calculations of 88 % and an experimental demon-

stration of 35 % shows that it is possible to efficiently couple light

into a metal-air plasmonic waveguide with high confinement. This

approach has recently been improved by Ono et al., who managed to

couple light from the silicon waveguide into a gap waveguide with a

mode volume of only 50 by 20 nm with an efficiency of over 65 % [67].

Slightly less efficient coupling, but still highly promising due to the

popularity of groove waveguides, has also been shown for a silicon

waveguide to a gold groove waveguide, with experimental coupling

efficiencies of around 22 % [68]. All these works have been performed

at telecom wavelengths and next to bridging the gap between theoret-

ical and experimental coupling efficiencies, finding similarly efficient
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SPP excitation structures in the visible range is thus an outstanding

challenge.

1.3 waveguides and applications

With the first observation of SPPs at the start of the previous cen-

tury [69] -although unknowingly-, the introduction of the concept of

Plasmons in 1956 [70] and the term Surface Plasmon Polariton [71]

in 1974, SPPs already have a long history in fundamental research

[72]. First potential applications were realized for sensing and this

created a strong growth in the field of plasmonics. Fleischmann et
al. noticed the substantial influence the vicinity of a rough metal

surface has on Raman spectra of molecules [73], with intensity en-

hancements up to 105. After the link with plasmon resonances on

the metal surface roughnesses was established [74], the engineering

of specific structures started, ultimately leading to single molecule

sensitivity 20 years ago [75]. The technique of Surface Enhanced Ra-

man Spectroscopy (SERS) has since then continued to expand, with

new capabilities and applications in a range (bio-)chemistry research.

Around the same time the currently most used commercially avail-

able plasmonic application was invented and developed: the Surface

Plasmon Resonance sensor (SPR) [4, 76]. Liedberg et al. realized that

the sensitivity of the excitation angle of SPPs in Kretschmann-like con-

figurations on the refractive index at the opposite side of the metallic

film could be used to sense gas concentrations in 1983 [77].

A second wave of increased research in SPPs came with new fabri-

cation techniques and the full realization of the possibilities of sub-

diffraction waveguiding. In 1997, Takahara et al. showed theoretically

that silver nanowires could be used to guide light in an optical mode

that is strongly sub-wavelength in all dimensions, unlike SPPs along

single interfaces or metal films [78]. At the same time, the concept

of nano-focusing with tapered plasmonic waveguides was proposed;

Nerkararyan showed that SPPs travelling into a wedge become grad-

ually more and more confined, resulting in extremely high electric

field enhancements at the end [79]. Experimental results of confined

plasmonic waveguiding was first shown with metal stripes, figure

3.3 (a) [80]. Silver stripes of 60 nm thick and widths down to 1 µm

deposited on a glass substrate were proven to guide SPPs with a free-
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space wavelength of 633 nm. Unfortunately the propagation length

was decreased to several micrometers and while the lateral confine-

ment of 1 µm was promising, it is clearly not below the wavelength.

Energy transfer along a chain of 90 nm long silver rods was shown

shortly after, figure 3.3 (b). Strictly not a SPP waveguide as it uses the

hopping of LSPRs from one rod to the other, it did show the possibil-

ity of true sub-diffraction light propagation [81]. Unfortunately, prop-

agation losses were even higher, severely limiting the potential use of

these structures. Waveguides providing both reasonable propagation

lengths and strong confinement in all dimensions were developed

shortly after in the past decade. Bozhevolnyi et al. demonstrated that

V-shaped grooves milled in a gold substrate support modes bound to

the bottom of the groove with propagation lengths around a 100 µm

for telecom wavelengths [82]. Combined with the efficient guiding of

the light around sharp bends, it proved the potential of plasmonic

waveguides for densely integrated planar photonics, illustrated by

Mach-Zehnder interferometers and ring resonators, shown in figure

3.3 (c) [83]. The inverse, a metal wedge instead of groove, can also

exhibit strongly confined single mode behaviour, as reported in 2005

at visible wavelengths, albeit with limited propagation lengths [84].

Improved fabrication techniques have recently delivered groove [85]

and wedge structures [86] with more favourable optical properties.

Although these publications showed that improvements are still to be

made, a consensus has emerged that any plasmonic waveguide de-

sign will always have a trade-off between confinement and propaga-

tion loss [87]. This clearly strongly compromises the original vision of

using plasmonic waveguides for large integrated photonics networks.

It has been shown possible to create a limited number of passive

elements in a network, but the real strength of structures based on

plasmonic waveguides lays in the integration with dielectric photon-

ics and active devices.
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(a)

(b) (c)

Figure 1.8: (a), Micro-stripe silver waveguides on a glass substrate. The
waveguide is coupled to a large thin film area, used to couple
photons to SPPs with the Kretschmann technique [80], reprinted
with permission from APS Physics. (b), True sub-diffraction light
propagation by the hopping of LSPRs from silver rod to rod, SEM
of the chain shown below. The energy transfer is detected by a
widened spread of the light intensity of fluorescent nano-spheres,
shown at the top [81]. Reprinted with permission from NPG.
(c),SEM image, topographical and near-field optical SNOM im-
ages of highly miniaturized Y-splitters (left) and interferometers
(right) [83]. Reprinted with permission from NPG.
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Q U A N T U M O P T I C S A N D P L A S M O N I C S

2.1 quantum optics

2.1.1 Field quantization

The semi-classical model for light-matter interaction, in which quantum-

mechanics is used to describe the atoms but the electromagnetic field

is considered classical, has been successful in describing many pro-

cesses including absorption and stimulated emission. A notable ex-

ception is spontaneous emission, an isolated atom (or any level-system)

in an excited state will stay in this state according to quantum-mechanics,

as it is in a eigenstate of the Hamiltonian. It is the coupling with the

vacuum fields of the electromagnetic modes that make the atom de-

cay in the seeming absence of electromagnetic fields. Later plenty of

effects were shown where quantization of the electromagnetic field

was even necessary far away from any atomic system to make cor-

rect predictions. This showed the limitations of the semi-classical ap-

proach. Single-photon anti-bunching, photon entanglement and quan-

tum interference effects are examples of this that have, since their dis-

covery as fundamental effects, moved to the core of quantum optics

and quantum technology research. The quantization procedure for

free electromagnetic radiation in a vacuum has thus been treated in-

depth in many textbooks [88, 89].

Quantization of the electromagnetic field in a general lossy and dis-

persive material is theoretically a more challenging problem than the

vacuum case, but a range of solutions have been proven in the recent

years [90]. For SPPs propagating along a metal surface or plasmonic

waveguide, an approximate approach largely equivalent to the free

space problem is possible [91, 92]. The simplest case of an extended

flat metal-vacuum interface (along Cartesian coordinates x and y) is

defined by the permittivity of the metal ε(ω) for coordinate z < 0 and

26
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ε = 1 for z > 0. We start with the expression for the vector potential of

the Maxwell equations A(r, t) in the Coulomb gauge (∇.A(r, t) = 0):

A(r, t) =
∫
d2K
(2π)2

αKuK(z)exp(iK.r)exp(−iωsppt) + c.c., (2.1)

K is real wave vector parallel to the interface, ωspp is a solution of

K =
ωspp
c

√
ε(ωspp)
ε(ωspp)+1

and αK is an amplitude associated with K in

the decomposition. uK(z) is a mode function, representing the modal

shape of the SPP. This can be taken from waveguide structures like

wedges or nanowires, but here the derivation is done for the case of

an extended flat metal surface:

uK(z) =
1√

L(ωspp)
exp(−iκjz)

(
Ǩ − i

K

κj
ž
)

, (2.2)

L(ωspp) is a normalization constant, κj the projection of the wave

vector to the axis perpendicular to the surface (along the unit vector

ž), given by κj =
εj(ωspp)ω

2
spp

c2
− K2 (κ1,2 are the solutions chosen for

± z), and thus gives the decay length of the field perpendicular to

the surface. Ǩ is the unit vector along K. The vector potential can

be expressed in a discrete sum of spatial Fourier components by as-

suming the field of interest is enclosed in a finite volume, for the free

space vacuum derivation typically a virtual cube with sides L, but

now due to the two-dimensionality of the structure a surface S with

sides Lx and Ly. The wave vector can now only take quantized val-

ues (Kx = nx2π
Lx

and Ky =
ny2π
Ly

); the integration over K (
∫
d2K
(2π)2

) and

the amplitude αK in equation 2.1 can be replaced by the discrete sum
1
S

∑
K and SAK respectively:

A(r, t) =
∑

K

AKuK(z)exp(iK.r)exp(−iωsppt) + c.c.. (2.3)

While the electromagnetic energy density in a vacuum is easily

defined as u = ε0
2 E2(r, t) + 1

2µ0
B2(r, t), it is a more subtle problem

problem in general lossy dispersive materials. Fortunately, for SPPs

at flat surfaces or standard waveguides the influence of loss on the

dispersion relationship is rather small and can be set 0 in a first ap-

proximation. Calculating the total energy of the electromagnetic field

can thus be done with u (U =
∫
dt

∫
udr). Using the discrete modes

in the virtual square the result is:

U =
∑

K

ε0ω
2
sppS [AKA

∗
K +A∗KAK] . (2.4)
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Thanks to the lossless approximation, U is real and we can try to

find an equivalent Hermitian operator for the quantum-mechanical

model. The energy of each mode K has the structure of an uncoupled

harmonic oscillator. By correspondence each can be replaced by the

quantum-mechanical description of the harmonic oscillator:

Ĥ =
∑

K

 hωspp
2

[
âKâ

†
K + â†KâK

]
=

∑
K

 hωspp

[
n̂K +

1

2

]
, (2.5)

with :

AK →

√
 h

2ε0ωsppS
âK and A∗K →

√
 h

2ε0ωsppS
â
†
K. (2.6)

This introduces the annihilation and creation operators of the electro-

magnetic field, âK and â†K respectively, which act on a mode contain-

ing a discrete number n of excitations in the following way:

â
†
K |nK〉 =

√
nK + 1 |nK + 1〉 (2.7)

âK |nK〉 =
√
nK |nK − 1〉 . (2.8)

They respectively create and destroy a quantum of energy  hωK, a

single Surface Plasmon Polariton, in the mode K. Different modes are

independent and these operators thus obey the bosonic commutation

relations
[
âK, â†K ′

]
= δK,K ′ . With E(r, t) = ∂A(r,t)

∂t the electric field can

finally be expressed as an operator acting on the quantized field:

Ê(r, t) = i
∑

K

√
 hω

2ε0S
uK(z)âKexp(iK.r)exp(−iωt) +H.c., (2.9)

with H.c. the hermitian conjugate. The hermitian conjugate part is

typically referred to as Ê(−)(r, t), while the first part is Ê(+)(r, t). The

magnetic field can be similarly converted in a operator with B(r, t) =

∇×A(r, t), but is of lesser importance in the rest of this work. For a

metal surface or plasmonic waveguide without cavity structure, there

are is a continuum of modes in terms of K = (nx2πL , ny2πL ). This is

achieved by taking the limit of L → ∞ and replacing the sum by

an integral of K times the density of states in K-space ( L2π)
2:

∑
K →

( L2π)
2
∫
dK. A factor L

2π is absorbed into the annihilation operator:

âK → 2π
L â(K). The result for electric field operator in the continuous

case is [93]

Ê(r, t) =
i

2π

∫
dK

√
 hω

2ε0
u(K, z)â(K)exp(iK.r)exp(−iωt) +H.c..

(2.10)
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After the quantization in the lossless approximation, loss can be in-

cluded by coupling the quantized SPPs to a reservoir bath of modes.

This is a phenomenological approach where the coupling strength

with the reservoir modes is determined from the imaginary part of

the dielectric permittivity of the metal ε(ω).

As pointed out throughout, the derivation is largely equivalent to

the one for free space radiation, of course 2.4 becomes the exact

expression for the energy of the electromagnetic radiation and the

dispersion relations used to calculate the magnitude K = |K| and

κj are changed to the light-line. The mode function uK(z) in the

derivation is replaced by a plane wave description, with the impor-

tant consequence that the basis for a transverse plane wave spans a

two-dimensional space, the light can be polarized in any direction

perpendicular to K. By defining arbitrary unit vectors ej (j = 1,2) that

span this space, we can adapt equation 2.10 to [94]:

Ê(r, t) =
i

(2π)3/2

∑
j

∫
dK

√
 hω(K)

2ε0
ejâ(K)× (2.11)

exp(iK.r)exp(−iω(K)t) +H.c..

A common choice for e1,2 is two real perpendicular vectors, one ex-

ample is horizontal and vertical polarization, which is the basis that

will be used in chapter 5.

In the experimental work reported in this thesis, the concept of a

single photon (or SPP) is central. Before we defined it as the single

excitation with energy  hωK in mode K: â†K |0K〉. This is the theoreti-

cal description of a perfectly monochromatic single photon, in reality

photons always have a frequency spread with consequent finite co-

herence length. This can be constructed as a superposition of a single

excitation on several modes:

|1〉 =
∑

K

cK |0, ..., 0,nK = 1, 0, ...〉 =
∑

K

cK |1K〉 , (2.12)

with
∑

K |cK|
2 = 1. The state |1〉 is not an eigenstate of the separate

number operators n̂K, nor is it of the total Hamiltonian (equation 2.5).

The evolution of the state (in the Schrödinger notation) through time

is thus given by:

|1(t)〉 =
∑

K

cKexp(−iωKt) |1K〉 . (2.13)
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Just as a pulse in classical optics, the wave packet of a single photon

with a finite temporal length is constructed by the summation over

a range of frequencies. The state |1〉 is an eigenstate of n̂ =
∑

K n̂K,

which we will see is the relevant operator for photon detection.

2.1.2 Optical detection and coherence

In classical electromagnetics the electric field E(r, t) is typically con-

sidered the quantity that is measured experimentally, with the de-

composition in the complex conjugate fields E(±)(r, t) as mere useful

mathematical constructions [95]. From the final results for Ê(r, t) in

the previous section, we can see that is it not accurate for the quan-

tized fields. Ê(+)(r, t) (the magnitude of Ê(+)(r, t) along an arbitrary

polarization) is the sum of annihilation operators and thus associated

with photon absorption, while Ê(−)(r, t) represents photon emission.

At low frequencies the energy  hω of a single photon becomes neg-

ligible and it can become unclear if a test charge emits or absorbs

photons; the implicit summing of of the components E(+)(r, t) and

E(−)(r, t) is a correct assumption. At optical frequencies, photon de-

tection generally involves photon absorption, we are explicitly mea-

suring the positive frequency of the electric field operator: Ê(+)(r, t).

The transition probability of an undefined detector at position r from

an initial state |i〉 to a final state |f〉 is:

Tif =
∣∣∣〈f ∣∣∣Ê(+)(r, t)

∣∣∣ i〉∣∣∣2 . (2.14)

Glauber [95] defined an ideal photon detector as a system of negligi-

ble size which has a frequency-independent photoabsorption proba-

bility. The final state of the transition is not measured, we only care

about the total counting rate. This means the transition probability

has to be summed over all the possible final states |f〉:

I(r, t) =
∑
f

∣∣∣〈f ∣∣∣Ê(+)(r, t)
∣∣∣ i〉∣∣∣2

=
∑
f

〈i| Ê(−)(r, t) |f〉 〈f| Ê(+)(r, t) |i〉

= 〈i| Ê(−)(r, t)Ê(+)(r, t) |i〉 (2.15)

∝
〈
i
∣∣∣â†â∣∣∣ i〉 . (2.16)

We used the summation over a complete set of final states,
∑
f |f〉 〈f| =

1. The last step clearly shows that the measured intensity is propor-

tional to the expectation value of the number operator â†â. For the
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more general case of the initial state of the field not being a pure state

but a mixture, the result can easily be extended:

I(r, t) =
∑
i

pi 〈i| Ê(−)(r, t)Ê(+)(r, t) |i〉 (2.17)

= Tr
[
ρ̂Ê(−)(r, t)Ê(+)(r, t)

]
, (2.18)

ρ̂ is the density operator we will introduce more in-depth later.

In this work we are interested in more than just the intensity of the

electromagnetic field at a certain point r. We can similarly define the

rate at which two separate detectors detect photons at two separate

points in space and time:∑
f

∣∣∣〈f ∣∣∣Ê(+)(r1, t1)Ê(+)(r2, t2)
∣∣∣ i〉∣∣∣2

= 〈i| Ê(+)(r1, t1)Ê(+)(r2, t2)Ê(−)(r2, t2)Ê(−)(r1, t1) |i〉

∝
〈
â
†
1â
†
2â2â1

〉
(2.19)

With the same extension for a mixed state as in equation 2.18. This

can of course be extended to even higher order coincidence rates

with more than two separate detectors. The most famous historical ex-

amples of higher order intensity measurement experiments, though,

involve 2 detectors. Hanbury-Brown and Twiss conducted intensity

correlation measurements with photo-detectors at both outputs of a

beam splitter, figure 2.1 (a), with light entering only one input port,

equivalent to correlating intensity measurements of the input beam at

two different moments, so equation 2.19 with (r, t1) and (r, t2). This

allowed them to probe how bunched photons arrive in time when

coming from a specific source of light [96], the difference between sin-

gle photons, coherent sources and thermal light became well known

since then [97]. In 1987 Hong, Ou and Mandel showed the outcome of

two single photons arriving at the two input modes of a beam splitter,

depicted in figure 2.1 (b). An intensity measurement at one of the out-

puts does not reveal anything surprising, but the correlated intensity

of the two outputs does show distinct quantum behaviour [37]. This

effect is the basis of this thesis and we will analyse it more in depth

in the next section.

Historically, experiments probing the correlation between electric field

amplitudes at 2 different places or times has been at the heart of the
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C C

(a) (b)

(c) (d)

δτ

δr

Figure 2.1: (a), Hanbury Brown and Twiss set-up. (b), Hong-Ou-Mandel ex-
periment. (c), Mach-Zehnder interferometer. (d), Young’s double
slit experiment.

success of classical optics. First and higher order correlation functions

can be defined with quantum operators as:

G(1)(x1; x2) = Tr
[
ρÊ(−)(r1, t1)Ê(+)(r2, t2)

]
(2.20)

G(n)(x1, ..., xn; xn+1, ..., x2n) = (2.21)

Tr
[
ρÊ(−)(x1)...Ê(−)(xn)Ê

(+)(xn+1)...Ê(+)(x2n)
]

,

with xj as a compact notation for (rj, tj). It can be easily shown that

the interference fringes from scanning the delay-line in a Mach-Zehnder

set-up, figure 2.1 (c), or the position along the photographic plate in

Young’s double slit experiment, figure 2.1 (d), are related to the mag-

nitude of G(1)(r, t1; r, t2) and G(1)(r1, t; r2, t) respectively [89]. Classi-

cal optics and quantum-mechanics with a quantized EM-field gener-

ally predict the same results for measurements probing aG(1)(r1, t1; r2, t2).

In chapter 5, we will see how higher order correlations can be less

straight-forward to measure.
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2.1.3 Quantum interference

In 1987, Hong, Ou and Mandel showed the outcome of two single

photons arriving at the two inputs of a 50/50 beam splitter [37]. The

general relations between the annihilation operators of the bosonic

input modes (mode 0 and 1) and output modes (mode 2 and 3) for a

symmetric beam splitter are given by [98]:

â2 = (tâ0 + râ1), â3 = (râ0 + tâ1). (2.22)

The used labelling of the modes is shown in figure 2.2. Using these

relations to calculate the output state with |1〉0 |1〉1 as an input state

gives:

â
†
0â
†
1 |00〉01

BS→ 1

t∗
2
− r∗

2 (t
∗â†2 − r

∗â†3)(−r
∗â†2 + t

∗â†3) |00〉23

=
−
√
2r∗t∗

t∗
2
− r∗

2
|20〉23 +

−
√
2r∗t∗

t∗
2
− r∗

2
|02〉23

+
t∗
2

t∗
2
− r∗

2
|11〉23 +

r∗
2

t∗
2
− r∗

2
|11〉23

(2.23)

=
−
√
2r∗t∗

t∗
2
− r∗

2 (|20〉23 + |02〉23) +
t∗
2
+ r∗

2

t∗
2
− r∗

2
|11〉23 (2.24)

In the case of a lossless 50/50 beam splitter, we can choose t = 1√
2

and

r = i√
2

. The π/2 phase shift between r and t is necessary to make the

output modes orthogonal, while energy conservation - |r|2 + |t|2 = 1

- implies |r| = |t| =
√
0.5 for a 50/50 beam splitter. Together they en-

sure that the bosonic commutator relationships between the different

modes -
[
âi, âj

]
= δij are satisfied [99]. Plugging these values into

equation 2.24, we see that the |1〉2 |1〉3 component disappears; the

two photons never leave the beam splitter into the separate output

modes. Physically this can be understood in the following way: there

are four ways for the photons to leave the beam splitter, as shown

in figure 2.2. The two ways that deliver one photon at each output,

both photons reflected or both transmitted, are indistinguishable for

two detectors placed the behind outputs of the beam splitter, even in

principle, as long as the photons itself are indistinguishable. Because

of this -going from equation 2.23 to equation 2.24- the probability am-

plitudes of both situations are added before being squared to get the

probability of detecting one photon at each output:

P23 =
〈
â
†
2â
†
3â3â2

〉
= |t∗t∗ + r∗r∗|2 =

∣∣∣∣ 1√2 .
1√
2
+

i√
2

.
i√
2

∣∣∣∣2 = 0.
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a0

a1

a3

a2
+

Figure 2.2: The four different combinations of the two photons leaving the
beam splitter. The top two interfere with each other in the case
of indistinguishable photons.

(2.25)

Due to the π/2 phase shift between reflectance and transmittance,

both situations interfere destructively and the probability of one pho-

ton at each detector becomes zero. Note that when the two photons

are not identical in a certain degree of freedom, so with different val-

ues α and β, the addition and consequent destructive interference

does not happen because
∣∣1α1β〉23 6= ∣∣1β1α〉23. This could be the

polarization, the frequency or, in the non-monochromatic case, the ar-

rival time of the photons.

In the original experiment and most of the later variations on it,

including our work, the 2 photons are generated as a photon pair

in a nonlinear crystal by spontaneous parametric down-conversion,

explained in section 4.2.1. As for any source, these photons have a

certain spectral width and are in fact even frequency entangled. The

spectral distribution of the bi-photon state can be represented by a

linear superposition over the frequency ω [100]:

|ψ〉 =
∫
dωφ(ω0/2+ω,ω0/2−ω) |ω0/2+ω,ω0/2−ω〉 , (2.26)
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with φ(ω1,ω0 −ω1) a weight function around ω1,2 = ω0
2 , ω0 is the

frequency of the pump laser. The wavepacket of the photons in the

time domain is directly given by the Fourier transform of the weight

function:

G(τ) =

∫
φ(ω0/2+ω,ω0/2−ω)e−iωτdω (2.27)

In most experiments, the shape of φ(ω1,ω0 −ω1) is determined by

the spectral filters used on the down-converted photons, as the orig-

inal output of the SPDC source is rather broadband. The observed

coincidence counts by the detectors as a function of the difference in

arrival time of the two photons entering the beam splitter, δτ, can be

calculated with G(τ) [37]:

Nc(δτ) = C

[
|t|4 + |r|4 + 2Re(r2t2)

∫+∞
−∞ G(τ)G(τ− δτ)dτ∫+∞

−∞ G2(τ)dτ
]

(2.28)

With C a constant to take into account the count rate. For the uni-

tary 50/50 beam splitter, the normalized version of equation 2.28

simplifies to Nc(δτ) = 1 −
∫+∞
−∞G(τ)G(τ−δτ)dτ∫+∞

−∞G2(τ)dτ . When the time delay

δτ between the photons is zero, the second term becomes one and

the coincidence counts drop to zero, like in the case with two per-

fectly monochromatic photons explained before. When δτ deviates

from zero, the second term goes to zero. The two photons gradually

become distinguishable and the destructive interference disappears,

coincidence counts do happen. This difference in arrival time at the

beam splitter is normally done by inserting a delay line in one of

the two paths from the nonlinear crystal to the beam splitter. The ex-

perimental results never show a perfect disappearance of coincidence

counts. One of the reasons is the real values of r and t in equation

2.28. We can define a visibility of the interference as the normalized

difference between the off-symmetry baseline of the experimentally

measured coincidence counts and the the value at δτ = 0:

V =
Nc(δτ = ∞) −Nc(δτ = 0)

Nc(δτ = ∞)
(2.29)

When the coincidence counts at the detectors fall below 50 % of the

maximum amount of coincidences (when the two photons are per-

fectly distinguishable), so a visibility of over 0.5, it proves the bosonic

nature of the photons. It was theoretically shown that in the general

case of two separately positioned correlated detectors, the modula-

tions in coincidence counts can never go over 50 % with classical
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light without a definite phase relation between the two beams [101,

102]. This 50 % limit was shown experimentally with the fluorescent

light from a dye laser [103]. Breaking the limit with two photons com-

ing from a parametric down-conversion source, which do not have

a definite phase relationship, -as we will do later- can thus only be

explained non-classically. This effect was considered seminal in the

quantum optics community. It is also crucial in Linear Optical Quan-

tum Computation (LOQC) schemes [21, 104] and it allowed the au-

thors of the original publication [37] to show that the two photons in

photon pairs generated in parametric down-conversion are generated

simultaneously, with an accuracy of several orders of magnitude bet-

ter than the resolution of the used photon detectors.

With quantum computation and communication applications in

mind, the interference effect has been shown with a plethora of other

single photon sources. Photons coming from a variety of quantum

emitters like quantum dots [105, 106], single trapped atoms [107], or-

ganic molecules [108], Nitrogen-vacancy [109, 110] and Silicon-vacancy

centres [111] in diamond have all been used to show this quantum in-

terference effect. This has been done by interfering two sequentially

emitted photons from the same emitter or with two photons com-

ing from two separate emitters. As the visibility of the interference

is directly related to the indistinguishability of the photons [112], the

former experiment allows to probe the (spectral) stability of the emit-

ter over time, while the latter shows the possibility of creating two

identical sources. These two features are vital for the success of any

photon source scheme, and it is thus no surprise that the experiment

is conducted with any quantum emitter platform that claims to be

the future of quantum optics technology.

2.1.4 Density operator

A density operator is the most general description of a quantum state.

It allows us to obtain maximal information about pure states and

mixed states, which are a statistical ensemble of pure states |Ψn〉 with

probabilities pn, ρ =
∑
n pn |ψn〉 〈ψn|. Pure states can be represented

as a state vector in the Hilbert space, whereas mixed states cannot.

The expectation value
〈
Â
〉

of a physical quantity is the weighted av-
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erage of the expectation values 〈Ψn| Â |Ψn〉 for the individual pure

states of the mixed state ensemble, so [113]:〈
Â
〉
=

∑
n

pn 〈Ψn| Â |Ψn〉 (2.30)

=
∑
a

∑
n

pn 〈Ψn| Â |a〉 〈a |Ψn〉 (2.31)

=
∑
a

〈a|
∑
n

pn |Ψn〉 〈Ψn| Â |a〉 . (2.32)

As the density operator is defined as:

ρ̂ =
∑
n

pn |Ψn〉 〈Ψn| , (2.33)

we can write equation 2.32 as:〈
Â
〉
= Tr

[
ρ̂Â
]

. (2.34)

This shows the importance of the density operator, it allows to pre-

dict the expectation value of any measurement and contains as such

all the information we can obtain of a state. The representation of a

density operator in a given basis {|m〉} is called the density matrix:

ρ̂ =
∑
mn

ρmn |m〉 〈n|, (2.35)

with ρmn the elements of the density matrix ρ. From definition 2.33

it is clear that the density operator is Hermitian and thus so is the

density matrix in any basis. The density operator has several other

characteristics, first of all it is normalized:

Tr[ρ̂] =
∑
n

pnTr [|Ψn〉 〈Ψn|] =
∑
n

pn 〈Ψn|Ψn〉 = 1, (2.36)

as
∑
n pn = 1 for any statistical ensemble. Furthermore it is positive

semi-definite, for every vector |Ψ〉:

〈Ψ|ρ̂|Ψ〉 =
∑
n

pn| 〈Ψ|Ψn〉 |2 > 0. (2.37)

For the density matrix this means that all eigenvalues have to be real

and non-negative. This is not surprising, considering that the eigen-

values λn of the matrix are the probabilities of the state being in the

respective eigenstate; in the eigenbasis pn = λn.
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fidelity Fidelity is a measure of distance between two quantum

states, for two states ρ and σ it is defined as [114]:

F (ρ,σ) ≡ Tr
[√

ρ1/2σρ1/2
]2

(2.38)

The fidelity between a pure state |Ψ〉 and an arbitrary state ρ simplifies

to:

F (|Ψ〉 , ρ) = 〈Ψ |ρ|Ψ〉 (2.39)

Which is the overlap between the two states. The fidelity ranges from

0, the two states are fully orthogonal, to 1, they are identical or com-

pletely overlapping. This means fidelity can be used to compare an ex-

perimentally obtained density matrix with the theoretically expected

(pure) state.

2.1.5 Entanglement

Entanglement is considered one the core traits of quantum mechanics.

The non-local interactions between particles allowed by quantum me-

chanics spurred fierce debates about the local reality of Nature from

the very start [8]. The Bell inequalities can be seen as the defining mea-

sure for the entanglement between subsystems SA and SB of system

S. An entangled system can break limits set up by John Stewart Bell

in 1964 that draw the border for local realist theories [9]. Quantum

optics has throughout the years played a crucial role in this funda-

mental research of the status of quantum mechanics [18, 115]. In the

recent decades quantum information theory has nothing less than ex-

ploded. Quantum systems promise revolutionary applications in the

form of quantum simulation, computation [116, 117] and metrology

[118]. All of them are in some way related to and dependent on en-

tanglement between the particles used in the system, often photons,

and it has thus become important to define entanglement beyond the

Bell measurements [119]. Local (quantum) operations on the two sub-

systems SA and SB and classical communication between them turns

out to be the defining feature of entanglement: any system S with

two distant subsystems SA and SB that can be generated with purely

local operations and classical communication is not entangled, while

any system that can not be created this way is. This operational view

has been shown to be equivalent to the mathematical separability of
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the density operator of the state S. A quantum system S containing

two subsystems SA and SB is separable when it can be represented

as a statistical mixture of product states of the subsystems SA and SB

[120]:

ρAB =

m∑
r=1

prρ
A
r ⊗ ρBr , pr > 0,

∑
r

pr = 1. (2.40)

The equivalence creates the following definition for entanglement: A
quantum state is entangled when it is not separable.

On top of a definition, a measure of entanglement that allows to

quantify entanglement in different states and compare between them

would be of great use. Such an entanglement measure E should give 0

for non-entangled states, can be normalized to 1 for maximally entan-

gled states (which are proven to exist) and should not increase under

any LOCC (Local Operations and Classical Communication). It was

shown by Popescu et al. that the Entropy of Entanglement is the only

measure for pure states obeying all these requirements in the most

general circumstances [121]. It is based on the Von-Neumann entropy,

which is defined as an extension of the Shannon entropy to quantum

physics:

E ≡ −Tr [ρ̂ln [ρ̂]] . (2.41)

In a pure state, there is no uncertainty about the state, which means

the entropy (the indeterminacy) is zero. We can also define the en-

tropy of the subsystems SA and SB:

E(SA) ≡ −Tr
[
ρ̂Aln

[
ρ̂A
]]

, with ρ̂A = TrB
[
ρ̂AB

]
, (2.42)

ρ̂A is thus the density matrix of the subsystem A, obtained by taking

a partial trace over the system B. When the composite pure system

is in a product state (no correlations between subsystem A and B),

the same reasoning as for the entropy of the complete state applies:

the maximum information is present and both E(SA) and E(SB) are

zero. When there are correlations between the two subsystems how-

ever, there is information contained in these correlations and this in-

formation is lost when only looking at the subsystems separately; the

entropy of the subsystems is more than 0. The entropy of the subsys-

tems is thus a measure of entanglement between the subsystems of

the pure state [121]:

0 6 E [ρ̂] ≡ SA = SB 6 1. (2.43)
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This is the Entropy of Entanglement. If with LOCC k copies of the

maximally entangled state (of the same dimension) can be distilled

out of n copies of the original state, the Entropy of Entanglement is

equal to the ratio k
n for n → ∞, it is thus the ’distillable entangle-

ment’. The number k will also be the amount of maximally entan-

gled states needed to create the n copies for n → ∞, the Entropy

of Entanglement is thus also equal to the ’entanglement of forma-

tion’ [122]. Finding a general entanglement measure for mixed states

is still largely unsolved, with only measures available for some spe-

cific cases. The most famous is the Entanglement of Formation for a

mixed state of two 2-level (qubit) systems [123], which is based on

the Entropy of Entanglement. We will explain and use this measure

to quantify the entanglement of the reconstructed density matrix in

chapter 5.

2.2 quantum plasmonics

Quantum plasmonics has throughout the years started attracting in-

terest from a range of communities: plasmonics researchers looking to

push the limits of the technology [124], quantum optics groups search-

ing for new ways to achieve stronger light-matter interaction with

quantum emitters [62], quantum information theorists interested in

the influence of dissipation and decoherence on quantum coherence

and hoping to find unexpected ways to use plasmonic losses as a tool

[125, 126]. It is no surprise there is currently a wide range of research

going on under the umbrella of quantum plasmonics, we will give a

short overview here.

2.2.1 Fundamental studies

Considered a starting point of the field, Altewischer et al. showed

in 2002 that polarization entanglement between two photons was

not degraded while travelling as SPPs [39]. Maximally polarization-

entangled non-collinear photon pairs (|ψ〉 = 1√
2
(|H1V2〉 − |V1H2〉))

were generated by pumping a BBO nonlinear crystal by type II para-

metric down-conversion. Optically thick metal films with sub-wavelength

hole arrays (a square grid of 200 nm diameter holes with a spacing

of 700 nm) were placed on their paths. It is a well-known plasmonic

effect (extraordinary optical transmission) that light travels through
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these hole array structures considerably more efficiently than one

would expect from diffraction theory alone, thanks to photon-SPP

and SPP-photon conversion at the front and back of the film respec-

tively. Rotating polarizers in front of single photon detectors showed

that the correlations between the photon polarizations had not de-

graded while travelling through the holes as SPPs. This result sur-

prised many researchers, as SPPs interact strongly with a macroscopic

amount of electrons, estimated around 1010. Many publications on

the influence of plasmonic structures on quantum properties of light

followed. The preservation of energy-time entanglement in similar

structures with extraordinary transmission was shown [127], but a

lot of interest went to more challenging and useful situations, where

the light travels considerable distances as SPPs in plasmonic waveg-

uides. It was shown that it is possible to create a single SPP travel-

ling through a waveguide in a superposition of two widely separated

moments of existence [128]. A Hong-Ou-Mandel experiment was con-

ducted with photons after they travelled through a plasmonic waveg-

uide, showing that the photons did not lose indistinguishability in

this process [129]. Furthermore, it was shown that the loss in SPP

waveguides does not have an influence on the second order coher-

ence function of single photons [130]. Quadrature squeezed light has

been shown to preserve its squeezed properties, both after propagat-

ing as SPPs in waveguides [131] and after travelling through an ar-

ray of silver nanoparticles as Localized Surface Plasmon Resonances

[132]. Two-mode squeezed states have already shown their use in a

specific type of plasmonic sensor, obtaining sensitivities below the

limits set by shot noise [124, 133]. In general, all these results show

that quantum properties of light are robust in plasmonic structures,

which means that these structures are potentially useful in photonic

quantum technologies like quantum metrology and quantum infor-

mation processing [2].

Probing the bosonic nature of SPPs by performing a Hong-Ou-Mandel

interference experiment with a plasmonic beam splitter has received

a lot of attention in the recent years. Heeres et al. reported an interfer-

ence visibility of 43 %, thus not conclusively showing the quantized

nature of SPPs [36]. The highly miniaturized design, with micron-

sized near-field detectors, did show the tantalizing possibilities of a

fully integrated approach. Several groups reported on successful in-
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terference experiments with visibilities considerably higher than 50

% in 2014. Fakonas et al. used 50/50 directional couplers made of

two dielectric-loaded gold SPP waveguides and obtained a 93 ±1%
visibility, showing there was no significant degradation compared to

the photonic case [33]. The efficient coupling of the SPP waveguides

to silicon nitride waveguides on the chip could help to connect the

beam splitter to a range of optical components. Directional couplers

of dielectric-loaded and long-range SPP waveguides were also used

to show high (> 90%) visibilities at the telecom wavelength [34, 35].

Also in 2014, we published our results on a Hong-Ou-Mandel inter-

ference, but as the only group with a semi-reflective Bragg scattering

structure, not directional couplers [1]. Low signal rates and conse-

quent high noise created a very challenging experiment, but we did

obtain a visibility of 0.72 ±0.13, shown in figure 2.3. In chapter 4,

we will show that a scattering-based approach has advantages (po-

tentially extremely compact), but also creates extra challenges; the

scattering creates an extra loss channel that can change the phase re-

lations of the beam splitter. Very recently, a publication showed that

this can even convert the HOM dip into a HOM peak, the photons

anti-coalesce instead of coalesce [134].

2.2.2 Light-matter interactions

Of course, plasmonic structures have to do more than not destroy

quantum effects to be useful for quantum optics research and quan-

tum technologies. The demonstrated merging of a well-established

plasmonic sensing technique with the fundamental sensitivity im-

provements promised by quantum metrology is an excellent example

[124]. For optical quantum computing, plasmonics bears the same

promises as for classical optical computing, the sub-diffraction guid-

ing of light could scale down future quantum processors and help

bridge the size mismatch between photonics and electronics.

2.2.2.1 Sources and switches

Bridging the size mismatch between photonics and electronics can

take a rather different meaning in quantum optics: obtaining coherent

photon-quantum emitter interactions and photon-photon interactions

mediated by a quantum emitter have been very challenging due to

the size mismatch between photons and typical quantum emitters
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Figure 2.3: Plasmonic Hong-Ou-Mandel interference with a scattering-
based plasmonic beam splitter [1]. Reprinted with permission
from APS Physics.
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like quantum dots, molecules and vacancy centres in diamond. One

way to improve the interaction between emitters and light modes in

dielectric optics has been the use of cavities. The coupling strength of

a dipole with a cavity is often quantified by the Purcell factor [135]:

F =
γcavity

γfree space
=

3Q

4π2Veff

(
λ

n

)3
, (2.44)

where γ is the decay rate of the emitter, Veff the effective mode vol-

ume of the optical mode and Q the quality factor of the cavity. The

Purcell factor is thus the increase of the decay rate of the emitter in

the cavity compared to the emitter in free space. Micro-cavities like

photonic crystals and micro-pillars have been very successful in at-

taining extremely high Purcell factors mainly thanks to improving the

quality factor of the cavity, and thus the interaction time between the

emitter and the photon, as the mode volume is ultimately limited by

the diffraction limit. As we know by now, this is not the case for plas-

monic waveguides, and high enhancements could be reached without

high quality factors, purely by ultra-small mode volumes. Chang et al.
theoretically showed it should be possible to achieve Purcell factors

up to several hundreds purely by coupling quantum emitters to silver

nanowires or tapered endings of silver nanowires [62]. Due to the lack

of cavities, these structures are broadband, they create less challenges

with spectral tuning and are more suitable for broadband quantum

emitters. Experimental verification of this idea was done for the first

time by coupling CdSe quantum dots to silver nanowires, with diam-

eters of around 100 nm. Moderate Purcell enhancements of the spon-

taneous emission of 2.5 were demonstrated [136]. Smaller nanowires

and closer emitter-wire coupling are needed to get optimal results,

unfortunately making it harder to detect signal in the far-field. Com-

bining plasmonic confinement with increased quality factors has also

been shown with plasmonic resonators, obtaining high Purcell factors

by patterning a cavity around a highly confined plasmonic waveguide

[137]. Due to the propagation losses, it is more challenging to get high

quality factors than with dielectric cavities. Great improvements have

been reported with this approach with wedge waveguides, see fig-

ure 2.4 (a), thanks to novel fabrication techniques that create wedge

waveguides with a very smooth surface, resulting in long propagation

lengths [86]. The experimentally obtained Purcell factors of up to a

100 were only limited by the use of broadband colloidal quantum

dots. With narrowband emitters values of up to a 1000 are possible.
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When the emitter couplers very efficiently with the optical mode,

the strong-coupling regime can be reached. In the strong-coupling

regime, the coupling between the emitter and optical mode is higher

than any other loss channel in the system, resulting in coherent oscil-

lations between the excitation of the emitter and the optical mode, so-

called Rabi oscillations. Theoretical investigation of several waveguide-

based plasmonic resonators shows the strong-coupling regime could

be within experimental reach, having higher coupling factors than the

loss channels is of course more challenging in plasmonic systems than

dielectric cavities [140]. Strong-coupling could be extremely useful to

make single photons interact with each other, a basic need for many

quantum computation schemes [114]. A three-level system strongly

coupled to a silver nanowire for example could reflect incoming SPPs

depending on the state of the emitter, which in its turn depends on

the presence of a prior single photon pulse, the scheme is shown

in figure 2.4 (b) [138]. Interesting, but experimentally even more chal-

lenging ideas have recently been suggested where 2 or more quantum

emitters are strongly coupled to a plasmonic structure. It was shown

that entanglement could be generated between two distant emitters

coupled to wire or groove waveguides. Surprisingly, master equation

calculations show that the dissipative part of the SPP mediated qubit-

qubit coupling is crucial for the entanglement generation [126]. Many

parameters, like the strength of the coupling, the positioning of the

emitter relative to the waveguide and even the emitter-emitter dis-

tance [141], are crucial for these kind of architectures, progress in

fabrication techniques is thus important for these more exotic quan-

tum plasmonic ideas to materialize.

A different approach, with localized surface plasmon resonances, has

recently shown that strong-coupling between a single molecule and a

plasmonic mode can be reached. The structure is shown in figure 2.4

(c) [139]. A single molecule is positioned between a gold film and a

gold nano-sphere with diameter 40 nm, in a gap of only 0.9 nm. The

resulting spectra show how the resonance of the emitter couples with

the cavity resonance, resulting in two new peaks; a clear sign of Rabi

oscillations. An interesting feature about strong-coupling with plas-

monic cavities is the low Q-factor, there is no big increase in interac-

tion time, which makes the approach fundamentally fast [135]. Other
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(a)

(b)

(c)

Figure 2.4: (a), The left SEM picture shows half of a plasmonic resonator,
consisting of an ultra-smooth wedge waveguide and two block
reflectors, delivering a high-Q plasmonic resonator, as shown by
the spectra on the right. Images taken from Kress et al. [86], with
permission from ACS Publications. (b), A 3-level system strongly
coupled to a plasmonic waveguide can serve as a single SPP tran-
sistor. The reflection of the SPP is conditional on the excitation of
the 3-level system, possible by a prior single SPP. Images taken
from Chang et al. [138], with permission from NPG. (c), The right
shows the difference between the scattering intensity of the cav-
ity shown left with a molecule coupled (bottom) and without
a molecule coupled (top) to the optical mode of the cavity. The
splitting of the scattering resonances are a clear sign of strong
coupling. Images taken from Chikkaraddy et al. [139], with per-
mission from NPG.
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nanoparticle-on-mirror geometries have been shown to be promising

structures to optimize quantum emitters as single photon sources;

chemically synthesised mono-crystalline nano-cubes on gold films

show Purcell enhancements up to several thousands for quantum

emitters positioned in the narrow gap between, while still having

excellent radiative properties [142]. Most of the emitted photons are

radiated in a favourable angle for microscope objectives, rather than

quenched, creating an ideal platform for single photon sources with

high repetition rates.

2.2.2.2 Detectors

SPPs are typically detected in the far field, where photons scattered

out of the waveguide are collected with a microscope objective and

measured with cameras and single photon detectors. This is clearly

not a very efficient scheme, especially as smaller plasmonic structures

aimed at extremely high optical confinements scatter less into the far-

field. Two different near-field detectors designs have proven to effi-

ciently detect single photons. Figure 2.5 (a) shows a silver nanowire

waveguide coupled to a germanium nanowire field-effect transistor.

The oscillating electric field of the SPPs generates electron-hole pairs

in the semiconductor, which are separated by an applied d.c. bias.

The resulting current is then monitored, with a sensitivity proven to

be high enough to detect single SPPs coming from a quantum dot

[143]. A second approach uses a superconducting NbN wire mean-

dering around the plasmonic waveguide [144], figure 2.5 (b), where

SPPs absorbed by the wire introduce a small resistive region, creat-

ing a detectable voltage pulse. The result is a single SPP detector

with extremely low timing jitter and short recovery times. Alterna-

tively, superconducting based near-field detectors could even provide

number-resolving capabilities, an extremely useful prospect for quan-

tum computation schemes [145].
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(a) (b)

Figure 2.5: (a), schematic depiction of a silver nanowire coupled to a germa-
nium nanowire based near-field SPP detector. Image taken from
Falk et al. [143], with permission from NPG. (b), near-field detec-
tor based on a superconducting wire meandering around a stripe
plasmonic waveguide. Image taken from Heeres et al. [144], with
permission from NPG.
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Q U A N T U M M E T R O L O G Y W I T H S P P S

In this chapter theoretical work on the combination of two-mode

entangled states with plasmonic waveguides to obtain quantum en-

hanced sensitivities in the measurement of a phase shift is presented.

The phase shift is generated by the optical mode in a plasmonic

waveguide with a variable surrounding medium. The concepts of

measurement sensitivity and minimum resolution are introduced in

section 3.1. The optical behaviour of the used waveguide structures,

nanowires and wedge waveguides, are discussed in 3.3. The back-

ground of quantum enhanced measurements, quantum metrology, is

explained in section 3.4. Combining the concepts of these sections

allows us to present novel results in 3.5. A more compact presenta-

tion of all this can be found in our recent publication [3]. Images in

this chapter are reprinted (adapted) with permission, copyright 2016

American Chemical Society.

3.1 introduction

Plasmonic sensors have evolved to a mature technology in the recent

decades, the sensitivity of SPPs on the refractive index of the sur-

rounding material has made them an excellent tool for characterizing

biomolecular interactions and concentrations. A range of techniques

are being used and researched, including surface plasmon resonance

sensors based on SPPs [4, 76] or LSPRs [27, 146], and the combina-

tion of plasmonic modes with molecular identification techniques

such as Surface Enhanced Raman Spectroscopy (SERS) [73]. Several

companies have already commercialized Kretschmann configuration

based surface plasmon resonance sensors, where the excitation angle

of SPPs can be accurately related to the refractive index of the mate-

rial, typically a solution, at the top of the metal film [76].

Quantum techniques on the other hand have been shown to be able to

outperform classical methods by providing measurements with reso-

lutions below the shot-noise or standard quantum limit (SNL or SQL).

49
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This limit is the lowest possible resolution of the estimated phase in

an interferometry measurement and is dependent on the number of

photons N in the state: 1√
N

. Non-classical entangled states can deliver

precisions scaling as 1
N , known as the Heisenberg limit, and research

to optimal strategies is the core of a research field known as quantum

metrology [13, 118, 147]. The improved scaling can be used to obtain

higher precisions, or for keeping the same precision with a lower pho-

ton flux. This can be crucial for fragile samples, like biomolecules that

can suffer from photodamage [148], or measurement techniques that

suffer from heating induced measurement changes [149]. Recently, in-

terest in quantum metrology strategies robust against imperfections

has risen dramatically, especially robustness against loss in optical

implementations is of high importance as it is crucial to push these

implementations to applications [150].

These loss-robust schemes can also open to the door to SPP-based

sensing with quantum states, potentially delivering highly sensitive

and miniaturized devices for biological and chemical applications. In-

deed, Pooser et al. [124, 133] showed that two-mode squeezed light,

created with four-wave mixing in a Rubidium vapor, can be used to

more accurately measure the excitation angle of SPPs in a Kretschmann-

configuration SPR sensor. Although one of the leading SPP-based

sensors, plasmonic sensors in a phase-sensitive interferometer-based

scheme generally obtain higher sensitivities [151, 152]. We will here

discuss phase-sensitive two-mode interferometry in which one mode

travels through a plasmonic waveguide surrounded by a bio-solution

with variable refractive index. Figure 3.1 shows the scheme of interest:

a two-mode light state is prepared at the source stage, the photons in

mode 1 will accumulate a surplus phase φ compared to mode 2 by

travelling through a waveguide surrounded by a liquid solution. The

measurement stage is optimized to estimate this phase difference φ.

3.2 sensitivity

The refractive index nbio in mode 1 is typically the quantity of in-

terest, as it for example depends on the concentration of a solute of

interest in a solution. The refractive index in turn influences φ, so we
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Figure 3.1: Schematic depiction of a general two-mode interferometer, one
arm travels through a nano-waveguide, which transduces the
changes of the surrounding refractive index onto the optical
mode by a phase shift ∆φ. The quantum or classical state |Ψin〉
is generated at the source stage and the phase shift is probed by
measuring the output state |Ψout〉 at the measurement stage.
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write φ(nbio). The sensitivity of a sensor is defined as the ratio of the

change in the sensor output
〈
Ô
〉

to the change in nbio:

S =
∂
〈
Ô
〉

∂nbio
=
∂
〈
Ô
〉

∂φ

∂φ

∂nbio
. (3.1)

For the wedge waveguide we take a realistic range between 1.333 and

1.44 for nbio. Bovine Serum Albumin (BSA) in water, is an example of

a well-characterized solution that can be used as a benchmark [153],

with nbio = ns+A×C, where ns = 1.333 denotes water as a solvent,

A = 0.00182 represents BSA and C is the number of grams of BSA

per 100 mL of solution. For the nanowires we will limit the range up

to 1.4 due to the lack of confinement for the dielectric case when nbio
comes too close to the value of the waveguide core nsilica = 1.4475.

To still have an interesting range, we will extend it to 1.1 at the lower

end side. From equation 3.1 one could think it is possible to resolve

an arbitrarily small change in nbio (and thus in C), by just measuring

a small enough change in
〈
Ô
〉
: ∆nbio =

∆〈Ô〉
S . Unfortunately, due

to the quantum nature of light, the observable Ô has a certain uncer-

tainty, imposing a minimum resolution on the measurement of the

quantity of interest. The minimum resolution can be related to the

uncertainty of the the observable Ô by the linear error propagation

method [154]:

∆nbio =
∆Ô∣∣∂ 〈Ô〉 /∂nbio∣∣ . (3.2)

(∆Ô)2 is the variance of the observable and thus ∆Ô =

√〈
Ô2
〉
−
〈
Ô
〉2

.

Using the chain-rule, we convert the expression for the minimum res-

olution of nbio to

δnbio =
∆Ô∣∣∣∣∂〈Ô〉∂φ
∂φ
∂nbio

∣∣∣∣
= δφ

∣∣∣∣ ∂φ∂nbio

∣∣∣∣−1 , (3.3)

where the expectation value
〈
Ô
〉

is assumed to only be dependent

on nbio through φ. The minimum resolution for nbio can clearly be

split into two parts. The first part in equation 3.3, δφ, depends on

the measurement observable and the output state |Ψout〉, it is this

part that can be decreased under the shot noise limit with the right

choice of source and measurement. An effect also referred to as super-

sensitivity [155, 156]. We will explain this in section 3.4.
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The sensitivity of φ on nbio, ∂φ
∂nbio

, on the other hand, depends on

the waveguide structure used and can be improved by using a plas-

monic transducer. The total relative phase picked up is given by the

propagation constant of the waveguide mode β and the length of the

waveguide: φ(nbio) = β(nbio)× l. The importance of the waveguide

structure for the phase sensitivity can thus be expressed as:

∂φ

∂nbio
=

∂β

∂nbio
× l. (3.4)

β, and also the loss α, depends on nbio and the waveguide struc-

ture used. The three different structures we compare: a dielectric

nanowire, a silver nanowire and a silver wedge waveguide are de-

scribed in the next section.

3.3 waveguide structures

3.3.1 Dielectric nanowire

Fabrication techniques have made great progress to fabricate low-loss

smooth dielectric nanowires with uniform diameters below the wave-

length of the guided light [157]. Unlike optical fibres with larger di-

ameters, a large portion of the light consists of evanescent fields in

the surrounding medium [158], making them interesting structures

for sensing applications. Figure 3.2 shows the mode shape of the sin-

gle mode of a silica, n = 1.4475, dielectric fibre with a diameter of a

100 nm, surrounded by water. It clearly shows most of the light is out-

side of the fibre as evanescent fields, the width of the mode is many

micrometers wide, in stark contrast to the plasmonic modes shown

later. The diameter of a 100 nm was chosen to be able to compare re-

sults directly to the 100 nm wide silver nanowire, but it is important

to note that a wavelength-to-diameter ratio of 810nm100nm = 8.1 is at the

limit of what is possible, both experimentally and theoretically. This

results in experimental propagation losses higher than the lossless

case assumed here [157, 159]. The eigenvalue equation of the lowest

order mode, LP01, is given by

kdr
J1(kdr)

J0(kdr)
− kcladr

K1(kcladr)

K0(kcladr)
= 0, (3.5)

with kd = k0

√
n2d − (k/k0)2 and kclad = k0

√
(k/k0)2 −n

2
clad. nd is

the dielectric constant for the silica, i.e. 1.4475, and nclad the refrac-
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tive index of the surrounding medium, i.e. nbio. Equation 3.5 can be

solved for k numerically, which is the propagation constant in this

lossless case.

2 um

Water

100 nm
(b)(a)

Figure 3.2: a, Electric field norm |E| of the only optical mode of a thin di-
electric wire (diameter = 100 nm) in the middle, shown more
in detail in (b). The wire has a refractive index of 1.4475 and is
surrounded by water, n = 1.333.

3.3.2 Silver nanowire

As explained in chapter 1, plasmonic waveguides can guide light be-

low the diffraction limit. The smaller the silver nanowire, the smaller

the lowest-order optical mode, shown in figure 3.3, will become; it

shrinks instead of becoming more and more evanescent like the opti-

cal mode of the dielectric nanowire. For a fixed diameter, the mode

also becomes more confined with a higher surrounding refractive in-

dex, the influence on the propagation loss of this is shown in figure

3.3 (b): the total transmission η decreases with increasing nbio for a

wire with fixed length of 4 µm. Also the silver nanowire has closed-

form expressions for the modes, the eigenvalue equation for the TM

mode is:

εm

km

I1(kmr)

I0(kmr)
+
εclad
kclad

K1(kcladr)

K0(kcladr)
= 0, (3.6)

with km = k0
√
(k/k0)2 − εm(ω) and εm(ω) the dielectric constant

of the silver, taken from experimental values obtained by Rakic et al.
[160].
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100 nm

water

(b)(a)

Figure 3.3: (a), Electric field norm |E| for the TM0 mode, the total transmis-
sion of this mode in function of the surrounding refractive index
for a 4 µm wire is shown in (b).

Figure 3.4 shows the difference in influence of nbio on the prop-

agation constant β of the dielectric and metal nanowire. The value

is considerably higher for the silver nanowire, Chapter 1 explained

this relation between high confinement and deviation from the light

line. Unfortunately, this confinement comes with the price of high

losses, with a propagation length that varies around 3 µm. The im-

portant value is of course ∂β
∂nbio

, where the silver nanowire delivers

an improvement of almost 40%.

d)b)

dielectric

metal

HL

SNL

c)

d)

dielectric

metal

(a) (b)

Figure 3.4: (a), Propagation constant of silver and dielectric nanowire in
function of the refractive index of the surrounding medium nbio.
(b), Derivative of the propagation constant to nbio, in function
of the refractive index. The metal nanowire shows a stronger de-
pendence on nbio over the whole calculated range of nbio.

3.3.3 Wedge waveguide

From studying the coupled modes on thin metal films, we know that

the effective refractive index of the bound asymmetric mode is higher

when the film is thinner. The smaller distance from face to face thus

creates a higher refractive index for light coupled at the top of the

wedge compared to light coupled lower down the structure, result-
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ing in a vertical confinement of the plasmonic mode at the top [161].

These waveguide structures have been popular for some time due

to their high confinement and reasonable propagation lengths [162].

Template stripping silver from etched silicon has recently been shown

to produce high quality wedge waveguides, where the ultra-smooth

surfaces deliver lower propagation losses than expected from simu-

lations with the material properties of the silver taken from Rakic et
al. [43, 86] There is no exact equation to obtain the propagation con-

stant β and loss for wedge waveguides. Instead, a 2D finite element

method (FEM) mode-solver simulation in COMSOL was done with

nbio as a changing parameter. The optical mode with nbio = 1.333

and transmission for a changing nbio is shown in figure 3.5. The di-

electric constant εm(ω) was taken from Rakic et al. [160] to make

comparisons with the silver nanowire more straightforward, which

makes this a more lossy structure than optimally possible. We did

use the same top angle as obtained by silicon etching, being 70.6o,

rounded with a realistic radius of curvature of 20 nm. The height

of the wedge was taken 5 µm for robustness of the simulations, but

the optical mode is highly confined and at optical wavelengths the

structure can be made as small as 50 - 100 nm without considerable

coupling to the base corners.

100 nm

silver

water

(a) (b)

Figure 3.5: (a), Electric field norm |E| for the TM mode, the total transmission
of this mode in function of the surrounding refractive index for
a 4 µm waveguide is shown in (b).

3.4 quantum metrology

A typical example of a classical two-mode phase measurement is

the measurement of the phase difference between the two arms of

a Mach-Zehnder interferometer, typically with a coherent laser beam

entering the interferometer at one of the two input modes of the first
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beam splitter. A coherent beam can be expressed in the Fock basis

|m〉 of the quantized field as [95]:

|Ψin〉 = |α〉 = e−|α|2/2
∞∑
m=0

αm√
m!

|m〉 , (3.7)

with a mean photon number |α|2 = N. When the other input port

of the first beam splitter only contains the vacuum state, the output

state of the two modes behind the second beam splitter becomes:

|Ψout〉 =
∣∣∣∣12α(eiφ − 1)

〉 ∣∣∣∣12iα(eiφ + 1)

〉
. (3.8)

An intensity-difference measurement, M̂ = N̂1 − N̂2, is performed at

the two outputs of the second beam splitter; with output state |Ψout〉
the expectation value of that measurement is

〈
M̂
〉
=M0cos (φ(nbio)).

With quantum techniques on the other hand, we can choose a NOON

state generated at the source state of figure 3.1:

|Ψin〉 =
1√
2
(|N0〉12 + |0N〉12), (3.9)

with N the number of photons in the state. Each photon in mode 1

accumulates a relative phase difference of φ resulting in a total phase

shift of Nφ:

|Ψout〉 =
1√
2

(
eiφ...eiφ︸ ︷︷ ︸

N times

| 1...1︸︷︷︸
N times

, 0...0︸︷︷︸
N times

〉12 + |0...0, 1...1〉12

)
(3.10)

=
1√
2
(eiNφ |N0〉12 + |0N〉12). (3.11)

The optimal observable at the measurement stage is Â = |0N〉 〈N0|+
|N0〉 〈0N|, with an expectation value

〈
Â
〉
= A0cos(Nφ(nbio)). It is

clear that
〈
Â
〉

oscillates N times faster than the classical
〈
M̂
〉
, a well-

known effect called phase super-resolution [163, 164], and shown for

the case of N = 4 in figure 3.6 (a). A small change in φ(nbio) clearly

has a stronger effect on
〈
Â
〉

than on
〈
M̂
〉

and we thus expect a smaller

resolution δnbio for the first; indeed, using equation 3.3 gives:

δφ(nbio) =
(
〈
M̂2
〉
−
〈
M̂
〉2
)1/2∣∣∂M̂/∂φ(nbio)∣∣ =

1

|α| sin(φ(nbio))
(3.12)

δφ(nbio) =
(
〈
Â2
〉
−
〈
Â
〉2
)1/2∣∣∂Â/∂φ(nbio)∣∣ =

1

N
. (3.13)
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The Mach-Zehnder set-up can typically be positioned around φ = π
2 ,

the minimum resolution δφ in equation 3.12 then becomes δφ = 1
|α|

=
1√
N

, with N the mean photon number in the coherent state. This is

indeed the SNL and is the optimal resolution for any classical ap-

proach. The NOON state on the other hand performs better with

a resolution of δφ = 1
N , which is the Heisenberg limit. This is the

optimal resolution for any approach. It is important to note that al-

though useful to intuitively understand the effect, super-resolution

of φ does not always imply super-sensitivity; super-resolution can be

achieved with purely classical light with the right measurement set-

up, but these approaches will not deliver super-sensitivity [155, 156].

The exact needed quantum resource to perform quantum-enhanced

measurements in a general setting is still an open debate [154, 165].

Combined with the information of figure 3.4, we can now compare

the classical and quantum approach for both the dielectric and sil-

ver nanowire, summarized in figure 3.6 (c). The expectation value of

the measurement operator of the quantum approach oscillates faster

in function of nbio than the classical approach. This is true for both

the dielectric and metal nanowire, due to the higher sensitivity to the

induced change in φ. For both the classical and quantum approach

the observable oscillates faster in function of nbio for the plasmonic

waveguide, due to the higher value for ∂β
∂nbio

shown before. The re-

sulting resolutions are shown in figure 3.6 (d), the plasmonic quan-

tum approach delivers a substantial improvement over the dielectric

quantum and plasmonic classical approaches. Unfortunately, NOON

states are very sensitive to loss, even the loss of a single photon de-

stroys any phase information in the state as it collapses into a product

of two Fock states |N− 1, 0〉. This means that other states have to be

considered to obtain an improvement in realistic scenarios.

Several attempts have been made to find path-entangled number

states that are robust in the presence of loss [166, 167]. We will calcu-

late the optimal state present in a given amount of loss, taken from the

transmission η from the waveguides, and assume the optimal mea-

surement is performed. The resolution is then given by the quantum

Cramer-Rao bound [154]:

δφ > F−1/2Q . (3.14)
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quantum
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Figure 3.6: (a), Comparison of quantum and classical metrology by compar-
ing expectation values

〈
Â
〉

and
〈
M̂
〉
, the first one oscillates 4

times faster in function of φ(nbio). (b), The Heisenberg and shot-
noise limit for a 4-photon state. (c), Oscillations of the expectation
value of the measurement operator,

〈
Ô
〉
, by the change of nbio

for the four different combinations of dielectric or plasmonic
waveguide and classical or quantum measurement approach. (d),
Minimum resolution δnbio for these four approaches over the
range of nbio.
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FQ is the quantum Fisher information:

FQ[ρφ] = Tr
[
ρφL

[
ρφ
]2] . (3.15)

L
[
ρφ
]

is the Symmetric Logarithmic Derivative, which can defined

by ∂ρφ
∂ρ = 1

2

(
ρφL

[
ρφ
]
+ L

[
ρφ
]
ρφ
)
. The quantum Fisher informa-

tion (QFI) is a natural extension of the Fisher information in statistics,

given by F
[
pφ
]
=

〈(
∂
∂φln(pφ)

)2〉
, with pφ(X) a probability density

function with parameter φ, and is a measure to quantify the amount

of information variable X modelled by a distribution pφ(X) contains

about φ. The more information about φ is contained in the state, the

higher the resolution of the estimate of φ can be, as shown in equa-

tion 3.14. It has been shown that the projective measurement on the

eigenbasis of L
[
ρφ
]

saturates the Cramer-Rao bound, obtaining the

minimum resolution δφ = F
−1/2
Q for a given state is thus always the-

oretically possible [154, 168].

Quantum states with a definite number of N photons will be used in

the following results, the general description of these states is given

by:

|Ψin〉 =
N∑
n=0

cn |n,N−n〉 . (3.16)

The defining coefficients cn of these states can be optimized so that

FQ is maximized. For the situation depicted in figure 3.1 with only

loss in one mode, FQ can be calculated as [169]

FQ = 4

 N∑
k=0

k2xk −

N∑
l=0

(∑N
k=l xkkB

k
l

)2
∑N
k=l xkB

k
l

 , (3.17)

with xk = |ck|
2 and Bkl =

(
k
l

)
ηk
(
η−1 − 1

)l. For the following results,

it is this function that will be maximized for a chosen number of

photons N and an amount of loss (1 − η) given by the plasmonic

waveguide. Of course, photon loss also has an influence on the clas-

sical measurement precision. For the case of (1− η) loss in one arm,

the phase sensitivity can be optimized by using unbalanced beam

splitters in the Mach-Zehnder configuration, resulting in a standard

interferometric limit (SIL) [170]:

δφ =
1+
√
η

2
√
Nη

, (3.18)
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which, as expected, is inversely proportional to the square root of

the average amount of transmitted photons ηN, but performs a factor
1+
√
η

2 better than the SNL in the non-optimized case.

3.5 results

We can now combine the transmissivity coefficients η shown in fig-

ures 3.3 and 3.5 with the optimized quantum Fischer information

given in equation 3.17. Figures 3.7 (a) and (b) show the minimum

resolution δnbio for the silver nanowire and wedge waveguide with

lengths l = 4 µm and photon number N = 4. The latter is chosen

with current experimental progress in quantum optics research in

mind [171, 172]. The optimal state is located in the shaded area be-

tween the SIL and the HL, showing that a improvement in sensitivity

is possible, even when realistic losses are included. This is the case

over the whole range of nbio. The NOON state, on the other hand,

always performs worse than the classical limit for the whole nbio
range. Combining the popular NOON-state based quantum metrol-

ogy with lossy plasmonic structures does not create an improved res-

olution. It is worth noting that the optimal quantum state with the

plasmonic waveguide does not achieve a better resolution δnbio than

the NOON state for the assumed lossless dielectric wire, for which

the resolution is shown in figure 3.6. This does not mean the dielec-

tric nanowire is always the best strategy; the large mode-size of the

dielectric wire prohibits this method for use on scales below the oper-

ating wavelength. On top of that, as mentioned before, the dielectric

case would also not be lossless experimentally, especially with a ex-

tremely narrow nanowire with a diameter of a 100 nm. The diameter

of the nanowire influences the fraction of the light that travels outside

of the wire as evanescent fields, and thus the sensitivity of the mode

to changes in the surrounding refractive index. One could thus also

investigate the trade-off between propagation/coupling losses and

phase-sensitivity for the dielectric case. Figures 3.7 (c) and (d) show

the performance of the optimal state and NOON state for increasing

N with the silver and wedge waveguide. It is possible to construct a

state that performs better than the SIL for any N, which with current

technology becomes increasingly hard for larger N. Considering the

high losses, it can become more efficient to send more identical states

with a lower photon number N, resulting in the same total amount
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Figure 3.7: (a), The minimum resolution calculated with the Cramer-Rao
bound for the NOON state and the optimal state for N = 4 for
calculated transmissivities η (l = 4µm) over the range of nbio for
the silver nanowire and (b) wedge waveguide. (c), The minimum
resolution for the NOON state and the optimal state for varying
N with nbio = 1.1 for the silver nanowire and (d) nbio = 1.333
for the wedge waveguide. The shaded areas in all images are
bounded by the SIL at the top and the HL at the bottom.

of photons, the so-called chopping strategy [168]. The NOON state

deviates strongly from the SIL for high N, which is not surprising,

the chance that the intact state makes it to the measurement stage is
ηN

2 .

The coefficients {xn} for the silver nanowire and wedge are shown in

figure 3.8 (a) and (b) respectively, for N = 4. The changing transmis-

sion η in function of nbio clearly has an influence on the optimal state,

the coefficients change considerably over the range of nbio. From a

practical point of view, it is undesirable that the needed optical state

depends on the unknown quantity of interest. It is thus interesting

to see how sensitive the resolution of an optimal state for a certain

nbio is to (small) changes in this quantity. We took the optimal state

for three different values of nbio, labelled by (1), (2) and (3) in fig-

ure 3.8 (a) and (b), and calculated their minimum resolution over the

whole range of nbio, shown in 3.8 (c) and (d) for the nanowire and

wedge waveguide respectively. The states are shown to be reasonably

robust against changes in the refractive index, one fixed state could
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Figure 3.8: The coefficients {xn} of the optimal states for the silver nanowire
in (a) and wedge waveguide in (b), transmissivities η again the
same as in figures 3.3 and 3.5. The minimum resolutions over the
whole range of nbio of the states (1), (2) and (3) labelled in (a)
and (b) for (c) and (d) respectively.

be chosen, optimized for the middle of the experimental region of

nbio for example, and used to deliver phase measurements below

the SIL over the whole range of nbio. This clearly makes the use of

these states for plasmonic sensing applications more straightforward,

although a feedback mechanism could probably be used to optimize

the state throughout measurements.

3.6 outlook

In this chapter, we have investigated the possibility of combining the

already established technique of plasmonic sensing with the rapidly

expanding research on quantum-enhanced measurement schemes. The

rather general approach of using a two-mode definite-photon state

was combined with 2 specific plasmonic waveguide structures which

induce a phase-shift dependent on the surrounding medium of inter-

est. With these structures it was shown that in theory a range of quan-

tum states could enhance sensitivity of the phase measurements. Of

course, a different waveguide structure would need its own investiga-

tion, but the results presented here can be seen as a first step in the di-
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rection of exploring quantum plasmonic sensing. This will also have

to include losses due to the coupling into and out of the waveguides,

which were not taken into account in the calculations performed here.

These discrete steps of loss are highly dependent on the used scheme

and would make the analysis overly complicated. It is clear that the

success of quantum plasmonic metrology, and many other plasmonic

applications, will depend on the development and fabrication of effi-

cient structures, especially in terms of photon-SPP coupling. Research

in the integration of plasmonic waveguides with silicon photonics

and efficient coupling between dielectric and plasmonic waveguides

shows promising results, summarized in chapter 1. This would allow

plasmonic sensing to benefit from the rapid progress in silicon quan-

tum photonics [22, 173]. On the out-coupling side, a full integration

with near-field detectors would, see chapter 2, also minimize losses.

Two main directions can be persued from here for more theoreti-

cal and experimental research. First, a closer connection with cur-

rent plasmonic sensing techniques can be made, as many plasmonic

sensors often use an altogether different approach than the waveg-

uide based phase measurements analyzed here. For a transforma-

tion of the analysis to a different setting one just has to find the

correct parameter X to express the sensitivity in: S =
∂〈Ô〉
∂X

∂X
∂nbio

,

the minimum resolution would become δnbio = δX
∣∣∣ ∂X∂nbio

∣∣∣−1, with

δX = ∆Ô/
∣∣∂ 〈Ô〉 /∂X∣∣. For the well-established Kretschmann config-

uration plasmon resonance sensor for example, the reflection coeffi-

cient |R|2 would have to be used as the parameter X. One could also

consider the phase-sensitive implementation of the Kretschmann con-

figuration; the sensor is well-established and highly sensitive and the

two-mode phase-sensitive configuration makes it the obvious next

step from the work presented here [151, 152]. The implementation of

this set-up is depicted in figure 3.9, the excitation of SPPs through

the prism not only creates a modulation in the reflected intensity of

the light, but also results in a phase shift highly sensitive on the re-

fractive index of the medium behind the gold layer. This phase shift

is measured with photodetectors behind the Mach-Zehnder interfer-

ometer. Advanced implementation of this basic scheme to minimize

noise have already achieved sensitivities close to the SNL, a quantum

metrology implementation would thus be a desirable next step [174].



3.6 outlook 65

Laser

Pr
ism

 c
ou

pl
er

Gol
d 
la
ye

r

Bi
o-

m
ol
ec

ul
es

Figure 3.9: Schematic depiction of a Mach-Zehnder based phase-sensitive
surface plasmon resonance sensor.

The analysis here was performed with quantum states that only con-

tain a low number of photons. Considering the 1√
N

scaling of the SNL,

obtaining quantum improvements with high intensity states would

be desirable for systems that do not impose experimental limits on

the optical power. The first formal proposal of quantum metrology

involved the combination of a coherent laser beam with a squeezed

vacuum state at the two input ports of a Michelson interferometer.

It is with this approach the most tantalizing use of quantum metrol-

ogy has been shown: enhanced sensitivity of the LIGO gravitational

wave detector [13, 175, 176]. The experimental advantage of using a

laser source is clear, it provides the ability to generate photon num-

bers many orders of magnitude higher than the exotic states used

here. Also for these quantum states interest in the influence of loss

on the measurement performance has grown recently [154, 177]. The

growing understanding on the general framework of lossy quantum

metrology [178], together with a rapid technological progress, makes

it the right time to envision and investigate potential ways of improv-

ing plasmonic sensing techniques with quantum technologies.



4
Q U A N T U M I N T E R F E R E N C E

The two photon quantum interference experiment with Surface Plas-

mon Polaritons was reported by us [1] and several other groups in a

short period of time in 2013-2014 [33–36]. We were the only group that

used a scattering-based beam splitter, offering an interaction length

of less than two wavelengths, but with an added loss channel in the

form of scattering into free space. Subsection 4.1 goes through the ef-

forts to characterize the sample. After our publication, it was decided

to rebuild the set-up to obtain stronger results and better insights

into them. The rebuilt set-up and the final results are explained in

subsections 4.2 and 4.3 respectively.

4.1 sample

A scattering based plasmonic beam splitter, a 3D sketch and an opti-

cal picture, taken with the set-up depicted in figure 4.2 (a), are shown

in figure 4.1. Two gold plasmonic stripe waveguides (2 µm wide and

70 nm thick) cross perpendicularly halfway. Rectangular ridges act-

ing as a Bragg reflector were patterned on top of the crossing point

to mix the light coming from one input into both outputs. To over-

come the phase mismatch between photons and SPPs and couple the

light into and out of the waveguides, gratings consisting of rectangu-

lar ridges were patterned at the four ends of the waveguides. Beam

splitters with a range of parameters were fabricated during the PhD

of Giuliana DiMartino [40]. The period of the coupling gratings range

from 540 to 700 nm in steps of 40 nm, with the ridges always 90 nm

high and a width half of the period (270 to 350 nm). All gratings have

11 ridges. The Bragg reflectors consist of 2, 3 or 4 rectangular ridges,

90 nm high and a 150 nm wide, spaced with a 500, 550 or 600 nm pe-

riod. The total of 45 different combinations (5x3x3) were experimen-

tally characterized by Dr. DiMartino and myself to chose the structure

with the best optical behaviour, i.e. efficient in- and out-coupling at

the wavelength of interest (808 ±10 nm) and 50/50 splitting of the

Bragg reflector. For our first publication [1], grating couplers with a

66
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period of 620 nm and a Bragg reflector with 3 ridges and a period

of 500 nm were chosen. A summary of the characterization results

from the measurements performed before the first publication are ex-

tended and compared with new results in the following subsections.

These results made us change to grating couplers with a period of 580

nm, phase measurements on the Bragg reflector also gave us more in-

sight on the lack of perfect visibility of the quantum interference. A

more complete analysis of the influence of the wavelength and all of

the sample feature variations on the optical properties of the struc-

tures can be found in Dr. DiMartino’s PhD thesis [40] and my Master

thesis [179].

p

12
 μ

m

2 
μm

g

Figure 4.1: 3D sketch left and right optical picture of a beam splitter sample,
taken with set-up depicted in figure 4.2 (a). All the fabricated
beam splitters had 2 µmwide and 12 µm long waveguides. Beam
splitters were made with a variation in the periodicity g of the
coupling gratings (540, 580, 620, 660 and 700 nm). The central
Bragg reflector varied with 2, 3 or 4 ridges and with a spacing p
of 500, 550 and 600 nm.

4.1.1 Fabrication

The structures were fabricated by two step Electron Beam Lithogra-

phy (EBL). The first step patterned the waveguides on the glass sub-

strate, while the second step created the grating couplers and the

Bragg reflectors on top. In both steps a 300 nm thick film of PMMA

is used as a positive tone resist, the exposed parts are developed by a

mixture of methyl isobutyl ketone and isopropanol (3:1). In the first

step, the open areas of the substrate are covered with a self-assembled

monolayer of (3-marcaptopropyl)trimethoxysilane before depositing

the gold by thermal evaporation. This assures a good adhesion be-
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tween the glass and the gold, with a smaller influence on the optical

properties of the plasmonic waveguide compared to other common

binding layers as Titanium or Chromium [180]. After the gold deposi-

tion the rest of the resist is removed by acetone. With the exception of

drop casting the self-assembled monolayer, the same steps are taken

for the second writing step. Careful alignment with the waveguides

created in the first step is obviously crucial to position the grating

couplers and Bragg reflectors at the right position.

4.1.2 Stripe waveguides

Previous research has shown that thin stripe waveguides support

quasi-TM modes at both wide interfaces, the number depending on

the width of the waveguide. The gold-glass interface sustains bound

modes, while at the gold-air interface there are only leaky modes

[181]. The thickness of the waveguide (70 nm) makes sure this leak-

age only has a small influence on the total loss of the propagating

mode. An approximate analytical ray optics model, similar to a di-

electric slab waveguide, can be used to derive the following relation

[182]:

N <
2W

λ

√
−ε2d

εd + εm
, (4.1)

with W the width of the waveguide and N the number of modes. Plug-

ging in the values for the relative permittivity of gold (εm = −25.8

[183]) and air (εd = 1), gives one leaky mode. By using the value for

glass (εd = 2.25), we see that there are also 2 potential bound modes

at the gold-glass interface. An experimental value of the propaga-

tion length of 12.4± 0.3 µm was obtained with the cut-back method

[184]. This method estimates the propagation length by measuring

the output intensity of waveguides of of varying length with equal

input intensity, while the input and output coupling efficiencies are

assumed to be constant. A single-mode pigtailed diode laser [LM9LP,

Thorlabs] with a wavelength of 785 nm was used to consecutively

excite the inputs of waveguides from 7.5 µm up to 27.5 µm in steps

of 2.5 µm. Every time a picture was taken with the camera, without

back illumination. The intensity values of the pixels corresponding to

the output gratings were summed in post-processing to obtain a total

output intensity, which are the data points in figure 4.2 (c). Fitting an
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Lens B

HWP
Polarizer

Lens A
Sample

FC

LED

BSBS

QImaging Rolera EM-C2

(a)

Figure 4.2: (a), Schematic drawing of the optical set-up. Lens A (f = 25 mm)
collimates the light coming from the fibre coupler towards the
100x objective [Olympus LMPlan IR]. Light scattered out of the
structures is collected with the same objective and directed to the
camera [QImaging Rolera EM-C2], with tube lens B (f = 300 mm).
The LED in combination with the 10x objective provides backside
illumination. (b), Optical picture of the waveguides used in the
cut-back measurement. Grating to grating lengths ranging from
5 µm to 27.5 µm in steps of 2.5 µm. (c), Data points and expo-
nential fits from three different measurement runs.

exponential function to the data points gives an estimate of the prop-

agation length. The obtained value agrees well with the numerical

value of 11.7 µm for the leaky mode given by COMSOL mode-solver.

Figure 4.3 shows the strong confinement at the gold-air interface of

the mode with some leakage into the glass substrate. To further test

we are exciting the SPP modes of the waveguides, the polarization

of the input light was changed from TM to TE and a strong suppres-

sion of the output intensity was measured, as expected. COMSOL

also finds three bound modes, in reasonable agreement with the 2.5

obtained from equation 4.1. We assume these bound modes to have

only a small influence on our experiments, as the excitation gratings

are positioned at the gold-air interface, thus preferentially exciting

the leaky mode [185].
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Figure 4.3: The top image shows the leaky mode at the gold-air interface,
obtained with COMSOL 2D mode solver. Bottom three images
are the bound modes at the gold-glass interface.

4.1.3 Grating couplers

As explained before, grating scattering is one of the most common

used techniques to alleviate the difference in momentum between a

photon and SPP. Gratings have the advantage of being highly local-

ized, SPPs can be excited by a focused beam with a position accuracy

of the diffraction limit. Out of convenience we restate the formula for

a small sinusoidal modulation [49], explained in section 1.2.2:

kSPP = ±k0sin(θ)±nK. (4.2)

The grating adds momentum in multiples of the grating Bragg wave

vector K = 2π
L , with L being the period of the grating. This makes it

straight-forward to see that for a perpendicular incident plane wave

the period of the grating has to match the wavelength of the SPPs.

Considering the shape and height of our ridges, we can expect a

considerable deviation from this formula in terms of higher order

K-values and dispersion curve of the SPPs. In the quantum experi-

ments the gratings were illuminated with a focused spot of approx-

imately 1-2 µm. We’ve looked at numerous publications that study
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Figure 4.4: Spectra (normalized by the spectrum of the source) of the light
measured at the output grating, with both in- and output grat-
ing 540, 580, 620, 660 or 700 nm. Left, input gratings illuminated
with large spot coming from a OceanOptics HL2000 white light
source. Right, input gratings illuminated with focused broad-
band laser spot.

the influence of the different grating parameters on the efficiency of

excitation in section 1.2.2. Unfortunately no studies have been found

on the influence of the spot size with a grating of fixed size. The

spectrum of the excited SPPs for gratings with different periods (but

always 11 ridges, a ridge height of 90 nm and a duty-cycle of 0.5) was

measured by illuminating the input gratings of 10 µm long waveg-

uides and measuring the light scattered at the output gratings with

a spectrometer. The difference between excitation with a large (∼ 10

µm) and small illumination spot (1-2 µm) spot is shown in figure 4.4.

There is a clear blue-shift going from the input spot covering most

of the grating to the small spot, the excitation also becomes more

narrowband. This is rather counter-intuitive, as a grating with less el-

ements normally has a broader resonance. The larger range of angles

involved in the tighter focus could be an explanation for this more

selective excitation. Overall, studying these lossy gratings is a com-

plex problem with the interplay of the scattering properties of the

single ridges and the influence of the parameters of the grating itself.

The spectral measurements with the large spot excitation were the

reason the 620 nm period gratings were chosen for the first quantum

interference experiments, as they peak around 800 nm. The difference

with the smaller spot excitation shows that these measurements are

in fact not representative for the setting the structure will be used in.

The second measurements show that none of the gratings have their

resonance at 808 nm, fortunately the angle of incidence of the light

is another free parameter to optimize the throughput of the waveg-

uides with. Excitation at non-perpendicular incidence also breaks the
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symmetry and it can be expected that a higher percentage of forward

scattering can be obtained, thus improving the overall efficiency. As

a complete study with numerical simulations is outside of the goal of

this work, it was decided to optimise the input angle for each of the

5 grating periodicities and select the one with the highest efficiency.

The new period of choice for the future experiments became 580 nm.

We confirmed that the resonance was indeed centred around 808 nm

at the optimized angle, figure 4.5.

Figure 4.5: Spectrum obtained from illuminating gratings of 540, 580, 620

nm periodicity. The input angle was optimized for the 580 nm
grating and has a resonance peak around 800 nm as expected.
The 540 nm and 620 nm gratings deliver a blue- and red-shift
respectively when excited at the same angle.

4.1.4 Bragg reflectors

SPPs are highly confined to the metal surface and thus sensitive to

perturbations of this surface. The influence of surface roughness on

both the dispersion curve and radiation losses of the SPPs were al-

ready well-studied decades ago [186] and are still of prime interest

today [43], as we’ve also seen in chapter 1. It is not surprising the

idea of using purposely patterned surfaces to introduce functionali-

ties quickly found its way into the plasmonics community as a tool to

achieve integrated photonics goals. Rows of circular perturbations of

several 10s of nm on a silver surface was one of the first successful ex-

perimental demonstrations of creating basic optical elements like mir-

rors and beam splitters [187–189]. It was shown that incoming SPPs

could be deflected efficiently, without too much scattering losses into

free space. Subsequently, a lot of research was conducted into other
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(semi-transparent) mirror structures like gratings of grooves [190] and

ridges [191, 192]. Most of these structures were patterned or simu-

lated on two-dimensional silver or gold films instead of on the cross-

ing of two waveguides to serve as a waveguide beam splitter, as we

need for our Hong-Ou-Mandel experiment. Some publications stud-

ied the reflection efficiency of patterned structures on a single waveg-

uide, with the light thus at normal incidence of the structure [82, 190,

193]. To our knowledge only one publication reported on the use of

a grating to reflect SPPs in a waveguide structure at non-normal inci-

dence [194]. They used a grating of rectangular ridges similar to ours

to guide SPPs around a 90
o bent in a stripe waveguide, and to split a

single input stripe into two perpendicular output stripes. Our struc-

ture is thus an extension of this idea to two input waveguides.

The ridges on the waveguide crossing can be considered a Bragg re-

flector, the basic formula for the resonance wavelength of such struc-

ture is given by [194]

λ = 2pcos(αinc), (4.3)

with p the period of the grating and αinc the angle between the SPP

mode and the normal on the grating. With formula 4.3 in mind, the

spacings p of 500, 550 and 600 nm should deliver resonance wave-

lengths of 707, 779 and 849 nm respectively, around our wavelength

of interest. Broadband measurements (from 600 to 900 nm) showed

no clear resonance peaks for the structures [40, 179], which could be

expected from the small number of ridges and the high losses in a

plasmonic system. The scattering into free space did noticeably in-

crease at shorter wavelengths, but fortunately optical images showed

only a small amount of scattering (< 10% compared to the scattering

at the output gratings) at 808 nm. Set-up shown in figure 4.2 (a) was

used to calculate the reflection and transmission coefficients of each

beam splitter, the results are shown in table 1 [40, 179]. Making sev-

eral measurements of the most promising beam splitter (3 ridges, 500

nm spacing) gave an average reflectivity of 0.51 ±0.05.
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Figure 4.6: Excitation of the beam splitter structure with laser light with (a)
TM and (b) TE polarization. The strong suppression of light scat-
tered out at the two top gratings in picture (b) shows that the
laser light excites a SPP mode of the waveguide. Optical images
without background illumination were used to calculate the rel-
ative reflection and transmission coefficients.

# ridges spacing [nm] T1 R1 T2 R2

0 1 0

2 500 0.74 0.26 0.75 0.25

550 0.73 0.27 0.78 0.22

600 0.78 0.22 0.79 0.21

3 500 0.53 0.47 0.55 0.45

550 0.55 0.45 0.57 0.43

600 0.63 0.37 0.63 0.37

4 500 0.35 0.65 0.40 0.6

550 0.38 0.62 0.45 0.56

600 0.64 0.36 0.58 0.42

Table 1: Splitting ratios of the different structures, normalized by di-
viding by (R + T)

In addition to the contribution to losses, light scattered into free

space at the Bragg reflector is important as it creates an extra in-

/output port, potentially changing the phase relationship between

r and t [195]. In fact, any loss channel (including absorption) can

change the phase relationship, as the transformation between in- and

output modes does not need to be unitary any more [99]. Since this

has an influence on the visibility of the HOM interference, we decided
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to measure the phase difference φr−tbetween r and t in our preferred

beam splitter structure. This was done with a Mach-Zehnder interfer-

ometer going from a photonic beam splitter (BS1) to the plasmonic

one, depicted in figure 4.7 (a). A 808 nm diode laser was connected

into a collimator (RC1). Scanning delay-line 2 between the two beam

splitters while recording the counts collected by the two APDs al-

lowed us to measure the phase difference. We can relate the output

intensity at the outputs of the second beam splitter with the input

state at the first beam splitter (see Loudon’s The Quantum Theory of
Light [196]) as:

〈n̂3〉 = |RMZ|
2 〈n̂1〉 , with RMZ = R1R2e

ikz2 + T1T2e
ikz1 (4.4)

〈n̂4〉 = |TMZ|
2 〈n̂1〉 , with TMZ = R1T2e

ikz2 + T1R2e
ikz1 (4.5)

RMZ and TMZ are thus the reflection and transmission amplitudes of

the total MZ interferometer as a function of the reflection and trans-

mission amplitudes of both the first and the second beam splitter and

the path difference in the interferometer. The first beam splitter is as-

sumed to be a unitary 50/50 beam splitter (R1 = 1√
2
eiπ/2, T1 = 1√

2
),

the plasmonic beam splitter is given a unknown phase difference be-

tween R and T (R2 = 1√
2
eiφr−t , T2 = 1√

2
). Plugging all these relations

into equations 4.5 and fitting them to the measured data, we can ex-

tract the phase shift in the second beam splitter as 1.21 ± 0.01, clearly

deviating from the standard π
2 phase shift. This is also visible in figure

4.7, the two output intensities are not perfectly out of phase as nor-

mally expected, a π
2 phase shift in the amplitudes delivers a π phase

difference between the measured intensities. Interestingly, among the

many publications on different designs of scattering based plasmonic

beam splitters or reflectors, none of the previously cited mention the

potential loss of the unitary input - output relations. One numerical

study of a chain of spherical perturbations on a gold substrate did

show an influence of the size of the perturbations on φr−t, but did

not contain an in-depth analysis of the effect [197].
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Figure 4.7: a, Schematic drawing of the set-up, laser light was inserted in
input 1, light coming out of the plasmonic beam splitter at output
3 and 4 were measured with separate APDs. b, Signal of both
APDs in function of the delay line in path z1.

4.2 experimental set-up

4.2.1 Spontaneous parametric down-conversion

Spontaneous parametric down-conversion is a three-wave mixing pro-

cess in which a pump laser at frequency ω0 generates two photons at

frequencies ω1 and ω2. It is a parametric process, so the total energy

and momentum have to be conserved:

ω0 = ω1 +ω2 (4.6)

k0 = k1 + k2 (4.7)

Due to the need for indistinguishable photons, the set-up is built at

the degenerate point: ω1 = ω2. It is important to note that there

is no seeding laser at the down-converted frequencies, a quantum

treatment of the down-converted modes is needed to explain the gen-

eration of photon pairs out of vacuum fields. The interaction Hamil-

tonian can be written as:

ĤI =  hg(â†1â
†
2â0 + â1â2â

†
0) (4.8)

With g a coupling constant linearly dependent on the second-order

nonlinear susceptibility χ(2) of the crystal [88]. Starting from an initial
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state with only photons in the pump mode, |Ψ(t = 0)〉 = |0, 0,N0〉, the

output state after interaction time L/c becomes:

|Ψ(t = L/c)〉 = e−itĤI/ h |00N0〉 (4.9)

≈ (1− µ2/2) |0, 0,N0〉− iµ |1, 1,N0 − 1〉

− µ2/2 |2, 2,N0 − 2〉
(4.10)

With µ = g
√
N0L/c and the second line a second order approxima-

tion. When µ is sufficiently small to ignore the second order term, the

process reliably generates photons in pairs [198].

To achieve the phase matching condition in equation 4.7, a birefrin-

gent crystal must be used to compensate for dispersion between the

pump beam and the down-converted photons (n0 6= n1,2). In so-

called type I SPDC, the pump beam is polarized along one axis of

the birefringent crystal (typically the extra-ordinary) and the down-

converted photons have the same polarization to each other, but per-

pendicular to the pump polarization. We use a 5 mm long biaxial

BiBO crystal [Newlight Photonics Inc.] that has its faces cut in spe-

cific angles in relation with the optical axes, so that -for the degen-

erate case- the momentum is conserved for down-converted photons

in a cone with a 3o half angle around the pump beam, a schematic

drawing of our set-up is shown in figure 4.8. It is crucial to align

the fibre launchers correctly for collecting light coming out at exactly

3o. Furthermore, to efficiently collect photons from the same pairs,

rather than single photons from uncorrelated pairs, the light must

be collected from antipodal points of the cone. This means that the

pump beam and the two collected modes have to be in one plane.

The optical alignment is done by first sending laser light at 808 nm

in the opposite direction, from the fibres to the crystal. This allows to

visually align the set-up up to reasonable accuracy, after which opti-

mization is done by maximizing the amount of detected photon pairs

with the APDs and photon correlation equipment. Many iterations

between the tilt of the crystal (which is placed on a kinematic mount),

the mirrors, and fibre launcher of both arms are typically needed to

achieve good alignment.

The spectrum of the collected downconverted photons depends on

the focus of the pump beam, the length of the crystal and the collec-

tion angle of the collection fibers. For a set of wavevectors k0 created
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by the pump focus, a set of wavevectors k1 and k2 obey 4.7, which are

then filtered by the position of the collection fibers. For long crystals,

like our 5 mm, the crystal length starts to become the dominant fac-

tor in the spectrum due to dispersion relations [199]. In SPDC set-ups

without a cavity effect the spectrum of the photons is typically wide,

as can be seen in figure 4.9 (a). As in most SPDC set-ups, interference

filters are used to filter a narrow frequency range, to make the pho-

tons more indistinguishable and minimize frequency entanglement

between them. We used 20 nm band-gap filters [808 ± 10 nm, Sem-

rock FF01-810/10-25)], this is wider than in most experiments, but

due to the high losses in the plasmonic system high rates of photon

pairs were needed. The interference filters are not shown on figure 4.8,

they are positioned just in front of the avalanche photodiodes (APDS)

[PerkinElmer SPCM-AQR], effectively shielding the APDs from many

sources of ambient light. In figure 4.9 (b), we can see that the photons

have reasonably well matched spectral shapes after the filtering, im-

portant to serve as indistinguishable photons.

In figure 4.9 (c), the temporal distribution of the photon pair coinci-

dence counts is shown. The peak has a FWHM of 800 ps, so 1 ns bins

with the maximum coincidence counts were used in all following ex-

periments. We end up with 500 000 coincidence counts per second,

with single photon rates of 4 − 4.5 ∗ 106/s. The temporal spread in

coincidence counts comes from the jitter in the experimental set-up

(APD, Hydraharp 400); the photons itself are generated simultane-

ously and have wavepackets of only 10s of fs long. From the tails,

we can also infer how often a coincidence count is measured from

two photons that do not belong to the same pair (so called accidental

counts), it is calculated around 12 000 counts/s for a 1 ns bin, so only

around 2 % of the true coincidence counts. These numbers are from

a rebuilt set-up, performed after the first publication in 2014 [1]. A 3

mm BBO crystal was replaced with the 5 mm BiBO crystal, which has

a χ(2) that is 1.5 - 2 times higher [200]. Furthermore a 100 mW pump

laser was replaced with a 175 mW version. From equation 4.10, it can

be shown that the generation rate of photon pairs scales linearly with

the pump power and quadratically with the crystal length L and the

nonlinear susceptibility. Originally only 17 000 pairs per second were

recorded.
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Figure 4.8: A CW 405 nm laser [Coherent OBIS 405 LX] pumps the BiBO
crystal with 175 mW. A movable telescopic set-up (f1 = 175

mm,f2 = 125 mm) is used to optimize the focus of the pump
beam on the crystal. The output beams are collected into single
mode fibres with 10X objectives [Olympus]. Broadband dielectric
mirrors [Thorlabs BB1-E03] are used in combination with the in-
terference filters to minimize leakage of scattered laser light into
the signal.

●

● ●

●

●
● ●

●
●

●

●

●

● ●
●

●

●

●

● ●

●

●

●

● ●

●

●

●

●
●

●

●

● ●
●

● ●

●
●

●

●

●

●

● ●

●

●

●

●

●

●

●

●
●

●

●

●

●
●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●
●

●

●
● ●

●

●

●

●

●

●
●

●

●

●
●

●

●

●
●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●
●

●
●

●

●

●

●

●

●

●

●

● ● ●
●

●

● ●

●

● ●

●

● ●
● ●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●
●

●

●

●

●

● ●

●

●

●

●

●
●

●

●

●

●
● ●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●
●

● ●

●

●

●

●

●

●

●

●

●

● ●
● ●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●
●

●

● ●

●

●

● ●
●

●

●

●

●

●

●

●

●

●
●

●

●

●
●

●

●

●

●

●

● ●

●

●

●

●
●

●

●

●

●

●

●

●
●

●

●

●
●

●
●

●

●

●
●

●
●

●

●

● ●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

● ●
● ● ●

●

●

●

●

● ● ●
●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●
●

●

●

●

●
●

●

●

●
●

●

●
●

●

●

● ●
●

●

●

●

●

●

● ●

●

●
●

●

●

●

● ●

●

●

●

●
●

●

●
● ●

●

● ●

●

●
●

●

●

●

●

●

●

●

● ●
●

● ●

●

●
● ●

●
●

●

●

●

● ●
●

●

●

●

● ●

●

●

●

● ●

●

●

●

● ●

●

●

●
●

●

● ●

●
●

●

●

●

● ●
●

●
●

●

●

●

●

●

● ●

●

●

●

●

●

●

●
●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
● ●

●

● ●

●

● ●

●

●

●

● ●

●

●

●

●

●

●

●
●

● ●

●
●

●

●
● ●

●

●

●

● ● ●

●

●
●

●
●

●

●

●
●

●

● ●

●
●

●

●

●

●
●

●
● ●

●

●
●

●

●

●

●
●

●

●

●

●
●

● ● ●

●
●

●

●

●

●
●

●

●
●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

● ●
●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●
●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

● ●

●
●

●

●

●
●

●

●

●

●

●

●
●

●

●

● ●

●

●

●
●

●

●

●

●

● ●

●

●

●

● ●

●

●

●

●

●

●

●

● ●

●

●

●

●

●
●

●

●

●

●

●

●
●

●

●
●

●

●

●

●

●

●

●

●

●
●

●

●
● ●

●

●

●

●

●
●

●
●

●

●

●

●

●

●

● ●

●

●

●
●

●

●

●
●

●

●
●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●
●

●

●
●

●

●

●

●

●

●

●

●
●

●

●

● ● ●

●

●

●

●

●

● ●

●

●
●

●

●

●

● ●

●

●

●

●
●

●

●
●

●

●

● ●

●

●
●

●

●

●

●

●

●
●

● ●

740 760 780 800 820 840 860
0.0

0.2

0.4

0.6

0.8

1.0

Wavelength [nm]

C
ou
nt
s

[a
.u
.]

Arm 1

Arm 2

●

●
●

●

●

● ●

●
● ●

●

●

● ●

●

●

●

●

● ●

●

●

●

●
●

●

●

●

● ●

●

●

●

● ●

●

●
●

● ●

●

●
●

●

●

●
● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●
●

● ●

●

●

●
●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

● ●

●

●

●

●
●

●

●
● ●

●

●

●
● ●

●

●

●
●

●

●

●

●

●

●

●

●

● ●

● ●
●

●

●
●

●

●

●

● ●

●

●
●

●

●

● ●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●
●

● ●

●

● ●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●
● ● ●

●

● ●
●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

● ●

●

●

●

●
●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
● ●

●

●

●

● ●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

● ●

● ●

●

●

●

● ●

●
●

●

●

●

● ●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●
●

●

●

●

●

●

●

●
●

●

●

●

●

●

●
● ●

●

●
●

●

●

●

●

●

●

●

● ●

●

●

● ● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●
●

●

●
●

●

●
●

●

●
●

●

●

●

●

●

●

●

●
●

●

●
●

●

●

● ●

●

●

●

●

●

● ●

●

●

●

●

● ●

●

●

●

●
●

●

●

●

● ●

●

●

●

● ●

●

●
●

●
●

●

●
●

●

●

●
● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

● ●

●

●

●
●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

● ●

●

●

●

●
●

●

●
● ●

●

●

● ● ●

●

●

●

●

●

●

●

●

●

●
●

●

● ●

● ●
●

●

●
●

●

●

●

● ●

●

●
●

●

●

● ●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●
●

●

●

●

●

●

●

●
●

●

●

●

●
●

●

●

●

●
●

●

●

●

●

●

●
●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

● ●

● ●

●

●

●

● ●

●
●

●

●

●

● ●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●
●

●
●

●

●

●

●

●

●

●

● ●

●

●

● ● ●

●

●

●

●

●

●
●

●

●

●

●

●

●

● ●

●

●

●

●

●
●

●

●
●

●

●
●

●

●
●

●

●

●

●

●

●

●

● ●

740 760 780 800 820 840 860
0.0

0.2

0.4

0.6

0.8

1.0

Wavelength [nm]

C
ou
nt
s

[a
.u
.]

Arm 1

Arm 2

0 1 2 3 4 5
0

5

10

15

20

25

Time delay [ns]

C
ou
nt
s

[*
10
00

/s
]

(a)

(b)

(c)

Figure 4.9: (a), The spectrum of both collected down-converted arms. The
spurious sharp peak at 808 nm is a higher order diffraction of
the pump laser on the spectrometer’s grating. (b), spectrum of
both arms with the interference filters. (c), Coincidence rate in 32

ps time-bins, one APD has an additional electronic delay of 2 ns.
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4.2.2 Microscope set-up

To perform the HOM interference experiment with the plasmonic

beam splitter, we need to be able to excite the two input gratings with

the two separate single photon beams. To achieve accurate discrimi-

nation between the two gratings, a high magnification microscope ob-

jective [Olympus LMPlan 100x IR] is used. The photons coming out

of the output gratings are collected with the same objective and sent

to the avalanche photodiodes (APD). Typically, a 50-50 beam splitter

is placed in front of the back entrance of the objective to split the

photons coming out of the objective from the incoming photons, like

in figure 4.2. As each photon has to pass through the beam splitter

twice, 3/4 of the photons are lost, which means 1− (14)
2 = 15

16 of the

photon pairs would be lost purely due to the need of splitting the in-

and output modes. To avoid this in our measurements, a more intri-

cate imaging set-up was used, shown in figure 4.10. BS1, M1 and M2

are placed on flip-mounts and are flipped down for the plasmonic

experiment. The photons coming out of the reflective collimators are

guided in a collimated mode with a waist of 2 mm to a pyramid

shaped silver mirror, see inset (b). Lenses A with a focal length of 500

mm are placed 500 mm in front of the two faces of the pyramid. This

focuses the beams on the pyramid with a spot size diameter of [201]:

D = 2θ0f = 2 ∗ 0.00018 ∗ 500mm = 175µm (4.11)

Where 0.00018 is the approximate divergence angle of the beam com-

ing out of the reflective collimators given on the Thorlabs website

[202]. The mirror has a 25 x 25 mm base and the four faces are at an

45o angle. The sample is placed in the focal plane of the objective,

this way the objective in combination with tube lens B [f = 300 mm]

serves as an infinity corrected imaging system, creating a magnified

image with magnification [203]:

M1 =
fB
fobj.

=
300mm

1.8mm
= 167. (4.12)

The pyramid mirror is placed in the focal plane of lens B, the mag-

nified image is thus focused on the mirror. The grating to grating

distance in the image of the beam splitter is thus just above 2 mm,

this means we only use the very tip of the pyramid, but it is pos-

sible to align the four arms of the structure nicely along the four

sides of the pyramid. The magnification M2 of the combination of
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Figure 4.10: Photonic experiment: The single photons coming from the re-
flective collimators (RC) are directed to a cube beam splitter
(BS1), mirrors M1 and M2 guide the output light towards to a
collection set-up similar to the top right (not on picture). Plas-
monic experiment: BS1, M1 and M2 are taken out of the set-up.
The photons are guided through lenses A (f = 750 mm), lens
B (f = 300 mm) and 100x objective [Olympus] to the plasmonic
beam splitter.

lens C (f = 1000 mm) and the 20x objective in front of each of the

single mode fibres, can be calculated with the same formula 4.12:

M2 = 9mm
1000mm = 0.009. The total magnification from sample to sin-

gle mode fibre is thus M1M2 or 1.5; A circle with diameter ±3 µm
on the sample plane is imaged on the 4.4 µm fibre core. If aligned

correctly, we can thus couple the light scattered out at the first 6-7

ridges of the output grating into the single mode fibres. Figure 4.6

shows that this makes it possible to capture most of the photons scat-

tered into free space at the output gratings. The light from the single

mode fibres is then coupled to the free space APDs, which are cor-

related to calculate the coincidence counts, with the 20 nm bandgap

interference filters in front of them, as mentioned before.
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4.3 results

4.3.1 Photonic result

A photonic interference experiment was done first, to assure the set-

up was working correctly and to check the quality of the photon pair

source [112]. M1, M2 and BS1 are flipped up for the photonic mea-

surement, the photons do not go to the microscope set-up. Instead

both paths are directly redirected to a 10x objective and coupled into

single mode fibres (not shown in figure 4.10), which are then cou-

pled to the same APDs shown in the figure. Together with the QWPs

and HWPs in between the reflective collimators and BS1, polarizing

beam splitters placed in front of both objectives were used to insure

that the interfering photons had the same polarization. By coupling

into single mode fibres after the beam splitter, we also ensure that

the photons are indistinguishable in terms of spatial modes [37]. The

top reflective collimator was placed on a motorized delay-line, the

driving software of the actuator [Newport TRA25 + ESP301] was in-

tegrated with the interface of the PicoQuant Hydraharp 400 in a Lab-

VIEW virtual interface. This allowed automatic measurement of the

coincidence counts at the outputs of the beam splitter while gradu-

ally changing the relative time delay between the two input photons.

Figure 4.11 shows the result of this scan with 1 µm steps. Each data

point is the sum of 4 measurements of 250 ms, the error bars are the

estimated standard deviations of the distributions of the sum of the

four measurements at each point. This standard deviation is calcu-

lated as
√
4σi, with σi the standard deviation of the four measure-

ments at that point [204]. Assuming a top hat shape of the interfer-

ence filters with a spectral width of ∆ω, we can derive the expected

shape of the interference dip in function of the relative time delay

from the general equation 2.28:

Nc [δτ] := Nc [δτ = ∞] ∗ (1− V ∗ Sinc
(
δτ∆ω

2

)2
). (4.13)

The fit obtained with free parameters V, ∆ω andNc [δτ = ∞] is shown

in figure 4.11. A visibility of 0.928 ±0.001 was obtained when the acci-

dental counts are subtracted. The width of the dip corresponds with

a spectral width of the photons of 15 nm, which means the dip is

slightly wider than expected from the source and filters. The high
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Figure 4.11: Hong-Ou-Mandel interference result on a 50-50 cube beam split-
ter.

overshooting wings, the slight asymmetry in these wings and the

widened dip can probably be attributed to a finite spectral width of

the pump and small dispersion effects in the system [205]. Disper-

sion can also influence the visibility of the dip, but considering the

near-perfect interference this can only be a small effect in this mea-

surement.

4.3.2 Plasmonic result

In addition to being a benchmark for the Hong-Ou-Mandel interfer-

ence inside our plasmonic structure, the photonic interference exper-

iment serves as an aid to find the expected location of the plasmonic

interference. When the SPDC source and the set-up in figure 4.10 are

optimized, a coincidence count rate of 20 per second is reached for

the beam splitter with 580 nm input gratings and the Bragg reflector

with 3 ridges. This means it would take many hours to scan several

millimetres to find the position of the interference. Instead, the two

paths going from BS1 to the plasmonic sample are again used as a

Mach-Zehnder interferometer, similar to the measurement in figure

4.7. The diode laser [PicoQuant LDH-P-810] has a spectral width of

5-7 nm, resulting in a coherence length of around 50 µm. The result
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Figure 4.12: Mach-Zehnder interference.

of such a quick scan is shown in figure 4.12, interference fringes allow

us to locate the symmetry position within tens of microns.

BS1 is taken out of the the optical path after this measurement (with

a flip mount) and delay-line 1 is used to scan for the plasmonic Hong-

Ou-Mandel dip. The result is shown in figure 4.13 below. The interfer-

ence has a visibility of 0.579 ±0.004, which is well above the classical

limit of 0.5. However, it does not come close to the 0.93 obtained with

the cube beam splitter. The biggest reason for this is the deviation

from the π/2 phase shift between r and t, the equations in section

2.1.3 show that the earlier measured phase shift of 1.21 puts the max-

imum obtainable visibility at 0.75. This number is rather sensitive to

the phase shift, a small change to 1.15 already puts the maximum

visibility at 0.66. It is thus not unrealistic that the real phase shift

contributes more to the loss in visibility than expected from a mea-

sured value of 1.21. Dispersion in the plasmonic part of the system

can also have had an influence. Together with a photon pair source

that does not deliver 100 % indistinguishable photons (shown by the

photonic interference visibility) and potential small deviations from

50/50 splitting of the beam splitter, a visibility of 0.58 is within the

range of expectation. Our first publication in 2014 showed a visibility

of 0.72 ± 0.13; although we obtained a lower estimate of the visibil-

ity after rebuilding the set-up, the current results break the classical

limit of 0.5 much more reliably. A scan was also performed with a
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beam splitter with 4 gratings and a 550 nm period for the Bragg re-

flector. According to table 1, the reflection/transmission is around

0.6/0.4, yet a visibility of only 0.24 was reached. This clearly shows

the sensitivity of the phase difference on the specific Bragg reflec-

tor parameters and its consequent influence on the coalescence effect.

This has been explicitly shown in a very recent publication where the

coalescence dip was turned into a anti-coalescence peak by tuning the

parameters of a groove plasmonic Bragg reflector to obtain a phase

difference φr−t of π [134, 206]. Interestingly, imperfect visibility of

the dip due to a deviation from the π
2 phase difference implies a co-

alescence of the two photons into the unmeasured channel. In both

our measurements and the aforementioned anti-coalescence peak this

channel could be scattering losses into free space at the Bragg reflec-

tor. More exotic is the effect when the only loss channel is absorption

(into the metal), as the coalescence of the photons into this loss chan-

nel implies non-linear absorption in the linear medium. In the perfect

case the photons or get absorbed together or they don’t get absorbed

[99]. The more well-known phase dependent absorption process Co-

herent Perfect Absorption (CPA) has already been performed on the

single photon level with a plasmonic film [207] and a hybrid silicon-

plasmonic waveguide-based coupler has been suggested to perform

CPA recently [208]. Further investigations in this direction to directly

prove two-photon absorption in a linear medium could be of high

interest.
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Figure 4.13: Hong-Ou-Mandel interference at the plasmonic beam splitter.
The grey line shows a fit of function 4.13 with the visibility,
spectral width and the baseline taken as free parameters.



5
Q U A N T U M S TAT E T O M O G R A P H Y

After showing the bosonic behaviour of Surface Plasmon Polaritons

by performing a Hong-Ou-Mandel interference experiment, we now

probe whether entanglement is generated in this interference. Preser-

vation of entanglement of SPPs has been shown in a variety of ex-

periments, yet, to our knowledge, none probes the generation in a

plasmonic structure. To do this, we reconstruct the density matrix of

the output state of the interference by performing quantum state to-

mography. In section 5.2 we will outline a tomography technique for

single-mode photon-number states in the polarization basis:

N∑
n=0

cn |n〉V |N−n〉H ,
N∑
n=0

|cn|
2 = 1. (5.1)

To make this useful for the quantum interference, we have to trans-

form the output state from the two output paths of the beam splitter

to a single spatial mode, while transferring the path information onto

the polarization basis. For the expected NOON state, this means:

(|20〉+ |02〉)/
√
2→ (|20〉VH + |02〉VH)/

√
2 (5.2)

In section 5.3 we will explain how this is done by superimposing both

beams onto a polarizing beam splitter (PBS). The several experimen-

tal steps needed to align the set-up and the final results will also be

shown here. First, the Entanglement of Formation, a well-known en-

tanglement measure for a 2-qubit system will be introduced together

with its use for our situation.

5.1 entanglement of formation

The SPDC photon pair source emits by good approximation only

2 photons at a time, we use this assumption to limit the basis of

both output modes of the beam splitter to a maximum of 2 photons:

{|0〉 , |1〉 , |2〉}. Each output mode could thus separately be treated as a

three-level quantum system or qutrit, resulting together in a qutrit-

qutrit structure. Unfortunately, there are no clear techniques or mea-

sures to quantify entanglement for general mixed qutrit-qutrit states,

87
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so we will reduce our problem to a qubit-qubit problem. First, our

measurements are conducted in the coincidence basis, so only com-

ponents with exactly 2 photons in the 2 output modes together are

considered. This results in a basis for the full state with only the three

components {|20〉 , |11〉 , |02〉}, so a 3 by 3 density matrix. We can filter

out the |11〉 state with a hypothetical filter that measures if there is

exactly one photon in the mode and only passes through the states of

which this is not the case. This is a local operation and the filter uses

no information about the the number of photons in the other output

mode [209]. This means the operation cannot generate entanglement

between the modes [121]. It can destroy entanglement in the system,

meaning that the measured entanglement in the filtered state will be a

lower bound for the entanglement present in the actual experimental

state. The filtering is simply done in the post-processing:


ρ11 ρ12 ρ13

ρ21 ρ22 ρ23

ρ31 ρ32 ρ33

→

0 0 0 0

0 ρ11 ρ13 0

0 ρ31 ρ33 0

0 0 0 0

 (5.3)

All the |11〉 components are discarded and a new matrix is constructed

in the {|00〉 , |20〉 , |02〉 , |22〉} basis, which is the basis for 2 coupled

qubits with the two levels |0〉 and |2〉. The |22〉 components are set

to 0 with the same assumption as before: there are only 2 photons in

the system due to the source. Considering the high losses in the sys-

tem, the top left |00〉 〈00| component is in reality large, yet not directly

measurable. We are interested in the subset of the output states with

useable entanglement -for hypothetical quantum optics circuitry after

the beam splitter- and so also this component is set to 0. The majority

of input states |11〉 will result in an output state with 0 photons, but

it is on the subset of output states with two photons that we want to

show the generation of entanglement, by using the Entanglement of

Formation.

The Entanglement of Formation is the extension of the entropy of

entanglement to 2-qubit mixed states. It is defined as the average en-

tanglement of the pure states of the decomposition, minimized over

all possible decompositions of ρ [120]:

E(ρ) = min
[∑

piE(Ψi)
]

(5.4)
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It was shown by Wootters [123] that the above equation can be ex-

pressed as an explicit function of ρ for a system of two qubits:

E(ρ) = h

1+
√
1−C [ρ]2

2

 , with: (5.5)

h [x] = −xlog2(x) − (1− x)log2(1− x),

C(ρ) = max {0, λ1 − λ2 − λ3 − λ4} .

Where the λis are, in decreasing order, the square roots of the eigen-

values of the matrix ρρ̃. ρ̃ is the spin-flipped state of ρ. The spin-flip

on a single qubit, here in the basis {|0〉 , |2〉}, is defined by the operator

σy =

0 −i

i 0

. For a two qubit state, the spin-flip on each separate

qubit results in the density matrix ρ̃ = (σy⊗σy)ρ∗(σy⊗σy). Both the

Entanglement of Formation E or the Concurrence C range from 0 to

1, with 0 meaning no entanglement and 1 meaning full entanglement

between the two qubit subsystems.

5.2 quantum tomography set-up

5.2.1 Polarization optics

In the Jones matrix notation, where horizontally polarized light |H〉 =1
0

 and vertically polarized light |V〉 =

0
1

, polarization transfor-

mations of incoming light by quarter-wave and half-wave plates are

given by respectively:

QWP(α) =

cos2(α) + isin2(α) (1− i)sin(α)cos(α)

(1− i)sin(α)cos(α) sin2(α) + icos2(α)

 (5.6)

and

HWP(α) =

cos(2α) sin(2α)

sin(2α) −cos(2α)

 . (5.7)

With α the angle between the fast axis of the phase retarder and the

horizontal axis. Wave plates are thin slabs of a birefringent material,

typically quartz, in which light polarized along two specific orthogo-

nal axes experience (slightly) different refractive indices. For light of
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any polarization, the phase difference between the polarization com-

ponents along the axes of the material will thus gradually change.

Half-wave plates and quarter-wave plates create phase shifts of ex-

actly a half a wavelength (and thus π radians of phase) and a quarter

of a wavelength (π2 ) respectively, resulting in the above given transfor-

mations of the polarization of the incoming light. In the experiments

explained later in this chapter, zero-order wave plates are used [Thor-

labs] in which two multi-order quartz wave plates are combined to

result in a total path length difference of λ2 or λ4 , rather then n+ λ
2

or n+ λ
4 for single multi-order wave plates. This delivers a broader

wavelength range at which the wave plates work as intended. For the

20 nm spectral width of our photons the deviation is less than 0.5 %.

It was proven that a combination of two quarter-wave plates and a

half-wave plate (in any order) can realize any polarization transfor-

mation, or equivalent, any rotation on the Poincare sphere.[210] With

abstract angles θ and φ, such a transformation can be expressed as:b̂H
b̂V

 = U(θ,φ)

âH
âV

 ,with : (5.8)

U(θ,φ) =

 cos(θ) eiφsin(θ)

−e−iφsin(θ) cos(θ)


âH,V and b̂H,V are the annihilation operators of the modes before and

after the phase retarders. This fact is crucial for the polarization-based

quantum state tomography set-up we use in our experiments.

5.2.2 Polarization-based Quantum State Tomography

It was shown by Agarwal et al. that all N-order coherences between

the two polarization modes âH and âV of any light field in a single

spatial mode can be obtained by measuring only N-order intensity

moments of one of the two polarization modes behind two quarter-

wave and one half-wave plate [211, 212]. The horizontal mode is se-

lected by adding a polarizing beam splitter after the wave plates, see

figure 5.1. Due to the lack of photon number detectors, two correlated

detectors placed at the two output ports of a 50/50 beam splitter are

typically used to measure the second order intensity of a light mode.

We can easily show that this measurement is indeed proportional to
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Figure 5.1: Quantum state tomography set-up.

the second order intensity
〈
(b̂†H)

2b̂2H

〉
; with b̂2,3 the bosonic opera-

tors of the two output modes behind the beam splitter and b̂0 of the

second input mode:〈
b̂
†
2b̂
†
3b̂2b̂3

〉
=
1

4

〈
(−ib̂†H + b̂†0)(b̂

†
H − ib̂†0)(ib̂H + b̂0)(b̂H + ib̂0)

〉
=
1

4

〈
b̂
†
Hb̂
†
Hb̂Hb̂H

〉
(5.9)

The first step uses the input-output relations of the unitary beam

splitter, the second step the fact that input 0 only contains the vac-

uum mode and b̂0 |0〉 = 0.

We want to reconstruct the density matrix, so we have to show that

the elements of the density matrix are related to the higher order

coherences the set-up can measure. This can be done by calculating〈
Â
〉
= Tr[ρ̂Â] in the matrix notation for the higher order coherences,

writing out the calculations gives:〈 ˆ
(â†H)

N−w(â†V)
wâ

N−y
H â

y
V

〉
=

∑
µν

〈µν|
∑
γκ,αβ

ργκ,αβ |γκ〉×

〈αβ| (â†H)
N−w(â†V)

wâ
N−y
H â

y
V |µν〉

= 〈N− y,y|
∑
γκ,αβ

ργκ,αβ |γκ〉×

〈αβ| (â†H)
N−w(â†V)

wâ
N−y
H â

y
V |N− y,y〉

= ρyw 〈N− y,y|N− y,y〉×

〈N−w,w| (â†H)
N−w(â†V)

wâ
N−y
H â

y
V |N− y,y〉

= ρyw
√
(N−w)!w!(N− y)!y!. (5.10)

For this we used ân |n〉 =
√
n! |0〉 and 〈n|m〉 = δnm. We can see that

the measured value of a Nth order coherence is related to the density
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matrix element with the same indices, but it is important to include

the factor
√

(N−w)!w!(N− y)!y!.

There are 9 second-order coherences of the initial state:
〈
â
†
Hâ
†
HâHâH

〉
,〈

â
†
Hâ
†
HâHâV

〉
,
〈
â
†
Hâ
†
V âHâH

〉
,
〈
â
†
Hâ
†
V âHâV

〉
,
〈
â
†
Hâ
†
HâV âV

〉
,
〈
â
†
Hâ
†
V âV âV

〉
,〈

â
†
V â
†
V âHâV

〉
,
〈
â
†
V â
†
V âHâH

〉
and

〈
â
†
V â
†
V âV âV

〉
. Only the second-

order intensities
〈
â
†
Hâ
†
HâHâH

〉
,
〈
â
†
V â
†
V âV âV

〉
and

〈
â
†
Hâ
†
V âHâV

〉
are directly accessible. With equation 5.8, any second order-coherence

of the field after the SU(2) gadget can be expressed in function of the

second-order coherences of âH,V :

〈
(b̂†H)

i(b̂†V)
(2−i)b̂iHb̂

(2−i)
V

〉
=

i∑
w,y=0

2−i∑
x,z=0

(
i

w

)(
i

y

)(
2− i

x

)(
2− i

z

)
×

(cos(θ))4−w−x−y−z(sin(θ))w+x+y+z(−1)x+zeiφ(x+y−w−z)×〈
(â†H)

(i+x−w)(â†V)
(2−i−x+w)â

(i+z−y)
H â

(2−i−z+y)
V

〉
(5.11)

As explained in the schematic drawing, we are only measuring the

second-order intensity of the horizontal field, which means putting

i = 2 in the previous equation, resulting in a more simple equation:

B =

2∑
w,y=0

(
2

w

)(
2

y

)
cos(θ)4−w−ysin(θ)w+y×

eiφ(y−w)
√

(2−w)!w!(2− y)!y!ρ2−w,w,2−y,y

(5.12)

Where we replaced the second-order coherences by the state’s density

matrix elements with equation 5.10. We can clearly see in the above

equation that B is function of all of the nine second-order coherences

of the initial field, or all nine elements of the density matrix. To solve

for these 9 independent variables ρ2−y,y,2−w,w, we need 9 indepen-

dent linear equations. This is achieved by choosing a right combina-

tion of 9 pairs (θk,φk), which were calculated in ref [211], the angles
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are shown in table 2. With Bk the coincidence measurement for the

kth angle pair, the set of linear equations can be written as:

Bk =

2∑
w,y=0

R
wy
k ρwy (5.13)

R
wy
k =

(
2

w

)(
2

y

)
cos(θ)4−w−ysin(θ)w+yeiφ(y−w)× (5.14)√

(2−w)!w!(2− y)!y!

For notation convenience, we will use ρwy for ρ2−w,w,2−y,y.Det[Rwyk ] 6=
0 confirms that the equation are independent; we can find a unique so-

lution for each of the second-order coherences of the initial field if we

perform the 9 measurements of B with the different angle pairs. For

this, we need to relate the abstract angles θ and φ to the experimen-

tal angles αQWP1, αQWP2 and αHWP between the horizontal axis

and the fast axes of the two quarter-wave plates and the half-wave

plate respectively. This is done by solving U(θ,φ) = HWP(αHWP)×
QWP(αQWP2) × QWP(αQWP1) -obtained by combining equations

5.6, 5.7 and 5.8- to αQWP1, αQWP2 and αHWP. The result of this

is also shown in table 2.

θk φk αQWP1 αQWP2 αHWP

Π
8

2Π
3 0.102 0.440 1.740

2Π
8

2Π
3 1.803 1.144 2.812

3Π
8

2Π
3 2.010 1.083 2.678

Π
8

4Π
3 0.102 2.906 1.402

2Π
8

4Π
3 0.232 2.715 1.241

3Π
8

4Π
3 0.439 2.654 1.107

Π
8 0 Π

4
Π
4

13Π
16

2Π
8 0 Π

4
Π
4

14Π
16

3Π
8 0 Π

4
Π
4

15Π
16

Table 2: The 9 different combinations of abstract angles (θ,φ) and
experimental angles (αQWP1, αQWP2, αHWP)

A first approach to obtain the density matrix from the experimen-

tal values would be by solving the nine equations directly, in matrix

notation: ρmn =
∑9
k=1(R

wy
k )−1Bk. Unfortunately, due to experimen-

tal noise, this could result in a non-physical density matrix, i.e. a



5.2 quantum tomography set-up 94

matrix that is not Hermitian, positive semi-definite or normalized.

This problem can be solved by searching for the most likely physical

state (so density matrix) that could have produced the experimentally

obtained results. The Cholesky decomposition in linear algebra says

that any Hermitian positive-semidefinite matrix can be decomposed

in a lower triangular matrix and its conjugate transpose. Any 3 by 3

physical density matrix can thus be described with 9 unknown real

parameters:

ρphys(t1, t2, ..., t10) = T†T , with : (5.15)

T =


t1 0 0

t4 + it5 t2 0

t6 + it7 t8 + it9 t3

 (5.16)

By replacing ρ by ρphys in equation 5.13, we get a set of equations

that ensure a physically correct solution. Due to the extra restrictions,

an exact solution is normally not possible. Instead maximum likeli-

hood estimation (MLE) is used, which maximizes a likelihood func-

tion over the variables ti. If we assume uncorrelated Gaussian noise

for each of the 9 coincidence measurements, the conditional probabil-

ity of a set of measurements is given by:

P(B1, ...,B9|t1, ..., t9) ∝
9∏
k=1

Exp

[
−
(Bk −

∑2
w,y=0 R

wy
k ρphys,wy)

2

2σ2k

]
(5.17)

Maximizing this probability function, which was done by minimizing∑9
k=1

(Bk−
∑2
w,y=0 R

wy
k ρphys)

2

2σ2k
with the NMinimize function in Mathe-

matica, gives us the most likely combination of parameters {ti} for

the given set of measurements and thus the most likely density ma-

trix. We assume Poissonian shot noise as the main noise contributor,

which means we can approximate σk as
√
Bk. To have an understand-

ing of the influence of the shot noise on the estimated density ma-

trix and extracted measures like Entanglement and Fidelity, a Monte

Carlo simulation with a 1000 iterations is done. In each iteration, the

experimentally obtained values Bk are replaced by random numbers

taken from Poissonian distributions with parameter Bk. These values

are then used for the same optimization distribution as before.
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5.3 results

To use the described polarization based tomography set-up on the

output of a Hong-Ou-Mandel interference, the state has to be trans-

formed from the ’path-basis’ to the polarization basis. This is done by

superimposing both output beams from the beam splitter on a polar-

izing beam splitter, as shown in figure 5.2 for the photonic case and

5.5 for the plasmonic one. With quantum state tomography we are

capable of distinguishing this pure state from the mixed NOON state

variant (|20〉 〈20| + |02〉 〈02|)/
√
2, which would give identical results

with a simple coincidence measurement. The spectral width and thus

finite coherence length of both the separate photons and combined

biphoton state imposes the need for temporal alignment of the sys-

tem, equivalent to the difference between the coalescence effect of

two monochromatic photons and the real-life Hong-Ou-Mandel dip.

The final tomography results and the steps needed to get there will be

outlined in the following subsections for the photonic and plasmonic

case respectively. The work with a photonic cube beam splitter was

performed to both test the set-up and to have a benchmark for the

plasmonic results.

5.3.1 Photonic results

The set-up shown in figure 5.2 uses the same optical elements as the

beginning of the set-up shown in figure 4.10 in the previous chapter:

the two photons coming out of two separate single mode fibres are

collimated by reflective collimators and both go through a quarter

and half wave plate to create a linear horizontal polarization, after

which they are mixed at the 50/50 cube beam splitter BS1. The half

wave plate in one of the two outputs changes the polarization to verti-

cal, this results into all photons in that beam being reflected, while the

photons coming from the other output of BS1 are being transmitted

through the PBS due to their horizontal polarization. The beam con-

taining both polarizations is then coupled into a polarization main-

taining fibre, to make it easier to switch between the photonic and

plasmonic set-up and to clean up the spatial modes, and sent to the

quantum tomography set-up depicted in figure 5.1. To couple the two

polarizations correctly on the two perpendicular axes of the birefrin-

gent PMF, a half wave plate was added in front of the objective. This
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ensures minimal mixing of the two polarizations while travelling in

the fibre. Furthermore, a half wave plate was added behind the PMF

to rotate the two perpendicular polarization modes back to horizontal

and vertical polarization in free space. Considering the correct repre-

sentation of the initial interference output state depends on a correct

alignment of the polarizations, we experimentally characterized the

polarization of the beam after the PMF. This was done by measur-

ing the Stokes parameters while blocking the horizontal and vertical

path in the Mach-Zehnder interferometer consecutively. To minimize

the influence of potential errors in the angles of the quarter wave and

half wave plates, this was done with a technique that involves only

one rotatable quarter wave plate and a fixed polarizer (the PBS in

this case). It is shown that the Stokes parameters can be calculated

out of an even number of intensity measurements (minimum 8) be-

hind the PBS with the quarter wave-plate rotating in equal steps of

π/N [213]. After optimizing the PMF, both the vertical and horizon-

tal polarization have less than 1o of ellipticity and are within 1o of

the correct polarization. This means that the polarization tomography

should represent the output state of the beam splitter in the path ba-

sis accurately.

To probe the output HOM state, we first have to align delay-line 1

into the symmetric position. This was done without having to move

any optical elements by aligning the fast axes of the quarter and half

wave plates of the tomography part horizontally, so putting the an-

gles of the rotators at 0 radians. The final PBS will only transmit the

photons from the horizontal path after BS1. By measuring the coinci-

dence counts of the two detectors, we can measure the rate of the two

photon state |2〉. In the ideal case, scanning delay-line 1 into symmetry

changes the state entering the tomography stage from (|1A1B〉VV +

|1A1B〉VH + |1A1B〉HV + |1A1B〉HH)/2 to (|20〉VH + |02〉VH)/
√
2. We

can only drop the labels A and B of the two separate photons when

they are fully indistinguishable, also temporally. We will explain the

influence of the distinguishability of the photons on our tomography

scheme later. In the situation where the delay line is out of symmetry,

we will only measure coincidences when both photon A and B are in

the horizontal mode, which is 25 % of the time. When the photons

do arrive simultaneously at the beam splitter, the coalescence of the
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Figure 5.2: Schematic drawing of the photonic QST set-up. QWP1, QWP2

and HWP1 are placed in motorized rotators.
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Figure 5.3: Left: Scan of delay-line 1 with the tomography quarter and half
wave plates at 0 radians. Right: Scan of delay-line 2 with the
tomography phase retarders set at angle combination 8.

photons will double this to 50 %, as we can also see from the state

vector. This peak in coincidence counts in function of the delay-line

position is shown in figure 5.3 (a). Converting a full width of approx-

imately 50 µm to picoseconds we get a temporal width of 0.16 ps, in

good agreement with the Hong-Ou-Mandel dip shown in figure 4.11

To find the symmetry position of delay-line 2, we need to make ver-

tical and horizontal polarization interfere with each other. This can be

done by having a polarizer with its transparent axis halfway between

the two perpendicular polarizations. The electric field passed through

is the component of the sum of the two electric fields that is parallel

to the polarizer’s axis. We make the horizontal and vertical polariza-

tion symmetrical around the horizontal axis of the polarizing beam

splitter by changing the angles of the wave plates of the tomography

set-up: the angle of the HWP is put at π8 , while the QWPs stay at

0. The horizontal polarization is transformed to a linear polarization

with a π4 angle (so-called diagonal polarization), while the vertical po-

larization rotates to a −π4 angle, or the anti-diagonal polarization. By

scanning delay-line 2, the phase between the anti- and diagonal po-

larization rotates and the total electric field periodically becomes par-

allel and perpendicular to the transmitting axis of the PBS. The result

is perfectly equivalent to an interference scan with a Mach-Zehnder

interferometer in which both arms have the same polarization. The

result is shown in figure 5.3 (b). When delay-line 2 is at a 3.2 mm

offset, the interference visibility is at its maximum, showing maxi-
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mum temporal overlap. It is important to note that the interference

probed by measuring the coincidence counts, ie. the second-order co-

herence, does not come from the interference of the single photons,

but rather by interfering the two terms of the bi-photon HOM state.

This is also called the de Broglie wave, in which an ensemble of 2

(or N) identical photons have interference fringes with a period of

λ/2 (or λ/N) [156, 214, 215]. From these publications we learn two

important characteristics of these de Broglie interferences. First, the

coherence length is defined by the coherence length of the pump laser

of the SPDC set-up, which is normally considerably longer than the

coherence length of the seperate photons. This can be seen by com-

paring the first order coherence with the second order coherence in

figure 5.3. Intuitively this can be understood from the fact that al-

beit the separate photons have a large frequency uncertainty, the sum

of their frequencies is fixed by the frequency of the pump laser, see

equation 4.6. In our case, the 404 nm diode laser has multiple longi-

tudinal modes, which results in a complex coherence function, with

multiple peaks (only the central one is shown in the figure) and with

a coherence length within one peak of several hundreds of microme-

ter. This coherence length can of course be made considerably longer

by pumping with a single-mode laser [216]. The single photon inter-

ferences in the first-order coherence do not cancel out perfectly due

to slightly imbalanced alignment of the two input ports, so we can

use this signal to put the interferometer more accurately into the bal-

anced position. Second, the de Broglie interferences are not a proof of

entanglement between the photons travelling in the two arms. Kwon

et al. show that the interferences also arise when the two incoming

photons are perfectly distinguishable and there is no HOM interfer-

ence to generate the NOON state [156].

After aligning both the first and the second delay-line, the expected

HOM state can be probed with the tomography set-up. A result of

our measurements is shown in figure 5.7 (a). The populations on the

diagonal are 0.52, 0.03 and 0.45, a perfect interference would give

0.5, 0.0 and 0.5, while the theoretically expected values outside of the

Hong-Ou-Mandel interference are 0.25, 0.5 and 0.25. The asymmetry

in the |20〉 and |02〉 states can be attributed to having one arm of the in-

terferometer slightly better aligned than the other. The |11〉 dropping

from 0.5 to 0.03 is equivalent to an interference visibility of the dip of
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94 % , in excellent agreement with the 93 % reported in the previous

chapter. From the density matrix we calculated a fidelity compared to

the ideal NOON state of 0.95 ±0.01, a purity of 0.94 ±0.01 and most

importantly a lower bound on the entanglement of 0.92 ±0.01. The

plotted density matrix and these values were obtained by a single to-

mography measurement on which we, as explained before, simulated

Poissonian noise for a thousand iterations. For the distribution of re-

sults for 10 separate measurements Fidelities of 0.93 ±0.02, purities

of 0.91 ±0.05 and entanglements of 0.89 ±0.04 were obtained. This

shows the stability of the system, only small extra inaccuracies are

introduced from one measurement to the other. While each tomog-

raphy in the photonic case was obtained with 9 measurements of 1

second, the plasmonic case takes considerably longer, therefore phase

stability of the interferometer will be discussed for the plasmonic case.

To show that the interference creates entanglement, the beam splitter

is taken out of the set-up. This way, the two single photons are su-

perimposed on the PBS with opposite polarizations, we expect the

|11〉 state. The result in figure 5.7 (b) shows a very close experimental

reconstruction. Ten consecutive measurements result in an distribu-

tion of Fidelity compared to the expected state of 0.93 ±0.02, a state

purity of 0.81 ±0.02 and an entanglement of 0.05 ±0.01. The measure-

ment scheme reliably reconstructs the expected state and it is clear

that the interference changes the state from negligible entanglement

(in the number degree of freedom) to an almost fully entangled state.

At last, we show that the NOON state can be distinguished from the

mixed (|20〉 〈20|+ |02〉 〈02|)/
√
2 state. Measurement (c) is the tomog-

raphy result with delay-line 2 outside of the interferences, we expect

no coherence between the |20〉 and the |02〉 component, the state be-

comes the mixed state and this is also shown in the measurement. An

entanglement of 0.16 ± 0.05 and a Fidelity of 0.95 ± 0.01 (compared

to the expected mixed state) are obtained. Due to the long coherence

length, as visible in the interferences, the measurement wasn’t taken

completely out of coherence, which explains the residual entangle-

ment in this measurement. It does show the possibility of detecting

decoherence on our state.

Ideally, we would want to reconstruct the output state when delay-

line 1 is out of its symmetry position. Unfortunately, the set-up only
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(a)

(b)

(c)

Figure 5.4: (a), Measurement of the NOON state. Populations: 0.52, 0.03

and 0.45. Fidelity: 0.95 ±, purity: 0.94 ± 0.01, entanglement: 0.92

±0.01. (b), Measurement of the |11〉 state. Populations: 0.04, 0.87

and 0.09. Fidelity: 0.93 ± 0.01, purity: 0.82 ± 0.02, entanglement:
0.05 ± 0.02. (c), Measurement of the mixed NOON state. Popula-
tions: 0.48, 0.08 and 0.44. Fidelity: 0.96 ± 0.01, purity: 0.45 ± 0.01,
entanglement: 0.11 ± 0.06.
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works when both photons are indistinguishable. A quick calculation

with two distinguishable photons A and B starting before the beam

splitter shows:

|H〉A |H〉B
BS→ 1

2
(|H〉A + i |H〉A)⊗ (|H〉B − i |H〉B)

HWP→ 1

2
(|H〉A + i |V〉A)⊗ (|H〉B − i |V〉B)

PBS→ 1

2
(|H〉A + i |V〉A)⊗ (|H〉B − i |V〉B) (5.18)

When applying the 9 different angle combinations and the polarizing

beam splitter of the tomography on the two separate photons in the

cross product shown in equation 5.18, we will get the same values

for B1 to B9 (calculated by 〈n̂A〉 〈n̂B〉) as for the NOON state with in-

distinguishable photons shown before. The breakdown of this scheme

with distinguishable photons is discussed more in depth publications

by Adamson et al. [217, 218]. A more extended tomography scheme

delivering a 4 by 4 density matrix with a basis {|AVBV〉 , |AVBH〉 ,
|AHBV〉 , |AHBH〉} by also making correlated measurements on the

vertical polarization could potentially have solved this problem.

5.3.2 Plasmonic results

To perform the tomography measurement with the plasmonic beam

splitter, the set-up is again combined with a microscopy set-up. The

two photons coming from the SPDC set-up are again focused on the

two input gratings of the plasmonic beam splitter described in the

previous chapter. The two input and two output beams are separated

from each other with the same reflective pyramid. The two output

beams coming from the pyramid mirror are this time recombined on

a polarizing beam splitter before being coupled into the polarization

maintaining fibre with the same imaging combination of a biconvex

lens with focal length = 1000 mm and a 20x objective. Half wave plates

before and after the PMF again ensure that the reflected and transmit-

ted beam from PBS1 arrive at the tomography set-up as the vertical

and horizontal polarization respectively. In the plasmonic set-up the

PMF has the added importance of cleaning up the spatial modes of

the light coming out of the output gratings of the plasmonic sample;

the single mode nature of the fibre ensures that there is no spatial

information to distinguish out of which gratings the light was scat-

tered. The photons scattered out of the beam splitter are not perfectly



5.3 results 103

Delay-line 1

HW
PQW

P

RC

QW
P

HW
P

SMF

RC

HWP1
QWP2

QWP1

BS

PBS2

IF

IF

HWP

C

RC

PBS1

Delay-line 2

SMF

HWP

PMF

Microscope
 set-up

Tomography
set-up

HWP

HWP

1
0
0
X

L1

L1

L2

L3

QWP

QWP

Figure 5.5: The same microscopy set-up from the previous chapter is used
for the plasmonic tomography set-up, but here the output beams
are recombined on a polarizing beam splitter (PBS1) before being
coupled into a fibre by a combination of a lens (lens L3, f = 1000

mm) and objective (Olympus MPLN 20X).

linearly polarized, so to optimize the photons being transmitted and

reflected on PBS1, a quarter and half wave plate were added on both

paths. Optimizing the polarization and the coupling of both paths

into the fibre resulted in a final count rate of 2-3 coincidence counts

per second for each polarization separately, when the set-up is not on

the symmetry position. As expected, this is even lower than the count

rate in the final results of last chapter. A first rough temporal align-

ment is again achieved by a combination of finding the symmetry

position of delay-line 1 with a HOM interference on the pellicle beam

splitter (BS1 in figure 4.10) and a interference measurement with the

pulsed laser between that beam splitter and the plasmonic structure.

After this, delay-line 1 is scanned to obtain the same measurement as

shown in figure 5.3.

After aligning delay-line 1, the same scan as performed with delay-

line 2 for the photonic tomography set-up -resulting in the measure-

ment shown in figure 5.3 (b) - was done with delay-line 3. Scanning

the central part of the interference with steps of only 25 nm results in

the pattern shown in figure 5.6. The pattern of the coincidence counts

looks at first surprising with a big and intermediate small peak in

each period. Ignoring the normalization constants in equation 2.24

and adding a time delay in output mode 3, we get the following
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output state of the surviving photon pairs after the plasmonic beam

splitter:[
−t∗r∗((â†2)

2 + ei2δt(â†3)
2) + (t∗2 + r∗2)eiδtâ†2â

†
3

]
|00〉 (5.19)

Taking into account the rest of the set-up, including the transforma-

tion matrix with angles θ = π
4 and φ = 0 in equation 5.8, the coinci-

dence rate is given by:

B =

∣∣∣∣t∗r∗2 (1+ ei2δt) −
(t∗2 + r∗2)√

2
eiδt

∣∣∣∣2 (5.20)

For a perfect HOM interference, the second component is 0 and the

result would be oscillations with a period of half a wavelength, a well

known effect of 2-photon NOON states. In the case of our plasmonic

beam splitter, the interference is not perfect, there is a |11〉 component

oscillating with the same period as the single counts. This interferes

with the NOON component and increases the coincidence counts at

half of the peaks and reduces it on the other half. Due to the high

losses in the system, most of the measured single photons in the sin-

gle counts (obtained by taking the count rate of one of the two detec-

tors) are not part of a photon pair any more. The signal shown in the

figure is the sum of the single photon interferences from photons com-

ing from both input arms of the plasmonic beam splitter. In a beam

splitter with a π
2 phase shift, the oscillations of the photons coming

from input 1 are out of phase with those of input 2, resulting in a

constant single count rate of the scan. This is almost the case for the

measurement in the photonic set-up, shown in figure 5.3. A visual fit

for the coincidence and single counts here shows a phase shift of 1.18,

in good agreement with the 1.21 ±0.01 value obtained in section 4.1.4.

The low count rates means that extra care has to be taken to make the

set-up stable over the course of a tomography measurement. Figure

5.6 (b) shows the result of a stability measurement, with delay-line 1

on the HOM interference, delay-line 3 is positioned on the slope of os-

cillations shown in (a). The first 50 points are each coincidence counts

integrated over 1 minute while the delay lines are not moving, con-

siderable phase drift in the set-up would result in oscillations of the

signal over time that exceed what is expected from Poissonian noise.

We can see that the set-up is stable over an extended period of time.

Between every measurement of the last 10 points, delay-line 3 made

a small step, this shows that the system was indeed positioned on
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the slope of an interference fringe. The difference between the maxi-

mum and minimum value is 55. With a peak value for the oscillation

of 350, a linear estimate indicates that the phase did not drift more

than π/7 during the period of the measurement. Taking into account

that the two-photon component has a full period over 404 nm, this

means a stability of the optical path difference between the vertical

and horizontal mode of around 25 nm. To achieve this level of stabil-

ity, several improvements turned out to be necessary during the build-

ing process, fortunately no active stabilizing techniques were needed.

Naturally, the path length where both beams are separate (from the

pyramid mirror to PBS1) was kept at a minimum. Monitoring the tem-

perature together with stability measurements showed the necessity

of keeping it stable within 0.1-0.2 oC. Luckily this was possible with

a combination of air conditioning in the lab, aluminium foil on the

windows to block sunlight, and boxing in the set-up. The latter was

also crucial to minimize the airflow. Finally, high stability PolarisTM

mirror mounts in combination with 1" posts were used. Even though

the modes travel along the same optical path in the PMF, tempera-

ture drift around this fibre did result in phase drift of the total set-up,

meaning that the also the fibre had to be kept inside the box of the

set-up.

The final results are shown in figure 5.7, for the coherent state in

(a) and the mixed state in (b). Each of the 9 measurements for the full

reconstruction were 240 seconds of integration time. Similar results

were obtained by summing the measurements of 5 consecutive full

scans of 60 seconds integration time for each angle combination. The

lower bound for the entanglement of 0.77 ±0.04 clearly shows the en-

tanglement generated in the plasmonic beam splitter. The |11〉 〈11|
population is 0.19, equivalent to a 0.62 visibility of the Hong-Ou-

Mandel interference in good agreement with the value obtained in

the previous chapter. The coherences are mainly located in the imag-

inary part of the density matrix, this is purely due to the phase dif-

ference between the different components and is an outcome of not

positioning delay-line 3 at a 0 phase difference as done for the pho-

tonic case.
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Figure 5.6: a), Scan of the interference fringes in the interferometer going
from the plasmonic beam splitter up to PBS2, both the single and
coincidence counts. b), Phase stability measurement for the in-
terferometer going from the plasmonic beam splitter up to PBS2.
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calculated under the assumption of Poissonian noise. Last ten
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(a)

(b)

Figure 5.7: (a), Measurement of the NOON state. Populations: 0.41, 0.19 and
0.40. Fidelity: 0.80 ± 0.02, purity: 0.96 ± 0.04, entanglement: 0.77

±0.04. (b), Measurement of the mixed NOON state. Populations:
0.47, 0.1 and 0.43. Fidelity: 0.94 ± 0.01, purity: 0.46 ± 0.04, entan-
glement: 0.22 ± 0.12.



C O N C L U S I O N

Quantum optics has experienced strong progress towards integrated

devices on a chip. Quantum computation, quantum communication

and quantum metrology could all be pushed into real-life applica-

tions with the help of integrated photonics.

Plasmonics promises a lot of interesting directions in this context

with its miniaturization below the micrometer scale and the proven

potential for extremely fast and strong interaction between quantum

emitters and plasmonic modes. For this it is important that the quan-

tum nature of SPPs and the survival of quantum coherence is investi-

gated in-depth. In this thesis we experimentally probed two specific

quantum effects: two-SPP interference and the entanglement gener-

ated in this interference. The two-SPP interference is the plasmonic

version of the seminal Hong-Ou-Mandel interference in which two

photons arriving at the two input ports of the beam splitter always

coalesce together into one of the two output ports. The disappearing

chance of having one photon at each output was measured by cor-

relating the detectors at the two output modes of the beam splitter.

We showed a visibility of the interference effect of 0.58 ±0.01. This is

worse than the often achieved visibility of over 0.9 in other structures.

The main reason is the normally ignored phase difference between

reflection and transmission in the beam splitter. In a lossless beam

splitter unitarity of the transformation of the in- and output modes

imposes a π
2 phase difference, which is needed for a perfect inter-

ference. The plasmonic beam splitter is lossy, which can alter this

phase difference. We experimentally measured a value of 1.21, deviat-

ing from π
2 . By varying the structural parameters of plasmonic beam

splitters, it is possible to tune this phase; potentially opening up new

effects to investigate and harness. The visibility is still reliably above

the classical limit of 0.5 though, which shows that SPPs behave as

bosons.

Measuring the correlated counts at the outputs of the beam splitter

does not directly prove entanglement in the output state. Decoher-

ence in the plasmonic waveguide could for example change the ideal

output state 1√
2
(|20〉+ |02〉) to a mixed state 12(|20〉 〈20|+ |02〉 〈02|). We

108
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used quantum state tomography to probe the entanglement, to our

knowledge for the first time on a HOM output state. The two out-

put modes of the beam splitter are given perpendicular linear polar-

izations and combined into one single spatial mode on a polarizing

beam splitter. Polarization based quantum state tomography was per-

formed on this single-mode state with polarization correlations. With

the reconstructed density matrix we showed that the interference gen-

erates entanglement in the plasmonic structure. The calculated entan-

glement of formation puts a lower bound on the entanglement of 0.77

± 0.04. Generation of entanglement in a plasmonic structure has, to

our knowledge, not been shown before and opens up further investi-

gations for quantum applications.

We have shown that using quantum metrology techniques with

plasmonic structures is an interesting route to harness the power of

quantum effects in a plasmonic setting. Plasmonic sensing was the

first application in the field of plasmonics and has since then devel-

oped into many directions. Many approaches, like the surface plas-

mon resonance sensor, have been optimized close to the limit of what

is possible with classical light. It is thus interesting to investigate if

quantum states of light can deliver enhancements, despite the loss in

the sensing schemes. We showed that with the right states and mea-

suring scheme quantum metrology could deliver sensitivities with

plasmonic structures out of reach with classical light.
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