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Abstract

This thesis revolves around the nitrogen-vacancy (NV) defect center in diamond, one of the
best-known quantum spin defects and a promising solid-state system for future applications
in quantum technology, such as nanoscale quantum sensing and quantum information. Even
at room temperature, the NV center proves to be extremely stable and exhibits sufficiently
high fluorescence intensity for single photon applications, with exceptionally long coherence
times of the intrinsic electron spin and even longer coherence times of the intrinsic nuclear
spin, both of which can be manipulated with frequencies in the radio frequency to microwave
range. The experiments carried out in this thesis address two aspects of the NV center. First,
new microwave Raman spin manipulation techniques on the NV electron spin are investigated,
and second, a novel on-chip platform for quantum applications and hybrid integration with a
single NV center is presented.
Since the manipulation of the NV center’s electron spin is crucial for many applications, the

development of new or the adaption of known spin manipulation schemes to the NV center
spin is crucial to expand the application prospects of the NV center. For this reason, after
introducing basic theoretical and experimental concepts of the NV center, this work reports
on the adaption of coherent microwave Raman control to the electron spin of the NV center,
which can drive the dipole-forbidden transition between two spin sublevels in the NV center’s
triplet electronic ground state. Consequently, the stimulated Raman transitions (SRT) and
stimulated Raman adiabatic passage (STIRAP) two-photon microwave Raman processes were
theoretically and numerically analyzed and successfully implemented and verified experimen-
tally on a single NV center electron spin. The two Raman schemes were then also compared
in terms of their robustness and success of the spin swap. The Raman electron spin manip-
ulation schemes investigated in this work serve as an addition to the already rich repertoire
of known spin manipulation capabilities of the NV spin defect and can potentially be used to
develop improved future quantum sensing techniques.
Apart from this, scalable on-chip coupling of single photon emitters and quantum memories

with single optical modes is crucial for building future fully integrated nanophotonic devices,
which is why this work also addresses the deterministic integration of a single NV center
with an on-chip photonic platform. This purpose-built photonic platform consists entirely
of silicon dioxide thermally grown on a silicon substrate, which stands out by its ultra-low
fluorescence. Furthermore, this photonic platform could be used to realize various other
passive structures, such as high-Q microresonators and mode-size converters. By numerical
analysis, an optimal structure for the efficient coupling of a dipole emitter to the guided
mode in the waveguide could be determined. Experimentally, the integration of a preselected
NV emitter was performed with an atomic force microscope, and on-chip excitation of the
quantum emitter as well as coupling of single photons to the guided mode of the integrated
structure could be demonstrated. This approach demonstrates the potential of this platform
as a robust nanoscale interface of on-chip photonic structures with single solid-state qubits.





Zusammenfassung

Dieser Arbeit behandelt das Stickstoff-Fehlstellen-Zentrum (engl.: nitrogen-vacancy cen-
ter, NV-Zentrum) in Diamant, einen der bekanntesten Quantenspin-Defekte und ein viel-
versprechendes Festkörpersystem für künftige Anwendungen in der Quantentechnologie, wie
z. B. Quantensensorik und Quanteninformation im Nanomaßstab. Selbst bei Raumtempera-
tur erweist sich das NV-Zentrum als äußerst stabil und zeigt eine ausreichend hohe Fluo-
reszenzintensität für Einzelphotonenanwendungen, mit außergewöhnlich langen Kohärenzzei-
ten des intrinsischen Elektronenspins und noch längeren Kohärenzzeiten des intrinsischen
Kernspins, welche beide mit Frequenzen im Radiofrequenz- bis Mikrowellenbereich manipu-
liert werden können. Die im Rahmen dieser Arbeit durchgeführten Experimente befassen
sich mit zwei Aspekten des NV-Zentrums. Zum einen werden neue Mikrowellen-Raman-Spin-
Manipulationsverfahren an dem NV-Elektronenspin untersucht, und zum anderen wird eine
neuartige On-Chip-Plattform für Quantenanwendungen und die hybride Integration dieser
Plattform mit einem einzelnen NV-Zentrum vorgestellt.
Da die Manipulation des Elektronenspins des NV-Zentrums für viele Anwendungen von

entscheidender Bedeutung ist, ist die Entwicklung neuer oder die Anpassung bekannter Spin-
Manipulationsverfahren an das NV-Zentrum von entscheidender Bedeutung, um die Anwen-
dungsmöglichkeiten des NV-Zentrums zu erweitern. Aus diesem Grund wird in dieser Ar-
beit nach der Einführung grundlegender theoretischer und experimenteller Konzepte des NV-
Zentrums über die kohärente Mikrowellen-Raman-Kontrolle an den Elektronenspin des NV-
Zentrums berichtet, die den Dipol-verbotenen Übergang zwischen zwei Spin-Subniveaus im
elektronischen Triplett-Grundzustand des NV-Zentrums direkt treiben kann. Folglich wurden
die stimulierten Raman-Übergänge (engl.: stimulated Raman transitions, SRT) und die sti-
mulierte adiabatische Raman-Passage (engl.: stimulated Raman adiabatic passage, STIRAP)
theoretisch und numerisch analysiert und erfolgreich an einem einzelnen NV-Zentrum ex-
perimentell verifiziert und umgesetzt. Die beiden Raman-Verfahren wurden dann weiterhin
hinsichtlich ihrer Robustheit und des Erfolgs des Spin transfers verglichen. Die in dieser Arbeit
untersuchten Raman-Elektronenspinmanipulationsverfahren dienen als Ergänzung des bereits
reichhaltigen Repertoires an bekannten Spinmanipulationsfähigkeiten des NV-Spindefekts
und können möglicherweise zur Entwicklung verbesserter zukünftiger Quantensensorikverfah-
ren verwendet werden.
Abgesehen davon ist für den Aufbau zukünftiger voll integrierter nanophotonischer Bau-

elemente die skalierbare On-Chip-Kopplung von Einzelphotonen-Emittern und Quantenspei-
chern mit einzelnen optischen Moden von entscheidender Bedeutung. Aus diesem Grund wird
in dieser Arbeit auch die deterministische Integration eines einzelnen NV-Zentrums mit ei-
ner photonischen Plattform behandelt. Diese, extra für diesen Zweck entwickelte photonische
Plattform besteht dabei ausschließlich aus thermisch auf einem Silizium Substrat gewachse-
nem Siliziumdioxid und zeichnet sich dabei durch ihre ultraniedrige Fluoreszenz aus. Weiter-
hin konnte mit dieser photonischen Platform verschiedene weitere passive Strukturen wie Mi-
kroresonatoren mit hohem Gütefaktor, sowie Modengrößenkonverter realisiert werden. Durch
numerische Analyse konnte eine optimale Struktur für die effiziente Kopplung eines Dipol-
Emitters an die geführte Mode eines Wellenleiters bestimmt werden. Experimentell wurde die
Integration eines vorselektierten NV-Emitters mit einem Rasterkraftmikroskop durchgeführt
und die On-Chip-Anregung des Quantenemitters sowie die Kopplung von Einzelphotonen an
die geführte Mode der integrierten Struktur nachgewiesen. Dieser Ansatz zeigt das Potenzial
dieser Plattform als robuste nanoskalige Schnittstelle von photonischen On-Chip-Strukturen
mit einzelnen Festkörper-Qubits.
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“There is a theory which states that if ever anyone discov-
ers exactly what the Universe is for and why it is here, it will
instantly disappear and be replaced by something even more
bizarre and inexplicable.

There is another theory which states that this has already
happened.”

- DOUGLAS ADAMS [1]



1 Introduction

More than 100 years ago, what is now known as the first quantum revolution began. This
term refers to the time when an increasing number of different scientific discoveries could
not be explained by the theories that existed until then, inspiring scientists to develop
new theories and explanations. One of the most famous examples of this time might be
Max Planck’s quantum hypothesis, in which he stated that electromagnetic energy can
only be emitted in quantized form, which ultimately coined the term quantum theory.
The 20th century then saw the emergence of groundbreaking inventions such as the laser
and semiconductor-based transistors, which could only be developed and explained with
the help of quantum mechanics. During the first quantum revolution, however, quantum
mechanics mainly contributed to understanding what already existed.
Now, in the 21st century, the second quantum revolution is beginning to unfold, a time

when quantum mechanics is no longer merely observed, but quantum systems are ac-
tively created and manipulated in order to develop new technologies based on quantum
mechanics, a field now referred to as quantum technology. In fact, in the eyes of many,
the second quantum revolution will be responsible for most of the major physical techno-
logical advances in the 21st century [2, 3], thus it might become known as the quantum
age [4, 5]. The prospect is that more and more quantum technologies will evolve out of
the laboratory and into everyday applications, as is already evident from the fact that an
increasing number of quantum technology companies have been founded in recent years
and that also large companies are starting to invest heavily in quantum technologies.
With the Quantum Manifesto [6], even the European Commission was urged to launch
an ambitious, long-term and large-scale flagship initiative, which led to the launch of
the Quantum Flagship in 2018 to ensure that Europe remains at the forefront of devel-
opments in quantum technology. It is therefore obvious how important research into
existing quantum systems and the development of new potential systems has become.
Given the variety of quantum technologies envisioned, such as quantum sensors, quan-

tum computers, and quantum networks [6], research is now actively being conducted on
a variety of different quantum systems to find the optimal building blocks for the diverse
tasks and requirements given. Especially if one wants to use quantum devices outside the
laboratory, it makes sense to miniaturize and simplify the hardware required to interact
with the quantum system. One of the biggest hurdles, therefore, is the typically very low
temperatures at which most quantum systems need to be maintained to function properly,
requiring sophisticated cooling hardware. Here, solid-state quantum systems hold great
promise, as some of them can exhibit atom-like quantum properties even at room tem-
perature [7], greatly simplifying the required logistics. In addition, solid-state systems
can be integrated directly with photonic and electronic circuits to optimize the interface



2 INTRODUCTION

between the quantum system and the outside world, which also offers the potential of
scalability.
One of the most well-known solid-state quantum spin defects that can operate at room

temperature thanks to its host matrix is the nitrogen-vacancy (NV) defect center in
diamond, which is the protagonist of this thesis. The NV center in diamond can act as
a solid-state spin qubit and nanoscale multisensor [8], with excellent quantum properties
even at room temperature, bypassing the necessity of cryogenics and vacuum systems.
Furthermore, as diamond is chemically inert, quantum sensors based on the NV center
in diamond are even biocompatible [9], rendering defects in diamond suited as in-vivo
nanosensors [10, 11]. These and other properties render the NV center in diamond
suitable for a variety of quantum applications [8], for what reason research on the NV
center, such as optimization of spin control sequences or the development of scalable
integration methods, is still actively pursued today, more than 45 years after the first
discovery of its optical and spin properties [12, 13].
The experiments reported in this work show the characterization of the NV defect

center in diamond in terms of its optical and spin properties, and demonstrate and
characterize the adaptation of new control schemes to the electron spin of the NV center.
In addition, a novel photonic platform for single quantum emitter integration based on
silicon dioxide is investigated, and the hybrid integration of a single NV defect center
with an on-chip waveguide structure featuring this silicon dioxide photonic platform is
demonstrated.
In Chapter 2, a brief introduction to the theory underlying most of the experiments dis-

cussed in this thesis is given. Beginning with the quantization of the electromagnetic field
starting from Maxwell’s equations, upon which the coherence properties of the quantized
electromagnetic field are discussed, in order to introduce the concept of characterizing
single quantum systems by reading out the emitted photon statistics. The chapter then
continues with the fundamental description of the coherent interaction between a quan-
tum two-level, or three-level system and a classical electromagnetic field, in order provide
some theoretical basis for the coherent manipulation schemes applied to the NV center,
discussed in later experimental parts of this thesis.
In Chapter 3, the NV center in diamond is introduced, and the atomic structure of

the NV defect in the diamond host matrix and resulting electronic structure and optical
properties are discussed. This chapter also discusses the properties and capabilities to
analyze the single photon emission from single quantum emitters and presents the typical
experimental principle of working with single solid-state quantum emitters. This chapter
is then concluded by discussing the diamond host in more detail and reviewing the
different sized diamond crystals typically used in NV experiments.
In Chapter 4, the basic principles of spin physics experiments with the NV center in

diamond are described by introducing the electron spin fine structure and the typical
spin initialization and readout techniques, as well as the spin Hamiltonian of the NV
center. Then, the experimental setup as well as the diamond sample used in the spin
manipulation experiments is outlined, and some basic spin manipulation experiments
on the NV center’s electron spin and their experimental implementation are described.
Lastly, the control over the nuclear spin intrinsic to the NV center is described, and
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experimental methods and results on polarizing the nuclear spin associated to the NV
center are presented.
In Chapter 5, more sophisticated coherent Raman control schemes on the electron spin

of the NV center are presented. Here, the idea of Raman transitions in the NV center are
first reviewed, after which the experimental implementation and results of two different
Raman control schemes are described, namely the stimulated Raman transitions (SRTs)
and the stimulated Raman adiabatic passage (STIRAP). The chapter concludes with a
comparison of the two Raman control schemes regarding their sensitivity to frequency
errors of the driving fields.
In Chapter 6, the hybrid nanophotonic integration of a single NV quantum emitter with

an on-chip photonic platform is presented. The chapter begins with an introduction to
dielectric waveguides and the guided modes therein, as well as the concept of evanescent
coupling, leading to the introduction of an on-chip platform based on freestanding silicon
dioxide waveguides. Subsequently, the deterministic integration technique of a single NV
center with an on-chip waveguide using an atomic force microscope (AFM) is described.
Lastly, single-photon measurements on the hybrid device are presented and discussed,
following by a review of concepts for possible improvements to the system.





2 Theoretical Foundations

In this chapter, a brief introduction to some important fundamental results in theoretical
quantum mechanics and quantum optics is given, with a focus on most of the topics
covered in this thesis. For further reading on the following theoretical treatments refer to
textbooks on quantum mechanics and optics, e.g., [14–19]. The chapter starts with the
quantization of the electromagnetic field, starting from the classical Maxwell’s equations,
in which also the photon, which is the quantum of the electromagnetic field, is introduced.
Furthermore, the properties of different quantum states of the electromagnetic field are
briefly discussed. The following section then deals with coherence properties of the
quantized electromagnetic field, introducing the second-order correlation function which
can be used to identify and characterize different quantum states of the electromagnetic
field. The second-order correlation function also forms the basis for characterizing the
fluorescence of single quantum emitters. In regard to this, two important model quantum
systems and their respective influence on the shape of the correlation function will be
discussed. Following this, the coherent interaction between a two-level quantum system
and a classical electromagnetic field is treated, leading to the derivation of the optical
Bloch equations and their solutions. Based on the optical Bloch equations the steady-
state solution, as well as the well-known Rabi oscillations for two-level systems, are
discussed. In this context, the Bloch sphere representation is also introduced, which
allows to describe a two-level quantum system in a simple geometrical picture. In the
last section of this chapter, the previously introduced semiclassical coherent interactions
are then extended to a three-level system, focusing on coherent Raman processes in which
transitions between two states that are not directly radiatively coupled are mediated by
a third intermediate state.

2.1. Quantization of the Electromagnetic Field

In this section, the theoretical background for quantum light will be presented, mainly
following the approach in [14]. In the beginning of the section, the classical description
of the electromagnetic field is considered, based on Maxwell’s equations. From there,
the vector potential is introduced using the Coulomb gauge, and the allowed modes in
a cavity are presented. Moving to a quantum mechanical picture, the modes in the
cavity are related to the excitations of a quantum mechanical harmonic oscillator, and
the concept of the photon is also introduced. By analogy with the harmonic oscillator,
several single-mode field states, namely the Fock and coherent states, are introduced,
which can only be described by the quantization of the electromagnetic field and have
no classical counterpart.



6 THEORETICAL FOUNDATIONS

2.1.1. Vector Potential in the Coulomb Gauge

A free, unperturbed electromagnetic field in vacuum and without charges or currents can
be described by the Maxwell’s equations in vacuum, which in differential form and in the
International System of Units (SI units) have the form (see e.g., [20]):

∇ ·B(r, t) = 0 (2.1)
∇ ·E(r, t) = 0 (2.2)

∇×E(r, t) = − ∂B(r, t)

∂t
(2.3)

∇×B(r, t) =
1

c2
∂E(r, t)

∂t
, (2.4)

where the electric field E(r, t) and magnetic field B(r, t) are introduced, c represents the
speed of light, ∇· denotes the divergence operator, ∇× denotes the curl operator, and
r = (x, y, z) represents the position vector.

Additional to the electric and magnetic field intensities, the vector potential A(r, t)
can be considered. In quantum optics, where calculations are typically nonrelativisitic,
it is common to choose the Coulomb gauge, where ∇ · A(r, t) = 0. The electric and
magnetic field are then given by the gauge relations

B(r, t) = ∇×A(r, t), E(r, t) = −∂A(r, t)

∂t
. (2.5)

Using the gauge relations and (∇×∇×A(r, t) = ∇(∇ ·A(r, t)) −∇2A(r, t)) one can
find the vector-potential wave equation [19]

∇2A(r, t) =
1

c2
∂2A(r, t)

∂t2
, (2.6)

which essentially combines the entire content of the Maxwell’s equations in the Coulomb
gauge. Hence, the vector potential A(r, t) can be used to compactly represent the fields.

If we now impose, that our whole system consists of a finite box of dimensions L×L×L
and enforce periodic boundary conditions, which means that the solutions for the field
have to be the same on opposite boundaries of the box, one finds that only discrete wave
vectors k = (kx, ky, kz) are allowed:

kx =
2π

L
nx, ky =

2π

L
ny, kz =

2π

L
nz, (2.7)

where nx, ny, nz are integers (0,±1,±2, . . .). The wave vector gives the propagation
direction of a monochromatic wave of wavelength λ with the length |k| = 2π

λ . The
discrete wave vectors, together with their polarization vectors, εk,µ (with µ = ±1) are
called the allowed modes of the field, determined by the boundary conditions. The two
polarization vectors are furthermore perpendicular to each other and k.
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With this, a general solution of the vector potential A(r, t), as well as the vector field
equations for the electric field E(r, t), and magnetic field B(r, t) can be formulated by
Fourier decomposition of all the allowed modes as [15]:

A(r, t) =
∑
k,µ

εk,µ

(
ak,µei(kr−ωkt) + a∗k,µe−i(kr−ωkt)

)
(2.8)

E(r, t) = i
∑
k,µ

εk,µωk

(
ak,µei(kr−ωkt) − a∗k,µe−i(kr−ωkt)

)
(2.9)

B(r, t) = i
∑
k,µ

(k × εk,µ)
(
ak,µei(kr−ωkt) − a∗k,µe−i(kr−ωkt)

)
, (2.10)

where ak,µ is the complex amplitude of the field, describing the strength and phase of
the excitation, and the angular frequency of the radiation field ωk, which in free space is
simply ωk = c|k|.
The total energy stored in the radiation field in a box of volume V = L3 is then in the

classical case given by the integral over the electric and magnetic field energy densities

H =
1

2

∫
V
dV

(
ε0E(r, t)2 +

1

µ0
B(r, t)2

)
, (2.11)

which using the vector field equations (Equation 2.9 - 2.10) can be rewritten as

H =
∑
k,µ

ε0V ω
2
k

(
ak,µa

∗
k,µ + a∗k,µak,µ

)
. (2.12)

2.1.2. From the Classical to the Quantized Description

Up to now, the description of the vector potential as well as the electric and magnetic
field was purely classical. In the following, we will introduce the concept of the photon,
and briefly discuss the quantization procedure of the electromagnetic field.
The idea is, that each classical radiation field mode previously introduced will be

associated with a quantum harmonic oscillator. In this picture, a photon is an elementary
excitation degree of the quantum harmonic oscillator associated with a mode, and the
degree of excitation of the quantum harmonic oscillator then corresponds to the number
of photons in the system. The quantized electromagnetic field is hence made up of
a collection of identical particles, the photons, which can be created and annihilated
through the ladder operators

â†k,µ |nk,µ〉 =
√
nk,µ + 1 |nk,µ + 1〉 (2.13)

âk,µ |nk,µ〉 =
√
nk,µ |nk,µ − 1〉 , (2.14)

known from the quantum harmonic oscillator.
In order to write down the total quantized Hamiltonian of the radiation field, one can

then simply sum over all the quantum harmonic oscillators of the k-th mode and the two
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polarizations µ to write it down in the second quantization as:

Ĥ =
∑
k,µ

~ωk

(
â†k,µâk,µ + 1/2

)
=

1

2

∑
k,µ

~ωk

(
â†k,µâk,µ + âk,µâ

†
k,µ

)
, (2.15)

where ~ is the reduced Planck constant. The operators â and â† follow the boson com-
mutation relations: [

âk,µ, âk′,µ′
]

=
[
â†k,µ, â

†
k′,µ′

]
= 0 (2.16)[

âk,µ, â
†
k′,µ′

]
= δk,k′δµ,µ′ . (2.17)

Comparing the quantum version of the energy stored in each mode (Equation 2.15)
to the classical energy stored in each mode (Equation 2.12), it can be seen that the
classical version can be easily converted to the quantum version by replacing the complex
amplitude coefficients ak,µ and a∗k,µ in the following way:

ak,µ →
√

~
2ε0V ωk

âk,µ (2.18)

a∗k,µ →
√

~
2ε0V ωk

â†k,µ. (2.19)

The same replacement can be done in Equation 2.8 - 2.10 to quantize the classical vector
potential and electric and magnetic field operators as:

Â(r, t) =
∑
k,µ

εk,µ

√
~

2ε0V ωk

(
âk,µei(kr−ωkt) + â†k,µe−i(kr−ωkt)

)
(2.20)

Ê(r, t) = i
∑
k,µ

εk,µ

√
~ωk

2ε0V

(
âk,µei(kr−ωkt) − â†k,µe−i(kr−ωkt)

)
(2.21)

B̂(r, t) = i
∑
k,µ

√
~

2ε0V ωk

[
(k × εk,µ)

(
âk,µei(kr−ωkt) − â†k,µe−i(kr−ωkt)

)]
. (2.22)

The prefactor
√

~ωk
2ε0V

in the quantized electric field can be interpreted as the energy per
photon of frequency ωk in the volume V [17], which is also known as the vacuum electric
field strength, the reason for this becoming clear in the next subsection of this chapter.

Until this point we can summarize, that each single field mode behaves both classically
and quantum-mechanically as an ordinary harmonic oscillator, and thus all the results
known from the harmonic oscillator can be applied.
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2.1.3. Single Mode Field States

Next, we will discuss different states of the electromagnetic field that can occur, where
we will focus the discussion on a single mode of the radiation field. This means, that
in the following treatment the sums in Equation 2.15 and Equation 2.20 - 2.22 will be
dropped.

Fock States

The Fock states (or number states) |n〉 are the eigenstates of the harmonic oscillator,
where a defined photon number n is in the mode of the electromagnetic field, i.e., the
n-th degree of excitation of the harmonic oscillator. The Fock state can be raised or
lowered by the (photon) creation and annihilation operators (see Equation 2.13 - 2.14).
Furthermore, Fock states are eigenstates of the number operator n̂ = â†â:

n̂ |n〉 = n |n〉 , (2.23)

which returns the integer number of photons n in the corresponding mode, when acting
on a state. Also, the number of photons in a certain mode of the Fock state is precisely
defined, as the expectation value of the fluctuations of the number of photons in a Fock
state is zero (∆n)2 = 0. Furthermore, all eigenstates |n〉 can be derived from the lowest-
energy state |0〉, which is also called the vacuum state, by repeated application of the
creation operator (Equation 2.13) to the vacuum state as:

|n〉 =
(â†)n√
n!
|0〉 . (2.24)

An eigenstate of the number operator is also an energy eigenstate of the Hamiltonian
with energy:

En = 〈n| Ĥ |n〉 = 〈n| ~ω(n̂+ 1/2) |n〉 = ~ω(n+ 1/2). (2.25)

Further important properties of the Fock state |n〉 are the expectation value of the
electric field, which vanishes:

〈n| Ê(r, t) |n〉 = 0, (2.26)

however, the variance of the electric field in the Fock state is nonzero:

〈n| Ê(r, t)2 |n〉 =
~ω
ε0V

(n+ 1/2). (2.27)

Interestingly, even for the vacuum state |0〉, when there are no photons present in the
system, there are fluctuations in the electric field called vacuum field fluctuations. The
vacuum fluctuations are responsible for many interesting phenomena in quantum optics,
e.g., they can trigger an excited atom to emit spontaneously. The vacuum fluctuations are
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therefore the cause of spontaneous emission, which cannot be explained by the classical
description of the electromagnetic field.
In summary, the Fock states |n〉 are highly nonclassical states, which cannot be de-

scribed by classical electromagnetism. Even though we can conveniently describe them
theoretically, they are not easily produced experimentally. Single quantum emitters, such
as the NV center in diamond, described in a later part of this thesis, can produce one-
photon states |n = 1〉. Furthermore, the detection of such one-photon, or single-photon
states, is nontrivial and thus will be a further discussed in Subsection 2.2.1.

Coherent States

For completeness, we will also briefly treat the coherent quantum states, which are also
called Glauber states or quasi-classical states. As the name suggests, their properties are
similar to those of the classical electromagnetic field.
A coherent state |α〉 is eigenstate of the annihilation operator â associated with the

complex eigenvalue α:

â |α〉 = α |α〉 , (2.28)

and coherent states can therefore be written in the basis of Fock states as:

|α〉 = e−
|α|2
2

∞∑
n=0

αn√
n!
|n〉 . (2.29)

In contrast to the Fock state, the number of photons in a certain mode of the coherent
state not precisely defined, as the variance (∆n)2 = |α|2 of the photon number in the
coherent state is nonzero. Looking at the expectation value of an electric field mode of the
coherent state, we can see that we actually get the classical oscillating field representation

〈α| Ê(r, t) |α〉 = iεk

√
~ωk

2ε0V

(
αei(kr−ωkt) − α∗e−i(kr−ωkt)

)
, (2.30)

in the form of a monochromatic plane wave with frequency ωk and wave vector k. The
light emitted by a monochromatic laser can for example approach a coherent state in an
ideal case (if phase drift is disregarded).

2.2. Coherence Properties of the Quantized Electromagnetic Field

Now, where we have discussed different quantum states of the electromagnetic field, we
want to take a look at the coherence properties of these different states, especially with
regard to characterizing the nature of the light source. For this, we will first look at the
detection of photons, and introduce the second-order correlation function (g(2)-function)
which can be used to identify single quantum emitters. Afterwards, we will look at
the analytic time evolution dynamics of the second-order correlation function of two-
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and three-level systems, which are the typical model systems for a variety of quantum
emitters, including the NV center in diamond.

2.2.1. Photon Detection and Second-Order Correlation Function

In the previous section we derived the quantized electric field operator Ê(r, t) (Equa-
tion 2.21), which can be separated into the sum of its positive and negative frequency
parts [21]:

Ê(r, t) = Ê(+)(r, t) + Ê(−)(r, t), (2.31)

where Ê(+)(r, t) involves only the annihilation operator â, and its adjoint Ê(−)(r, t)
involves only the creation operator â†. In the following, we will furthermore assume the
light to be linearly polarized for simplicity.
The typical experimental procedure of detecting photons in the visible is using photode-

tectors, where electrons are emitted due to the photoelectric effect. This is an absorptive
measurement, meaning the photon disappears from the radiation field, when it is de-
tected. We will therefore describe the detection event as a transition of the state of the
field from |i〉 → |f〉, where |i〉 is the initial state of the field, and |f〉 is the final state of
the field. Therefore, for the detection of a photon, only the annihilation part of the field
operator Ê(+)(r, t) contributes. The transition amplitude for the detection of a photon
is then proportional to

Pfi(r, t) = | 〈f | Ê(+)(r, t) |i〉 |2. (2.32)

Summing over all possible final states then gives the average field intensity Î(r, t) as

Î(r, t) = 〈i| Ê(−)(r, t)Ê(+)(r, t) |i〉 , (2.33)

and the average light intensity at point r and time t is given by

〈Î(r, t)〉 = 〈Ê(−)(r, t)Ê(+)(r, t)〉. (2.34)

Experimentally, we are mainly interested in the intensity-intensity coherence properties
of the photons detected at time t and time t + τ , which is governed by the quantum
mechanical second-order degree of coherence as [21]:

g(2)(r, τ) =
〈Ê(−)(r, t)Ê(−)(r, t+ τ)Ê(+)(r, t+ τ)Ê(+)(r, t)〉
〈Ê(−)(r, t)Ê(+)(r, t)〉〈Ê(−)(r, t+ τ)Ê(+)(r, t+ τ)〉

, (2.35)

which is called the normalized second-order correlation function g(2)(r, τ).
We can further simplify the second-order correlation function by only considering a

single mode of the field, which means that the spatial effects (dependence on r) can
be dropped. Furthermore, when the light source can be assumed to emit at a constant
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average intensity, i.e., 〈Î(t)〉 = 〈Î(t+ τ)〉, Equation 2.35 can be rewritten as:

g(2)(τ) =
〈Ê(−)(t)Ê(−)(t+ τ)Ê(+)(t+ τ)Ê(+)(t)〉

〈Ê(−)(t)Ê(+)(t)〉2
(2.36)

=
〈: Î(t)Î(t+ τ) :〉

〈Î(t)〉2
(2.37)

=
〈a†(t)a†(t+ τ)a(t+ τ)a(t)〉

〈a(t)†a(t)〉2 , (2.38)

where the symbol : denotes normal ordering.

The g(2)-function is of particular interest at zero time delay τ = 0, which denotes the
conditional probability of detecting two photons at the same time. The second-order
correlation function at zero time delay can be rewritten as

g(2)(τ = 0) = 1 +
(∆n)2 − 〈n〉
〈n〉2 , (2.39)

where the variance (∆n)2 depicts the fluctuations in the photon number n of a single mode
and 〈n〉 is the average photon number in the mode. As we have previously discussed, the
number of photons in a Fock state |n〉 is precisely defined, in contrast to the coherent
state |α〉 where the variance of the photon number is nonzero, resulting in values of the
g(2)-function at τ = 0 as:

Fock state: (∆n)2 = 0 → g(2)(0) = 1− 1

n
< 1 (2.40)

Coherent state: (∆n)2 = 〈n〉 → g(2)(0) = 1 (2.41)

From this we can see, that a measurement of the second-order correlation function at
τ = 0 (which means two simultaneous intensity measurements, how this can be done
experimentally will be a topic of Section 3.3) can directly show if the detected field is a
quantum field g(2)(0) < 1 or a classical field (g(2)(0) ≥ 1). More precisely, only if the
initial state was a one-photon Fock state (n = 1), the g(2)(0)-function returns a value
of zero (g(2)(0)|1〉 = 0). For a two-photon Fock state (n = 2) the g(2)-function at t = 0

already returns a value of g(2)(0)|2〉 = 0.5, and for a three-photon Fock state (n = 3) the
value of g(2)(0) is even higher (g(2)(0)|3〉 = 0.6̄).

From this we can see, that the threshold of g(2)(0) < 0.5 can be used to discriminate
a single photon source from a source emitting multiple photons simultaneously, as the-
oretically only light from a single photon source allows the detection of a normalized
second-order correlation < 0.5 at zero time delay. This is why the g(2)(0)-value is usually
used in experiments as a benchmark to confirm single quantum emitters.
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2.2.2. Two- and Three-Level Correlation Dynamics

The exact shape of the second-order correlation function can provide important informa-
tion about the time evolution dynamics of the states within a quantum system. Therefore,
we will here introduce two important model quantum systems, the two-level and three-
level system, and evaluate how the rate dynamics in these systems relate to the shape of
the second-order correlation function in a semi-classical picture.
First, to make a connection between the rate dynamics in a quantum system and the

g(2)-function, we take a look at the detection probability of a photon from the system.
If the photon stems from a radiative transition within the quantum system, e.g., from
state |2〉 to state |1〉, the probability to detect a photon is proportional to the population
of state ρ2(t). Furthermore, a detected photon from the transition |2〉 → |1〉 projects
the system into state |1〉. Hence, the population ρ2(τ) of state |2〉 at time t + τ after
detection of a photon at time t is exactly corresponding to the conditional probability
of detecting a photon at time t and a second photon at time t + τ . The second-order
correlation can therefore be expressed by the population in state |2〉 at time τ normalized
by the asymptotic limit, when state |2〉 approaches stationary population ρ2(∞) as [16]:

g(2)(τ) =
ρ2(τ)

ρ2(∞)
. (2.42)

Hence, it is possible to deduce the theoretical shape of the g(2)-function from the rate
model of a quantum system, which in the following will be shown for two simple model
systems.

The Two-Level System

The simplest model system consists of two levels |1〉 and |2〉, where transitions can only
occur between those two levels. Figure 2.1(a) shows the energy diagram of the two-level
system, where the transition rates Γij between the levels |i〉 → |j〉 (for i, j ∈ 1, 2) are
symbolized by arrows.
The population of the state ρi,j in such a system can be described by a coupled set of

differential equations:

ρ̇1(t) = −ρ1(t)Γ12 + ρ2(t)Γ21 (2.43)
ρ̇2(t) = +ρ1(t)Γ12 − ρ2(t)Γ21, (2.44)

where ρ1 + ρ2 = 1, and the dot depicts the time derivative. In the case of a two-level
quantum emitter Γ12 is the rate at which the excited state |2〉 is populated, usually by
optical pumping with a laser, and Γ21 is the spontaneous emission rate of the excited
state.
By analytically solving the two-level rate equations (Equation 2.43-2.44, the analytic

solution can be found e.g., in [16, 22]), the g(2)-function of the two-level system can be
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Figure 2.1. (a) Schematics of the two-level system, where the transition rates between
the levels are symbolized by arrows. (b) g(2)-function of the two-level system according to
Equation 2.45 for different values of λ2 = (Γ12 + Γ21).

derived using Equation 2.42, as:

g(2)(τ) = 1− e−(Γ12+Γ21)τ = 1− e−λ2τ . (2.45)

The resulting time dynamics of the g(2)-function correlation of an example two-level
system are shown in Figure 2.1(b). As expected, the function shows a decrease to zero
at zero time delay τ → 0, as the detection of two subsequent photons is decreased here.
The function then increases symmetrically around zero time delay, which is usually called
the antibunching-dip, where the exact shape of this dip is depending on the pump and
spontaneous emission rate. In the limit of long time delays (τ → ∞), the value of the
normalized g(2)-function then approaches 1 (g(2)(∞) = 1), as the photons become totally
uncorrelated for long delay times.

The Three-Level System

Another important model system to consider is the three-level system, as it is shown in
Figure 2.2(a). Here, an additional level |3〉 was introduced between the levels |1〉 and
|2〉 from the previously described two-level system. In this three-level system we assume
that optical pumping is only between states |1〉 → |2〉, hence the transitions |1〉 → |3〉,
and |3〉 → |2〉 are neglected.

The rate equations for such a three-level system can be expressed as:

ρ̇1(t) = −ρ1(t)Γ12 + ρ2(t)Γ21 + ρ3(t)Γ31 (2.46)
ρ̇2(t) = +ρ1(t)Γ12 − ρ2(t)Γ21 − ρ2(t)Γ23 (2.47)
ρ̇3(t) = +ρ2(t)Γ23 − ρ3(t)Γ31, (2.48)
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Figure 2.2. (a) Schematics of the three-level system, the transition rates between the lev-
els are symbolized by the arrows. (b) g(2)-function of the three-level system according to
Equation 2.49, assuming that only photons from the transition |2〉 → |1〉 are detected. Here
λ2 = 1 is fixed, and different ratios of λ3/λ2 are illustrated, which can be seen to influence the
bunching behavior of the correlation function.

with ρ1 + ρ2 + ρ3 = 1. Assuming that only photons from the transition |2〉 → |1〉 are
detected, the analytic evaluation of the three-level rate equations (Equation 2.46-2.47,
the solution to which can be found e.g., in [22–24]), yields the following result for the
g(2)-function of a three-level system:

g(2)(τ) = 1− (1 +A)eλ2τ +Aeλ3τ , (2.49)

with

λ2/3 =
−P ∓

√
P 2 − 4Q

2
(2.50)

P =Γ21 + Γ12 + Γ23 + Γ31 (2.51)
Q =Γ31(Γ21 + Γ12) + Γ23(Γ31 + Γ12) (2.52)

A =
λ2(Γ31 + λ3)

Γ31(λ2 − λ3)
. (2.53)

The resulting time dynamics of the g(2)-function of a three-level system are shown in
Figure 2.2(b). As expected, the function shows an antibunching-dip at zero time delay
τ → 0, similar to the two-level system. In contrast to the two-level dynamics, the function
then however increases to a value > 1 with increasing delay |τ | > 0, due to the population
in the additional level |3〉. This behavior is usually called bunching, as the detection of
two subsequent photons is increased during this time. The parameter A is therefore often
referred to as bunching amplitude, and λ2 and λ3 can be termed the antibunching and
bunching rate, respectively. For long time delays τ → ∞, the three-level g(2)-function
also reaches the steady state value of g(2)(∞)→ 1, analogously to the two-level system.
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It is important to notice that the above made considerations for the g(2)-function
are based on a semi-classical picture, where coherence effects are neglected. Within the
framework of this thesis, this picture of the g(2)-function is sufficient, as optical excitation
of quantum systems was only performed with light far detuned from the optical transition
frequency. The resonant interaction of an electromagnetic field with a two-level system
will be a topic of the following section, where the full quantum mechanical description of
the system needs to be employed.

2.3. Two-Level Coherent Interactions

In this section we will revisit the two-level system (which can be, e.g., a two-level atom,
a qubit, or a spin-1/2 particle), however this time we will also account for quantum
coherences between the two levels, which were ignored in the previous rate-equation
treatment. The following treatment will be based on the semi-classical approach, which
means that the two-level system will be treated quantum mechanically, whereas the
field is treated classically, hence an electromagnetic field described by real electric and
magnetic vectors obeying Maxwell’s equations. This treatment is sufficient to cover the
experiments performed in the framework of this thesis.
First, the Hamiltonian of the two level system and the classical field will be introduced,

which combined can be used to derive the dynamics of the coupled system resulting
in the optical Bloch equations. The optical Bloch equations allow the introduction of
decoherence to the evolution, which is required for the description of real systems. From
the optical Bloch equations the steady-state solution of the two-level system interacting
with a field, as well as the time-dynamics, are introduced. Lastly, the Bloch sphere
representation is introduced, which can serve as an intuitive pictorial representation of
the two-level system.

2.3.1. Two-Level Quantum System and Driving Field

We start by considering a two-level system, that supports two basis quantum states,
which we label as |1〉 and |2〉, constituting a complete orthonormal system (〈i|j〉 = δij
with i, j ∈ 1, 2). Any arbitrary state of the two-level system can be described by a
superposition of the two states

|ψ〉 = c1 |1〉+ c2 |2〉 = c1

(
1
0

)
+ c2

(
0
1

)
, (2.54)

with the complex probability amplitudes c1 and c2. This means, that by performing a
measurement that projects the two-level system onto the basis {|1〉 , |2〉}, the probabilities
for finding the system in state |1〉 or |2〉 are given by |c1|2, and |c2|2, respectively, which
due to the conservation of probability in the system have to sum up to one:

|c1|2 + |c2|2 = 1. (2.55)
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The energy of the eigenstates |1〉 and |2〉 of the two-level system is given by E1 = ~ωL1
and E2 = ~ωL2, respectively. A simplification can be made by fixing the energy of state
|1〉 to zero, hence the separation of the states is defined by ∆E = ~ωL2 = ~ω0, where we
introduced the resonance frequency ω0 of the system. The two-level system Hamiltonian
is then given by

ĤS = ~ω0 |2〉 〈2| = ~ω0σ̂
†σ̂ =

(
0 0
0 ~ω0

)
. (2.56)

Here, the state projection operator σ̂†σ̂ = |2〉 〈2| and the lowering and raising operators

σ̂ = |1〉 〈2| and σ̂† = |2〉 〈1| (2.57)

were introduced.
The electric field interacting with the two-level system is assumed to be a monochro-

matic classical electric field with angular frequency ω:

E(t) = E0 cos(ωt). (2.58)

The spatial dependence of the field is ignored here, as we assume the wavelength λ of the
field much larger than the size of the two-level system, such that any variations of the field
over the extent of the system can be ignored. This is the so-called dipole approximation.
The interaction Hamiltonian in the dipole approximation can be written as

ĤI = −D̂E(t) = −D̂E0 cos(ωt) = −D̂E0

2
(e−iwt + eiwt), (2.59)

where the dipole operator D̂ represents the intrinsic coupling strength between the states
|1〉 and |2〉. The dipole operator can be written in terms of the lowering and raising
operators as:

D̂ = d(σ̂ + σ̂†). (2.60)

The interaction Hamiltonian can therefore be written in terms of σ and σ† as

ĤI = − dE0(σ̂ + σ̂†) cos(ωt) (2.61)

= − ~Ω(σ̂ + σ̂†) cos(ωt) (2.62)

= − ~Ω

2
(σ̂ + σ̂†)(e−iwt + eiwt) (2.63)

where the Rabi frequency

Ω :=
dE0

~
(2.64)

was introduced. The Rabi frequency characterizes the coupling strength between the
two-level system and the field.
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2.3.2. System Hamiltonian

In the following, we want to derive the resulting dynamics of the two-level system inter-
acting with the electric field introduced above. The dynamics can be described by the
Hamiltonian

Ĥ = ĤS + ĤI , (2.65)

which consists of the sum of the unperturbed two-level system Hamiltonian ĤS and
the interaction Hamiltonian ĤI . With the previously derived expressions for ĤS (Equa-
tion 2.56) and ĤI (Equation 2.63), the Hamiltonian can be rewritten as

Ĥ = ~ω0σ̂
†σ̂ − ~Ω

2
(σ̂eiwt + σ̂†e−iwt + σ̂e−iwt + σ̂†eiwt). (2.66)

We can see, that this Hamiltonian involves oscillatory terms at frequencies of the driving
field, which suggests the transformation into the rotating frame of the electric field ω. In
the rotating frame of the driving field, the Hamiltonian becomes

ˆ̃H = −~∆σ̂†σ̂ − ~Ω

2
(σ̂ + σ̂† + σ̂e−i2wt + σ̂†ei2wt), (2.67)

where the tilde indicates the rotating frame representation, and the detuning between the
electric field and the two-level system transition frequency ∆ = (ω − ω0) was introduced.
This Hamiltonian in the rotating frame now involves two terms which oscillate rapidly
at twice the electric field frequency 2ω. As we are not interested in such fast dynamics,
we can make the rotating-wave approximation (RWA), which focuses on slow dynamics
of the Hamiltonian where the fast oscillating terms are assumed to average out and can
hence be neglected. In the RWA, the system Hamiltonian of the coupled two-level system
and driving field with Rabi frequency Ω and detuning ∆ can thus be written as:

ˆ̃HRWA = −~∆σ̂†σ̂ − ~Ω

2
(σ̂ + σ̂†). (2.68)

2.3.3. Optical Bloch Equations

Here we will give an overview of the optical Bloch equations, also known as the Maxwell-
Bloch equations, which describe the dynamics of a two-level quantum system, interacting
with an electromagnetic field. More specifically, they represent the evolution of the
density matrix ρ̂, which for a two-level system with wave function |ψ〉 (see Equation 2.54)
can be written as: [16]

ρ̂ = |ψ〉 〈ψ| =
(
ρ11 ρ21
ρ12 ρ22

)
=

(
|c1|2 c2c

∗
1

c1c
∗
2 |c2|2

)
, (2.69)

where each element of the density matrix corresponds to a physical quantity. The mean-
ing of the diagonal elements ρ11 = |c1|2 and ρ22 = |c2|2 was already described as the
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population probabilities of the levels |1〉 and |2〉. The off-diagonal elements ρ12 = c1c
∗
2

and ρ21 = c2c
∗
1 give the relative phase between the two states, the so-called coherences.

The time evolution of a density matrix can be obtained by an extension of the Schrödinger
time evolution, the so-called von Neumann equation

i~
∂ρ̂

∂t
= [Ĥ, ρ̂], (2.70)

with the brackets denoting the commutator of the system Hamiltonian and the density
matrix.

Inserting the system Hamiltonian in the rotating frame and RWA (Equation 2.68) and
the density matrix (Equation 2.69) into the von Neumann equation, the equations of
motion for the density matrix elements can be obtained as [19]:

˙ρ11 = −i
Ω

2
(ρ̃21 − ρ̃12) (2.71)

˙ρ22 = i
Ω

2
(ρ̃21 − ρ̃12) (2.72)

˙̃ρ12 = −i∆ρ̃12 − i
Ω

2
(ρ22 − ρ11) (2.73)

˙̃ρ21 = i∆ρ̃21 + i
Ω

2
(ρ22 − ρ11), (2.74)

where the population probabilities of the levels ρ11, and ρ22 are independent of the choice
of frame, while the coherences ρ12, and ρ21 have an additional phase factor in the rotating
frame [19]:

ρ̃11 = ρ11 ρ̃22 = ρ22 (2.75)

ρ̃12 = ρ12e
−iωt ρ̃21 = ρ21e

iωt. (2.76)

The above given equations of motion represent the evolution of the density matrix
elements in an ideal case, where the system’s states are stable, and the system is isolated
from the rest of the world. In reality, however, quantum systems interact with their
environment, which leads to incoherent dynamics which can significantly influence the
time evolution. Incoherent processes can be distinguished into relaxation processes, which
describe a transition from one state to another state, where energy is exchanged with
the environment, and dephasing processes, which describe processes, where the phase of
the superposition states is affected by environmental couplings, typically without energy
exchange with the environment [18].

The density matrix formalism conveniently allows us to describe the incoherent evolu-
tion, e.g., a damping of the two-level system. First, we assume a finite lifetime of the
state |2〉, which in magnetic resonance language is commonly notated as T1-time. Such
energy relaxation results in a decay of population from state |2〉 to state |1〉 with the rate
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1/T1, which affects the diagonal elements of the density matrix as:

˙ρ11 =
1

T1
ρ11 (2.77)

˙ρ22 = − 1

T1
ρ22. (2.78)

The T1-time also affects the off-diagonal elements of the density matrix, hence the
coherences. The damping of the coherences is given by the so-called coherence time
or T2-time, which is fundamentally limited to T2 ≤ T1/2. The T2-time influences the
off-diagonal elements of the density matrix as:

˙̃ρ12 = − 1

T2
ρ̃12 (2.79)

˙̃ρ21 = − 1

T2
ρ̃21. (2.80)

Most real systems however are subject to additional decay mechanisms of the coherence
(e.g., collisions of atoms in a gas or fluctuations of the energy levels) which additionally
reduces the coherence between the levels with the rate 1/T ′2 such that the notation of
the T ∗2 -time is introduced, which is given by

T ∗2 =

(
1

T2
+

1

T ′2

)−1
. (2.81)

The T2-time then only gives an upper limit of the coherence time, such that T ∗2 ≤ T2.

Finally, by combining the equations of motion for the density matrix elements with
the damping terms, the optical Bloch equations can be obtained as [19]:

˙ρ11 = −i
Ω

2
(ρ̃21 − ρ̃12) +

1

T1
ρ22 (2.82)

˙ρ22 = i
Ω

2
(ρ̃21 − ρ̃12)−

1

T1
ρ22 (2.83)

˙̃ρ12 = −(
1

T ∗2
+ i∆)ρ̃12 − i

Ω

2
(ρ22 − ρ11) (2.84)

˙̃ρ21 = −(
1

T ∗2
− i∆)ρ̃21 + i

Ω

2
(ρ22 − ρ11). (2.85)

With these equations of motion, describing the dynamics of the density matrix elements
of a two-level system interacting with an electromagnetic field at hand, the next steps
are to take a look at the steady-state solution of the optical Bloch equations, as well as
the time evolution.
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2.3.4. Steady-State Solution and Power Broadening

Due to the damping terms introduced in the optical Bloch equations (Equation 2.82-2.85),
the system can reach a steady-state for long time delays (t → ∞). Hence, the steady-
state solution describes the equilibrium population of the tow-level system, where the
time derivatives in the optical Bloch equations become zero. The steady-state solution
of the population probability of state |1〉, hence the matrix element ρ11 is given by [19]:

ρ11 = 1− Ω
2T1

2T ∗2

1

∆2 + (1 + Ω2T1T ∗2 )/T ∗2
2 . (2.86)

From this equation we see, that on resonance (∆ = 0) the state |1〉 shows a saturation
behavior, where a minimum occupation of ρ11 = 0.5 can be reached for strong driving of
the system (Ω � 1/T ∗2 ≈ 1/(2T1)). The distribution of the state population according
to Equation 2.86, depending on the detuning from resonance ∆, which is also called the
spectral line shape, is presented in Figure 2.3 for different strengths of the excitation
field.
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Figure 2.3. Probability distribution for the two-level system to be in state |1〉 in the steady
state, in dependence of the detuning ∆ of the interacting electric field, according to Equa-
tion 2.86 (with T1 = 2, T ∗

2 = 1). The function follows a Lorentzian profile with a minimal
FWHM of ∆ω = 2/T ∗

2 , which is limited by the T ∗
2 -time in the limit of weak excitation Ω� 1/T ∗

2 ,
as indicated. A stronger interaction field effectively broadens the line, where ∆ω = 2

√
2Ω in

the limit Ω� 1/T ∗
2 , a phenomenon known as power broadening. Furthermore, the population

probability of state |1〉 at resonance (∆ = 0) decreases for stronger driving fields, saturating at
a minimum value of 0.5.

From Figure 2.3 and with the definition of the detuning from resonance condition
∆ = (ω − ω0) it is easy to see, that Equation 2.86 represents a Lorentz distribution with
a full-width at half maximum (FWHM) of:

∆ω =
2

T ∗2

√
1 + Ω2T1T ∗2 . (2.87)
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The minimal width of the spectral line can be obtained under weak excitation of the sys-
tem (Ω� 1/T ∗2 ≈ 1/(2T1)), where the FWHM of the Lorentzian function can approach
the limit defined by the inverse of the T ∗2 -time as ∆ω = 2/T ∗2 . Increasing the excitation
field Ω above this limit increases the width of the resonance line, hence the line shape of
the transition is broadened due to the strong coupling to the field, a phenomenon which
is often called power broadening of the transition. In the limit of strong interaction with
the field (Ω � 1/T ∗2 ≈ 1/(2T1)) the FWHM of the Lorentzian is given by ∆ω = 2/T ∗2 .
Especially if the position of a resonance line should be determined very accurately, or if
multiple resonance lines are close to each other, it might be desirable to reduce the effect
of power broadening, a task which will become important later in the experimental part
of the thesis.

2.3.5. Rabi Oscillations

In the following, we want to take a closer look at the time dynamics of a two-level
system subject to an oscillating electric field with the help of the previously derived
optical Bloch equations (Equation 2.82-2.85). There is no simple analytical solution to
the optical Bloch equations, when both detuning and damping are considered, hence we
will take a look at the influence of these factors on the time evolution of the density
matrix elements separately.
Let us first consider the case where the dampings in the system are negligible, hence

1/T ∗2 ≈ 1/T1 ≈ 0. Assuming that the system is initially in state |1〉, ρ11(t = 0) = 1 and
ρ22(t = 0) = 0, the density matrix element for the population probabilities of the state
|1〉 evolves as:

ρ11(t) = |c1(t)|2 = 1− Ω
2

Ω′2
sin2

(
Ω
′

2
t

)
, (2.88)

and obviously ρ22(t) = 1 − ρ11(t). In the above solution of the dynamic evolution the
generalized Rabi frequency Ω

′ was introduced:

Ω
′ =

√
Ω2 + ∆2, (2.89)

hence, the time evolution shows an oscillatory behavior between the two levels with
the generalized Rabi frequency. This oscillatory behavior of population inversion is well
known as Rabi oscillations. In Figure 2.4(a) the Rabi oscillations of a two-level system
initially in state |1〉 are presented for the case of resonant interaction (∆ = 0), as well as
off-resonant interaction (∆ 6= 0). In the case of resonant interaction the generalized Rabi
frequency is equal to the Rabi frequency Ω

′ = Ω and a total inversion between the states
|1〉 and |2〉 can be seen to occur during the Rabi cycle. In case of nonzero of detuning the
contrast of the oscillations can be seen to decrease (no more complete inversion between
the states |1〉 and |2〉), while the frequency of the Rabi oscillations is increased.
Another case one can consider is a resonant field (∆ = 0) interacting with a two-level

system that shows damping with (T ∗2 = T1/2). Assuming the same initial conditions as
before (ρ11(t = 0) = 1, ρ22(t = 0) = 0) one can find the following expression for the Rabi
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Figure 2.4. The time evolution of the density matrix element ρ11 for a two-level system
initially in state |1〉 interacting with an electric field shows an oscillatory population inversion,
which is known as Rabi oscillations. (a) Time evolution according to Equation 2.88, if damping
in the system is negligible (1/T ∗

2 ≈ 1/T1 ≈ 0), and the applied field is either resonant, or slightly
detuned by ∆ from the two-level transition frequency. (b) Time evolution in the resonant case
(∆ = 0) for different values of T ∗

2 coherence time of the quantum system. The solid lines show
the result from the exact solution (Equation 2.90) and the dashed lines show the results for
the approximation made in Equation 2.92.

damped oscillations [19]:

ρ11(t) = |c1(t)|2 = 1− Ω
2/2

Ω2 + 2/T ∗2
2

[
1− e

− 3
2T∗2

t
(

cos(ΩT t) +
3

2T ∗2 ΩT
sin(ΩT t)

)]
,

(2.90)

where the damped Rabi frequency

ΩT =

√
Ω2 − 1

4T ∗2
2 (2.91)

was introduced. The time evolution of Equation 2.90 is shown by the solid lines in Fig-
ure 2.4(b) for different values of T ∗2 coherence time. We can see how the Rabi oscillations
show different strong damping, depending on the 1/T ∗2 decoherence rate.

The lengthy expression for damped Rabi oscillations found in Equation 2.90 can be
substantially simplified if the T ∗2 -time is assumed much smaller than the Rabi frequency
( 1
T ∗2
� Ω), which simplifies the above equation for damped Rabi oscillations to a simpler

expression of exponentially decaying Rabi oscillations:

ρ11(t) = |c1(t)|2 =
1

2

(
1 + e

− 3
2T∗2

t
cos(Ωt)

)
, (2.92)
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which can also be found in Figure 2.4(b) (dashed lines). As the above assumption usually
holds in the experiments performed within this thesis, this simplified solution is typically
sufficient to describe the experimentally observed damped Rabi oscillations.
As we can see, the optical Bloch equations can give us an analytic description of the

dynamics of a two-level system interacting with a classical electromagnetic field if certain
assumptions are made. Above we did show the analytic results for the density matrix
element ρ11 (in the RWA), if either the driving field is in resonance with the transition
frequency of the two-level system, or the damping terms 1/T1, 1/T ∗2 are negligible. To
calculate dynamics of more general or complex problems, e.g., solving dynamics of sys-
tems with more than two levels and/or multiple electrical field frequencies, solutions
without invoking the RWA and/or dynamics with detuning and damping, it is typically
required to turn to numerical methods. Thanks to modern computing powers and open-
source software, like the QuTiP [25] library in the Python programming language, such
simulations can today easily be performed on a personal computer. Numeric solutions
of dynamic quantum systems will be of importance when the more complex three-level
system is reviewed.

2.3.6. Bloch sphere Representation

Following up to the optical Bloch equations reviewed previously, here the Bloch sphere
representation will be introduced, which allows a simple geometrical picture of the time
evolution and state of a two-level system. In this representation, the density matrix of a
state can be represented by the Bloch vector b = (bx, by, bz), which is defined as:

bx = ρ12 + ρ21 = 2 Re(ρ12) (2.93)
by = i(ρ12 − ρ21) = −2 Im(ρ12) (2.94)

bz = ρ11 − ρ22. (2.95)

Remembering the definition of the matrix elements of the density matrix, we see that the
bz component of the vector represents the population of the two levels under consideration,
while bx and by constitute the real and imaginary parts of the coherence. Hence, the two
basis states |1〉 and |2〉 of a two-level system are represented by the Bloch vectors

b|1〉 =

0
0
1

 , and b|2〉 =

 0
0
−1

 , (2.96)

and any possible superposition of the two states lies on a sphere of radius |b| = 1, as
illustrated in Figure 2.5, which is called the Bloch sphere. The projection of the Bloch
vector on the z-axis can be interpreted as the population probability of the states, and
the projection on the xy-plane can be interpreted as the complex coherence.
The Bloch sphere can be a useful representation to illustrate the evolution of the

Bloch vector. First, considering the case of harmonic driving with Rabi frequency Ω, and
neglecting any damping of the system. In the rotating frame and with the RWA applied,
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Figure 2.5. (a) Bloch sphere with the Bloch vector initially in state |1〉 (solid arrow) in-
teracting with a resonant driving field with Rabi frequency Ω. If the field is resonant to the
two-level system (∆ = 0), the Bloch vector rotates around Ω ‖ x until the interaction is turned
off (dashed arrow). (b) Evolution of a Bloch vector initially in a coherent superposition state
(|1〉+ |2〉)/

√
2 (solid arrow). Even if no driving field is applied, the Bloch vector can start to

precess around the z-axis if the two-level transition frequency is slightly detuned in respect to
the driving field (∆ 6= 0).

the time evolution of the Bloch vector can be written as:

ḃ = Ω × b, with Ω =

−Ω

0
∆

 . (2.97)

Thus, the Bloch vector rotates around the vectorΩ at angular velocity |Ω|. If the applied
field is resonant (∆ = 0) to the two-level system, which starts at time t = 0 in state |1〉,
the precession of the Bloch vector is described by:

b =

 0
sin(Ωt)
cos(Ωt)

 . (2.98)

This means, that it rotates with constant velocity in the yz-plane, where it periodically
passes through the two basis states |1〉 and |2〉, as illustrated in Figure 2.5(a), which
is the geometrical representation of the previously introduced resonant Rabi oscillations
without damping. In the case of non-zero detuning, the vector Ω no longer only has a
x-component, but also a z-component, hence the precession of the Bloch vector no longer
goes through state |2〉. As we saw before in the analytic treatment, Rabi oscillations with
no complete population swap occur if ∆ 6= 0.

If the external resonant field is turned off after time t, the vector stops evolving and
stays fixed in the rotating reference frame. Of particular interest are pulses with a pulse
area of Ωt = π/2 and Ωt = π, the so-called π/2-pulse and π-pulse. For a two-level system
initially in state |1〉, the π/2-pulse can create a coherent superposition of state |1〉 and
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|2〉 of equal weight, and a π-pulse flips the system initially in state |1〉 to state |2〉:

|1〉 π/2-pulse−−−−−−→ (|1〉+ |2〉)/
√

2 (2.99)

|1〉 π-pulse−−−−−−→ |2〉 . (2.100)

The π/2-pulse is also known as Hadamard gate in quantum logic, where it serves as a
fundamental building block for many quantum algorithms.
The Bloch representation can also be useful to describe the influence of decoherence

on the system. Assuming the system in the initial superposition state (|1〉 + |2〉)/
√

2,
hence Bloch vector b = (0, 1, 0)ᵀ and in the absence of a driving field. As we are in the
rotating frame, the Bloch vector precesses in the presence of detuning as

b =

− sin(∆t)
cos(∆t)

0

 , (2.101)

hence, non-zero detuning causes a rotation around the z-axis, which is illustrated in
Figure 2.5(b). If the transition frequency of the two-level system is slightly detuned in
respect to the driving field ∆, the Bloch vector will start to evolve around the equator
of the Bloch sphere (remember that the Bloch representation is in the rotating frame of
the electric field).
This brief introduction of the Bloch representation and the influence of a driving field

and decoherence will become handy later in the experimental part of this thesis, as it
can serve as an instructive visualization of different spin manipulation schemes of the NV
center’s electron and nuclear spin.

2.4. Three-Level Coherent Interactions

While the last section treated the coherent dynamics of a two-level system interacting
with a classical electromagnetic field of single frequency, this section will give a brief
insight into the coherent dynamics of a three-level system, subject to an external electric
field containing two different frequency components. We will cover this topic, as three-
level systems can be found, e.g., in the triplet ground and excited state manifold of the
NV center treated in this thesis. In many cases, systems with three or more levels can
in fact be reduced to an effective two-level system, if the levels are well separated, and
single transitions can be addressed individually. Hence, the two-level treatment in the
last section is sufficient in most cases. However, if the levels are not well separated or
if multiple transitions are addressed simultaneously, a full treatment of the multi-level
system is important. Following closely to the conducted experiments in this thesis, this
treatment will be focused on coherent Raman processes, which can be thought of as
transitions between two states which are not directly radiatively coupled, but rather the
transition is mediated through a third intermediate state.
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2.4.1. Three-Level Quantum System and Driving Field

We will start again with the typical model three-level system comprising three non-
degenerate energy levels in a Λ-type configuration, e.g., an atom with multiple long-
lived hyperfine ground states, and a radiative excited state. The underlying physics can
however be transferred to a ∨-type configuration, as it can be found in the triplet ground
and excited state manifold of the NV center, or a cascade-type configuration, as it can
be found e.g., in Rydberg atoms. An arbitrary state of the three-level system can be
described by a superposition of the three states

|ψ〉 = c1 |1〉+ c2 |2〉+ c3 |3〉 = c1

1
0
0

+ c2

0
1
0

+ c3

0
0
1

 (2.102)

with the complex probability amplitudes c1, c2, c3, and

|c1|2 + |c2|2 + |c3|2 = 1. (2.103)

|1〉

|2〉

|3〉

Pump
(Ω1, ω1)
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(Ω2, ω2)ω13

ω12

δ
∆

Figure 2.6. Schematic of a three-level Λ-type system interacting with a field compromised of
pump frequency ω1 and Stokes frequency ω2 with respective Rabi frequencies Ω1 and Ω2. The
one-photon detuning ∆ is the mean detuning of both driving fields in respect to the resonant
transition frequencies in the three-level system, which plays a crucial role in the stimulated
Raman process, the two-photon detuning is labeled δ and is usually detrimental to the Raman
process.

The model three-level Λ-type system is illustrated in Figure 2.6 where, analogously
to the two-level system, the eigenergy of each state can be labeled as Ei = ~ω1i, for
i ∈ 1, 2, 3. By setting the energy of state |1〉 to zero, the 3×3 matrix for the Hamiltonian
of the three-level system can be written as:

ĤS = ~

0 0 0
0 ω12 0
0 0 ω13

 . (2.104)
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The electric field interacting with the three-level system (again in the dipole approx-
imation) is now assumed to be compromised of two monochromatic fields with pump
frequency ω1 and Stokes frequency ω2:

E(t) = E1(t) +E2(t) = E1 cos(ω1t) + E2 cos(ω2t). (2.105)

The interaction Hamiltonian can be written in matrix form as [26]:

ĤI =
~
2

 0 0 Ω1 cos(ω1t)
0 0 Ω2 cos(ω2t)

Ω1 cos(ω1t) Ω2 cos(ω2t) 0

 , (2.106)

with the complex Rabi frequencies Ω1 and Ω2, associated with the pump and stokes driv-
ing field, respectively. Furthermore, the following common terminology for the detunings
(see Figure 2.6) are introduced:

∆ : one-photon detuning (2.107)
δ : two-photon detuning. (2.108)

With the system Hamiltonian Ĥ = ĤS + ĤI it is possible to find three-level Bloch
equations, which form nine coupled differential equations (see e.g., [27]), which without
any assumptions are quite general and not easily solvable. However, depending on the
specific experiment or phenomena investigated, some assumptions or approximations can
to be made, e.g., quasi-resonant or far-detuned fields, in order to obtain analytic solutions
for the dynamics of the three-level system [28]. Alternatively, the time evolution of the
population in the three states can be obtained numerically, as mentioned previously. In
the following, a brief introduction of one famous effect in three- or more level systems,
the Raman effect will be introduced, and a brief analytical treatment of two processes
harnessing the Raman effect will be given.

2.4.2. Introduction to Coherent Raman Processes

The traditional Raman effect, predicted by Smekal in 1923 [29] and first observed by
Raman in 1928 [30] stands for an inelastic light-scattering process, in which a pump (or
primary) photon scatters into a Stokes (or secondary) photon, where the difference in
photon energy is due to an energy change of a molecule, which is usually a vibrational
or rotational excitation of the molecule [31]. This kind of spontaneous Raman scattering
was first used in molecular spectroscopy, as the Raman spectrum of a molecule can give
insights about its vibrational and rotational modes, and specific molecules can be iden-
tified based on their spectral Raman fingerprint [32]. Spontaneous Raman spectroscopy
won’t be discussed here, but further insights into spontaneous Raman spectroscopy can
be found, e.g., in [33].
If the Stokes photon in the Raman process is supplied, rather than spontaneously

created, the process is termed stimulated Raman scattering (SRS) [34]. Initially, SRS was
thought to link an initially populated ground state |1〉 to an electronically excited state
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|3〉 via the pump photon, and to additionally link state |3〉 to a lower-energy metastable
target state |2〉 via the Stokes photon in a Λ linkage pattern. If the difference in frequency
between the pump and Stokes photon is linked to a specific vibrational or rotational
transition, this transition becomes resonantly enhanced, making its signal several orders
of magnitude higher than that of spontaneous Raman scattering.
Nowadays, the term Raman transition or more generally Raman excitation of a tran-

sition is usually more generally used to describe transitions, in which the Raman effect
is used to excite transitions between two states which are not directly coupled to a ra-
diation field. Here, the radiation field excites a coherent superposition of the two states
|1〉 and |2〉 by a two-photon transition through a third intermediate state |3〉. Typically,
the two-photon transition is detuned from the intermediate state, so that it does not get
populated in the process, and the two-photon transition happens via a virtual state.

2.4.3. Stimulated Raman Transitions (SRTs)

In the following, we will briefly introduce the analytic treatment of stimulated Raman
transitions (SRTs), where we will first introduce the typical approach to the Raman
problem which is adiabatically eliminating the intermediate state |3〉, followed by a more
accurate analytical treatment of the Raman transition problem for arbitrary values of
one-photon detuning ∆, where all three states are considered.

Adiabatic Elimination

A typical textbook approach to the Raman transition problem lies in adiabatically elim-
inating the intermediate state |3〉 from the description of the dynamics. The motivation
for this adiabatic elimination method is, that if state |3〉 does not have any initial popula-
tion and is far-detuned from the two driving fields, it will not or only barely be populated
in the Raman process. In this approximation the change of population in the intermedi-
ate state can therefore be taken as approximately zero (ċ3(t) = 0) and the description
of the dynamics can be reduced to an effective two-level system |1〉 ↔ |2〉. In the case
of two-photon resonance (δ = 0), the reduced two-level system initialized into state |1〉
(c1(t = 0) = 1) evolves as [35]:

|c1(t)|2 =
2Ω

2
1Ω

2
2

(Ω
2
1 + Ω

2
2)

2
(1− cos(ΩSRT,Adit)) (2.109)

|c2(t)|2 = 1− |c1(t)|2, (2.110)

with the effective SRT Rabi frequency in the adiabatic elimination:

ΩSRT,Adi =
Ω
2
1 + Ω

2
2

4|∆| . (2.111)
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Therefore, under these assumptions, the three-level system simply performs Rabi oscilla-
tions between the two states |1〉 and |2〉 with frequency ΩSRT,Adi and amplitude A:

A =
4Ω

2
1Ω

2
2

(Ω
2
1 + Ω

2
2)

2
, (2.112)

which means that the amplitude of population inversion between the two states does not
depend on the detuning ∆, but complete population inversion can only be achieved if the
Rabi frequencies of the individual transitions are equal Ω

2
1 = Ω

2
2. However, the two-level

dynamics described by the adiabatic elimination presented here (Equation 2.109 - 2.110)
can only provide a good approximation, if the one-photon detuning is large, compared to
the Rabi frequencies of the two incident fields |∆| � Ω1,Ω2, and the two-photon detuning
is approximately zero (δ ≈ 0) [35, 36].

Accurate Treatment

In order to get more accurate results, especially in the case of non-vanishing population of
the intermediate state, we will follow the solution of Han et al. [35] to solve the Raman
transition problem. Their approach allows solving the Raman-transition problem for
arbitrary values of one-photon detuning ∆ and also for non-zero two-photon detuning
δ > 0 with very high precision and little extra effort. This treatment is motivated by
the dynamics observed in the experimental implementation of SRTs in the NV center’s
electronic ground state (see Chapter 5), where we can see that the results cannot be
described well by the adiabatic approximation method.
The approach of Han et al. [35] relies thereby on reducing the 3 × 3 problem into an

equivalent 2×2 problem without introducing any approximation. For this, the interaction
Hamiltonian can be chosen as

ĤI =
~
2

−∆− δ 0 Ω1

0 −∆ + δ Ω2

Ω
∗
1 Ω

∗
2 2∆

 =
~
2

(
−(∆ + δσ3) Ω

Ω
†

∆

)
, (2.113)

where in the latter form the third Pauli 2× 2 matrix σ3 and the two-component columns

of Rabi frequencies Ω =

(
Ω1

Ω2

)
, and its adjoint row were substituted, which emphasizes

the split into the two relevant states |1〉 and |2〉 and the one intermediate state |3〉.
Starting from this interaction Hamiltonian, and only treating the two-photon resonant

case δ = 0 (a more general approach in case of non-zero overall detuning (δ 6= 0) can
be found in [35]), an exact analytic expression for the time evolution of the state |3〉,
which was omitted in the previous adiabatic elimination approach, can be found. For
a three-level system initially in the state |1〉, i.e., c1(t = 0) = 1, the population in the
intermediate state evolves as:

|c3(t)|2 =
Ω
2
1

∆2 + Ω
2
1 + Ω

2
2

sin

(
(∆

2 + Ω
2
1 + Ω

2
2)

1/2

2
t

)2

, (2.114)
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hence the population of the intermediate state oscillates with frequency

Ω|3〉 = (∆
2 + Ω

2
1 + Ω

2
2)

1/2, (2.115)

and amplitude

A =
Ω
2
1

∆2 + Ω
2
1 + Ω

2
2

. (2.116)

From this it becomes apparent, that higher one-photon detuning ∆ reduces the maximal
amplitude A of the population in |3〉 and simultaneously increases the frequency of its
oscillations. This confirms the statement made in the adiabatic approximation, that the
intermediate level |3〉 gets less populated for higher Raman detuning, and in the limit
|∆| � Ω1,Ω2 and δ = 0, the population effectively oscillates between level |1〉 and |2〉,
bypassing level |3〉. It is common terminology to say, that the coupling of |1〉 ↔ |2〉
occurs via a virtual level, detuned by ∆ from |3〉 for ∆ & (Ω1Ω2) and via the real level |3〉
for ∆ .

√
Ω1Ω2 [37].

As the probability amplitudes |ci(t)|2 of the three states have to sum up to one (Equa-
tion 2.103), the population of states |1〉 and |2〉 also show a fast oscillating term with low
amplitude additional to the slowly oscillating term with large amplitude, which predom-
inantly controls the population transfer and defines the effective Rabi frequency of the
Raman process with

ΩSRT,Acc =

√
∆2 + Ω

2
1 + Ω

2
2 − |∆|

2

=
Ω
2
1 + Ω

2
2

4|∆| − (Ω
2
1 + Ω

2
2)

2

16|∆|3 + . . . ,

(2.117)

where the leading term in this expansion yields the exact expression obtained from the
adiabatic approximation (Equation 2.111). The amplitude of the slowly oscillating term,
hence of the Rabi oscillations in the accurate treatment, is determined by the same
term as in the adiabatic approximation Equation 2.112, which is less than unity unless
Ω
2
1 = Ω

2
2. From this it is evident that, as in the adiabatic approximation, it is crucial to

drive the two transitions with equal strength to obtain complete population transfer by
the Raman process.

Resulting Time Dynamics from Adiabatic and Accurate Treatment

The findings from the adiabatic elimination and accurate treatment introduced above
are summarized in Figure 2.7, where the accurate SRT time evolution of the three states
|1〉, |2〉, and |3〉 is represented by the solid lines (see the figure for color coding), and
additionally the dynamics of state |1〉 resulting from the adiabatic approximation are
shown by the dashed lines. In all examples the three-level system is always assumed to
be initialized in level |1〉 at time t = 0, and the two-photon detuning is zero (δ = 0).

The upper two panels (Figure 2.7(a,b)) show examples where the one-photon detuning
∆ is relatively large, compared to the Rabi frequencies of the single transitions (∆ =



32 THEORETICAL FOUNDATIONS

0 1 2

0.0

0.5

1.0
P
op

ul
at
io
n

(a) ∆ = 5MHz, Ω1 = Ω2 = 1MHz

Adiabatic
Accurate

0 1 2

0.0

0.5

1.0
(b) ∆ = 5MHz, Ω1 = 0.5MHz, Ω2 = 1MHz

|1〉
|2〉
|3〉

0 1 2

Interaction time t / πΩ−1
SRT,Acc

0.0

0.5

1.0

P
op

ul
at
io
n

(c) ∆ = 0.8MHz, Ω1 = Ω2 = 1MHz

0 1 2

Interaction time t / πΩ−1
SRT,Acc

0.0

0.5

1.0
(d) ∆ = 0.8MHz, Ω1 = 0.5MHz, Ω2 = 1MHz

Figure 2.7. Analytic results of stimulated Raman transitions (SRTs) in a three-level system.
The dynamic evolution of the three levels |1〉, |2〉 and |3〉, interacting with two fields with
Rabi frequencies Ω1 and Ω2 are shown by the differently colored lines as indicated in (b), and
the results from the adiabatic elimination method and the accurate treatment are represented
by the dashed and solid lines, respectively. In the upper (lower) row the detuning ∆ from
the resonant transition frequency is relatively high (low) compared to the Rabi frequencies,
thus the intermediate level |3〉 gets barely (substantially) populated. The left (right) row
shows equal (unequal) Rabi frequencies of the two interacting fields, resulting in complete (no
complete) population inversion between |1〉 ↔ |2〉, in case of an SRT π-pulse. More details
can be found in the main text.

5MHz > (Ω1Ω2)), thus the region in which the SRT process can be regarded to occur
via a virtual level. As we could already see from the analytic treatment, the adiabatic
elimination (dashed lines) gives a relatively good approximation of the accurate solution
(solid lines) in this region of large detuning, as the intermediate level |3〉 gets only barely
populated during the whole Raman process. In Figure 2.7(a), the strength of the two
driving fields is equal Ω1 = Ω2 = 1MHz, hence in this case a complete population
inversion between levels |1〉 and |2〉 can occur for an SRT π-pulse, where the effective
Rabi frequency of the stimulated Raman transition is defined by ΩSRT,Acc ≈ ΩSRT,Adi. In
Figure 2.7(b) the time evolution, in case of unequal driving field strength (Ω1 = Ω2/2 =
0.5MHz) is shown. The oscillation amplitude in this case is less than unity, thus no
complete population inversion between the two levels |1〉 ↔ |2〉 can occur during the
SRT oscillations (see Equation 2.112).
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The lower two panels (c), and (d) in Figure 2.7 show examples of the SRT dynamics
in case of relatively small detuning ∆ = 0.8MHz .

√
Ω1Ω2, hence the region where the

coupling is viewed to occur via the real level |3〉. Here the population in state |3〉 is no
longer negligible, hence the coupling to the intermediate level can no longer be neglected.
Thus, the dynamics can no longer be adequately described by the adiabatic approach
(dashed lines). The population pulsations into state |3〉 also cause the slow two-photon
Raman transitions between |1〉 ↔ |2〉 to be modulated by the higher frequency of the
intermediate state oscillations. In Figure 2.7(c) it can also be seen, that even though the
intermediate state gets substantially populated, a complete population transfer between
|1〉 ↔ |2〉 can still be achieved, in the case of equal strength of the driving fields Ω1 =
Ω2 = 1MHz. Figure 2.7(d) shows the case of unequal driving field strengths Ω1 = Ω2/2 =
0.5MHz, where the amplitude of the slow oscillations is again decreased to less than unity,
hence no complete population inversion can occur.
Lastly, it should be mentioned that even a small non-zero value of two-photon detuning

(δ 6= 0) causes the population inversion to be less than unity. This influence of two-photon
detuning on the success of the population inversion will not be discussed here, as it will
be a topic later in the experimental part of this thesis (Subsection 5.2.1).

2.4.4. Stimulated Raman Adiabatic Passage (STIRAP)

The concept of stimulated Raman adiabatic passage (STIRAP) combines the just de-
scribed coherent, two-field, three-state pulsed SRTs with slowly (adiabatically) changing
interaction strengths. STIRAP was initially applied similarly to SRTs to transfer popu-
lation between vibrational energy levels of molecules via an intermediate state [38], but
is now widely used as a tool in general quantum-state manipulation [31]. As STIRAP is
an adiabatic procedure, it is mainly characterized by being relatively insensitive to the
excitation parameters like pulse area, timing and detuning (e.g., compared to SRTs). In
the following, the basic concept of STIRAP will be treated, presenting the basic idea and
analytic concept, as well as numerical results of the STIRAP process.

Adiabatic Eigenstates and Eigenvalues

We consider the same three-level Λ-type system as previously introduced for the SRTs
(see Figure 2.6), where the levels |1〉 ↔ |3〉 and |2〉 ↔ |3〉 are now coupled by the time-
dependent pump and Stokes fields Ω1(t) and Ω2(t), respectively, instead of the previously
time-independent assumed fields Ω1 and Ω2. The two driving fields are assumed to be
pulse-shaped functions, meaning functions with finite pulse area (

∫∞
0 Ω1,2(t) dt is finite).

Assuming the two-photon detuning is zero (δ = 0), the 3 × 3 interaction Hamiltonian
Ĥ(t)I in the RWA can be written in the time-dependent form [36]

ĤI(t) =
~
2

 0 0 Ω1(t)
0 0 Ω2(t)

Ω1(t) Ω2(t) 2∆

 . (2.118)
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For an intuitive description of the STIRAP transfer mechanism, it is helpful to regard
the adiabatic representation, which is in the basis of instantaneous eigenstates |a+〉, |a0〉,
and |a−〉 of the RWA Hamiltonian matrix ĤI(t), which are called adiabatic states. The
adiabatic eigenstates are connected to the bare (diabatic) states |1〉, |2〉, and |3〉 by the
relations [39]:

|a0〉 = cos Θ |1〉 − sin Θ |2〉 (2.119)
|a+〉 = sin Φ sin Θ |1〉+ sin Φ cos Θ |2〉+ cos Φ |3〉 (2.120)
|a−〉 = cos Φ sin Θ |1〉+ cos Φ cos Θ |2〉 − sin Φ |3〉 , (2.121)

with the time-varying mixing angle

tan Θ(t) =
Ω1(t)

Ω2(t)
, (2.122)

which will become important in the following discussion of the STIRAP process. The
angle Φ on the other hand, which is defined by the rms Rabi frequency and the detuning,
is of no importance for the further discussion.
In the case of two-photon resonance regarded here (δ = 0), the adiabatic time-dependent

eigenstates (Equation 2.119 - 2.121) correspond to the eigenvalues of ĤI(t) as [40]:

λ0(t) = 0 (2.123)

λ±(t) =
1

2

(
∆±

√
∆2 + 4Ω

2
0(t)

)
, (2.124)

which are the dressed state eigenvalues of the combined system [41].

The STIRAP Transfer Process

The STIRAP transfer process can be explained on the basis of the above introduced
adiabatic eigenstates |a0〉 and |a±〉, and their eigenvalues λ0 and λ±. A good description
of the STIRAP process can be found e.g., in [41], which is briefly summarized in the
following.
The main objective of the STIRAP process is to control the state vector |ψ〉, which

we assume to be initially aligned with state |1〉 in such a way, that it is rotated towards
state |2〉, ideally without every placing population into |3〉. From Equation 2.120 - 2.121
it can be seen, that the two adiabatic eigenstates |a+〉, and |a−〉 are linear superpositions
of all three bare states. They in particular also contain a component of state |3〉, which
should not be populated during STIRAP, hence those two adiabatic states are not suited
for the transfer process. On the other hand, the adiabatic state |a0〉 does not contain a
component of |3〉 at any time, thus it is a perfect candidate to transfer population from
bare state |1〉 to |2〉 without populating |3〉 during the transfer process.
Experimentally, the STIRAP transfer is based on controlling the mixing angle Θ(t)

(Equation 2.122) through the ratio of the Rabi frequencies of the control pulses. The sig-
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Figure 2.8. Time evolution of various parameters in the STIRAP process. (a) Gaussian
shaped Rabi frequencies of the pump (Ω1) and Stokes (Ω2) driving fields. Note the counter-
intuitive ordering of the two pulses. (b) Mixing angle (Equation 2.122), (c) dressed-state
eigenvalues (Equation 2.123 - 2.124), and (d) population in the three bare states (calculated
numerically).

nature of STIRAP is that the Rabi frequencies of the two control pulses are adiabatically
changing, only partly overlapping, and the pulses are ordered in a counter-intuitive way,
as shown in Figure 5.5, where the transfer process can be seen to be subdivided into the
following three intervals:

In the first part (I) of the STIRAP process, only the Stokes (Ω2) field, which is coupling
the two initially unpopulated states, is present, hence the mixing angle is zero. Looking at
the dressed-state eigenvalues we can see, that initially the three eigenvalues are degenerate
and with increasing time the eigenvalue which is associated with |a0〉 (which is initially
identical to diabatic state |1〉) remains in its original position, whereas the degeneracy
with the eigenvalues of states |a±〉 is lifted. During this phase, the population in the
three bare states does not change.

During the second part (II) of the STIRAP process, the pump (Ω1) field is slowly
increased to its maximum value, while the Stokes (Ω2) field is smoothly reduced to zero
after it reached its maximum. This smoothly changes the mixing angle from 0° to 90°,
which means that the vector |a0〉 rotates from being parallel to state |1〉 into the position
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parallel to state |2〉, resulting in complete population transfer between the bare states
|1〉 and |2〉, without ever populating the bare state |3〉.
In the third part (III) only the pump (Ω1) field is present, hence the mixing angle

stays constant, the dressed-state eigenvalues return to degeneracy and the bare state
populations do not change anymore.
Summarizing, we can see that before the excitation occurs the adiabatic state |a0〉 is

equal to diabatic state |1〉, whereas after excitation the state |a0〉 is equal to diabatic
state |3〉. Hence, if the excitation is adiabatic, only the adiabatic state |a0〉 is populated
during the whole excitation process and the population will be adiabatically transferred
to bare state |2〉 without involving the intermediate state |3〉; this is STIRAP. One more
thing to note, is that the value of intermediate-level (one-photon) detuning ∆ does not
affect the transfer efficiency, as the adiabatic state |a0〉 does not depend on ∆ in the
adiabatic limit.

Adiabaticity Criteria

The condition for adiabatic evolution in STIRAP can be formulated in various ways [42],
which eventually come down to the requirement that the rate of change of the mixing
angle Θ̇(t) is much less than the eigenvalue separation, which in the resonant case (∆ = 0)
is equal to the rms Rabi frequency Ω0(t) [42]:

Θ̇(t)� Ω0(t) =
√

Ω
2
1(t) + Ω

2
2(t). (2.125)

This condition must be satisfied at all times during the STIRAP process, hence the pulses
should be smooth with no rapid variations in Rabi frequency. A more concrete criterion
for adiabaticity can be established, e.g., in case the evolution of the Rabi frequencies of
the two control fields is Gaussian shaped:

Ω(t) = Ωme−(t
2/(2σ2)), (2.126)

with Gaussian width σ and maximum Rabi frequency Ωm. In this case, the condition for
adiabicity can be formulated as [43]:

√
2Ωmσ � 1, (2.127)

for optimally separated pulses.

Robustness of STIRAP

As STIRAP is an adiabatic procedure, it is relatively insensitive to the exact properties
of the driving field, such as detuning, pulse separation or driving field strengths, much
in contrast to the earlier introduced stimulated Raman transitions (SRTs).
One property is, that the STIRAP process does not pose any requirements on the

single-photon detuning ∆ for the successful population transfer between two states |1〉
and |2〉, without populating the intermediate state |3〉. Hence, the STIRAP transfer is
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possible for small and large ∆, contrary to SRTs where a large one-photon detuning is
required if |3〉 should not be populated during the transfer process.
Furthermore, again in stark contrast to SRTs, the STIRAP process can achieve full

population transfer between the two desired states even in the case of non-zero two-
photon detuning (δ 6= 0) [42]. However, in the case of non-zero two-photon detuning the
|a0〉 eigenvector does obtain a component of |3〉, hence some population can be put into
the intermediate state |3〉 during the STIRAP transfer process.
Moreover, the STIRAP process also proves to be insensitive to the individual driving

field strengths, hence maximal Rabi frequencies Ωm of the two driving fields, if the
adiabaticity criterion posed above is fulfilled. This is again contrary compared to SRTs,
where unequal driving field strengths render the population transfer incomplete (see e.g.,
Figure 2.7).





3 The Nitrogen-Vacancy Center in Diamond

This chapter will introduce the protagonist of this thesis, the nitrogen-vacancy (NV)
center in diamond, mainly focusing on its structural and optical properties. Today,
the NV center is one of the most prominent solid-state point defects due to its high
photostability and outstanding features even at ambient temperature, which allows a
multitude of applications e.g., in quantum information processing [44, 45], integrated
nanophotonic devices [46, 47], and quantum sensing [48, 49].
In this chapter, first the general atomic structure of the NV center, and the resulting

localized electronic states it forms in the band gap of diamond are reviewed. The discus-
sion will include the two different possible charge states of the NV center. The following
section will then introduce the optical properties of the NV center, which are its emission
spectrum, the switching between the charge states, and the lifetime of the excited state,
which also defines the possible maximally detectable photon rate from a single emitter.
The subsequent section treats the single photon emission properties of single NV centers,
which can be verified by recording the second-order time-intensity correlation function
with the help of a Hanbury Brown and Twiss interferometer. The following section then
introduces the typical experimental principle of working with single NV centers. Further-
more, the very sensitive detection electronics which allow the time-resolved detection of
the weak single photon stream from single emitters are introduced. The last section of
this chapter then discusses the diamond host in more detail, introducing the different
sized diamond crystals typically used in single NV experiments, highlighting their areas
of application and the respective advantages and disadvantages.

3.1. Atomic and Electronic Structure

The popularity of diamond is indisputable, mainly due to its famous appearance as
sparkling gemstone, occurring in different colors. A chemically pure diamond, which con-
sists solely of carbon atoms arranged in the diamond cubic crystal structure, is however
totally transparent from the visible up to UV wavelengths [50], as it features a wide
indirect band gap of 5.5 eV (227 nm) [51]. However, by introducing lattice defects, for
example in the form of dopants, electronic states within the diamond band gap can be
generated. These form target levels for optical transitions at energies below the band gap,
allowing for absorption of light at various wavelengths, which can lead to an apparent
coloration of the diamond.
One such defect in the diamond lattice is the NV center, which, as its name suggests,

is formed by a single nitrogen (N) atom substituting a carbon (C) atom, and an adjacent
carbon vacancy (V), as shown in Figure 3.1(a). In this configuration the nitrogen atom
and nearest three carbon atoms feature dangling bonds pointing towards the vacancy.
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Figure 3.1. (a) Illustration of the atomic structure of the nitrogen vacancy (NV) center in
the diamond crystal matrix in one of the four possible orientations. The carbon atoms of the
diamond lattice are represented by black spheres, where one carbon atom is substituted by
a nitrogen (N) atom (blue sphere), and an adjacent vacancy (V) site (semi-transparent red
sphere). (b) Simplified electronic structure of the neutral NV0 and negatively charged NV−

center, which are formed deep within the band-gap generated by the diamond lattice (not
shown here). The solid black bars indicate the electronic eigenstates formed by the NV center,
the gray bars indicate vibrational excitation bands, and wiggly and straight arrows indicate
the most relevant radiative and non-radiative transitions, respectively. In this simplified model,
the spin fine and hyperfine structure is neglected, which is adequate for describing the basic
optical properties of the NV0 and NV− center in this chapter.

The configuration exhibits a threefold rotation axis (C3v) about the (111) axis of diamond
and the NV symmetry axis can be aligned with one out of the four 〈111〉 diamond
crystallographic axes [52] (see Section 3.5 for more details on the diamond host). The
electronic structure of the NV center is mainly defined by the dangling bond electrons,
where the substitutional nitrogen atom of the NV center has five valence electrons, three
of which are covalently bound to the surrounding carbon atoms and two are unbounded.
The lattice vacancy has three unpaired electrons, two of which form a quasi covalent
bond and one remains unpaired. With one unpaired electron, the defect center is in its
neutral, paramagnetic NV0 state (S = 1/2) [53]. The NV center can also capture an
additional electron to form the negatively charged NV− state, where the extra electron is
located at the vacancy site, forming a spin S = 1 structure. As the extra electron in the
NV− center is suitable for coherent quantum manipulation, control of the charge state is
especially of interest for spin physics experiments, which will be addressed in Chapter 4.
The charging process as well as the charge transfer process between NV0 and NV− and
control over the charge state is also an important and actively researched topic (see e.g.,
[54]).
The physical structure of the NV defect, and the symmetries associated with it, cause

the formation of localized electronic states within the fundamental band gap of diamond
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(∆λ ≈ 230 nm, ∆E ≈ 5.5 eV). Figure 3.1(b) shows the resulting energy level diagrams of
the neutral and negatively charged NV center, where optically irrelevant states and the
fine structure are omitted. In this simplified treatment, the NV0 center can be described
by a two-level scheme with 2A and 2E ground and excited states, respectively, and the
NV− as a three-level scheme with 3A2 and 3E ground and excited states, respectively,
and two additional metastable states 1E and 1A1, where the levels are labeled after
the irreducible representations of the C3v symmetry [55]. From the terminology of the
states (high index) it can already be concluded, that the NV0 center forms two spin
doublets, and the NV− center forms two spin triplet, and two singlet states which will
become important in the next chapter, where the spin properties of the NV center will be
discussed. The main radiative and non-radiative transitions within the energy levels of
the NV0 and NV− center are indicated by the straight and wiggly arrows in Figure 3.1(b),
respectively. The optical excitation into a higher vibronic state (gray levels) by irradiation
with an off-resonant, (i.e., higher energy than the transition) light, usually a green laser
at about 530 nm, is shown by the green arrows, the orange and red wiggly arrows show
the typical wavelength range of the emitted photons considering the phonon side band,
which will be discussed in the next section. The here presented simplified level diagrams
are sufficient for a discussion of the main optical properties of the NV center, the in-
depth description of the fine and hyperfine structure of the NV− center will be a topic
of Chapter 4, which focuses on spin physics experiments with the NV− center.

3.2. Optical Properties

As both the NV0 and NV− center feature localized electronic ground and excite states
separated by optical frequencies within the optically transparent band gap of diamond,
absorption, and emission of visible light by the NV centers can be expected. The sepa-
ration of the ground and excited levels is around 575 nm (2.16 eV) and 637 nm (1.95 eV),
in the neutral and negatively charged NV center, respectively [56]. In the negatively
charged NV−, the direct radiative decay from the excited to the ground level is accompa-
nied by a radiative and non-radiative decay path through the long-life time singlet levels
1A1 and 1E, which features a second optical transition at around 1046 nm (1.19 eV), with
a lifetime about one order of magnitude longer than the lifetime of the 3E excited state
[57]. The optical transition in the near-infrared is however not relevant in this treatment
of the optical properties of the NV center, as is not detected in the typical experimental
configurations, however these shelving states play a crucial role for the spin initialization
and readout dynamics of the NV center.

Both charge states of the NV center have been observed to feature sufficiently strong
fluorescence to be detected as single quantum emitters, and extremely photostable emis-
sion with no evidence of photobleaching [58]. In the following, the optical properties
arising from the energy level scheme of the NV center will be introduced.
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3.2.1. Emission Spectra

As the NV center is a lattice defect, it features strong vibronic coupling to the diamond
lattice, which involves the displacement of the nitrogen and carbon atoms surrounding the
vacancy [59, 60], hence the ground and excited state of the NV center are accompanied by
higher order vibronic modes, which are indicated by the gray lines above the ground and
excited levels in Figure 3.1(b). Therefore, the emission or absorption of a photon cannot
only occur at the exact resonant transition frequency between the vibronic ground and
excited state, but excitation can also occur into a higher vibronic mode, which is the
typical scheme for off-resonant excitation of the NV center.
The direct transition between ground and excited state is called the zero-phonon line

(ZPL) since the emission or absorption of a photon at this wavelength is not accompanied
by the emission or absorption of a phonon, which is an excited state in the quantization
of the modes of vibrations, similar to the photon which is the quantization of the electro-
magnetic field. The emission of a photon is also frequently accompanied by excitation
of phonon modes, which typically relax non-radiatively on very fast timescales, and give
rise to the so-called phonon sideband.
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Figure 3.2. Emission spectra of the NV center mainly in the neutral (NV0) and negative
(NV−) charge state. Both charge states show a broad phonon-assisted sideband extending up
to around 800nm. A longpass (LP) filter in the detection path is responsible for the sharp
slope at around 620nm. For this reason, the ZPL of the NV0, which is expected at around
575nm, cannot be seen in the spectrum. The ZPL of the NV− on the other hand can be
found at around 637 nm. The additional peak around 740 nm can be attributed to background
silicon vacancy (SiV) related color centers, which are most likely incorporated into the diamond
matrix during the growth process.

In Figure 3.2 typical photoluminescence (PL) spectra of the neutral and negatively
charged NV center at room temperature can be found, in the case of off-resonant ex-
citation by a laser around λex ≈ 530 nm. In addition to the weak ZPL the strong
phonon-assisted sidebands of the fluorescence peaking at around 650 nm and 700 nm for
NV0 and NV− respectively, and extending to about 800 nm can be seen. Detailed analy-
sis of the NV− center’s phonon side band could show, that the contribution of the ZPL to
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the total emission is only about 2.4% (i.e., the Debye-Waller factor) and an approximate
3.73 phonons are emitted during optical transition (i.e., Huang-Rhys factor) [52, 61]. The
emission and absorption spectrum of the NV center can be approximated symmetric to
each other with respect to the ZPL, as the vibronic ground and excited states exhibit
similar modes [59, 60], therefore off-resonant excitation of both charge states of the NV
center can be achieved by a single wavelength, coinciding with their broad absorption
spectra, which extend between about 450 - 610 nm [62]. As the NV center is a deep defect,
the excitation wavelength can be chosen as to not directly photo-ionize the NV center.
In fact, the choice of excitation wavelength is important, as discussed in the following.

3.2.2. Charge-State Switching

Continuous off-resonant excitation of the NV center with a green laser at about λex ≈
530 nm inevitably leads to a photo-induced cycling between the two charge states [62,
63], as the negatively charged NV− can be photoionized to the neutral charge state NV0

by absorption of one photon which brings the NV− center into its 3E excited state and
further excitation of one electron from the 3E excited state into the conduction band
by a second photon. The electron can then relax back from the conduction band to
the ground state of the NV defect, where the relaxation energy ionizes the complex
to the NV0 charge state via an Auger-Meitner process. In the recombination process,
the NV0 is again first excited by absorption of one photon, and a subsequent second
photon transfers an additional electron from the valence band to the vacant place in the
NV ground state. The resulting hole in the valence band subsequently diffuses away,
leaving the NV center in the negative charge state. The steady state population of the
NV− population under illumination with 510 - 540 nm could be determined to about 75%
[62]. For lower wavelength excitation (below 490 nm), the NV− can be ionized by a single
photon, reducing the NV− population drastically. On the other side, for longer excitation
wavelengths above the ZPL of NV0 (above 575 nm) the NV0 can no longer be excited,
hence the NV center can get ’stuck’ in the neutral state.
Therefore, the widely available frequency-doubled Nd:YAG laser with an output wave-

length of about 532 nm is perfectly suited and typically used for off-resonant excitation
studies of the NV center. In recent years, however, diode lasers have become increasingly
available in this wavelength range, which have the advantage of being able to directly gen-
erate pulses of almost arbitrary lengths. Compared to an optically pumped laser paired
with an acousto-optic modulator, they are easier to set up and maintain and can have
an unsurpassed on/off ratio, which can prove to be advantageous in spin manipulation
experiments.

3.2.3. Fluorescence Lifetime

Having discussed the optical excitation and emission cycle, it is evident that the NV
center spends a finite time in the excited state before emitting a photon and returning to
the ground state. The excited state fluorescence lifetime is found to be typically in the
range of about 10 - 25 ns [8] for both charge states of the NV defect, depending on the
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optical mode density [18]. The fluorescence lifetime can be measured by detecting the
time resolved photon arrival times after switching the excitation laser off, which gives
the time dependent population probability of the excited state, a process termed time-
correlated single-photon counting (TCSPC). For TCSPC lifetime measurements, usually
a short (relative to the expected excited state lifetime) excitation laser pulse is used, in
order to provide a sufficiently fast slope of the laser switch-off time.
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Figure 3.3. Histogram of time resolved photon arrival times from a single NV− center, and
respective exponential fit, revealing an excited state lifetime of τNV− ≈ 14ns. Furthermore,
the temporal response of the system to the direct reflection of the laser pulse, often termed
instrument response function (IRF), is shown. The measurement of the IRF is done to ensure,
that the laser pulse is sufficiently short to not influence the lifetime measurement.

In Figure 3.3 the result of an excited state fluorescence lifetime measurement on a single
NV− center is shown, as well as the temporal response of the system to the laser reflection
(a measurement often termed instrument response function (IRF)). This measurement
ensures that the laser pulse, which is in this case generated by a diode laser at 520 nm
(Labs electronics, DLnsec 520) has a sufficiently fast slope and does not have an influence
on the measurement of the excited state lifetime. An exponential fit to the experimental
data reveals an excited state lifetime of τNV− ≈ 14 ns for the investigated single NV
center in bulk diamond. The vibrational relaxation within the excited state occurs on
a timescale of few picoseconds to femtoseconds [64, 65], much faster than the excited
state lifetime of the NV− center, hence the influence of the higher vibronic modes on the
excited state lifetime is negligible.
Assuming a single two-level quantum system, the detected excited state fluorescence

lifetime is directly related to the maximally achievable spontaneous emission rate of
photons from this transition as:

Γ21 =
1

τ
, (3.1)

which in the case of the measured lifetime τNV− ≈ 14 ns of the NV− defect center results
in a maximal single photon emission rate of about Γ21 ≈ 70MHz. This is however
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only valid assuming no other competing decay channels, and in the limit that the NV
center is always immediately re-excited after emission of a photon. However, in the
actual experimental implementation only a fraction of this emission can be detected, i.e.,
due to non-radiative decay channels, limited collection efficiency of the utilized optics
(microscope objective), further losses in the experimental setup, as well as the dead time
and quantum efficiency of the detectors.

3.3. Single Photon Emission

Both the NV0 and NV− center show sufficiently strong radiative transitions, making it
possible to detect single photon emission from single defect centers [23, 66]. To prove
the nonclassical properties of the fluorescence, usually the second-order time-intensity
correlation function g(2)(τ) is recorded, as it contains the information on the classical
versus quantum nature of light (see Section 2.2) [57]. Technically, measuring the g(2)-
function is not trivial, as the typically employed avalance single photon detectors (APDs)
need to recharge after detection of a photon. In this recovery time, or ’dead time’ τD the
detector is unable to detect any further incoming photons. Standard APDs feature dead
times in the order of tens to hundreds of nanoseconds, which is similar or longer than
the NV center’s excited state lifetime and therefore the expected antibunching features.
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Figure 3.4. (a) and (b) show the experimentally recorded g(2)-function (data points) de-
tected from a single NV0 and a single NV− center, respectively. The typical single-photon
antibunching dip around zero time delay clearly indicates the quantum nature of light. The
data fits well to the anticipated g(2)-function for the two-level system and three-level system
(the solid line is a fit to Equation 2.45 and Equation 2.49, respectively). The inset in (b) shows
the Hanbury Brown and Twiss (HBT) interferometer, where the incoming photon stream is
divided by a beam splitter (BS), which is then detected by two APDs and the photon arrival
times are recorded using correlation hardware. A short pass filter around 750 nm (SP) is
inserted in one arm of the interferometer in order to avoid unwanted crosstalk between the
APDs, which can occur due to afterpulsing of the APDs [67].

For this reason, the photon statistics measurement can usually not simply be performed
by registering the NV fluorescence on a single APD. Therefore, the Hanbury Brown and
Twiss (HBT) interferometer scheme [68], which can mitigate the effect of the detector’s
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dead times is typically used to analyze the light from single quantum emitters. The HBT
setup is shown in the inset of Figure 3.4(b), it consists of two single photon detectors
(APD1,2) and a beam splitter (BS), to split the incoming photon wave function. Further-
more, an additional 750 nm short pass (SP) filter to suppress erroneous detections due to
afterpulsing from the APDs [67] is inserted into one of the HBT arms. Typically, a non-
polarizing beamsplitter with ratio 50 : 50 is employed to give equal detection probability
on both detectors. A single photon can then either be transmitted by the BS or reflected,
hence only one detector can click at a time. On the other hand, in the case of multiple
photons impounding at the BS at the same time, it is possible that both detectors click
simultaneously. By analyzing the cross-correlation of both detector signals using fast
correlation electronics (Time Tagger 20, Swabian Instruments), the statistical properties
of the photon stream from the probed emitter can be revealed.
The two- and three-level electronic level scheme of the NV0 and NV− (see Figure 3.1)

give rise to certain photon statistics, as discussed in Subsection 2.2.2. In Figure 3.4(a)
and Figure 3.4(b) typical correlation measurements on a single NV0 and NV− center,
are presented, respectively. The data shows the typical antibunching dip (g(2)(τ) < 1)
around zero time delay (τ = 0), meaning that the probability to detect two photons
simultaneously is greatly reduced, which is a clear signature of the quantum nature of
the detected light. Additionally, the NV− center, which can be described by a three-level
scheme, shows a bunching to g(2)(τ) > 1 due to occasional population of the metastable
singlet state.
It should be noted, that in recent years detectors with dead times in the nanosecond

range, such as superconducting single-photon detectors (SSPD), have been developed
which make it possible to provide similar statistical information from quantum emitters
like the NV center with a single detector [69]. Such detectors are however far more com-
plex than the ’regular’ APDs, as they need to be cooled well below their superconducting
critical temperature. Another advantage of SSPDs is their ability e.g., to be directly in-
tegrated with waveguides, enabling high photonic integration of quantum circuits, such
as a recently demonstrated full on-chip single photon source and HBT experiment [70].

3.4. Light Collection

Detecting the light emitted by a single quantum emitter is not a trivial task, as the
emission rate of single photons is limited by the spontaneous emission rate of the excited
state. This means that, in the case of off-resonant excitation, the emission rate saturates.
Therefore, the brightness of single emitters cannot simply be increased by increasing
the excitation power. Increasing the excitation power over the saturation even has a
detrimental effect, as the background is usually increasing linearly with excitation power.
Moreover, it is crucial to separate the faint single emitter fluorescence from the strong
excitation light. In the following we will therefore introduce the confocal laser scanning
microscope, which is the typical workhorse when working with single emitters, as the
fluorescence can be spatially and spectrally filtered. We will also briefly mention the
different detectors typically used when working with light from single quantum emitters.
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The discussion in the following is however limited to free-space detection, the concept of
integrated photonics for light collection from single emitters will be a topic of Chapter 6.

It should be noted, that the general description here is not only limited to diamond
color centers, but these techniques are also applied for all kinds of single emitter exper-
iments such as, e.g., quantum dots, fluorescent molecules or defects in 2D materials. A
complete description of a typical experimental setup used for NV center investigations
will be given in Section 4.3.

3.4.1. Confocal Microscopy

In confocal microscopy, the excitation light is focused through a microscope objective to
only illuminate one small spot on the sample [71], in contrast to conventional light mi-
croscopy where usually a large area of the sample is illuminated. Focusing the excitation
light has the advantage that it can selectively excite single fluorescent emitters in the
confocal volume and suppress the excitation of unwanted background fluorescence.

Figure 3.5. Illustration of the working principle of confocal microscopy. The collimated exci-
tation light (green) impinges on a dichroic mirror, where it is reflected towards the microscope
objective, which focuses the excitation light onto the sample. The same objective then also
collects the fluorescence and scattered light from the same area on the sample (red), which is
collimated and subsequently guided towards the dichroic mirror, where the red-shifted fluores-
cence can be transmitted. After the dichroic mirror (and possibly further spectral filtering) the
light is focused again to achieve further spatial filtering by a pinhole. The working principle
of this spatial filtering is exemplary illustrated by an out-of focus light source (gray), which
can be seen to be blocked by the pinhole. Light which passes the pinhole is usually collimated
again by a second lens and subsequently sent to the detection instruments. Furthermore, in
order to obtain a two-dimensional image using this technique, either the sample or the beam
needs to be scanned. Note, that only the outer perimeter of the light beams are illustrated.

The basic working principle of confocal microscopy is shown in Figure 3.5. The initially
collimated excitation light beam is focused through the same objective lens (in principle
also two separate objective lenses can be used) that is used to collect the fluorescence light,
where the excitation and detection paths are overlaid in front of the microscope objective.
This can be achieved by using a dichroic mirror, which is highly transmissive for a certain
wavelength range, and highly reflective for another wavelength range, in the case that
the wavelength of the off-resonant excitation light is well separated from the expected
fluorescence, which is true for the NV center. It is also possible to instead use a beam
splitter (usually with a high transmission to reflection ratio) to overlay the two paths, in
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cases where spectral filtering is not desired or possible. The dichroic mirror also helps
to separate reflected or scattered excitation light from the single emitter fluorescence at
longer wavelengths. Additional spectral filters can be added after the dichroic mirror for
better suppression of reflected excitation light, scattered (e.g., Raman) light, or unwanted
fluorescence.

The foci of excitation and detection are also adjusted to coincide and additional spatial
filtering is realized by two lenses, set up in the detection path with a distance of the two
focal lengths. This creates an additional image plane in which a tiny aperture (d ∼ 50 µm-
100 µm), the so-called pinhole, can be inserted. The diameter of this pinhole is adjusted
to approximately only pass the in-focus focal spot (often also called the Airy disc) [72],
hence light which has its starting point outside the confocal volume is suppressed, as
pictured in Figure 3.5.
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Figure 3.6. 2D fluorescence intensity map (confocal scan) of a 5 µm×5 µm area, obtained by
laterally scanning a green laser (520nm) in xy-direction over a bulk diamond, and recording
the red-shifted fluorescence. The laser is focused very tightly using a high numerical aperture
(NA= 1.35) oil-immersion objective. Almost all bright spots visible in this scan are related to
the fluorescence from single or few NV centers, as verified by correlation measurements.

Since only the fluorescence of the confocal volume is registered, which is in the sub-µm
range for high numerical aperture (NA) objectives, only punctual information about the
fluorescence of the sample can be acquired. Therefore, to create an image of the sample,
the excitation, and detection foci must be scanned simultaneously across the sample,
with a measurement of fluorescence intensity taken at each point in this scan. This
can be achieved either by moving the sample using piezoelectric stages with nanometer
precision or by steering the beam using galvanic scanning mirrors. In Figure 3.6 an
example image of the fluorescence intensity constructed from a two-dimensional lateral
scan of a diamond sample, a so-called 2D confocal scan is shown.
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3.4.2. Detectors

To accurately measure the fluorescence intensity on the single photon level very sensitive
single-photon detectors are required. Usually highly sensitive single-photon avalanche
photodiodes (APDs) are used, as they are able to detect single photons with high quan-
tum efficiency. In an APD the impact ionization, causes an avalanche breakdown, which
generates an amplified electronic pulse, which can then be recorded and counted by spe-
cial counting or correlation electronics. Furthermore, the time of arrival of the incident
photons can be recorded with high accuracy, due to the high speed that the avalanche
builds up [73], which is important for accurate measurement of the photon statistics, as
discussed in Section 3.3.
To analyze the detected fluorescence on its spectral composition (see, e.g., Figure 3.2)

it can alternatively also be guided to an optical spectrometer. Spectroscopic analysis of
the fluorescence is usually performed after a suitable emitter is found on the sample via
the previously mentioned two-dimensional intensity scans. In the spectrometer, the light
is dispersed by a diffraction grating and then detected by a spatially selective detector,
such as a charge-coupled device (CCD). Due to the low photon flux, these ultra sensitive
spectroscopy detectors are usually cooled down thermoelectrically or with liquid nitrogen
to eliminate detector noise caused by dark currents in the CCD.

3.5. The Diamond Host

Besides its famous properties as a gemstone, diamond also features some other extreme
mechanical and electrical properties, also explaining the name diamond, which is derived
from the ancient Greek adámas and can be translated as unbreakable. The carbon atoms
in the diamond cubic crystal structure are arranged in the densest modification of pure
carbon known and actually the highest particle number density (atoms per volume) of
all known natural materials. The strong covalent bond of the carbon atoms results
in an exceptionally high bond energy density, actually making it the hardest known
natural material, which is why it also finds its application in industrial abrasives for
manufacturing very hard materials. Furthermore, it has high chemical resistance to
acids and bases, hence it is non-toxic, which also makes it well suited to biomedical
applications [74].
Despite being an excellent electrical insulator, the heat conductivity of diamond at

room temperature is about five times higher than that of copper. This unusual combina-
tion is due to the fact that heat transport in diamond does not take place via free charge
carriers (electrons) but via lattice vibrations (phonons), which is also one reason why the
NV center shows such a broad phonon side band. The rigid diamond lattice is responsible
for the low phonon interactions, so the phonons have a large mean free path length [50].
As phonons are bosons, their average occupation number can be calculated in thermal
equilibrium according to the Bose-Einstein distribution. Consequently, the number of
phonons in the lattice can be drastically reduced by cooling down the diamond.
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In the following, the creation of diamond and the origin or introduction of defects will
be introduced briefly, focusing on the the types of diamond typically used in quantum
experiments.

3.5.1. Bulk Diamond

Bulk diamond, which stands for diamond of macroscopic scale, is only rarely found
in nature and usually expensive to obtain. As natural growth occurs in a variety of
uncontrolled environments, their composition and growth habits vary significantly, which
greatly limits its systematic usability [75]. It is assumed that the genesis of natural
diamond occurs from graphite deep (> 150 km) below the earth’s surface at high pressure
(> 45 kbar) and high temperature (900 − 1300◦C) [76]. The first industrial method of
synthesizing diamond was the high pressure, high temperature (HPHT) method, which
imitates the natural process [75]. Metals can be partially incorporated during synthetic
HPHT diamond growth, together with a typically high (up to 100 ppm) concentration
of nitrogen atoms. Hence, natural and HPHT diamond can contain a high number of
impurities, which is in general not desirable for single emitter and quantum applications.
Another way to synthesize diamond is from the gas phase by the chemical vapor de-

position (CVD) method, which does not create the thermodynamically stable state of
diamond, but exploits chemical reaction processes. In the CVD process, a plasma of
atomic hydrogen and carbon-containing molecules is generated in a sample chamber,
e.g., by applying high microwave powers [77]. The sample chamber also needs to contain
a suitable substrate material (e.g., diamond or quartz glass), where the diamond can be
deposited. The CVD growth has been established as an efficient technique for the cre-
ation of high-quality single-crystal diamond films, as the crystalline quality can be very
high, and the purity of the diamond [75] and the carbon isotopic ratio can be controlled
[77]. NV centers hosted in ultrapure and isotopically controlled diamond could be shown
to have remarkably long spin coherence times in the millisecond range even at room tem-
perature [78, 79]. Today, high quality electronic-grade single-crystal (ELSC) synthetic
diamond substrates are even available commercially, e.g., from Element Six which specify
their ELSC diamond to contain less than 5 ppb (typically 0.1− 1 ppb) nitrogen and less
than 1 ppb boron impurities [80].
In Figure 3.7 a CVD-grown diamond plate provided by Prof. Dr. Christoph E. Nebel

and the Fraunhofer-Institut für Angewandte Festkörperphysik (IAF) can be seen next
to a 1 euro cent coin. This diamond plate, which was used in major parts of this work,
features individually resolvable NV centers (see Figure 3.6). A more detailed description
of this bulk diamond sample will be given in Subsection 4.3.3.
CVD diamond may already contain a few optically active defect centers, like NV or

silicon-related defect centers, which can be formed during the growth process due to
contamination of the growth chamber. The NV center density can further be increased
by high temperature annealing for vacancies to migrate towards the N atoms. This
can further be enhanced by applying high energy irradiation to create vacancies in the
diamond lattice prior to annealing or by implantation with high energy nitrogen ions
to create more substitution atoms, followed by high temperature annealing to form NV
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Figure 3.7. Photo of the synthetic bulk CVD diamond plate, which was mainly used in this
work, next to a 1 euro cent coin. The diamond plate appears transparent, as it is grown in
high purity with individually resolvable NV defect centers. The dimensions of the diamond
plate are approximately 3mm×3mm×0.3mm.

centers [81]. In combination with photomasks or focused implantation [81], this technique
can even be exploited to control the spatial and lateral position of the NV defect centers
to a high degree. Another way of increasing the NV center density is delta-doping, a
special process in which during CVD diamond growth a thin nitrogen-doped layer (∼ 1 -
2 nm) is created by the controlled introduction of N2 gas, which in combination with
subsequent electron irradiation and annealing can create NV centers in a well-defined
depth [82].

The controlled doping of diamond also has the advantage, that the introduced ions can
be chosen, so a specific isotope of nitrogen could be chosen to implant, e.g., to distinguish
the implanted nitrogen from nitrogen impurities formed during the growth process [83].
A strong research interest in recent years, motivated by the search for defect centers
with superior optical or spin properties, is also devoted to the systematic implantation
of other suitable ions into the diamond lattice to generate other color centers, such as
e.g., silicon, germanium, magnesium, tin or lead-related defects [84, 85].

If the concentration of the optically active defects (NV or other optically active defect
centers) in a region of the diamond is low enough, i.e., if the defects are spaced far enough
apart, they can be individually resolved by confocal microscopy (see Subsection 3.4.1)
and hence can be investigated individually. When looking at fluorescent centers in bulk
diamond one has to keep in mind, that in the spectral range around the NV emission
(≈ 600 - 800 nm) the refractive index of diamond is relatively high (n ≈ 2.4). This results
in a limiting angle of total reflection at the boundary surface between diamond and air of
≈ 24.6◦. As a result, only a small part of the fluorescence originating within the diamond
can be detected, e.g., in confocal microscopy. Also, even at perpendicular incidence on
the boundary surface between diamond and air, Fresnel reflection results in ≈ 17%
back reflection into the diamond, due to the huge difference of the refractive indices of
diamond and air. Methods to circumvent these losses are, i.e., the use of oil-immersion
microscopy, and specially lense-shaped photonic structures (see Appendix A.1 for more
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details). Alternatively, nanometer-sized diamond crystals, which are addressed hereafter,
can be used to circumvent the issue of total internal reflection.

3.5.2. Nanodiamond

The term nanodiamond (ND) refers to diamond nanoparticles, very small diamond crys-
tals on the size of few nanometers (’single-digit’ nanodiamond [86]) up to one micrometer.
An advantage of ND is, that if the spatial extent of the diamond is smaller than the emis-
sion wavelength of the color center, they can circumvent the issue of total internal reflec-
tion [66], which can increase the fluorescence yield of the color centers. Figure 3.7 shows
an example scanning electron micrograph of commercially available fluorescent nanodi-
amond (NDNV30nmHi, Adámas Nanotechnologies), which are, e.g., used as biomarkers
in living cells [87].

Figure 3.8. Scanning electron micrograph of commercially available fluorescent nanodia-
mond with a nominal average diameter of 30 - 35 nm (NDNV30nmHi, Adámas Nanotechnolo-
gies). The image is taken from [87].

The production of NDs can be, similarly to bulk diamond, by HPHT or CVD growth.
Other ways are the detonation synthesis in which the high temperature and pressure of
an explosion are used to synthesize diamond nanocrystals, or high energy ball milling of
bulk diamond (a good overview can be found in [88]). Similar to bulk diamond, NDs can
naturally contain defect centers, or they can be further processed (e.g., by high-energy
irradiation, annealing, purification, and surface treatment) to reach a higher yield of
fluorescent centers or contain a specific type of defect center [10, 74, 88]. For single-
photon experiments, it is especially interesting to obtain samples where the majority
of NDs contain zero or one NV center and only few NDs contain more than one NV
center. Such samples are nowadays even commercially available (e.g., from Adámas
Nanotechnologies), specifically designed for quantum applications. However, due to the
fabrication methods used, commercially available NV centers in nanodiamonds typically
suffer from a high concentration of paramagnetic impurities in the NDs, as well as lattice
strain [89], which typically limits their spin coherence time to a few microseconds at room
temperature [90].
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A pivotal feature of nanodiamond is that it shares some of the unique properties of bulk
diamond, like its hardness, electrical resistivity, chemical stability and non-toxicity. The
small size of NDs combined with the biocompatibility of diamond allows for biological
applications of fluorescent NDs e.g., in drug delivery and bioimaging [74, 87], where they
can act as deployable in vivo quantum sensors [10, 11, 91, 92]. Fluorescent NDs can also
be positioned deterministically [93] to be integrated, e.g., with a photonic platform to
create nanoscale interfaces of on-chip photonic structures with solid-state qubits, a topic
which is covered in more detail in Chapter 6.

3.6. Conclusion

This chapter introduced the basic atomic and optical properties of the NV defect center in
diamond, including its two possible charge states with their respective emission spectra,
the switching between the charge states, and the lifetime of the excited state. Also, the
single photon emission properties of single NV centers were discussed, and how to prove
the presence of single quantum emitters by recording the second-order time-intensity
correlation g(2)-function with the help of a Hanbury Brown and Twiss interferometer.
Furthermore, the typical experimental principle of laser scanning confocal microscopy,
and the very sensitive detection electronics which allow the time-resolved detection of the
weak single photon stream from single emitters were discussed. Lastly, the diamond host
and different sized diamond crystals typically used in single quantum emitter experiments
were reviewed.





4 Spin Physics Experiments with the
Nitrogen-Vacancy Center

Whilst the last chapter mainly dealt with the optical properties of the two charge states
of the NV center in diamond, this chapter will now focus on the spin physics of the
negatively charged NV− center, and related experiments. As the following discussions
will exclusively deal with the negative charge state of the NV center, the ’minus’ in NV−

center will be dropped in the remainder of this thesis, and the term NV center will imply
the negatively charged state of the NV center.
Within this chapter, first the level structure of the NV center, including the electron

spin fine structure is introduced, and the principles of optical spin initialization and
readout are outlined. After this general overview, the spin Hamiltonian giving raise to
the level structure and its interaction terms are reviewed in detail, and an overview over
the experimental setup used to conduct the described spin physics experiments is given.
Also, the diamond sample used in the spin experiments is described in detail. Consecu-
tively, the concept of manipulating the NV center’s electron spin, and the experimental
implementation and results of fundamental measurement schemes to probe the coherence
properties of the electron spin are presented. Lastly, manipulation and readout of the
nuclear spin intrinsic to the NV center is introduced, and two concepts of polarizing the
nuclear spin, as well as their experimental implementations and results are given.

4.1. Level Structure, Spin Initialization and Readout

The previously introduced three-level scheme of the NV center’s ground, excited, and
shelving states can be used very well to explain the room-temperature optical character-
istics of the NV center. However, this model needs to be extended in order to explain
the multitude of spin manipulation experiments possible with the NV center, a few of
which will also be covered in later sections within this chapter.

In Figure 4.1(a) the full energy-level diagram of the NV defect center, including the
triplet fine structure of the 3A2 ground and 3E excited state, as well as the 1A1 and
1E singlet states is presented, in order to introduce the general idea of spin physics
experiments with the NV center, mainly the optical initialization and readout of the
spin state. The ground and excited states 3A2 and 3E are split in energy by spin-spin
interaction into a singlet state of spin-projection mS = 0 and an mS = ±1 spin-doublet
(in the following the electron spin state will be referred to as |mS〉 for simplicity). Due
to the NV center’s axial symmetry, the two |±1〉 states are degenerate in absence of
a magnetic field, and the |0〉 substate is energetically lower than the |±1〉 states. The
zero-field splitting between |0〉 and |±1〉 has a value of Dgs ≈ 2.87GHz in the 3A2 ground
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Figure 4.1. (a) Energy-level diagram of the NV defect center, including the triplet fine
structure of the 3A2 ground and 3E excited state, as well as the 1A1 and 1E singlet states.
The spin-conserving optical and infrared transitions are denoted by curly arrows, and non-
radiative transitions are denoted by solid arrows, where the different transition rates out of
the |0〉 and |±1〉 states are indicated by the thicknesses of the arrows. The |±1〉 sublevels are
degenerate at zero external magnetic field, but the degeneracy can be lifted by an external
magnetic field BZ along the NV symmetry axis as indicated for the ground state (omitted for
the excited state sublevels). (b) Example time-dependent fluorescence response for a single
NV center being initially either in the ’bright’ spin state |0〉, or ’dark’ spin state |−1〉 or |+1〉,
depending on the length of the off-resonant excitation laser pulse (λex = 520nm). The shaded
region represents the fluorescence difference that allows discrimination of the initial spin states.
The inset shows the signal-to-noise ratio (SNR) as a function of the length of the detection
window after the laser was turned on, according to Equation 4.1. The global maximum of the
SNR indicates the optimal readout pulse length (dashed line, in this example about 0.3 µs).

state triplet, which is a frequency range that can easily be addressed with off-the-shelf
available microwave (MW) components. This is convenient, as the application of high-
power oscillating fields in the few GHz range is required to coherently manipulate the NV
center’s electron spin (see Section 4.4). The ground and excited state of the NV center
have the same quantization axes and gyromagnetic ratio and the transition rate between
the sublevels is given by the spin-lattice relaxation time T1, which can reach 102 − 104 s
[78]. Furthermore, the degeneracy of the |±1〉 spin sublevels can be lifted by the Zeeman
effect via application of a magnetic field along the NV symmetry axis. This causes the
levels to shift in opposite directions (see Figure 4.1(a)), which is the basis for nanoscale
magnetic field sensing applications with the NV center.
Another pivotal feature, especially essential for reading out the spin state of the NV

center optically, are the metastable singlet states 1E and 1A1 (see Figure 4.1(a)). The
NV center can be excited optically from the ground state to the excited state triplet,
either by resonant laser pulses at the ZPL wavelength (which will not be covered in
the course of this thesis) or by off-resonant excitation which can excite all spin states
from the ground to the excited state trough spin conserving transitions. After being
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excited to the 3E level, optical relaxation can occur via the same radiative transition,
where it produces a broadband red PL (see Section 3.2), or through a secondary path
which involves non-radiative ISC to the singlet states 1E and 1A1. While the optical
transitions are mainly spin conserving (∆mS = 0), the non-radiative ISCs to the 1E
singlet state are strongly spin selective, with a much smaller shelving rate from the |0〉
sublevel than from the |±1〉 sublevels [94], as also indicated by the different width of
the arrows in Figure 4.1(a). This spin-selectivity of the decay process provides a high
degree of electron spin polarization into |0〉 after a few optical pumping cycles [95] as
well as an easy way to optically detect the magnetic resonances of the NV center, as
the non-radiative decay pathways compete with the fluorescent decay. Hence, the spin
projection |0〉, which has the weakest non-radiative decay out of 3E, appears brighter
than the |±1〉 spin-projections, thus the |0〉 spin state is typically referred to as ’bright’
state, and |±1〉 are referred to as ’dark’ states.

The typical experimentally determined time-dependent optical response from a single
NV center initially prepared in the ’bright’ |0〉, or either the |−1〉 or |+1〉 ’dark’ spin
state are plotted in Figure 4.1(b). As expected, if the NV center was initially prepared
in the bright |0〉 state, a higher fluorescence emission can be seen in the beginning of the
readout laser pulse, compared to the NV prepared in one of the dark |±1〉 states. Within
a few lifetimes of the singlet states (≈ 0.2 µs at room temperature [96]) the fluorescence
response decays to a steady-state value, which is independent of the initial spin state.
The optimal length of the integration time window T can be determined by calculating
the signal-to-noise ratio (SNR) of the fluorescence response according to [97]:

SNR(T ) =
N|0〉(T )−N|±1〉(T )√
N|0〉(T ) +N|±1〉(T )

, (4.1)

where N|0〉(T ), and N|±1〉(T ) are the total number of collected photons during the inte-
gration time T for the NV center initially prepared in the |0〉, and |±1〉 state, respectively.
The optimal readout pulse length is where the SNR is maximal, which is typically around
0.3 µs (see inset of Figure 4.1(b)), however the optimal integration time can differ between
individual NV centers and excitation parameters [95], hence it can be useful to perform
measurements of the time-dependent optical responses before carrying out further spin
manipulation experiments, in order to increase the SNR, and thus reduce the required
measurement time.

It should be mentioned, that the electron spin state of the NV center can also be probed
via absorption of the NIR optical transition between the 1A1 and 1E singlet states, which
show a ZPL at 1042 nm [96, 98]. However, the predominantly non-radiative decay of
the 1A1 singlet greatly reduces the absorption cross-section of the 1E ↔1 A1 transition
compared to the transitions between the triplet states, which are mainly radiative. Hence,
very high laser intensities in the order of 50MW/cm2 [99] are required to saturate this
transition, which can lead to undesirable ionization dynamics of the NV defect [100].
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4.2. Spin Hamiltonian

The NV center’s electron spin undergoes a variety of interactions in the diamond lattice
due to magnetic and electric fields, as well as strain field in the crystal and other spins
in the diamond lattice. It is therefore useful to look at the 3A2 electron ground state
Hamiltonian of the NV center, which can be obtained on the basis of the |±1〉 and |0〉
spin operators. When the NV axis (along the crystallographic [111] direction) is assumed
to be the quantization axis, the ground state spin Hamiltonian Ĥgs can be written as
[101]:

Ĥgs

~
=

zero-field︷ ︸︸ ︷
Dgs

[
Ŝ2
Z −

2

3

]
+ E(Ŝ2

X − Ŝ2
Y ) +

magnetic interaction︷ ︸︸ ︷
γeB · Ŝ

+

n∑
i=1


hyperfine interactions︷ ︸︸ ︷

ŜAiÎi +

nuclear Zeeman interactions︷ ︸︸ ︷
γiB · Îi +

nuclear quadrupole interactions︷ ︸︸ ︷
QiÎ2Z,i



+

electric interaction︷ ︸︸ ︷
δ‖EZ

[
Ŝ2
Z −

2

3

]
− δ⊥

[
EX(ŜX ŜY + ŜY ŜX) + EY (Ŝ2

X − Ŝ2
Y )
]
,

(4.2)

where Ŝ is the spin-1 operator of the vacancy electron spin, and Î is the nuclear spin
operator. The individual terms in the Hamiltonian Equation 4.2 represent the following
interactions:

Zero-field: This term describes the system in the absence of external fields with the axial
zero-field-splitting parameter Dgs ≈ 2.87GHz (at room temperature and ambient
pressure), which at room temperature changes by approximately −74 kHz/K due to
expansion of the diamond lattice [102]. The zero-field term also includes transverse
zero-field splitting caused by crystal strain, with the strain parameter E, which
depends strongly on the diamond matrix hosting the NV center and can reach
from kHz in high purity CVD diamond samples to a few MHz in highly strained
diamond lattices, e.g., in HPHT nanodiamond [89].

Magnetic interaction: This term accounts for the Zeeman magnetic interaction between
the NV electron spin and an external magnetic field B, where γe = 2.8MHz/G is
the gyromagnetic ratio of the electron spin.

Hyperfine interactions: This term sums up all spin-spin interactions of the NV center’s
electron spin with surrounding spins within or outside the diamond lattice. One
inevitable spin-spin interaction is between the NV electron spin and the intrin-
sic nitrogen (N) nucleus, which can either be the 14N or 15N isotope. Further
interaction can, e.g., occur with 13C nuclear spins in the surrounding diamond lat-
tice. The hyperfine interaction tensor Ai represents the coupling strength between
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the NV electron and the i-th nuclear spin, which for 14N and 15N have the value
AN14 = 2.16MHz, and AN15 = 3.03MHz, respectively.

Nuclear Zeeman interactions: This term accounts for the interaction of the nuclear spins
with the external magnetic field, where γi is the gyromagnetic ratio of the corre-
sponding nuclear spin.

Nuclear quadrupole interactions: This term is included, as the 14N nucleus exhibits qua-
drupole splitting, which is represented by Qi and has a strength of about QN14 ≈
MHz.

Electric field interaction: The last term represents the interaction with an effective elec-
tric field E . This interaction is much weaker than the magnetic interaction due to
the comparatively weak axial and transverse coupling constants δ‖ ≈ 0.17Hz/(Vm−1)
and δ⊥ on the order of 10−3Hz/(Vm−1), respectively.

With the full Hamiltonian in Equation 4.2, it is possible to understand and calculate
how different perturbations affect the NV center’s spin energy levels and cause shifts to
the 3A2 ground state. Usually, the effect of crystal strain E in the zero-field term and
the electric interaction term can be disregarded. Furthermore, when only the interaction
with the nitrogen nucleus of the NV center itself and no other spins in the diamond
lattice are considered, one can write down a reduced Hamiltonian as:

Ĥgs

~
= DgsŜ

2
Z + γeBŜ + ŜAiÎ + γnBÎ +QÎ2Z , (4.3)

which is more commonly found in literature. This reduced Hamiltonian is used through-
out this work, when the eigenstates and corresponding eigenenergies of the NV center
and therefore transition frequencies are calculated numerically.

4.3. Experimental Setup

Before diving into the various spin physics experiments, the following subsections will
introduce the experimental apparatus, which was utilized to perform these experiments,
beginning with the optical part of the experimental setup, followed by the part responsible
for application of radio frequency fields to the NV center. The last subsection will
then introduce the CVD diamond sample, on which all spin manipulation experiments
described in this thesis were carried out.

4.3.1. Optical Setup

The optical part of the experimental setup consists of a home-built confocal microscope,
sketched in Figure 4.2, enabling the selective optical excitation and detection of fluo-
rescence from single NV centers. As excitation light source, a diode laser emitting at
520 nm (Labs electronics, DLnsec 520) is used, which can be modulated digitally with
nanosecond resolution. The excitation light is coupled to a single-mode fiber (Thorlabs,
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Figure 4.2. Schematic drawing of the home-built optical confocal microscope setup for ex-
citing and detecting fluorescence from single quantum emitters, as well as performing spin
manipulation experiments. See main text for detailed information. FC: fiber collimator, BP:
bandpass filter, DM: dichroic mirror, LP: longpass filter, FM: flip mirror, PH: pinhole, SP:
shortpass filter, APD: avalanche photodiode, HBT: Hanbury Brown and Twiss interferometer,
50:50: Beamsplitter cube.

460HP) and guided to the experimental setup, where it is collimated and expanded to
match the aperture of the microscope objective. Furthermore, a band pass (BP) filter
(Thorlabs, FB520-10) cleans the excitation light from any longer-wavelenght fluorescence
which might originate within the optical fiber. A dichroic mirror (DM) then reflects the
excitation light towards an oil-immersion objective lens with a high numerical aperture
(NA= 1.35, Olympus UPLSAPO60XO), which tightly focuses the excitation light onto
the sample. The collected red-shifted fluorescence, collected by the same microscope ob-
jective can then pass the dichroic mirror (DM), after which two further longpass-filters
(LP) at 600 nm (Thorlabs, FELH0600) and 620 nm (Omega Optical, 3RD620LP) block
any shorter-wavelength components from the detected light, such as e.g., reflected laser,
or Raman scattered light from the diamond lattice.
To analyze the detected light, automated flip mirrors can guide the light either directly

to a very sensitive camera, which is used mainly for alignment purposes, or pass a pinhole
with a diameter of 50 µm. After the pinhole, the light can either be directed again onto the
camera, fiber-coupled to be sent to a spectrometer, or guided to the HBT interferometer
setup consisting of a 50:50 beam splitter cube and two APDs (Excelitas, SPCM-AQRH-
14), where a 750 nm shortpass filter (SP) is inserted in one arm of the HBT interferometer
to prevent crosstalk between the APDs due to afterpulsing. The digital outputs of the
APDs are connected to fast correlation electronics (Swabian Instruments, Time Tagger
20) to analyze the photon statistics, as described in Section 3.3, and to a fast counter
card (National Instruments, PCI-6014) for direct feedback of the detected PL.
The diamond sample with the NV centers is glued on top of a glass cover slip using

an UV glue with low fluorescence and a refractive index comparable to the cover slip
(Norland Products Inc, NOA81). The cover slip is also attached to a sample holder
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PCB, which combines the glass cover slip, the diamond sample and the MW antenna.
The whole sample holder can be moved coarse by a xy translation stage and scanned
by approximately 60 µm× 60 µm in the lateral direction by a xy piezo stage. For axial
(z) positioning and scanning, the microscope objective is fixed to a translation stage for
coarse positioning, and furthermore mounted on a ring piezo (Piezosystem Jena) for fine
positioning with a range of approximately 60 µm.

4.3.2. Microwave Setup

Figure 4.3. (a) Picture of the sample holder printed circuit board (PCB), which contains a
microstrip transmission line to guide the high frequency AC fields required for spin manipula-
tion experiments to the MW antenna (copper wire, diameter about 50 µm). A glass cover slip
is glued to the bottom of the sample holder (not visible), on which the bulk diamond sample
is attached. (b) Schematic drawing of the electrical setup. On one side the MW antenna
is connected to the microwave unit (MWU), which summarizes all components required to
generate the required pulsed high frequency fields, and on the other end of the MW antenna a
spectrum analyzer is connected, which can be used to monitor the MW frequency and power.

To deliver the required microwave fields to the NV center for spin manipulation pur-
poses, a microwave antenna is brought in proximity to the sample from the opposite side
of the objective lens (see also Figure 4.2). The microwave antenna consists of a short
strip (length ≈ 3mm) of copper wire with a diameter of about 50 µm, with both ends
soldered to microstrip transmission lines on a printed circuit board (PCB), which also
acts as the sample holder (see Figure 4.3(a)). The transmission line is terminated on
both ends of the PCB by SMA connectors, which can be connected to coaxial cables.
One side of the PCB transmission line, and hence the MW antenna, is usually fed with
the appropriate high frequency pulse sequences, which are generated by a purposely built
microwave unit (MWU), whereas the output from the other side of the transmission line
can either be terminated with 50Ω, or fed to a spectrum analyzer (Agilent, E4408B),
mainly for debugging purposes (see Figure 4.3(b)). As different spin manipulation exper-
iments require different assemblies of the MWU, the exact individual composition of the
MWU will be discussed in detail in the respective sections of this chapter.
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4.3.3. Diamond Sample

With the described optical setup, a variety of diamond samples with fluorescent defects
can be examined, both bulk and nanometer-sized. However, all the electron and nuclear
spin manipulation experiments described hereafter were carried out on one and the same
single NV center hosted in a CVD grown diamond, featuring a (111) surface and a delta-
doped layer of single 15NV color centers, provided by Prof. Dr. Christoph E. Nebel and
the Fraunhofer-Institut für Angewandte Festkörperphysik (IAF).

Figure 4.4. Illustration of the bulk diamond used in the spin manipulation experiments.
The CVD diamond is delta-doped with a layer of 15NV centers, where the doping is sparse
enough, so that single color centers can be resolved. On the right, the spins most likely
surrounding the NV center (nitrogen atom: filled red sphere, vacancy: empty red dashed
sphere) are indicated. Black spheres: 13C atoms and nuclear spin (I = 1/2, natural abundance
1.1%), blue spheres: 15N atoms and electron spin (S = 1/2). Due to the (111)-oriented surface
and the delta-doping technique almost all NV centers in this diamond turn out to be aligned
along the growth direction of the diamond, meaning that their symmetry axis (red arrow) is
oriented perpendicular to the diamond’s (111) surface.

The diamond sample, which was specifically engineered to feature single resolvable NV
defect centers (see Figure 3.6) is schematically drawn in Figure 4.4. The NV centers in
this particular diamond sample were created by delta-doping, a method to create NV
centers in a well-defined thin layer by the controlled introduction of N2 gas during the
diamond CVD growth [82, 103]. In this specific diamond sample, the nitrogen gas added
during growth was chosen to be the rare nitrogen-15 (15N) stable isotope of nitrogen. 15N
only has natural abundance of about 0.4%, and the only other stable isotope is 14N with
natural abundance of about 99.6%. NV centers containing a specific nitrogen isotope
might be desired for certain experiments, as the two nitrogen isotopes show different
hyperfine coupling with the NV electron spin due to their different, non-zero nuclear spin
quantum number (I(14N) = 1, I(15N) = 1/2), a topic which will be treated in more detail
in Section 4.5.
It should be noted, that the diamond carbon lattice can also host other spins, which

the NV center can couple to, as indicated in Figure 4.4. One spin in the diamond matrix,
which is almost impossible to avoid, is due to the carbon the diamond is made of itself.
Naturally, carbon occurs in the two stable isotopes 12C and 13C, with abundance of
98.9% and 1.1%, respectively, where the predominantly occurring 12C isotope is nuclear
spin free, and the less common 13C isotope has a non-zero spin quantum number of
I = 1/2 (black spheres and arrows in Figure 4.4). It is in principle possible to decrease
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the amount of 13C in the diamond matrix by using isotopic enriched carbon during the
diamond growth [77, 78], which is typically done if very long NV electron spin coherence
times are required. The here investigated diamond sample was however not isotopically
enriched, thus it features the natural abundance of about 1.1% 13C. A second source
of spins in the diamond matrix, typically occurring in nitrogen doped diamond, are
additional paramegnetic electron spins located at the sites of single nitrogen defect centers
(blue spheres and arrows in Figure 4.4). Such nitrogen defects, or P1 centers, can be
incorporated, e.g., during the diamond growth process, or as a result of nitrogen doping.
A further feature of the investigated sample is the (111)-oriented surface of the dia-

mond, which in combination with the described growth technique results in a perfect
alignment of most created NV centers along the diamond’s growth direction, which in
this case means that the NV symmetry axis is oriented perpendicular to the diamond
surface [103]. Such perfect alignment of the NV centers along a single crystallographic
axis can be advantageous as, e.g., consequently the magnetic field needs to be aligned
only once when several NV centers in a sample should be probed on their spin properties,
or for measurements with NV ensembles, as each of the four possible NV orientations can
have a different BZ-component and hence different resonance frequency. The orientation
of the symmetry axis of the NV center perpendicular to the diamond surface also has the
advantage that the magnetic field can be aligned and adjusted relatively simply by means
of a permanent magnet mounted above the diamond, and parallel to the diamond surface,
as schematically shown in Figure 4.2. This also facilitates increasing and decreasing the
magnetic field strength along the NV symmetry axis, which can be achieved by simply
changing the z-position of the magnet.

4.4. Coherent Electron Spin Manipulation

The capability to coherently control the single electron spin associated with the NV
center forms the basis of most spin-based applications of the NV center, e.g., in sensing
or quantum information processing. In this section, the principle of manipulating the NV
center’s electron spin by application of a microwave (MW) field resonant to one of the
spin transitions will be introduced. The structure of this section is inspired by the actual
experimental procedure of investigating an unknown NV center. First, the basic pulse
sequence to probe the transition frequencies between the spin substates is introduced,
followed by the technique of driving coherent oscillations between two spin substates, in
order to probe the Rabi frequency with which the electron spin can be manipulated. This
section then concludes with the measurement schemes which can be applied to probe the
T ∗2 and T2 coherence times of the electron spin.

4.4.1. Optical Detection of Magnetic Resonances

The first experiment typically performed after confocally locating an NV center is to
determine its electron spin resonance frequencies. Thanks to the spin-dependent PL
intensity of the NV center (see Section 4.1), such an electron spin resonance (ESR) spec-
troscopy experiment can be performed by simply optically reading out the NV center’s
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PL intensity while sweeping an auxiliary MW field over the |0〉 ↔ |−1〉, or |0〉 ↔ |+1〉
electron spin transition. If in this experiment the MW field then becomes resonant to one
of the transition energies, spin flips between |0〉 and |−1〉, or |+1〉 can occur, evidenced by
a reduction of NV fluorescence due to spin rotation. This type of experiment is typically
called optically detected magnetic resonance spectroscopy, or shortly ODMR.

In the experimental implementation, ODMR is realized by amplifying an alternating
current field generated by an analog microwave generator, and sending it to the microwave
antenna, which should be in proximity to the NV center. The detected fluorescence inten-
sity is then recorded for a range of consecutive frequencies. An easy way to achieve this
is to continuously shine a green laser (thus, we shall call this CW-ODMR spectroscopy)
on the NV center, and record the integrated fluorescence intensity for a range of fre-
quency steps around the resonance frequency. In the experiment, actually the MW field
is periodically (every few µs) switched on and off, in order to also detect the reference
PL the NV center exhibits without being suspect to the MW driving field. With this
method we can accommodate for changes in the PL which are not related to the spin
state of the NV center but are, e.g., due to blinking of the NV fluorescence, or drifts
of the defect center in respect to the microscope objective, which translate to changes
in the excitation and detection probability of NV photons. To additionally mitigate for
random and systematic fluctuations in detected photons such as slow drifts of the sample,
the sequence of frequency steps is newly randomized in each frequency sweep.

An intuitive way to illustrate such spin manipulation measurement sequences is by
a digital pulse pattern, as shown in Figure 4.5(a). Here, a ’high’ value on a certain
channel means that this channel is active, which means that, e.g., the laser is unblocked
or switched on, the MW field is delivered to the antenna, or the detection electronics are
active. Accordingly, a ’low’ value on a channel means that the corresponding channel
output is switched off. This type of representation for pulse sequences can usually be
found in literature on magnetic resonance spectroscopy, and will also be used further on
in this thesis.

In Figure 4.5(b) a typical result of CW-ODMR measurements on a single NV cen-
ter can be found, where a decreasing PL at the ESR resonances can be observed. In
this representation, the integrated amount of signal detected photons while the MW is
switched on (NSig) is normalized to the integrated amount of detected photons during
the reference cycle (NRef), where the MW is turned off for each frequency step:

Normalized intensity =
NSig

NRef
. (4.4)

The observed ESR resonance dips can be approximated by Lorentzian functions (solid
lines) and from the position of the dips the strength of the external DC magnetic field can
in principle be deduced directly. In case of a mainly parallel component of the magnetic
field to the NV defect axis (B⊥ = (B2

X + B2
Y )1/2 � hDgs/gµB ≈ 100mT [49]), which

means that the quantization axis is fixed by the NV axis, the position of the ESR lines
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Figure 4.5. (a) Normalized CW-ODMR measurement scheme. The excitation laser is con-
tinuously turned on, the MW field is turned off during the first half of the sequence (typically
few µs), and on at a certain frequency in the second half. Typically, this sequence is repeated a
few thousand times, before the MW frequency is changed. The photon counts on the APDs are
integrated during the reference (Ref) and signal (Sig) period for each MW frequency step. (b)
Result of normalized CW-ODMR measurements at different external magnetic field strengths
BZ (data points), and Lorentzian fits to the data (solid lines). The measurement on the top
shows only one resonance at the zero-field splitting value of Dgs ≈ 2.87GHz, hence the exter-
nal magnetic field here is negligible. The central and lower measurement show two resonances
each, which symmetrically separate from the initial zero-field splitting due to an increasing
external magnetic field. Note, that the top two measurements are offset by arbitrary values.
(c) Simplified circuit diagram of the MWU for electron spin manipulation experiments.

ω±, depending on the external magnetic field BZ , are given by the relationship

ω±(BZ) = Dgs ±
√

(γeBZ)2 + E2, (4.5)

with zero-field-splitting Dgs and strain parameter E (see Section 4.2). However, if the
applied external magnetic field has a non-negligible transverse component B⊥, the quan-
tization axis is no longer determined by the NV defect axis but rather by the applied
magnetic field, meaning that mS is no longer a good quantum number and the eigen-
states of the spin Hamiltonian are given by superpositions of the |0〉 and |±1〉 spin
sublevels, resulting in a reduced efficiency of the optically-induced spin polarization and
spin-dependent PL, which causes a reduced ESR contrast [104]. In most cases, it is
therefore desirable to apply a mainly parallel external magnetic field in order to avoid
spin mixing. However, the position of the two NV resonance lines can also provide infor-
mation about the angle between the magnetic field and the NV defect axis, which can
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be utilized to align the magnetic field with respect to the NV center’s symmetry axis, or
to perform vector magnetometry [105].
The sensitivity ηB and minimum detectable magnetic field δBmin in the measurement

time ∆t, of an ODMR experiment, based on the position and shape of a Lorentzian ESR
dip can be approximated as [106]:

ηB(T/
√
Hz) = δBmin

√
∆t ≈ 0.77

h

gµB

∆ω

C
√
R
, (4.6)

whereR is the rate of detected photons, and C and ∆ω are the ESR contrast and linewidth
(FWHM) associated with the Lorentzian dip of the PL intensity, respectively. Hence, in
order to maximize the magnetic field sensitivity, a sharp ESR linewidth with high contrast
is required.
As discussed in Subsection 2.3.4, the width ∆ω of the ESR line is fundamentally limited

by the inhomogeneous dephasing rate of the NV electron spin [106]. In case of the here
described CW-ODMR sequence it is however further affected by power broadening from
the strong resonant microwave driving field, as well as from CW laser light irradiation. A
way to circumvent power broadening during an ODMR measurement will be a topic in a
future section of this chapter, when dealing with detection of the nuclear spin associated
with the NV center (Section 4.5).

A schematic overview of the experimental part of the MWU used for electron spin
manipulation experiments can be found in Figure 4.5(c). A signal generator (MW gen-
erator, Agilent, E8267D) outputs a continuous wave radio frequency signal of defined,
adjustable amplitude and frequency in the MW range. The output power and frequency
can be remotely set by the control software running on the PC. The AC field then
passes a high-pass filter, removing any DC offset and allowing only RF frequencies to
pass through to a fast RF switch with few nanoseconds rise and fall time (Mini-Circuits,
ZASW-2-50DRA+). The switch is controlled by a digital pattern generator (Swabian In-
struments, Pulse Streamer 8/2) with 1GSa/s sampling rate and sub-nanosecond rise and
fall time. The AC current is thereafter amplified by a broadband high-power amplifier
(Mini-Circuits, ZHL-16W-43-S+) and then sent to the MW antenna. If not otherwise
mentioned, this MWU setup is used for the electron spin manipulation experiments,
described in the following.

4.4.2. Rabi Oscillations

As discussed in Subsection 2.3.5, a quantum two-level system can be coherently manip-
ulated by a classical field, where in our case one sub-set of electron ground spin states
of the NV center can be regarded as the quantum system, and the MW as the classical
driving field. The transition energy between the two states (|0〉 ↔ |+1〉 or |0〉 ↔ |−1〉)
can be obtained by an ODMR measurement as described before. Resonant interaction of
the field with the NV center can hence lead to coherent Rabi oscillations (Rabi flopping)
between the two states. Furthermore, the NV can be spin-polarized optically and the spin
state can be read-out optically as well. Together with the NV typical long spin coherence
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times, this renders it rather simple to drive and observe coherent Rabi oscillations on a
subset of the NV electron spin.
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Figure 4.6. (a) Measurement scheme for Rabi oscillations between two electron spin sub-
levels in the NV center. A green excitation laser pulse of ≈ 2 µs first polarizes the electron spin
mainly into the |0〉 state. After the laser is turned off, a short waiting time (typically ≈ 0.5 µs)
ensures that any population in the singlet levels is decayed to the ground state. Then, the
MW field (either resonant to |0〉 ↔ |+1〉 or |0〉 ↔ |−1〉) is turned on for time τ to coherently
manipulate the electron spin. After the MW field is turned off, the laser is turned on again,
and the fluorescence intensity of the NV center is recorded in the first ≈ 0.3 µs. (b) Typical
result of Rabi oscillations (data points) in high purity bulk diamond. The normalized inten-
sity can be seen to oscillate between approximately 1 and 0.7, which can be translated to the
population in |0〉, as indicated by the right y-axis. The solid line shows a fit to Equation 2.92
from which a Rabi frequency of Ω ≈ 3.6MHz in this measurement can be deduced.

For the following electron spin manipulation schemes we will assume a non-zero mag-
netic field (BZ 6= 0) to lift the degeneracy between the |±1〉 substates, and the MW
frequency set resonant to the |0〉 ↔ |−1〉 transition. However, the following control
schemes can be performed analogously on the |0〉 ↔ |+1〉 transition. The typical ma-
nipulation sequence used to observe Rabi oscillations on the NV spin is depicted in
Figure 4.6(a), which can be regarded as a pulsed pump-probe experiment. In the exper-
iment, the NV is first optically spin-polarized using a green laser pulse with duration of
a few microseconds. After the laser is turned off, a break (typically about 0.5 µs) makes
sure, that the NV can relax from the long-lived singlet to the desired |0〉 ground state.
Subsequently, a resonant microwave pulse of variable duration τ is applied to drive the
Rabi oscillations. The final spin state is subsequently read out by switching on the green
laser, and detecting the PL intensity within the first ≈ 0.3 µs, as discussed previously
in Section 4.1. As shown in Figure 4.1, if the NV center ended up in the |−1〉 or |+1〉
state, it shows less fluorescence than if it ended up back in the |0〉 state. Similar to the
ODMR measurement, a reference PL intensity is detected, to account for non spin state
related changes in PL intensity, which is shown here at the end of the initialization pulse.
Also, the scan running order of the different MW lengths is newly randomized each rep-
etition. Furthermore, the whole sequence is typically repeated a second time only this



68 SPIN PHYSICS EXPERIMENTS WITH THE NITROGEN-VACANCY CENTER

time without MW applied, to account for systematic errors, as well as the ground state
spin lifetime, T1 (see also Subsection 2.3.3). In the actual experimental implementation,
an additional MW equalization pulse is applied to minimize any possible influence of
changing duration of the MW pulse and associated Ohmic heating effects of the sample
holder PCB, which can lead to mechanical drifts. More detailed information on the whole
experimental sequence can be found in Appendix A.2.

A typical result of Rabi oscillations between the electron |0〉 ↔ |−1〉 spin substates,
detected on a single NV center hosted in bulk CVD diamond, is shown by the data points
in Figure 4.6 (b). The left y-axis of the data plot shows the normalized intensity of the PL
detected. The observed oscillation of the detected PL from the NV center can be fitted
well by the theoretically derived formula for Rabi oscillations (Equation 2.92). From the
PL contrast in the Rabi measurement, the population in the |0〉 state can be estimated
by approximating that the optical initialization pulse completely initializes the system
into the |0〉 state, and the population of |0〉 can be completely depleted during the Rabi
cycle (in the limit of strongly driven Rabi oscillations). Based on these assumptions, the
contrast of the normalized PL can be mapped to an estimated population of the state
|0〉, which is shown on the right y-axis in Figure 4.6 (b).

The Rabi frequency Ω of the NV electron spin is directly proportional to the strength
of the magnetic field along the NV symmetry axis induced by the applied AC microwave
field, which in turn depends on the type of microwave antenna utilized, on the distance
of the NV center to the antenna, as well as the orientation of the NV axis respective
to the MW antenna. Knowledge of the Rabi frequency is crucial for most further spin
manipulation experiments, as the Rabi frequency determines the length of π/2-pulses
and π-pulses.

4.4.3. Coherence Properties

Like any other real quantum system, the NV center’s electron spin suffers from decay
of coherence (see also Subsection 2.3.3). As the electron spin is largely decoupled from
the diamond lattice, decoherence in the NV center is mainly due to interactions with the
surrounding spin bath related to electron spins bound to nitrogen impurities (S = 1/2)
and 13C nuclei (I = 1/2) within the diamond matrix (see Subsection 4.3.3), and on
its surface [49, 107]. The two characteristic transverse relaxation times are the T ∗2 and
T2 time, where the ultimate limit to coherence is given by the longitudinal relaxation
time T1, which primarily results from interaction with lattice phonons, and can therefore
be increased by operating under cryogenic conditions [108]. Under the usual doping
conditions in bulk and nanodiamond the condition T1 � T2 � T ∗2 holds. Good coherence
properties of the NV defect electron spin state are desired, e.g., for sensing applications,
as they are directly linked to the magnetic field sensitivity [49]. In the following, the
usual measurement techniques to measure the T ∗2 and T2 relaxation times are explained
in more detail.
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Ramsey Interferometry

A Ramsey-type free induction decay (FID) measurement [109] can give information about
the free spin evolution coherence time T ∗2 of the NV electron spin. The Ramsey sequence
could be described as the spin equivalent of an optical Mach–Zehnder interferometer,
where the two beam splitters are replaced by microwave π/2-pulses on the electron spin.
The simplified MW pulse sequence on the NV center for a Ramsey-type experiment,
and the respective rotations of the Bloch vector, are shown in Figure 4.7(a). The first
π/2 pulse rotates the initially in |0〉 prepared electron spin into a coherent superposition
|ψ〉 = 1√

2
(|0〉 + |−1〉), which subsequently evolves for the free evolution time τ , during

which the electron spin interacts with the external magnetic field, and the |−1〉 state
acquires a phase φ = τgµBB/~ with respect to the |0〉 state [100]. This corresponds to
a precession of the spin perpendicular to the quantization axis, and the state evolves as
|ψ〉 = 1√

2
(|0〉 + eiφ |−1〉). To measure φ, and therefore the magnetic field, the electron

spin is projected back on the quantization axis after precession time τ by a second π/2
pulse, which maps the phase accumulated during τ into a population difference, which
can subsequently be read-out via the NV spin-dependent fluorescence [49].
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Figure 4.7. (a) Pulse sequence for the Ramsey interferometry measurement, where only the
’manipulation’ part of the total measurement sequence is pictured (see Figure 4.6). The first
MW π/2-pulse creates a coherent superposition between |0〉 and |−1〉, after which the electron
spin can freely evolve for time τ . A subsequent MW π/2-pulse projects the spin back on the
NV quantization axis. The lower part shows a Bloch-sphere representation of the electron
spin Ramsey measurement. (b) Experimental result (data points) of a Ramsey free evolution
experiment on the electron spin of a single NV center in bulk diamond and fit (solid line) to the
analytic formula (Equation 4.7), revealing a free spin evolution coherence time of T ∗

2 ≈ 0.7 µs
from the Gaussian decay envelope (dashed line). The fast modulation of the signal is due to
the detuned driving field (about 10MHz) and the beating of the signal can be accounted to
the local hyperfine interaction with the host I = 1/2 15N nuclear spin (AN15 ≈ 3MHz), which
can also be seen in the fast Fourier transform (FFT) of the Ramsey data (inset), where two
frequency components spaced about 3MHz apart and centered at about 10MHz can be seen.
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A typical experimental result of the fluorescence response for a Ramsey interferometry
experiment on a single NV center in bulk CVD diamond can be found in Figure 4.7(b).
The observed Ramsey fringes show an overall Gaussian decay, as the recorded Ramsey
signal represents an average over many measurement runs, during which the magnetic
environment B of the NV center can fluctuate (e.g., due to interactions with the sur-
rounding spin bath), which results in time-dependent fluctuations of the position of the
energy levels, which in turn results in changes of the acquired phase φ during the free
evolution time τ . Therefore, the free evolution T ∗2 coherence time can be deduced from
the decay of the Ramsey signal (dashed lines in Figure 4.7(b)), which is defined as the
timescale when the amplitude of the Ramsey signal has decayed to 1/e. In addition to the
decay of the Ramsey signal, the fluorescence response shows fast oscillations which can
be explained by a detuning of the MW driving field of about 10MHz with respect to the
spin transition, and an additional slower beating in the signal can be attributed to hyper-
fine coupling with the host 15N nucleus with hyperfine coupling strength AN15 ≈ 3MHz
(see also Section 4.2).

The recorded Ramsey fluorescence response can thus be represented by the sum of
two cosines with frequencies ω1 and ω2, corresponding to the detuning of the microwave
driving frequency with each of the hyperfine levels of the NV center, modulated by a
Gaussian decay with decay constant T ∗2 :

ρ|0〉(τ) = exp

(
− τ

T ∗2

)2 2∑
i=1

ci cos(ωit+ φ), (4.7)

where ci represents the amplitude of each frequency component (i ∈ {1, 2} in case of 15N
with I = 1/2, i ∈ {1, 2, 3} in case of 14N with I = 1), and φ is an arbitrary constant phase.
Fitting this analytic expression to the experimentally obtained data points presented in
Figure 4.7(b) reveals a free spin evolution coherence time of T ∗2 ≈ 0.7 µs.

Hahn Echo

One way to protect the central spin from slowly varying environmental perturbations, and
measure the intrinsic spin-coherence time T2, is to insert a refocusing MW π-pulse in the
middle of the previously introduced Ramsey sequence, as shown in Figure 4.8(a). This is
the so-called spin echo or Hahn echo sequence [110]. The additional pulse in the middle
of the free evolution time τ ’swaps’ the accumulated phase by the two states |0〉 and |−1〉,
hence the operation 1√

2
(|0〉+eiφ |−1〉)→ 1√

2
(eiφ |0〉+ |−1〉) is performed. The dephasing

acquired during the first half of the Hahn sequence can thus be compensated during the
second half of the sequence for slowly varying external fields. The spin state readout after
the Hahn sequence is subsequently performed via spin-dependent fluorescence readout,
alike in the Ramsey or Rabi measurement.
A typical experimental result of the fluorescence response for a Hahn echo experi-

ment on a single NV center in bulk CVD diamond can be seen by the data points in
Figure 4.8(b), which shows an overall stretched exponential decay with increased spin-
coherence time, compared to the Ramsey measurement (see Figure 4.7). The additional
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Figure 4.8. (a) MW pulse sequence for the Hahn echo measurement. Like in the Ramsey
sequence, two π/2-pulses at the beginning and end of the sequence create a coherent superpo-
sition and project the spin on the NV quantization axis, respectively. An additional π-pulse
in the middle of the free evolution time τ is introduced to ’swap’ the accumulated phase and
hence cancel the sensitivity to static and slowly varying external fields. The lower part shows
a Bloch-sphere representation of the individual steps of the electron spin Hahn echo manip-
ulation sequence. (b) Experimental result (data points) of a Hahn echo experiment on the
electron spin of a single NV center in CVD diamond, and fit (solid line) to the analytic de-
scription (Equation 4.8). The envelope of the Hahn echo signal (dashed line) shows a decay
with spin-coherence time T2 ≈ 20 µs.

fast modulation of the detected fluorescence in the Hahn echo measurement can be ex-
plained by the Larmor precession of the surrounding 13C in the diamond lattice, which
occur in natural abundance (1.1%) in the investigated CVD diamond (see also Subsec-
tion 4.3.3).

The detected Hahn echo signal can thus be represented by a stretched exponential
envelope with decay constant T2, multiplied by periodic Gaussian functions:

ρ|0〉(τ) = exp

(
− τ

T2

)n∑
i

exp

(
−(τ − iτl)2

w2
e

)
, (4.8)

where τl is the revival period determined by the 13C nuclear Larmor precession period at
the applied DC magnetic field, and we is the width of the Gaussian peaks. Fitting the
analytic expression to the Hahn echo signal (Figure 4.8(b)) a prolonged spin-coherence
time of T2 ≈ 20 µs� T ∗2 can be deducted, hence the refocusing pulse can indeed effectively
suppress decoherence effects of slow field fluctuations.

It should be mentioned, that a plethora of more advanced dynamic decoupling tech-
niques exist, which rely on a similar principle as the Hahn echo sequence, but instead
of the single π-pulse, multiple refocusing pulses, sometimes with different phases are ap-
plied, which can narrow the width of the filter response function and reduce sensitivity
to magnetic noise outside the bandwidth [111] extending the NV coherence time.
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4.5. Coherent Nuclear Spin Manipulation

Up to this point, we almost exclusively discussed the electron spin of the NV center,
which, due to its high sensitivity to magnetic fields, sparked high interest in sensing
applications in the recent decade. As already introduced in Subsection 4.3.3, the NV
center also features an intrinsic nitrogen nucleus, which can either be the 14N or 15N
isotope. This intrinsic nuclear spin can exhibit extremely long coherence times due to
its insensitivity to environmental changes, which makes it interesting, e.g., for nuclear-
spin-based quantum registers [112]. Taking a look at the reduced NV ground state
Hamiltonian (Equation 4.3), the hyperfine coupling of the nuclear spin can be seen to
cause the NV center’s ground and excited state electron spin triplets to be further split
into three or two hyperfine substates, depending on the associated nucleus being the 14N
or 15N isotope with I = 1 or I = 1/2, respectively.
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Figure 4.9. Reduced ground state energy level scheme (showing only the |0〉 and |−1〉 spin
ground states, the |+1〉 spin state splits analogously) of the (a) 14NV, and (b) 15NV center,
including hyperfine coupling to the intrinsic N nucleus. The fine structure can be seen to split
into two or three hyperfine substates, according to the spin quantum number of the nitrogen
isotope. A weak external magnetic field BZ = 10G along the NV quantization axis to lift the
degeneracy of the |±1〉 substates is assumed in this representation of the level schemes.

The influence of hyperfine coupling of the NV electron with the host nitrogen nucleus
is illustrated in Figure 4.9. The hyperfine splitting, and therefore also the isotope of the
participating nucleus, can therefore directly be concluded by observing the ESR spec-
trum in an ODMR-type measurement. To circumvent the effect of power broadening
(see Subsection 2.3.4) and increase the SNR, the CW-ODMR scheme introduced in Sub-
section 4.4.1 can be slightly modified to a pump-probe style sequence, similar to the Rabi,
Ramsey, or Hahn echo measurements. This pulsed-ODMR scheme relies on a single π-
pulse, which is applied in between the initialization and read-out laser pulses, and whose
frequency is swept over the ESR transition frequency. With this π-ODMR technique and
weak MW pulses, power broadening due to the driving field can be avoided [106], and
the hyperfine structure can be resolved with good contrast.
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In Figure 4.10 a π-ODMR scan of the |0〉 ↔ |−1〉 transition in a 15NV center, compared
to a typical a CW-ODMR measurement can be found. In the π-ODMR the hyperfine
lines can be clearly resolved, where the single EPR line can be seen to be additionally
split into two individual resonance lines due to the hyperfine interaction with the nucleus.
The resonances can each be approximated by Lorentzian distributions, and attributed to
the nuclear spin states mI = +1/2, and mI = −1/2, as I = 1/2. Further, the width of
the resonance lines can be seen to approach the T ∗2 limit ∆ω = 2/T ∗2 , as predicted (see
Equation 2.87).
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Figure 4.10. Optically detected magnetic resonance (ODMR) spectra of a single 15NV center
(data points) and Lorentzian fits (solid lines). In the high-power CW-ODMR scheme the
hyperfine structure cannot be resolved due to broadening of the resonance lines (a lower power
CW-ODMR scheme might resolve the hyperfine structure, however with less contrast, see also
Figure 2.3). The π-ODMR scheme circumvents this as it is a pump-probe experiment, where
after optical initialization the laser is turned off, and a weak MW π-pulse is applied to the
electron spin.

Each hyperfine transition having a slightly different transition frequency, and therefore
also Rabi frequency when driven with a monochrome MW field, can be unfavorable for
some NV electron spin manipulation schemes, as can, e.g., be seen in the later section
on MW Raman control. In the following, we will therefore discuss how the nuclear spin
intrinsic to the NV center can be actively manipulated with pulses of radio frequency
(RF), which opens up a possibility to polarize the nuclear spin. We will also introduce
an all-optical way to polarize the nuclear spin, which relies on applying certain static
magnetic fields in order to achieve a crossing of the |0〉 and |−1〉 spin states in either the
NV center’s ground or excited state. In the further discussion, the electron (mS) and
nuclear (mI) spin states of the NV center will be denoted as |mS ,mI〉, for simplicity.

4.5.1. Optical Detection of Nuclear Resonances and Rabi Oscillations

Similar to the electron spin transitions, the hyperfine spin states of the NV can be
addressed and manipulated individually with resonant MW pulses. Therefore, exact
transition frequencies between the hyperfine spin states need to be known, which can
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(analogously to the electron spin) be measured by optically detecting the PL intensity of
the NV center. This so-called optically detected nuclear magnetic resonance (ODNMR)
spectroscopy [113] relies on mapping the nuclear spin on the electron spin, which can
then be read-out optically.
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Figure 4.11. (a) Optically detected nuclear magnetic resonance (ODNMR) sequence on
the 15NV center. The sequence consists of two conditional MW π-pulses on the |0,+1/2〉 ↔
|−1,+1/2〉 transition, which only swap the population of the mI = +1/2 component of the
nuclear spin between the |0〉 and |−1〉 states. In between the two MW pulses an RF pulse is
applied, which is either swept in frequency or duration, in order to probe the nuclear transi-
tion frequency or nuclear Rabi oscillations, respectively. (b) ODNMR frequency scan of the
mI = +1/2 ↔ mI = −1/2 transition at an external magnetic field of BZ ≈ 320G. (c) Rabi
oscillations on the nuclear spin, revealing a nuclear Rabi frequency of ΩN ≈ 36 kHz. This mea-
surement was taken around the maximum available power of the RF field, showing how the
nuclear spin manipulation is a lot slower than the electron spin manipulation due to the low
gyromagnetic ratio of the N nucleus. (d) Simplified circuit diagram of the MWU for nuclear
spin manipulation experiments.

In Figure 4.11(a) the ODNMR manipulation sequence (here exemplary shown for the
investigated 15NV center with I = 1/2 nuclear spin) is shown. It is basically a pulsed
RF scan (RF, as the frequency for nuclear spin manipulation is in the few MHz region),
sandwiched between two MW π-pulses on the NV electron spin. After polarizing the
electron spin into the |0〉 spin state by a green laser (not shown here), a conditional MW
π-pulse on the |0,+1/2〉 ↔ |−1,+1/2〉 transition flips the population initially in |0,+1/2〉
to |−1,+1/2〉 (analogously, the population could be swapped into the |+1,+1/2〉 state,
or instead of the mI = +1/2 state the mI = −1/2 state could be manipulated). In
the following, an RF pulse is swept over the |−1,+1/2〉 ↔ |−1,−1/2〉 transition, which
occurs at about 3MHz (as can be calculated from the NV ground state Hamiltonian,



4.5. COHERENT NUCLEAR SPIN MANIPULATION 75

Equation 4.3), in order to probe the mI = +1/2 ↔ mI = −1/2 transition (if the Rabi
frequency of the nuclear spin is already known, it is ideal to use an RF π-pulse here).
Afterwards, a second conditional MW π-pulse is applied on the |0,+1/2〉 ↔ |−1,+1/2〉
transition, swapping the population between the two states again. Finally, the |0〉 electron
spin state is read-out optically. If the RF pulse in this sequence was resonant to the
|−1,+1/2〉 ↔ |−1,−1/2〉 transition, it swapped some (or all in the case of a π-pulse) of
the population from themI = +1/2 to themI = −1/2 state, and the second MW π-pulse
cannot flip all the population back to the |0〉 state, hence some population is ’left’ in the
|−1〉 state and the NV center appears less bright. An example result of an ODNMR scan
of the nuclear resonance line detected in the 15NV center is shown in Figure 4.11(b).

With the nuclear resonance frequency known, it is possible to further probe the nuclear
spin, e.g., to coherently drive Rabi oscillations on the nuclear spin. The sequence for
this is analogue to the ODNMR scan, just instead of scanning the RF frequency, the
frequency is fixed to the determined nuclear resonance frequency, and the length τ of the
RF pulse is swept. An example result of driving coherent oscillations on the nuclear spin
of the 15NV center can be found in Figure 4.11(c). As the gyromnagetic ratio of the 15N
nucleus (γN = 0.4 kHz/G) is a lot smaller than the gyromagnetic ratio of the electron
spin (γe = 2.8MHz/G), the manipulation speed of the nuclear spin can be seen to be a lot
slower than that of the electron spin, even as the RF driving field strength is comparable
to the MW driving field strength in the experiment. However, due to its comparably low
gyromagnetic ratio, the nuclear spin is also far less sensitive to the magnetic environment
and hence it can show much longer coherence times than the electron spin [112]. Due
to their long coherence times, which can exceed 10 s [114], nuclear spins in the diamond
lattice (not only the intrinsic N nucleus, but also other N or 13C nuclei in proximity to
the NV center) are well suited as quantum memories [115, 116] and promising building
blocks, e.g., for quantum repeaters [117, 118], where the NV center electron spin can
serve as the optical interface, and the nuclear spins can pose as memories.
In Figure 4.11(d) the extended MWU is shown, where an additional frequency gen-

erator (Stanford Research Systems, DS345), high-power amplifier (Ophir, 5064FE) and
switch (Mini-Circuits, ZASW-2-50DRA+) was added to generate, amplify and switch
the RF frequency, which controls the nuclear spin. The RF field is only combined with
the MW field (for electron spin control) after being amplified, due to the bandwidth
limitations of the high-power amplifiers. This limits the application of RF and MW
power (and hence maximum Rabi frequency) to the NV center slightly, as the utilized
broadband MW combiner (JFW Industries, 50PD-670) is absorptive, hence it has ≥ 6dB
attenuation of both input signals with a limited CW input power of about 15W per port.
This limitation could however be overcome if the combiner was to be replaced e.g., by a
suited diplexer, which can be designed to have less attenuation and a higher power rating
at the desired frequencies.

4.5.2. Nuclear Spin Polarization

So far, we have established, that the interaction with the intrinsic nuclear spin causes
a splitting of the NV center’s fine structure into multiple hyperfine levels. Under nor-
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mal conditions, the nuclear spin is totally unpolarized, hence its population is equally
distributed between all hyperfine substates. Thus, when the electron spin transition be-
tween the 15NV center’s ground state sublevels is driven by a strong MW field, all two
(or three in the case of 14N) transitions are driven with slightly different effective Rabi
frequencies, hence the two (or respectively three) transitions are evolving at slightly dif-
ferent rates, which can cause a beating of the signal in the experiment (as e.g., seen in
the Ramsey measurement Section 4.4.3). In most experiments this unpolarized nuclear
spin does not pose a big issue, however a variety of experiments rely on ways of nuclear
spin polarization, e.g., to enhance the electron [97] or nuclear spin readout fidelity [114,
119, 120].

In this thesis, nuclear spin polarization is an important topic, as the detection of MW
Raman transitions described in a later part of this thesis relies on a strong polarization of
the nuclear spin. Therefore, in the following, two methods of polarizing the nuclear spin
associated with the NV center are introduced, and their experimental implementation
and results will be discussed. As the experiments were all conducted on a 15NV center
(see Subsection 4.3.3) the following delineation will thereby again focus on NV centers
with intrinsic 15N isotope (I = 1/2), but the methods described hereafter are similarly
applicable to NV centers with intrinsic 14N nucleus (I = 1).

Optical nuclear polarization

Conveniently, optical pumping of the NV center can under certain circumstances lead
to nuclear spin polarization [97, 121]. This optical nuclear polarization relies on the
excited state or ground state energy levels |0〉 and |−1〉 becoming degenerate, where
nuclear spin polarization can be induced by repetitively driving the excitation-emission
cycle. Thus, this method of nuclear spin polarization can only occur at external mag-
netic field strengths where a level anticrossing occurs, the so-called level anticrossing
(LAC) points. The following description will focus on the excited state level anticross-
ing (ESLAC), which in the NV center occurs at around 500G, as the external magnetic
field amplitude required is significantly lower than the ground state level anticrossing
(GSLAC) counterpart, which occurs at around 1000G.

The exact location and behavior of the electron and nuclear spin sublevels can be
calculated from the NV center excited state Hamiltonian, which has the same structure
as the NV ground state Hamiltonian, only with different values of zero-field splitting
(Des ≈ 1.42GHz), hyperfine, and strain parameters [122]. The resulting eigenstates of
the excited state Hamiltonian as a function of the magnetic field magnitude around the
ESLAC are shown in Figure 4.12(a). It can be seen, that the |−1,−1/2〉 and |0,+1/2〉
states do not mix, as their total spin projection is unique in this energy range, therefore
they have no hyperfine coupling to any other state [122, 123], and therefore remain
eigenstates. The |−1,+1/2〉 and |0,−1/2〉 states however become mixed, creating an
avoided crossing and enabling energy-conserving flip-flop processes between electron and
nuclear spin [97]. As already described, optical cycling of the NV center through the
singlet state results in a polarization into the |0〉 electron spin state, and thus optical
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Figure 4.12. (a) Excited state energy levels of the 15NV center around the excited state level
anticrossing (ESLAC), where the two hyperfine levels |−1,−1/2〉 and |0,+1/2〉 can be seen to
cross. The |−1,+1/2〉, and |0,−1/2〉 hyperfine levels on the other hand show avoided crossings,
which enables electron-nuclear spin flip-flops that can lead to nuclear spin polarization. (b)
Optically detected magnetic resonance (ODMR) scans over the |0〉 ↔ |−1〉 spin resonance,
showing the I = 1/2 hyperfine structure. At low field (BZ ≈ 70G) the spin population
can be seen to be evenly distributed between the two hyperfine states. Close to the ESLAC
(BZ ≈ 490G) only the mI = +1/2 resonance dip is visible, which indicates a strong nuclear
spin polarization.

cycling of the NV center at an external magnetic field magnitude close to the LAC points
can create a strong polarization into the |0,+1/2〉 state.
In Figure 4.12(b) the results of π-ODMR scans at low external magnetic field (BZ ≈

70G, hence far away from the ESLAC), and close to the ESLAC (BZ ≈ 490G) are shown.
The measurement far away from the ESLAC shows two dips, which is characteristic for
15NV, and indicate an unpolarized nuclear spin. The measurement close to the ESLAC on
the other hand only shows the mI = +1/2 resonance line, the mI = −1/2 line is almost
completely vanished due to the above described optical polarization mediated by the
ESLAC. As the integral of the resonance peaks directly corresponds to the nuclear-spin
population, they can provide a direct measure of nuclear-spin polarization P [120]:

P =
I(ν+1/2)

I(ν+1/2) + I(ν−1/2)
, (4.9)

where I(ν±1/2) are the integrals of the ODMR peaks at the two nuclear resonance fre-
quencies ν±1/2. In our measurements at around BZ ≈ 490G the mI = −1/2 resonance
line vanishes, hence we were able to conclude a successful high degree of spin polarization
P & 95% from this optical polarization scheme.
The experimental realization of this method of nuclear spin polarization is not very

demanding, as a regular permanent neodymium magnet (circular, radius 30mm, thick-
ness 5mm, N42) can already produce magnetic field strengths of about BZ ≈ 500G in a
distance of about one centimeter [124]. Precise control of the magnets position and align-
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ment is however crucial, as efficient spin polarization is very sensitive to the magnetic
field alignment along the NV symmetry axis, with an angle of about 1◦ already reducing
the achievable nuclear-spin polarization to P ≈ 50% [121]. Therefore, the permanent
magnet used to apply the required magnetic fields was mounted on three fine-adjustable
translation stages in x-, y- and z-direction. The alignment of the magnetic field was fur-
ther facilitated a lot due to the utilized (111)-oriented diamond, which contains almost
exclusively NV centers with symmetry axis perpendicular to the diamond’s surface [103],
thus the magnet only needs to be aligned parallel in respect to the diamond surface. On
the other hand, the nuclear spin polarization is not very sensitive to the absolute external
magnetic field, as already small mixing probabilities in the excited state can lead to an
efficient hyperpolarization, where a nuclear spin poarization of P & 95% could be found
already above BZ & 440G [121].

Dynamical nuclear polarization (DNP)

Even though it is possible to achieve a high degree of nuclear spin polarization by simply
optically pumping the NV center, this method only works at certain external magnetic
field strengths. However, it might be desirable to obtain nuclear spin polarization at
arbitrary magnetic field strengths. This can be achieved by swapping the electron spin
polarization onto the nuclear spin through a combination of selective MW and RF π-
pulses on the electron and nuclear spin, and a re-initialization optical pulse [114, 125,
126]. This so-called double-resonance dynamical nuclear polarization (DNP) scheme, and
the respective targeted transitions in the 15NV center are illustrated in Figure 4.13(a)
and Figure 4.13(b), respectively (the DNP sequence for 14N requires two more control
pulses, but the concept is the same).
As established earlier, after optical polarization, the electron spin of the NV center is

maximally polarized in the |0〉 state, while the nuclear spin is fully depolarized. The first
pulse of the DNP sequence (Figure 4.13(a)) is a selective MW π-pulse which swaps the
population from |0,−1/2〉 → |−1,−1/2〉, after which a subsequent RF π-pulse transfers
the population from |−1,−1/2〉 → |−1,+1/2〉. The two swap operations act as a state
exchange protocol, where the polarization of the electron spin was exchanged for the
polarization of the nuclear spin, hence the nuclear spin is fully polarized into the mI =
+1/2 state, but the electron spin became fully depolarized. The electron spin can then be
re-polarized by a subsequent green laser pulse. However, this initialization laser pulse also
affects the nuclear spin polarization due to laser-induced charge-state switching of the NV
center. The length of this laser pulse is therefore critical for the nuclear spin polarization
sequence [120, 126], and has to be determined experimentally. In our experimental
implementation the optimal laser pulse length could be determined to about 0.2 µs [124].
Due to the long spin coherence times of the nuclear spin, the whole double-resonance
sequence, including the re-initialization laser pulse can be repeated multiple times, in
order to achieve even higher nuclear spin polarization [120, 125].
A typical result of an π-ODMR scan after DNP can be found in Figure 4.13(c), where

a maximum polarization into the mI = +1/2 nuclear spin substate of P ≈ 80% could be
achieved by repeating the DNP sequence three times [124], which is a typical value for this
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Figure 4.13. (a) Double-resonance dynamical nuclear polarization (DNP) protocol on the
NV center’s intrinsic 15N spin. The pulse lengths are about 1 µs for the first selective MW
π-pulse on the |0,−1/2〉 ↔ |−1,−1/2〉 transition, about 100 µs for the following selective RF
π-pulse on the |−1,−1/2〉 ↔ |−1,+1/2〉 transition, and about 0.2 µs for the 520nm laser pulse,
re-initializing the electron spin into |0〉. The sequence can be repeated n-times in order to
increase the nuclear spin polarization. (b) Simplified ground state energy level diagram of the
15NV defect center, where the rows represent the electron spin sublevels and the columns the
nuclear spin sublevels. The selective driving frequencies are illustrated by arrows, where the
numbers indicate the sequence of the three pulses. (c) π-ODMR scans over the |0〉 ↔ |−1〉 spin
resonance, showing the I = 1/2 hyperfine structure at BZ ≈ 130G, hence far from the level
anticrossing points, without the DNP sequence applied (n = 0), and with n = 3 repetitions of
the DNP sequence, where a nuclear spin polarization of P ≈ 80% in the mI = +1/2 substate
could be achieved.

kind of double-resonance DNP sequence [120, 125]. The achievable degree of nuclear spin
polarization with this kind of DNP protocol is mainly limited by the optical pumping
process, which can lead to depolarization of the nuclear spin due to cycling between
the NV− and NV0 charge states (see Subsection 3.2.2). Approaches to circumvent this
have been reported to use short laser pulses [120] or higher-wavelength re-initialization
laser pulses [127], in order to limit the NV charge conversion process. However, in the
course of this thesis the double-resonance DNP protocol was not pursued further, as
the beforehand mentioned optical polarization technique provided higher degrees of spin
polarization with less experimental overhead. However, the experiments which could
be performed with nuclear spin polarization were therefore limited to magnetic field
strengths close to the LAC points.
It should also be noted, that this method of double-resonance DNP is not only limited

to the NV center’s intrinsic 15N or 14N nuclear spin, as it can also be used as a state
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exchange protocol between the NV center’s electron spin and other nuclear spins in the
vicinity of the NV defect [128], e.g., to polarize proximal 13C nuclear spins [116, 129].

4.6. Conclusion

In this chapter, the basic concepts of spin physics experiments with the NV center in dia-
mond were introduced, starting from the NV energy level structure including the electron
spin fine structure, which serves as the basis for optical spin initialization and readout.
Furthermore, the full spin Hamiltonian of the ground state with the individual interaction
terms was discussed, as well as the optical and microwave part of the experimental setup
used to perform the spin physics experiments, and the diamond used in the experiments.
The chapter also gave an overview of some basic spin manipulation techniques used to
probe the Rabi dynamics, as well as coherence properties of the NV electron spin, with a
description of the experimental implementation of these manipulation techniques as well
as their typical results. The hyperfine interaction of the NV electron spin with the nitro-
gen nuclear spin inherent to the NV center was also presented, as well as manipulation
and readout schemes of the nuclear spin with their respective results. Lastly, two con-
cepts for polarization of the nuclear spin associated with the NV center were described,
along with the respective experimental implementation and results of these concepts.



5 Microwave-Stimulated Raman Transitions and
Adiabatic Passage

Up to this point, the discussion of quantum state manipulation of the NV center was lim-
ited to individual transitions within the NV center’s electron or nuclear spin. More specif-
ically, in Section 4.4, the triplet electron ground state of the NV center was effectively
reduced to a two-level system by resonant control of either the individual |0〉 ↔ |+1〉 or
|0〉 ↔ |−1〉 transition. However, as already discussed in Section 2.4, coherent control of
three- or more level systems, e.g., to transfer population between uncoupled states is pos-
sible by applying multiple resonant or near-resonant control fields for extended coherent
control possibilities of the system [130].
This chapter will shed more insights about multi-frequency control capabilities of the

NV center, involving the three spin ground states. More specifically, two Raman transi-
tion mechanisms, the stimulated Raman transitions (SRTs) and stimulated Raman adia-
batic passage (STIRAP), which allow coherent control of the dipole-forbidden transition
between the |−1〉 ↔ |+1〉 sublevels in the electron triplet ground state of the NV center
will be discussed in detail. Parts of this chapter have also been published in Physical
Review B under the title ’Ground State Microwave-Stimulated Raman Transitions and
Adiabatic Spin Transfer in the 15Nitrogen-Vacancy Center’ [131].

5.1. Raman Transitions in the NV Center

With the theoretical concept of Raman transitions in a three-level system introduced in
Section 2.4, the following will describe how these concepts can be adapted to the electron
spin triplet ground state of the NV center. We can see, that at non-zero magnetic fields
(up to the GSLAC which occurs at BZ ≈ 1 kG) the structure of the NV center’s 3A2

spin ground state can be described by a ∨-type system, as shown in Figure 5.1. In
this three-level system, the states |0〉 ↔ |+1〉 and |0〉 ↔ |−1〉 are dipole-coupled, hence
they can be driven with resonant microwave fields, and the transition |−1〉 ↔ |+1〉 is
dipole-forbidden. As elaborated before, one application of SRTs and STIRAP is to drive
a transition between two states, which do not couple directly, without or with only little
population transfer to the intermediate state, which in case of the NV center is |0〉. This
transfer, assuming the NV center to initially be in state |−1〉 is indicated by the black
dashed arrow in Figure 5.1.
Even though the dynamic evolution for Raman control can be calculated analytically

under certain assumptions (e.g., SRTs assuming δ = 0, see Subsection 2.4.3), numerical
calculations can provide a more general treatment, including one- and two-photon detun-
ing, differently strong Rabi frequencies, dissipation processes and decoherence, as well as
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Figure 5.1. Energy level diagram of the NV center’s electron fine ground state, which fea-
tures a three-level ∨-system (for 0G < BZ ≤ 1 kG). The two Raman driving fields between
the |0〉 and |±1〉 states with frequency ω± are depicted by Ω±, respectively. The one-photon
detuning ∆ (which plays a crucial role in the SRT process) is the mean detuning of both driving
fields in respect to the resonant transition frequencies ω0±. The mainly undesired two-photon
detunings of the two driving fields are depicted by δ±. The curved dashed line indicates the de-
sired transition, the population is initially assumed in the |−1〉 state and should be transferred
to the |+1〉 state, ideally without populating the |0〉 state.

arbitrary pulse shapes. The system Hamiltonian in the laboratory frame can be written
as (see also Subsection 2.3.1):

HSys
gs = Hgs + (γeSx + γnIx)V (t), (5.1)

where Hgs is the reduced ground state Hamiltonian of the NV center (Equation 4.3),
and V (t) describes an arbitrary time-dependent driving field, from which the electron
spin population in the spin substates can be computed, e.g., using the Lindblad master
equation solver of the QuTiP library [25] in the Python programming language.

It should further be noted, that due to the hyperfine interactions with the intrinsic
nuclear spin, each of the NV center’s three electron ground states is further split in
energy (see Section 4.5), which results in the ground state actually featuring six (nine)
non-degenerate energy levels for the 15NV (14NV) center, respectively. Therefore, as
the nuclear spin is generally totally unpolarized, the NV center’s electron ground state
needs to be regarded as featuring two (three) three ∨-type systems, with transition
energies detuned approximately by the hyperfine coupling constant AN14 ≈ 2.2MHz
(AN15 ≈ 3.1MHz). This proves to be unfavorable for the detection of Raman transitions,
as driving Raman transitions in a multitude of three-level systems with slightly different
transition frequencies would result in driving multiple Raman transitions with slightly
different detunings and Rabi frequencies, hence the resulting dynamics become more com-
plex. More details on the influence of an unpolarized NV nuclear spin on the outcome of
SRT and STIRAP driving in the NV center can be found in Appendix A.3. It is therefore
favorable to reduce the NV ground state to an effective single three-level system. Fortu-
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nately, as previously discussed, a high degree of nuclear spin polarization can be achieved
by nuclear spin polarization techniques, and furthermore the nuclear spin exhibits long
coherence times which effectively lets one approximate the NV center’s electron ground
state as a single three-level system, as once its nuclear spin is polarized only transitions
within one of the nuclear hyperfine substates are possible. Thus, the description of the
NV center as a single three-level system in this context is justified. In the following the
states |mS ,+1/2〉 will therefore simply be referred to as |mS〉 (with mS ∈ {0,+1,−1}).

A strong nuclear spin polarization into the mI = +1/2 hyperfine level was achieved
by tuning the external magnetic field close to the ESLAC and carefully aligning it with
the NV center’s quantization axis, as shown in Subsection 4.5.2. This relatively strong
magnetic field strength results in a strong magnetic field gradient at the position of the
NV defect center, which could be estimated to ∂BZ/∂z ≈ 0.1G µm−1 by observation of
resonance line shifts, position information of the z-piezo attached to the microscope ob-
jective, as well as finite element method magnetics (FEMM) simulations [124, 132], using
the magnets dimensions, material composition and distance to the sample. This strong
magnetic field gradient and the influence on the hereafter described Raman experiments
will also be thematized in the following.

5.2. Stimulated Raman Transitions (SRTs)
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Ω+ π

Ω− τ

Ω+ τ
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Figure 5.2. Pulse sequence for stimulated Raman transitions (SRTs) on the NV center’s
electron spin. The NV center is initially polarized in the |−1〉 state by a resonant π-pulse on
the |0〉 ↔ |−1〉 transition, after which the two by ∆ detuned SRT microwave frequency fields
are applied for duration τ . After the SRT pulses, either the population in state |0〉 can directly
be read out, or a π-pulse resonant to either one of the two electron spin resonances is applied
(dashed), swapping the population between |0〉 and |+1〉 or |−1〉, in order to read out the
population in |+1〉 or |−1〉, respectively.

The implemented MW pulse scheme to drive and detect Raman transitions in the NV
center is depicted in Figure 5.2. In our implementation of SRTs we always assume the NV
electron spin to start fully initialized in the |−1〉 state, hence after optical polarization
into |0〉 a resonant π-pulse to the |0〉 ↔ |−1〉 transition is applied to transfer the popu-
lation into the |−1〉 state. After this polarization step the SRT control field is applied,
which is compromised of the two frequency components ω+ and ω−, hence the driving
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field for SRTs V (t)SRT is defined by

V (t)SRT = Bx,+ sin (ω+t) +Bx,− sin (ω−t) , (5.2)

with the magnetic field amplitudes Bx,+ and Bx,− of the applied MW field frequencies
ω+ and ω−, respectively. The SRT driving fields are detuned by the intentional single-
photon SRT detuning ∆, as well as the unintentional two-photon detuning δ± from the
resonant transition frequencies ω0±:

ω± = ω0± − ∆− δ±. (5.3)

In the experiment, the amplitudes of the two detuned SRT pulses were always carefully
adjusted to drive each of the two transitions with a Rabi frequency Ω± ≈ 2MHz (which
is close to the maximally achievable Rabi frequency due to experimental limitations), at
the respective resonant transition (∆ = 0), as complete population inversion can only
be achieved if both transitions are driven with equal Rabi frequencies Ω+ = Ω− (see
Equation 2.112). Following the Raman MW pulses, the resulting population in either
one of the three states can be read out optically: The population in state |0〉 can directly
be read-out, however to read out the population in |+1〉 or |−1〉, another state-selective
resonant π-pulse is applied either to the |0〉 ↔ |+1〉 or |0〉 ↔ |−1〉 transition, in order
to swap the population of the respective state with the |0〉 state, before optical read-out
(dashed π-pulses in Figure 5.2). More details on how the MWU was adapted to synthesize
the multi-frequency pulses can be found in Appendix A.4.

5.2.1. Sensitivity of SRTs to Detuning

Before presenting the experimental results of SRTs, their sensitivity to changes in the
resonant transition frequencies ω0±, hence changes in one-photon ∆ and two-photon de-
tuning δ±, and possible experimental causes for these changes should be discussed. The
following discussion will focus on fluctuations of the respective positions of the NV cen-
ter’s energy levels, which we assessed in our experimental setting to be mainly due to
temperature changes of the sample holder, as it incorporates the MW structure (see
Figure 4.2(b)) and can show significant Ohmic heating when high-power MW fields are
applied [133]. Temperature changes of the sample holder can cause thermal expansion
or contraction, which in turn can cause a change in distance between the diamond and
the magnet, hence changing the local external magnetic field BZ at the position of the
NV center. As the Zeeman shift of the electron spin sublevels |−1〉 and |+1〉 is directly
dependent on Bz, the transitions frequencies ω0− and ω0+ shift in opposite directions
when the static magnetic field along the z-axis changes. A change in Bz thus causes
the two-photon detuning δ+ and δ− to shift in opposite directions. With the magnetic
field gradient at the position of the NV center approximated as ∂Bz

∂z ≈ 0.1G µm−1 the
influence of position changes on δ± can be assessed.

Furthermore, temperature changes of the diamond, and associated expansion or con-
traction of the diamond lattice, also has a direct effect on the NV center’s transition
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frequencies. The zero-field splitting parameter Dgs shows a temperature dependence
of ∂Dgs

∂T ≈ 0.1MHzK−1 [102], hence temperature fluctuations ∆T directly influence ω0±.
Therefore, a change in temperature results in a shift of both spin states |−1〉, and |+1〉 in
the same direction by the same value with respect to |0〉, meaning a change in Dgs. This
effectively changes the one-photon detuning ∆, but does not influence the two-photon
detuning δ±.
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Figure 5.3. The heat maps represent numerical calculations of the final population in the
desired state |+1〉 after an SRT π-pulse in dependence of one-photon detuning δ+ and δ−
of the two control pulses Ω+ and Ω−, respectively. The calculations were done for different
values of the initial SRT two-photon detuning ∆ = 2MHz, ∆ = 4MHz and ∆ = 8MHz, and
resulting π-pulse lengths of 0.6 µs, 1.0 µs, and 2.1 µs, respectively (with Ω+ = Ω− = 2MHz).
The arrows represent the change in detuning resulting from a small temperature change of
the diamond matrix ∆T = 3K→ δ± ≈ +0.3MHz, and a slight z-shift of the NV center’s
position in respect to the magnet (∆z = 0.2 µm→ δ± ≈ ±0.3MHz). It can be clearly seen,
that especially at higher one-photon detuning values a small change of position ∆z can already
strongly influence the outcome of the SRT transfer.

The influence of changes in one- and two-photon detuning is visualized in Figure 5.3,
where the 2D heat maps show the influence of two-photon detuning δ+ and δ− on the final
population in |+1〉 after an SRT π-pulse (which should ideally result in unity population
in |+1〉) for different intentional one-photon detunings ∆. Note, that changes along
any counterdiagonal (x = −y) represents changes in ∆, hence show the direct influence
of ∆T due to changing the zero-field splitting parameter Dgs, and the changes along
the main diagonals (x = y) represent changes in two-photon detuning δ± which are
mainly caused by changes in the external magnetic field BZ due to position shifts of the
diamond in respect to the magnet ∆z. The approximate influence of small temperature
or position changes on the outcome of the SRT π-pulse are represented by the arrows in
Figure 5.3. Especially at higher one-photon detuning values ∆ the magnetic field change
caused by small mechanical drifts can be seen to have a strong influence on the success of
stimulated Raman spin transfer, which can render SRTs at higher detuning (and hence
slower SRT Rabi frequency) very challenging, as they require the application of quite
long, high-power MW pulses. Therefore, in the experiment the average microwave power



86 MICROWAVE-STIMULATED RAMAN TRANSITIONS AND ADIABATIC PASSAGE

delivered to the sample holder is kept equal during the whole measurement sequence by an
additional compensation sequence (see also Appendix A.2), in order to avoid temperature
fluctuations of the sample holder.

5.2.2. Experimental Results

A compilation of representative experimental results of microwave SRTs on the NV cen-
ter’s electron ground state are presented in Figure 5.4, where the data points show the
data from SRT measurements taken at various values of intentional one-photon detuning,
starting from the ∆ ≈ 0MHz resonant case up to a detuning of ∆ ≈ 8MHz. Generally
the four measurements can be grouped by the definitions of virtual and real levels (see
Subsection 2.4.3) according to which the SRTs at ∆ ≈ 0MHz, and ∆ ≈ 2MHz occur via
the real level |0〉 and the SRTs at ∆ ≈ 4MHz, and ∆ ≈ 8MHz occur via a virtual level (in
all four measurements the Rabi frequencies of the individual SRT pulses Ω+ and Ω− are
adjusted to about 2MHz).
The solid lines in Figure 5.4 show the respective best fitting theoretical SRT evolutions

obtained from numerical simulations. The fitting process is performed by numerically
calculating the spin dynamics with varying amplitude of the two detuned Raman pulses
(Rabi frequencies, Ω±), one-photon detuning (∆), and two-photon detuning (δ±) around
an initial guess, calculating the residuals of the numerical and experimental data for all
three spin states simultaneous, and optimizing the parameters of the numerical evaluation
until the best values (the least residuals) are found. By doing so, all experimental SRT
curves can be approximated relatively well by theoretical predictions, however due to the
multitude of possible fit parameters and combinations, exact values resulting from the
fits will not be discussed in the following.
Figure 5.4(a) shows the evolution of the three states |−1〉 , |+1〉, and |0〉 in the resonant

limit ∆ ≈ 0MHz. The dynamics in this case show three-state Rabi oscillations, where
the intermediate level |0〉 gets populated up to a maximum value of about 0.5.

Figure 5.4(b) shows the resulting SRTs where the one-photon detuning was adjusted to
∆ ≈ 2MHz. A population inversion between the two states |−1〉 and |+1〉 can be observed,
however the amplitude of the |0〉 state still reaches a maximum value of about 0.5. This
is not surprising, as in this case the ratio between the one-photon detuning ∆ and the
two SRT fields is still low enough for the intermediate level to be regarded as a real level.
It can also be seen that, as predicted, the frequency of the oscillation between the states
|−1〉 ↔ |+1〉 is reduced (see Equation 2.112), and the oscillations show additional fast
oscillations, arising from population pulsations into |0〉 (see Equation 2.114).
Figure 5.4(c) shows SRTs with a detuning of ∆ ≈ 4MHz. A clear reduction of maximal

amplitude (and hence population) in |0〉 can be seen during the transfer process, which
is now mediated by a virtual level. However, the amplitude of the slow oscillations
between states |−1〉 and |+1〉 is also reduced to less than one, hence no more total
population inversion could be achieved. This can be explained by the increasing influence
of two-photon detuning δ± on the transfer efficiency for increasing one-photon detuning
∆, as discussed above (Subsection 5.2.1). A further reduction of transfer efficiency could
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Figure 5.4. Microwave stimulated Raman transitions (SRTs) on a single NV center in di-
amond, initially prepared in the electron spin state |−1〉. The data points show the experi-
mentally detected normalized intensity, where each of the three possible spin ground states
|0〉, |−1〉 and |+1〉 are plotted as a function of the Raman pulse length τ (see (d) for color
coding). In the left column (a,b) the one-photon detuning is ∆ .

√
Ω+Ω− (with Ω± ≈ 2MHz),

hence the transfer is said to occur via the real level |0〉. In the right column (c,d) the detuning
is increased to ∆ & Ω+Ω−, and the population in |0〉 during the transfer process is greatly
reduced, the transfer is now via a virtual level [37]. The solid lines are numerically calculated
SRT dynamics, obtained from fitting the experimental data to simulations (see main text for
more details). Adapted from [131].

be explained by additional possible errors in the individual Rabi frequencies Ω± (see
Equation 2.112).

Figure 5.4(d) shows how at even higher detuning ∆ ≈ 8MHz population transfer into
state |0〉 can be reduced to almost zero, clearly indicating the MW stimulated Raman
transfer between the states |−1〉 and |+1〉 in the NV center’s electron ground state.
However, also here no complete transfer between |−1〉 and |+1〉 can be observed, which
can again be traced back to errors in δ± and Ω± during the data acquisition phase, which
in turn is most likely caused by mechanical and thus magnetic field drifts, as discussed
in Subsection 5.2.1.
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5.3. Stimulated Raman Adiabatic Passage (STIRAP)

In contrast to all previously introduced manipulation schemes of the NV electron spin,
STIRAP relies on adiabatic shapes of the applied driving fields, hence time-varying Rabi
frequencies of the pump and Stokes pulses. The two pulses are applied partly overlapping
and in a counter-intuitive pulse order, such that the Stokes pulse Ω+(t) precedes the pump
pulse Ω−(t) (see also Subsection 2.4.4). The pulse sequence for STIRAP on the electron
spin of the NV center is schematically pictured in Figure 5.5(a), where analogue to the
SRTs the electron spin is first initialized into |−1〉 by a resonant π-pulse, after which
the two STIRAP driving fields with time-varying Rabi frequencies Ω+(t) and Ω−(t) are
applied (more details on the MW hardware employed to achieve such adiabatic pulse
shapes can be found in Appendix A.4). After the STIRAP pulses, either the state |0〉
can be read out directly, or a resonant π-pulse on one of the two transitions can be applied
to read out the population in either the |+1〉 or |−1〉 state.
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Figure 5.5. (a) Schematic of the microwave pulse scheme for stimulated Raman adiabatic
passage (STIRAP) in the NV center’s electron ground state. The electron spin is first initialized
into the |−1〉 state by a resonant π-pulse on the |0〉 ↔ |−1〉 transition, after which the two
resonant Gaussian-shaped adiabatic control pulses drive the STIRAP process. By applying
optional π-pulses it is possible to read out all three spin states, as indicated by the dashed
lines. (b) In the upper plot the envelopes of the two Gaussian control pulses (in this example
σ = 0.85 µs and Λ = 1.2 µs) are shown. The lower plot shows the resulting dynamic evolution of
the three NV electron ground state spin states (data points are experimental values, solid lines
are numerical calculations). The STIRAP transfer can be seen to result in almost complete
population transfer from |−1〉 to |+1〉, while the spin state |0〉 is only barely populated during
the whole transfer process. Adapted from [131].

The pump and Stokes pulse can have a variety of shapes, optimized for the respective
requirement, e.g., to increase the transfer fidelity or accelerate the STIRAP process [134,
135]. However, in this work we chose the ’traditional’ modulation of the two driving
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pulses, which is simply to modulate the two driving fields by Gaussian envelopes as:

f(t)± = e−(t−µ±)
2/2σ2

, (5.4)

with equal width (standard deviation σ) and amplitude. The pulses have their maxima
at time µ+ and µ− for Ω+ and Ω− respectively, and the separation between the peaks
of the two Gaussian envelopes is labeled Λ = µ− − µ+ (see upper plot of Figure 5.5(b)).
The STIRAP driving field V (t)STIRAP can thus be described by:

V (t)STIRAP = Bx,+ sin (ω+t) e
−(t−µ+)2/2σ2

+

Bx,− sin (ω−t) e−(t−µ−)
2/2σ2

(5.5)

where in the experiment the driving field strengths for both transitions are again carefully
adjusted to drive each of the two transitions with nearly identical maximal Rabi frequency
Ω±,m ≈ 2MHz. In the case of adiabatic pulses it turned out to be especially crucial to
avoid reaching the saturation region of the microwave amplifier, as amplification in this
region can become nonlinear which might change the Gaussian shape of the driving pulses
to rather ’flattop’ shapes. Furthermore, as a Gaussian pulse would extend infinitely, we
set the amplitude of each microwave field to zero after a width of 8σ both in the numerical
simulation, as well as in the experiment.

5.3.1. Experimental Results

Figure 5.7(b) shows an example microwave STIRAP measurement, performed on the
single electron spin of an NV center in diamond. The upper plot shows the two resonant
STIRAP Gaussian shaped drive fields, and the lower plot shows experimental results
for the dynamic evolution of the three spin ground states |0〉, |−1〉 and |+1〉. In this
experiment, the transfer dynamics are visualized by setting fixed values for σ = 0.85 µs
and Λ = 1.2 µs, and abruptly setting all driving fields to zero after varying time τ .
The measurement shows the typical signature of STIRAP, as almost all population was
transferred from |−1〉 to |+1〉, while the occupation of |0〉 is very low during the whole
transfer process, clearly indicating the success of the STIRAP spin transfer between
the uncoupled NV electron spin ground states. The experimental data also fits well to
theoretically calculated STIRAP dynamics (solid lines), where the non-unity transfer
probability can be explained by a small two-photon detuning (δ± = ±0.2MHz).
As the STIRAP process relies on transferring the population via an adiabatic state, in

order to succeed, the mixing angle (Equation 2.125) has to vary slow enough. A criterion
for adiabaticity, which can be found in literature, is that the product of the Gaussian
width of the control pulses σ and the maximum Rabi frequency Ωm times

√
2 should be

’much greater’ than 1 [43] (see Subsection 2.4.4). To assess if this adiabaticity criterion
also holds in our case, we probe the STIRAP transfer dynamics in respect to various
pulse widths, as shown in Figure 5.6. It can be seen, that with increasing Gaussian pulse
width σ the population in |0〉 during the STIRAP process is decreasing. For pulses with



90 MICROWAVE-STIMULATED RAMAN TRANSITIONS AND ADIABATIC PASSAGE

0 1 2

STIRAP length τ / µs

0

1
N
or
m
.i
nt
./

ar
b.

u.
σ = 0.25 µs

|−1〉
|+1〉
| 0 〉

0 1 2

STIRAP length τ / µs

σ = 0.28 µs

0 2

STIRAP length τ / µs

σ = 0.36 µs

Figure 5.6. Probing the adiabatic condition in microwave STIRAP on the NV center’s
ground state. The three plots show the dynamic evolution of the three spin states for different
Gaussian widths σ of the adiabatic control pulses. For broader control pulses (larger σ) a re-
duction of population in the state |0〉 during the transfer process can be seen, clearly indicating
the increase in adiabaticity.

σ = 0.36 µs the state |0〉 is only barely populated during the whole transfer process, hence
we can assess the adiabatic condition to start around here (

√
2Ωmσ ≈ 1).

Clearly the adiabatic criterion can be met if the width of the control pulses is drastically
increased, however the lower limit for adiabaticity is of interest as it is desirable to
keep interaction time short in order to achieve fast population transfer, which can be
crucial as the electron spin can also suffer from decoherence during STIRAP control. It
is furthermore desirable to keep the overall measurement time short, to minimize the
influence of possible drifts during data acquisition (e.g., due to Ohmic heating).

5.3.2. Sensitivity of STIRAP to Pulse Width and Timing

As STIRAP is an adiabatic process, it should be relatively insensitive to details of the
pulses (i.e., it is robust) [31], which in our specific case means that the spin swap from
|−1〉 to |+1〉 should be successful for a variety of pulse widths, and pulse separations. To
assess this, we first evaluate the final population in the three spin states after a complete
STIRAP pulse sequence, depending on the separation of the two Gaussian control pulses
Λ and their standard deviation width σ. The results for a range of pulse parameters
are shown in Figure 5.7, where the three columns represent the final population in |0〉,
|−1〉 and |+1〉, and the top and bottom row show numerical and experimental results,
respectively.
We can see, that the experimental results follow the theoretical predictions well, and

that for larger pulse separation Λ and pulse width σ (upper right corner in each plot in
Figure 5.7) the population starts to show plateaus in both simulation and experimental
data. This means, that complete population transfer can occur in a range of pulse widths
(final population in |0〉 → 0, |−1〉 → 0, and |+1〉 → 1, red dashed marked areas as guide
for the eye), showing that microwave STIRAP can be a very robust method (regarding
the pulse width and timing) to drive the spin-forbidden |−1〉 ↔ |+1〉 transition in the
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Figure 5.7. The heat maps show the simulated (top row) and experimentally detected (bot-
tom row) final population in the three ground states |0〉 (left), |−1〉 (middle) and |+1〉 (right)
after a complete STIRAP sequence, depending on separation Λ and width σ of the Gaussian
control pulses. The asterisk marks the values presented in Figure 5.5(b) and the red dashed
area marks the broad range in which almost complete STIRAP transfer to |+1〉 occurs in
simulation as well as in the experiment, thus visualizing the robustness of STIRAP against
pulse errors. Adapted from [131].

ground state of the NV center. From the heat maps we can also assess a robust point to
perform STIRAP experiments (slight changes in pulse parameters should not change the
outcome of the experiment), e.g., the STIRAP measurement reported at the beginning of
this chapter (Figure 5.5(b)) was performed at the parameters marked by the asterisk in
the heat maps. From this measurement, and the adiabatic condition determined above,
we can also assess that almost no population should be transferred into |−1〉 during the
STIRAP process in the dashed marked region.

5.4. Comparing Sensitivity of SRTs and STIRAP to Detuning

In the theoretical and experimental treatment of SRTs the strong sensitivity of SRTs es-
pecially to a two-photon detuning was already indicated (see Subsection 5.2.1). STIRAP
on the other hand promises to be more robust to the pulse parameters, hence also to both
one- and two-photon detuning. To evaluate how the two different techniques cope with
detuning, we compare the final population in the state |+1〉 with respect to frequency
detuning of the two control pulses δ± in Figure 5.8, where the top and bottom row show
numerical and experimental results, respectively, and the left and right column are the
outcome of the SRT and STIRAP sequence, respectively.
From the numerical results in Figure 5.8 it is evident the that in case of SRTs a small

frequency error (δ± � 1MHz) already has a strong effect on the outcome of the sequence,
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Figure 5.8. The heat maps represent the final population of the desired state |+1〉 with
SRT (left column) and STIRAP (right column) control in dependence of an unintentional
frequency detuning δ± of the two control pulses. The top row shows simulation results and
the bottom row shows corresponding experimental results. SRT pulses were chosen with a
one-photon detuning ∆ = 5MHz, and STIRAP pulses with Gaussian width σ = 0.85 µs and
pulse separation Λ = 1.2 µs. The numerical results show much sharper features than the
experimental data, which is most likely due to frequency jitter occurring during acquisition of
data. Nevertheless, a strong dependence of SRT on frequency errors (which can occur due to
changes in applied magnetic field, temperature, or drift) and the higher robustness of STIRAP
against such errors, i.e., a larger area where spin flip is successful, are apparent. Adapted from
[131].

whereas STIRAP shows a much higher robustness against similar frequency changes,
especially against two-photon detuning (main diagonals in Figure 5.8). A systematic
deviation of the experimental data from the simulation can be observed (the experimental
data is more blurred out than expected from simulations), which is most likely due to
frequency drifts happening during the acquisition of the data, where one acquisition cycle
of a 2D detuning map with 20×20 = 400 individual data points each integrated for about
0.5 - 1.0 s usually takes about 5min. To obtain 2D detuning maps with relatively low
noise, which can be found in Figure 5.8 the single integration is repeated about 50 times.
However, even when regarding only the data from the first integration the sharp features
as expected from simulation could not be found, therefore the frequency fluctuations
causing this deviation from the numerical calculations appear to be on timescales shorter
than one integration cycle < 5min. The numerical, as well as the experimental data can
however still confirm that the STIRAP sequence is far less sensitive to frequency changes,
and overall has a higher probability of spin-swap.
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5.5. Conclusion and Outlook

In this chapter, the two Raman transition mechanisms ’microwave stimulated Raman
transitions’ (SRT) and ’stimulated Raman adiabatic passage’ (STIRAP), which enable
coherent control of the dipole-forbidden transition between the |−1〉 ↔ |+1〉 sublevels in
the electron triplet ground state of the NV center were described, including the respective
theoretical framework, simulations as well as experimental implementations and results.
While SRTs use a two-photon microwave pulse that simultaneously drives two detuned
ground state transitions, STIRAP relies on applying two partially overlapping resonant
adiabatic pulses. Thus, SRTs can be technically less difficult to implement as no adiabatic
MW pulses are required, but SRTs also prove to be more sensitive to small detunings
and suffer more from decoherence, especially for higher mean detuning of the MW fields.
STIRAP on the other hand requires adiabatic pulse shapes, which might be technically
more demanding to generate, but proves to be more robust to both pulse area deviations,
and frequency fluctuations.
The possibility to drive microwave SRT and STIRAP transitions in the electronic

ground state of the NV center and thus driving the spin-forbidden transition of the NV
defect via microwaves could open up new possibilities for quantum control schemes of the
NV center, which could be applied for example in future quantum sensing schemes. Also
further improvements on the Raman sequences to improve the spin swap success could
be implemented, which for SRTs could be e.g., more stable experimental conditions to
reduce frequency detuning of the two control pulses, and in case of STIRAP, e.g., the
shape of the two MW pulses could be optimized.





6 Hybrid Nanophotonic Systems

The previous chapters introduced some of the many fascinating aspects of the NV solid-
state quantum emitter, as well as the common method of interfacing with it via free-space
optics in a confocal microscope. However, this implementation is hardly scalable, and
to build larger quantum architectures or more heavily integrated devices, a direct on-
chip integration of one or more quantum emitters, in combination with passive optical
elements such as waveguides, cavities, or couplers and active optical elements such as
light sources and detectors is highly desirable [44, 46, 136]. Motivated by this, a plethora
of platforms and integration methods of quantum emitters into nanophotonic systems
emerged in recent years. One famous and widely applied technique is the integration
of single emitters with tapered optical fibers [137–141], however this concept lacks the
on-chip integration capabilities, which more integrated platforms like in-situ direct laser
written [142], electron beam lithographed [143], diamond [144–146], other dielectric [147–
153] or plasmonic structures [154–156] provide.

Each of the aforementioned platforms has certain advantages and disadvantages, and
depending on the selected emitter and specific application, some might be better suited
than others. A problem commonly encountered is unwanted background fluorescence
from the passive optical structure, which can arise due to scattering of the excitation
light. Another crucial aspect is low absorption in the material to minimize losses and
enable the fabrication of low-loss structures, such as high quality resonators. Within
this thesis, a photonic platform based on silica (silicon dioxide, SiO2) with exception-
ally low autofluorescence, for the integration of single quantum emitters was designed,
characterized and functionalized with a single NV center in diamond.
In this chapter, first the concept of dielectric waveguides is introduced, and the basic

analytical solution to a planar slab waveguide is derived, in order to give a basic picture of
guided modes in waveguides. After this, the calculation of guided modes in more complex
geometries using numerical methods will be described. With the theoretical foundation
laid out, the design concept and characterization of the newly developed integrated mono-
lithic silica waveguide platform is described, followed by the description of a integration
technique with a single diamond quantum emitter via nanomanipulation. Subsequently,
the experimental investigation of a functionalized device is presented, showing single
photon emission from the integrated hybrid NV-waveguide system. The chapter is then
concluded by a discussion of possible improvements to the on-chip waveguide system, in
order to increase collection of single photons.
Parts of this chapter have also been published in New Journal of Physics under the

title ’On-chip integration of single solid-state quantum emitters with a SiO2 photonic
platform’ [157], and as a section of the book ’Diamond for Quantum Applications Part
1’ [158] under the title ’Hybrid Light Collection’ [159].
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6.1. Dielectric waveguides

Dielectric waveguides are the basic elements for confining and guiding light, ranging from
few micrometers in on-chip integrated photonics to several hundreds of kilometers in
fiber-optic communication. Guiding in dielectric waveguides is achieved by engineering
the refractive index n in two spatial dimensions in such a way, that it continuously
controls the propagation of the electromagnetic wave. The basic structure of a dielectric
waveguide consists of a longitudinally extended higher-index core, surrounded by a lower-
index cladding, confining and guiding the light due to total internal reflection.

Figure 6.1. Examples of a few typical dielectric waveguides, where in each configura-
tion guiding of light is achieved by a difference of refractive index between core (blue, n1),
cladding/substrate (gray, n2), and air (white, nair), with n1 > n2 ≥ nair. (a) Cylindrical
waveguide (optical step-index fiber), (b) ridge waveguide, and (c) rib waveguide.

The most widely applied form of optical waveguide is without doubt the optical fiber,
with millions of kilometers being installed every year [160] mainly for the purpose of data
transmission over longer distances with high data-rates. In an optical step-index fiber,
the cylindrical core with higher refractive index n1 is surrounded by a cladding with
lower refractive index n2, as schematically shown in Figure 6.1(a). In integrated on-chip
systems, the waveguide structure usually consist of a core of planar, rectangular shape,
sitting on top or within the cladding, due to top-down fabrication reasons. A simple
example of an on-chip waveguide is the air-clad ridge waveguide, schematically shown
in Figure 6.1(b), where n1 > n2 ≥ nair. A further popular planar waveguide design
which should be mentioned here is the rib waveguide, which is schematically shown in
Figure 6.1(c). Even though in this design the waveguide core is not completely surrounded
by the lower-index cladding, guiding of light can be ensured in this geometry. Advantages
of the rib geometry, compared to the ridge geometry, include lower susceptibility to
geometric fluctuations such as feature size and sidewall roughness, and the possibility
of larger feature size for single-mode conditions. Also, rib waveguides allow for the
fabrication of suspended waveguides, enabling new types of integrated optical devices
[161], a feature which will play an important role in this chapter.
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6.2. Modes in Dielectric Waveguides

The way that electromagnetic waves travel through waveguides can be described in dis-
tinct guided optical modes, which are invariant transversal spatial distribution patterns
of optical energy. Each mode has a certain effective refractive index, neff which has a value
between the refractive index of the waveguide core and cladding (n1 > neff > n2 ≥ nair in
the above examples), which also defines its phase velocity as vp = c/neff. The respective
spatial shapes and effective refractive indices of the guided modes can be found analyti-
cally by deriving the wave equation, or by means of numerical methods. To get a more
in-depth understanding of the guided modes, this section will start with the derivation
of the wave equation by means of the most simple textbook example, the slab waveguide,
starting from Maxwell’s equations. After the analytic treatment of this simple example, a
numerical method which can be used to obtain guided modes in more complex waveguide
geometries will be introduced. Furthermore, the numerical results of a guided mode in a
step-index optical fiber will be presented.

6.2.1. Electrodynamics in Media

Merely all macroscopic electromagnetic wave phenomena, including the propagation of
electromagnetic waves in a medium, such as a dielectric waveguide, are governed by the
four macroscopic Maxwell’s equations with appropriate boundary conditions. This should
also serve as starting point in the following derivation of guided waves in a dielectric
waveguide, where the following theoretical derivations are mainly following those given
in [162]. As in Section 2.1 we start again with Maxwell’s equations without free charges
or currents, however this time we also include the electric displacement field D(r, t)
and magnetic induction vector H(r, t) to account for the macroscopic properties of the
medium, which results in the following form of Maxwell’s equations in matter (in SI
units):

∇ ·B(r, t) = 0 (6.1)
∇ ·D(r, t) = 0 (6.2)

∇×E(r, t) = − ∂B(r, t)

∂t
(6.3)

∇×H(r, t) =
∂D(r, t)

∂t
. (6.4)

Assuming a linear and isotropic dielectric medium, the electric displacement field and
the magnetic induction vector can be written as:

D(r, t) = ε(r)E(r, t) (6.5)

H(r, t) =
1

µ0
B(r, t), (6.6)



98 HYBRID NANOPHOTONIC SYSTEMS

with the dielectric permittivity ε(r), and vacuum magnetic permeability µ0. The permit-
tivity can be approximated to be the square of the materials refractive index n(r):

ε(r) ∼= n2(r), (6.7)

as it is close to unity for most dielectric materials, hence close to the vacuum permittivity
[162]. The permittivity ε(r) and therefore also the refractive index n(r) can vary with
position, according to the layout of the dielectric material.
As the position vector r = (x, y, z) is invariant in time we can factor out the time-

dependent variation of the fields as:

E(r, t) = Re
[
E(r)eiωt

]
(6.8)

H(r, t) = Re
[
H(r)eiωt

]
, (6.9)

where ω = 2πf is the harmonic frequency of the wave, the homogeneous vector wave
equations

(∆− k2n2(r))E(r) = 0 (6.10)

(∆− k2n2(r))H(r) = 0, (6.11)

with k2 = ω2µε, and the Laplacian operator ∆E(r) = ∇×∇×E(r) can be derived. These
are the Helmholtz equations which can be used below to obtain the wave equations for
simple waveguide geometries.

6.2.2. Analytic Solution to the Slab Waveguide

As previously introduced, a typical dielectric waveguide consists of an area of material
with higher refractive index (core), surrounded by a material of lower refractive index
(cladding). Here we will take a look at the simplest textbook example of a waveguide,
the slab waveguide, defined by a core region layer with refractive index n1, sandwiched
between a cladding material with refractive index n2, where n1 > n2. The slab discussed
in the following is illustrated in Figure 6.2, where the core has a thickness of 2d along the
x-axis and extends infinitely into the yz-plane. Also the cladding is assumed to extend
indefinitely above and below the core.
In mathematical terms, the refractive index of this slab waveguide can be described by

the step function:

n(r) = n(x) =

{
n1 for |x| < d

n2 for |x| > d
, and n1 > n2. (6.12)

As the one-dimensional slab waveguide is invariant in y-, and z-direction, we can choose
+z as the direction of propagation, without loss of generality. Also, due to the symmetry
of the structure, all field components are independent of the y-coordinate, which means
∂/∂y = 0. Hence, the time dependence of the time harmonic electric and magnetic field
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Figure 6.2. Geometry of the slab waveguide (also known as planar waveguide). The extend
of the waveguide in both the y- and z-directions is assumed infinite. The core with refractive
index n1 has a thickness of 2d and is surrounded on the top and bottom by an infinitely thick
cladding with n2. The propagation is assumed to be in the positive z-direction.

(Equation 6.8 - 6.9) propagating in the positive z-direction can be expressed as:

E(r) = E(x)e−iβz (6.13)

H(r) = H(x)e−iβz, (6.14)

where β is the propagation constant of the mode, which is related to the effective refractive
index as β = kneff with the wavenumber k = 2π/λ. Plugging this into the vector
wave equations (Equation 6.10 - 6.11), the dependence on z can be dropped, yielding the
following one-dimensional reduced wave equations for the E(x) and H(x) component:(

∂2

∂x2
+ n2effk

2 − β2
)
E(x) = 0 (6.15)(

∂2

∂x2
+ n2effk

2 − β2
)
H(x) = 0. (6.16)

This set of equations can be solved by two orthogonal modes with different polarization,
characterized by their transverse y-field component, the so called transverse electric (TE)
modes with zero transverse magnetic field and the transverse magnetic (TM) modes with
zero transverse electric field:

TE: E =

 0
Ey
0

 , H =

Hx

0
Hz

 (6.17)

TM: E =

Ex0
Ez

 , H =

 0
Hy

0

 . (6.18)

In the following, we will only analytically analyze the solutions of the TE guided modes
(Equation 6.15) in more detail, the solutions to the TM modes are similar and can be
found, e.g., in [162].
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Guided TE Modes

The solutions for Ey(x) in Equation 6.15 are, depending on the sign of (n2effk
2 − β2),

either standing waves or exponential functions of x:

Ey(x) =


E1 exp[γ2(x+ d/2)], for x ≤ −d/2, (cladding)
E2 cos(κ1x− φ), for |x| ≤ d/2, (core)
E3 exp[−γ2(x− d/2)], for x ≥ d/2, (cladding)

, (6.19)

where the electromagnetic interface conditions have to be fulfilled, which demand con-
tinuity of the tangential electromagnetic field components. Therefore, the tangential
components of the electric and the magnetic field and the normal component of the mag-
netic field need to be continuous at the interface of the substrate and cladding (see e.g.,
[163]). Hence, the transverse decay constant γ2 and transverse propagation constant κ1
can be written depending on the wavenumber, the refractive indices of the materials, and
the effective refractive index as:

γ2 =
√
k2(n2eff − n22), and κ1 =

√
k2(n21 − n2eff). (6.20)

Furthermore, the phase factor φ in Ey(x) can only either take the value 0 or π/2:

φ ∈ {0, π

2
}, (6.21)

for symmetric and antisymmetric modes, respectively (this will become more clear, when
the modes field distributions are evaluated). Finally, if the peak amplitude of the field
is normalized to unity, the field amplitudes can be written as:

E1 = cos

(
κ2d

2
+ φ

)
(6.22)

E2 = 1 (6.23)

E3 = cos

(
κ2d

2
− φ

)
. (6.24)

From this it can easily be seen, that a distinction between guided modes (within the
core of the waveguide) and evanescently decaying modes (in the substrate) can be made.
The oscillation period of the guided mode in the core region is defined by the effective
refractive index neff, with a small core region (d � λ) resulting in neff closer to the
refractive index of the cladding n2 and hence fast oscillations with x, and vice versa.
Furthermore, the dispersion relation

ν =
2

π
(κ1d− tan−1(γ2/κ1)), (6.25)

with the integer mode label ν ∈ N can be found, which provides the number of guided
TE-modes in the slab, depending on the slab thickness 2d. Hence, every slab waveguide
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with n1 > n2 can support only a finite number, but at least one stable guided mode. As
the tangent is periodic, multiple modes may exist for a given slab waveguide, each with
its own distinct effective refractive index neff and modal field distribution Ey(x).

Graphical Representation of TE Modes
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Figure 6.3. (a) Graphical representation of the dispersion relation (Equation 6.25), relating
the TE-mode number ν to the effective refractive index neff for different slab thicknesses, with
n1 = 2, n2 = 1. Each time the dispersion curve crosses an integer value of ν, a guided TE-
mode exists. In (b-d) the corresponding transverse mode field distributions Ey(x) of the in
(a) deduced guided modes is illustrated. The gray shaded area indicates the core region of the
slab waveguide, which has a thickness of (b) 2d = 0.1λ, (c) 2d = 0.4λ, and (d) 2d = 0.8λ.

In Figure 6.3(a) a graphical representation of the dispersion relation (Equation 6.25)
can be found, illustrating the relationship between mode label and effective refractive
index neff for slab waveguides with different thicknesses 2d/λ = (0.1, 0.4, 0.8), and n1 = 2
and n2 = 1. As only integer solutions to the dispersion relation exist, hence only when
the function graph crosses an integer number of ν, the amount of TE-modes in the slab,
and their respective effective refractive index can be directly read from this plot. In
the example, the thickness of the slab was chosen, such that for 2d/λ = 0.1 only the
fundamental TE-mode exists (ν = 0). If only a single guided mode per polarization
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exists, the guide is called a single mode waveguide. For 2d/λ = 0.4 the fundamental and
the first higher TE-modes exists (ν = 0, 1), and for 2d/λ = 0.8 the fundamental and the
first and second higher TE-modes exist (ν = 0, 1, 2). Waveguides, supporting more than
one mode per polarization, are called multimode waveguides.
In Figure 6.3(b-d) the shape of the transverse mode field distributions Ey(x) (obtained

from Equation 6.19) of the TE-modes (from Figure 6.3(a)) are plotted for different thick-
nesses of the slab layer 2d/λ = (0.1, 0.4, 0.8). It can be seen, that even TE-modes
(ν = 0, 2, . . .) show a maximum of the amplitude at the center of the slab, whereas un-
even modes (ν = 1, 3, . . .) show a zero-crossing at the center of the slab due to the phase
factor φ being 0 or π/2 for even or uneven modes, respectively. It can also be seen, that
a mode with an effective refractive index close to the cladding propagates to a higher
extent inside the cladding, than a mode with neff close to the core’s refractive index,
which becomes important, e.g., when access to the guided mode is desired, or surface
roughness leads to attenuation of the guided mode.

6.2.3. Numerical Calculation of Waveguide Modes

As introduced in the beginning of this chapter, a wide range of possible two-dimensional
waveguide geometries and material compositions exist. In contrast to the previously de-
scribed 1D slab waveguide, it is in general not possible to obtain an analytical solution to
the mode field problem of a 2D waveguide problem without making further approxima-
tions. One such approximation is the so-called effective index method, which decomposes
the 2D problem into a 1D slab waveguide problem, which can then be solved analytically.
However, in order to obtain a more accurate solution to an arbitrary shaped 2D waveg-
uide problem, numerical methods like the finite-difference time-domain (FDTD) or the
finite element method (FEM) are typically used. These numerical methods rely on dis-
cretizing the problem to solve Maxwell’s equations in arbitrary geometries. Thanks to
the processing power of modern computers, such solvers can obtain the solutions to two-
dimensional mode field problems usually within seconds. As an FEM solver (JCMwave)
was used in this work, the basic concept of the FEM and an example 2D mode field in
an optical fiber obtained by FEM simulation will be introduced briefly in the following.

The Finite Element Method (FEM)

Generally speaking, the finite element method is a method to numerically solve partial
differential equations of a certain structure based on spatial discretization. As most laws
of physics for space- and time-dependent problems are usually expressed in terms of
partial differential equations, the FEM is not only applicable to electromagnetics, but
can also be used to analyze problems such as e.g., heat conduction, mechanical stress or
fluid flow.
The FEM relies on spatial discretization of the problem, hence first a computational

domain must be chosen with appropriate boundary conditions, which forms the numerical
domain of the problem. The larger structure is then subdivided (meshed) into smaller
parts, the so-called finite elements, resulting in a finite number of points to be computed.
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The mesh is usually made up out of triangles in two-dimensional problems or tetrahedrons
in three-dimensional problems, which can be non-uniform in size and shape. This can be
of great advantage if round structures, structures which consist of both large and small
features, or structures with strong field enhancements at certain spots are considered, as
the total number of elements can be smaller than in a uniformly sized mesh, which can
greatly reduce the computation time.
Maxwell’s equations are then (simply speaking) formulated into a linear system of

equations and solved for each element within the computational domain [164]. After
computation of the solution, a posteriori local error estimates can be used to determine
where the error is high, and adaptively increase the degree of freedom, i.e., the maximal
polynomial degree on each element or create a denser mesh where the error is large. This
also allows for a relatively easy way to test the computation for convergence, as e.g.,
stepwise increasing of the number of mesh points or increasing the maximal polynomial
degree should lead to results which are differing less and less to the prior result, and also
lower estimated errors.

FEM Simulation of a Single Mode Optical Fiber

To illustrate the FEM, we will exemplary show the simulation of the guided mode in
a step-index silica optical single-mode fiber. The dimensions and refractive indices are
closely related to a typical single-mode fiber used to guide light at the NV center’s emis-
sion wavelength (SM600, Thorlabs [165]). Figure 6.4(a) shows a graphical representation
of the FEM computational domain where the mesh of the two-dimensional electromag-
netic guided mode problem can be seen. The meshing was automatically done by the
solver software in an adaptive way, meaning the simulation was performed multiple con-
secutive times, where each time the mesh was adaptively refined.
Figure 6.4(b) shows the resulting field intensity profile of a guided fundamental optical

mode at 700 nm in the same geometry. The computation was performed by the propagat-
ing mode solver of JCMwave, which next to the electric and magnetic field components
Ei and Hi (with i ∈ {x, y, z}) also provides the effective refractive index neff of the com-
puted modes. Note, that here instead of the individual electric field components (Ex, Ey,
or Ez) the intensity distribution |E|2 = |Ex +Ey +Ez|2 is shown. In contrast to the slab
waveguide, where we could distinguish well between TE and TM modes based on their
zero transverse field components, the fundamental guided mode in the optical fiber has
non-vanishing values for all six field components Ei and Hi. Therefore, the fundamental
mode in an optical fiber is termed a hybrid mode (in this case, the fundamental mode
HE11). Figure 6.4(c) shows a cross-section through the center of the simulation result
in (b), as well as the refractive index profile used in the simulation. Furthermore, the
threshold value of 1/e2 is indicated, which defines the mode field diameter (MFD) of the
guided mode. It can be seen, that the MFD of the guided mode exceeds the diameter of
the fiber’s core region (dfiber = 3.5 µm, MFD ≈ 5 µm), which is typical in single-mode
fibers. The MFD of the optical fiber is mentioned here, as it will become a topic later in
this chapter.
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Figure 6.4. Cross-section of a typical optical step-index single-mode fiber at 700 nm. (a)
Adaptive mesh, consisting of triangular elements. The circular core (blue), which has a slightly
higher refractive index than the cladding (green) can be approximated relatively well using only
straight lines due to the finer meshing in this region. The cladding region far from the core was
automatically meshed coarser than the core, where the electromagnetic field is concentrated.
(b) Calculated mode field profile |E|2 of the fundamental guided HE11 mode. (c) Cut through
the center of the guided mode field profile with the refractive index profile of the fiber shown
(green, upper x-axis). The field above the dashed line at 1/e2 indicates the mode field diameter
of the guided mode, which for single-mode fibers is typically slightly larger than the core itself.

6.3. Evanescent Coupling to the Guided Modes in Waveguides

Recalling, that the field distribution of the guided mode in a waveguide comes with an
evanescent tail which especially for single-mode waveguides can extend well beyond the
core of the waveguide, one can imagine how this part of the guided mode can be used
to access the guided electromagnetic field. One application where the evanescent field is
typically used is in an optical directional coupler, in which light guided in one waveguide
can be transferred to a second waveguide, when the two waveguides are brought in
proximity to each other. If the evanescent tails of the guided modes overlap, energy
can be exchanged, and if the receiving waveguide can support modes at the wavelength
propagating in the first waveguide, the evanescent field can excite a propagating mode in
the second waveguide. The amount of energy exchanged depends on the mode overlap,
and thus the coupling strength, as well as the coupling distance. Evanescent coupling
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can be modeled analytical for very simple waveguide geometries [166], but usually the
calculation is done numerically by beam propagation methods.
Alternatively, instead of the second waveguide, a quantum emitter like an atom or

solid state emitter can be placed within the evanescent part of the propagating mode.
Here, if light is launched into the waveguide, the evanescent part of the guided mode can
be expected to excite the quantum emitter, assuming an appropriate wavelength of the
guided light. Furthermore, a fraction of the quantum system’s emission can be expected
to be directly emitted into the guided mode if the waveguide supports a guided mode
at the wavelength and polarization emitted by the quantum system. In the following, a
brief description of a simple way to calculate the interaction of a quantum emitter (for
simplicity approximated as a two-level dipole emitter) with a guided optical mode will
be given.

6.3.1. Dipole Coupling to a Confined Light Field

The metric of interest for coupling an emitter to an optical mode is the coupling efficiency,
also known as the β-factor, which is defined as the ratio of the emitter’s emission rate
into a certain guided waveguide mode Γwg compared to the total emission rate of the
emitter into all radiative channels in presence of the waveguide structure Γtot, which
consists of the emission into the waveguide mode, as well as radiative and non-radiative
decay rates:

β =
Γwg

Γtot
=

Γwg

Γwg + Γrad + Γnonrad
. (6.26)

In Figure 6.5 the arrangement of a dipole evanescently coupling to a waveguide mode, as
well as the emission rates, is schematically illustrated.

Figure 6.5. Illustration of the evanescent coupling of a dipole emitter to a guided waveguide
mode, with the emitter’s emission rate into the waveguide mode Γwg, and into free space Γrad.

It is important to notice, that the presence of a material (e.g., a waveguide) changes
the allowed modes the emitter can radiate into, hence it has a direct impact on the total
emission rate of the emitter (Γtot 6= Γ0), where Γ0 is the intrinsic spontaneous emission
rate of the emitter in free space. This interaction is termed the Purcell effect [167] derived
from Fermi’s golden rule [168] which states that the probability for spontaneous emission
is proportional to the (photonic) local density of states (LDOS). The modal Purcell factor
P (also known as emission enhancement parameter) is defined by the altered emission
rate into an individual mode Γwg normalized to Γ0:

P =
Γwg

Γ0
. (6.27)
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The LDOS is generally defined as the number of modes per volume at a specific frequency
and location ρ(r, ω) and it can differ greatly with the quality factor and the confinement
of the mode. As the LDOS is linearly in relationship to the emission rate of the dipole
emitter [20], engineering of the LDOS in order to tune and enhance the emission rate of
emitters by the Purcell effect is a highly investigated topic in nanooptics and plasmonics
[144, 169, 170].

6.3.2. Computation of Dipole Coupling

Even though, for certain geometries, an analytic solution for the Purcell factor of the
guided modes can be derived [171, 172], a more straight forward and flexible way to
obtain the Purcell factor for the coupling of a point-like dipolar emitter to the guided
waveguide modes is from the numerically calculated electromagnetic tensor field profile
(E,H). This method holds for any arbitrary shaped, lossless waveguide as described by
Barthes et al. [169]:

P =
Γwg

Γ0
=

3πcEu(r) [Eu(r)]∗

k20
∫
A∞

(E ×H∗) · ẑdA, (6.28)

where ẑ is a normalized vector pointing in the direction of propagation along the waveg-
uide which is normal to the surface dA, k0 is the wavenumber in air, and Eu denotes the
electric field components parallel to the dipole orientation of an emitter. As elaborated
previously, the 2D modal electric and magnetic field strength profile can be obtained
numerically with an FEM eigenmode solver (see Subsection 6.2.3) which can then be
exported on a cartesian grid. Hence, from the solutions of the FEM simulation and
Equation 6.28 the modal Purcell factor at any position of the dipole within the compu-
tational domain of the guided mode can be calculated for any dipole orientation.
This is illustrated in Figure 6.6(a,e), where the spatial intensity maps of the first two

fundamental mode fields in a silicon nitride (Si3N4) ridge waveguide on silicon dioxide
(SiO2) are shown. The electric field of the first mode Figure 6.6(a) is predominantly in
x-direction, whereas the electric field of the second mode Figure 6.6(e) is predominantly
in y-direction. These modes are often referred to as TE-like and TM-like mode due to
their field featuring mainly TE and TM components, respectively. The spatial maps of
the modal Purcell factor Px, Py, and Pz, associated to the two modes in Figure 6.6(a, e),
for a dipole oriented either in x-, y- and z-direction are shown in Figure 6.6(b-d, f-h).
Due to the electric field polarization of the two modes, P is strongly dependent on the
orientation of the dipole emitter. In the example, the TE-like mode shows a maximum
Px ≈ 0.8 in the center of the waveguide with an x-oriented dipole, which however is not
accessible for evanescent coupling. For a dipole placed on top of such a waveguide, a lower
value of maximally Px ≈ 0.2 is to be expected. The TM-like mode on the other hand
shows almost no Px, however, due to the flat geometry of the waveguide the mode shows
a slight elevation of the field profile above and below the waveguide, which translates
into an increase of Py ≈ 0.6 on the surface of the waveguide, in an area that could be
accessible for evanescent coupling. This example should exemplify how the dimensions
and shape of the waveguide, as well as the polarization of the guided mode and the
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Figure 6.6. Mode field profiles (|E|2) and spatial maps of modal Purcell factor P in a silicon
nitride (Si3N4) on silicon dioxide (SiO2) ridge waveguide. In (a) and (e) the electric field of
the two fundamental guided modes are shown, which have components predominantly in x-
and y-direction, respectively. (b-d, f-h) Associated Purcell factor Px, Py, and Pz for a dipole
emitter in x−, y- and z-direction, respectively. As indicated, in some plots the Purcell factor
was multiplied by a constant factor for visibility. It can be seen, that an x-oriented dipole
couples best to the guided mode that has the electric field predominantly in x-direction, and
vice versa the y-oriented dipole couples best to the mode with electric field predominantly in
y-direction.

alignment of the dipole emitter in respect to the waveguide can play a crucial role for the
modal Purcell factor P , and hence the coupling efficiency β of the dipole emitter coupled
to the confined light field in the waveguide.

To calculate the β-factor from the Purcell factor, the ratio between the total decay
rate in presence of the waveguide Γtot and the decay rate in vacuum Γ0 is required
(see Equation 6.27). In order to calculate this ratio, the electromagnetic field within
a three-dimensional computational domain containing the waveguide geometry, excited
by a radiating dipole source, sitting at the respective position and orientation can be
numerically solved with the FEM solver (JCMwave). This scattering simulation provides
the total emitted power, when the emitter is sitting next to the waveguide Ptot, as well
as the total emitted power for an emitter in vacuum P0, which directly relates to the
ratio of the decay rates:

Γ0
Γtot

=
P0

Ptot
. (6.29)

Finally, by combining the results of the 2D guided mode simulation which yields the
Purcell factor P , with Equation 6.28 and the 3D scattering simulation, which gives
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Γtot/Γ0, the β-factor can be calculated as:

β =
Γwg

Γtot
= P · Γ0

Γtot
. (6.30)

The here explained method was already described and applied in [173] and could fur-
thermore be cross-checked and validated with literature values obtained by FDTD [174,
175].

6.4. Coupling a Single NV Center to an On-Chip Silica Waveguide

As introduced in the previous sections, optical waveguides can support guided modes,
which can efficiently guide light confined to the waveguide. Furthermore, the guided
modes exhibit evanescent tails, which can be used to efficiently couple to dipole emitters.
In this section, the theoretical and experimental results for an on-chip waveguide struc-
ture made out of pure silica (silicon dioxide, SiO2), with a coupled single quantum emitter,
in this specific case a single NV center in diamond, will be discussed. We will start with
the design and fabrication concept of the on-chip waveguide structure, followed by the de-
terministic functionalization procedure with a single NV quantum emitter. Furthermore,
the results and single photon emission properties of a hybrid device are presented. The
section is then concluded with concepts on improving the coupling efficiency between the
quantum emitter and the on-chip waveguide.

6.4.1. Design of the Freestanding Waveguide Platform

As mentioned in the beginning of this chapter, a variety of platforms and fabrication
methods for the on-chip integration of single emitters exist. One major issue in a lot
of photonic platforms seems to be unwanted background fluorescence, as especially off-
resonant excitation of the NV center requires quite high powers of green light (typically
Pex ≈ 1mW at λex ≈ 530 nm if placed in the beam waist of a tightly focussed excitation
laser [23]) to efficiently excite the color center. Also low absorption in the material to
minimize losses are desirable. A very well-suited material platform for such a task is pure
silica, as it offers a broad transparency window from the ultraviolet (≈ 200 nm [176]) to
the mid-infrared (≈ 7 µm [177]), with exceptionally low fluorescence [178], and low losses
[179, 180]. The process of thermal oxidation is a convenient and widely applied way
to produce a thin, ultrapure layer of silica with a defined thickness on the surface of a
silicon (Si) wafer, therefore wafers with ultrapure thermal silica in various thicknesses are
readily commercially available. One advantage of the thermal growth process is, that only
oxygen or water vapor are used, hence no other unwanted impurities can be implanted
into the silica during growth. Fabrication-wise, silica on silicon also shows the favorable
property that it can be etched selectively, which means that silica is resistant to most
etching solutions used for metals or silicon, it can however be etched with hydrofluoric
acid, which does not affect silicon [181]. Furthermore, silica and silicon can be processed
with standard optical lithography fabrication techniques.
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However, a silica ridge, or rib waveguide on a silicon substrate would not be able to
support any guided modes, as the index of refraction of silica (nSiO2 ≈ 1.46 at λ = 700 nm)
is much lower than the refractive index of silicon (nSi ≈ 3.8 at λ = 700 nm). Thus, in
order to allow for a propagating mode within the silica waveguide, the waveguide core has
to be isolated from the underlying silicon, in order to prevent the optical field leaking into
the Si wafer. One option to achieve this would be the doping of a certain region within
the silica (e.g., germanium or boron) to controllably increase or decrease the refractive
index, as it is typically done in optical fibers for visible wavelengths [179, 182]. The
introduction of point defects into the silica however can again lead to optically active
defect centers [183], which are highly undesirable for single quantum emitter integration.
Another approach is to selectively remove the silicon below the part of the silica where

the mode should be guided, in order to form air-clad freestanding, or suspended waveg-
uides. This kind of approach was first explored to build on-chip 2 × 2 beam splitters
[184] and low-loss broadband silica-on-silicon waveguides [179]. In these approaches, the
potential of the high etching selectivity of silicon and silica was exploited to underetch
parts of the silica, forming freestanding silica membranes partly hanging off the silicon
substrate. In a subsequent reflow step, cylindrical waveguides were formed at the edges
of the silica membranes with a CO2 laser, which support guided modes. By elevating the
silica waveguide off the silicon substrate, the waveguide can be considered a pure silica,
air-clad waveguide, maintaining the advantageous properties of the pure thermal silica.
This silica platform also allows the fabrication of high quality factor whispering gallery
mode optical microcavities, thus the possibility of monolithically integrating a micro-
toroid resonator with suspended waveguides for sensing applications was also explored
[185]. The additional CO2 laser reflow processing step however goes well beyond the
standard optical lithography fabrication capabilities of conventional process technologies.
The reflow step can however be circumvented by directly structuring the freestanding
part of the silica in the shape of a rib waveguide, which allows the fabrication process to
be reduced to standard photolithography and etching steps, as detailed in the following.

Freestanding Air-Clad Silica Rib Waveguides

The concept of the air-clad silica rib waveguide is illustrated in Figure 6.7(a), where
also the field profile (|E|2) of a guided fundamental optical mode 700 nm is schematically
shown. As it is evident from the field profile, a well accessible spot to place a single
quantum emitter in the evanescent field of the guided mode is within either of the inner
edges of the rib waveguide. The concept of underetched silica-on-silicon rib waveguides
had already been introduced by Chen et al. [186], however the concept and fabrication
was further improved by our collaboration partners at the Ferdinand-Braun-Institut,
Leibniz-Institut für Höchstfrequenztechnik (FBH), where especially the stress-induced
deformations described in [186] could be evaded by changing and optimizing the shape
of the etch trench, which is required to allow underetching of the silica [178].
The fabrication process is illustrated in a simplified way in Figure 6.7(b). The silicon

wafers with 2 µm thick thermally grown silica are patterned using photolithography and
fluoride-based reactive ion etching. In this step, the silica is patterned with rib waveguides
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Figure 6.7. (a) Illustration of the silica (SiO2) rib waveguide structure and the field profile
(|E|2) of one guided fundamental optical mode at 700nm, adapted from [159]. (b) Simplified
fabrication process for the freestanding silica rib waveguides. First, the silica is structured with
rib waveguides and etch trenches, which are the parts where the silica on top of the silicon is
totally removed. These trenches allow the silicon to be selectively removed below the silica in
the underetching step. (c) Scanning electron microscope image of one of the waveguides ports.
The waveguide is slightly recessed to prevent damage to the facet by dicing during fabrication
of the device, and also helps prevent damaging the freestanding rib waveguide during the
experiment, adapted from [157].

and etch trenches, spanning the whole length of the chip. In a following isotropic wet-etch
step, which can selectively remove silicon through the etch trenches, the silicon below
the rib structure is removed to form air-clad waveguides, allowing guiding of light in the
freestanding silica rib waveguides.
Figure 6.7(c) shows a scanning electron microscope image of the integrated freestanding

rib waveguide structure. The waveguide can be seen to be slightly recessed, which is
intentional in order to prevent damage to the facet during the fabrication process and
also proves to be advantageous during handing in the experiments, as it provides some
protection for the waveguides facet, e.g., when approaching the facet with fibers for
coupling purposes.

Fluorescence Properties of the Silica Waveguide Platform

In order to show the excellent optical properties of the pure silica, air-clad waveguide
platform, Figure 6.8 compares the fluorescence detected from single NV defect centers in
nanodiamond with the fluorescence detected from the above described silica waveguides,
as well as typical silicon nitride on silica waveguides under similar detection and excitation
parameters (confocal microscope with NA= 0.9, excitation wavelength λex = 532 nm
with power Pex ≈ 0.5mW, and the detection window reaching from 620 nm to about
800 nm). While the silica waveguide platform shows a maximum of about 2× 103 counts
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Figure 6.8. Confocal maps of (a) NV centers in nanodiamond on a glass cover slip, (b)
freestanding silica (SiO2) waveguides, and (c) silicon nitride (Si3N4) on silica waveguides,
using comparable excitation and detection parameters (λex = 532nm, Pex ≈ 0.5mW). The
reference brightness of NV centers in nanodiamond shows an average countrate of about 3×104

counts per second for single NV emitters (verified by correlation measurements), whereas the
freestanding pure silica, air-clad waveguide platform shows fluorescence well below that of the
single NV quantum emitters, highlighting the usability of the silica platform for single-photon
experiments. The fluorescence detected from the Si3N4 waveguides on the other hand is about
a factor of ten higher than the fluorescence of a single NV emitter, rendering this photonic
platform unsuitable for single-photon experiments. Adapted from [178].

per second, which is more than a factor of ten lower than the fluorescence from the single
NV centers (and also lower than the fluorescence detected from the typically used glass
cover slides), the silicon nitride waveguides on silica can be seen to exhibit much higher
fluorescence, rendering this type of waveguide platform unsuitable for single emitter
experiments with NV centers.

Coupling Efficiency with a Single Quantum Emitter

Before any attempts of coupling quantum emitters to the integrated on-chip waveguides
are made, a suited layout of these waveguides should be found, in order to maximize
the coupling efficiency with the guided mode. Therefore, the in Subsection 6.3.2 intro-
duced computation method for dipole coupling was applied to the silica rib waveguides,
in order to find an optimal waveguide layout. The simulation design can be found in
Figure 6.9(a), where the crucial design parameters of the rib waveguide, the membrane
thickness m, waveguide height h, and width w, are delineated. Furthermore, the position
of the dipole in the computation is indicated, which was chosen to be d = 10 nm away
from each side of the inner edge of the rib in air (as the nominal average diameter of
the, for functionalization intended nanodiamonds, is about 25 nm), either horizontally or
vertically orientated. As the NV center emission has its peak around 700 nm, the simula-
tions are carried out at this wavelength, using the refractive index of silica nSiO2 = 1.462
[176] at 700 nm, and nair = 1.
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Figure 6.9. (a) Simulation design for calculating the coupling efficiency (β-factor) of a dipole
emitter guided mode in an air-clad silica waveguide. In the simulation, the dipole emitter
is located d = 10 nm from either side of the inner edge of the SiO2 rib waveguide, which
features a fixed membrane thickness of m = 0.4 µm. The alignment of the dipole axis is
indicated by the arrows. (b) The heatmap shows the calculated β-factor for coupling between
a horizontally orientated dipole emitter, and the TE-like guided mode in the waveguide. The
shaded area indicates where TE-like modes become no longer guided, which is the case for
smaller dimensions of the waveguide. (c) β-factor for coupling between a vertically orientated
dipole emitter, and the TM-like guided mode in the waveguide. The circles in (b,c) mark
the dimensions chosen for the device to be fabricated for further NV integration attempts
(w = 0.5 µm, h = 0.8 µm), which pose a trade-off between optimal coupling efficiency to the
guided mode and fabrication simplicity. Adapted from [157].

From the guided mode analysis, the freestanding silica rib waveguides can be found
to usually support at least two fundamental modes with orthogonal electric fields. One
TE-like mode, where the electric field is predominantly tangential to the upper surface of
the waveguide, and one TM-like mode, which has the electric field predominantly normal
to the upper surface of the waveguide. As in the nominator of the calculation of the
Purcell factor P (see Equation 6.28) only the projection of the field in the corresponding
dipole orientation Eu is considered, it can be concluded that the TE-like mode couples
best to a dipole oriented along the x-axis, and the TM-like mode couples best to a dipole
oriented along the y-axis.
Initial analysis of the coupling efficiency did also show, that a decreasing membrane

thickness can be advantageous for access to the guided mode. Due to fabrication and
stability considerations, however, a conservative lower limit for the membrane thickness
of m = 0.4 µm was chosen for an initial device to be fabricated. At this membrane
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thickness, the waveguide fabrication had proven to be very reliable, and easy handling
of the waveguide chips was ensured. In order to find an optimal geometry for maximum
coupling efficiency β, and with the membrane thickness fixed tom = 0.4 µm, the coupling
efficiency for varying dimensions w and h of the rib waveguide could be calculated, using
the in Subsection 6.3.1 described method. The resulting β-factor for the fundamental
TE-like and TM-like mode guided in the silica rib waveguide, coupling to a horizontal
and respectively vertical dipole emitter can be found in the heatmaps in Figure 6.9(b,c).
The shaded area in Figure 6.9(b) marks where the TE-like modes become lossy, therefore
we set the β-factor to zero here. From the results in Figure 6.9(b,c) it can be concluded,
that a higher aspect ratio h/w rib (towards the upper left in the heatmaps) can offer
better access to the evanescent field for both TE-like and TM-like polarization, however,
at least the TE-like guided mode is no longer supported for too narrow waveguides
(w . 0.4 µm). As the NV center features two perpendicular dipoles which are arranged
in a plane orthogonal to the NV defect symmetry axis [187], and whose orientation will be
randomly oriented in respect to the waveguide, when the nanodiamond is brought to the
coupling point close to the waveguide, the waveguide to be fabricated and functionalized
should at best support both the fundamental TE-like and TM-like guided mode. The
final device was therefore chosen to feature a width w = 0.5 µm, height h = 0.8 µm and
membrane thicknesses m = 0.4 µm, which is marked with circles in Figure 6.9(b,c). The
resulting theoretical β-factor for a device with these dimensions is βTE = 5.7 % for a
horizontally oriented dipole coupling to the TE-like mode and βTM = 3.8 % for a vertical
oriented dipole coupling to the TM-like mode in the waveguide, with corresponding values
of PTE = 0.14 and PTM = 0.17 for the coupling Purcell factor.

As shown in the heatmaps of Figure 6.9, a device with a higher aspect ratio w/h
could only marginally improve coupling efficiency, so the fabrication of such a device
was not pursued. On the other hand, it is possible to significantly increase the coupling
efficiency by reducing the membrane height, which improves access to the guided mode
but decreases mechanical stability. A detailed discussion on potentials to increase the
coupling efficiency can be found in Subsection 6.4.5.

Fiber-To-Chip Coupling

A key element of an integrated optical system is the coupler that transfers the optical wave
between an optical fiber, used for long distance transmission, and the on-chip waveguide
used for signal processing. This coupling should be maximally efficient. Multiple methods
to couple optical energy between on-chip waveguides and optical fibers exist [188], the
choice for which varies, amongst others, depending on the waveguide type and type of
application. For our freestanding rib waveguides we chose transversal coupling to couple
the light to and from a single mode fiber, as the cross-sectional end face of the waveguide
can easily be exposed at both ends of the waveguide chip. Transversal coupling means,
that the light is directly focused onto the exposed cross-section of the waveguide, in our
case at either end of the waveguide chip. The modal coupling efficiency ηm, which is
defined by the ratio of power coupled into or out of a given guided mode to the total
power in the optical beam prior to coupling, can be calculated from the overlap integral
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of the field pattern of the incident beam and the waveguide mode, given by [188]:

ηm,calc =

[∫
Am(x)B∗m(x)dx

]2∫
Am(x)A∗m(x)dx

∫
Bm(x)B∗m(x)dx

, (6.31)

where Am(x) is the amplitude distribution of the input laser beam, and Bm(x) is the
amplitude distribution of the respective guided mode. As we will only consider coupling
to either the fundamental TE-like or TM-like mode, the index m will be either TE(-
like) or TM(-like). Hence, the coupling efficiency depends on matching the size and
polarization of the field of the optical beam and that of the guided mode, as well as the
alignment of the two modes in respect to each other.
As previously shown, the MFD within an optical single mode fiber at 700 nm is on the

order of about 5 µm (see Section 6.2.3, and [165]), however the size of the rib waveguide
allowing efficient coupling to the evanescent field is about one order of magnitude smaller.
Due to this mismatch in mode size, the coupling efficiency between a standard single-
mode optical fiber and the rib waveguide calculates to only about ηTE,calc ≈ 4% and
ηTM,calc ≈ 3% for the guided fundamental TE-like and TM-like mode, if the fiber would
be directly butted in contact with the waveguide (the so-called ’butt coupling’). Butt
coupling is reported to be extremely difficult, amongst others because the fiber and
waveguide have to be brought in contact with each other at the correct alignment position.
This not only requires correct alignment in the horizontal and vertical axis, but also the
angle between waveguide and fiber needs to be controlled precisely. Furthermore, the
direct contact between waveguide and fiber might damage their end facets.
One evident way to increase η and circumvent some difficulties of butt coupling would

be to use one or multiple lenses between the fiber and waveguide, in order to create a focal
point in air, where the end facet of the waveguide would need to be adjusted. However,
adding lenses would be disadvantageous for the integrated nature of the device, and fur-
thermore add to the overall complexity of the system. However, optical single mode fibers
with a lensed tip, that will focus the light at a point in front of the tip are commercially
available. For the experiment, lensed fibers with a spot diameter of (2.0 ± 0.5) µm and
working distance (9± 2) µm at λ ≈ 700 nm (OZ Optics) were used, which could theoreti-
cally increase the coupling efficiency to about ηTE,calc(20+11

−6 ) % and ηTM,calc ≈ (15+9
−5) %

for the guided fundamental TE-like and TM-like mode in the waveguide.
Another widely used way to increase η is to increase the size of the guided mode by

tapering the waveguide towards the end facets. Tapered mode size converters can be
inverted, reducing the waveguide dimensions such, that the modes become only weakly
confined to the waveguide core and therefore increase in size. For the freestanding silica
rib waveguide, an inverse taper cannot work, as the required supporting membrane would
act as a slab waveguide for the weakly confined mode. Instead, the waveguide and
membrane dimensions can be increased towards the edge of the waveguide chip by a
lateral and vertical tapered section. Such a two-dimensional (2D) tapered section, which
increases the rib waveguide dimensions to about w = h = 2 µm, and m = 1.6 µm, could
be experimentally realized. In combination with the lensed fiber, the power coupling
to the fundamental mode can theoretically be increased to ηTE,calc = (58 ± 10) % and
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Figure 6.10. Schematic drawing of the integrated waveguide system (not to scale), with
the field profiles of the guided TE-like and TM-like modes in the two distinct regions of the
rib waveguide. The upper part of the figure shows the waveguide-fiber coupling and lateral
and vertical (2D) tapered waveguide section, which should improve the coupling between
the waveguide and lensed single-mode fibers. Also, the respective approximate lengths are
indicated. The heatmaps below show the waveguide cross-section in the two regions, where the
field profile (|E|2) of the fundamental TE-like and TM-like mode at a wavelength of λ = 700nm
obtained from FEM eigenmode simulations are represented. Adapted from [157].

ηTM,calc = (57 ± 11) % for the TE-like and TM-like mode, respectively. These values
for η already include the expected losses due to facet reflections, which contribute about
3.4 % to the coupling losses for either polarization.

The final design of the integrated waveguide system is illustrated in Figure 6.10. Here,
the two-dimensional tapered region, the in and out coupling with the lensed fibers, as well
as the potential coupling point for a single emitter are indicated. Furthermore, a cross-
section of the rib waveguide before and after the tapered region is presented, showing
the field profile of the guided fundamental TE-like and TM-like mode in each of the two
waveguide regions.

6.4.2. Experimental Investigation of the Integrated Waveguide System

Before any functionalization of a waveguide with a quantum emitter is done, the system
should be experimentally investigated to assess the in and out coupling losses, as well
as propagation losses and possible losses due to the tapered waveguide section. This is
experimentally evaluated by measuring the transmission losses of the whole system, as
illustrated in Figure 6.11(a). In this experiment, light at around 637 nm is coupled into
one of various waveguides on the chip from one side with the lensed fiber, and the guided
light is collected and collimated on the other side of the waveguide chip by an objective
lens, and either sent to a photodetector (PD) or a camera. The lensed fiber is mounted
on a V-groove fiber holder (Thorlabs), coarse and fine positioning can be performed with
a xyz linear translation stage (Thorlabs) and a xyz piezo positioning stage (PiezoJena),
respectively. The position of the fiber in respect to the waveguide is then optimized in the
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x−, y-, and z-position carefully by maximizing the detected power on the photodetector.
As a reference measurement, the transmission through the system without the waveguide
in place is measured. To take any fluctuations in the laser power within the fiber into
account, a fiber beam splitter (FBS) generates a continuous power reference signal on a
second PD. Furthermore, the polarization of the light coupling into the waveguide can
be adjusted with a λ/2 waveplate (HWP) and an inline fiber polarization controller.

Figure 6.11. Experimental setup for transmission measurements. (a) Schematic view of
the setup with the essential optical components. A red laser (≈ 637nm) is coupled into a
single mode fiber, where the light after the optical fiber (black line) can be controlled by a
rotatable half-wave plate (HWP) and an inline polarization controller. The light is coupled
into a waveguide from the lensed fiber, and collected using an objective lens. It can then either
be guided to a camera via a lens, or to a photodiode (PD) using a flip mirror. A fiber beam
splitter (FBS) creates a reference signal on a second photodiode. (b) Photograph of the lensed
fiber, waveguide chip, and the objective lens. A USB microscope looking down from above
(not shown here) was used for initial alignment and orientation purposes on the waveguide
chip.

A total of 14 waveguides with 2D tapers and dimensions comparable to those in Fig-
ure 6.10 were evaluated on their overall transmission. Excluding some outliers, likely
due to defects in the waveguide or facets, the average total measured transmission could
be determined to ηTE,meas = ηTM,meas = (32.5 ± 3.40) % for both incident polarization
angles. Assuming that the deviation of this value from the theoretically maximal power
coupling values of ηTE,calc = (58± 10) % and ηTM,calc = (57± 11) % for the TE-like and
TM-like mode is only due to propagation losses, an upper bound of the propagation loss
of (2.5+0.8

−1.0) dB/cm and (2.4+0.9
−1.1) dB/cm could be specified for TE-like and TM-like, re-

spectively. Even though the waveguide should be lossless from the numerical calculation,
modes inside a waveguide can couple among each other due to imperfections within the
waveguide, or at the sidewalls of the waveguide. This means that even if a pure mode at
the beginning of the guide is excited, some of its power can be transferred to other guided
or radiation modes [166]. To actually separate the coupling and propagation losses, mea-
surements on waveguides with different lengths would be required. By doing so, Maker
et al. [179] could determine a loss of 0.97 dB/cm at 658 nm in comparable freestanding
silica waveguides with circular geometry.
The measured losses are therefore most likely due to a combination of losses, such as

an imperfect orientation of the fiber with respect to the waveguide, deviations of the
dimension of the fabricated waveguide and the spot size of the lensed fiber and propaga-
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tion losses within the waveguide. Also, the taper region can add to losses, as coupling of
power from the fundamental mode into higher order taper modes can occur in the taper
region [188]. However, additional losses due to the tapered region could be excluded
in our case, as comparing the overall transmission of comparable waveguides with and
without taper sections did not show a significant variation in overall transmission.

6.4.3. Nano-Assembly of the NV-Waveguide System

After a suited waveguide with good overall transmission properties (from both sides)
was chosen, the functionalization with a nanoparticle (Quantum Particle 25, Microdia-
mant AG) hosting a single NV center was attempted. The integration was performed
by a scanning probe-based pick-and-place procedure using a commercial atomic force
microscope (AFM, JPK Instruments) [93]. The procedure is schematically depicted in
Figure 6.12, and follows closely to the explanation given in [93] for the transfer of a
preselected nanodiamond to the silica waveguide chip.
The process of picking up a pre-selected ND with a single NV center is illustrated in

Figure 6.12(a,b). In this step a Platinum (Pt) coated AFM tip is used (HQ:NSC15/Pt,
MikroMasch), which shows higher adhesion forces than an uncoated AFM tip [189], is
less fragile than an uncoated AFM tip and can be deformed, in order to increase the
chance of picking up the ND [93]. The successful pickup of the ND containing the NV
center is confirmed by a decrease of the fluorescence down to background fluorescence in
the confocal microscope.
After the ND pick up is verified, it cannot be directly placed to its final position in

the inner corner of the silica rib waveguide (see Subsection 6.3.2), as scanning over the
sample with the nanodiamond attached to the tip in order to locate the exact position of
the waveguide would pose the risk of losing the nanodiamond in the process. Moreover,
the geometry of the AFM tip used to pick the nanodiamond is not well suited to be able
to approach into the inner edge of the rib waveguide (due to the opening angle of the
AFM tip, see also Figure 6.12). The placing of the nanodiamond is therefore done in a
multistep approach, where the AFM cantilever is first visually (via a microscope looking
from above) maneuvered to an area in the vicinity of the waveguide. At this location,
the nanodiamond is then attempted to be deposited by pressing the tip on the surface
(Figure 6.12(c)). As the silicon waver is opaque to visible light, the placing of the NV cen-
ter cannot directly be verified by observing the fluorescence after the placement attempt.
Instead, the successful placement of the ND is assessed by scanning the topography in the
area (approximately 0.5 µm×0.5 µm) with an uncoated AFM tip (HQ:NSC15/Cr-Au BS,
MikroMasch), after the tip was brought in contact with the surface (see Figure 6.12(d)).
The uncoated AFM tip decreases the possibility of accidentally picking up the ND again,
as the adhesion forces depend strongly on the utilized material [189]. If the topography
image shows an elevation approximately the height of the ND which was picked up previ-
ously, it is likely that placing was successful. If no elevation is found, the pick-and place
procedure can be repeated. To verify the placing of the actual nanodiamond hosting a
single NV center, and not just some other particle from the AFM tip, the sample can
again be transferred to a confocal microscope, where the fluorescence and photon statis-
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Figure 6.12. Scheme of the waveguide (WG) functionalization process with a nanodiamond
(ND) hosting a single NV center by the pick-and-place process. (a) A coverslip with randomly
deposited NDs is scanned confocally, a suited ND containing a single NV center (showing
g2(0)� 0.5) is selected and the Pt-coated AFM tip is aligned over the particle. (b) The ND is
picked up by pressing the AFM tip on the sample surface, if the ND sticks to the AFM tip the
confocally detected fluorescence is reduced. (c) Switch to the target sample (SiO2 waveguide
sample), where placement of the ND is attempted by pressing the tip on the sample surface.
(d) Change of AFM tip to uncoated tip in order to avoid picking up the ND while scanning
the surface to verify ND placement (placement is also verified confocally, which is not shown
here). (e) Pushing ND towards WG, and (f) change to pointy AFM tip in order to push ND
even closer into inner edge of the rib WG.

tics of the placed object can be detected. In one of our attempts we could verify the
successful placing of a single photon emitter in a distance of approximately 30 µm to the
waveguide.

Next, the ND needs to be moved towards the rib waveguide, which is iteratively done
by pressing the AFM tip onto the sample next to the nanodiamond and moving it across
by ≈ 3 - 5 µm (Figure 6.12(e)), followed by a topography scan to assess the success of
moving the diamond. As soon as the diamond is in proximity to the waveguide (.
0.5 µm) the AFM tip is changed to a special pointy shaped silicon AFM tip (ATEC-NC,
NANOSENSORS), as illustrated in Figure 6.12(f). The special shape of this AFM tip
allows better access to the inner corner of the rib, which is where the optimal coupling
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point for the NV center lies. With this tip, the diamond is pushed further towards the
inner edge of the rib waveguide. Similarly to previous reports [93], the yield of a successful
pick-and-place process with subsequent manipulation towards the desired position was
about 1/3.

6.4.4. Experimental Investigation of the NV-Waveguide System

After assembly of the system, the coupling between the NV center in the nanodiamond
and the guided mode in the integrated silica rib waveguide can be investigated. In the
following the therefore purpose-built scanning confocal microscope with additional fiber
coupling capabilities will be introduced, and the results of the integrated system will be
presented.

Experimental Setup

Figure 6.13. Schematic of the combined confocal scanning microscope with fiber coupling
capabilities. An objective lens (NA = 0.9) in combination with an xy-scanning mirror (SM)
and a 4f -configuration is used for confocal scanning. The sample waveguide chip can be fiber
coupled from both ends with lensed fibers (LF). One of the fibers can be either connected to
the excitation laser (532nm) or to the HBT setup, consisting of two APDs and a removable
beamsplitter (50:50). The other fiber output is connected to a third ADP. FC: fiber collimator,
LP: 620nm longpass filter, PH: pinhole, FM: flip mirror, BP: 532nm bandpass filter.

The experimental setup for investigating the coupling between NV center and the
guided modes is illustrated in Figure 6.13. Here, the fluorescence in the area around
the single NV center can be observed by scanning a green laser at 532 nm, through
an NA = 0.9 air objective lens (Olympus, MPLAPON60X) and the detected light can
be either guided to a camera, or a HBT setup via confocal filtering through a pinhole.
Additionally, the sample can be accessed from two sides with lensed fibers, which are
mounted on 3D stages for lateral coupling to the guided modes of the silica waveguides.
Alignment of the two fibers is done visually via a USB microscope and sending a red laser
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at 637 nm to one fiber, while the other fiber is connected to a photodiode (not shown in the
schematic drawing). By maximizing the detected signal on the photodiode, the position of
both lensed fibers in respect to the waveguide can be optimized. As moving the waveguide
chip, e.g., for confocal scanning, would cause a misalignment of the fibers in respect to the
waveguide, confocal scanning can be done in this experimental configuration via a galvo
xy-scanning mirror and 4f -optics. Furthermore, the experimental setup additionally
offers the option to either couple a green excitation laser into either one of the fibers, or
to send the light collected by each lensed fiber to an APD each, with prior filtering out
the green excitation by a single 620 nm longpass filter each (see Figure 6.13).

Experimental Results

Figure 6.14. Confocal fluorescence scans (top) and second-order autocorrelation measure-
ments (bottom) of the fluorescence detected from a single NV center coupled to an integrated
silica rib waveguide (approximate position indicated by the dashed line) for the three different
experimental configurations represented in the insets, i.e., (a) excitation and detection via the
microscope objective, (b) excitation via the waveguide and detection via the microscope objec-
tive, (c) excitation via the objective and detection via the two output ports of the waveguide.
Each point in the autocorrelation measurement represents 25 binned measurement points and
the error bars correspond to the square root of the coincidence events within each time bin.
The solid line is the fit to a three-level model (Equation 2.49). The NV center is excited with
a green (532 nm) laser, and the detection window ranges from 620nm to 800nm. The photon
statistics of the additional bright spot labelled dirt does not show single photon characteristics,
it stems most likely from a broken off part of the AFM tip. Adapted from [157].

The experimental setup described above allows for different excitation and detection
schemes of the coupled NV-waveguide system, which are represented in Figure 6.14.
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The first configuration is a normal confocal excitation-detection scheme, shown in Fig-
ure 6.14(a). In this confocal scan, two bright fluorescent spots near the integrated silica
waveguide can be found. The waveguide itself is not distinguishable in the confocal scan,
as it does not show any contrast in fluorescence to the surrounding area. To identify the
NV center and confirm single photon emission, the second order correlation can be mea-
sured for each of the two fluorescent spots. The fluorescence from one of the two spots
clearly shows photon antibunching around zero time delay, verifying that indeed a single
photon emitter in the vicinity of the integrated waveguide exists. By fitting the autocorre-
lation data to the three-level model (Equation 2.49), a value of g(2)(0) = 0.19±0.01 < 0.5
could be obtained for this confocal excitation and detection scheme. The g(2)(0)-value is
limited by the APD dark counts, timing resolution, and possible fluorescent background
caused by the substrate and residual graphite on the surface of the nanocrystal. The
second bright spot, approximately 1 µm left of the NV center, labeled as ’dirt’, does not
originate from single NV fluorescence, as determined from photon statistics. A likely
explanation for this scatterer is, that it is a part of the AFM tip used to position the NV
center, which broke off during the positioning process. Fortunately, this scatterer seems
to not have a negative influence on the performance of the device.
However, this previous confocal excitation-detection measurement could only prove

the existence of a single quantum emitter in the vicinity of the waveguide. In order to
probe the coupling of the NV center emission to the waveguide modes, another excitation-
detection scheme is used, where excitation of the NV center is attempted via the waveg-
uide, as illustrated in Figure 6.14(b). In this configuration, the green pump laser is
coupled to one input port of the waveguide via a lensed fiber, and the confocal part of
the microscope is only used to detect the resulting fluorescence. By scanning the con-
focal detection volume over the sample, a fluorescence map as shown in Figure 6.14(b)
could be recorded. It can be seen, that even with strong pumping (Pex ≈ 20mW after the
lensed fiber) also here no background fluorescence of the waveguide can be detected. The
autocorrelation data originating from the bright spot reveals g(2)(0) = 0.18± 0.02 < 0.5,
which is comparable to the g(2)(0) obtained during confocal excitation of the NV cen-
ter, verifying that the NV center can be excited via the waveguide without increasing
background fluorescence, thanks to the excellent optical properties of the thermal silica.
The third excitation-detection scheme, presented in Figure 6.14(c), is pumping the NV

center with green light via the microscope objective, and detecting the NV fluorescence
coupled to the waveguide by off-chip coupling the light from both waveguide ends to
single-mode fibers. The fluorescence map shows the photon counts recorded from the
output of one fiber when scanning the laser over the region where the single NV center
is located. In this configuration, the waveguide itself acts as an intrinsic beamsplitter
and the autocorrelation function can be directly recorded by correlating the detected
photons from the two output arms. The correlation of this on-chip HBT configuration
shows an anti-bunching, with a comparable g(2)(0) = 0.23±0.03 < 0.5 to the previous two
configurations, clearly indicating the mainly single-photon characteristics of the guided
light in the waveguide.
Finally, we can assess the experimentally achieved dipole-waveguide coupling efficiency

βwg, for which we compare the fluorescence counts detected in a confocal configuration
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Fconf , and the fluorescence counts detected from the integrated waveguide Fwg (Fig-
ure 6.14(c)), each recorded around saturation of the NV center, and corrected for its
respective coupling efficiency β and transmission efficiency T :

Fwg

Twg · βwg
=

Fconf

Tconf · βconf
. (6.32)

The overall collection efficiency of the confocal microscope Tconf can be approximated
to Tconf · βconf = 8.4 ± 1.7 % (fraction of dipole emission collected by the objective lens
βconf = 12 ± 2 %, transmittance of optical elements Tconf = 67 ± 1 %), which provides
typical countrates of Fconf = 50 ± 5 kcts/s from single NV centers around saturation
[178]. The integrated waveguide system has a transmission of Twg = 35 ± 1 % and
provides total count rates of Fwg = 5.0 ± 0.5 kcts/s per output arm at similar confocal
excitation power. Given that the total counts emitted by the NV stays the same in both
situations, rearranging Equation 6.32 results in a NV-waveguide coupling efficiency of

βwg =
Fwg

Twg
· Tconf · βconf

Fconf
= 4.8± 1.2 %. (6.33)

This derived coupling efficiency fits very well to the simulated values of ≈ 6 % (≈ 4 %)
for a horizontally (vertically) oriented dipole emitter coupling to the TE-like (TM-like)
mode in the waveguide.

6.4.5. Possible Improvements to the System

The previous results prove the capabilities of the freestanding silica waveguide platform
for single emitter integration, especially regarding fluorescence background. However,
the resulting overall collection efficiency of the presented system is not very high, mostly
due to the limited coupling efficiency β ≈ 5 % of the single NV center to the waveguide.
However, for demanding applications, e.g., the experimental realization of a single pho-
ton non-linear device [154], increasing the coupling efficiency between emitter and guided
mode is critical. In the following, some prospects for increasing the coupling efficiency be-
yond the theoretical value of the fabricated device will be stated. These options however
also increase fabrication and/or assembly requirements.
Generally speaking, it is crucial to obtain better access to the guided mode in the

waveguide, i.e., in general smaller waveguide dimensions, in order to make the evanescent
field more accessible. In Section 6.4.1 optimization of the waveguide dimensions was
already discussed, but while keeping a conservative thickness of the supporting membrane
(m = 0.4 µm) to ensure a robust device. However, in a future device it should be possible
to reduce the thickness of the supporting membrane well below this value. With a
membrane thickness of m = 0.1 µm parameter scans of width and height of the rib
waveguide result in the optimal waveguide dimensions presented in Figure 6.15(a,b) (w =
0.2 µm and h = 0.4 µm), which would yield a theoretical increase of the β-factor to 15 %
(10 %) for a vertical (horizontal) dipole emitter coupling to the guided TE-like (TM-like)
mode.
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Figure 6.15. In order to increase the coupling efficiency between the NV emitter and the
guided mode in the waveguide, a structure with a thinner supporting membrane (m = 0.1 µm)
is proposed, enabling better access to the evanescent field. The field profile (|E|2) of the guided
TE-like and TM-like mode for two different optimized designs is shown. With the traditional
rib design in (a) and (b) the β-factor can be increased to 15 % and 10 %. In (c) and (d) a
slot of width ws = 50 nm is added, by which the β-factor can be increased to 65 % and 32 %
for the TE-like and TM-like mode coupling to a vertical and horizontal emitter, respectively.
Adapted from [157].

An even more appealing way to enhance evanescent coupling efficiency is to design
the waveguide geometry such that its guided mode confines most of the electromagnetic
field in a very thin slot region [190]. To satisfy the continuity of the normal component
of the electric flux density D in Maxwell’s equations (Equation 6.2) the corresponding
electric field must undergo a discontinuity with higher amplitude in the low-index side.
The so-called slot waveguide geometry exploits this discontinuity to strongly enhance
and confine light in a nanometer-wide region. Such slot-waveguides can offer broadband
high photon collection efficiency and spontaneous emission enhancement with a guided
mode, where the strongest part of the optical field is accessible for single emitter coupling
[191, 192]. A small gap width is crucial to increase the β-factor [191, 192], however the
slot needs to be able to host the single quantum emitter, which in our case is a color
center hosted in a diamond nanocrystal of diameter d ≈ 20 - 40 nm. Figure 6.15(c,d)
shows a proposed slot-waveguide system for the previously presented freestanding silica
waveguide platform with a slot width of 50 nm. The air slot in this example is designed to
be etched to the same height as the supporting membrane with a thickness ofm = 100 nm.
Such a waveguide design with w = 0.4 µm and h = 0.3 µm could theoretically increase
the β-factor to 65 % (32 %) for a vertical (horizontal) dipole emitter located in the center
of the slot and coupling to the TE-like (TM-like) guided mode, however fabrication and
integration of such a device is way more challenging.
A further increase of the coupling efficiency could be achieved, e.g., by using an even

thinner membrane and/or an even smaller slot width. It should be noted, that this
requires even higher fabrication, assembly and handling demands, as the device becomes
more fragile and difficult to assemble. Another prospect for increasing the coupling
efficiency could be more complex systems, e.g., overgrowing the emitter with silica after
positioning, it or adiabatic coupling of the dipole emitter to the waveguide [140, 153].
Another way to improve the overall collection efficiency would be to increase the coupling



124 HYBRID NANOPHOTONIC SYSTEMS

efficiency between the waveguide and single mode fibers. Possible prospects would be
to use lensed fibers with a smaller spot size, or to increase and optimize the waveguide
size and shape and therefore the size and shape of the guided mode further towards the
end facets, in order to increase mode overlap with the fiber mode. Also, other methods
than lateral end-fire coupling could be exploited, e.g., fiber-waveguide taper adiabatic
coupling [145].

6.5. Conclusion and Outlook

In this chapter, the concept of guided modes in dielectric waveguides, as well as ana-
lytic and numerical ways to calculate such guided modes were introduced, as well as the
concept of evanescent coupling to such guided modes. In the following, an integrated
monolithic freestanding silica waveguide platform with high mechanical stability was
described, which could be demonstrated to show ultra-low fluorescence at visible wave-
lengths, rendering it well suited for the integration of solid state single-photon emitters
such as the NV center. The silica platform could also be shown to allow effective routing
of excitation light and single photons via freestanding rib-waveguides, where also the
on- and off-chip power coupling efficiency to single mode fibers could be increased by
introducing 2D tapered sections of the waveguide. Furthermore, a procedure to deter-
ministically position a single NV center hosted in a nanodiamond to the evanescent field
of the guided mode within the rib waveguide via AFM nanomanipulation was described.
The experimental investigation of a hybrid silica device with a single NV center could
then be demonstrated to show single photon emission under various excitation and detec-
tion schemes, also proving the theoretically predicted NV-waveguide coupling efficiency.
Lastly, possible ways to further enhance the theoretical coupling efficiency between the
on-chip waveguide system and the quantum emitter by over one order of magnitude from
about 6% to over 60% were presented.
It is important to mention, that the integrated silica device and functionalization pro-

cedure presented here are not only limited to NV centers in diamond, but can also be
transferred to other solid-state quantum emitters in the visible, such as other color centers
in diamond or defects in 2D materials. Furthermore, the integrated device can be ex-
tended with other on-chip photonic structures, such as high-Q ring resonators (see also
Appendix A.5 and [178]), directional couplers, on-chip detectors [193], and microwave
antennas which allows for the monolithic integration of complex devices consisting of
various functionalities, e.g., chip-based hybrid microintegration with high functional den-
sity together with light sources, detectors, and electronics. Thus, the presented photonic
platform and integration technique opens up the possibility of building up complex struc-
tures with several integrated functionalities, e.g., packaging of the chip and pump laser
diodes within an optical module can be envisioned, which could be highly attractive for
compact modules in integrated quantum technologies.



7 Conclusion and Outlook

The subject of this thesis was the investigation of the NV defect center in diamond in
terms of its optical and spin properties. The goals were to demonstrate and characterize
newly adopted microwave control Raman control schemes to the electron spin of the NV
center, as well as the hybrid integration of single NV quantum emitters with on-chip
waveguide structures featuring a purposely developed silicon dioxide photonic platform.
The Raman electron spin manipulation schemes serve as an addition to the already rich
repertoire of known spin manipulation capabilities of the NV spin defect, possibly serving
as improvement for future quantum sensing schemes. The novel silica based platform for
integration of single solid-state quantum emitters and deterministic integration method
is a step towards highly integrated scalable quantum-optical systems.

7.1. Summary

The first part of the thesis (Chapter 2) gave a brief introduction to the theory underly-
ing most of the experiments discussed throughout the thesis. Starting from Maxwell’s
equations the quantization of the electromagnetic field was introduced, the coherence
properties of the quantized electromagnetic field were discussed, as well as the concept
of characterizing single quantum systems by observing the second-order correlation g(2)-
function. Furthermore, the theory of coherent interaction between a quantum two-level
system and a classical electromagnetic field was introduced, in order to lay out the theory
behind the standard resonant or near resonant single-frequency coherent spin manipu-
lation experiments on the NV center. Moreover, the theory of coherent interaction be-
tween a quantum three-level system and a multi-frequency classical electromagnetic field
was discussed, introducing the theoretical foundations of the Raman spin manipulation
schemes SRT and STIRAP.
The subsequent Chapter 3 introduced the NV center in diamond by describing the

atomic structure of the NV defect in the diamond host matrix and presenting the result-
ing electronic structure and optical properties. Furthermore, the concept of analyzing
photon statistics of the detected light using Hanbury Brown and Twiss interferometry
was introduced, in order to characterize and verify single quantum emitters. Lastly, a
more detailed description of the diamond host was given, highlighting the different sized
diamond crystals typically used in NV experiments.
After the previous general description of the NV defect center, Chapter 4 focused

more on the details of spin physics experiments with the NV center in diamond, first
by introducing the electron spin fine structure and the typical spin initialization and
readout techniques, followed by an in-detail description of the spin Hamiltonian of the
NV center. In the following, the experimental setup as well as the diamond sample used
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in the spin manipulation experiments were described, as well as typical spin manipulation
experiments such as Rabi, Ramsey, and Hahn echo sequences on the NV center’s electron
spin and their experimental implementation and results. The chapter also illustrated
the coherent control capability over the nuclear spin intrinsic to the NV center, mainly
focusing on experimental methods and results on polarizing the nuclear spin associated
to the NV center.
The following Chapter 5 introduced coherent microwave Raman control schemes on

the electron spin of the NV center, where the idea of Raman transitions in the NV center
were first reviewed, after which the experimental implementation and results of two
different Raman control schemes were described. First, the results of stimulated Raman
transitions (SRTs) were reviewed, which show to suffer a lot from small instabilities in the
experimental setup, and thus frequency errors of the driving MW frequencies. Following
this, the stimulated Raman adiabatic passage (STIRAP) was reviewed, which proved
to be more stable to frequency and pulse errors, resulting in a higher probability of a
successful spin swap. Finally, the chapter concluded with a comparison of the two Raman
control schemes regarding their sensitivity to frequency errors of the driving fields.
The last Chapter 6, introduced the theoretical concept of dielectric waveguides and

the guided modes therein, as well as the concept of evanescent coupling. Further, an
integrated monolithic freestanding silica waveguide platform with high mechanical sta-
bility was described, which could be demonstrated to show ultra-low fluorescence when
excited with high power green laser, rendering it well suited for the integration of solid
state single-photon emitters such as the NV center. The silica platform could also be
shown to allow effective routing of excitation light and single photons via freestanding rib-
waveguides, where also the on- and off-chip power coupling efficiency to single mode fibers
could be increased by introducing 2D tapered sections of the waveguide. Furthermore,
a procedure to deterministically position a single NV center hosted in a nanodiamond
to the evanescent field of the guided mode within the rib waveguide via AFM nanoma-
nipulation was described. The experimental investigation of a hybrid silica device with
a single NV center could then be demonstrated to show single photon emission under
various excitation and detection schemes, also proving the theoretically predicted NV-
waveguide coupling efficiency. Lastly, possible ways to further enhance the theoretical
coupling efficiency between the on-chip waveguide system and the quantum emitter by
over one order of magnitude were presented.

7.2. Outlook

This work provided an initial overview over the most important optical and spin prop-
erties of the NV color center in diamond, as well as a new concept of MW Raman spin
transfer within the electronic spin states of the NV center, and the description of the
hybrid integration of a single NV center with a specially designed, pure silica, on-chip
photonic platform.
While the basic concept of microwave Raman transitions in the electronic ground

state of the NV center and thus driving the spin-forbidden transition of the NV defect
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via microwaves could be demonstrated, the experiments still suffered from experimental
instabilities due to drifts during the long integration times, which ultimately led to a lower
probability of success of the Raman control. It would therefore be beneficial to increase
the fluorescence detected from the single NV center, in order to reduce the required
integration time. One typically applied concept to increase the fluorescence detected
from a single NV center in bulk diamond is to circumvent total internal reflection in
the diamond by shaping the diamond surrounding the color center hemispherically, a
concept known as solid immersion lens (see Appendix A.1), which could already be
demonstrated to increase the detected fluorescence from single NV centers by a factor of
up to 10 [194, 195]. Further improvements on the Raman sequences to improve the spin
swap success could include more stable experimental conditions, e.g., the lithographic
integration of the MW antenna directly on the diamond surface and thus very close to
the NV center, which would result in a reduced required MW power for the NV spin
manipulation experiments, which in turn could reduce the effect of Ohmic heating in the
sample holder, or a redesign of the sample holder itself. This could reduce the distance
fluctuations between the NV center and the permanent magnet, which is directly related
to the frequency detuning of the two control pulses. Another improvement especially for
the STIRAP process could be the specific tailoring of the shape of the two MW pulses
to increase the transfer fidelity, or accelerate the STIRAP process [134, 135].
Regarding the on-chip integration of single quantum emitters, the integrated device

could be envisioned to be extended with other on-chip photonic structures such as high-
Q ring resonators, which could already be realized in this photonic platform (see Ap-
pendix A.5 and [178]), directional couplers, on-chip detectors [193], and microwave an-
tennas which allows for the monolithic integration of complex devices consisting of vari-
ous functionalities, e.g., chip-based hybrid microintegration with high functional density
together with light sources, detectors, and electronics. Also, an optimization of the waveg-
uide shape in order to increase the coupling efficiency, and the integration of alternative
solid-state quantum emitters could be attempted, e.g., other optical vacancy-impurity
defects in diamond [196, 197], or color centers in other materials like hexagonal boron
nitride [198], silicon [199], silicon carbide [200] or aluminum gallium nitride [201]. Some
of these emerging color centers could be demonstrated to also show ODMR [202], while
others show single photon emission at telecommunication wavelengths and room temper-
ature [203, 204], which is also highly desirable for future integrated quantum technology
devices.





A Appendix

A.1. Total Internal Reflection in Diamond

When light is traveling from an isotropic medium with refractive index n1 to a medium
with refractive index n2 it is refracted according to Snell’s law

n1 sin(θ1) = n2 sin(θ2), (A.1)

where θ1 is the angle of incidence in respect to a line normal (perpendicular) to the
boundary, and θ2 is the angle of refraction also in respect to a line normal to the boundary
(see also Figure A.1(a)). Hence, in the case that n1 > n2 the refracted light bends
away from the normal, which is also the case for light emitted from defect centers in
bulk diamond. In case the angle of refraction is equal to 90◦ the light travels along the
boundary between both media, this is the critical angle θc. Any light that hits the border
at a higher angle than θc will be totally back-reflected at the boundary, a phenomenon
well known as total internal reflection (TIR). The critical angle can hence simply be
calculated as

θc = arcsin(n2/n1). (A.2)

Figure A.1. Illustration of bulk diamond with a single point emitter. (a) The diamond
surface is flat, the light rays are illustrated by black arrows. On the left the case of air above
the diamond surface is shown, the right side shows the case, where immersion oil (or any other
material with a similar refractive index, such as e.g., UV glue, or a glass coverslip) is on top of
the diamond surface, where the critical angle θc can be seen to increase from about 25◦ to about
39◦. (b) Solid immersion lens (SIL) fabricated in the diamond surface. All light emitted from
the source (into the upper hemisphere) impinges normal on the boundary between diamond
and air, preventing total internal reflection and enabling more light to be collected by the
collection optics.
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As diamond features a relatively high refractive index of n1 ≈ 2.5 at λ = 700 nm,
light originating, e.g., from color centers in diamond can only leave the diamond, if it
impinges the boundary at an angle smaller than θc ≈ 25◦, if the diamond is surrounded
by air (n2 = 1) (also illustrated in Figure A.1(a)). One way to increase the critical angle
and hence the amount of light which can exit the diamond matrix is to use immersion
oil microscopy, where an immersion oil is applied between the diamond surface and
the microscope objective, instead of air. Typical immersion oil has a refractive index of
n2 ≈ 1.5 at around a wavelength of 700 nm, which increases the critical angle to θc ≈ 39◦,
as illustrated in Figure A.1(a).
Another way, to increase the possible collection angle from light originating within

diamond is the solid immersion lens (SIL), the principle of which is illustrated in Fig-
ure A.1(b). The SIL relies on shaping the diamond surrounding the color center. Such a
hemispherical SIL allows light traced from the center of the sphere to exit the diamond
normal to the surface at all points on the SIL, hence no reflection due to TIR occurs.
The fabrication of SILs in diamond is typically done using focused ion beam milling, a
technique where high-energy ions (typically gallium) strike the sample surface, sputtering
atoms from the surface. This technique can be very deterministic, hence SILs can be
fabricated around pre-determined color centers, which could already be shown to increase
the detected fluorescence from single NV centers by a factor of up to 10 [194, 195]. Thus,
in the course of this thesis, the fabrication of SILs was also pursued with the help of
Dr. Katja Höflich and the Helmholtz-Zentrum Berlin. An example SIL, fabricated in a
bulk-diamond sample is presented in Figure A.4.

Figure A.2. Scanning electron micrograph of a solid immersion lens in bulk diamond, fab-
ricated in the diamond surface by focused ion beam milling.
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A.2. Spin Manipulation Normalization and Equalization Sequence

In order to map the change in detected photons to the population of the |0〉 state, a
normalization method, as it is illustrated in Figure A.3 for the example of a Rabi mea-
surement, is used. The first part of the sequence is the measurement part, where the
actual microwave sequence is running and the gated detection (labeled ’Sig’) is used to
detect photons arriving in a ≈ 0.3 µs window after the last microwave pulse finished, and
the laser is turned back on. The second part of the sequence is to mitigate heating effects
due to the high-power (peak power of about 15W) MW frequency applied to the sample
holder with the MW antenna, which can in turn cause drifts of the sample in respect
to the microscope objective and magnet. Therefore, the second part of the sequence is
applied to compensate for the different pulse length τ up to a maximum length of τm,
applied during the measurement part and keep the duty cycle of the applied microwave
fields during a whole sequence step similar. The third part of the sequence is similar
to the first part, acquiring the reference signal during the ’Ref’ window. Only here, in
order to acquire the reference photon counts, no microwave is applied for a waiting time
τ , mitigating for incorrect timings of the channels in respect to each other, as well as
possible influence of the finite ground state spin lifetime (T1-time) of the NV center.

Laser
MW τ τm-τ τm-τ τ

Ref

Sig

Time
Measurement MW Equalization Normalization

Figure A.3. Sketch of a Rabi measurement with the microwave equalization and normal-
ization sequence applied, where τm represents the maximum length of the applied microwave
pulse. The three parts of the sequence are employed for mitigating the varying heat input to
the sample holder due to high-power microwaves applied to the sample, T1 relaxation time
and other potential timing errors.

In Figure A.3 the results on the signal and reference channel from a Rabi measurement
are shown, as well as the normalized signal, which is the signal accumulated counts NSig

divided by the reference accumulated counts NRef (see Equation 4.4). In the plot of
the normalized signal, no more outliers are visible, and the contrast can be seen to be
increased.
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Figure A.4. Signal and reference fluorescence obtained during a Rabi measurement. The
left plot shows the accumulated counts detected during the signal window, the middle plot
shows the accumulated counts detected during the reference window, and the right plot shows
the normalized signal, which is the signal counts divided by the reference counts.
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A.3. SRT and STIRAP Without Nuclear Spin Polarization

In Figure A.5 we show the electron spin dynamics of the 15NV center under SRT
(∆ = 5MHz) and STIRAP (σ = 0.85 µs, Λ = 1.2 µs) in the case of the nuclear spin
being polarized into the mI = +1/2 state (left column) and the nuclear spin being un-
polarized (center and right column), hence the mS = −1,mI = +1/2 (|−1,+1/2〉) and
mS = −1,mI = −1/2 (|−1,−1/2〉) state initially being equally populated. When the
population of the NV ground state is optically read out it is not possible to distinguish
between the two nuclear spin states mI = ±1/2, hence the detected signal is always
a combination of the two hyperfine states. Therefore, the central and right column of
Figure A.5 show the expected evolution of the electronic and nuclear ground states in
the case of no initial nuclear spin polarization and the expected signal to be detected,
when reading out the SRT or STIRAP applied to a NV center with no initial nuclear
spin polarization, respectively.

Figure A.5. The top row shows the simulated dynamics of SRT with ∆ = 5MHz, the
bottom row shows STIRAP with σ = 0.85 µs, Λ = 1.2 µs. The left column shows the expected
dynamics with the 15N spin initially polarized in the mI = +1/2 state, as it is assumed
throughout Chapter 5. The middle and right column show the expected dynamics for an
unpolarized nuclear spin, where the middle column shows the actual evolution of the separate
nuclear spin states mI = ±1/2 and the right column shows the expected signal as it would be
read out, which is a sum over each of the two nuclear spin states. The dashed and solid line
corresponds to the mI = +1/2 and mI = −1/2 nuclear spin, respectively. Adapted from [131].
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A.4. Generation of MW Pulses for SRT and STIRAP

Considering the MW Raman schemes introduced in Chapter 5, it can be understood,
that the SRT sequence contains up to four different frequencies (two of them simulta-
neously) and the STIRAP sequence requires adiabatically changing pulse shapes. As
the analog MW generators introduced in the electron spin control sequences can nei-
ther supply multifrequency or adiabatic pulses, nor switch their output frequency fast
enough to deliver the required frequency changes, more sophisticated MW hardware
configuration is required for these experiments. Therefore, in the SRT experiment the
two detuned MW control pulses are synthesized by two analog microwave signal gen-
erators (Agilent, E8267D and Aim-TTi, TGR6000), and the two resonant MW pulses
for the |0〉 ↔ |−1〉 and |0〉 ↔ |+1〉 transition are generated by two further MW gen-
erators (HAMEG, HM8135 and Stanford Research Systems, SG396). The two Raman
microwave fields are combined and switched by a fast MW switch, the two resonant MW
fields are each controlled by a fast switch, combined and finally combined with the SRT
field. To synthesize the STIRAP control fields, the resonant control pulses |0〉 ↔ |±1〉,
as well as the adiabatic pump and Stokes pulse are created by a 65 GSa/s arbitrary
waveform generator (AWG, Keysight, M8195A). The signals are in both cases amplified
by a high-power MW amplifier (Mini-Circuits, ZHL-16W-43+) and then guided to the
sample holder PCB containing the MW antenna.
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A.5. Integrated Optical Microring Resonators

Another key element in integrated optics, next to the in Section 6.1 introduced straight
dielectric waveguides which are mostly used to guide light between optical elements, are
optical microresonators or microcavities. In planar integrated technology, resonators can
be constructed by an ordinary dielectric waveguide that guides light in a closed loop, the
so-called microring resonator. Some of the numerous on-chip photonic applications of
microring resonators include resonant structures for lasers [205, 206], wavelength-division
multiplexing [207], all-optical control of light [208], sources of entangled states of light
[209], photonic (bio)sensing [210, 211], generation of frequency combs [212], (tunable)
optical filters [213], and high efficient non-linear optics like second-harmonic generation
and spontaneous parametric down-conversion [214]. This section will first give some theo-
retical background of ring resonators and then present an on-chip monolithic integration
of a coupled waveguide-coupled microring resonator system, based on the freestanding
silica waveguide platform presented in Section 6.4.1.

A.5.1. Theoretical Background

Here, a very general introduction to the properties of optical ring resonators is presented,
discussing only the case of nondispersive bulk medium, where the refractive index n is
not changing with the vacuum wavelength λ0. A more detailed description on optical
microresonators can be found, e.g., in [215]. In a ring resonator, the light is always looped
back on itself, hence resonance occurs each time the optical path length in the resonator
is an integer number i of the wavelength in the waveguide

λres,i =
neffL

i
, i = 1, 2, 3, . . . . (A.3)

It is therefore obvious that a ring resonator of certain length L can support a multitude
of resonances at different wavelengths λres,i of the circulating light. In the approximation
of a nondispersive medium, the spacing between these resonances, the free spectral range
(FSR), directly depends on the length of the resonator as

FSR =
λ2

neffL
. (A.4)

To couple light in- and out of an integrated microring, typically a single or two bus
waveguides are used, depending on the desired application. In Figure A.6(a) a so-called
all-pass resonator with a single bus waveguide for in- and out-coupling of the light to
and from the ring resonator is illustrated (it should be noted that the shape of the
microring does not have to be circular, and the bus waveguide does not have to be a
straight waveguide). The physical parameters of an all-pass resonator are the power
splitting ratios r and k of the directional coupler (see Figure A.6 (a)), which for a lossless
coupler are assumed to satisfy r2 + k2 = 1, and the single-pass amplitude transmission
a, which is directly related to the power attenuation coefficient α in the waveguide as
a2 = exp (−αL). Assuming matching fields and CW operation, the transmission response
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Figure A.6. (a) Illustration of an all-pass ring resonator with power splitting ratios r, k,
and round trip loss a. Basically, this system can be viewed as a directional coupler, where one
output port is fed back into its input port. (b) Typical spectral response of a critically coupled
(r = a = 0.85) and over coupled (a = 0.95, r = 0.8) all-pass ring resonator depending on the
round-trip phase shift φ, with the important spectral features free spectral range (FSR) and
full width at half maximum (FWHM) indicated.

of an all-pass resonator can be expressed as [215]:

T =
Ipass
Iinput

=
a2 − 2ar cosφ+ r2

1− 2ar cosφ+ (ar)2
. (A.5)

where the round-trip phase shift φ, can be interpreted as φ = kL = 2πneffL/λ0 with
the vacuum wavelength of the incident light λ0. From Equation A.5 it can be seen,
that if the power loss in the ring equals exactly the coupled power to the ring a = r,
the transmission of resonant light (φ = 2πi with integer number i) from the input port
to the pass port drops to zero due to destructive interference, the resonator is said to
be critically coupled. On the other hand, if a < r or a > r the transmission through
the add-drop resonator does not drop to zero at resonance, the resonator is said to be
overcoupled or undercoupled, respectively.
In Figure A.6(b) theoretical transmission spectra of a critically and non-critically, over-

coupled all-pass resonator are shown in terms of round-trip phase shift φ. The resonance
dips in the transmission spectrum can be approximated by Lorentzian functions with full
width at half maximum (FWHM) centered at resonance wavelength λr, spaced by the
FSR. From the transmission spectrum shown here, it becomes apparent, how a critically
coupled add-drop resonator can act as a notch type filter.
One key performance metric, of a resonator is the quality factor (Q-factor), with almost

all possible applications of resonators profiting from an increase in quality factor [206].
The physical meaning of the Q-factor can be understood as the number of oscillations of
the light field, before its energy is depleted to 1/e of the initial field energy. The Q-factor
is related to the sharpness of the resonances relative to its central frequency, as [215]:

Q-factor =
λr

FWHM
, (A.6)
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hence it can directly be deduced from the transmission spectrum of a resonator. In
combination with single quantum emitters, microring resonators could especially function
as single photon filters and multiplexers [213], as well as a way to enhance the zero-
phonon line (ZPL) emission rate via the Purcell effect [167] as it could already be shown
in diamond [144] and GaP-on-diamond platforms [149, 216].

A.5.2. Integrated Waveguide-Coupled Silica Microring Resonators

As previously introduced, silica offers exceptional optical properties which already lead
to the development of ultrahigh-Q microring resonators based on thermal silica [217,
218], reaching Q-factors greater than one billion [219]. Excitation of silica microring
resonators is traditionally done with tapered optical fibers or prism couplers, which
usually requires additional fabrication steps, as well as the requirement of highly stable
experimental apparatus and fine-positioning actuators. The full integration of silica
microring resonators with side-coupled dielectric waveguides is therefore an important
step towards mechanically stable, miniaturized devices which can be fabricated in a
scalable manner and are easy to use. Also, this could enable the integration with photonic
circuits consisting of multiple optical components on a chip. Recently, such integration of
a high Q-silica microring resonator with a silicon nitride waveguide could be shown [206],
however this approach requires additional processing steps and introduces additional
materials, which could results in effects such as increased loss, additional fluorescence,
and a smaller transparency window, which may be undesirable specific applications.
In order to show monolithic integration of a microring resonator with the in Subsec-

tion 6.4.1 introduced on-chip freestanding silica platform, a microring resonator which
shares the same supporting membrane and waveguide design was added to the freestand-
ing silica waveguide platform in an add-drop configuration. In this approach, the waveg-
uide and resonator structure are made from a single, monolithic material platform and
the processing can be done in a single fabrication step. Additional benefits of monolithic
integration are scalability, reproducibility, and cost-efficient fabrication. More detailed
information on the design and fabrication methods of the integrated device can be found
in [178].
As discussed above, an all-pass microring resonator can be characterized by launching

coherent light at varying wavelength into the add port to record the spectral response at
the pass port. By determining the position and shape of the resonance frequencies from
the resulting transmission spectrum, the Q-factor can be deducted using Equation A.6.
The experimental setup to record a transmission spectrum is similar to the previously
introduced setup for measuring the transmission of the silica waveguides (see Figure 6.11),
where an additional fiber splitter is introduced to guide a small part of the light to a
wavemeter (High Finesse WS6-600) in order to record the absolute emission wavelength
of the external-cavity tunable laser (New Focus, Velocity TLB-6308). The experimental
setup and measurement scheme is schematically shown in Figure A.7(a).

In Figure A.7(b) a resulting example normalized relative transmission spectrum over
a scanning range of about 0.6 nm can be found with four distinct resonance lines spaced
apart by about FSR = 0.18 nm (130GHz). This FSR corresponds to the radius of the
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Figure A.7. Characterization of integrated all-pass on-chip microresonators. (a) Experi-
mental setup for measuring frequency dependent transmission characteristics. The light which
is transmitted through the all-pass resonator is either detected with a camera, or via a flip
mirror (FM) with a photodiode (PD) and evaluated in respect to a reference signal, which is
generated via a fiber beam splitter (FBS). For an absolute frequency reference, the wavelength
of the tunable laser is continuously measured by a wavemeter. The polarization is controlled
by a rotatable half-wave plate (HWP). (b) Microscope image of an integrated resonator chip.
(c) Normalized relative transmission spectrum with a Lorentzian fit to all four resonances. The
free spectral range of 0.18nm corresponds to the ring radius of R = 0.25mm, higher order
modes are not excited. (d) Fine scan over one resonance line with Lorentzian fit, resulting in
a Q-factor of ≈ 5× 104.

microring (R = 0.25mm). Due to the laser’s coarse-tuning range being limited to a
resolution of 0.02 nm the sampling of the transmission spectrum does not resolve the
single resonance lines very well. In Figure A.7(c) a detailed scan over a single resonance
in the fine-tuning mode of the laser can be found. In this mode, the scanning range of
the laser is limited to about 70GHz (≈ 0.1 nm), which is smaller than the FSR of the
microring, such that only a single resonance can be sampled at a time in this mode. A
fit of the Lorentzian-shaped transmission dip yields an FWHM of about 20GHz, which
results in a Q-factor of about 5 × 104 of this investigated coupled microring resonator.
This is already one order of magnitude higher than the integrated resonator presented in
[186], however with further improvements in fabrication and processing, we could show
devices with Q-factors up to 3.7×106 at 1064 nm [178]. Within the scope of this thesis the
improvement of integrated silica ring resonators at visible wavelengths was not pursued
further, however with the optimized fabrication methods it should also be possible to
achieve comparable Q-factors for coupled resonators operating at 637 nm.
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A.6. Q.Rack - A Rack-Based Transportable NV Spin Experiment

Experiments on single solid-state quantum emitters are mainly limited to scientific work
groups with fundamental know-how and experience in the field, and setting up single-
photon experiments can become a tedious and lengthy task for non-experts. This can be
an obstacle for groups e.g. in the material sciences interested in investigating the proper-
ties of a novel solid-state emitter or biologists interested in utilizing solid-state emitters,
such as the NV center in diamond, for sensing applications. To facilitate the entry to
this field of research, we integrated an experimental platform for investigations on single-
quantum emitters combined with coherent single-spin manipulation capabilities on the
NV center into a stand-alone 19-inch mobile server rack cabinet. The Q.Rack combines
all required components for optical and spin-manipulation measurements on single NV
centers without requirement for additional devices for most common NV sensing schemes.

Optical Setup

Space for 
Additional Hardware

Laptop
Excitation Laser, 
Acousto-Optic Modulator

Microwave Supply, Bit Pa�ern Generator

Photon Detection (APD)

Power Supply, Arduino, Data Acquisition

Power Strip

Figure A.8. Front view of the Q.Rack with all important components labeled. The power
strip on the bottom allows to power on or off the individual parts of the experiment. Above the
power strip all the required power supplies are located, as well as the data acquisition hardware,
a microcontroller to control up to five individual digital to analog converters (DACs), as well
as an amplifier, which amplifies the voltage supplied by the DACs to move the piezo stage.
The fiber coupled APD and its power supply are hosted above. Above the APD, all the
MW equipment is encased in a single tray, together with the digital bit pattern generator
(BPG), which delivers the fast digital pulses to control and synchronize the spin manipulation
experiments. The signal from the MW supply is brought to the back of the rack where a high-
power amplifier is located (not shown) before being guided to the optical setup. The excitation
laser, which can be digitally modulated by an acousto-optic modulator (AOM), as well as the
respective power supplies and RF generator are located above the MW supply. The layer
above the laser is populated by the laptop computer, which controls the whole experiment.
Above the laptop, an empty space can be used to store temporary or permanent additional
hardware. On top of the Q.Rack the optical setup is located, which is shielded from light
by black cardboard, so that detection of light from single emitters is even possible when the
Q.Rack is placed in a normally lit room. Taken from [133].
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In Figure A.8 a picture of the Q.Rack, with the individual components labeled, can
be found. In contrast to approaches of developing compact integrated sensors based on
NV centers (e.g., [220]), our approach was to build a compact and mobile experiment,
which still allows the easy modification and addition of components, as well as having
the full functionality of a standard experimental setup in the lab. The Q.Rack’s concept
is a modular design, which allows for fast and easy replacement or integration of further
components, if e.g., an additional microwave or light source is required. Therefore, the
Q.Rack is not only limited to investigations on NV centers, but could also be used to
investigate other single emitters, e.g., other defect centers in diamond or spin-defects in
2D materials, such as hexagonal boron nitride (h-BN) [202].

Piezo inputMW input

Optical Fiber
(to APD)

CCD Camera

Optical Fiber
(with Exc. Laser)

Manual and Piezo
XYZ Stages

Sample Holder with
Microwave AntennaLLF

Sample

LPL1

L2

PH

DM

Figure A.9. Optical setup of the Q.Rack, where the excitation path is indicated in green
and the detection path in red. LLF: Laser line filter, DM: Dichroic mirror, LP: 620nm longpass
filter, L1, L2: Lenses with 10 cm focal length, PH: Pinhole. Taken from [133].

In Figure A.9 the optical setup of the Q.Rack, which is located on the top of the rack
for easy accessibility, is shown. It combines the pulsed laser, which is delivered via single
mode fiber, a home-built confocal microscope with high-NA objective and piezo scanners,
a CCD camera and access to an APD via a multimode fiber. The microwave components
for spin manipulation include a microwave source, switch and high-power amplifier, which
can easily be adapted to the desired application. The optical and microwave components,
as well as data acquisition, are all controlled by a remotely accessible PC. All the Q.Rack
requires is a power outlet.
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