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Resumen

La interaccién de fotones con emisores cuanticos individuales como los centros
de nitrégeno-vacante (NV) es esencial para la elaboracién de futuros dispositivos
integrados de éptica cudntica. Una estrategia prometedora para alcanzar este
objetivo es de aprovechar de los ltimos avances de la nano-éptica para aumentar
la interaccién con emisores individuales, asi como fortalecer el acoplamiento
entre varios de ellos. Sin embargo, para aprovechar al maximo las capacidades
de este matrimonio entre centros de NV y nano-estructuras épticas se requiere
de herramientas adecuadas para controlar con precisién su interaccion.

En esta tesis, se utiliza la manipulacion 6ptica para atrapar y manipular en
3D nano-diamantes individuales que contienen un solo centro de NV.

En primer lugar, demostramos el uso de pinzas 6pticas como una her-
ramienta para lograr la captura precisa y manipulacion espacial tridimensional
de nano-diamantes individuales conteniendo un solo centro de NV. Sorprenden-
temente, encontramos que el eje del centro de NV estd casi fija dentro de la
trampa y puede controlarse in situ mediante el ajuste de la polarizacién de la
luz del léser de captura. Combinamos este control espacial y angular con la
manipulacién coherente del espin del centro NV y con medidas de tiempo de
vida de fluorescencia de un sistema foténico integrado. Demostramos que los
centros NV atrapados 6pticamente pueden servir como una nueva ruta para
ambos magnetometria vectorial tridimensional y de deteccién de la densidad
local de estados electromagnéticos.

En un segundo paso, nuestra técnica de manipulacion se desarrollé atin
més hacia el posicionamiento de un nano-diamante individual en una antena
plasménica. La fuerza de gradiente del campo electromagnético del plasmon
excitado actiia como una pinza éptica local para atraer los nano-diamantes fun-
cionalizados a las regiones de mayor aumento del campo de la antena, donde
quedan adsorbidos. La proximidad del centro NV inmovilizado en la nano-
antena es corroborado por la disminuciéon observada del tiempo de vida de la
fluorescencia.

Por otra parte, se observa una disminucion de la fluorescencia NV tras la
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Resumen

iluminacién infrarroja. Identificamos como origen de la disminucién de la flu-
orescencia la promocion del electrén excitado a una banda, que tiene un canal
de decaimiento rapido. Esta hipdtesis es comprobada por el excelente acuerdo
entre nuestro modelo simple de ecuacién cinética y el experimento.

Por tdltimo, demostramos que un centro NV puede funcionar como un in-
terruptor Optico eficiente y rapido controlado a través de un laser de control
infrarrojo independiente. Ademds, el sistema hibrido formado por un solo NV
acoplado a una nano-antena de oro aumenta la profundidad de modulacién.

Los resultados presentados en esta tesis demuestran la capacidad de ma-
nipular y posicionar nano-diamantes conteniendo un centro NV con pinzas
opticas. Esto allana el camino hacia un sensor de campo magnético y de tem-
peratura en ambiente liquido usando el espin del centro NV. Adems4s, el control
de posicionamiento y acoplamiento a nano-estructuras foténicas y plasménicas
podria tener un impacto para aplicaciones potenciales en circuitos completa-
mente 6pticos o dispositivos de optica cuantica .
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Motivation

Nanotechnology is defined after the European Commission as the manipulation
of matter with dimensions at the atomic, molecular and macromolecular scale,
where properties differ significantly from those at a larger scale [1]. During the
last 30 years, a huge interest has been devoted to understand the new physical
properties that appear when reducing the size of matter down to the nanometer
scale. To understand these physical, chemical and biological processes from a
fundamental point of view, nanometer precision and sensitivities down to the
single electron or single photon level are essential. The study of new materials
as well as the progress made in fabrication and manipulation techniques with
nanometer accuracy have enabled to analyze some of the elementary mecha-
nisms at the nanometer scale and led to their control for potential applications.

For future technology quantum optics is a promising research field relying on
photons whose interactions may be mediated by a quantum system [2, 3, 4, 5].
Such a quantum system provides single photon sources that can be employed
for nanoscopy, bio-marking as well as for quantum technologies [6, 7, 8, 9].
Since the experimental proof of the quantum nature of light [10], a variety
of optical quantum systems have been identified including trapped ions and
atoms [11, 12], single molecules [13, 14], quantum dots (QDs) [15, 16] and
nitrogen-vacancy (NV) centres [17]. Each of these systems has its advantages
and drawbacks: atoms and ions have sharp transition lines and thus have a
good two level quantum system, but they have to be trapped in vacuum. QDs
and molecules on the other hand are available in a large quantity for a different
emission wavelength, which is interesting for potential applications. However it
is still challenging to stabilize the emission of a single QD [18, 19] or a single
molecule and experiments have to be done at cryogenic temperatures [20] or in
a solid state matrix for molecules [21].

In this context NV centres in diamond have attracted much attention be-
cause they act as artifical atoms, protected by the stable diamond lattice. At
room temperature, they do not have a well defined transition line, due to their
phonon interaction. Yet, they have been characterized as a stable single emit-
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ter that does not bleach nor blink [17] and they are found in bulk diamond
near the surface [22] or in nanodiamonds (NDs) in the range from around 5-
100 nm [23]. This size is advantageous because they can be put into biological
systems [24, 25] or coupled to plasmonic nanostructures [26, 27, 28] and pho-
tonic structures [29, 30, 31, 32, 33] just like fluorescent molecules or QDs. It
has been shown that their electric dipole couples to its environment, which was
used to design single emitter sources or single photon wave-guiding structures
(34, 35, 36]. This coupling to the environment also makes them a good candi-
date to sense their surrounding electromagnetic local density of state (LDOS).

Nano-optics

e
Electronic
Dipole

NV centre in
diamond

\ - :
88 Quantum Optics

manipulation

e
Electron
spin

Spin physics

Figure 1: Overview of the fields involved in this thesis. The NV centre in
diamond plays an important role in spin physics as its electron spin can be used
for quantum information as well as for magnetometry. Its electronic dipole
can be used as a single photon source, which is relevant for quantum optics
as well as for nano-optics. However spatial manipulation of the NV centre is
crucial for any of its applications. In this thesis I introduce a novel approach of
manipulating nanodiamonds in liquid environment using optical tweezers.

Apart from the electric dipole, the negatively charged NV centre has an elec-
tron spin that can be manipulated and read out optically at room temperature



[22]. This electron spin is a very promising quantum system as coherence times
of the electron spin in bulk diamond were demonstrated to reach the millisec-
ond range [37]. This property can be used either as a quantum bit for quantum
operations [38, 39, 40, 41] as well as a magnetic field sensor with nanometer res-
olution and sensitivities down to 100 pT / v/ Hz [42]. Very recently it was even
demonstrated that the NV spin can be used to measure temperature [43, 44, 45].

As illustrated in Fig. 1 the unique properties of NV centres are exploited in
different contexts and fields of science. Yet, in all applications spatial control
of the position of the NV centre is critical.

Manipulation of these NDs has so far been accomplished using an Atomic
Force Microscope (AFM) attaching the nanocrystal at the apex of the AFM
tip [46, 47, 26, 27, 48, 49, 50]. In this thesis I present a different manipulation
approach based on optical trapping that is compatible with complex liquid envi-
ronments like biological samples or microfluidics. As a non-invasive technique,
optical tweezers have been used so far to manipulate micro-meter sized particles
with excellent accuracy [51, 52].

In this thesis I study the use of both conventional tweezers and plasmonic
tweezers. I show trapping and 3D manipulation of 70 nm NDs using conven-
tional optical tweezers. Both the electric dipole and the electronic spin are
exploited as a probe for local density of states and magnetic fields, respectively.
In a second experiment I use plasmonic optical tweezers for a deterministic po-
sitioning of 40 nm NDs in the hotspot of a plasmonic antenna. I furthermore
discovered that the NIR laser line used in both trapping approaches can be used
to fast and efficiently switch the fluorescence of the NV centre by promoting
the electron to a higher energy dark state.

Chapter 1 gives an overview of the NV centre in diamond and its state of
the art manipulation techniques.

In Chapter 2 we present the experimental platform combining optical
tweezers with manipulation and read out of the electron spin and measurement
of g2 and lifetime of the electric dipole.

Chapter 3 presents the results in 3D optical manipulation of a single ND
hosting a single NV centre. The optical tweezers assure translational manipu-
lation in three dimensions with an additional angular degree of freedom using
the polarization of the laser beam. The achieved control is used to demon-
strate probing of magnetic fields as well as electromagnetic LDOS in a liquid
environment.
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In Chapter 4 I show deterministic positioning of single NDs in the hot
spot of a plasmonic nanostructure using the near field assisted trapping. We
also systematically study the optical properties of the emitter coupled to the
metal nanostructure.

In Chapter 5 I present a new transition process promoted by the absorp-
tion of two colour photons. The presence of an off-resonant near infrared (NIR)
laser is shown to promote the electron of the excited NV centre to a dark fast
decaying state.



The Nitrogen Vacancy
centre in diamond

The optical transparency of a diamond crystal is due to its large band gap and
thus the absence of electronic transitions at energies in the visible spectrum.
However the transparency can be altered by the presence of a defect in the
carbon matrix. If the defect is stable inside the diamond matrix, it gives rise to
a new energy level structure inside the diamond bandgap. Transitions within
this new energy level can interact with the lattice phonons and can thus create
phonon sidebands. The defect centre can be excited by an appropriate light
source and promotion of the electron to the excited state can result in emis-
sion of a zero phonon line (ZPL) and a broadened phonon side band of the
electronic-phonon transitions. If the energy gap of the created level is smaller
than the bandgap of the hosting material the emission is not absorbed and can
be detected as fluorescence. Since this fluorescence gives colour to an originally
transparent diamond, these defects are called colour centres. Among the large
amount of colour centres in diamond (more than 500) only less then ten of them
have been characterized as bright single photon sources [9].

Over the past decade nitrogen-vacancy (NV) defect centres in diamond got
very much attention. They are stable single photon emitters at room tempera-
ture [53, 17, 9] and were used to develop single photon sources [9, 54, 55, 56].
Their stable emission in the visible spectrum made them ideal to study light
matter interactions with photonic [57, 30, 32, 58, 59] and plasmonic nanostruc-
tures [60, 26, 27, 28, 35], where NV centres serve as quantum light sources. The
stable photo-emission also brought NV centres in nanodiamond (ND) to biology
as a fluorescent bio-marker in cells [61, 24] and there are propositions to image
neuron networks [62].



1. The Nitrogen Vacancy centre in diamond

Besides the stable photon emission of its electric dipole, the negative charged
NV~ centre can also operate as a quantum bit at room-temperature based on
its free electron spin that can be read out optically [63, 64]. The NV~ centre
has been used to build quantum registers [39, 65, 37] using nearby N and C*?
atoms, to demonstrate entanglement between two adjacent NV~ centres [66]
and to develop all kind of sensors ranging from magnetic [49, 67, 42, 68, 69, 70,
71, 72, 73] and electric field probes [74] to temperature sensors [75, 45, 43, 44].

In this chapter I discuss the basics of the NV centre physics and present
the state of the art in the spatial manipulation of NDs hosting NV centres.

1.1 Physics of the Nitrogen Vacancy centre

Figure 1.1: Schematic of the NV centre in diamond. It consists of a
substitutional nitrogen atom (N) adjacent to a vacant lattice site (V) within
the carbon (C) lattice (Image taken from [55]).

The NV centre is a defect centre in the diamond carbon lattice, containing a
nitrogen atom and a missing carbon atom (vacancy) that form a C3y symmetry
(Fig. 1.1). It can exist in two charged states. The neutral charge state NV° has
five unpaired electrons, four from the neighboring carbon atoms and one from
the nitrogen atom [76]. For the negatively charged NV~ centre, electron spin
resonance measurements indicate that the centre has an electron paramagnetic
ground state with an electron spin angular momentum S=1. It is thus assumed
that it has six electrons, where two electrons are unpaired [77, 78].

6



1.1 Physics of the Nitrogen Vacancy centre

1.1.1 Energy level of the NV centre

The characteristic features of the NV~ and NV° are the Zero Phonon Lines
(ZPLs) at 1.945 eV (637 nm) [79] and 2.156 eV (575 nm) [80], respectively and
their related vibronic phonon side band at lower energies, where photons are
emitted (Fig. 1.2). Despite the intensive studies during the last decades, still
new insights in the energy level have recently been gained [81] and still have to
be gained. For example the relative energies of the triplet and singlet states of
the NV~ and of the doublet and quartet states of the NV? are still unknown
[82].

In this thesis the focus lies on the negative charged NV~ centre because
of its electronic spin that can be optically prepared and read out via a third
metastable state, as explained in section 1.1.2. Consequently, the generic no-
tation NV in this thesis refers to the negative charge state, if not mentioned
otherwise.

1
a) NV b) NV ° 9 ZPLNV® ZPL NV — 440 nm
——514nm
2 ———
A A 0.8
3 ——
E A
1 0.6
Agx— 5
4 <
1.945 eV 2156ev| Az z 04
1190 eV £
g
'E X = 02
3 v R v 0 x ; ; ; ; :
A, AR E —m— 550 600 650 700 750 800 850

Wavelength [nm]

Figure 1.2: Electronic structure of the NV centre. Schematics of the
known optical transistions of the NV~ (a) and NVY (b) charged state. The
observed zero phonon lines (ZPLs) are indicated with their energies in a) and
b) and the emission spectrum for NV~ and NV? is shown in ¢) upon excitation
with 514 nm and 440 nm laser lines, respectively. The ZPLs are marked with a
red line. (Spectra taken from [83])
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1.1.2 [Initialization, preparation and read out of the spin
state

As illustrated in Fig. 1.1, NV centres in a diamond lattice obey a Csy symmetry.
This is the foundation of theoretical models used to understand the energy level
of a NV centre. There are two approaches: ab initio calculations [84, 85, 86, 87|
and semi-empirical molecular model of deep level defects in semiconductors [77,
78, 88, 89, 90, 91, 92]. Both models disagree in some aspects and complement
themselves in others [82]. Nevertheless they agree that, in a first approximation,
a NV centre consists of a triplet groundstate with mg = 0 and ms; = +1
sublevels, a triplet excited state with m} = 0, m} = 1 and m} = —1 and one
metastable singlet state 1A (Fig. 1.3). The m, = +1 sublevels are degenerate
at zero external magnetic field and for no internal strain.

*
S

=
Eas—F——"..

0= y % ~ . ~

m

637 nm

S -
== S
N =

3 g
A 1 287 GHzI‘,

Figure 1.3: Level structure of a NV centre. The triplet groundstate 3 A,
is split in a my; = 0 and a mgy; = =1 sublevel by 2.87 GHz. Off-resonant
green excitation (A = 532 nm) brings the electron to the excited triplet state,
from where it decays emitting fluorescence (ZPL = 637 nm). The ZPL at
1042 nm of the metastable state could only be observed after exciting the system
with green laser light [90, 93]. Radiative transitions are represented by solid
lines, nonradiative by dashed lines. Thicker dashed lines represent stronger
transitions. Due to the different intersystem crossing rates (dashed lines), spin
polarization of the NV~ centre to the mgs = 0 state is possible.

The NV centre can be excited with an off-resonant 532 nm laser [22]. Start-
ing from the ms; = 0 sublevel, the system is excited to the m} = 0 sublevel of
the excited state, following the selection rules of a spin conservative transition,

8



1.1 Physics of the Nitrogen Vacancy centre

and decays by emitting fluorescence with a ZPL at 637 nm. Consequently, when
promoted from the m, = %1 sublevel to the excited m} = %1 sublevels, there
is a higher probability to decay via intersystem transitions to the metastable
singlet state and from there to the my = 0 triplet groundstate without emitting
a photon. This enables the spin polarization of the NV centre into the mgs = 0
sublevel state of the triplet ground state [77, 78].

Spin polarization is very important for applications to quantum information.
Indeed, the initial state has to be known before undertaking a sequence of
operations. For every room temperature implementation of a NV centre as a
single electron spin the same process applies for preparation, control and read
out of the spin. This sequence is sketched in Fig. 1.4.

selection read out

m.=0 v /\ T \
>
VK MS ns ns ns t

spin phase conservation (ms)

Figure 1.4: Process for spin polarization, spin preparation and read
out the electronic spin. First a green pulse is applied to spin polarize the
system into the mg = 0 state. In a second step the spin state can be prepared
applying a microwave pulse and finally apply another green illumination to read
the spin state.

As the paramagnetic groundstate is split into a spin singlet (mgs = 0) and
a spin douplet (ms = £1) by approximately 2.87 GHz, it can be manipulated
with a microwave field [94]. At the suitable microwave transition frequency
populations of these two levels can be inverted. For instance, when the system
is initialized to the mg = 0 sublevel, upon a microwave pulse of the right length
and power, the spin is flipped and the system ends up in the mg; = £1 sublevel.

While the spin polarization can be controlled by combining suitable optical
and microwave illumination, the read out of the spin state can be achieved by
monitoring the intensity of the NV fluorescence. In particular, the fluorescence
intensity drops by up to 30 % when the system is excited from the m, = +1
groundstate sublevel compared to the excitation from my = 0 sublevel. This
is because the intersystem decay of the excited ms = £1 state has a higher
transition rate to the metastable state than from the m, = 0 excited state.
The optical spin read out is experimentally described in the Optical Detectable
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Magnetic Resonance Spectroscopy section 2.3.

1.2 NV centres for sensing applications

The electron spin in the NV centre is an excellent probe for AC and DC external
magnetic fields [49, 67, 42, 68, 69, 70, 71, 72] as well as for electric fields [74] or
even temperature [75, 45, 43, 44]. Additionally the electric dipole can also be
used to sense the electromagnetic local density of optical states (LDOS) [95, 96].
However the sensitivity and resolution are dependent on the coherence time of
the electron spin, the proximity to the sample and the number of NV centres in
the sensing volume [82]. Two kinds of architectures for sensing with NVs can
be used: NV centres in bulk diamond or in NDs.

1.2.1 Bulk diamond versus nanodiamond

NV centres arise randomly from the presence of natural nitrogen impurities in
diamond, but it is possible to create them artificially. Ultra-pure bulk diamond
crystals are grown with chemical vapor deposition (CVD) or high pressure high
temperature (HPHT) synthesis. In a second step ion implantation in combina-
tion of annealing made it possible to create NV centres at predefined positions
with nanoscale accuracy [97, 98, 99]. However there is no 100 % certainty that
the NV is formed at the predefined position, as the vacancy has to migrate
towards the implanted nitrogen atom [99]. The advantage using this technique
on ultra-pure bulk diamond is that it has a very low concentration of additional
nitrogen or 3C atoms, which are the main causes for decoherence [100]. Spin
coherence times of 75 >1.8 ms have been demonstrated recently with decou-
pling techniques [101, 102, 103, 37]. Furthermore it has been shown that it
is possible to implement NV centres only a few nanometers from the diamond
surface [104], which enables to sense a sample lying on the diamond surface.

Alternatively, CVD grown nanocrystal diamonds with sizes ranging from
5 nm to 100 nm can also host single NV centres [9]. Up to now the NV centres
in NDs feature large decoherence, due to nirogen and '3C impurities in the
crystal and surface effects [105]. Finally their radius determines the proximity
of the electron spin to the sample. Even though the size of the CVD grown ND
can be controlled, it is still a challenge to control the actual position of the NV
centre inside the nanocrystal [106].

Although NV centres in bulk diamond have much longer coherence times and
were used for several sensor applications as well as for quantum operations, the
possible pre-selection of NV centres in NDs and their ability to be transported
to the location of interest makes ND interesting for sensing and quantum tech-
nology. Various research teams are nowadays improving the quality of the NDs

10
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to be able to compete with the properties of ultra-pure bulk diamond [107, 108].

1.2.2 State of the art in nanodiamond manipulation

.
v
N -
OPTICAL B

TIP “/ <7|L‘

a ! EXCITATION

488 nm 1
.

Figure 1.5: Existing nanodiamond manipulation techniques. a) Picking
up a ND with an optical fiber. b) Pushing the NDs with an AFM tip. ¢) Sticking
a pre-selected diamond to an AFM tip. d) Etching an ultra-pure diamond with
a NV centre in the tip and sticking it to an AFM cantilever. (Images are taken
from [48, 109, 49, 50])

In parallel to the improvement of the intrinsic properties of the ND, the
nanosize of the NDs was shown to be advantageous in several experimental con-
figurations, allowing one to place a single electric dipole in very close proximity
to photonic [54, 110] and plasmonic [111, 26, 27, 48, 112, 28] systems. Conse-
quently coupling of the quantum emitter to the nanostructure or fabrication of
customizable single-photon sources [27, 28] were achieved. Furthermore, a mo-
bile single NV centre was shown to be useful as a nanoprobe of a magnetic field
[49, 69, 42, 71, 50] or a probe for the electromagnetic local density of optical
states (LDOS)[27, 26].

Manipulation of single NDs has so far been achieved by using scanning probe-
based approaches such as atomic force microscopy (AFM) as shown in Fig. 1.5.
One way is to push the NDs on the sample with an AFM tip [26]. However, in
order to get a large number of position measurements, this technique is rather
cumbersome. Another approach is to stick the ND at the apex of an AFM
tip or a tapered optical fiber [49, 48, 54]. This technique served as a scanning
probe with a single NV centre [49, 69, 71, 48, 113, 54]. More recently an AFM
cantilever featuring a single NV at the extremity of a tip was directly engineered
in a ultra-pure bulk diamond [50].

11



1. The Nitrogen Vacancy centre in diamond

Although these approaches have led to a remarkable level of control, posi-
tioning of the NV at the AFM tip is cumbersome. Also, the presence of the
host tip can affect the intrinsic properties of the NV centre as well as the local
fields being probed. Furthermore, this AFM-based approach typically operates
in gas environments, whereas liquid-phase environments are generally required
for bio-applications. Importantly, no technique has so far demonstrated in situ
control over the orientation of the NV axis, which is critical for vectorial mag-
netic and electromagnetic sensing based on a single spin or optical dipole, as
well as for the implementation of quantum information-processing schemes.

To overcome the problems encountered by the AFM-based technique, I
developed a platform where a single ND hosting a single NV centre can be ma-
nipulated in liquid using optical tweezers. In chapter 2 the technical details of
this manipulation platform are presented. In chapter 3 I demonstrate the poten-
tial of this platform for magnetic and LDOS sensing. Furthermore in chapter
4 a new approach to position NDs close to plasmonic antennas is presented,
taking advantage of the near field enhancement of the plasmonic system.
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2

Experimental Setup

The original goal of my thesis was to develop and test a new approach to manip-
ulate a single NV centre using optical tweezers. For that purpose I designed and
built an experimental setup that combines an optical trap to capture the ND
in solution with the spin manipulation and optical read out of the NV centre.

In this chapter I present the experimental details of the optical trapping
setup, the fluorescence read out and the spin manipulation of a NV centre in
diamond. First in section 2.1 the optical setup is presented as a whole and then
each part of it is successively detailed in the following three sections.

Section 2.2 focuses on the fluorescence detection of the NV centre in the
diamond. The excitation and detection path as well as the different options for
collecting the fluorescence signal from a single NV centre are presented. This
includes fluorescence imaging, fluorescence spectroscopy, time resolved lifetime
and correlation measurements.

Section 2.3 presents the spin manipulation techniques using microwave fields.
As discussed in chapter 1 the spin state of a NV centre can be readout optically.
Here, the experimental implementation of the radio frequency system as well as
the sequences to manipulate the spin of the NV centre are detailed.

Finally section 2.4 describes the principles of optical tweezers and its imple-
mentation to trap a single ND.
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2. Experimental Setup

2.1 Optical Setup

PBS M2 AOM
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Figure 2.1: Sketch of the optical setup. The trapping laser (CW,
A=1064 nm: red line) is first focused through an acousto-optic modulator
(AOM) and then separated into two beams at a polarizing beam splitter (PBS)
to be focused through two different objectives (Objl, Obj2) to the same point
at the sample plane. The excitation laser for the NV centre (CW, A=532 nm:
green line) is split at the output of the laser. One beam is focused through
an AOM and then combined with the trapping laser to be focused to the same
point at the sample plane. The second beam is focused at the back-aperture of
the Obj2 to illuminate a large area at the sample plane. The pulsed green laser
for fluorescence spectroscopy (70 ps, A=532 nm: light green line) is overlapped
with the other two lasers. The fluorescence (orange line) is collected with Objl
for detection with two avalanche photo diodes (APDs) in a Hanbury-Brown and
Twiss (HBT) configuration and with Obj2 for spectroscopy and fast tracking
with an electron-multiplying charge coupled device (EMCCD).

Fig. 2.1 sketches the optical setup we developed combining spatial manip-
ulation of a single ND and optical read out of several observables of the NV
centre.

A NIR laser! (A = 1064 nm, shown in red) to trap the NDs, a CW green

1Ventus IR 1064 1.5W
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2.1 Optical Setup

laser? (A = 532 nm, shown in dark green) for exciting the NV centre and a third
ps-pulsed green laser® (A = 532 nm, shown in light green) for measuring the
lifetime of the emitter are all focused to the same point at the sample plane. Fig.
2.2 and 2.3 display two pictures of the actual setup and show the experimental
implementation of the sketch in Fig. 2.1.

Figure 2.2: Overview of the optical setup showing three different laser
sources and their respective optical path.

Three dimensional sample positioning The liquid chamber containing a
diluted solution of NDs is mounted on a Printed Circuit Board (PCB) that is
connected to the microwave generator to perform spin manipulation experiments
(section 2.3). The board is mechanically connected to a Piezo cube, which
permits nanometer positioning in all three dimensions. Further detail of the
liquid chamber fabrication is given in 2.4.3.

2Ventus VIS 532 250mW
3PicoQuant LDH-FH Series
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Figure 2.3: Sample holder and detection paths. The sample is placed hori-
zontally on a support that is connected to a 3D piezoelectric scanner. The green
and red lines correspond to the 532 nm and 1064 nm laser beams, respectively
(Fig. 2.1) and the orange path correspond to the fluorescence of the NV centres
that is separated from the laser sources with dichroic mirrors. The fluorescence
can be collected either from above to image the fluorescence in real time using
an EMCCD camera and to measure a spectrum of the NV centre fluorescence
(section 2.2.1) or from below to measure fluorescence lifetime (section 2.2.2)
and second order correlation (section 2.2.3) using APDs.
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2.2  Fluorescence measurements

2.2  Fluorescence measurements of single NVs

In this section I present the typical fluorescent measurements that characterize a
NV centre. Whereas the NIR laser is used to trap the ND (section 2.4) the visible
green laser is used to excite the NV fluorescence. The absorption band of the NV
centre is centered around 570 nm, but it can be efficiently excited with a green
532 nm CW laser [22]. Tt is first focused through an acousto-optic modulator
(AOM), controlled by a LabView field-programmable gate array (FPGA) card
to be able to switch it on and off. It then passes through a beam expander
before being focused through objective 1. A dichroic mirror is reflecting the
532 nm laser beam to the objectives and let pass the emitted fluorescence of the
NV centre. Its broadband fluorescence can be detected in this setup by APDs,
an EMCCD camera or a spectrometer:

Avalanche Photo Diode (APD) The emitted fluorescence from the NV
centre is spatially filtered by a 15 pm pinhole to get rid of fluorescence outside
the 1 pm detection volume. Two APDs detect the fluorescence signal (Fig.

2.3) and are connected to both the LabView card as well as a Time-Correlated
Single Photon Counting (TCSPC) module.

Electron-multiplying charge-coupled device (EMCCD) At the exit of
the green CW laser, a beamsplitter deviates a part of the laser beam, which
is focused to the back-aperture of objective 2 to illuminate an area of around
20 um? of the sample plane. The emitted fluorescence of this plane passes
through the upper dichroic mirror and is focused with a 600 mm lense to an
EMCCD camera. This enables to identify a fluorescent ND in real time, whether
it is adsorbed on the coverslip or dispersed in solution.

2.2.1 Fluorescence Spectroscopy

As already mentioned in chapter 1, the fluorescence spectrum of the NV centre
is characterized by its ZPL at 637 nm and the phonon sideband extending
up to 800 nm [17]. To measure the spectra of a single NV centre, a fiber
coupled spectrometer equipped with an Andor CCD camera is integrated in the
optical setup (Fig. 2.3 upper left corner). Fig. 2.4 shows a spectrum of the
fluorescence of a ND with a single NV centre that enables to nicely resolve the
ZPL from the sideband. The ZPL is located at 637 nm and the fluorescence at
higher wavelength origins from the phonon side band. At shorter wavelength
the fluorescence peaks at around 613 nm, which is attributed to the Raman
signal of the diamond [17] as well as the fluorescence of the glass substrate.
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2. Experimental Setup

For this reason we filter out this part of the fluorescent spectrum for further
measurements by adding a long-pass edge filter at 633 nm.

T
diamond
fluorescence

T
NV center
fluorescence

- N
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phonon sideband
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Figure 2.4: Spectrum of a ND with a single NV centre lying on glass.
The zero phonon line (ZPL) at 637 nm and the phonon sideband at higher
wavelength are indicated. In all our fluorescence measurements, we filter the
grey region of the spectrum that contains Raman scattering from diamond and
fluorescence from the substrate and solution. The integration time was 15 min-
utes.

2.2.2 Fluorescent lifetime measurements

Another way to identify the NV centre in diamond is based on fluorescent life-
time measurements. As the lifetime of a single electric dipole gives direct insight
into the surrounding local density of states (LDOS) near photonic nanostruc-
tures [114], the NV centre can act as a LDOS probe as demonstrated in section
3.3.

A pulsed green laser source (A = 532 nm) is used to excite the NV centre.
The fiber coupled ps-pulsed green laser is superimposed with the CW green
laser employing a 50:50 beamsplitter and is focused through the objective 1
(Fig. 2.1). A collimation lens after the fiber can be adjusted to align the focus
of laser with the other two lasers.

For the detection of the fluorescence we use an APD that is connected to a
TCSPC module. From the laser control a trigger signal starts the counter that
registers the events of the APD and puts them into an histogram.
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2.2  Fluorescence measurements
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Figure 2.5: Lifetime measurement with pulsed green light source. a)
Instrument response function using Erythrosin dye. b) Lifetime measurement
of a single NV centre in ND (black line). The lifetime of 12 ns for this specific
NV is obtained by a two exponential fit (red line).

To measure the instrument response function (IRF) of the system we use
Erythrosin that absorbes around 532 nm and has a sub nanosecond lifetime
(< 100 ps). To collect the fluorescence we momentously remove the bandpass
filter mentioned above. Fig. 2.5a displays the fluorescence response of the pulsed
laser measured with Erythrosin. Fig. 2.5b shows the lifetime of a NV centre.
A two exponential fit shows that the fluorescence lifetime of the NV centre is
around 12 ns. Thus the lifetime can be fitted using an exponential decay without
taking into account the IRF for deconvolution. The instant when the detection
starts can be adjusted by a delay cable. For this experiment, the delay between
the trigger pulse and detection of the pulse is around 1 ns.

For a repetition rate of 5 MHz the typical count rates for the fluorescence
of the NV are around 5 — 10 x 103 counts per second. With this rate the
histogram can be acquired in less than 10 seconds in order to further treat it
and fit an exponential decay curve to retrieve the fluorescent lifetime of the
emitter (section 3.3). The fluorescent lifetime can differ strongly from one ND
to another and is centered around 15 ns [115].
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2.2.3 Second-order correlation

Spectral and the lifetime measurements allow to determine if a ND hosts NV
centres or not. However such measurements do not bring information, whether
the fluorescence is from a single or several NV centres.

To identify the quantum character of light, the statistics of the light source
have to be studied [116]. To this aim we measure the second-order correlation
of the photons emitted, defined by:

gD (r) = —= ni(t)na(t +7) > | 2.1)
<ni(t) ><na(t+7) >
with ny(t) and na(t) the counts of detector 1 and 2 respectively [116, 117].

In order to make sure that the fluorescent ND under study only hosts one
single NV centre we measure the second-order correlation of its emitting flu-
orescence using the CW green laser as excitation. This is performed using a
Hanbury-Brown Twiss (HBT) setup [118] (Fig. 2.1), where the fluorescence
signal is divided by a 50:50 beamsplitter and focused onto two separate APDs,
that are connected to a TCSPC module. With this experiment using two de-
tectors, Hanbury-Brown & Twiss identified a way to get a correlation without
taking care of the deadtimes or afterpulsing of the detectors. The beamsplitter
should be a 50:50 beamsplitter over the emission band of the NV to efficiently
acquire a g?(7) histogram. As no beamsplitter is reliably 50:50 over the whole
emission band, the counts at each APD are slightly different, which makes the
coincidence counting less efficient.

When a photon arrives on APD1 the time counter starts counting until
APD2 detects a photon. If another photon arrives first to APD1 again, the
counter is reset. The counting module collects all events and groups them into
a histogram. A time delay between both APDs is established by putting a
40 m coaxial cable to APD2. If a dip in the histogram is observed at zero time
delay (¢®(0) < ¢g® (7)), the quantum character of light is proven [117]. In
theory the number N of emitters can be determined by the depth of the dip
g?(0) = N(N —1)/N? [9]. The histogram acquired with the TCSPC module
is proportional to the second-order correlation ¢(?) (), but it also acquires noise
from the auto-fluorescence of the substrate and dark counts from the APDs.
For this reason the dip usually doesn’t go to zero for a single emitter, without
data treatment [53, 117]. Here I will present only the non-treated correlation
histograms. However if the antibunching dip fulfills g (0)/¢( (cc) < 0.5 the
single photon character is proven and we verify that we deal with one single NV
centre in the crystal.

Before measuring the histogram we have to determine the adequate power
to excite our quantum system to avoid population of the metastable state [119].
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Figure 2.6: Fluorescence saturation of a single NV centre for increasing
excitation power. With a saturation fit of A(1—e(=F/Fsat)) 4 B. P we extract
the excitation saturation power Ps,; to be 110 uW with a fluorescence count
rate at 7.8 x 10* Hz. The three vertical lines represent the excitation power
used for the correlation measurements in Fig. 2.7. The linear behavior at high
excitation power P corresponds to the fluorescence rate of the diamond crystal
itself.

By measuring the fluorescence intensity as a function of the green excitation
power, we observe the characteristic saturation curve for a NV centre [17] shown
in Fig. 2.6 with a saturation power of 110 uW. When the saturation power is
reached one photon is enough to excite the system and any additional photon
from the excitation laser only contributes to the linear increase in fluorescence
from the diamond as the system is already in the excited state.

Fig 2.7 shows measured correlation histograms for different excitation power.
From the first measurement with low excitation power we can determine that
we have a single NV centre since ¢(*)(190 ns)/¢ (0 ns)~ 0.3 < 0.5. With
increasing power bunching is observed. This is characteristic for a quantum
system with a three level system [117]. For the case of a NV centre the third
level is a metastable state, which has a non-radiative decay towards the ground
state (Fig. 1.3).

The acquisition time is expected to decrease with increasing excitation power.
In the case of 55 W excitation we have an acquisition time of 280 s at a count
rate at each detector of around 2.6 10* counts/s (Fig. 2.7a) whereas for 110 uW
we obtain Fig. 2.7b in 112 s at a count rate of 4 10 and for 220 W we get the
histogram in 58 s as the count rate increased to 5.4 10* at each APD. Thus, the
quantum nature of the emission and the number of emitters contained in a ND
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can be obtained in less than a minute at saturation power.

a) 55 mW b) 110 mwW c) 220 mW,
100 100
c
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Figure 2.7: Second order correlation function of a single NV centre
for different excitation powers. a) Below saturation power, antibunching
is observed indicating the single photon character of the NV centre. b) At
saturation power only slight bunching is observed. c¢) Driving the NV centre
above saturation makes the bunching visible, which indicates the presence of
the metastable state of the NV centre [119].

With the correlation, lifetime and spectral measurement I described the
main characteristic fluorescence measurements associated to the electric dipole
of a NV centre in diamond. In the following section we combine the fluorescence
detection with microwave excitation to manipulate and read out its electronic
spin.
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2.3 ODMR

2.3 Optical Detectable Magnetic Resonance
(ODMR) Spectroscopy

As already discussed in section 1.1.2 the electron spin of the NV centre can be
initialized and read out optically using the different fluorescence levels due to the
inter system crossing (ISC) towards the metastable state [22]. The manipulation
of the spin states however is done using microwave (MW) fields, as the two spin
levels are separated by around 2.87 GHz [22]. Spin manipulation and read out
requires precise timing of the optical excitation and detection as well of the
applied MW fields. For this purpose we use a pulse blaster card in combination
with a FPGA LabView card.

2.3.1 Electronic architecture

Labview FPGA card <]
programs optical setup
v R A -
controls' ! 3
I 1 S
1 | o
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[4o]
9 1 |
9] I i
E —:’-:7
2 3
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R
2 sample with
4 P MW generator| MWF;ntenna
5 P switch amplifier circulator

Figure 2.8: Sketch of the electronic architecture. The experiment is con-
trolled by a LabView FPGA card. Via an user interface the LabView programs
a pulse blaster card that controls with nanosecond accuracy the electronic parts
in the optical setup as well as the microwave (MW) generation.

Fig. 2.8 shows a sketch of the electronic architecture assuring the precise

timing of the electronic elements in the optical setup as well as the MW gener-
ation with nanosecond precision. The pulse blaster card sends a TTL pulse to
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2. Experimental Setup

control the on/off state of the green CW laser as well as the NIR CW laser by
switching the respective AOMs. A third channel is connected to the LabView
FPGA card for a precise temporal readout of the APD. Channel four and five
are used to control the MW fields: channel four sweeps the frequency of the MW
generator and channel five controls the on-off state of the MW through a RF
switch. After the switch, the MW is amplified by 10 dB and passes a circulator
to protect the amplifier from reflections before reaching the MW antenna at the
sample. The MW antenna is a 15 pm thick gold wire that is integrated in the
liquid chamber. Fig. 2.9 shows the programmed circuit board (PCB) sample
holder with the gold wire across the sample. As the gold wire isn’t shielded
like a coaxial cable it radiates and thus serves like an antenna. An impedance
matched 50 €) resistance terminates the antenna to suppress reflections at the
end of the antenna.

Figure 2.9: Integration of the RF electronics and magnetic coils around
the sample Three coils are positioned in x y and z to create a vectorial magnetic
field (1-3). The sample is mounted on a PCB board that is fixed to a sample
holder (4), itself mechanically connected to a xyz piezo stage (5). A bottom
and top objective (6) focus the laser beams to a diffraction limited spot in the
liquid chamber. A 15 pm gold wire (7) crosses the liquid chamber and is fixed
with silver paint to the PCB (8), where it is connected via a RF cable (9) to
the MW generator.

2.3.2 Electron Spin Resonance

In this section I detail the pulse blaster sequence used to measure the ESR
resonance of the electronic spin as well as the implementation of coils to expose
the spin to a static magnetic field.

The actual transition frequency from the ms; = 0 ground state to the
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mg = £1 ground state is found by sweeping the MW frequency over the ex-
pected transition frequency close to 2.87 GHz. The pulse sequence executed by
the pulse blaster to acquire an electron spin resonance spectrum is shown in
Fig. 2.10. First the system is optically polarized, so that the spin state has high
probability to be in ms; = 0 state [22]. Then the APD is gated and a reference
signal is taken without applying a MW field. After another polarization cycle
the fluorescence signal in presence of the MW field is recorded. For the trap-
ping experiment presented in chapter 3 the NIR laser is switched off during the
gating of the APD for the fluorescence detection to avoid a drop in fluorescence.
Further detail of this fluorescence drop is discussed in section 3.1 and chapter
5. The sequence is averaged for 667 times for one frequency before going to the
next frequency step.

frequency sweep

~
avg over one frequency
/I | | | I\
green laser | | M H M |
| | | | |
NIR laser | | | | |
|
| | | | |
APDs I || || || ||
| | | | |
| | | | |
| | | | |
| | | | |
| | | | |
| polarization| reference |polarization| signal |
next )
} l l l
frequency
| | | | |
R /

Figure 2.10: Scheme of the pulse blaster sequence to perform ODMR
experiments on a trapped NV centre. The green laser, the NIR laser,
the APDs and the MW switch are gated for each MW frequency. The MW
generator is triggered to sweep to the next frequency.
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Magnetometry In chapter 3 we use the magnetic sensitivity of a single NV
centre to determine the orientation of the trapped NV. For this purpose we need
to generate a constant magnetic field with contributions in x,y and z direction.
We use three coils that create a magnetic field when a current is set. The
coils are placed in close proximity to the objectives to create at their focus a
magnetic field of a few mT (Fig. 2.9). A Hall probe is used to calibrate the
magnetic field contribution of each coil in x,y and z. In the LabView program
we implement a direct transformation matrix from the current applied to the
produced magnetic field in space.
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Figure 2.11: Calibration of the coils for magnetic field measurements.
a) Sketch of the coils generating a vectorial magnetic field acting on the NV.
b) ESR measurements performed on a single NV having its NV axis along z.
Only the projection of a magnetic field along the z-axis produces a Zeeman shift
of the mgs = 41 sublevels. ¢) ESR measurement performed on the same NV
centre for different currents through the z-coil. d) Fit of the Zeeman frequency
splitting in a low magnetic field to retrieve the conversion coefficient of current
to magnetic field.
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The coil calibration can be verified using the NV centres to detect the pro-
duced magnetic field, if one NV center is pointing in the direction of one of the
axis:

Due to the Zeeman splitting the transition frequency of the mys = +1 state
shifts, which can be observed in the ESR spectrum. The Hamiltonian for a NV
centre is given by [71]

H = hDS? + hE(S: — S}) + hy.BS (2.2)

where h is the Planck constant, D and E are axial and transverse zero-field
splitting (ZFS) parameters, respectively, z is the NV defect spin quantization
axis, 7. is the electron gyromagnetic ratio, and B is the local magnetic field
applied to the NV electron spin S. Only projections of the magnetic field along
the NV electron spin axis are contributing. The ZFS E is supposed to be zero
in bulk diamond, but can have non-zero values in NDs, due to strain inside the
diamond lattice [82]. This is generally observed with the ND we use.

We select an ESR transition that only changes applying a magnetic field in
one direction (Fig. 2.11b). We then check the calibration of the magnetic field
generated by the coils tracking the Zeeman splitting measured with the ESR
(Fig. 2.11¢, d). For magnetic fields smaller than 10 mT (i.e. hD >> hv.B,) the
quantization axis is the NV axis and after diagonalization of the Hamiltonian
the ESR frequencies are obtained [71]

B,
yizpi,/Eu(V;W )2 (2.3)

The actual frequency transitions for a given coil current can then be fitted to
formula 2.3 to retrieve the coefficient for the current to magnetic field conversion.
The conversion coefficients for our coils are (xx,yy,zz)=(0.46,0.65,0.38) A/mT.
These conversion coefficients verify the measurements performed with the Hall
probe.

2.3.3 Spin manipulation techniques

Once the spin transition frequency that flips the spin from the my; = 0 state
to the ms = 41 state or vice verse is determined, the spin can be directly
addressed and thus be manipulated using the MW transition frequency.
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Rabi oscillation

To perform spin manipulation experiments it is crucial to know the parameters
for the so-called 7 pulse to flip the spin by an angle of 180 degree in the Bloch
sphere (e.g. changing populations of the mg = 0 > mg = +1 sublevels) or to
bring the spin in a superposition state by applying a § pulse [22].

MW pulse reference
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Figure 2.12: Pulse blaster sequence for Rabi oscillation measurement.
The system is first polarized by a 2 us green laser pulse. Then the MW is
applied and the APD reads out the fluorescence. The duration of the MW
pulse is increased from 10 ns to 2010 ns in 400 steps and the overall averaging
is 50000 times. The second reading of the APD is a reference to compare the
signal, as sometimes oscillations don’t origin from the Rabi oscillations itself
but from setup problems.

The parameters defining a 7w pulse are the power and the time duration of
the MW pulse. Fixing the MW frequency at a certain power and increasing the
duration of the pulse results in an oscillation of the population of the different
ground states and thus in an oscillation of the fluorescence signal, known as
Rabi-oscillation. The pulse scheme for the pulse blaster is shown in Fig. 2.12
and a typical Rabi-oscillation for different MW powers is shown in Fig. 2.13.
First the system is again initialized to the ms = 0 sublevel by applying a pulse of
the green laser. Then the MW is applied and the fluorescence is read out. The
MW pulse duration is sweeped from 10 ns to 2010 ns in 400 steps. When the
pulse has the area (power x duration) that matches a 7 pulse, the system ends
up in the my; = £1 sublevel, which goes with a maximum drop in fluorescence
originating from ISC to the metastable state [22]. After a 27 pulse the system
again ends up in the original ms = 0 state.
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Figure 2.13: Rabi oscillations of a single NV centre. The microwave
frequency is set at the transition frequency of the ms; = 0 < mg = £1 sub-
level. The pulse duration of the microwave is increased while the power is fixed.
Oscillations in fluorescence monitor the transitions of the sublevels. The mea-

surement is fitted with a damped cosine function. Resulting = pulse width is
202 ns for 0 dB in a) to 68 ns for 10 dB in c).
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In practice decoherence through a nuclear spin bath of '3C and nitrogen
impurities limits the number of oscillations. This damping of the oscillation can
be understood measuring the dephasing time with an echo experiment.

Hahn echo

Damping in the Rabi oscillation is due to two reasons: First the population
decay (characteristic timescale T7) results from Raman interaction with lattice
phonons at room temperature [100]. Second the spin-spin decoherence time T5
resulting from interaction between the electron spin and an adjacent nuclear
spin bath from '3C or additional N atoms [100]. As their spins create a non-
zero magnetic field, this field interacts with the electron of the NV. The spin
coherence time defines how long the spin is coherent enough to perform spin
manipulations. As the spin-lattice decoherence takes place on a much longer
time scale we are only limited by the spin-spin decoherence time (77 >> Ty >>
T3) [100]. Wheras the T3 time refers to a reversible dephasing effect, with a
Hahn echo we can only measure the irreversible 75 decoherence of the spin-spin
coupling [120, 100].

/2 T /2

e, ., r, X, T2,

PO @ S
Seis L els

Figure 2.14: Echo sequence on the Bloch sphere. First row: Bloch sphere.
Second row: xy-plane of Bloch sphere. The spin is brought by a 7/2 pulse in a
superposition state of the two groundstates (xy-plane). It develops for a waiting
time 7 and dephases due to fluctuations in the surrounding spin bath. A 7 pulse
inverts the spin by 180 degree and after a second waiting time 7 the dephasing
is inverted and an echo of the original spin is established. An additional 7/2
pulse converts the echo phenomena into populations for measurement.

The Hahn echo sequence (5 — 7 — 7 — 7) consists of § and m microwave
pulses and waiting times 7 (Fig 2.14). As we monitor the spin optically, a §
pulse has to be added to convert the spin echo phenomena into populations [22 }
The obtained measurement can be fitted with an exponential decay exp(—# 2r )
[105], which gives us a value for the spin-spin decoherence time Ty (Fig. 2. 1 5).

2
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Figure 2.15: Hahn echo measurement: Fluorescence dependence with the

delay time 7 between pulses. An exponential fit gives the spin-spin decoherence
time of Ty = 1.55us

With the developed setup we are able to detect and read out optically the
spin state of a single NV centre and manipulate it with MW fields. Thus we
are able to measure magnetic fields using the electron spin of the defect centre.
However spin-decoherence measurements show very low 75 times compared to
bulk diamond T values [41], which limit our magnetic sensitivity (section 3.2.3).
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2.4 Optical trapping

One of the main originalites in this thesis is to manipulate a ND hosting a
single NV centre by means of optical tweezers (chapter 3). This section gives
a short description of our trapping platform, the particle detection used in the
experiment and an approach to trap a single ND for several hours.

2.4.1 Principles of optical trapping

Optical tweezers have shown to be a very efficient tool to manipulate different
kinds of micro-size objects ranging from colloids, droplets to living cells. They
are usually implemented along the optical path of an optical microscope, using
a high numerical aperture objective to focus the laser beam to a diffraction
limited spot. A small object located nearby the laser focus experiences two
force contributions: the scattering force (or radiation pressure) and the gradient
force.

The scattering force is a repulsive force pointing along the incident k-vector
and can be written for a particle with radius a << A as [121]:

2

Fscatt X 71—0
N A4

(2.4)
with a the polarizability, ¢ the speed of light in vacuum, n,, the refractive
index of the medium, I, the intensity and A the wavelength of the trapping

laser. The gradient force, originating from the gradient of the electromagnetic
field intensity, tends to pull it towards stronger intensity regions [121]:

Fyrad %VIO (2.5)
The object gets stably trapped when the intensity profile at the laser focus
enables the gradient force to dominate both scattering forces and Brownian
motion. The total force magnitude depends on the trap profile and the polar-
izability of the specimen

am? —1

a=na
mTm2 42

(2.6)

of the object, determined by its radius a and the dielectric function contrast m =
Ny /N, between the surrounding medium (refractive index n,,) and the particle
(refractive index n,). In this thesis we are interested to trap nanometer-sized
ND in a water environment. As the refractive index of diamond (n, = 2.39) is
large compared to the one of water (n,, = 1.32) at A\ = 1064 nm, nano-sized
ND sill have a polarizability large enough to be trapped.
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2.4 Optical trapping

The choice of trapping sources follows several criteria [121]: the stability of
the laser, the output power of the laser, wavelength mode quality, transparency
of the medium, etc. A 1064 nm laser provides a very good mode quality, is very
stable regarding power fluctuations and is available at different output powers
for a reasonable price. The wavelength is still in the transparency window of
water and is furthermore in the transparency window for biological samples,
which might be beneficial for further experiments.

NIR trapping laser The NIR laser is focused through an AOM which is
controlled by the Labview FPGA card. The first order of the laser beam passes
through a beam expander whereas the zero order is blocked. Thus the AOM
serves as a beam shutter that allows to switch the beam on and off in less than
100 ns. A polarizing beamsplitter (PBS) then divides the beam in two parts.
One beam that is focused through the lower fixed high NA objective 1 and the
second beam that goes through the above high NA objective 2, mounted on
a xyz-stage shown in Fig. 2.3. The implementation of a counter-propagating
beam cancels the scattering force and therefore results in a higher confinement
in z. The beam intensity in both arms can be controlled with a A\/2 plate in
front of the PBS. In one of the beam paths a piezo motor is integrated to control
the phase between the two beams (Fig. 2.1, 2.2).

To make sure that the trapped particle is excited with the green laser at the
same position as it is trapped with the NIR laser, the green laser is corrected
for the achromatism of the objective. The NIR laser beam has to be collimated
and overfills the back-aperture of the objective for efficient trapping. Therefore
one lens of the beam expander for the green laser is mounted on a z-stage to
diverge the beam and thus adjust the focus of the beam at the sample plane.
This is done using fluorescent molecules that can be easily excited with one
and two photon absorption (532 nm and 1064 nm). This alignment can also be
performed using the drop in the NV fluorescence in presence of the NIR laser
(chapter 5).

2.4.2 Particle detection

The lateral confinement of the particle in the optical trap is assessed by standard
position detection of the particle. We use a back focal plane detection that relies
on the interference between the forward scattered light from the ND in the trap
and the unscattered light from the trapping laser. The interference signal is
detected with a standard Quadrant Photo Diode (QPD) [121, 122]. The detector
consists of four quadrants that are summed pairwise and give differential signals
for both x and y dimensions. Out of the detected time trace we can generate a
histogram for the particle movement inside the trap. Fourier-transformation of

33



2. Experimental Setup

the time trace results in a power spectrum (Fig. 2.16a). However, the detector
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Figure 2.16: Position measurement with QPD for one direction. a)
Power spectrum of the trapped particle and its lorentzian fit with a cut-off
frequency of 5.7 Hz. b) Histogram of the particle movement in the trap with
calibrated nm scale.

signal measures the uncalibrated power spectrum

_ Demp
R

with f. the cut off frequency and D,z a constant. This is related to the true
power spectrum

Peap(f) (2.7)

B kgT
>y (f2 + 1)
by Pesp(f) = p?P, where p represents the linear sensitivity of the detector (in
volts/unit distance) [121]. By fitting the experimental power spectrum with
equation 2.7 and compare D, to the theoretical diffusion coefficient D =
kT /~ with v = 67rva the hydrodynamic drag coefficient on a sphere with
radius a in a medium with viscosity v, we get the units in nm [121]. Finally,

the cut-off frequency f. of the power spectrum is related to the stiffness k of
the trap via [121]

P(f) (2.8)

K

fe (2.9)

= %

Fig. 2.16 shows the fitted power spectrum of a 70 nm trapped ND and
the histogram of the particle deplacement measured with a QPD. The ND was
trapped in a 4:1 glycerol water mixture with a viscosity of v = 7.7mPa s ¢ to

Lwww.met.reading.ac.uk/sws04cdw /viscosity_calc.html
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2.4 Optical trapping

slow down the Brownian motion and to avoid to have several particles in the
trap. The resulted stiffness of the trap is Kk = 183 pN/um (equation 2.9), which
allows us to move the ND over distances up to 100 pm without loosing it.

For further confinement along the z axis, the scattering force is canceled out
by trapping a particle with two counter-propagating beams [123]. As the de-
placement detection in z is not accurately accessible with the QPD, we modeled
the optical potential of a counter-propagating beam. In Fig. 2.17 the optical
trapping potential for a spherical 70 nm diamond particle is calculated®. We
find a lateral confinement of 71 nm and a confinement of 38 nm along the beam
propagation axis Z. This demonstrates the Z confinement to be smaller than
the lateral confinement that is still dependent on the laser intensity.
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Figure 2.17: Optical trapping potential for a characteristic 70 nm di-
amond particle. The particle is assumed to be spherical. The potential is
plotted in units of kT (color scale, for T=300 K). The region likely occupied
by the particle (potential<kT) is limited by a white elliptical contour. Each of
the two Gaussian, linearly polarized, counter-propagating beams defining the
trapping well has a power of 50 mW. The NA is 1.2 for both of them. The
refractive indices of the diamond and the fluid are 2.39 and 1.46, respectively,
at the optical wavelength of 1064 nm. We describe the response of the particle
in the electrostatic limit, so that the potential is simply given by —al|E(7)|?,
where « is the particle polarizability and E(r) is the trapping field at position
r [124].

5using a code developed by J. F. Garcia de Abajo
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2. Experimental Setup

2.4.3 Single NV trapping

As already discussed earlier, we aim at manipulating a single NV centre, which
results that we only want to trap one single ND. I.e. the ND should not cluster
and once trapped one ND, another ND should not jump into the trap. For
manipulation with optical tweezers the concentration of the NDs in a water
solution is therefore critical.

Nanodiamond preparation. ¢ The ND sample (Microdiamant, MSY 0-0.1
m) was refluxed for 6 days at 90° in a 9:1 ratio of concentrated sulphuric to
nitric acids. The NDs were collected by centrifugation and ultrasonicated using
a tip probe sonotrode (Branson, 101-063-346) for 1 hour before being addition-
ally refluxed under the previous conditions. The NDs were then washed with
deionised water and ultrasonicated in 0.1 M sodium hydroxide for 1 hour, rinsed
with water and re-ultrasonicated in 0.1 M hydrochloric acid. The sample was
rinsed and resuspended in deionised water. Finally, several centrifugation steps
were used to size select the required ND particles and Dynamic Light Scatter-
ing (DLS) " measurements were used to determine the size distribution of the
particle to be 74415 nm.

Solution preparation The ND water solution is sonicated for two hours
in a ultrasonic bath to break possible clusters that could have been formed.
Furthermore the solution is filtered with a centrifuge filter for five minutes at
18 krps to filter out remaining big clusters. The actual size distribution is
verified with a DLS device. A droplet of the solution is finally placed between
two 170 pm thick cover slips that are sealed by a thin layer of vacuum grease
at the border of the cover slips. The final thickness of the liquid chamber varies
between 30 ym and 50 pm. The 15 pm gold wire for MW manipulation passes
inside the chamber.

6This step was performed by J. Say from Macquire Univeristy Sydney
"Malvern Instruments Zetasizer NS
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2.4 Optical trapping

Multiple particle trapping was one main challenge to overcome for this ex-
periment. If the solution is too dense, there is a lot of NDs with NV centres, but
the possibility to trap several NDs is high. For a very diluted solution however
it takes too long to trap a ND with a single NV centre. To prevent that several
NDs are in the optical trap we investigate two approaches:

Choice of the host medium Using a viscous medium slows down the Brown-
ian motion of the particles inside the solution. Nevertheless the viscous medium
should not be auto-fluorescent upon green laser illumination and should be solv-
able with another less viscous medium to be able to adjust the viscosity. I tried
several viscous media, such as immersion oils, refractive matching liquids, Agar
(used to immobilize biological samples) and glycerol. The only medium that
did not auto-fluoresce and that could be solved in water was glycerol. The dif-
fusivity D = kgT/6mnr with 5 the dynamic viscosity and r the radius of the
particle drops by a factor of 85 from a pure water solution compared to a 4:1
glycerol water mixture. In a proper diluted solution this makes it very unlikely
that two particles are trapped consequently during the time of the experiment.
Additionally the decrease of diffusion makes it possible to image the diffusing
fluorescent NDs with the EMCCD camera in real time.

Optical ring beam Using an axicon lens, a ring beam can be created for
the NIR laser with a diameter of d = 2ltan[(n — 1)a] with 1 the distance of
the image plane, n the refractive index of the axicon and « its opening angle.
This ring beam can be imaged to the focal plane of the objective by choosing
the right lenses®. Fig. 2.18 shows the beam path and the final beam shape
in the focus of the objective imaged with a CCD camera. Once a particle is
trapped, the axicon beam is switched on to protect the particle in the trap. The
scattering force of the ring beam prevents that a second particle comes close
to the trap, but is scattered away instead. The advantage of this method is
that this works in a water only solution, for experiments where a low viscosity
is needed. Unfortunately, in this case it is not possible to track the fluorescent
ND with the EMCCD camera in real time. For this reason in the following
chapter we use the viscous medium to be able to track the ND.

8using Zemax software for optimization
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a axicon f,=75mm f,=75mm

I=320mm |

Figure 2.18: Optical ring beam. a) An axicon creates a ring beam that is imaged
to the focal plane of the objective. b) Ring beam at the focal plane imaged with
a CCD camera. ¢) Ring beam and trapping beam imaged with a CCD camera.

With the described experimental setup we now have everything to optically
trap a single ND, characterize the NV fluorescence and manipulate the spin by
means of MW radiation, which is detailed in the next chapter.
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Three dimensional optical
manipulation of a single
electron spin

Nitrogen vacancy (NV) centres in diamond are promising elemental blocks for
quantum optics [125, 56], spin-based quantum information processing [126, 127],
and high-sensitivity sensing [67, 49, 69, 42, 71, 50, 74]. NV centres can be
found in bulk diamond as well as in nanodiamonds (NDs). Particularly, the
nanometer size of the ND makes them well suited for coupling to photonic or
plasmonic structures. However, fully exploiting the capabilities of these NV
centres requires suitable strategies to accurately manipulate them.

In this chapter, we use the setup presented in chapter 2 and experimentally
demonstrate 3D optical manipulation of individual NDs hosting a single NV
centre. We actively select a single ND that is diffusing in liquid. Once trapped,
we achieve a high level of control of the spin position is achieved along the three
spatial axes with nanoscale resolution (section 3.1). Remarkably, the orienta-
tion of the trapped NV remains nearly fixed over time and can be accurately
controlled, which allows the implementation of coherent manipulation of a sin-
gle NV spin and vectorial magnetometry (section 3.2). Finally, in section 3.3,
we illustrate that the trapped NV can be raster scanned above a patterned sur-
face to map its lifetime. This provides direct insights into the electromagnetic
LDOS near an integrated channel waveguide.
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3. 3D optical manipulation of a single electron spin

3.1 Optical manipulation of single
nanodiamonds
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Figure 3.1: 3D Optical trapping and manipulation of a single electron
spin. A near-IR laser (A=1064 nm, shown in light red in the central sketch)
is focused through two high-NA objectives to trap a ND containing a single
NV centre. A superimposed 532 nm laser (shown in green) excites the NV. The
emitted photoluminescence (orange) passes a dichroic filter and is detected with
two APDs. The central schematic shows the basic elements of our experiment.
a) Correlation measurements of a trapped ND confirming the single-photon
character of the NV luminescence (¢(¥ (0) < 1). The red line is an exponential
fit with a decay of 18 ns. b) Optically detected magnetic resonance measurement
of a single NV centre.

The NDs used in this experiments' have diameters around 75 nm and are
dispersed in a 5:1 glycerol/water mix (refractive index n = 1.46) confined in a
static fluidic chamber. Due to the small size of the ND the stability of the trap

Iprovided by Jana Say and Louise Brown from Macquarie University Sydney
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3.1 Optical manipulation of single nanodiamonds

is enhanced by canceling out the scattering forces and producing constructive
interference along the optical axis (Fig. 2.17), as shown in section 2.4.2. This is
achieved by tightly focusing (NA = 1.2) to the same point two equally intense
and collinearly polarized counter-propagating beams (45 mW per beam) from
a Nd:YAG (A = 1064 nm) laser (Fig. 3.1 and 2.1). This strategy enables us
to trap and manipulate a single ND (n = 2.391) as small as 50 nm in all three
spatial directions.

To deterministically trap an individual ND containing a single NV centre,
we use a highly sensitive EMCCD camera (section 2.2) in fluorescence imaging
mode to follow the diffusion of the NDs in real time (Fig. 3.2a). We immobilize
the fluorescent ND of interest by bringing it close to the focus of the dual-beam
trap moving the sample with the piezo stage.
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Figure 3.2: Tracking and trapping of a single ND with a single NV-
center. a) EM-CCD image of a fluorescent nanodiamond (white circle) and its
position trace (red line). Tracking the fluorescence makes it possible to direct
the nanodiamond with the XYZ piezoscanner close to the trap, where it is
captured and confined. b) Position histograms of the time trace of the trapped
ND retrieved from position tracking with a quadrant photo diode [121]. The
solid blue lines are Gaussian fits to the position histograms. The standard
deviation is 40 nm. The particle is confined within less than 80 nm during 70%
of the time.
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3. 3D optical manipulation of a single electron spin

Trap characterization.

Using standard position measurements based on a QPD [121] (section 2.4.2),
we were able to retrieve the position histogram of the trapped ND along each of
the two directions (x and y) perpendicular to the optical axis. The full-width at
half-maximum FWHM of the Gaussian distribution was of the order of 80 nm
along both directions (Fig. 3.2b). Because position detection is known to lack
accuracy for determining the trap confinement in the z direction, an estimate
based on the spatial confinement of the interference fringes is provided through
simulation in section 2.4.2 (Fig 2.17). Assuming that the ND remains localized
in one fringe at the focus, we expect its confinement in the z-direction (along
the beams) to be smaller than 50 nm. The trap stiffness achieved is such that
the ND can be moved in the chamber over distances as large as 100 pm with
velocities up to 10 pm/s.

Modulation of the trap beam

Subsequently, we superimpose the green laser onto the NIR beam and focus it
to the same spot at which the ND is trapped. It excites the NV centre and the
fluorescence is detected with the APDs. We observe a lower fluorescence count
rate for trapped NV centres compared to adsorbed ones. We identified the NIR
laser to be responsible for the decrease in fluorescence that was limiting our
signal over noise. To overcome this issue we implemented a modulation of the
trap beam gated by an AOM. The APD is triggered to read the fluorescence
counts for 5 us when the NIR laser beam is off. Then the NIR laser is switched
on for 5 us meanwhile the APD is off. This modulation of the trapping beam
does not drastically perturb the trapping efficiency, since diffusion times in our
viscous medium are much lower than the switching times of the beam. Ap-
plying this technique, we could perform all fluorescence measurements, namely
second order correlation, lifetime and ESR on a trapped NV centre. Further
study enabled us to identify the origin of this quenching, which is presented in
chapter 5.

To verify that a trapped ND only hosts a single NV centre, we perform co-
incidence measurements using HBT detection (section 2.2.3). Figure 3.1a shows
measured antibunching below the threshold of 0.5, proving that the trapped ND
contains a single NV centre.
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3.2 ODMR on optically trapped NVs

3.2 Optical Detected Magnetic Resonance on
optically trapped NVs

We have shown that we can trap single NDs hosting a single NV centre. We
first aim at using the single electronic spin as a mobile magnetic probe. The
electronic spin is sensitive to an external magnetic field through the Zeeman
effect. The Zeeman effect is directly related to the projection of the magnetic
field along the spin axis that is fixed inside the ND. To this end a crucial
requirement is the stability of the NV axis (that is, the spin quantization axis)
inside the trap.

3.2.1 Determination of the NV axis orientation

Conventional trap characterization methods do not give direct information about
the rotation of the particle inside the trap. Given that the trapped particle is
not a conventional particle, but has a single electron spin, which axis is fixed in-
side the crystal, the stability of the crystal can be assessed by means of optically
detected ESR measurements (Fig. 3.3).

To this end, the ND is positioned in the vicinity of a gold wire microwave
antenna, which was integrated into the chamber and connected to a microwave
generator (section 2.3.2). The ESR spectrum is obtained by monitoring the
NV fluorescence while scanning the microwave frequency over the mgy; = 0 «
mg = = 1 transition at 2.87 GHz. The Hamiltonian of the electron spin reads
(section 2.3.2)

H = hDS? + hE(S2 — S2) + hy.BS. (3.1)

Without external magnetic field (B = 0) and without internal strain (E = 0), the
m, = +1 states are degenerate, leading to a single dip in the ESR spectrum?, as
shown in Fig. 3.3a. In contrast, when we apply an external magnetic field, its
vector projection along the intrinsic magnetic dipole of the NV induces Zeeman
splitting of the m; = +1 states. Consequently, the orientation and stability of
the NV axis can be determined by maximizing the Zeeman splitting induced
by a fixed-amplitude (1.5 mT) external magnetic field along each of the three
spatial directions (shown in Fig. 3.3b-d).

Comparing the relative splitting A for fields along each axis, the contribu-
tion of the respective magnetic field is determined as follows: we estimate (for
weak external magnetic fields < 10 mT) the polar angles corresponding to the

2In most of the NDs the m, = +1 state is not degenerate, because of internal strain.
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Figure 3.3: Determination of the NV spin axis orientation. a)-e) Opti-
cally detected electron spin resonance spectra of a trapped ND with a single NV-
center (correlation measurement in Fig. 3.1). The datapoints of the frequency
sweep were aquired in steps of 0.5 MHz. The solid lines are a two-Lorentzian fit
to determine the transition frequency. The insets illustrate the NV-axis and the
direction of the magnetic field B. a)-d) Determination of the NV-axis orienta-
tion. a) No magnetic field is applied. The my = £1 ground state is degenerate.
b) For the X projection of the magnetic field onto the NV axis only a small
Zeeman splitting is visible. c),d) For the Y and Z projection of the magnetic
field onto the NV axis already a larger Zeeman splitting is observed. e) When
the magnetic field is aligned with the NV axis, a maximal splitting is recorded.
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3.2 ODMR on optically trapped NVs

orientation of the NV axis as

¢ = atan(Ay/Ax) (3.2)
0 = atan[Azx/(Azcosd)] (3.3)

where Ax = vy, — 1o, — E Ay =v1y —voy — E, Az =v1, —1nh, — FE are
the Zeeman splittings produced by magnetic fields along X, Y and Z directions,
respectively. In Fig. 3.4 this estimate is compared with the calculated ESR
frequencies v = D + \/(7.B./2m)? + E2) of the spin Hamiltonian [71] for an
adsorbed NV centre. D and E are the zero field splitting parameters, 7, is the
electron gyromagnetic ratio and B, is the field along the NV axis. We find good
agreement between experiment and theory (Fig. 3.4).
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Figure 3.4: Zeeman splitting as the function of the magnetic field along
the NV axis. The solid lines are calculated from the theoretical model based
on the spin Hamiltonian for a field B, along the NV axis. The circles are
experimental data from the ESR frequencies of an adsorbed NV for an external
field applied along X, Y and Z and its calculated field projection for § = 45°
and ¢ = 11° onto the NV axis using equations 3.2 and 3.3.

Applying equations 3.2 and 3.3 to the measurements in Fig. 3.3 we determine
for this trapped NV the polar coordinates §=61 ° and ¢=77 °. Fig. 3.3e shows
that the Zeeman splitting is maximum for this specific direction of the field,
which corresponds to the NV spin axis.
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3. 3D optical manipulation of a single electron spin

Stability of the NV axis in the trap

In addition to give the vector spin direction, this data indicates that the parti-
cle is not substantially rotating in the trap over the time of the measurement.
Because the measurement is based on averaging, the different projections of the
magnetic field on the NV axis would under rotation result in substantial broad-
ening of the ESR resonance, preventing the two different transitions from being
resolved. We attribute this behaviour, which was observed for the majority of
the trapped NDs (around 80%), to the asymmetrical shape of the nanocrystals.
Fig 3.5 shows scanning electron microscopy (SEM) pictures of an evaporated
droplet of a concentrated ND solution. This geometrical asymmetry mostly con-
tributes to the stability of the ND within the trap by providing a preferential
trapping orientation [128]. The orientation is determined by the preferential
alignment of the major polarizability axis of the polarization ellipsoid of the
particle along the local direction of the light electric field in order to minimize
the interaction energy with the electric field (Fig. 3.6).

Figure 3.5: Morphology of the NDs. a) SEM image obtained on an evap-
orated droplet of a concentrated ND solution. Most of the crystals have an
asymmetrical shape, which prevents rotation in the optical trap. b) Tilted
SEM image of a single ND. This crystal has a size of 68 nm x 49 nm x 37 nm.

Long-term stability was evaluated by repeating these measurements after 30
min, and we found that the NV orientation was the same within an error range
of +10 °. This strongly depends on the aspect ratio of the trapped ND and the
power of the trapping laser creating the trapping potential.

46



3.2 ODMR on optically trapped NVs

-
(o]
L

e
N
T

AR=2.0

—_
N
T

—_

L ] o o
T

AR=15

potential (kT)

AR=1.2

N
L

<

-80 -60 -40 -20 0 20 40 60 80
O (degree)

Figure 3.6: Dependence of the trapping potential on the aspect ratio of
the ND We use the same parameters as in Fig 2.17, with the particle assumed
to be placed at the center of the trapping well. The different aspect ratios (ARs)
under consideration are indicated by labels. The angle denotes the orientation
of the near field referred to the long axis of the particle ellipsoid, where the
potential is set as zero. The region likely visited by the orientation of the
particle lies under the dashed line potential=kT. The potential is proportional
to the weighted polarizability o |cos2(6) + a1 sin2(6) where oy and oy are the
polarizabilities along and perpendicular to the long axis, as calculated from
Gans theory [129].
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3. 3D optical manipulation of a single electron spin

3.2.2 Control of the NV axis orientation

We have seen that the asymmetrical shape of the ND gives a preferential ori-
entation of the ND in the optical trap with respect to the trapping E-field.
Consequently, changing the orientation of the polarization axis of the trapping
laser should allow us to control the orientation of the NV axis with respect to
the optical axis.

This additional degree of control over the trapped NV is demonstrated in
Fig. 3.7a-c, in which we monitor the orientation of the NV axis for three
different directions of the trap polarization. For each orientation of the E-field
polarization axis, two ESR spectra are acquired for two successive orientations
(x and y) of the magnetic field (at constant magnitude B=1.5 mT). An angular
change A¢ in the direction of the field polarization leads to a rotation of the
NV axis (projected in the xy plane) by the same angle, therefore permitting us
to align the NV axis orientation relative to the B-field lines to be probed. The
reproducibility of the experiment is shown in Fig. 3.8 on another trapped ND.
The rotation control of the spin axis of the NV centre is confirmed and plotted
versus the trapping laser polarization in Fig. 3.9. Although trapping with a
Gaussian beam limits rotation around a single axis, further rotation control
could be achieved by introducing electric fields having components along the
z-axis either through additional trapping beams or through beam shaping with
a spatial light modulator (SLM)[130].

The control of the electron spin not only in three dimensions, but also
through angular rotation is a huge advantage of this technique. Unlike AFM-
based approaches, where the NV axis is fixed, this angular control potentially
enables vectorial magnetometry in liquid environment. Therefore not only the
projection of the magnetic field on a fixed spin axis can be measured, but the
spin axis can be rotated to be able to detect the direction of the magnetic field.
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Figure 3.7: Orientation control of an optically trapped single spin.
Control of the NV-axis orientation by rotating the polarization of the trapping
laser. Two consecutive frequency sweeps were performed for each orientation
of the ND with a constant magnetic field directed in X and Y, respectively. A
rotation in polarization by an angle A¢ rotates the NV-axis by the same angle
in the XY-plane as monitored by the change in ﬁg The dashed lines indicate
the position of the magnetic field splitting in a) as a guide to the eye. Due to
internal strain, the ground state for this NV was already degenerate for B=0.
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Figure 3.8: Reproducibility on the orientation control of the trapped
NV: This additional set of data on another trapped NV demonstrates the ro-
tation of the spin axis over 90 degrees. a)-f) Evolution of the ESR spectrum
while changing the orientation of the polarization axis of the trapping beam.
For each orientation of the E-field polarization axis, two ESR spectra were ac-
quired for two successive orientations (X, black dots, and Y, red dots) of the
magnetic field (at constant magnitude). The solid lines are two-Lorentzian fits
of the measurements. The polarization of the trapping laser beam was varied
in five steps. The orientation change of the ND is observed by measuring the
projection of the constant magnetic field in X and Y, respectively, on the NV
centre axis. The actual angle of the NV axis in the XY plane is calculated using
equations 3.2 and 3.3.
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Figure 3.9: Angular change A¢ of the NV axis versus the angular change in
the trapping beam polarization Ay (red dots). A fit (black solid curve) proves
the linear dependence of A¢ with Aq.

3.2.3 Magnetic sensitivity and broadening of the ESR
linewidth

The magnetic sensitivity is liked to the characteristics of an ESR measurement.
The intensity of an ESR spectrum as a function of the microwave frequency v,
has a lorentzian shape and can be expressed as

Um — o

Av

where R is the fluorescence count rate, C the contrast of the ESR spectrum
and F' the ESR line shape factor. The magnetic sensitivity of a NV centre
measured with an ESR spectrum is linked to the minimum detectable magnetic
field § Byin through [42, 131, 132)

I(Vm) = R[l - OF( )]7 (3'4)

VR

h
N(T/VHz) = 0BninVAL = —_— (3.5)
ghB maz| 5|
which can be written as hA
v
~0.77T— ——. 3.6
7 grs CVR (3.6)

It has been shown that the contrast C' of the ESR as well as the linewidth Av
is dependent on the MW power and the green excitation power [132]. Therefore
the ESR spectrum can be optimized for a higher sensitivity in the magnetic
field measurement by adjusting the MW power and the green excitation laser
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Figure 3.10: Power broadening of the ESR spectrum for adsorbed N'Vs.
a),b) For a constant green laser excitation of a) 90 yW and b) 420 yW, ESR
spectra are acquired for different MW power. ¢),d) For a constant MW power
of ¢) 10 dB and d) 5 dB, ESR spectra were acquired for different green laser
power.
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3.2 ODMR on optically trapped NVs

power. Fig. 3.10 shows the dependence of MW power and green laser power
for an adsorbed NV centre. The linewidth Av broadens for increasing MW
power (Fig. 3.10a,b) but the contrast also increases. For decreasing green laser
illumination (Fig. 3.10c,d), the contrast C increases and Av decreases but the
fluorescence count rate R drops as less photons arrive to excite the NV centre.
Thus a trade-off has to be found to have sufficient contrast C' but at the same
time a narrow linewidth Av and a high fluorescence count rate R. We choose a
laser power around the saturation power (150 uW) to avoid population to the
metastable state from m; = 0 and a microwave power of 5 dB. As the MW
power is also dependent on the distance of the ND from the MW antenna, the
studied N'Vs are usually not further than 20 ym away from the MW wire.

Fig. 3.11 shows microwave (MW) power broadening of the ESR line width
for both an adsorbed and a trapped NV. For the trapped NV, further broadening
is attributed to the small-angle precession (£10°) of the NV axis within the
trap. However it is hard to compare two different NV centres. Unfortunately
we couldn’t study the same ND in the trap and adsorbed, as it is either in
solution or on the coverslip.

fluorescence

097

fluorescence

2.8 2.87 2.94 2.8 2.87 2.94
Microwave frequency (GHz) Microwave frequency (GHz)

Figure 3.11: MW Power broadening of ESR spectra for both adsorbed
and trapped NV centres. ESR spectra on an adsorbed (a) and trapped
(b) NV centre for different levels of microwave power. The solid lines are two-
Lorentzian fits to the measurement. A decrease in linewidth as well as in con-
trast is observed for lower power. The linewidth of the trapped NV centre is
broader than for an adsorbed one. We attribute this additional broadening to
the small-angle precession (£10°) that the ND experiences in the trap.

Fundamentally the ESR linewidth is limited by the spin-spin decoherence
time 7% and the optimum sensitivity of a magnetometer based on a single
electronic spin is given by [42]:

h
nr —— (3.7)
gnsT\/T3
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3. 3D optical manipulation of a single electron spin

where T < 1 is related to the detection efficiency of the system. A bath of nu-
clear spin impurities from neighboring '3C atoms creates a fluctuating magnetic
field that decreases the coherence time of the electron spin of the NV centre.
As discussed in chapter 1 usually NDs have more impurities compared to bulk
diamond. Incidentally, according to Taylor et al. [42], magnetic sensitivities for
NDs with a dephasing time 7% = 1 us, measured in section 2.3.3, can be as low
as 1 uT Hz=1/2.

Here we calculate the magnetic field sensitivity n of the trapped spin from
the experimental ESR data using [132]

n=0.77hAv (2 ug C VR)™ (3.8)

where h is the Planck constant, Av= 0.023 GHz is the linewidth of the ESR
dip, up the Bohr magneton, C = 0.08 is the contrast for the ESR and R = 40 kHz
is the count rate. The sensitivity depends on the particular trapped NV because
C and R can change due to the different environment provided by each ND. We
use here values averaged over 5 NVs and get a sensitivity of n = 40 uT Hz~1/2.

This novel manipulation technique is therefore an ideal platform for prob-
ing vectorial magnetic fields in three dimensions with nanoscale resolution and a
magnetic sensitivity of 40 uT Hz~1/? [42, 132]. The sensitivity in our measure-
ments could be improved by implementing a Ramsey type magnetometry [42],
avoiding power broadening [132] and increase the stability of the ND in the trap
using higher aspect ratios and feedback trapping techniques [133].

In parallel to our work Horowitz et al. reported on ESR measurements
of NV centres in optically trapped NDs [134]. They trap several NDs with
hundreds of NV centres in each ND. That approach facilitates the trapping
process as no selection and pre-characterization is needed. Yet, the data treat-
ment of the ensemble measurement due to random dynamics inside the trap
is more sophisticated to perform magnetometry. Trapping a single ND with a
fixed orientation of the NV axis allows a higher level of control for vectorial
magnetometry.
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3.3 Probing the Local Density of States (LDOS)

In the last section we used the electron spin of the NV centre to probe magnetic
fields. Here we use the electric dipole to probe the electromagnetic Local Density
of States (LDOS) of its surrounding. We access the LDOS by measuring the
radiative lifetime of the single NV centre [96].

3.3.1 Decay rate of an electric dipole

The fluorescence lifetime is expected to be inversely proportional to the number
of available photon states that are accessible to the emitting electric dipole of the
NV. This quantity is also known as the electromagnetic LDOS, which measures
the sum of field intensities of all normalized photon modes as a function of both
photon energy and space position [95].

The decay rate I'y of an electric dipole D in vacuum is given by Fermi’s
golden rule:

2 AL
= hgf] < flHzli > 26(w; — wy), (3.9)

with H; = —DE the interaction Hamiltonian in the dipole approximation [96]
and |i > and |f > the initial and final state of the system.
This decay rate can also be rearranged to:

. Tw
- 3h€0

where p,is the LDOS projected on the dipole of the emitter with:

szﬂ(r(hw()) (3.10)

6w
Ppu(ro, wo) = rcg[nu ~Im{G(rg,ro;w} -], (3.11)

where G is the Greens function and n the dipole orientation. Therefore the
LDOS for a given emission frequency is directly proportional to the imaginary
part of the induced field (represented by the Greens function) acting back on
the dipole [95].
When considering a dissipative environment the decay rate I';,; presents two
contributions:
Tiot = Traa + T (312)

T'qq is called the radiative decay rate and corresponds to the photons emit-
ted spontaneously by the quantum system that can be detected by measuring
the fluorescence. The second part, I',,, is the non-radiative dacay rate, corre-
sponding to the de-excitation of the emitter via photon absorption. Performing
a fluorescence lifetime measurement we can only access to the total radiative
decay rate I'y,; that is inverse proportional to the LDOS.

%)



3. 3D optical manipulation of a single electron spin

Figure 3.12: Positioning of a single NV centre relative to a 250 nm
thick TiOy waveguide. The image is taken with an EM-CCD camera while
illuminating a large area with a 532 nm laser beam focused to the backfocal
plane of the objective (section 2.2). The bright spot is the photoluminescence
arising from the NV centre, while the bright lines correspond to the fluorescence
from the TiOy waveguide.

3.3.2 LDOS mapping with a trapped NV centre

For this purpose, a trapped single NV centre was raster-scanned across a 770>
channel waveguide patterned on a glass substrate. The ND is brought as close as
possible to the surface sample in such a way that we do not lose the nanocrystal
while scanning it over the 100 nm high waveguide. At each point of the scan
(scan step, 15 nm), we measured the fluorescence lifetime of the NV centre
(Fig. 3.13a). The fluorescence intensity profile features a maximum above the
waveguide. This maximum is attributed predominantly to significant autoflu-
orescence from the TiOy (as can be seen in the EM-CCD fluorescence image
in Fig 3.12). Conversely, information about the NV-waveguide coupling and
the LDOS is provided by the lifetime data, from which the contribution of the
NV fluorescence can be isolated by separating its long-lived fluorescence signal
from the short-lived autofluorescence of the rest of the structure using a two-
exponential fit. A clear lifetime decrease is observed when the NV is in close
proximity to the 790y waveguide. A decrease in lifetime of the NV centre is
thus associated with an increase in the LDOS.

The LDOS profile across the waveguide is calculated using a Boundary Ele-
ment Method [135] that solves the Maxwell equations at each point for a radi-
ating unit dipole. As the emission of the NV centre is broadband, we calculate
the LDOS for ten different wavelengths and weight them in proportion to the
experimental NV emission spectrum. The LDOS is normalized to that of a
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Figure 3.13: LDOS mapping across a Ti0O, waveguide a) Fluorescence
lifetimes of the NV centre, which were acquired at different points across and
over the waveguide (average over 2 consecutive scans). The red line shows
the calculated lifetime of a single emitter scanned 50 nm above a 250 nm 7705
waveguide. b) Calculated free space and waveguided contributions of the LDOS
for a dipole scanned 50 nm above a 250 nm 790, waveguide. The free space
part has only a small contribution in comparison to the guided part that is
trapped in a waveguide mode and is responsible for the change in lifetime of
the NV centre. The shaded area corresponds to the position of the waveguide.
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3. 3D optical manipulation of a single electron spin

dipole positioned away from the waveguide. In Fig 3.13b, we show the spatial
dependence of two contributions to the LDOS: emission far from the system
(upper curve) and emission into a guided mode of the waveguide (lower curve).
The former seems to depend only mildly on position showing an oscillation that
origins from the interference between the emitter and the reflected field from
the glass surface and the dielectric waveguide [136]. The waveguide mode con-
tribution however shows a peak that follows the observed decrease in lifetime,
which is due to the higher density of states above the waveguide. Two fitting
parameters are used to match the calculated LDOS with the inverse of the mea-
sured fluorescence lifetime: the distance of the emitter to the waveguide, as we
don’t know where the emitter is located in the 70 nm ND and a constant to
account for the baseline of the LDOS determined by the fluorescence lifetime
away from the waveguide. As shown by the red line in Fig 3.13a, the theory
is in good agreement with the experiment for a dipole 50 nm away from the
waveguide and a baseline of 17 ns.

3.4 Conclusion

In this chapter I demonstrated spatial and angular manipulation of optically
trapped single NV centres. Beyond opening new opportunities for nanoscale
magnetic and optical sensing in three dimensions and in liquid environments,
it is non-invasive and is potentially applicable to cell biology [137, 138]. We
also foresee that an extension to multiple ND trapping could be used for the
implementation of flying qubits [139] and nanoscale control of spin-spin inter-
actions using plasmonic tweezer structures [140], realizing a significant advance
in scalable quantum computing and simulation schemes.
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4

Near field-assisted trapping
and positioning

Controlling the interaction between single quantum emitters and a photonic
or plasmonic nano-structure is important for application in integrated solid-
state quantum devices, such as single photon sources [141, 35, 9, 142]. The
ability to position the quantum emitter at an optimum position is thus crucial,
for example to expose it to the enhanced local density of optical states (LDOS)
produced by a resonant mode. Positioning quantum emitters close to plasmonic
structures has so far been achieved by combining surface chemistry with two-
step electron beam lithography (EBL) [143, 144]; by identifying the adsorbed
emitter first and then positioning the plasmonic nanostructure through EBL in
a second step [60, 145]; or by mechanically pushing the emitters with the tip of
an atomic force microscope (AFM) to the desired position [27, 146, 28].

Optical trapping appears to be a suitable tool for achieving dynamical
control over the position of the emitter, as we have demonstrated in chapter 3
through three-dimensional manipulation of a single 70 nm nano-diamond (ND)
crystal hosting a single nitrogen-vacancy (NV) centre using optical tweezers.
However, as the trapping strength is proportional to the volume of the particle,
smaller particles would require unrealistically high powers to be trapped. As an
alternative to conventional optical tweezers, the force field produced by hotspots
in plasmonic nanostructures enables the trapping of particles as small as 10 nm
upon relatively low incident laser intensities [147, 140, 148, 149].

We present in this chapter near-field-assisted positioning of NDs in the
plasmonic hotspot of a gold gap antenna and quantify through lifetime mea-
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4. Near field-assisted trapping and positioning

surements the electromagnetic coupling between NV centres and the antenna
plasmon mode.

In section 4.1 we explain the experimental implementation of near field based
trapping. In section 4.2 the deterministic positioning of the NDs to a gap
plasmonic antenna is demonstrated and in section 4.3 the interaction between
the nano-antenna and the NV centre is studied by analyzing the lifetime change
of the NV centre, when placed in the hot spot of the antenna.

4.1 Surface Plasmon-based trapping

Surface plasmons (SP) are electromagnetic resonances supported at the inter-
face between a metal and a dielectric that leads to the enhancement of light
absorption and a strong field concentration at the metal surface. In the specific
case of 3D metal nanostructures (Localized surface plasmons), plasmon proper-
ties can be tuned by either playing on the geometry, illumination conditions and
dielectric environment. Through an appropriate design, metal nanostructures
can be engineered to act either as efficient nanosources of light or nanosources
of heat. While the basic physics of (SP) is now well understood [150], there has
been over the last years a clear move towards applications [151].

With the aim of miniaturizing and integrating optical tweezers at the surface
of a chip, a novel trapping scheme based on surface plasmons-induced forces
was recently suggested [152]. In this configuration, a substrate, patterned with
micro/nano plasmonic structures and illuminated with unfocused laser light
is used to create a near-field optical potential landscape able to trap objects
in solution at specific locations of the surface. By properly engineering the
geometry of the pattern and its illumination conditions, efficient trapping of
micro-colloids under laser intensity 2 to 3 orders of magnitude weaker than
the intensity needed with conventional optical tweezers for trapping the same
objects was demonstrated [153].

Since the trapping mechanism originates from the confinement of the optical
field nearby the plasmonic structures (which act as a microlens substituting the
high numerical aperture objective required in conventional optical tweezers),
this approach enables achieving parallel trapping in an array of traps maintain-
ing a single laser beam illumination. More recently, it was shown that optical
antennas formed by two adjacent gold bars that enable concentrating light well
beyond the diffraction limit in their gap and can be used to extend plasmon
trapping down to the submicron scale. In particular, efficient parallel trapping
of 10 nm gold beads under moderate incident laser intensity was reported [148].
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4.1 Surface Plasmon-based trapping

4.1.1 Experimental implementation

In this chapter we experimentally demonstrate deterministic near field assisted
trapping and positioning of NDs hosting NV centres with a setup similar to the
one used in chapter 3 (Fig. 4.1).

T to EMCCD

Objective —M

40 nm ND fj

o &

gapantennas[____ [| ) El:[]@
[ 0 | D

\ I ) \ ) )

Objective

1064nm —> )

dichroic

1064nm —> i

Figure 4.1: Scheme of the near field-assisted trapping setup. The NDs
are in solution between two coverslips separated by 30 to 50 pm. The gap-
antenna array is located on the lower cover slip. The distance between neigh-
boring antennas is 5 um, which allows us to excite an individual antenna with a
NIR laser beam (A = 1064 nm) focused through a high-NA objective (NA=1.2).
A green laser (A = 532 nm) is superimposed to the NIR beam in order to image
in real time the evolution of the fluorescence from the NV centres as well as the
auto-fluorescence from gold using an EMCCD camera.

In our experiment, the surface of a glass cover slip is patterned with a
periodic array of gold gap antennas, each of them formed by two identical rods
separated by a 40 nm gap. The dimensions of the rods (145 nm long, 56 nm
wide, and 55 nm high) are chosen such that each individual antenna mode
overlaps with the trapping wavelength at 1064 nm (Fig. 4.2). A pitch of 5
microns ensures reduced interaction between adjacent antennas. The patterned
surface is covered with a 2:1 glycerol/water solution of NDs! (C=10 ppm).
The NDs have an average size of 40 nm and host between 1 and 4 NV centres

1 Adamas Diamond
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4. Near field-assisted trapping and positioning

each. We formed a closed chamber with a second cover slip. Monitoring of the

ND containing NVs is performed by wide field fluorescence imaging using an
EMCCD (section 2.2).
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Figure 4.2: Gold gap antenna for near field-assisted trapping of single
nanodiamonds a) The surface plasmon resonance of gold gap antennas im-
mersed in a 2:1 glycerol/water environment is tuned into the NIR (measured
black curve) for an antenna arm length 1 = 145 nm and gap g = 40 nm. The
calculated extinction cross-section exhibits a pronounced maximum that peaks
slightly above a wavelength of 1000 nm, corresponding to the excitation of the
bonding dipole-dipole mode (blue curve), in good agreement with the measured
extinction. The vertical red line indicates the wavelength of the trapping laser
(A = 1064 nm). b) SEM image of the dense antenna array (distance between
antennas fixed at 1 pm) fabricated by electron beam lithography and used to
measure the extinction cross-section spectrum presented in a).

Our approach consists in focusing the 1064 nm laser on a predefined antenna
(3 mW incident power, and linear polarization along the antenna long axis). A
ND diffusing near the antenna experiences an optical potential that results from
the combined effect of the trapping beam and the near-field hotspots. As a result
of that, the ND gets automatically guided towards the regions of maximum
intensity and eventually sticks to the antenna. To facilitate sticking to the
antenna, we use NDs that were chemically treated to enrich their surface with
carboxylic groups, which are known to favor adhesion to gold [154]. Figure 4.4
displays the three most frequent configurations observed when systematically
characterizing the position of the immobilized NVs.
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4.1.2 Numerical optical near field of gap antennas

In order to obtain further insight into the trapping mechanism, we calculate the
optical near-field intensity map of the fabricated gold antennas (Fig. 4.3) using
the boundary-element method (BEM) [155, 135] and a dielectric function for
gold taken from Ref. [156].

|

Figure 4.3: Electric near-field intensity of a gold gap antenna. a) Near-
field intensity distribution in the half plane of a gap antenna illuminated with
a NIR laser (1064 nm wavelength) polarized along the antenna long axis (white
arrow). Light incidence is normal to the plane of representation. The field
enhancement is very pronounced in the gap region, as well as at the ends of the
antennas. b) For a laser polarized perpendicularly to the main antenna axis
(white arrow), the near-field around the antenna shows much smaller values
compared to a). As the optical trapping force of the antenna is proportional to
the gradient of the electric field intensity, the particle is attracted to the position
of maximum field enhancement at the metal surface. For the gap antenna the
highest intensity is at the gap, as well as at the two outer ends.
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For the calculations we use the geometrical parameters extracted from the
SEM image (Fig. 4.4) of the fabricated antennas (55 nm diameter, 38.5 nm
gap, and 145 nm length of each arm). For simplicity, we model the antennas as
rounded cylinders of circular cross section. This is a reasonable simplification,
as the lateral width of the antennas (56 nm) is very similar to the gold layer
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thickness (55 nm), and the actual particle morphologies are rounded at the
edges. Furthermore, since the substrate index of refraction (n = 1.5) is similar
to that of the surrounding liquid (n = 1.43), we assume a uniform environment
of index of refraction 1.46. Fig. 4.3a shows the electric near-field intensity map
at a wavelength of 1064 nm in the antenna half plane for incident polarization
along the antenna long axis (see arrow). Each antenna arm exhibits a dipole-like
profile, which contributes to three intensity maxima: a main maximum in the
gap region, which is accompanied by two secondary maxima at the outer arm
ends. Importantly, we did not observe any trapping events for an incident po-
larization perpendicular to the antenna long axis, thus confirming the dominant
contribution of the antenna near-field (Fig. 4.3b).

4.2 Deterministic positioning of single ND
in the hot spot of plasmonic antennas

The commercial NDs were annealed in air to remove sp? carbon and treated
with acid (HNQO3/H>S04) to enrich the surface with carboxylic groups, which
are known to favour adhesion to gold [154]. In a first step near-field assisted
trapping brings NDs in the vicinity of gold structures. Once in the hot spot of
the plasmonic antenna the carboxilic groups attach to the gold and the ND is
adsorbed at the gold surface of the antenna.

Figure 4.4: SEM images of three different antennas with positioned
NDs (false colour). Their preferred positions match with the maximum field
enhancement of the antenna.

In addition to SEM imaging (Fig. 4.4), we compare the fluorescence intensity
map of the antenna array before and after ND trapping and positioning (Fig.
4.5). For this purpose, a green laser (532 nm wavelength, 100 W power) is
focused onto the sample and raster-scanned. An APD is used to collect the auto
fluorescence of the gold and the fluorescence of the NV centre, both of them
excited by the green laser. A higher fluorescence signal is observed from those
antennas on which a ND was immobilized, as a result of additional fluorescence
from the NV centre. Furthermore, Fig. 4.5 demonstrates the deterministic
character of our approach. The NIR laser was intentionally positioned on a
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sequence of several gap-antennas forming a cross-like pattern (Fig. 4.5b). Fig.
4.5 demonstrates that only irradiated antennas show ND trapping.
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Figure 4.5: Fluorescence map of the antennas before and after trapping
NDs. A green laser (532 nm wavelength, 100 uW power) is raster-scanned over
an array of antennas before (a) and after (b) positioning the NDs. The auto
fluorescence of the gold is clearly observed in (a), as it lies in the same spectral
range as the fluorescence from the NV centres. After deterministic positioning of
NDs at the irradiated antennas forming a cross shape, the same area is scanned
with the green laser using the same power. The higher fluorescence contribution
from the trapped NVs is shown in (b). The cross-shaped lines are a guide to
the eye.
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4.3 Coupling of the NV centre to the plasmon
antenna

The interaction of the immobilized NV with the nano-antenna is quantified by
analyzing the change in its fluorescence lifetime. The fluorescence lifetime of the
hybrid system consisting of a single nano antenna coupled to 1-4 NV centres was
measured using picosecond green laser excitation. The fluorescence from gold
decays much faster (over a sub-picosecond time scale) [157] than the one from
the NV centres (nanoseconds), so we can separate the two of them using a bi-
exponential fit. Fig. 4.6 shows a histogram of the lifetime measured on different
hybrid ND gap-antenna structures compared with lifetime measurements of NDs
adsorbed on an unpatterned glass coverslip.

4.3.1 Fluorescent lifetime of the hybrid system

occurences

2 4 6 8 10 12 14 16 18 20 22
lifetime (ns)

Figure 4.6: Coupling of the immobilized N'Vs to the antenna. Statis-
tical distribution of the lifetime measured on single NDs adsorbed on a glass
substrate (blue histogram), compared with that for NDs positioned on gold
nano-antennas (red histogram). The presence of the gold nano-antenna both
reduces the lifetime (from 17 ns to 8.5 ns) and broadens the statistics (FWHM
from 3 ns to 7 ns). The hashed-bar histogram is obtained from the statistical
average over the solid curves in Fig. 4.7 within the grey areas, assuming a ho-
mogenous distribution along the plotted ranges of x and y, and including the
same broadening as in the blue histogram of the glass-supported NDs.

The lifetime 7 of NV centres lying on glass peaks at around 17 ns. When
coupled to a gap-antenna, it is reduced due to the Purcell effect. Its actual value
strongly depends on the precise location on the structure. Indeed, statistical
analysis on a large amount of complexes shows a lifetime distribution centered
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4.3 Coupling of the NV centre to the plasmon antenna

around 7 = 8.5 ns with values ranging from 5 ns up to 16 ns. A simplified
theoretical analysis provides further insight into these results, as we discuss
next. We first calculate the Purcell factor y(w) = I'(w) /To(w) (or equivalently
the normalized LDOS [95]) of a randomly oriented dipole for a frequency range
corresponding to the emission from the NV centre (from 637 nm up to 800 nm).
The frequency-integrated Purcell factor, with I'yg(w) the decay rate far from the
antenna and weighted with the intensity of the NV centre spectrum I(w) taken
far from the antenna, takes maximum values near the plasmonic hotspots of the
antenna (Fig. 4.7).
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Figure 4.7: Simulation of the modification in the NV center lifetime
as a function of its position along the half plane of the gold gap-
antenna. The simulated geometry is the same as in Fig. 4.3. The Purcell
factor was integrated over the whole fluorescence spectrum of a NV centre.
The two dashed white lines indicate the regions along which the normalized
calculated fluorescence lifetime is represented in the solid curves to the left
and at the bottom of the main plot. Because the 40 nm NDs are attached to
the antennas at the locations where the near field enhancement is sufficiently
strong to produce trapping, a trapped NV center is most likely to be located
at distances between 5 nm and 35 nm away from the external ends of the
antenna or relative to the gap. These regions are highlighted in grey on the left
and bottom plots, and used to produce the theory histogram in Fig. 4.6, as
explained above.

We select two representative cuts (dashed white curves) along which we
represent this magnitude (left and lower parts of Fig. 4.7). The grey areas on
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these plots show the preferred locations of the trapped NV centers, based on
the following two assumptions: first, a 40 nm ND is most probably trapped
at the regions of largest field enhancement; and second, a NV centre inside a
ND is usually more than 5 nm away from the diamond surface [158, 106]. We
therefore expect the most probable locations of the NV centre to be at distances
ranging from 5 nm to 35 nm away from the end of each antenna or the gap
region. The statistical analysis of this selected region provides a qualitative
understanding of the observed large changes of the Purcell factor as a function
of distance from the antenna. The statistical distribution of lifetimes, resulting
from a convolution between the distribution of the Purcell factor extracted
from the simulation in Fig. 4.7 and the distribution of the NV centre lifetime
measured on glass, is represented in Fig. 4.6 (hashed bars), in good qualitative
agreement with the experiment. Although this analysis is rather qualitative,
it illustrates the mechanism leading to a reduction in lifetime and broadening
of lifetime distribution: the former is a consequence of the Purcell effect that
takes place in trapped NVs near the hotspots, whereas the latter results from
the broad dispersion of the magnitude of the Purcell factor over the region
most likely visited by the NVs of the trapped NDs. A more precise position
determination of the NV in the ND would be obtained either through stimulated
emission depletion (STED) [159] or through the cathodoluminescence measured
in a electron microscope with sub-nanometer resolution [106, 160].
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4.3 Coupling of the NV centre to the plasmon antenna

4.3.2 Quantum nature of the hybrid system
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Figure 4.8: Second order correlation function from NV centres posi-
tioned in the hot spot of a gold gap antenna. Antibunching in the second
order correlation verifies the quantum nature of the emitters. The blue curve is
the correlation measurement of the background fluorescence from the antenna.
The antibunching dip can not go below the background level, even for a single
emitter.

To demonstrate the quantum nature of our system, second order correlation
measurements show the presence of an antibunching dip at zero time delay
(Fig. 4.8). Since the background of our measurement is very high due to the
auto-fluorescence of the gold, the dip does not go below a certain value. This
value is defined by coincidence measurements performed on a gold antenna. The
correlation measurements confirm that our ND solution contains one to four NV
defects per ND.
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4. Near field-assisted trapping and positioning

4.4 Conclusion

In conclusion, we have demonstrated a new tool capable to deterministically
positioning a single ND hosting 1-4 NV centres into the hotspot of a plasmonic
antenna. The gradient force of the excited plasmon acts as localized tweezers
to drive the functionalized NDs to the regions of largest field enhancement of
the antenna, where they are adsorbed. This is verified by SEM and fluorescence
imaging. The proximity of the emitter to the antenna is further corroborated by
the observation of a decrease in fluorescence lifetime. In section 5.2 we benefit
from the NIR field enhancement at the position of the NV centre to demonstrate
enhanced optical modulation of the NV excited lifetime using relatively low
powers of the modulating NIR laser.
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5

Fast optical modulation of
the fluorescence from a
single NV centre

During the study of manipulating a single ND with optical tweezers shown
in chapter 3, we observed that the NIR laser illumination has a strong effect
on the fluorescence yield of the NV. In this chapter we focus our attention
on this effect and systematically study the fluorescence decrease, lifetime and
ODMR signal in presence of NIR illumination to understand the origin. These
experimental data are supported by a model based on the ability of the non
resonant NIR laser to trigger a so far unknown fast decay channel of the NV
centre by the promotion of the excited state electron to a dark band. Moreover
we demonstrate that a single NV centre at room temperature can operate as
an optical modulator under non-resonant CW illumination. More precisely,
a modulation of the green laser driven fluorescence of more than 80% at a
time response faster than 100 ns is measured, which is controlled through an
independent near-infrared (NIR) gating laser. This simple concept opens a new
approach towards the implementation of nanoscale optical switching devices.
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5. Fluorescence Modulation of a single NV centre

5.1 Optical Switches

The motivation for using photons rather than electrons not only comes from
their faster dynamics but also from their lower crosstalk and minor environmen-
tal decoherence, which enable a high degree of integration and the realization of
quantum operations [161]. Unlike charged particles such as electrons, photons
interact extremely weakly with each other [162]. Therefore, an optical switch
requires the mediation of a physical system to produce efficient photon-photon
interactions.

5.1.1 Different approaches for optical switching

Different approaches to optical transistors have been proposed [163, 164, 165],
often based on nonlinearities in well-defined photonic resonators. The ultimate
goal for future optical commutation technologies is to rely on single atoms or
molecules having the ability to manipulate light down to the single photon level,
which feature an intrinsically high nonlinearity and grant access to exploiting
the quantum nature of light [2]. In this direction, a first single-molecule optical
transistor has been recently achieved at low temperatures [4]. Additionally, the
inclusion of a third, dark state in the electronic structure of the atom or molecule
has been argued to be particularly advantageous to reduce the effect of thermal
decoherence [166, 167]. The quest for operating such optical nano-transistor
at room temperature is attracting considerable attention, as it would have ma-
jor impact on photonic technologies and allow high-speed signal processing in
general.

In parallel, research on single quantum emitters (either molecules or quan-
tum dots (QDs)) has focused on achieving stable and efficient light emission with
well-defined properties [21, 168, 18, 169]. However a long-term stable source of
single photons at room temperature still remains challenging with these emit-
ters, since they usually suffer from bleaching or blinking. In this context, NVs in
diamond have recently been intensely investigated due to their emission stability
[17].

5.1.2 NV centre as an optical modulator

NVs are artificial atoms protected from their environment by a diamond shell.
Consequently, they are immune to both blinking and bleaching [17] and their
electron spin features a long coherence time, even at room temperature [82].
Their suitability for quantum-optics experiments has opened a new route to-
wards the implementation of solid-state quantum simulators at room temper-
ature [170, 68]. Despite the sustained effort to study the properties of NVs

72



5.1 Optical Switches

Control

IR gating
beam
p —>

&

Green
pumping beam

ﬁ,

E—@—

Green pumping
beam

A—S—

d S
IR gaﬁng\_a? D

beam |

1

Green pumping
beam

E

Figure 5.1: Concept of optical switch based on a single NV centre. a)
and b), Similar to its electronic counterpart (a), the emitter signal of the optical
switch (N'V-fluorescence upon continuous green-laser illumination) is controlled
by a gate provided by a modulated non-resonant NIR laser (b). ¢) In absence of
the NIR laser, the NV centre can be regarded as a two level system excited by a
green pumping beam. d), The NIR laser populates a dark band D, which decays
non-radiatively, thus reducing the fluorescence output (d) compared with the

emission without NIR laser (c).
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5. Fluorescence Modulation of a single NV centre

over the last decade [22], new insights on their energy states are still emerging
[171, 86]. In this section we describe an unconventional configuration in which a
single NV operates as an all-optical nano-modulator at room temperature upon
non-resonant continuous-wave (CW) near-infrared (NIR) illumination.

Our concept of an optical modulator based on a single NV centre is sketched
in Fig. 5.1. The NV centre has a steady fluorescence (output signal) when
pumped with a CW green laser (input signal). Illumination with a non-resonant
CW NIR laser (gate signal) drives the excited state back to the ground state
via non-radiative decay. In the following, we experimentally demonstrate the
viability of this new gating channel, and speculate the potential involvement of
a dark band of states to which the NIR laser promotes the excited state (section
5.3.1). This mechanism thus opens the possibility of controlling the number of
emitted photons by adjusting the intensity of the NIR gating laser.

Q
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0

fluorescence counts (x1(§)
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Figure 5.2: Optical quenching of the NV luminescence under NIR illu-
mination. a) A green laser (A = 532 nm) is focused through a high numerical-
aperture objective (NA = 1.2) to excite a single NV centre in a ND crystal
deposited on a glass coverslip. A NIR laser (A = 1064 nm, shown in red in
the sketch) is super-imposed to the 532 nm laser. The emitted fluorescence (or-
ange) passes through a dichroic filter and is detected with two APDs. b) Setting
the excitation power of the green laser to 55 W while increasing the power of
the NIR laser, a 1/(1 + Pyrr/Psat) fluorescence decrease is observed, which is
apparently linear for small power (inset) and nonlinear when Pxrp increases.

In our experiment, 70 nm NDs are dispersed on a glass coverslip that is
placed in the sample plane of a scanning confocal fluorescence microscope. The
NVs are pumped with a 532 nm CW laser (input beam) after focusing through
an immersion objective lens (NA=1.2), and their fluorescence (output beam) is
collected back through the same objective and sent to an Avalanche PhotoDiode
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5.1 Optical Switches

(APD) (Fig. 5.2a). Handbury-Brown and Twist (HBT) measurements enable us
to identify a ND that hosts a single NV (section 5.3.3). The 1064 nm laser beam
(gating beam) is superimposed with the 532 nm beam after passing through an
Acousto-Optic Modulator (AOM) that allows us to temporally modulate its
power (Fig. 5.3).
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Figure 5.3: Optical modulation of the NV luminescence. By modulating
the gating NIR laser with an Acousto-Optic Modulator (AOM) for constant
green laser excitation power, a mimicking modulation of the NV fluorescence
is observed. Tuning the power of the gating laser pulses allows us to reach
different fluorescence decay levels (a). Here, we demonstrate the possibility of
defining at least 8 states (i.e., well differentiated output levels) for potential
application as a digital optical switch. The measured emission from the NV for
different gating laser pulse lengths ranging from 3 us down to 200 ns illustrates
the time response of the system (b). In our configuration, the response is faster
than 200 ns and is limited by the electronic time response of our AOM.

We start by examining the effect of 1064 nm illumination on the fluorescence
yield of a single NV centre under constant pumping with 55 pW green light.
The NIR power dependence of the fluorescence counts plotted in Fig 5.2b shows
a monotonous drop that is apparently linear below 15 mW (inset of Fig. 5.2b)
before reaching saturation. This demonstrates the possibility of modulating the
fluorescence emission from a single NV by up to 80 % for this chosen green exci-
tation power. Quenching of fluorescence could be obtained with other molecular
species by means of alternative mechanisms such as conformational transforma-
tion in photochromic molecules [172, 173]. Nevertheless, conversely to what
happens with molecules or QDs that can bleach or blink [21, 18], NV centers
are stable and bright emitters, allowing us to observe this effect at room tem-
perature and over a long time span [82, 22]. A decrease in the fluorescence
of NVs has been observed in prior studies upon Stimulated Emission Depletion
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5. Fluorescence Modulation of a single NV centre

(STED) under resonant excitation [159], multiphoton absorption induced by
high power pulsed laser [174], or even local heating to hundreds of degrees [175],
or even change of the NV centre charge state [176]. In contrast, we here invoke
a radically different physical mechanism, as emphasized by the fact that our
non-resonant CW NIR illumination of a few tens of mW cannot trigger any of
the above-mentioned mechanisms.

Fig. 5.3a shows the evolution of fluorescence from the same NV centre while
applying a sequence of NIR laser pulses (3 us pulse width) with decreasing
powers. The high stability of the NV emission enables us to define eight different
output states. Thus, the NV centre gated by an NIR laser can be operated as
a multi-level digital modulator. It is worth underlining that a single NV centre
can be routinely used over several days without noticing any degradation in the
emission properties. Also, identical results were repeated on several NVs from
the same batch as well as on NVs from different providers. In order to assess
the time response of the switch effect, the NIR pulse duration was changed
from 3 ps to 200 ns while maintaining a fixed NIR laser power (Fig. 5.3b).
The magnitude of the fluorescence drop is conserved for NIR pulses as short as
200 ns. We actually attribute this limit to the time response of the AOM used
for the NIR laser modulation.

Working point of the modulator

The drop of fluorescence counts is dependent on the green excitation power as
well as on the NIR laser power. Fig. 5.4a shows the evolution of the normalized
fluorescence drop induced by a NIR laser as a function of the green excitation
power for a fixed NIR gating power of Pyrr = 80 mW. The drop decreases when
increasing the green excitation power. On the other hand, Fig. 5.4b shows the
NIR saturation power P, as a function of the excitation power. The NIR satu-
ration power Psg; is retrieved from the 1/(1+4 Pyrr/Psat) fluorescence decrease
data shown in Fig. 5.2 for different excitation powers. The required NIR sat-
uration power increases linearly when the green excitation power is increased.
That means that the lower the excitation green power, the smaller the gating
NIR power required to achieve large fluorescence modulation. Nevertheless, it
is important to notice that a reduction of the green laser power leads to a de-
crease in fluorescence counts (as shown on the saturation curve in Fig. 5.7a).
This implies that the power requirement of such modulator is limited by the
sensitivity of the fluorescence detection and the coupling efficiency. Therefore,
a trade-off in this system is to find a power that results in enough fluorescent
counts and at the same time has the largest drop in fluorescence.
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5.2 Modulation enhancement with a plasmonic cavity
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Figure 5.4: Working point of the modulator a) Fluorescence drop as a
function of green excitation power for a fixed NIR power Py;r=80 mW. b)
Fitted NIR saturation power of the drop of fluorescence as a function of green
excitation power. The red lines are linear fits.

5.2 Modulation enhancement with a plasmonic
cavity

In the previous section we showed that for a fluorescence drop of 80 % we need
NIR gating laser powers of almost 80 mW (Fig. 5.3). In practice, this power is
still very high for application to an optical modulator. This gating laser power
can be drastically decreased by coupling the NV center to a plasmonic cavity
as demonstrated in chapter 4.

We have demonstrated that we are able to position a single ND with NV
centers in the hot spots of a plasmonic gap antenna. The deterministic posi-
tioning of the ND in the hotspot of the antenna and its enhanced coupling has
an additional intrinsic advantage: the ND is preferentially placed in a region of
maximum NIR intensity enhancement, and therefore, any physical effect driven
by the NIR light is expected to be amplified. In particular, we explore below
the modulation of NV fluorescence in a hybrid NV-nanoantenna system driven
by a NIR control laser.

Fig. 5.5 shows the switching property measured on the hybrid system for
two different polarization directions. The green pumping laser power is set to
100 uW (close to saturation) and the NIR power has been fixed to 3.3 mW in
Fig. 5.5a and temporally modulated in Fig. 5.5b. When the electric field of the
NIR laser is orientated along the antenna we observe a background-corrected
fluorescence drop of 80 % whereas a perpendicular polarization only produces
a modulation of 20 %. Using the near field enhancement associated to the
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5. Fluorescence Modulation of a single NV centre
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Figure 5.5: Modulation of the NV centre fluorescence intensity using
a NIR laser resonant with the gap plasmon of the gold nano-antenna.
a) Applying a 3.3 mW NIR laser, while maintaining the green-laser excitation
power constant (P = 100 uW), a modulation of the NV fluorescence is observed.
The modulation is strong when the electric field is polarized along the main an-
tenna axis (black curve) due to the excitation of the antenna NIR gap plasmon.
Lower modulation is observed for perpendicular polarization, where the gap
plasmon resonance is not excited. This allows us to control the magnitude of
the switching effect by adjucting the polarization. b) Using the near-field en-
hancement associated with the antenna plasmon resonance, we show that a NIR,
power as low as 0.5 mW is sufficient to modulate the fluorescence, whereas 10
mW are required to obtain the same change in the absence of a nano-antenna
(Fig. 5.8). The graphs are normalized and background corrected.
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5.3 Model system

antenna plasmon resonance, we show that a power as low as 3 mW is necessary
to modulate the fluorescence by 80 % (versus 80 mW are required to get the
same change in absence of nano-antenna).

5.3 Model for NIR gated fluorescence modula-
tion

The dynamics and response of the fluorescence from a gated single NV is thor-
oughly analyzed in this section, where we find excellent agreement with a model
based upon a master rate equation involving three energy bands (Fig. 5.6): the
excited and ground states E and A, as well as a dark state D that is reached
upon NIR illumination. After a few microseconds of CW green laser illumina-
tion, the system evolves towards the ms; = 0 manifold [22], and thus, we can
assume that states A and E are spin polarized, with a high probability into
the ms; = 0 levels of the ground and excited NV triplets. In fact, as most of
the de-excitation events are associated with the intense and broad phonon side-
band of the NV centre, narrow zero-phonon line features may be ignored in the
fluorescence process and the excited states of the NV are treated as an energy
band.

D

Figure 5.6: Model of the switching mechanism of a single NV centre
in diamond. Model of energy bands for a NV centre gated with an NIR
laser, consisting of a triplet ground state A, a triplet excited state E and a fast
decaying dark band D. kg is the pumping rate, kg4 is the de-excitation rate
from the excited state E, kgp is the transition rate towards the dark state D
and Kpa the decay rate from the dark state D to the ground state A.
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5. Fluorescence Modulation of a single NV centre

5.3.1 Rate equation model

We model the dynamics of the NV by means of a master rate equation in
which we neglect quantum coherences. This is a reasonable approximation when
discussing statistical measurements such as those reported here. We consider
three energy levels (A, E and D) as shown in Fig. 5.6. The population of these
levels (pa, pe and pp) is assumed to be spin-averaged and we neglect effects
arising from inter-system crossing (ISC), which is valid for green laser excitation
powers lower than saturation [119]. The dynamics of the system is then ruled
by the master equation

dpa

% = —KAEPA T KEAPE + KDAPD (5.1)
d

% = KAEPA — KEAPE — KEDPE (5.2)
d

% = KEDPE — KDAPD (53)

where kg4 and Kp4 are intrinsic decay rates from the excited state E and
the dark band D; kap = aPgkpa and kgp = BPNirKkEA are excitation rates
assumed to be proportional to the green-laser and NIR-laser intensities, respec-
tively, with proportionality constants oo and 3, expressed in units of the natural
decay rate kg4. The steady-state solution of these equations is given by

pa = kpa(kpa +keD)/[kpaA(KkEA + KED) + KAE(KDA + KED)] (5.4)
pe = kKapkpa/[kpa(kEa + KED) + KaE(KDA + KED)] (5.5)
pp = kapkep/lkpa(kga +Kkep) +Kap(kpa + KkED)] (5.6)

From here, we obtain the fluorescence rate as

aPG
F: K = K 5.7
MREAPE = IRBAT B s (5.7)
where KA
B =B+ —aFg) (5.8)

KDA
and 7 is the collection efficiency of the setup. Also, the lifetime of E is obtained
from the rate equations by studying the exponential decay of pp when the
system is prepared as pg = 1 and pgy = pp = 0 at ¢ = 0. This leads to the

intuitive result 1

—1
= _ 5.9
FeAY + BPNIR (5.9)

TE
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5.3 Model system

When fitting our experimental data in section 5.3.2 using equation 5.7, we find
that the best fit is obtained under the assumption of a large ratio kpa/kga >>
1, so that we find an Pg-independent parameter 3’ = 3.

The main assumption of the model is the additional fast decay propor-
tional to Pyxrgr, which is plausibly mediated by promotion to a dark band D.
The nature of this band is an open question, although it is likely connected
with higher-energy states reached via NIR photon absorption from the E band.
Higher-energy states are more susceptible to decay non-radiatively, as they can
access a larger number of levels through Auger and other electronic processes
mediated by Coulomb interaction. In our model, we assume a promotion rate
kgEp = BPnrgr proportional to the NIR power, followed by fast decay from D
to the ground state A. This is compatible with the sub-femtosecond time scale
that is characteristic of non-radiative electronic transitions. Actually, the best
fit to our data is obtained under the assumption kpa >> kga (section 5.3.2).

5.3.2 Experimental verification of the model

In what follows, we show that the NIR laser drives the system from E to A
through an additional decay channel at very high rate compared with the natural
decay rate kg4. In the absence of NIR illumination, only states A and E are
involved. Excitation of the system from A to E occurs at arate kagp = aPagkEa
proportional to the green-laser power Pg, whereas decay from E to A proceeds
via radiative decay with a typical rate kg4 = 1/(35 ns), that can change for
different NV centers [115]. In our time-averaged measurements, it is safe to
neglect quantum coherences and describe the system through a master rate
equation, which leads to a fluorescence rate (section 5.3.1)

F =nkpaaPq/(1+ aPg), (5.10)

where n = 0.005 is the detection efficiency of our system [53]. This produces an
excellent fit to the green-laser-power-dependent fluorescence rate in absence of
the NIR laser by choosing a = 0.009 yW~1! (Fig. 5.7a).

The effect of the NIR laser is best observed through the reduction that it pro-
duces in the lifetime of the excited state E (Fig. 5.7b). The NV is first prepared
in the mgs = 0 manifold upon extended green laser illumination followed by a 1 us
waiting time and is then excited with a 100 ps green-laser pulse. The ensuing
time-resolved fluorescence reveals the lifetime, which is controlled by both natu-
ral decay at a rate kpa4 and NIR-assisted decay at a rate BPyrrkag. According
to section 5.3.1 the lifetime 75 is given by 7 = (kgpa)~'(1 + BPyrr)~!. This
produces an excellent fit to the measured data with the choice § = 24.8 pyW~!
(Fig. 5.7b). The full dependence of the fluorescence rate on green-laser and
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Figure 5.7: Dependence of the fluorescence modulation of a single NV
centre in diamond. a) Saturation of the NV fluorescence as a function of
green-laser power Pg in the absence of NIR laser (Pyrr = 0). The red solid
curve is a fit of the fluorescence F to the formula extracted from the three-
level rate equation model sketched in Fig. 5.6: F = nrpa(aPs/(1 + aPg)),
where 7 is the detection efficiency, kg4 is the natural E— A decay rate and
a = 0.009 pW~L. b) Time-resolved measurements performed on a single NV
centre after excitation with a 100 ps green laser pulse under continuous NIR
illumination. The measured power dependence of the excited-state lifetime
(black dots) is extracted from the fits, as shown in the inset for three different
NIR powers. The red solid curve is a fit of the fluorescence lifetime to the model
with equation 5.9, using 3 = 24.8 yW~1.
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NIR-laser powers predicted by the rate-equation model reduces to

OéPG
1+ aPg+ BPNir

F =nkga (5.11)

with a= 0.009 yW~! and 3=24.8 kW1,

This simple expression, using the coefficients extracted from the previous fit,
is actually reproducing a detailed set of measured NIR-power-dependent profiles
for different green-laser powers rather accurately with the single abovementioned
choice of parameters « and 8 (Fig. 5.8), thus corroborating the validity of our
model.
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Figure 5.8: Dependence of the fluorescence modulation of a single NV
centre in diamond and its simulation. Normalised drop in background-
corrected fluorescence with increasing NIR laser power for different levels of CW
green-laser excitation power (see labels), corresponding to the vertical lines in
Fig. 5.7 with the same colour code. The solid curves are a fit of the fluorescence
signal F using the previously fitted values of parameters o and 8. All data are
acquired from the same single NV centre, and all theory curves are calculated
for the same values of parameters a and .

This good agreement between experiment and theory (assuming D as a fast
decaying dark state) is further verified in the following sections. We address a
possible role of a ISC, a possible charge transformation, spin dependence and
temperature dependence upon NIR illumination.
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5. Fluorescence Modulation of a single NV centre

5.3.3 Second-order correlation upon NIR illumination

We have seen that our proposed model is in excellent agreement with the experi-
mentally observed drop in fluorescence. Here we show, how the NIR illumination
effect is observed in correlation measurements.

a no IR b 33 mW IR

— 110 uW

— 55uW 0

-100 0 100 -100 0 100
delay time (ns) delay time (ns)

Figure 5.9: Second-order correlation of a single NV centre with and
without NIR illumination. a) Second-order correlation taken without NIR
illumination for different green excitation powers: below saturation (black), at
saturation (grey) and above saturation (red). Bunching is observed for exci-
tation powers above saturation. b) Second-order correlation in the presence of
33 mW NIR illumination for the same green excitation power as in (a). The de-
crease in lifetime is confirmed by the reduction of the width of the antibunching
dip. A small increase in bunching is observed, which we attribute to transfer of
population to the metastable state.

Fig. 5.9 presents second-order correlation measurements performed on the
same single NV. The antibunching dip below 50 counts at zero delay time (Fig.
5.9a, black line) demonstrates that it contains a single NV centre. For increasing
excitation power (Fig. 5.9a, grey line and red line) in the absence of NIR
laser, bunching is observed when the power reaches the saturation level (Psq: =
110 uW, Fig. 5.7a). This effect, already observed in previous experiments on
NV centers (section 2.2.3), is attributed to the population of the metastable
state [119, 17]. When exposing the NV centre to NIR illumination, we observe
a reduction of the FWHM of the antibunching dip, which is consistent with the
lifetime measurements displayed in Fig. 5.7b. Additionally, the presence of the
NIR laser leads to a small increase in bunching when the green excitation power
is above saturation. This indicates that, beyond the linear excitation regime,
the NIR laser could also lead to a modification of the intersystem crossing (ISC)
rate toward the metastable state by saturating the NV centre.
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5.3 Model system

Nevertheless, the small effect observed on the bunching, even for high NIR
power, indicates that the fluorescence modulation cannot be attributed to ISC.
Moreover, the fast (below 100 ns) response of the effect here reported (Fig. 5.3)
and the excellent agreement obtained by assuming a fast-decaying dark state in
the model (section 5.3.1) both exclude an ISC mechanism.

5.3.4 Fluorescence spectrum upon NIR illumination
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Figure 5.10: Effect of the NIR laser irradiation on the luminescence
spectrum of a single NV centre in diamond. The spectra have been
recorded for a fixed power excitation at 532 nm (200 pW) and different IR
laser powers ranging from 0 mW (black curve) to 30 mW (blue curve). The
spectral shape of the fluorescence is similar for different NIR powers, indicating
the preservation of the NV~ charge state.

In order to rule out a charge state transformation from negative charged
NV~ to neutral charged NV, we can additionally measure the fluorescence
spectrum in dependence of NIR illumination. As the NV° charge state has a
zero phonon line at 575 nm [177] a drastic change in the spectrum would be
observed compared to the emission spectrum of the NV~. In Fig. 5.10 the
emission spectrum is shown for the same NV upon illumination of the NIR
laser.
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5. Fluorescence Modulation of a single NV centre

As we don’t observe a change in the spectral shape apart from a decrease
in counts, we can assume that the charge state is not changed. In fact, even
at 30 mW the zero phonon line for the NV~ at 637 nm is still visible. The
similar evolution of the phonon side band upon NIR illumination validates in
some extend our assumption to define the excitation band as one state.

5.3.5 Maintaining spin polarization upon NIR illumina-
tion

When dealing with NV centers located inside NDs, spin polarization is generally
not perfect and both spin states coexist [22]. As the lifetime of the excited
mg = +1 and mgs = 0 spin states are different, a bi-exponential fit of the
lifetime is required to fit the experimental data [178, 175]. The characteristic
times of the two exponentials are associated with the fluorescent lifetime of
each spin excited state and their amplitude coefficients give access to the spin
polarization of the NV centre [175].
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Figure 5.11: Dependence of the spin polarization with the NIR power.
The values are extracted from the amplitude ratios of the bi-exponential fitted
lifetime. The polarization is mainly kept in my = 0 state whatever NIR power
applied.

In our case, we find that the spin polarization of the system is close to 80%
and is not significantly modified with increasing NIR power (Fig. 5.11). Even

if spin polarization was not perfectly conserved under CW NIR, illumination,
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5.3 Model system

the fluorescence drop observed cannot be attributed to a spin depolarization,
since the fluorescence drop observed (up to 80 %) is higher than the contrast
between the ms = 0 and m, = £1 states (up to 30 %). As the system is mainly
polarized into the spin state ms = 0, we then assume in our analysis that it can
be modeled without taking into account the spin dependence of the NV centre
in first approximation and Fig. 5.7a represents the lifetime dependence of the
ms = 0 sate.

5.3.6 Temperature dependence upon NIR illumination

We here report ODMR spectroscopy [22, 178, 82] measurements upon NIR
laser illumination that allow us to rule out any temperature-related effect as
the reason for the fluorescence drop. This technique relies on the possibility of
optically reading out the spin state of a NV center by tracking the fluorescence
emission while sweeping the frequency of an applied microwave field over the
spin transition frequencies (section 2.3). When the microwave frequency is
resonant with a spin transition, a drop in fluorescence is observed. In NDs, two
resonances are usually observed because internal strains break the degeneracy
between the mgs = 0 and ms = +1 transitions.
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Figure 5.12: NIR power dependence of ESR for individual NV centers.
ESR measurement for two different NV centers. Each graph shows a microwave
frequency scan across the ground state transition frequencies for mgy = 0 and
mg = £1. No magnetic field is applied. The splitting is due to strain inside the
ND.

Several groups have recently shown a temperature dependence of the elec-
tronic spin in NV centers [175, 75, 45, 43, 44]. It was found that the zero field
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5. Fluorescence Modulation of a single NV centre

splitting (ZFS) parameter D of the spin Hamiltonian is shifted by 75 kHz/K
[75], as extracted from an ESR measurement. An additional experiment shows
that the ESR contrast of the resonances decreases with increasing temperature
[175]. Here we perform ESR measurements to show the effect upon NIR illu-
mination and demonstrate that our decrease in fluorescence is not related to a
substantial increase in temperature.

Fig. 5.12 display the ESR measurements performed on two different individ-
ual NV centers as a function of NIR laser illumination. The presence of the NIR
laser induces two main features, analyzed in Fig. 5.13. First, a clear decrease
of the ESR contrast is observed in Fig. 5.13a,b for increasing NIR laser power.
This is in good agreement with the experiments reported in section 5.3.2, where
we show that the presence of the NIR laser produces a drop in fluorescence yield
for the my = 0 spin state and consequently reduces the difference between the
ms = £1 and ms = 0 fluorescence intensities.

However, a similar ESR contrast decrease has already been observed for tem-
peratures above 600 K [175]. In order to measure the temperature of the NV cen-
ter, we have then analyzed the shift of the ZFS parameter D. Fig. 5.13c,d show
the dependence of D on NIR power. We find a linear relation of 17 kHz/mW
for NV1 and 6.3 kHz/mW for NV2, which imply a temperature increase of 7 K
and 3 K, respectively, at 30 mW.

This result confirms that the fluorescence switching is not related to a
temperature increase. In fact, the temperature increases by less than 10 K for
a 30 mW NIR power, for which we already have a fluorescence decrease of 60 %
(Fig. 5.3a). This amount of heating is typical of experiments involving focusing
a mW NIR beam to a diffraction-limited spot.
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Figure 5.13: NIR power dependence of ESR for individual NV centers.
a),b) ESR contrast in dependence of the NIR power associated to Fig. 5.12a
and b, respectively. For increasing NIR power, the ESR contrast decreases as
the difference in fluorescence intensity between the two spin states is decreasing
due to the dark state excited by the NIR illumination. c),d), Dependence of
the zero field splitting parameter D (see inset) on NIR power showing a ther-
mally induced frequency shift of 75 kHz/K [75], which yields less than 10 K
temperature increase for 30 mW illumination power.
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5. Fluorescence Modulation of a single NV centre

5.4 Conclusion

We have shown a new mechanism to modify the fluorescence properties of the
NV centre. The excellent agreement between our simple rate equation model
and the experiment verifies the assumption that the electron in the excited
state of the NV center can be promoted to a fast decaying dark band by NIR
illumination.

The fast, efficient modulation of the emission of a single NV centre here pre-
sented furthermore demonstrates the principle of single-emitter optical switch
operating at room temperature. The coupling to a plasmonic cavity enables to
significantly decrease the necessary power of the NIR gating beam. A logical
next step towards the exploitation of this concept for optical signal process-
ing into an integrated scheme would consist in coupling a single NV to highly
confined optical guided modes, as those supported for instance by a quasi-one-
dimensional plasmonic waveguide [179, 180].
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Conclusion and Outlook

In this thesis, I present a new avenue for manipulating an individual ND
hosting a single NV centre in liquid environment. Our approach is based on
optical tweezers focusing light to a diffraction limited spot creating an optical
potential to deterministically trap 70 nm NDs. Remarkably, we find that the NV
axis is nearly fixed inside the trap and can be controlled in situ by adjusting the
polarization of the trapping light. By combining this unique spatial and angu-
lar control with coherent manipulation of the NV spin and fluorescence lifetime
measurements near an integrated photonic system, we demonstrate individual
optically trapped NV centres as a novel route for both three-dimensional vec-
torial magnetometry and sensing of the local density of optical states.

In a second step, our manipulation technique is further developed to de-
terministically positioning a single 40 nm ND hosting 1-4 NV centres into the
hotspot of a plasmonic antenna. The gradient force of the excited plasmon acts
as localized tweezers to drive the functionalized NDs to the regions of largest
field enhancement of the antenna, where they are adsorbed. The proximity
of the immobilized NV to the nano-antenna is corroborated by the observed
decrease in its fluorescence lifetime.

During the above mentioned experiments we observe a NV fluorescence de-
crease upon NIR illumination. We identify the promotion of the excited electron
to a so far unknown dark band with a fast decay channel as the origin of the
fluorescence decrease. This assumption is verified by the excellent agreement
between our simple rate equation model and the experiment.

Last but not least we demonstrate that a single NV can operate as an efficient
and fast optical switch controlled through an independent NIR gating laser.
Furthermore the hybrid system formed by a single NV coupled to a gold gap
antenna enhances the modulation depth. We show a modulation of the NV
fluorescence by more than 80 % with time response faster than 100 ns with NIR
gating laser powers of a few mW.
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Manipulation and positioning of individual NDs was so far achieved using
AFM-based techniques. Our new approach opens a new path for sensing mag-
netic fields and temperature in biological environment and microfluidic channels.
Besides the sensing ability, NDs with a single NV centre are promising building
blocks for quantum information and quantum optics. Here, accurate positioning
of the ND at predefined locations is essential. For this aim the demonstrated
near field positioning of NDs hosting NV centres is an alternative approach to
AFM or e-beam lithography and chemistry based techniques. Additionally, the
coupling of the electric dipole to photonic and plasmonic structures is impor-
tant for the realization of efficient optical interfaces for solid-state atom-like
systems with potential applications in quantum communications and quantum
information processing.

Moreover, the understanding of the discovered fluorescence modulation upon
NIR illumination is important to possible integrated all optical circuits and the
coupling to nanophotonic structures using NIR excitation sources. Furthermore
the proof of the existence of a dark state population will be beneficial for further
optical trapping experiments with NV centres [176].

The stable trapping of a single ND with a single NV centre could further be
optimized using NDs with a higher aspect ratio in combination with a feedback
trapping technique [133]. This improvement would lead to a power reduction
of the trapping beam and thus prevent to alter the environment of the trapped
ND, which is especially important for bio-applications.

Our approach would as well benefit from ongoing developments in the fab-
rication of NDs with low '3C impurities to increase the coherence time of the
electron spin [108]. This is important as sensitivities of magnetometry and
temperature measurement depend on the coherence time of the electron spin.
Furthermore NDs could then also be used for quantum information, where the
spin decoherence limits the number of operations performed on one qubit.

The proof of trapping a single ND and simultaneously reading out the elec-
tron spin of the NV centre could also be conducted to the field of optomechanics.
It was shown that the electron spin of the NV centre, placed on the tip of a
cantilever can be coupled to the motion of the latter [181]. In parallel trapping
of a nanometer sized particle in vacuum and cooling down the centre of mass
was demonstrated [176, 182, 183, 184]. Trapping a ND with a single NV centre
would pave the way toward a new type of magnetic field sensing by monitoring
the oscillation of the ND in the trap as well as toward a hybrid system for single
photon optomechanics.
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