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Résumé : Le contexte de cette thèse est une proposition 

théorique par Haikka et al [1] qui vise à détecter des spins 

individuels avec des micro-ondes, en utilisant un micro-

résonateur supraconducteur incorporant une constriction 

nanométrique proche du spin, refroidi au millikelvin. Les 

spins utilisés sont des centres NV du diamant, implantés à 

une faible profondeur (20nm) dans un échantillon de 

diamant purifié isotopiquement en  12C. Sa fréquence de 

transition est  ~ 2.88 GHz. Nous démontrons la fabrication 

d'une grille de NV unique avec de longs temps de 

cohérence et bien localisée par rapport aux marques 

d'alignement gravées dans le diamant. Nous démontrons 

une méthode pour déterminer la position de centres NV 

par rapport à un nanofil métallique déposé sur du 

diamant. Nous utilisons le centre NV comme 

magnétomètre vectoriel [2, 3] pour mesurer le champ 

généré par le passage d'un courant continu à travers le fil, 

permettant d'inférer la position des centres NV par 

rapport au fil avec une précision de ~ 10 nm. 

 

Nous avons fabriqué et réalisé la caractérisation d'un 

résonateur LC de faible impédance 11Ω, d'un facteur de 

qualité interne atteignant 2. 105 et d'une fréquence de 

résonance d'environ 2,93 GHz au-dessus d'un tel en-

semble de NV implantés.  

La résistance en champ magnétique de ce résonateur n'a 

cependant pas été suffisante pour voir le signal de spin.  
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Title: Fabrication and characterization of a hybrid quantum device for single spin microwave detection 
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Abstract : The context of this thesis is a proposal by Haikka 

et al. [1] that aims at detecting individual spins with 

microwaves, using a superconducting micro-resonator that 

incorporates a nanometric constriction located close to the 

spin, cooled down to millikelvin temperatures. The electron 

spins of choice are shallow implanted  ~ 20 𝑛𝑚 depth 

single Nitrogen - Vacancy (NV) centers in an isotopically 

purified  12C diamond. Their transition frequency is ~ 2.88 

GHz  We report the fabrication of a single NV center grid 

with long coherence times and well localized with respect 

to alignment marks etched in the diamond. We 

demonstrate a method to determine the position of 

shallow individual implanted nitrogen-vacancy (NV) 

centers with respect to a metallic nanowire deposited on 

diamond. We use the NV center as a vector magnetometer 

[2, 3] to measure the field generated by passing a DC 

current through the wire, enabling to infer the NV centers 

position relative to the wire with a precision of ~ 10 𝑛𝑚. 

 

We fabricated and performed the characterization of a 

LC resonator of low impedance 11Ω, internal quality 

factor as high as 2. 105  and resonance frequency of ~ 

2.93 GHz on top of such an ensemble of implanted NVs. 

The magnetic field resilience of the resonator was 

however not sufficient to observe the spin signal. 
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Résumé détaillé

La spectroscopie par résonance magnétique permet une compréhension approfondie
de la matière et de sa structure au niveau atomique. Son application est partout
dans notre vie quotidienne, tout particulièrement dans les sciences de la vie et la
médecine. La spectroscopie de résonance de spin électronique (ESR) [1] est une
branche de la résonance magnétique qui détecte les spins d’électrons non appariés.
Elle est largement utilisée en biologie moléculaire, en science des matériaux et en
chimie pour analyser les structures paramagnétiques et pour caractériser des pro-
duits et des molécules, comprendre leur structure et leurs propriétés. Le moyen
le plus courant de détecter la spectroscopie ESR consiste à utiliser l’absorption
micro-ondes d’un ensemble de spins lorsqu’ils sont accordés en résonance avec un
résonateur auquel ils sont couplés, une méthode appelée détection inductive. La
spectroscopie ESR est généralement réalisée à température ambiante. Cependant,
le bruit thermique associé au faible couplage spin-photon se traduit par une mau-
vaise sensibilité des spectromètres ESR. En bande X, de l’ordre de ∼ 1013 spins sont
nécessaires pour obtenir un signal suffisant en une seule séquence de mesure.

Il existe une recherche active visant à améliorer la sensibilité de la spectroscopie
inductive ESR [2, 3, 4, 5, 6, 7, 8], motivée par le progrès des circuits quantiques
supraconducteurs et de l’électrodynamique quantique des circuits (cQED)[9] où
la détection haute fidélité des signaux micro-ondes faibles est essentielle pour la
mesure et la manipulation des qubits. Des résultats prometteurs ont été obtenus
récemment en utilisant les amplificateurs paramétriques Josephson (JPA) [10] dont
l’amplification n’ajoute aucun bruit supplémentaire. La spectroscopie ESR à la lim-
ite quantique de sensibilité a été rapportée par Bienfait à. al., qui a démontré une
sensibilité de 1700 spins /

√
Hz [6, 11].

À la lumière de cela, il a été théoriquement prédit par Haikka et. al. [12] qu’il
devrait être possible d’atteindre une sensibilité suffisante pour détecter un seul spin
en combinant des micro-résonateurs supraconducteurs à facteur de haute qualité et
des amplificateurs paramétriques Josephson. De plus, il a été montré qu’en opti-
misant la conception du résonateur supraconducteur, la sensibilité était augmentée
jusqu’à 65 spins /

√
(Hz) [13].

C’est le contexte de cette thèse dont la motivation est de réaliser expérimentalement
la proposition [12], c’est-à-dire d’améliorer la spectroscopie ESR vers la limite de
la détection de spin unique en médiant le couplage d’un seul spins avec un rayon-
nement photonique à l’aide d’un LC high résonateur supraconducteur à facteur de
qualité.
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Le premier chapitre de cette thèse décrit les détails de la proposition [12] et vise
à fournir les outils conceptuels nécessaires pour comprendre les mesures. Nous ex-
pliquons d’abord les principes de la dynamique de spin pilotée par un champ micro-
onde classique, ainsi que les séquences d’impulsions utilisées pour la caractérisation
du spin. Ensuite, nous présentons le couplage spin-résonateur hamiltonien. Le
paramètre essentiel est la constante de couplage spin-photon g. Compte tenu des
pertes du résonateur (à un taux κ), le spin peut émettre spontanément des photons
hyperfréquences, via l’effet Purcell. Nous terminons le chapitre en estimant le temps
de mesure d’un seul spin couplé à un résonateur

Tmeas =
κ2Γ∗2
g4

, (1)

où nous avons considéré l’amplification micro-ondes idéale, et (Γ∗2)
−1 ≡ T ∗2 est le

temps de cohérence de spin. Pour des paramètres raisonnables, un temps de mesure
inférieur à la milliseconde est réalisable. Cependant, cela nécessite un alignement
précis (de l’ordre de 10 nm) du spin avec un nanofil inséré dans le résonateur, ainsi
qu’un temps de cohérence suffisamment long.

Figure 1: Configuration proposée. a. Résonateur LC supraconducteur com-
posé de deux plots (condensateur C) et d’un fil (inductance L) placés dans une
cavité micro-onde tridimensionnelle. b. Constriction à l’échelle nanométrique faite
au centre du fil d’inductance, en dessous de laquelle un seul spin est situé à 15
nm. c. Coupe transversale de la structure. d. Schéma du circuit de mesure
considéré. Le signal qui s’échappe de la cavité est d’abord amplifié par un amplifi-
cateur paramétrique Josephson limité quantique (JPA), suivi par des amplificateurs
cryogéniques à faible bruit HEMT et à température ambiante. [12]

Le deuxième chapitre décrit la physique des centres NV dans le diamant, qui sont le
système de spin modèle utilisé dans cette thèse. La spécificité des centres NV dans le
diamant est qu’ils peuvent être implantés à des endroits bien définis, et entièrement

2
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caractérisés à température ambiante par détection optique de résonance magnétique
(ODMR).

Le troisième chapitre rapporte l’un des principaux résultats de cette thèse. Nous
démontrons la fabrication d’un échantillon avec un réseau de centres NV individuels,
situés à une position précise par rapport aux marques d’alignement gravées dans le
substrat, et avec de longs temps de cohérence (jusqu’à 52 µs), comme le montre la
Fig. 2. Ceci a été obtenu par implantation à travers un masque de résine percé de
trous de taille nanométrique.
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Figure 2: Réalisation d’un réseau de centres NV placés précisément avec
de longs temps de cohérence. a. Image au microscope confocal d’un seul centre
NV. L’échelle de couleur indique le nombre de photons collectés par seconde. b.
Mesure Ramsey d’une seule NV. T ∗2 = 52µs

Nous procédons ensuite en testant notre capacité à aligner précisément un seul
centre NV et un nanofil métallique déposé sur le diamant. Pour cela, dans le qua-
trième chapitre, nous réalisons une expérience où nous utilisons une magnétométrie
vectorielle à NV unique pour déterminer a posteriori la position de plusieurs cen-
tres NV par rapport à des nanofils d’aluminium à travers lesquels nous passons du
courant continu. Nous déterminons la position relative avec une précision ∼ 10

3
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nm. Nous trouvons un décalage d’ordre systématique 100 nm, malgré tous nos
efforts, comme le montre la Fig. 3. Sur la base de ces résultats, nous avons décidé
de cibler le couplage du résonateur à un petit ensemble de centres NV implantés,
où la précision d’alignement est moins critique.
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Figure 3: Estimation des positions des centres NV individuels. Résultat
analytique. La carte des couleurs représente l’amplitude du champ magnétique B0

dû à un courant continu passant à travers le nanofil. La ligne rouge continue en
profondeur = -10 nm correspond à la surface du diamant. Les lignes pointillées
représentent la probabilité carte de densité de la position du NV.

Dans le dernier chapitre de la thèse, nous rendons compte de la conception, de
la fabrication et de la caractérisation du résonateur à des températures millikelvin.
Le taux de perte du résonateur est suffisamment faible pour réaliser l’expérience
envisagée, comme le montre la Fig. 4. Malheureusement, la résilience du champ
magnétique du résonateur était insuffisante pour régler la NV avec le résonateur; en
conséquence, le signal de spin n’a pas été mesuré.
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Figure 4: Résonateur: a. Image au microscope optique; b. Image SEM du nanofil;
c. Caractérisation des micro-ondes: ajustement pour déterminer la fréquence de
résonance ω0/2π et le facteur de qualité du résonateur (Qi;Qc;Qt)
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Chapter 1

Introduction

The field of magnetic resonance allows a deep understanding of the matter and its
structure at the atomic level. Its application is everywhere in our everyday life, with
a remarkable emphasis in life science and medicine. Electron Spin Resonance (ESR)
spectroscopy [1] is a branch of magnetic resonance that detects unpaired electron
spins. It is widely used in molecular biology, material science and chemistry to
analyze paramagnetic structures and to characterize products and molecules, un-
derstanding their structure and properties. The most usual way to detect ESR
spectroscopy is via the microwave absorption of an ensemble of spins when they are
tuned in resonance with a resonator to which they are coupled, a method called
inductive detection. ESR spectroscopy is usually performed at room temperature.
However, the thermal noise associated with the weak spin-photon coupling results
in a poor sensitivity of ESR spectrometers. At X-band, on the order of ∼ 1013 spins
are required to obtain sufficient signal in a single measurement sequence.

There is an active research aiming at enhance the sensitivity of inductive ESR spec-
troscopy [2, 3, 4, 5, 6, 7, 8], triggered by the progress of superconducting quantum
circuits and circuit quantum electrodynamics (cQED)[9] where high fidelity detec-
tion of weak microwave signals is essential for the measurement and manipulation of
qubits. Promising results have been achieved recently by using Josephson Paramet-
ric Amplifiers (JPA) [10] whose amplification adds no extra noise. ESR spectroscopy
at quantum-limit of sensitivity has been reported by Bienfait at. al., who demon-
strated a sensitivity of 1700 spins/

√
(Hz) [6].

In light of this, it has been theoretically predicted by Haikka et. al. [12] that
single-spin sensitivity should be reachable by combining high quality factor su-
perconducting micro-resonators and Josephson Parametric Amplifiers. Moreover,
Probst at. al. has shown that by optimizing the superconducting resonator design,
the sensitivity was enhanced up to 65 spins/

√
(Hz) [13].

This is the context of this thesis whose motivation is to perform experimentally
the Haikka proposal, i.e, to enhance the ESR spectroscopy towards the limit of sin-
gle spin detection by mediating the coupling of a single spins with photon radiation
using a LC high quality factor superconducting resonator.

The first chapter of this thesis describes the details of the Haikka proposal, and



Introduction

aims at providing the conceptual tools required to understand the measurements.
We first explain the principles of the spin dynamics driven by a classical microwave
field, as well as the pulse sequences used for spin characterization. Then, we present
the spin-resonator coupling Hamiltonian. The essential parameter is the spin-photon
coupling constant g. When taking into account the resonator losses (at a rate κ),
the spin can emit spontaneously microwave photons, via the Purcell effect. We fin-
ish the chapter by estimating the measurement time of a single spin coupled to a
resonator

Tmeas =
κ2Γ∗2
g4

, (1.1)

where we have considered ideal microwave amplification, and (Γ∗2)
−1 ≡ T ∗2 is the spin

coherence time. For reasonable parameters, a sub-millisecond measurement time is
achievable. However, this requires a precise alignment (of order 10nm) of the spin
with a nanowire inserted in the resonator, as well as a sufficiently long coherence
time.

Figure 1.1: Proposed setup. a. Superconducting LC resonator consisting of two
pads (capacitor C) and wire (inductance L) placed in a three-dimensional microwave
cavity. b. Nanometer-scale constriction made at the center of the inductance wire,
below which a single spin is located at 15 nm. c. Cross section of the structure.
d. Schematic of the considered measurement circuit. The signal leaking out of the
cavity is first amplified by a quantum-limited Josephson parametric amplifier (JPA),
followed by cryogenic low-noise HEMT and room-temperature amplifiers.[12]

The second chapter describes the physics of NV centers in diamond, which are the
model spin system used in this thesis. The specificity of NV centers in diamond
is that they can be implanted at well-defined locations, and fully characterized at
room-temperature by Optical Detection of Magnetic Resonance (ODMR).

The third chapter reports one of the main results of this thesis. We demonstrate the

8



fabrication of a sample with an array of individual NV centers, located at precise
position with respect to alignment marks that were etched into the substrate, and
with long coherence times (up to 50µs), as shown in Fig.1.2. This was obtained by
implantation through a resist mask pierced with nanometric-sized holes.
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Figure 1.2: Realization of an array of precisely placed NV centers with
long coherence times.. a. Confocal microscope image of a single NV center.
The color scale indicates the number of photons collected per second; b.Ramsey
measurement of a single NV. T ∗2 = 52µs

We then proceed by testing our ability to align precisely a single NV center and
a metallic nanowire deposited on top of the diamond. For that, in the fourth chap-
ter, we perform an experiment where we use single-NV vector magnetometry to
determine a posteriori the position of several NV centers with respect to aluminum
nanowires through which we pass some dc current. We determine the relative posi-
tion with a ∼ 10 nm accuracy. We find a systematic shift of order 100 nm, despite
our best efforts, as shown in Fig.1.3. Based on these results, we decided to target
the coupling of the resonator to a small ensemble of implanted NV centers, where
the alignment accuracy is less critical.
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passing through the nanowire. The continuous red line at depth = -10 nm corre-
sponds to the diamond surface. The dashed lines are the probability density map
of the NV’s position

In the final chapter of the thesis, we report on the resonator design, fabrication, and
characterization at millikelvin temperatures. The resonator loss rate is sufficiently
low to perform the experiment envisioned, as demonstrated in Fig.1.4. Unfortu-
nately, the magnetic-field resilience of the resonator was insufficient to tune the NV
with the resonator; as a result, the spin signal was not measured.
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nanowire; c. Microwave characterization: Fit to determine the resonance frequency
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Chapter 2

Proposal for detecting a single
spin with microwaves

Although there are alternative ESR techniques that can reach the nanoscale, there is
still a strong interest to increase inductively-detected ESR spectroscopy sensitivity
due to versatility of such spectrometers [5, 14, 15, 16]. This chapter gives theory
elements needed to understand the context of our experimental work. The final
goal of this work is to realize experimentally a theoretical proposal [12], which con-
sists in performing single-spin detection with microwave signals at low temperatures.

We will start with a simple description of the dynamics of a spin driven by a classical
field, including pulse sequences used for characterizing their coherence properties. In
a second part, we will turn to the quantum-mechanical description of the interaction
of a spin with a quantum field in a cavity. This will enable us, in a third paragraph,
to estimate the time needed to obtain a measurable signal from a spin coupled to a
nanowire cavity, i.e. to present the proposal that motivates the experimental work
described in the following chapters. The main result is that, with an experimen-
tally achievable value of the spin-photon coupling constant, single spin detection is
possible with an integration time of a few milliseconds.

2.1 Single spin detection: state-of-art

Owing to the weak interaction between spins and electromagnetic fields, an inductively-
detected ESR spectroscopy detection requires a large number of spins, leading to a
poor sensitivity and thus, preventing the study on single spin samples such as single
protein molecule or a nanoparticle.

Alternative techniques have been developed to overcome this limit and enhance the
sensitivity of ESR towards the nanoscale. Some of them are illustrated on Fig.2.1.
They involve scanning probe setups, optically (ODMR) or electrically (EDMR) de-
tected magnetic resonance.

Single spin detection can be achieved by Magnetic Resonance Force Microscopy
(MRFM) Fig.2.1a [17]. The atomic force microscope (AFM) cantilever has a mag-
netic tip that generates a magnetic field gradient such that the single spin can be
detected by a very sensitive measurement of the cantilever displacement.
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a) b) c) d)

Figure 2.1: Single-spin detection reached using alternative techniques rather then
inductive ESR spectroscopy. a. Single-spin detection using a MRFM setup. b.
Single Si:P donor detection with a SET. c. Photoluorescence color map of a diamond
comprising single NV centers, allowing for single-spin ODMR. d. Imaging of four
BDPA molecules using a STM. Figures are extracted respectively from [17, 18, 19, 20]

The EDMR is based either on spin-dependent charge-carrier transport and recombi-
nation [21, 22] or on spin charge conversion. In the last one the charge is efficiently
detected by a charge sensor such as: individual spin in quantum dots [23, 24], single
electron transistor (SET) Fig.2.1b [25, 26, 18], field effect transistor [27] and indi-
vidual magnetic molecules [28, 29]

The ODMR is based on spin-dependent photoluminescence, property of certain sys-
tems such as doped pentacene single molecules [30, 19], Nitrogen-Vacancy (NV)
centers in diamond Fig.2.1c [19] and Silicon-Vacancy (SiV) in Diamond [31]. The
single spin sensitivity is obtained by detecting optical photons after optical pump-
ing. The ODMR on NV centers will be widely used thoughout this thesis and is
explained in detail on Chapter 3.

Spin-polarized scanning tunneling microscopy (STM) has also been used to detect
single spin in nanostructures. It is based either on detecting the increased noise
of the tunnel current at the spin precession frequency [32, 33, 20, 34] or on spin-
polarized detection of the atomic-scale tunneling magnetoresistance [34, 35]. The
last method requires operation at cryogenic temperatures and can also achieve sub-
nanometer spatial resolution.

Despite these considerable advances, single spin detection remains a challenge, re-
quiring specific systems or elaborate setups. This motivates the need for pursued
research on alternative single spin detection methods. Our proposed method, de-
scribed in the remaining of this chapter, relies entirely on microwave signals for spin
detection thanks to an enhanced spin-microwave coupling, with possible applications
in quantum information processing.

2.2 Dynamics of a spin driven by a classical field

System and Hamiltonian

We consider an electron spin system, subjected to a dc magnetic field B0 applied
along the z axis. Its spin Hamiltonian Hs(B0) includes a Zeeman term −~γeS ·B0,
where γe is the electron gyromagnetic ratio and S the spin operator, and may also
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include other terms such as zero-field splitting or hyperfine couplings. Diagonalizing
this Hamiltonian yields the system eigenstates. We assume in the following that the
system dynamics can be approximated correctly by restricting the equations to two
states only (for instance, the ground and the first excited state), which we will de-
note as |0〉 and |1〉, with transition frequency ωs(B0) = (E1 − E0)/~. This effective
spin-1/2 can be described by the Pauli operators; for instance, its Hamiltonian is
Hs(B0) = −~ωs/2σz.

This spin system is additionally driven by some microwave field with a frequency ω
close to the spin frequency ωs. In this section, we consider the field to be classical,
described by B1(t) = B1 cosωt. This adds a term in the spin system Hamiltonian
H1(t) = −~γeS ·B1(t).

In the frame rotating at ω, and neglecting fast-rotating terms, the total spin Hamil-
tonian then writes

H =
δ

2
σz +

ΩR

2
σx, (2.1)

with δ = ω − ωs, and ΩR = γe〈0|S|1〉 ·B1 the Rabi frequency [36].

Coherent evolution : Rabi oscillations

0

1

Ψθ

φ

Figure 2.2: Bloch sphere sketch

A convenient representation for understanding spin dynamics is provided by the
Bloch sphere. An arbitrary pure quantum state can always be written as |Ψ〉 =
cos(θ/2) |0〉+ eiϕ cos(θ/2) |1〉. This can be mapped uniquely to a three-dimensional
vector called the Bloch vector, defined as (sin θ cosϕ, sin θ sinϕ, cos θ), whose loca-
tion is a unit radius sphere called the Bloch sphere, as shown in Fig.2.2.

Hamiltonian Eq.2.1 describes rotations of the Bloch vector representing the spin
around an axis located in the (x, z) plane and defined by the angle it does with the
z axis θR, with tan θR = ΩR/δ. The rotation frequency is given by

√
Ω2
R + δ2. Let

us now give specific examples that will be used throughout this thesis.

Free evolution If no microwave drive is present (ΩR = 0), the spin quantum state
undergoes a rotation at the Larmor frequency δ around the z axis.

13
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Rabi oscillations If a resonant microwave drive is applied to the spin (δ = 0)
for a duration ∆t, oscillations around the x axis occur at the Rabi frequency ΩR.
These Rabi oscillations are widely used for manipulating the spin state, and for de-
coherence characterization as explained in the following. Two pulses are particularly
interesting :

• When ΩR∆t = π/2, state |0〉 is transformed into a coherent superposition of
states with equal weight (|0〉+ i |1〉)/

√
2. This is called a π/2 pulse.

• When ΩR∆t = π, |0〉 is transformed into |1〉, and |1〉 into |0〉. This is called a
π pulse.

Bloch equations and steady-state solutions

To describe spin dynamics, one also needs to consider damping phenomena. Fol-
lowing Bloch, we consider a minimal damping model in which the spin population
difference is damped at a rate Γ1, and the spin phase coherence is damped at a rate
Γ2. Because spin relaxation also causes some decoherence, it can be shown that
Γ2 ≥ Γ1/2 [36]. We will give more details later on the physics of decoherence in the
specific case of NV centers in diamond.

This leads to the following equations for the mean value of the spin operators

Ṡx = −δSy − Γ2Sx (2.2)

Ṡy = δSx + ΩRSz − Γ2Sy (2.3)

Ṡz = −ΩRSy − Γ1(Sz − S0), (2.4)

where S0 is the equilibrium value of Sz, which we will assume is the ground state
S0 = −1/2.

These equations were proposed phenomenologically by Bloch in 1949. The Rabi
oscillations described in the previous paragraph appear as a coherent transient to-
wards steady-state solutions, which are given by

Sx =
ΩRδ

Γ2
2 + Ω2

RΓ2/Γ1 + δ2
S0 (2.5)

Sy =
ΩRΓ2

Γ2
2 + Ω2

RΓ2/Γ1 + δ2
S0 (2.6)

Sz =
Γ2
2 + δ2

Γ2
2 + Ω2

RΓ2/Γ1 + δ2
S0 (2.7)

Decoherence characterization with Ramsey and echo sequences

We now describe common pulse sequences used to characterize the spin coherence
time.

The Ramsey pulse sequence, shown in Fig.2.3a, is used to measure Γ2. The mi-
crowave frequency is purposely detuned from the spin frequency by a detuning δ.
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Figure 2.3: Pulse sequence. a. Ramsey sequence. b. Echo sequence. c. Spin
inhomogeneous linewidth

The spin system is prepared at time t = 0 in a superposition of states (|0〉+i |1〉)/
√

2
by a π/2 pulse (note that the pulse is applied with a Rabi frequency ΩR � δ, thus
the detuning has no impact on the Rabi rotation achieved). Then, the spin is left
to evolve freely for a duration T . It therefore undergoes a rotation at frequency δ
on the equator of the Bloch sphere. A second π/2 pulse is then applied, achieving a
second rotation around x, and the spin state is finally measured, yielding the prob-
ability to find the spin in the ground state P0(T ). Due to the free evolution, P0(T )
oscillates with period δ. Decoherence causes this oscillation to be damped, and the
rate provides a direct measurement of Γ2.

Spin decoherence is however more complex than this simplistic picture. In gen-
eral, it cannot be described simply by a simple rate as is the case in the Bloch
equations. The reason is that the environment causing spin decoherence is often
non-Markovian, implying that it evolves slowly, because it consists of a bath of
weakly interacting spins. Therefore, we need to distinguish two phenomena :

• Due to the very slow evolution of its environment, the spin resonance frequency
ωs at the beginning of each experiment is distributed with a certain probability
density around its mean value, with a typical width Γ∗2. The frequency stays
fixed during one experimental sequence (one speaks of static inhomogeneous
broadening). Because Ramsey fringes are measured by averaging a large num-
ber of sequences, they in fact give access to the static inhomogeneous linewidth
Γ∗2, Fig.2.3c.

• In order to measure the actual loss of phase coherence happening during one
sequence, we therefore need to perform a different experiment from the Ramsey
fringes. This is achieved with the spin-echo sequence [37], which is insensitive
to static inhomogeneous broadening. This sequence is depicted in Fig.2.3b. It
consists of a π/2 pulse at resonance, followed by a delay τ , a π pulse, a second
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waiting time τ , and a second π/2 pulse followed by a spin population measure-
ment. The decay of the spin population gives access to the true decoherence
rate Γ2. In general, Γ∗2 � Γ2.

2.3 Coupling of a spin to a quantized microwave

field

To achieve single-spin detection with microwave signals, we need to enhance the
spin-microwave interaction as much as possible. Therefore, we will use a high-
quality-factor microwave resonator. We are interested in the changes of microwave
field induced by the presence of one spin. Estimating this requires a quantum de-
scription of the interaction of the spin with the intra-resonator field.

Jaynes-Cummings Hamiltonian

B0
SPIN

L

C/2

C/2

Pin

r

δ

a. b.

Figure 2.4: Sketch of a LC resonator coupled with a single spin. a. LC
resonator capacitively coupled with a transmission line (input microwave power
Pin) and κ is the cavity energy damping rate. A static magnetic field B0 is applied
parallel to the inductive wire which, in turn, is coupled to the spin via the magnetic
field quantum fluctuations (δB1). b. Zoom in the inductive wire. r is the spin-wire
relative distance. The current quantum fluctuations δi generates δB1 that couples
to the spin Lamor frequency.

The system that we consider is depicted in Fig.2.4. The spin is coupled to the
magnetic component of the microwave field stored in a LC resonator of frequency
ω0. Compared with the previous section, we will now treat this field as a quantum-
mechanical operator. The system Hamiltonian now includes, in addition to the
spin Hamiltonian and its interaction with the microwave, also the microwave field
Hamiltonian : H = Hs(B0) +H0 +Hint, with

H0 = ~ω0a
†a (2.8)

Hint = −~γeS · B̂1. (2.9)

Here, a (resp. a†) is the field annihilation (resp. creation) operator, and B̂1 =
δB1(a+a†) is the magnetic field operator, where δB1 is an important quantity that
represents the rms fluctuations of the magnetic field when the microwave field is in
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its ground state.

To go forward, we project H on the two-level spin subspace, and perform the
rotating-wave approximation. In the frame rotating at frequency ω0, we then obtain

H/~ = −δ
2
σz + g(σ+a+ σ−a

†), (2.10)

with σ± = (σx ± iσy)/2, and

g = −γe〈0|S|1〉 · δB1 (2.11)

the so-called coupling constant.

The Hamiltonian Eq.2.10 describes the linear coupling of a two-level system nearly
resonant with a single mode of the electromagnetic field, and is called the Jaynes-
Cummings Hamiltonian [38]. It is encountered in particular in cavity and circuit
quantum electrodynamics (QED), where real or artificial atoms are linearly coupled
to a resonator[36]. Most cavity and circuit QED implementations rely on a dipolar
electric coupling (Rydberg atoms or superconducting qubits coupled to a supercon-
ducting microwave resonator, quantum dots coupled to an optical microcavity, ...).
Here, we apply cavity and circuit QED concepts to a single electronic spin.

Purcell effect

The dynamics of the spin-cavity system described by the Jaynes-Cummings is very
different, depending on the ratio between the coupling constant g and the cavity en-
ergy damping rate κ. The regime where g < κ is called the weak coupling, whereas
g > κ is the strong coupling regime. For reasons that will be clarified later, the
planned experiments are in the weak coupling regime, and we will concentrate on
this case in the following.

In the weak coupling regime, the coupling of the cavity to the spin gives rise to
a radiative relaxation channel for the spin, via the Purcell effect [39]. When the
spin and cavity are resonant (ωs = ω0), the spin can return to its ground state
by emitting a microwave photon in the cavity, which then leaks out towards the
measurement line. The rate for this decay is given by the Purcell formula

ΓP = 4g2/κ. (2.12)

This effect is essential in the present proposal, because the Purcell rate is the rate
at which the spin scatters photons in the measurement line, and therefore also the
rate at which we may acquire information about its presence or absence. The higher
the Purcell rate, the faster the measurement, as will be clear in the following.

2.4 Single spin detection proposal

We now have sufficient background to describe the proposed experiment. Here we
follow the main lines of [12], where more detail can be found if needed.
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Proposed experiment

Figure 2.5: Proposed setup. a. Superconducting LC resonator consisting of two
pads (capacitor C) and wire (inductance L) placed in a three-dimensional microwave
cavity. b. Nanometer-scale constriction made at the center of the inductance wire,
below which a single spin is located at 15 nm. c. Cross section of the structure.
d. Schematic of the considered measurement circuit. The signal leaking out of the
cavity is first amplified by a quantum-limited Josephson parametric amplifier (JPA),
followed by cryogenic low-noise HEMT and room-temperature amplifiers.[12]

The heart of the experiment is shown in Fig.2.5. A spin is coupled (with con-
stant g) resonantly to a microwave LC resonator (ωs = ω0), which is probed in
reflexion via a measurement line coupled to the resonator at a rate κ. The prob-
ing tone is a continuous-wave microwave signal, with amplitude β, related to the
incoming power by Pin = ~ω0|β|2 so that |β|2 represents the number of photons per
second incident on the cavity input. The presence of a spin leads to some amount of
microwave absorption, which constitutes the spin detection signal. The question we
wish to answer is the measurement time : how long does it take for the signal-to-
noise ratio to reach 1 to discriminate between the presence of a spin and its absence ?

We first estimate the amplitude of the spin signal. From the Jaynes-Cummings
Hamiltonian, and taking into account cavity field driving and damping, one obtains
the following equation for the field operator in the steady-state

〈a〉 =
2

κ
(−ig〈σ−〉+

√
κβ). (2.13)

To compute the mean spin polarization, we furthermore assume that the spin is
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in the weak coupling regime and that we can treat it as a small perturbation of the
cavity field. In that limit, the spin is driven by the unperturbed intra-cavity field
α0 = 2β/

√
κ. The spin operator mean value is obtained by the steady-state solution

of the Bloch equations, with ΩR = 2gα0. This yields

〈σ−〉 = −i gα0Γ1

4g2α2
0 + Γ1Γ∗2

. (2.14)

Maximizing the spin signal requires to maximize 〈σ−〉. This is obtained at satu-
ration, when α0 =

√
Γ1Γ∗2/2g. We then obtain

〈σ−〉0 = −igα0

2Γ∗2
= − i

4

√
Γ1

Γ∗2
(2.15)

The spin signal, as seen from the intra-cavity field, is then

α0 = −2ig〈σ−〉0
κ

= − g

2κ

√
Γ1

Γ∗2
(2.16)

For spins at low temperature, Γ1 can become very low, in which case the spins are
saturated at very low powers, and yield a very low absorption signal. This is why the
Purcell effect is so essential, as it considerably increases Γ1, even in conditions where
the spin-lattice relaxation becomes negligibly small. Assuming Γ1 = ΓP = 4g2/κ,
the previous equation simplifies to

α0 = −g
2

κ

√
1

κΓ∗2
(2.17)

Measurement time

We now determine how long it takes to measure this signal (the measurement time
Tmeas). For that, we consider that the signal leaking out of the cavity (the output
field aout =

√
κa) is amplified by several stages of amplification, and then detected

by mixing it with a local oscillator at room-temperature (which is called homodyne
detection).

The total output noise has two distinct origins : first, the quantum fluctuations
of the microwave field; then, the noise added by the imperfections of the amplifica-
tion chain. This added noise is conveniently described by a parameter η = 1/(1+N),
N being the number of photons added in a mode by the amplifiers. The quantum
theory of amplifiers developed by C. Caves [40] predicts that η = 1/2 for the best
possible amplifier if it equally amplifies all phases, whereas η can reach 1 for an am-
plifier that amplifies only one signal phase (and de-amplifies the orthogonal other
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one). Even the best commercial microwave amplifiers are however far from these
numbers, barely reaching η ' 0.01. Reaching Caves limit has become possible in
the recent years thanks to the development of superconducting amplifiers based on
Josephson junctions, the so-called Josephson Parametric Amplifiers (JPA) [41, 42],
that are used as first amplifiers in the detection chain (see Fig.2.5).

The output signal measured during time ∆t, after amplification and homodyne
detection, is modelled by

dY = η(aout + a†out)dt+
√
ηdW. (2.18)

The last term describes the field quantum fluctuations by a Wiener noise term
dW , with zero mean and variance dt. This output signal is integrated for a time
T . Assuming the local oscillator phase is chosen to maximize the spin signal, this
yields

ζ(T ) =
1√
T

∫ T

0

dY = 2η
√
Taout +

√
η∆W, (2.19)

where ∆W is a Gaussian-distributed with zero mean and unit variance. When
no spin is present, ζ(T ) has a Gaussian distribution centered on 0 and with variance
η; when a spin is present, ζ(T ) has a mean of 2η

√
Taout and a variance of η. The

signal-to-noise reaches unity when the separation between the two distributions is
equal to twice their standard deviation, which is reached in our case for

Tmeas =
κ2Γ∗2
ηg4

. (2.20)

To minimize the measurement time, it is thus essential to maximize the spin-photon
coupling g, minimize resonator losses, have long spin coherence time Γ∗2

−1, and use
the best Josephson parametric amplifiers.

Realistic estimates, and targeted parameters

We now provide realistic estimates of the parameters involved in the experiment.

The first and most essential parameter is the spin-photon coupling constant g. As
shown in Eq.2.11, this requires estimating the rms magnetic field fluctuations at the
spin location, δB1. In order to maximize δB1, our approach is to bring the spin as
close as possible to the resonator, and to concentrate the magnetic field around a
narrow constriction.

The geometry that we consider is shown in Figs.2.4 and 2.5. The resonator consists
of a planar lumped-element resonator, with a capacitor C shunted by an inductor
L that includes a short section of a nanowire, with width w and thickness t. The
spin is located at a depth d below the surface, in the middle of the nanowire, at a
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distance r = d + t/2 from the nanowire. A biasing field B0 is applied parallel to
the sample surface. The microwave magnetic field B1 is then perpendicular to B0,
along the x direction.

The rms current fluctuations δi through the resonator inductor are given by

δi = ω0

√
~

2Z0

, (2.21)

with Z0 =
√
L/C the resonator impedance. A simple estimate of δB1 is then ob-

tained by modelling the nanowire as infinitely thin, yielding δB1 = µ0δi/(2πr). An
analytical formula is also available for the rectangular wire, as explained in the Ap-
pendix A and in [12].

The resonator design is discussed in detail in Chapter 6. Its target frequency is
3 GHz, close to the resonance frequency of NV centers in diamond as explained in
the next chapter, with an impedance Z0 ' 11Ω.

Using the above formula, and considering w = 20 nm, t = 15 nm, and d = 15 nm, we
obtain δi = 35 nA, and δB1 = 0.33µT. For NV centers in diamond, 〈0|Sx|1〉 = 1/

√
2

as explained in the next chapter, and we thus obtain g/2π = 6.5 kHz.

In order to minimize the energy losses, the planar resonator must be patterned
out of a superconducting metal, and the microwave losses should be minimized. A
loss rate κ ∼ 105s−1 is commonly reached in Circuit QED experiments, and this is
the value we consider here. Note that we are indeed in the weak coupling regime,
since g � κ. This yields a Purcell rate ΓP = 4g2/κ = 3 · 104s−1.

For spin decoherence, we consider Γ∗2 = 105s−1 as a realistic target value (see next
chapter). Using a parametric amplifier, noiseless amplification can be achieved, so
that we can suppose η = 1. With these figures, a measurement time Tmeas = 0.4 ms
is predicted. This prediction is the motivation for this PhD work.

Summarizing the requirements of this experiment, we need individual spins with
long coherence times, close to the sample surface, and aligned as well as possible
(with an accuracy of order 10 nm) with a nanowire resonator patterned on top of the
sample. In the following chapter, we will see that NV centers in diamond are well
suited to satisfy these requirements. The specific interest of our proposal is that it
enables in principle the detection of any sort of spin as long as its coherence time
is sufficiently long, whereas usual single-spin detection methods are system-specific,
as shown previously in this chapter, relying for instance on the existence of optical
transitions with suitable spin properties.
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Chapter 3

NV centers in diamond

We now describe the spin system used throughout this thesis: NV centers in dia-
mond. They consist in a substitutional Nitrogen atom into the diamond lattice with
an adjacent carbon vacancy.

Despite studies on NV centers have been performed since 60’s [43], the research
interest in NV centers has widely increased after 1997 when Gruber et. al [44] first
isolated individual NV centers using an optical confocal microscope. NV centers
present a robust photostability which allows them to be used as a stable source
of single photons [45, 46]. Moreover, NV centers are paramagnetic and their spin
magnetic resonance is optically detected at room temperature (ODMR) [47]. The
ability of initializing and reading the NV’ spins, associated with their long coher-
ence times [48], have triggered the interest of researchers in the field of quantum
computing, quantum communication [49, 50, 51, 52, 53, 54] quantum memories [55]
as well as quantum sensors [56, 57, 58], magnetic resonance spectroscopy [59, 60]
and probing of magnetic structures [61, 62, 63, 64] at the nanoscale. NV centers are
also promising for the implementation of quantum networks [65, 54, 66, 67].

This chapter is a review about the NV center useful properties to the understanding
of the experimental work. In what follows, we will give a brief description of the
NV structure, charge state and Hamiltonian of the NV ground state spin before
describing their optical properties and ODMR. We will comment on their Hyper-
fine interaction as well as the magnetometry based on NV centers. Finally we will
discuss the principal sources of NV spin decoherence and comment on the specific
properties of NV centers located close to the diamond surface (”shallow NVs”).

3.1 Structure and charge state

Diamond is a semiconductor whose conduction and valence bands are separated by
5.49 eV [68], in the ultraviolet domain. Its large bandgap favors the existence of
optically active defects called color centers. Among the numerous color defects that
can be found in the diamond lattice, NV centers have been widely investigated in
recent years due to their optical and spin properties.

NV centers belong to the C3v symmetry group [69] i.e., they have a trigonal structure
where the symmetric axis, Z axis, is defined along the Nitrogen and the Vacancy,
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green arrow as seen in Fig. 3.1 b. When the NV is formed in a bulk diamond,
there are only four possible NV orientations, and they are along the four 〈111〉
crystallographic graphic axis of the diamond, as schematically shown in figure Fig.
3.1 a. Throughout this thesis, we will use only samples with the surface oriented
perpendicular to the 〈100〉 crystallographic axis, which is shown in Fig. 3.1a as a
yellow plane. The green arrow in Fig. 3.1a corresponds to the NV Z axis, that are
represented on each configuration. Note that the referential used to describe the
NV Hamiltonian is (X, Y, Z), different from the host diamond coordinate system
(x’, y’, z’).

Figure 3.1: NV Center Structure. a. Sketch showing the 4 possible orientations
of the NV 〈111〉 crystallographic axis of the diamond. The yellow surface is oriented
perpendicular to 〈111〉.; b. Sketch of the NV: trigonal symmetry formed by 3 carbon
atoms (black), 1 Nitrogen atom (blue) and the vacancy of carbon (white). The symmetric
axis, Z, is shown in green. In yellow are shown the 6 NV - electrons involved in the NV -

system.

NV centers can be found in three distinct charge states:

• The neutral charge state, NV 0 , which presents 5 electrons (1 from each carbon
dangling bound, the other 2 arising from the dangling bounds of the Nitrogen).

• The positive charge state, NV +, which happens if NV 0 loses an electron.

• The negative charge state, NV - , that occurs when NV 0 captures an extra
electron from the environment. It presents a electronic spin triplet [49] and
it is the only NV charge state whose spin can be controlled and optically
measured at room temperature.

The charge state of interest for this work is NV - , whose structure is shown in Fig.
3.1b. From now on, we will refer to NV - by simply NV.

The NV spin system possesses an electronic and nuclear spin and its properties
are governed by its structure and symmetry [70]. The electronic spin derives from
its 2 unpaired electrons. The spin quantization axis is along the NV Z axis, while X
and Y axes are in the normal plane regarding to the NV symmetric axis. Thus, the
electronic spin S = 1 can be decribed using the operator S = (ŜX , ŜY , ŜZ) which
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Ground state electron spin energy levels

are:

ŜX =

0 1 0
1 0 1
0 1 0

 ; ŜY =

0 −i 0
i 0 −i
0 i 0

 ; ŜZ =

1 0 0
0 0 0
0 0 −1

 (3.1)

The nuclear spin is due to the Nitrogen atom. The Nitrogen isotope of the NV
center can be either I

14N = 1 or I
15N = 1/2. The NV centers studied in this thesis

were formed by 15N whose nuclear spin is described by I
15N = (Î

15N
X ,Î

15N
Y , Î

15N
Z ).

3.2 Ground state electron spin energy levels

In the presence of a magnetic field B0 , the ground state of the NV electronic spin
Hamiltonian is:

HNV /~ = HZF/~ +HZeeman/~ (3.2)

where HZF is the zero field splitting Hamiltonian and HZeeman is the Zeeman shift
Hamiltonian. Each of these components are described below.

The Zero field splitting is a spin-spin interaction which arises from the exchange
energy between the 2 unpaired electrons of the NV center [70]. It results in a split-
ting of the energy levels |ms = 0〉 and |ms = ±1〉 even in the absence of external
magnetic field. The Hamiltonian depends on the zero field splitting tensor D̄:

HZF/~ = S · D̄ ·S
= DX Ŝ

2
X +DY Ŝ

2
Y +DZŜ

2
Z

(3.3)

Due to the axial symmetry of the NV center, the Hamiltonian can be rewritten as:

HZF/~ = DS2
Z (3.4)

where D/2π = 2.87GHz in the ground state. The presence of local electric field or
strain would result in an additional term of the form E(SX

2 − SY 2). In this thesis,
however, this effect is negligible and we consider E = 0.

The Zeeman effect describes the interaction of the electron spin with the mag-
netic field B0 . Thus, the Hamiltonian is given by:

HZeeman/~ =
−geµB

~
B0 ·S

= −γeB0 ·S
(3.5)

where, ge = 2 is the NV Landé factor; µB is the Bohr magneton and γe = −2π ×
2.8MHz/G is the gyromagnetic ratio of the NV electron spin.

In the absence of strain, X and Y are equivalent directions. We will therefore in
the following assume that the magnetic field B0 is applied in the plane (X,Z). The
matrix form of the Hamiltonian in eq. 3.2 is:

H =

D − γeB0 cosθ −γeB0 sinθ 0
−γeB0 sinθ 0 −γeB0 sinθ

0 −γeB0 sinθ D + γeB0 cosθ

 (3.6)
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where θ is the angle between B0 and the NV axis Z. The electron spin energy
spectrum is determined by diagonalizing the Hamiltonian, eq.3.6. Fig. 3.2 shows
the Hamiltonian eigenvalues calculated as a function of the applied magnetic field
oriented:

• Parallel to the NV: (θ = 0◦) The electron spin energy levels are linearly de-
pendent of the magnetic field, Fig. 3.2a.

• Perpendicular to the NV: (θ = 90◦) the energy levels have a parabolic depen-
dence with the applied magnetic field, Fig. 3.2b.
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Figure 3.2: Energy levels of the electron spin Hamiltonian. a. Applied magnetic
field B0 forming an angle θ with the NV Z axis; b. θ = 0◦; c. θ = 90◦

Beyond those two cases, we are also interested in another particular configuration
that will be widely explored throughout this thesis, which is: external magnetic field
parallel to the diamond surface and forming an angle of θ0 = 54.7◦ with the NV
center Z axis.
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Figure 3.3: NV - ground state transition energy spectrum. Comparison be-
tween B0 applied along NV - axis Z and B0 an applied parallel to the diamond
surface θ0 = 54.7◦.

The energy levels in this case are shown in Fig. 3.3 (solid lines), and compared
to the energy levels obtained by neglecting the component of B0 perpendicular to
Z. We see that as long as B0 < 1mT, the error is smaller than 2%. Throughout this
thesis, we will neglect this deviation, and make the approximation that the Zeeman
shift of the NV electron spin states is simply given by the projection of the B0 field
along Z, B0 cosθ.

3.3 Optical transitions and ODMR

In addition to its ground state (3A), NV also possesses several other orbital states
of higher energy: an excited state (3E), which is also a spin triplet and can be
populated via green laser pumping; and two metastable spin singlet states (1A and
1E).

Optical transitions between 3A and 3E are spin-conserving. The relaxation from
3E towards 3A gives rise to the interesting NV electron spin properties. Indeed, the
3Ems=0 relaxes radiatively towards the ground state 3Ams=0 in ∼ 10ns. However, the
excited 3Ems=±1 relaxes with a high probability towards a metastable singlet state
1A by intersystem crossing, which then relaxes towards the 3Ams=0 ground state via
a second metastable state 1E in ∼ 300ns (see Fig. 3.4). Thus, this spin-dependence
relaxation mechanism has two consequences:

1. Under green laser illumination, NV electronic spin is efficiently pumped to-
wards the 3Ams=0 ground state. This enables spin initialization;

2. In the first 300ns [71], the NV electronic spin emits more photoluminescence
(PL) in the 3Ams=0 than in the 3Ams=±1, because of its high chance to become
”trapped” in the dark metastable state. This enables spin readout.

That is the principle of Optically Detected Magnetic Resonance, ODMR, whose
spectrum can be measured using a 532 nm laser to polarize and readout the spin
[72]. The PL emitted by the NV is in the visible range, in the red. The PL contrast
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Figure 3.4: ODMR. NV shined with green laser emits red photoluminescence (PL).
3Ams=0 excitation leads to PL after ∼ 12ns while 3Ams=±1 excitation most probably
decays non-radiatively towards the metastable state 1A resulting in an occupancy of mg

s =
0 after ∼ 300ns. The spin-dependence of the electronic spin relaxations enables the spin
initialization and readout at room temperature.

is the figure of merit of the ODMR intensity and it is defined as:

C(T ) =
N0(T )−N1(T )

N0(T )
(3.7)

where N0(T ) [N1(T )] is the total number of collected photons during an integration
time T for the NV electron spin initially prepared in |0e

〉
[| ± 1e

〉
].

Fig. 3.5 shows the time-resolved PL during a readout laser pulse of a single NV
center initially prepared either on |0e

〉
(black) or | ± 1e

〉
(red). One can see not

only the contrast but also the steady state saturation value. The last one is due
to initialization process that occurs within the characteristic metastable life-time.
Therefore, although continuous laser can be used to perform ODMR, owing to the
steady-state the contrast decreases for integration times longer than 300 ns. That
is why we have used green laser pulses of 300 ns, to optimize the PL contrast [71].

A typical ODMR sequence includes:

• A first 532 nm laser pulse to initialize the spin in 3Ams=0

• A sequence of microwave pulses designed to measure the desired spin property
(spectroscopy, Rabi, ...)

• A second 532 nm laser pulse to readout the spin state, during which the pho-
toluminescence is integrated over the first 300 ns to determine the spin state.
Note that this laser pulse also re-initializes the spin for the next sequence.

3.4 Room temperature setup

All the experiments at room temperature are based on the collection of the Photo-
luminescence (PL) emitted by the NV centers. To collect the PL we have used a
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Figure 3.5: Time resolved Photoluminescence during a laser pulse readout
of a single NV center. The black (red) dots corresponds to the PL collected for
an electronic spin prepared in ms = 0 (ms = ±1).

home-built confocal microscope [73], see Fig. 3.6, which is described below.

Figure 3.6: Optical Table. Photograph of our home made optical table.

We have used a commercial continuous wave doubled-frequency Nd:YAG green laser
(λ = 532nm). Following the green laser path on Fig. 3.7 we can identify the main
components of the optical table. The laser intensity that impinges the sample is
controlled by λ/2 wave plate. An acousto-optic modulator associated with a λ/4
and mirror is used to perform the laser pulses. A dichroic mirrors reflects the green
laser towards the objective. The objective is focused at the diamond sample sur-
face which, in turn, is attached to piezoelectric allowing to scan the diamond surface.

There is a considerable difference between the refractive index (η) of the air and
diamond, 1 and 2.4 respectively. This hampers the PL collection. To overcome this
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difficulty we use oil with a typical η ∼ 1.5. Moreover, the sample holder is a Printed
Circuit Board (PCB) which allowed us to pass a microwave near the diamond sur-
face. More details about the PCB can be found later in Chapter 4.

Once the green laser illuminates a NV center, it becomes excited and emits PL
through the objective. The dichroic mirror reflects the green but it is transparent
to the red PL. The PL reaches, then, the so-called confocal microscope. Here, it
is composed by a lens, a pinhole at the lens focus and a optical fiber at twice the
focus distance. The PL will cross the confocal if, and only if, the emitter NV center
was at the focus of the objective, been filtered out otherwise. The Avalanche Photo
Detector (APD) collects the fluorescence which is digitized and plotted as a color
scale graphic.

Figure 3.7: Sketch of the room temperature optical setup.
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Figure 3.8: Confocal image of a single NV center. .

A typical confocal microscope image is shown in Fig. 3.8. The number of Photons
collected from a single NV depends on the sample background, the laser power and
the photon collection efficiency. In our system, at 0.3mW laser power, the PL
collected for a single NV is around 7 · 104 − 105 photons per second.

3.5 Hyperfine interaction

Figure 3.9: Hyperfine Interaction. Schematic representation of the NV electronic spin
interaction with the environment nuclear spins.

The electron spin of the NV center is coupled to nuclear spins present in the di-
amond lattice by the hyperfine interaction. First, the nitrogen atom itself possesses
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a nuclear spin, I=1/2 for the 15N isotope, or I=1 for the 14N isotope. Then, the
carbon atoms forming the diamond lattice can possess a nuclear spin if they are
from the 13C isotope, present at 1.1% abundance in natural carbon.

The location of 13C atoms is random, therefore the configuration of 13C atoms
around a NV is different between NV centers, which leads to intrinsic variations in
frequency and coherence times in-between individual NVs. On the other hand, all
NV centers have the same hyperfine coupling to the Nitrogen nuclear spin, which
thus needs to be considered as an integral part of the NV spin Hamiltonian because
of the important role it plays in its dynamics. In the following we thus study the
energy levels resulting from the NV spin Hamiltonian including the hyperfine inter-
action with the N nuclear spin. We will concentrate on the case of the 15N isotope,
since this is the one that we use throughout this thesis, as explained in Chapter 4.

H15N/~ = HNV /~ + γnB0 · I
15N + S · Ā

15N · I15N (3.8)

The first term corresponds to the NV electronic spin Hamiltonian 3.2. The second
term is the Zeeman Hamiltonian of the 15N nuclear spin. The gyromagnetic ratio of
the Nitrogen nuclear spin, I

15N is γn/2π = −4.3 MHz/T. The nuclear spin operators
are:

ÎX =

(
0 1
1 0

)
; ÎY =

(
0 −i
i 0

)
; ÎZ =

(
1 0
0 −1

)
(3.9)

The last term of the Hamiltonian 3.8 is the hyperfine interaction between the NV
electronic spin and I

15N , where Ā is the hyperfine interaction tensor:

Ā
15N

=

A⊥ 0 0
0 A⊥ 0
0 0 A‖


and the measured values of this matrix components are: A⊥/2π = 3.65 MHz and
A‖/2π = 3.03 MHz.

The matrix form of the Hamiltonian eq. 3.8 is:

H =



α1 β 0 δ 0 0
β α2 β A⊥√

2
δ 0

0 β α3 0 A⊥√
2

δ

δ A⊥√
2

0 α4 β 0

0 δ A⊥√
2

β −α2 β

0 0 δ 0 β α5


(3.10)

Where,

α1 = D +
A‖
2

+B0 cosθ(γe + γn
2

)

α2 = B0 cosθγn
2

α3 = D − A‖
2

+B0 cosθ(−γe + γn
2

)

α4 = D − A‖
2

+B0 cosθ(γe + −γn
2

)
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α5 = D +
A‖
2
−B0 cosθ(γe + γn

2
)

β = −B0 sinθγe√
2

δ = −B0 sinθγn
2

Diagonalizing the eq. 3.10 determines the NV spin energy spectrum. They are
plotted on Fig. 3.10 and Fig. 3.11 for three specific configurations of external mag-
netic field: θ = 0◦ (Fig. 3.10a), θ = 90◦ (Fig. 3.10b) and θ0 = 54.7◦ (Fig. 3.11).
The red [blue] curves corresponds to ms = ±1 [ms = 0].
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Figure 3.10: NV - hyperfine energy spectrum. a. NV Hamiltonian Eigenvalues with
a external magnetic field oriented at θ = 0◦; b. θ = 90◦

Eigenstates and ESR-allowed transitions

The most relevant scenario for our experiments is the low-field limit where γeB0 <<
A‖/2π. In a such case, the eigen-states depend on the electronic spin state. When

ms = ±1, S · Ā
15N · I15N dominates the Hamiltonian leading to an alignment of the

nuclear spin with the electronic spin, both along the Z axis. Thus, its eigen-basis
are: | ± 1e, ↑N

〉
and | ± 1e, ↓N

〉
.

When ms = 0, on the other hand, the nuclear Zeeman energy remains but the
hyperfine term vanishes to first order.

When B0 is applied along Z (θ = 0◦), the nuclear spin eigenstates are also | ↑N
〉

and | ↓N
〉
. Their energy is determined by the nuclear Zeeman shift, as seen in Fig.

3.10a, with γn as the gyromagnetic ratio. When B0 is applied along X (θ = 90◦)
the nuclear spin eigenstates in ms = 0 are | →N

〉
and | ←N

〉
. Interestingly, the

gyromagnetic ratio is however no longer the bare NV gyromagnetic ratio, as can
be seen in Fig. 3.12 where the difference in frequency between |mS = 0,→N

〉
and
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Figure 3.11: NV - hyperfine energy spectrum. For B0 applied along θ = θ0. The red
corresponds to ms = ±1, and the blue ms = 0.

|ms = 0,←N

〉
is plotted (blue curve), showing a much larger energy splitting than

expected from γn (red curve). This is due to the non-secular terms of the hyperfine
interaction, which lead to a renormalization of the gyromagnetic ratio when B0 is
applied along X [49, 74]. This effective gyromagnetic ratio is γn⊥/2π = −75.0247
MHz/T as can be seen from Fig. 3.12.
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Figure 3.12: Effective perpendicular nuclear gyromagnetic ratio

In the mS = 0 state, the nuclear spin is thus described by an effective Zeeman
Hamiltonian Hms=0/~ = γnB0cosθIZ +γn⊥B0sinθIX . The eigenstates of this Hamil-
tonian are

|+N〉 = cosψ |↑〉+ sinψ |↓〉 (3.11)

|−N〉 = − sinψ |↑〉+ cosψ |↓〉 (3.12)

with

tanψ =

√
1 +

γn
γn⊥

2 1

tan θ2
− γn
γn⊥

1

tan θ
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and the difference between their energy is

~ωNO =
√
γ2n(B0cosθ)2 + γ2n⊥(B0sinθ)2 (3.13)

For the following, we note in particular that if the NV spin system is prepared in
the states |mS = 0, ↑N〉 (resp |mS = 0, ↓N〉), it is not stationary and evolves period-
ically with frequency ωNO towards state |mS = 0, ↑N〉 (resp |mS = 0, ↑N〉). In the
rest of this thesis we will use both the stationary basis |mS = 0,±N〉, and also the
non-stationary basis |mS = 0, ↑N / ↓N〉, as depicted in Fig. 3.13.

As explained in Chapter 2, under a microwave drive, the Rabi frequency between
two levels |i〉 and |j〉 is proportional to the matrix element

〈
i|SX |j

〉
, implying that

only nuclear-spin-conserving transitions are allowed.

These transitions are shown in Fig. 3.13a, for the levels mS = 0 and mS = +1
by simplicity (the same is true with state mS = −1). To understand spectroscopic
consequences, we must give a few numbers. We will work at low magnetic fields
B0 < 2mT , so that the level splitting between |+1, ↑N〉 and |+1, ↓N〉 is ∼ 3MHz,
whereas the level splitting between |0,+N〉 and |0,−N〉 is on the order of few tens
of kHz, or <150kHz. On the other hand, the typical bandwidth of the microwave
pulses used in this work is around 500kHz - 1MHz. Our pulses do not resolve the
ground-state splitting, but easily resolve the excited state splitting. In a Ram-
sey fringe experiment in particular, the system is initialized in the electronic state
mS = 0, with the nuclear spin unpolarized. Pulses will therefore excite equally well
both orange transitions (or both green transitions) shown in Fig. 3.13b. This leads
to two Ramsey fringe patterns at frequencies separated by ωNO, and to beatings in
the final signal, as seen in Chapter 4.

𝜔 NO

System in the eigen basis 

e N
e N

e N
e N

e N

e N e N

e N

𝜋 pulse 

System in the basis sm Im

𝜔 NO

A//

a. b.

Figure 3.13: Energy levels representation sketch. Energy levels and transitions
in ms = 0 and ms = +1 (a) in the |ms,mi〉 basis (b) in the energy basis (the
ms = −1 manifold are not shown, for clarity.). As the transitions are nuclear-spin
conserving, 4 transitions are allowed when θ 6== 0.

3.6 Magnetometry using NV centers

Magnetometry using NV centers [75] has been widely used since the last decade
because of NV center nanoscale spatial resolution as well as their optical and spin
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properties at room temperature associated with long coherence times.

Maze et. al. [57] has used single NV near the surface of either a ultra-pure bulk
single-crystal diamond or located within a diamond nanocrystal to sense an ex-
ternally applied AC magnetic field. Sensitivity of 0.5µT/

√
Hz was achieved for

diamond nanocrystal with diameter of 30 nm.

Balasubramania et. al. [76] Degen et. al. [56], Taylor at. al. [58] and Maletinsky
et. al. [77] has used single NV in a diamond tip of an atomic force microscope
(AFM) cantilever as a probe spin near a substrate to measure the presence of local
magnetic fields on the surface. NV center magnetic field sensing proposed by Taylor
at. al. [58] reached a sensitivity of 3nT

√
Hz using a single NV center of T ∗2 ∼ 1µs

and T2 ∼ 300µs. Maletinsky et. al. [77] has used high-purity diamond nanopillars
as AFM tips and achieved coherence times as long as ∼ 75µs. In [77] magnetic
domains with width of 25 nm could be imaging and a sensitivity of 56nT/

√
Hz at

33 KHz was demonstrated.

Magnetometry by detection of the spin state of high-density nitrogen-vacancy en-
sembles in diamond at 75 K has been demonstrated by Acosta et. al. [78] with a
noise floor of 7nT

√
Hz at 110 Hz.

What all these NV magnetometry have in common is the use of the Zeeman shift
of the electron spin levels to infer B0 . As explained in Sec. 3.2, this method gives
access only to the B0 component that is parallel to the NV axis, B0 cos θ , and not
to its orthogonal component.

In this project, we have used the NV magnetometer properties to determine their
position with respect to a nanometric wire. A full description of the local mag-
netic field requires, however, the determination of B0 perpendicular to the Z axis,
B0 sin θ , as well. Although B0 sin θ detection could be achieved using an ensemble
of different NV centers orientations it has a price to pay: the reduction of the spacial
resolution because the NVs have to be enough apart in order to be resolved optically.

In this Thesis we have rather opted for a single NV method, proposed by Chen
et. al. [74] to determine both components of the magnetic field with respect to the
NV Z axis. B0 cos θ is determined by Zeeman interaction, as usual, while B0 sin θ is
inferred thanks to the Zeeman shift of the 15N nuclear spin. Thus, the high resolu-
tion is guaranteed and we can determine the magnitude and angle of B0 .

Fig. 3.14 illustrates the pulse sequence used to determine B0 sin θ . After ini-
tialization of the electron spin in |0e〉 by a green laser pulse, the NV is found with
equal probability in states |0e, ↑N〉 and |0e, ↓N〉. A nuclear-spin-state-selective pulse
is then applied to the electron spin. This pulse transfers all population from |0e, ↑N〉
into | + 1e, ↑N〉. Whereas the | + 1e, ↑N〉 is an eigen-state (and therefore does not
evolve in time), |0e, ↓N〉 is coupled to |0e, ↑N〉, as seen in the previous section, lead-
ing to an oscillation at frequency ωNO. This yields the transverse B0 component
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Figure 3.14: Nuclear oscillation sequence a. Laser (green) and microwave (red)
pulse sequence, with ∆t the delay time between two pulses. b. Time evolution of
spin state populations during the sequence.

through :

B0 sin θ =

√
ω2
NO/2π − γ2n ·B0 cos θ2

γn⊥
(3.14)

This oscillation is detected by letting the system evolve for a variable delay τ , fol-
lowed by another π - pulse which maps the nuclear spin oscillation into an oscillation
between |0e〉 and |1e〉 detectable by a pulsed laser readout. Throughout this the-
sis, we label these oscillation as ’Nuclear Oscillations’. Fig. 3.15a shows typical
data curve of Nuclear Oscillations and Fig. 3.15b is the B0 sin θ inferred from this
method. These image was extracted from Chen et. al. [74].

532 nm
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Polarization Detection
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Pulse sequenceMicrowave
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Figure 3.15: NV - nuclear oscillations. a. Top: Pulse sequence with green laser pulse
initialization followed by a π pulse, free induction time and the readout that consists in
another π pulse and green laser pulse. Bottom: Nuclear oscillation.; b. Magnetic field
calculated from the Nuclear oscillations [74]
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3.7 Relaxation times

Beyond the ODMR at room temperature, another attractive NV property is their
long electronic spin coherence time. As discussed in Chapter 3, the spin coupling
with the environment leads to decoherence. These losses are characterized by the
time scales T1 and T2, longitudinal and transverse relaxation times respectively,
which are the figure of merit of any quantum applications because they limit the
operational time of the quantum protocols.

At room temperature, the most relevant T1 relaxation mechanism involves spin-
lattice interaction and it is typically ∼ 4ms. In general, T2 is shorter than T1, and
is dominated by magnetic interactions with the environment.

In a bulk diamond the spin phase coherence is limited by interaction with para-
magnetic impurities bath or hyperfine interaction with the nuclear spin bath. The
mains source of impurities are listed below:

1. Other NV centers with concentration [NV]

2. Neutral nitrogen atoms (non-converted to NV) implanted in the lattice. These
”P1 centers” have a spin 1/2 [79]

3. 13C Carbon 13 atoms in the lattice, with concentration [13C ]

4. Moreover, clusters of vacancies can be paramagnetic and therefore act as a
decoherence source.

The impurities concentration depends on the diamond fabrication process that can
be either High Pressure High Temperature, HPHT, or Chemical Vapor Deposition
(CVD) techniques. The CVD NV environment is schematically shown in Fig. 3.16.

Although it is now possible to produce high purity diamonds via HPHT, typi-
cally diamond grown by HPHT has [P1] ∼ 102ppm and coherence times values
of T ∗2 ∼ 300ns and T2 ∼ 3µs [80, 81], while CVD growth can produce ultrapure dia-
mond with [N ] ∼ 1ppb. At such low [N ], the coherence time becomes limited not by
the electronic spin bath but rather by the nuclear spin bath of the natural concentra-
tion of 13C (1.1%). NV centers into such diamonds posses coherence time values up
to T ∗2 ∼ 500µs [70] and T2 ∼ 650µs [82]. Its environment is illustrated in Fig. 3.16 a.

To go beyond and enhance even more the coherence times, one can isotopically
purify the diamond to reduce the nuclear spin bath. Thus, the coherence times
can reach values as T ∗2 ∼ 500µs and T2 ∼ 2ms [83], Fig. 3.16 b. This isotopically
purified layer is presented in some of our samples that were grown by T. Teraji at
the National Institute for Material Science (NIMS) in Tsukuba.

Moreover, our strategy to obtain shallow NV center precisely positioned on the dia-
mond surface involves ion implantation that gives rises to additional non-controlled
defects in the diamond crystal such as the carbon Vacancies, for instance. Thus, it
is also a source of decoherence.
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Figure 3.16: Spin bath environment in diamond grown via CVD process. a.
The magnetic impurity bath is imitated to the natural concentration of 13C nuclear spin
bath. Typically, T ∗2 ∼ 2µs and T2 ∼ 500µs ; b. CVD diamond isotopically enriched with
12C (I

12C). NV centers into diamonds with [13C] ∼ 0.01% can reach T ∗2 ∼ 500µs and
T2 ∼ 2ms. Image adapted from [70]

3.8 Shallow NV centers and charge state stability

Unfortunately, shallow implanted NVs have been shown to have a number of proper-
ties degraded compared to NVs in the bulk [84] . First, shallow NVs were shown to
have coherence times shorter than in the bulk. This was attributed to the presence
of a bath of paramagnetic impurities located at the diamond surface [85], whose
physico-chemical nature remains unknown. Second, shallow NVs were also shown
to have their charge state less stable than bulk NVs [86]. A recent study demon-
strated that this is due to the possible presence of an electron acceptor state at the
diamond surface, which enables NV- ionization by tunneling from the NV to the
surface state. This charge state instability has several undesirable consequences for
our project. Here, the most noteworthy is that the contrast of the ODMR signal is
reduced compared to bulk NV centers, and also can vary from NV to NV, as well
as in time.
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Chapter 4

Realization of an array of precisely
placed NV centers with long
coherence times

We now describe the realization of an array of shallow NV centers with long coher-
ence time that was accurately positioned with respect to the etched marks on the
diamond substrate. Those diamonds, in turn, were carefully cleaned to possess low
microwave losses. Five diamond chips have been used and they were label as: ”d01”,
”d02”, ”d02a”, ”d03” and ”2sideimpl”. The NV centers were created artificially via
15N ion implantation followed by annealing.

In this chapter we will describe the chosen strategy NV alignment followed by all
the fabrication process. Then we describe the experimental setup for the NV char-
acterization, and we present the results.

4.1 Alignment strategy

NV centers in diamond may arise either from natural or artificial process. In the first
case, atmosphere’s Nitrogen incorporation into the diamond lattice results in NV
centers mainly formed by 14N and randomly spread out into the crystal. Artificial
NV centers, however, allows us to better control the NV positioning and the Nitro-
gen isotope as well. Artificial NV centers can be formed Nitrogen ions implanted
through masks of various types (pierced AFM tip [87, 88], resist masks [89], metal-
lic masks [90]), or by direct implantation with a Focused-Ion-Beam [91]. Since the
figure of merit of all this process is the alignment between the NV and the etched
marks on the diamond chip, we have chosen ion implantation to produce single NV -

[92] formed by 15N . The advantages of this process includes: simulate the ion depth
a priory as well as to distinguish between the natural NV, at arbitrary depth, and
the implanted shallow NV center, thanks to the N isotopes spectroscopy signature,
as explained on the previous chapter.

With usual ion implantation, the ion position on the sample is random. The con-
focal microscope is used to measure the PL of the formed NV center. However,
it would be necessary to determine the relative position of the Gaussian emission
profile of a NV with respect to an alignment mark with ∼ 10nm resolution, which



Realization of an array of precisely placed NV centers with long
coherence times

seems difficult given the piezoelectric stack hysteresis and drifts. On the other hand,
a resist mask can be used to restrict the ion implantation through nanometric size
holes, providing a nanometric position resolution if the resist mask is patterned with
electron-beam lithography. However, due to the small yield of N - NV conversion,
this technique alone is not able to determine which hole contains the NV.

In light of this, among the different existing alignment techniques, we chose an
hybrid strategy combining an e-beam mask and confocal microscope. More pre-
cisely, the strategy was to fabricate a resist mask with holes in the same machine
(e-beam at 100 kV) that was used to pattern the alignment marks and thus, guar-
antee their alignment with the machine incertitude of ∼ 20nm. The NV center
were implanted through these holes and characterized at room temperature using
the confocal microscope. In this way, we precisely measure the NV position, and
we are moreover able to characterize the NV coherence time at room-temperature,
enabling to select a good candidate for the low-temperature measurements.

Beyond the challenging positioning, we have to deal with the charge state insta-
bility of shallow NV centers. As commented in the previous chapter, the NV can
get ionized due to the presence of acceptor traps at the surface on the surface.

To overcome this difficulty we have designed two different mask patterns. First,
a grid of holes of ∼ 40nm of diameter, to produce single NV centers. Second, a grid
of lines set. These lines were as narrow as 80 nm and as long as 3µm and the set
is composed by four lines separated by 150 nm. The goal here was to guarantee the
some NV centers will remain on its negative charge state even after the nanowire
fabrication.

4.2 Fabrication process

The fabrication process is shown in Fig. 4.1 and the steps sequence is listed below:

1. Substrate, Fig. 4.1a:

(a) 12C isotopically purified layer,

(b) Etched marks on Diamond, Fig. 4.1b.

2. NV implantation:

(a) Electron beam lithography mask, Fig. 4.1c, and lithograpy Fig. 4.1d,

(b) 15N ion implantation, Fig. 4.1e.

3. Cleaning;

4. Annealing, Fig. 4.1f.

All these steps will be described in the following sections. In the fabrication process
I did the resist mask used to etch the diamond and the cleaning; I also partici-
pated in the implantation and annealing process with Sébastien Pezzagna (Leipzig
University) and Anne Forget (SPEC), respectively.
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Figure 4.1: NV implantation summary. a.Photograph of the diamond chip. b.
Profile of a CVD diamond sample with etched marks; c. Diamond covered by a resist
(PMMA); d. PMMA profile after been exposed by electron beam lithography. Holes with
nanometric dimensions are created at specific position regarding to the etched marks on
diamond; e. N implantation. The energy and fluency of the Nitrogen ions are controlled
such that they a blocked by the PMMA. The ions will be implanted into the diamond only
if it pass though the nanometric holes on PMMA. f. The conclusion of the fabrication is
reached by favoring an Carbon vacancy to move next to the implanted N. This is done by
annealing the sample.

4.3 The substrate

The substrates of all samples were CVD grown diamond chips purchased from El-
ement 6 with Nitrogen concentration < 5ppb (ppb = parts per billion). On top
of samples d02a and d03, a layer of thickness ∼ 1 micron of diamond isotopically
enriched in 12C was grown by CVD by T. Teraji at NIMS. Because the low concen-
tration of nuclear spins, those samples present long coherence times and therefore,
are dedicated to the low temperature measurements.

Etched Marks in Diamond

This project requires an absolute position referential marks in order to perform
the alignment between the NV centers and the LC resonator inductive nanowire.
Since these two process requires different lithography steps, those marks must resists
to several chemicals treatments. That is why we decided to use etched marks on
diamonds. The marks were fabricated in C2N. The patterning was done using an
electron-beam writer with 100kV accelerating voltage. The etching was done with
a proprietary recipe of oxygen etching in a RIE, using an aluminum mask. Three
different types of marks are etched into the diamond:

1. Alignment: square marks 10µm x 10µm for e-beam lithography alignment;
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2. Identification: array of 1µm x 1µm marks, designed with a code enabling the
identification of the sample area in a confocal microscope scan;

3. Label: samples d01, d02a and d03 have their names etched into the chip.

Alignment
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Label

1µm

C
olu

m
n
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2
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2
1

2
2

2
3

Identification

Figure 4.2: Diamond Etched marks. Left: Optical microscope of sample d03.
Right: Zoom on identification marks (design and SEM image) and label mark (op-
tical microscope).

4.4 NV implantation

The NV centers used in this thesis are created via ion implantation. Ion implanta-
tion consists in bombardment of a solid target with energetic ions (typically between
1keV - 1MeV). The ions are scattered inside the crystal. Their penetration pattern
is not directional but rather three dimensional distribution, strongly dependent on
their interaction with the target material, and usually represented by an Gaussian.

The figure of merit of this process are two: 1) the ion energy which determines
the ion depth; and 2) the number of ions per unity of area, the so called fluency,
which sets the number of formed NVs. For energy implantation in the 5-20keV as
used in this thesis, the N to NV conversion yield is in general around a few percent
[93].

We aimed at fabricating single and small ensembles of NVs well isolated in diamond.
Thus, we chose to implant ions throughout nanometric holes (or lines) pierced in a
resist mask because we want to protect all the diamond surface except at the desired
NV position reducing, therefore, the probability of carbon vacancies creation nearby
the NV which leads to to a considerable reduction in the coherence time.

The resist used is the polymethyl methacrylate (PMMA) and it can be patterned
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with nanometric resolution via electron beam lithography. Nonetheless, the effi-
ciency of this mask require a match of resist thickness and ion energy. At the
beginning of my PhD, the project’s state-of-the-art of the array of shallow NV -

centers into a purified CVD diamond substrate 12C - enriched with low microwave
losses (d00 ) is shown in the PL color map image on Fig. 4.3. All the bright spots
corresponds to at least one NV center. The resist thickness was not sufficient to
stop the nitrogen ions, and as a result NV centers were found everywhere on the
sample. In order to overcome this problem, this thesis begins with the testing sev-
eral implantation parameters and characterizing the formed NV centers.

532 nm

Photon counting

Polarization Detection

Signal Reference

Pulse sequenceMicrowave

( )a

MW
t( )b

  
 

a. b.

Figure 4.3: Confocal microscope image of the sample d00. Photoluminescence
(PL) color scale graphic of d00 diamond sample surface. The light blue corresponds to
few photons (basically the background) while the bright spots corresponds to at least
on NV center. On the both sides, sharp geometric square-like forms corresponds to the
etched marks on diamond. The white continuous line grid is a guide to the eyes in order
to recognize where the NV centers were supposed to be formed. As one can see, the
implantation has failed, because there are NV centers in everywhere.

Determining the implantation parameters

Based on STRIM simulations, made by Reinier Heeres, that shown a typical pen-
etration depth into PMMA of around 60 nm Fig. 4.4a at Nitrogen ions energy of
7.5 keV, we fixed the resist thickness as 120 nm to ensure that the ions would be
stopped Fig. 4.4a. At the same energy, the ion passing through the holes is expected
to be implanted in diamond no deeper than 20nm Fig. 4.4b.

We then performed a series of tests, using a natural-abundance CVD sample, to
determine the implantation yield. An array of holes was implanted with a fluence
of 2400 N/µm2 and holes of 100nm diameter. Using the annealing at 900◦ C, we
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a.

b.

Figure 4.4: STRIM simulations of penetration profile of the Nitrogen ions. a.
In the PMMA surface, the ion penetration depth is around 60 nm; b. In the diamond,
with the same energy ions, the penetration depth is rather 20nm.

consistently found an implantation yield of 4-5%.

In light of this, we decided to implant on average one Nitrogen atom per hole.
This should result in only 5% of the holes containing a NV center, which is not
a problem since we characterize them a posteriori. In order to do that, we have
changed the mask fabrication place to C2N where the electron beam lithography
works at 100 keV and allowed us to produce holes of 20-30nm side. Finally, with an
yield of ∼ 4− 5% and hole area of 400nm2 the Fluency should be around 3000 N

µm2

to reach our target.

Implanted mask

A sketch of the implantation mask is shown in Fig. 4.5. Here the design is composed
by only two type of cells contain either a grid of holes or a grid of lines. The first is
dedicated to single NV - detection and is based on holes of separated by 1.5 µm.
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The grid of lines Fig. 4.5b aims at being more flexible on the alignment process. It
consists is sets of 4 lines separated by 150 nm. As will be shown below, we verify
our implantation mask by evaporating metal after ion implantation and just before
mask removal. In this way we ensure that the implantation mask was as desired
when the ions were implanted. Using a 100keV e-beam lithography machine located
at C2N, we achieve holes of 20-30nm diameter (see Fig. 4.6. The lines turned out
to be wider than desired, around 70nm, but this is not an issue since their goal is
anyway to release the alignment requirements.

Figure 4.5: Implantation mask design. gds file sketch of the implantation mask. It is
composed by 16 cells: half of them composed by a grid of holes and the other half made
by a grid of lines.

The mask was made with PMMA coated with 20 nm of Aluminium used as a
discharging layer. The pattern was written into the PMMA mask using a 100 kV
electron beam machine with automatic alignment with respect to the etched marks.
This is a very import step because it determines the absolute position of the NV
centers on diamond. Moreover all the alignment afterwards is based on the same
marks. After e-beam exposure, the aluminum discharging layer is first removed, fol-
lowed by the mask development. The detailed mask recipe is shown in the Appendix
A.

Ion implantation

The ion implantation was done at the Department of Nuclear Solid State Physics,
Leipzig University, Germany, with the collaboration of S.Pezzagna. Selected by an
mass spectrometer, the ions arise from the 15N2 isotope allowing us to distinguish
the implanted NVs from the natural ones. The implantation energy was 7.5 keV
since we target at a depth around 20 nm. The Nitrogen fluency was between 2210
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and 2650 N/µm2.

In order to ensure that the pattern had turned out properly, the PMMA mask
was checked just after the ion implantation. For that, we evaporate 5 nm of Ti
followed by 30 nm of Au throughout the mask before dissolving it in acetone and
looked the gold pattern a Scanning Electron Microscope (SEM). Fig. 4.6 shows the
SEM images. It turns out that the average holes diameters was around 22-25 nm
while the lines appeared 70nm - 95nm thick. Finally, the Ti and Au was removed
with Piranha acid followed by K2I2 solution.

150 nm

150 nm

20 µm

20 nm

Figure 4.6: Implantation mask validation. SEM image of the implantation mask
after gold evaporation and liftoff

4.5 Annealing

After the Nitrogen implantation, annealing is required in order to form the NV
center by promoting the motion of vacancies created by implantation damage, and
also to heal as well as possible implantation damage. Annealing parameters have
been studied thoroughly. Although annealing temperatures of 900◦C have been often
used in the past, it was shown in recent years that a higher temperature enables
better implantation damage healing; this is however delicate as it can lead to slow
burning of the sample surface, which is detrimental for shallow NVs. Most of our
samples were annealed at 900◦C for 2 hours except d02a sample which was annealed
at 1100◦C for 2 hours. The annealing was performed at SPEC, in the chemistry lab
of D. Colson and A. Forget.

4.6 Sample cleaning

The diamond chip cleaning is a very important procedure performed at different
fabrication steps and thus, with different proposes. Here we list the indispensable
ones:
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1. After 12C purified layer in order to remove the graphite produced during this
process. We use a boiling mixture of three acids: Nitric, Sulfuric, and Per-
chloric, in proportion 3/4/1.

2. Fabrication preliminaries : The substrate must be perfectly clean on its surface
in order to be coated with the resist. The usual sequence is: Hot Acetone,
Alcohol Isopropanol, and bath in a specific acid which combines Sulfuric Acid
(H2SO4) and Oxygen Peroxide (H2O2), known as piranha solution due to its
high efficiency of cleaning.

3. Before confocal Characterization. The goal here is to reduce as much as pos-
sible the photoluminescence background on diamond surface after ion implan-
tation. Additionally to the sequence above, we perform a n Oxygen Plasma
to remove any eventual remnant PMMA residue.

4. Reduce diamond microwave losses. The same process that removes the Graphite.

4.7 Experimental setup

Sample holder

50 Ω

Microwave

Diamond
Al wire

a. b.

c. d.

Hole

Figure 4.7: Sample holder. a. PCB used to control the NV centers on diamond
chip, in green. In Black is represented the 50 Ω resistor used to avoid microwave
reflections. b. Zoom. The diamond is represented in blue while the Al the wire
bounding is shown in black. c. Condensors and resistors used to protect the on-chip
nanowire. d. Vias used to ground and and pass a current.

In order to perform the optical measurements, we use a Printed Circuit Border
(PCB) as a sample holder, designed by Reinier Heeres, as the one shown in Fig.
4.7a. The microwave (MW) pulses are sent through the SMA connector and are
absorbed by a 50 Ω resistor after crossing the sample. Note that there is a hole on
the center of the PCB and in the middle of the MW path. This hole was designed
to be behind the sample in order to avoid any undesired laser reflection from the
PCB.
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The chip is glued in the center of the holder and it is represented in blue in Fig.
4.7b. To deliver the microwave signal to the NV centers, two configurations can be
used. In the first one, we wire-bond a 30 µm aluminum wire across the diamond,
which does not need any waveguide patterning on the sample. In the second one, an
on-chip waveguide is first deposited on the diamond, and wire-bonded to the PCB.
The first configuration corresponds to the one used throughout this chapter and the
second will be explored on the measurements of the next chapter.

As will be seen in the next chapter, we will also pass a DC current through a
fragile Al nanowire. In order to protect it, the PCB includes RC filtering (see Fig.
4.7c). Finally, we have the PCB vias, Fig. 4.7c, dedicated to ground and feed the
current.

Applied magnetic field

a. b.

c. d.

I
B0

coil

d01

x'z'

y'

X

Figure 4.8: Applied magnetic field setup in the confocal microscope at
room temperature.a. Magnet (lateral view). b.Magnet (top view). c. Square
coil. d. Sketch of the magnetic field generated by the coil on the diamond chip.

The applied magnetic field configurations used throughout this thesis are:

• B0 at θ = 0◦. A photo of the experimental setup is shown on Fig. 4.8a and
Fig. 4.8b. A permanent magnet was carefully place behind the sample holder
in a rotational base station. Based on the diamond chip crystallography axis,
the magnet was aligned parallel to one of the NV orientations.
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• B0 at θ ∼ 54.7◦. As show in Fig. 4.8c, the magnet is replaced by a square coil
and the sample is in at the middle bottom of the coil, as illustrated in Fig.
4.8c. In such configuration, the resulting magnetic field applied in the sample
is approximately parallel to y’ axis at the diamond surface.

4.8 Characterization at room temperature

Now we present the first results of this work: the fabricated grid of implanted NV
centers with long coherence time.

NV center grid
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Figure 4.9: Grid. Confocal microscope color image in gray scale. The darker spots
corresponds to at least one NV center. In red is shown a fit of the designed grid.

Fig. 4.9 shows a PL color map of one implantation cell of d03 sample. In the
same image it is shown in red the plot of the designed implantation mask grid. The
NV centers are expected to be at the crosses of the red lines (a guide to the eyes).
From these images one reach two conclusions: 1) The implantation mask has worked
properly, since only a few NV centers are found, and a number of them are clearly
located on the grid as desired. 2) The yield is ∼ 2% in agreement with the literature.

Single NV microwave characterization

Now, let’s focus on a single NV center in this grid. Fig. 4.10 shows its PL im-
age. The typical collected PL color map corresponds to a two dimensional Gaussian
in the plan of diamond surface whose spot size is limited by light diffraction and is
around 300nm. Approximately 70 000 photons are collected per second.
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Figure 4.10: Confocal microscope image of a single NV center. The color
scale indicates the number of photons collected per second

To determine whether a NV is unique we have measure the autocorrelation function
g2(τ) between the PL intensity detectors given by:

g2(τ) =

〈
I1(t)I2(t+ τ)

〉〈
I1(t)

〉2 (4.1)

where I1 [I2] in the PL intensity collected by detector 1 [2] at a time t [t+ τ ].
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Figure 4.11: Auto-correlation function g2(τ) of a single NV. The data are
represented in black and the dip fit indicates a contrast of 83% at g2(τ) indicating
that the emitter is unique

Measuring g2 enables to determine the number of NV centers located in the laser
spot. Indeed, it can be shown that for n emitters, we should have g2(0) = 1− 1/n.
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Because the NV emission is accompanied by background photons, the measured
g2(0) can be larger than this theoretical value. Therefore, we get an upper bound of
the number n of emitters by determining n such that 1−1/n < g2(0) < 1−1/(n+1).
In particular, if g2(0) < 1/2, we can be certain that only one NV center is measured.
This is the case in the data shown in Fig. 4.10 for instance.

One can confirm by the spectroscopy shown in Fig. 4.12 that it is an implanted
NV because its microwave transitions corresponds to the energy spectrum of NV
electronic spin coupled with I

15N via hyperfine interaction. Black corresponds to
the data and the red is a Lorentzian fit. The spectroscopy contrast is 12± 1% with
Full Maximum at Half Width (FMHW) ∼ 1 MHz, limited by the microwave π pulse
duration (1µs). This why we can resolve only 4 dips instead of 8, which should
correspond to all possible transitions described on Fig. 3.13, as explained in the
previous section.
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Figure 4.12: NV Spectroscopy. Photoluminescence (PL) as a function of the fre-
quency ω of the applied microwave. The lowest (highest)-frequency two transitions
are between ms = 0 and ms = +1 (ms = −1).

The π pulse duration, on its turn, is determined by Rabi measurement as the one
shown in Fig. 4.13. Note that the Rabi amplitude was constant in time up to 20
µs. This was used as a criteria to selection of the NV whose coherence time would
be measured: NV centers whose Rabi measurements presenting decay in time was
excluded.

Coherence time

The last characterization measurement is the Ramsey pulse sequence to determine
the NV center coherence time. Fig. 4.14 and Fig. 4.15 show the Ramsey output
for single NV centers implanted at two different samples: with (d03 ) and without
(d02 ) the high isotopically purified 12C respectively. The beating seen at Fig. 4.14
are due to the hyperfine interaction as explained in previous chapter.
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Figure 4.13: Rabi measurement. The PL oscillates as a function of the pulse
duration, showing Rabi oscillations at a frequency ΩR/2π = 450 kHz

The results shows T ∗2 (d02 )= 1.2 ± 1µs while T ∗2 (d03 ) is up to = 52 ± 5µs. We
have investigated others 16 NV center on sample d02 been able to determine the
coherence time of 7 NV centers. All of them presented T ∗2 < 3µs.

In sample d03, on the other hand, among 10 NVs characterized, we have determine
the T ∗2 of 6 NVs: three had T ∗2 < 5µs and the other three presented T ∗2 (a) = 24±3µs,
Fig. 4.14a, T ∗2 (b) = 30±3µs, Fig. 4.14b and T ∗2 (c) = 52±5µs, Fig. 4.14c. Therefore,
these last 3 NV centers of d03 sample are the best candidates for the low-temperature
measurements.

4.9 Annealing and PL stability

Here we briefly comment on the NV fragility with respect to the Annealing. As
has been described above, the sample d02a has been annealed at 1100◦C in vacuum
followed by an cleaning with the 3 acid bath. Nonetheless, an unexpected PL insta-
bility was observed.

The implanted NV centers of this chip were ”revived”, i.e., the Pl stability recovered,
just after the second annealing, now at 460◦C in an Oxygen atmosphere followed
by Piranha acid cleaning. We believe that the second annealing was responsible
to stabilize the NV charge state that was compromised during the first annealing
because of it proximity to the surface [94].

4.10 Small ensembles of NV center

Fig. 4.16a shows the confocal microscope color map of a single set of lines. Its PL
is around 10 times larger than the single NV PL, thus, we estimate that this line
set has around 10 NV centers.
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Figure 4.14: Ramsey oscillations measured for a sample enriched in 12C, showing
a. T ∗2 = 24µs b. T ∗2 = 30µs c. T ∗2 = 52µs.
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coherence times
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Figure 4.15: Ramsey oscillations measured for a sample with natural-abundance
carbon, showing T ∗2 = 1.2µs.

In the absence of applied magnetic field, a typical spectroscopy measurements of
small NV ensembles (NV lines) is shown on Fig. 4.16b (orange). Note that the
formed NVs have no preferential orientation given the diamond surface oriented
perpendicular to

〈
100
〉

crystallographic plan. Plus, the earth magnetic field is large
enough to shift the transition energies of few MHz. As a consequence, the curve
of spectroscopy is broader and has a contrast of ∼ 12%. Applying, however, an
external magnetic field as Fig. 4.8a, one can clearly distinguish the NV orientation
one from another as shown in Fig. 4.16b (blue): there are several absorption lines,
they are narrow and have ∼ 2% of contrast.
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Figure 4.16: Small NV ensembles. Echo measurement of NV centers implanted
in different diamond samples.
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Substrate microwave losses

4.11 Substrate microwave losses

We finish this chapter discussing, briefly, about another characterization not per-
formed in the confocal microscope. Among the different physical phenomena leading
to resonator internal losses, the diamond chip mainly contribution involves dielectric
losses. Thus, in order to roughly estimate this losses, we have measured the trans-
mission signal S12 of a Niobium box cavity with the diamond sample. Fig. 4.17
shows what we have obtained to sample d03 before and after cleaning it with 3 acid
bath. We see that thorough cleaning enables to fully suppress the microwave losses
caused by graphitization of the diamond surface.

Cavity + Sample after cleaning 

Cavity + Sample before cleaning

Cavity only
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Figure 4.17: Small NV ensembles. (a) Photoluminescence of a small ensemble
of NVs implanted along a line. (b) Spectroscopy of the NV ensemble, both in
zero applied field and in a small applied field that resolves transitions from all NV
orientations.
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Chapter 5

Measuring the position of a spin
relative to a nanowire

As explained in the previous chapters, for our purpose, the nanowire resonator
should be positioned as precisely as possible above an individual NV center, with
a typical precision of 10 nm. However, before turning to low-temperature mea-
surements which take time and whose outcome is uncertain, we needed a rapid and
efficient method to characterize the accuracy of our alignment method. This method
is reported in this chapter, and has an interest on its own. Our method consists in
passing a dc current through the nanowire at room-temperature, and using single-
NV vector magnetometry to determine two components of the generated magnetic
field at the NV position and deduce its relative position.

This chapter describes how we have selected the NV centers to be measured, fol-
lowed by a description of the nanowire fabrication process and finally presents the
measurements and analysed results.

5.1 Principle of the experiment

To explain the principle of the experiment, we consider a NV center interacting with
the magnetic field B0 generated by passing a current I through a nanowire deposited
on top of the diamond as illustrated in Fig. 5.1a. For now, we consider that the wire
is infinitely long, so that B0 is located in the plane perpendicular to the wire. We
will use two coordinate systems. The first, (x’,y’,z’), is defined with respect to the
laboratory frame, Fig. 5.1a, with the nanowire being parallel to y’ and B0 therefore
located in the (x’,z’) plane. Because of invariance along the y’ direction, we take
y’= 0 at the NV location. The second, (x,y,z), is defined with respect to the NV
center as explained in Ch.3 and shown in Fig. 5.1b. Note that B0 cos θ and B0 sin θ
(shown in Fig. 5.1b) are defined with respect to the NV coordinates.

In the sample, the diamond edges are
〈
110
〉

and the surfaces are parallel to
{

100
}

plane. Thus, in the lab’s frame the NV orientations are given by:

NV A =
1√
3

(
0,+
√

2,+1
)

(5.1)

NV B =
1√
3

(
+
√

2, 0,−1
)

(5.2)
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NV C =
1√
3

(
−
√

2, 0,−1
)

(5.3)

NVD =
1√
3

(
0,−
√

2,+1
)

(5.4)
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Figure 5.1: Measurement sketch.a. NV center in the diamond coupled with the
induced magnetic field generated by the DC current through the nanowire at lab’s
referential frame. b. Induced magnetic field B0 and it parallel and perpendicular
components with respect to the NV axis, in the NV’s referential frame.
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Figure 5.2: NV center orientation. a. Lateral view sketch of the diamond chip:
edge
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plane parallel to y’ axis in lab’s referential frame. Three of the NV
orientations are emphasized. b. Electron spin resonance frequency as a function of
the voltage applied in the coil that generates the magnetic field. The slope of the
curves depends on the NV orientation.

Fig. 5.2a shows the NV families’ sketch from lateral view of the diamond at the lab’s
referential frame. In the ideal alignment situation, the NV center would be located
just below the nanowire (x’=0), so that also B0 would be horizontal and along the
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Nanowire fabrication

x’ axis. In this case, the field would be orthogonal to the NV axis for orientations A
and D, which is therefore the desired configuration to maximize the NV-resonator
coupling. Therefore, we decided to pre-select only NV centers with orientations A
and D with respect to the nanowire.

For that, we had to determine each NV’s orientation before nanowire fabrication. In
order to do so a magnetic field B0 was generated by a rectangular coil placed behind
the chip as described on Fig. 4.8c and Fig. 4.8d, in previous chapter. Performing
spectroscopy as a function of B0 magnitude, we obtain the curves shown in Fig.
5.2b where the slope of each curve is proportional to the polar and azimuthal angles
between the NV and B0 . Finally, using a Mathematica code we have identified the
orientations from these curves. To perform the measurements, we have selected only
NV D families.

5.2 Nanowire fabrication

The nanowire is fabricated using a liftoff process. A resist mask is patterned using
electron-beam lithography, followed by metal deposition and liftoff. To ensure min-
imal alignment errors between the NV and the nanowire, we use the same 100keV
electron-beam lithography system (Leika EBPG500+ at laboratory C2N in Mar-
coussis) to pattern both the implantation mask and the nanowire mask, with the
same automatic alignment procedure using the eched marks on diamond.

200 nm

pad

pad
nanowire

NV

Figure 5.3: Nanowire design.

The design of the nanowire and the connector pads is shown in Fig. 5.3. De-
positing the nanowire and pads in a single metal deposition step would imply that
the film thickness would be uniform, which is not desirable. Indeed, the nanowire
itself should be as thin as 15-20nm in order to maximize the coupling to the NV
center. On the other hand, having such thin pads would be detrimental for a num-
ber of reasons. For the experiment itself, it would become hardly possible to bond
the sample to the PCB. Moreover, having in mind the final experiment with the
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Measuring the position of a spin relative to a nanowire

resonator, a too thin resonator would suffer from large kinetic inductance, rendering
its frequency more difficult to predict. We thus use a 3-angle evaporation process,
which enables to modulate the thickness between the contact pads and the nanowire
itself. Such a process is commonly used to fabricate Josephson junctions. In our case
it relies on a suspended metallic mask, as shown in Fig. 5.3, fabricated as follows:

1. Lithography Mask: Sample Cleaning; ∼ 700 nm MMA; 20 nm Ge; ∼ 120 nm
PMMA;

2. Lithography: PMMA patterned at a 100 KV electron beam lithography; De-
velopment;

3. Reactive ion etching (RIE) used to transfer the PMMA pattern to Germanium
layer;

4. An oxygen plasma is used to create a MMA undercut which enables the sus-
pension of Germanium mask as well as a proper cleaning of diamond surface
where the Aluminum will be deposited.

The Al is then evaporated through this mask in 3 angles: 0◦, producing the nanowire,
and ±25◦ to make the pads connection (as thick as 50 nm in the end of the fab-
rication). The result of this process is illustrated in Fig. 5.5 and Fig. 5.6, which
show SEM images of the nanowire and pads. The nanowires are 500 nm long and
∼ 30-40nm wide and 20 nm thick.

0° -ϕϕ

MMA

Diamond

Ge

Al

Figure 5.4: Mask and Al evaporation. The nanowire and pads were fabricate us-
ing the 3-angle evaporation process where the Al is evaporated through a suspended
metallic mask.

We identified 7 NV centers and fabricated a nanowire on top of each of them. The
fabrication result is shown in Fig. 5.5. One side of the nanowire is connected to a
common ground electrode, and the other one to a separate dc pin on the PCB. In
addition, a waveguide is patterned nearby to pass the microwave signals needed to
drive the spins.

Fig. 5.6 shows a zoom SEM image of all the nanowires. As one can see, NW-g
did not come out properly of the lithography process, for an unknown reason.
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Nanowire fabrication

Figure 5.5: Nanowire Fabrication. SEM image of all Al pads fabricated as well
as the patterned waveguide.

Figure 5.6: Al nanowire and pads. Zoom on each nanowire. Nanowire NW-g has
exploded in some of the fabrication steps
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Measuring the position of a spin relative to a nanowire

5.3 Measurements at room temperature

Photoluminescence

We now present the NV vector magnetometry measurements. The photolumines-
cence of the NV behind the nanowire can be collected despite the Aluminium on the
surface because the nanowire length is larger than the spot size of the laser used in
the confocal setup. As one can see on Fig. 5.7, some amount of PL is measured on
top of the Al pads but a clear bright spot is observed in the center of the nanowire
at expected NV location.

The sample is mounted on its PCB holder, as explained in chapter 4 and is wire-
bonded to feed a DC current I. One of the nanowires showed up to be shorted and
thus, we have continue the experiments with 5 nanowires.

a. b.

500 nm 500 nm 0

170

k P
hotons/s

Figure 5.7: Photoluminescence. a. SEM image of one nanowire and its pads.
b. Confocal microscope image of this nanowire. The color map corresponds to the
number of photons collected per second. Even though the AL pads emits slightly
more PL than the diamond surface we can distinguish the NV center brighter spot
in the middle of the pads.

Spectroscopy

The parallel component of the field,nB0 cos θ , was determined with the spectroscopy
sequence shown in Fig. 5.10a. Because the applied fields stay lower than 2mT, we
will use the approximation that ∆ν = 2γe B0 cos θ , as explained in Chapter 3.

It is remarkable, however, that due to the presence of the Al pad the NV pho-
toluminescence can be drastically reduced making impossible the conclusion of the
measurements for some NV centers. Fig. 5.9 and Fig. 5.8 show the contrast re-
duction of NV2 and NV0 respectively. In the first one the contrast reduces from
∼ 15− 20% to ∼ 7.5% and the ESR x I could be done without problems. The con-
trast of NV0, however, had reduced from ∼ 3− 4% to ∼ 0.25− 0.5% and we could
not perform the vector magnetometry. In Another NV center, NV4, no spectroscopy
was observed at all after Al nanowire deposition. Therefore, we have continue the
measurements with 3 NV center: NV1, NV2 and NV3. Fig. 5.10 correspond to the
data of NV1 only. The reader can found the analogous measurement data for NV2

64



Measurements at room temperature

and NV3 in the Appendix A.
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Figure 5.8: Spectroscopy of NV0. Black [red] curve is the spectroscopy before
[after] the Aluminium evaporation. One can see that the contrast reduces from
∼ 3− 4% (before) to ∼ 0.25− 0.5%
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Figure 5.9: Spectroscopy of NV2. Black [red] curve is the spectroscopy before
[after] the Aluminium evaporation. One can see that the contrast reduces from
∼ 15− 20% (before) to ∼ 7.5%

The NV spectrum is then measured for several values of I, as shown in Fig. 5.10b.
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Measuring the position of a spin relative to a nanowire

The frequency of each ESR line is fitted by a sum of Lorentzian, yielding B0 cos θ(I).
As expected, B0 cos θ is seen to depend linearly on I, B0 cos θ = A I + B0 cos θ(0).
The fit yields A = 14± 0.1G/mA, and B0 cos θ(0)= 1.2 G is due to the Earth mag-
netic field.
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Figure 5.10: B0 cos θ determination. a. Spectroscopy microwave pulse sequence.
b. Spectroscopy measured at various DC current applied. c. Fit of ESR frequencies
versus applied current. d. B0 cos θ as a function of the applied DC current

Nuclear Oscillations

The perpendicular component of B0 was then determined using the nuclear oscil-
lation pulse sequence, as explained in Chapter 3. Fig. 5.11b shows the oscillations
obtained under several currents I. Due to the long 15N nuclear spin coherence time
in ms = 0, these oscillations can be observed over a range of 100 µs without a
measurable decay. Each curve were fitted with a sine function to determine their
frequency and B0 sin θ was calculated by equation 3.12:

~ωNO =
√
γ2nB0 cos θ2 + γ2n⊥B0 sin θ2 (5.5)

As for the parallel component, a linear fit of B0 sin θ(I) yields the Earth magnetic
field B0 sin θ(0) = -1.3 G, as well as the slope (19.1 ±0.3)T/A.

The values of d/dI(B0 cos θ) and d/dI(B0 sin θ) measured for all 3 NV centers are
summarized in Table 5.1
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Figure 5.11: B0sinθ determination. a. Microwave pulse sequence. b. Nuclear
Oscillation measured at various DC current applied.c. B0 sin θ as a function of the
applied DC current

B0 cos θ (T/A) B0 sin θ (T/A)
NV1 1.40± 0.1 1.89± 0.3
NV2 0.85± 0.01 1.30± 0.3
NV3 0.76± 0.1 1.06±−

Table 5.1: Values of dB/dI components

5.4 Analysis

Infinitely-long wire

Using the knowledge of d/dI(B0 cos θ) and d/dI(B0 sin θ), we can determine the
position of the NV relative to the nanowire. To do so, we compare the measured B0

with the computed field distribution generated by a given current I.

The nanowire carrying a current I is modelled in Python as infinitely long, with
a constant rectangular cross-section of thickness t and width w, a geometry for
which analytical solutions are available (showed in Appendix A). In this model, the
field generated by I has no component along y′, the wire direction, and its two
components along x′ and z′ are thus fully constrained by the measured Bz and B⊥.
Since we know the orientation of the NV axis, we can uniquely determine the po-
sition (x′, z′) which most closely matches the measured magnetic fields (B0 cos θ,
B0 sin θ).
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Measuring the position of a spin relative to a nanowire

The precision (error bar) of this positioning is determined using a bootstrapping
method: we perform the fitting procedure 5000 times using a wire width w of
36 ± 5nm and a thickness of 20 ± 2nm. For the distribution of measured field
values we take σ = 0.2G/mA, resulting in the position probability density function
(pdf) shown in Fig. 5.12a. There, it is represented a 2d graphic of depth (z’) versus
width (x’), the red line corresponds to the diamond surface, the black rectangle
centered in (0,0) is the nanowire cross section, the magnitude of B0 field is shown in
the color scale and finally, the contour distinguish with different colors the position
pdf. The positions calculated by this method as well their incertitude are shown in
table 6.1 and labeled as x′1 and z′1.
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Figure 5.12: Estimating single NV centers’ positions. The color map repre-
sents the magnitude of the magnetic field B0 due to a DC current passing through
the nanowire. The continuous red line at depth = 0 nm corresponds to the diamond
surface. The contour at different color lines are the probability density map of the
NV’s position.a. Analytical result; b. Finite element simulation correction.

We first note that the three NVs are not located below the nanowire, but at respec-
tively 84, 123, and 152 nm from the nanowire. This indicates that our alignment
procedure is not sufficiently accurate. The fact that all 3 NVs are on the same side
of the wire seems to suggest that there was a systematic shift of ∼ -100nm, possibly
due to the uncertainty in the successive alignment steps of the lithography.

We also note that the depth determined for NV1 and NV3 is in qualitative agreement
with the 11 ± 5nm depth expected from SRIM simulations given the implantation
energy of 7.5 keV, while the larger depth of NV2 may be due to channeling. The
standard deviation in lateral positioning of 27 nm can be semi-quantitatively un-
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derstood as arising from the finite size of the implantation aperture (with ∼ 20 nm
diameter) and the straggle upon implantation (also ∼ 20 nm diameter). Moreover,
considering a position pdf ≥ 75% (orange and black contour), this single-NV vector
magnetometry leads to a precision of ∼ 10nm. [95]

Finite-length wire

In order to assess the validity of the infinitely-long wire hypothesis, we compute
the three-dimensional magnetic field profile using Comsol finite element simulation,
using the real pad and wire configuration. The results are shown in Fig. A.2.
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Figure 5.13: Finite element simulation of B0 . The color map represents the B0

magnitude due to a current of 1A passing through a 500nm long nanowire connected
with pads.

The field profile is no longer invariant by translation along y’, but instead slightly

x′1 (nm) z′1 (nm) x′2 (nm) z′2 (nm)
NV1 −83.9± 0.8 −8.6± 2.7 −83.9± 2.4 −8.6± 2.7
NV2 −122.6± 2.9 −30.1± 7.5 −122.7± 6.7 −29.2± 11.2
NV3 −152.3± 2.6 −11.1± 6.2 −151.9± 5.7 −13.4± 9.2

Table 5.2: Position of the NV centers relative to the nanowire, assuming an infinitely-
long nanowire (left, [x′1, z

′
1]) or taking into account finite-length corrections as ex-

plained in the text (right, [x′2, z
′
2]).

depends on the y’ component. This dependence introduces an extra uncertainty in
the positioning of the NV centers. We take it into account by computing the relative
variation of the magnetic field when y’ is varied, at the location fitted by the pre-
vious method. Because the alignment precision seems to be of order ∼ 100nm, we
consider that y’ can vary between -150nm and +150nm. We find that on this range,
the values of Bx′ and By′ change by 0.9 and 3.7%. We then repeat the bootstrapping
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Measuring the position of a spin relative to a nanowire

calculation, taking into account this extra uncertainty in Bx′ and Bz′ . The result is
shown in Fig.1.12b. Even though the uncertainty is indeed larger, the conclusions
above are not dramatically modified (table 6.1). We do obtain an rms accuracy of
the positioning of ∼ 10nm.

5.5 Final comments

The vector magnetometry has an interest on itself because the determination of
B0 sin θ from room-temperature measurements allowed us to estimate the coupling
constant g of a NV to a nanowire resonator, as proposed in [96], for its detection
using microwave measurements. From equation 2.8, g is:

g = −γe〈0|S|1〉 · δB1 = γeδB1,⊥〈mS = 0|Sx|mS = −1〉 =
γeδB1,⊥√

2
(5.6)

because 〈mS = 0|Sx|mS = −1〉 = 1/
√

2 for a spin 1. Considering for instance the
resonator design envisioned in [96], for which quantum fluctuations of the current
were estimated as δi = 35 nA, the resulting δB1,⊥ = dB0⊥/dI · δi is directly obtained
for each of the 3 NV measured, yielding to a coupling constant of g/2π = 0.6, 0.7,
and 1 kHz.

In this way, we can estimate the measurement time of equation 2.20

Tmeas =
κ2Γ∗2
ηg4

. (5.7)

with κ the resonator linewidth, γ2 the NV coherence time, and η the microwave
detection efficiency.

Taking η = 1, κ = 105 s−1, γ2 = 105 s−1, we get a measurement time between
0.6 and 5 s for unit signal-to-noise ratio, which motivates the need for a better
alignment in order to bring the a closer distance between implanted NVs and the
nanowire and/or increase δi. In the future, the method should allow to improve the
accuracy of the alignment process, by repeated trial and error. In the following of
this project, we have however opted for an ”easier” solution. Instead of targeting a
single NV center, our idea is to couple it to a small ensemble of NVs (lines), aligned
with the nanowire, such that statistically there should be one or a few NVs located
closer to the wire. This solution has for extra advantage of alleviating the risk of
finding an NV center in the wrong charge state. In the following, we thus explain
how we fabricate a resonator on top of lines of implanted NVs, as present in our
implantation mask.

70



Chapter 6

The resonator

In this chapter we show the design, fabrication and microwave characterization of
the proposed resonator towards single spin detection.

6.1 Introduction

As described in Chapter 2, the enhancement of the spin-photon coupling requires to
maximize the magnetic field fluctuations at the spin location δB1 which in the limit
of an infinitely thin and long, can be expressed by Ampère’s law: δB1 = µ0δi/(2πr).
Thus, there are two approaches towards coupling enhancement, they are : 1) to
reduce the relative distance NV-Nanowire, as described in the previous chapters,
and 2) to adapt the resonator geometry getting a shorter inductive wire which
increases the δi given by eq.2.21

δi = ω0

√
~

2Z0

, (6.1)

where Z0 is the resonator inductance. To minimize Z0 we opted by a lumped-element
geometry where one can pattern small inductors in parallel with long interdigitated
capacitors.

The Purcell rate eq. 2.12
ΓP = 4g2/κ. (6.2)

must also be maximized, as described in chapter 2. This implies minimizing the loss
rate κ. Two types of losses should be distinguished: losses due to the coupling of
the resonator to the output line κc = ω0/Qc, and losses due to internal losses of the
resonator κi = ω0/Qi, where we have introduced the coupling and internal quality
factors, respectively Qc and Qi. Ideally, one should operate in the over-coupled
regime where Qi � Qc, because then all signal photons leak out of the resonator to
be detected. In superconducting resonators, the internal losses are due to dielectric
losses, quasi-particles, and vortex motion,[97, 98, 99, 100, 101] which should thus be
minimized for our experiment.

We have cleaned properly the diamond sample to avoid dielectric losses, as de-
scribes in chapter 4. Moreover, since the radiation can be suppressed by confining
the sample in a leak-tight metallic box, we chose to enclose the sample in a a high-
conductivity copper box whose modes have frequencies above the resonator one. Fig.



The resonator

6.2a shows a photograph of our box. The diamond sample is installed in the box
by gluing it on top of a sapphire chip, as seen in Fig. 6.2b. The planar resonator is
capacitively coupled to antennas which in turn is coupled to the measurement lines.
The measurements are done in reflection. The frequency modes of the box and the
resonator were carefully simulated to optimize the planar resonator design.

6.2 Design and electromagnetic simulations

Geometry and box coupling are designed using HFSS, a simulation tool that allows
us to reproduce the geometry of the cooper box, the antennas, the diamond sam-
ple (relative permittivity = 5.7) as well as the the superconducting resonator. The
capacitive part of the resonator, i.e, the large pads and the interdigitated fingers,
is made of 100-nm-thick aluminium and and has lateral dimensions larger than 1
µm. Its kinetic inductance (Lk) is negligible [102]. The presence of the nanowire
however, implies in a Lk that depends on the nanowire dimensions w,t, and l, [103].
For our particular case with: w = 40nm, t = 25nm and l = 2µm Lk is 42pH. As
the simulations shows below, that is 7.5% of the geometric inductance Lg. Thus,
this value was added manually into the simulations. The direct consequence of Lk
is a shift in the resonator frequency.

The LC resonator simulated geometry is shown in Fig. 6.1. It is composed by
an interdigitated capacitance of 104 10-µm-wide finger spaced by 10 µm in parallel
with 10 µm inductive wire of 100 µm length. This short inductance design is based
on [8] paper with width and spacing of the fingers adapted to a target resonance
frequency as close as possible to the NV center transition energy, i.e., ∼3 GHz.

Figure 6.1: Resonator Layout. left the full resonator; right Zoom in the center
at the inductive wire.

Fig. 6.2c shows the HFSS simulation of the first TE box mode whose frequency is
3.34 GHz. Fig. 6.2d shows the resonator surface current distribution, which is indeed
localized at the short wire location, as expected from the mode that we wish to use
for the spin detection. From these simulations we have extracted resonator capaci-
tance (C), geometric inductance (Lg) and then, calculated its resonance frequency
(ω0/2π), its impedance (Z0) and δi. The coupling quality factor (Qc) between the
resonator and the box (respectively the box to the measurement lines) can also be
estimated. Table 6.1 summarize all this values. As explained in Chapter 1, these
values are compatible with a sub-millisecond measurement time for a single spin
detection, assuming the alignment is as good as considered there.

72



Resonator fabrication

Figure 6.2: Microwave HFSS simulations a. Copper box with its antenna; b.
diamond sample placed on sapphire chip inside the box; c. HFSS simulated TE first
mode of the box; d. Surface current distribution (Jsurf ) along the resonator.

Resonator Box
ω0/2π 3.02 GHz 3.34 GHz
Lg 560pH -
Lk 42pH -
C 5pF -
Z0 10.6 Ω -

Zt =
√

(Lg + Lk)/C 11 Ω -
Qcoupling 1 · 105 955

Table 6.1: Resonator simulation parameters

6.3 Resonator fabrication

As discussed in the previous chapter, the resonator is desired to have a thin induc-
tive nanowire and thick capacitive fingers and pads. In Chapter 5, we have used
a three-angle evaporation process to achieve this. However, when applying this
process to the resonator fabrication, we have encountered significant difficulties, in
particular due to the very large area that needs to be exposed with electron-beam
to pattern the resonator capacitor, leading to charging effects and explosions of the
Germanium layer.

We have thus developed another process, inspired by the way modern supercon-
ducting qubits are fabricated [104]. In this process, the capacitor is patterned in
a first step, by wet etching of an aluminum layer that can thus be deposited on a
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very clean substrate. Then, the nanowire is deposited in a second step, by a short
e-beam exposure. Finally, contacting of the nanowire and the capacitor is achieved
in a third step, in which a window is opened and the aluminum oxide is etched
by argon ion milling (the ”bandage” step). This process has several advantages.
It avoids the problems of substrate charging and germanium explosion. It enables
proper cleaning of the substrate. It also makes the alignment more precise, as the
e-beam step is very short. More information about the fabrication can be found
at:[105] and in Appendix A.

Fig. 6.3 show the optical microscope image of the resonator center, in the left,
and a SEM image, in the right, of the nanowire. The nanowire width could vary
between 30-40 nm. We remark that due to the fragility of the NV charge state we
avoid to perform SEM image of the nanowire fabricated on diamond samples with
implanted NVs.

Figure 6.3: Fabricated resonator: left Optical microscope image, right SEM
image of the nanowire.

6.4 Low temperature characterization

Sample mounting and microwave setup

The experiment is performed at 10 mK stage of Bluefors cryostat, as seen in Fig.
6.4b. A sketch of the measurement setup is shown in Fig. 6.4a. The sample is
measured in reflection. The input signal is attenuated at each stage of the fridge,
i.e., at 10mK, 4K and 70K; and we ends up with a final attenuation of 70 dB. We use
a low-pass filter with infra-red absorptive material to minimize the quasi-particles
responsible to resonator losses. The signal reaches the sample via a double circu-
lator, used to prevent undesired reflections. The total losses of the resonator are
obtained by fitting the resonator total quality factor κ = ω0/Qtotal. Finally, we used
a commercial HEMT to amplify the signal at 4K and an usual amplifier at room
temperature.

The box with the diamond sample on the sapphire chip, Fig. 6.2b, is closed and
placed inside the couple of orthogonal Helmholtz coil. The sample is mounted such
that both coils can only apply a magnetic field parallel to the diamond surface. Be-
fore cooling down the cryostat, we also install magnetic shielding to prevent vortices.

74



Low temperature characterization

Figure 6.4: Low Temperature setup. a Microwave cryogenic setup connecting
the room-temperature apparatus to the 12 mK experimental stage. b. Bluefors
dilution fridge photo. c. Copper box inside the Helmholtz coil.

Microwave characterization

Aiming at validate each fabrication step, 3 resonators were fabricated:

Sample Nanowire NV ω0/2π(GHz) Qi

Reso1 2sideimpl no yes 2.8 1 · 106

Reso2 Diam2 yes no 2.856 1.4 · 105

Reso3 d03 yes yes 2.9762 2 · 105

Table 6.2: LC Resonators

Reso1 had only the design shown in section 6.2, without nanowire, in order to
validate the HFSS simulations. Its full characterization is detailed in [105]. The
Reso2 was made in a sample without NV centers with the finality of testing the
nanowire resonator. The result was promising and thus we fabricated the resonator
on top of the sample with long coherence time spins, d03. The resonators summary
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is shown in Table 6.2. Now, we describe the microwave characterization of Reso3.

Since all the measurements are done in reflection, the characterization consists in
a direct measurement of the S11 parameter. Fig. 6.5 shows the S11 power depen-
dence data for input powers in the range of [-160, -131] dBm, increasing from the
blue to the yellow. Two characteristics of this data are remarkable. 1) The res-
onance frequency is around 2.9762 instead of the simulated 3.02 GHz. This shift
down in frequency of ∼ 44 MHz it is due to the nanowire kinetic inductance. 2) The
frequency shifts by increasing the microwave input power and its amplitude appears
more and more deformed. That is a consequence of the non-linearity induced by the
nanowire.

Figure 6.5: Data. Power dependence of S11 amplitude and phase at various input
power.

Internal losses

Fitting the data on Fig. 6.5 one can determines the resonator frequency as well
as κc and κi (and therefore, Qc and Qi). A complex plane curve fit is shown in Fig.
6.6 with an internal quality factor, Qi, of ∼ 2 · 105.

The average intra-resonator photon number can be expressed as

n̄ = 4κc/(~ω0(κc + κi)
2) ·PW (6.3)

where PW is the input microwave power in W. Fig. 6.7 shows the Qi, Qc and Qtotal

dependence with the n̄ and the microwave power input. It is remarkable the sig-
nificant reduction of the Qi when measured powers corresponds to n̄ ∼ 1. That is
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Figure 6.6: Data Fit to extract the resonator parameters ω0, Qi and Qc

due to two levels systems (TLS) placed in the metal-substrate interface (dielectric
losses). At higher powers the TLS saturates and thus the Qi presents a plateau.
The low-power total loss rate is κ = ω0/Qtotal = 2 · 105s−1. Even if this is twice
larger than the value considered in Chapter 2, we can say that our resonator is close
to reaching the objective for single-spin detection.

Figure 6.7: Quality factor as a function of the average photon number in the cavity
(left) and its power dependence (right)

It is also interesting to point out the difference between the Qi measured in Reso1
and Reso3, Fig. 6.8, in which the design difference consists in the absence or in
the presence of the nanowire, respectively. One possible Hypothesis to explain this
behavior is that the bandage process causes additional losses, or that the presence
of quasi-particles has a stronger effect in the nanowire resonator.

Magnetic field dependence of the quality factor

In order to measure the NV centers, we need to tune them in resonance with ω0 by
applying a magnetic field. To do so, we use the Helmholtz coils, Fig. 6.4c, to apply
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Figure 6.8: Qi Comparison between Reso1 and Reso3

a static magnetic field B0 parallel to the diamond surface, as discussed in Chapter
3, and the Al resonator remains superconductor. Assuming the Zeeman shift of the
NV resonance in this conditions and the Reso3 ω0/2π ∼ 2.93GHz, B0 has to be
∼ 3.1mT as shown in Fig. 6.9.

NV

Resonator

Figure 6.9: Resonance tuning. In red it is shown the NV transition frequencies
as a function of the applied magnetic field. In Green the resonator frequency. The
resonance is tuned at 3.1mT

Unfortunately, Reso3 did not behave as desired: instead of presenting a stable Qi as
a function of B0 , it presents the behavior showed in Fig. 6.10: a drastic reduction of
Qi after 1mT. That renders impossible proceed with the NV center measurements.
We note that this behavior was not anticipated, as we have already applied larger
magnetic fields to aluminum resonators (up to 10mT) without significant impact on
Qi.

This particular problem may be linked to remaining Josephson junctions in the
bandage step, but more work is needed to identify the issue and solve it. Another
option would be to turn to superconducting metals more resilient in field, such as
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Figure 6.10: Magnetic field resilience. Left: power dependence of S11 amplitude
and phase. Right: Qi (green), Qc (black) and Qtotal (red) of Reso3 as a function of
the applied magnetic field B0

niobium, but we would need to find a way to protect the diamond surface, i.e. the
shallow NV centers during niobium etching.
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Chapter 7

Conclusions and perspectives

7.1 Actual state of the project

This thesis aimed at enhancing the sensitivity of Electron Paramagnetic Resonance
spectroscopy up to the detection of a single electron spin, as proposed in [12]. In that
goal, we need to enhance the spin-photon coupling, minimize the resonator losses,
and use quantum-limited microwave amplifiers. All this can be achieved by com-
bining superconducting quantum technologies with NV centers in diamond. With
realistic estimates, measurement times on the order of a millisecond are achievable.

In order to maximize the spin-photon coupling, we propose to fabricate a super-
conducting resonator including a nanowire of lateral dimension ∼ 25nm right on
top of a NV center in diamond. The precision of the alignment is essential for the
success of the experiment.

The first task was to obtain an array of NV centers in diamond, well localized
with respect to alignment marks etched in the sample, and with coherence times as
long as 52µs. This achievement is reported in Chapter 4.

In Chapter 5 we developed a process that allowed us to verify the NV-nanowire
relative distance (r0) using vector magnetometry, using the optical properties of the
NV center at room temperature. We have reached r0 = 84 nm with a precision
of 10 nm in our measurements. Besides the interest on its own, this measurement
indicated that the accuracy of our alignment was not sufficient for single-NV exper-
iment. We therefore decided to turn to the measurement of a small (∼ 10) ensemble
of implanted NV centers, which is more tolerant to alignment inaccuracy.

In Chapter 6 we performed the fabrication and characterization of a LC resonator of
low impedance (11Ω), internal quality factor as high as Qi = 2 · 105 and resonance
frequency of ∼ 2.93 GHz on top of such an ensemble of implanted NVs. Unfortu-
nately, the resonator quality factor dropped when a magnetic field as low as 1mT
was applied to the spins, which prevented us from seeing the desired signal as a field
of 3.1mT was necessary.



Conclusions and perspectives

7.2 Future directions

To continue the work presented in this thesis, the first obvious task will be to un-
derstand the origin of the poor magnetic field resilience displayed by our resonator.
This may be related to the specific fabrication process that was developed. Once
this problem is solved, it should become possible to detect the EPR signal coming
from a small ensemble of ∼ 10 implanted NV centers. This signal can be observed
in microwave absorption, as proposed in Chapter 2, or also using pulse EPR spec-
troscopy based on Hahn echoes.

Single-spin signal could then be searched. One possible signature would be to ob-
serve quantum jumps of the nitrogen nuclear spins, which would be manifested by
a telegraphic signal in the EPR spectroscopy. We hope that this can be observed in
a near future, using the samples and tools developed in this thesis.
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A.1 Fabrication Recipies

Implantation Mask

1. Diamond sample baked at 156◦ C for 1 min → to evaporate the water at the
diamond surface

2. 950 PMMA type A3 resist (contain 3% of solids in Anisole) spin:

• 2s, 500 rpm → to spread the spin

• 60s, 5000 rpm → to get an homogeneous layer of 120 nm

• 2s, 7000 rpm → reduce the border non-homogeneity

3. Aluminium layer of 20 nm → to avoid the charging effects during the e-beam
lithography

Resonator

• Substrate cleaning: 3 hours in the Piranha acid mixture at 120◦C followed
by hot acetone bath, IPA bath and Nitrogen blow;

• Aluminum evaporation: using the Plassy evaporator deposit 100 nm of Al
at 1nm/s;

• Optical lithography: All the capacitive part of the resonator is fabricated
in this step using the laser writer at ENS.

– Resist coating: 500 nm of S1805 resist (single layer);

– Exposure: first, the pattern is written at a nominal dose of D = 150mJ/cm2;
then a second exposure is done along the borders at dose = 3xD to ensure
a proper lithography in this thicker resist

– Development: 30s at AZ 726 MIF followed by a water bath and N2 blow.

• Al etching: 50s immersed in Transene A at 40◦C

• E-beam lithography: nanowire fabrication.

– Resist coating: bi-layer PMGI-SF85 (400nm) - PMMA (50 nm) with a
12.5-nm-thck aluminium layer deposited by metal evaporation for charge
evacuation during the e-beam lithography;



– Exposure: first, the nanowire is done at 30 keV and line dose = 2750
µC/cm2; then the overlap zone is done with an area dose = 750 µC/cm2

– Development: 10s in Transene A to remove the Al before developing the
PMMA 45s with MIBK:IPA 1:3 mixture at room temperature. Rinse
in IPA and N2 blow. The PMGI-SF85, undercut, is developed with a
mixture of CD26 : H20 3:2 for 20s at room temperature. Rinse in water
and N2 blow. All residual resist is removed using the Oxygen plasma for
1 min at pressure of 200µbar and 50W.

• Aluminum contact evaporation and liftoff: 25nm of Al is deposited fol-
lowing by liftoff with remover PG at 60C (from 30-120 min).

• Bandage: responsable to the ohmic contact.

– Resist coating: bi-layer PMGI-SF85 (400nm) - PMMA (350 nm);

– Exposure: Large area (50 x 100 µm) with an area dose = 250 µC/cm2

– Development: of the PMMA 45s with MIBK:IPA 1:3 mixture at room
temperature. Rinse in IPA and N2 blow.

– Al evaporation: deposited 160 nm of Al

– two-step liftoff: First hot acetone for two hours, only PMMA A6 and
aluminum should go away. The PMGI-SF85 layer should stay to protect
the nanowire. Then, immerse the sample remover PG at 60C. followed
by hot acetone (two hours), IPA bath and N2 blow.

A.2 Analytical expression of the magnetic field

generated by infinite wire with rectangular

cross section

Fx[p0, z0] =
1

2

(
p0Log

[
1+

t2 + 2tz0
p20 + z20

]
+2(z0+t)arctan

[
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−2z0arctan

[
p0
z0
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(A.1)
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]
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])) (A.2)

Bx[x, z] = γ(Fx[w/2 + x, z − t/2]− Fx[−w/2 + x, z − t/2])

Bz[x, z] = γ(Fz[w/2 + x, z − t/2]− Fz[−w/2 + x, z − t/2])

where:

γ =
µ0jwire

2π

jwire =
iwire
wt

µ0P = 4.0π10−7

84
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A.3 Vector magnetometry of NV2 and NV3
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Figure A.1: vector magnetometry of NV2 Data from chapter 5
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