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Summary

Summary

The detection of magnetic fields plays an important role in diverse areas ranging from fundamental
science to applications in data storage and medicine. Consequently, a variety of magnetic field sensors
have been developed including Hall sensors, anisotropic magnetoresistive (AMR) sensors, supercon-
ducting quantum interference devices (SQUIDs) and magnetic resonance sensors. However, modern
technologies are becoming more inclined towards effects occurring at the nanometer length scale.
Examples can be found in the field of biomedical science, where properties of single proteins are in-
vestigated which play a crucial role in medicine and pharmaceutics. For a better understanding of such
biological compounds, spatial conformations and structures have to be revealed on the single molecule
level. Therefore, sensors are required which are able to detect weak magnetic fields with high spatial
resolution by implementing nano-magnetic resonance imaging (nano-MRI) techniques. Another ex-
ample in modern condensed-matter physics comes from superconductivity. Due to the wide range
of applications connected to superconductors, including the production of sensitive magnetometers,
digital circuits and electromagnets, superconducting systems are catching a huge amount of interest in
physics. Indeed, the macroscopic theory of superconductors is able to explain unique phenomena like
the Meissner effect. However, microscopic studies on superconductors play an important role in un-
derstanding the mechanisms underlying superconductivity. A nanometer scale magnetic sensor could
investigate the Meissner state of a superconductor locally, detecting dynamical phenomena such as the
formation and motion of single magnetic vortices.

A promising approach for nanoscale magnetic field detection and imaging can be enabled by exploit-
ing quantum effects in the nitrogen-vacancy (NV) defect center in diamond. This point defect shows a
spin dependent photoluminescence (PL). The sensing principle relies on microwave excitations which
allow coherent manipulation within different spin sublevels in the ground state. These transitions show
a Zeemann effect which is dependent to the applied magnetic field and can be read out by recording
the corresponding PL of the NV defect. The sensing approach, known as optically detected magnetic
resonance (ODMR) spectroscopy, can be used for sensing nuclear and electron spins in a nanometer-
sized volume. Applications of NV center based quantum sensing have been shown by electron spin
resonance (ESR) of spin labeled molecular chains and nuclear magnetic resonance (NMR) of organic
samples. Furthermore, magnetic properties like spin waves, ferromagnetism and superconductivity
have been investigated with this approach locally on the ym scale. Therefore, the single spin sensi-
tivity of the NV center is a powerful tool for revealing a deeper understanding in the composition of
single molecules and the formation of magnetic domains in solids.

This thesis demonstrates NV center based magnetometry for the detection of single external spins and
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the local resolution of collective spin phenomena. All presented experiments have been performed in
an ultra-high vacuum (UHV) cryogenic setup operating at a base pressure of 2 - 1079 mbar and at a
base temperature of 4.7 K.

More specifically, the presented work shows a successful NV center based readout of single optically
dark molecules which are usually difficult to address with spectroscopy methods in the optical wave-
length region. Two systems have been investigated in this context, namely long-chain spin labeled
polyphenols and endofullerene N@Cg, buckyballs. Thereby, the dipolar coupling between the NV
center spin and the corresponding individual target spin has been observed in terms of double elec-
tron electron resonance (DEER) spectroscopy. With this technique, the structure of optically dark
molecules can be investigated even at the nanometer length scale.

Both external spin systems were identified by the usual NV center sensing protocol which relies on
the application of microwave excitation. However, such excitations are often accompanied by lo-
cal heating effects which could cause undesired changes in the properties of the investigated system.
While for molecular spin sensing the local microwave heating has a minor impact on the observed
system, the characterization of spin phenomena in solids could be influenced. Prime examples are
two-dimensional superconductors which are accompanied by magnetic phases at certain critical tem-
peratures. This problem can be circumvented by utilizing an all-optical, microwave-free measurement
scheme.

Therefore, this thesis also introduces the direct fluorescence emitted by an NV ensemble for the detec-
tion of the Meissner state in a thin film La,_, Sr, CuO, (LSCO) sample. The measured magnetic field
profile along the LSCO thin film can be analytically reproduced by Brandt’s model, revealing a critical
current density j, of 1.4 - 108 A/cm?. The good agreement between the measured j, and the corre-
sponding literature values for LSCO suggests that the all-optical, microwave-free PL rate of the NV
center can be utilized as a reliable quantity for the observation of magnetic properties in solids. These
measurement schemes can be potentially extended further with optical pump-probe spectroscopy en-
abling access to dynamical phenomena in nanomagnetic materials with ps time resolution.

Finally, the last part of this thesis highlights experimental attempts for enhancing the spin properties of
single shallow NV centers. The spatial resolution of an NV center sensor is defined by the sensor-to-
sample distance. Therefore, near-surface NVs are beneficial for sensing purposes. However, shallow
NV centers often suffer from spin state instabilities due to charge traps available on the diamond sur-
face. To overcome this limitation, controlled in situ dosing procedures have been implemented. Our
results exhibit that surface-modification provides a viable route to enhance the optical properties of
shallow NV centers in diamond.

Thus altogether, the results presented in this thesis provide major advances in the field of nanoscale

magnetometry.
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Zusammenfassung

Die Detektion von magnetischen Feldern spielt in verschiedenen Bereichen eine wichtige Rolle, die
von fundamentalen Wissenschaften bis hin zu Anwendungen in der Datenspeicherung und Medizin
weit reichen. Folglich wurde eine Vielzahl von magnetischen Sensoren entwickelt, zu denen Hall
Sensoren, anisotropische magnetoresistive (AMR) Sensoren, supraleitende Quanteninterferenzein-
heiten (SQUIDs) und magnetische Resonanzsensoren gehoren. Dennoch fokussieren sich moderne
Technologien immer mehr auf Effekte, die auf der Nanometerskala relevant sind. Beispiele kon-
nen im Bereich der Biomedizin gefunden werden, in welcher Eigenschaften einzelner Proteine un-
tersucht werden, die eine entscheidende Rolle in der Medizin und Pharmazeutik spielen. Um ein
besseres Verstidndnis solcher biologischer Zusammensetzungen zu erhalten, ist es wichtig, die rdum-
liche Orientierung und Struktur auf Ebene einzelner Molekiile zu enthiillen. Daher werden Sensoren
benotigt, die in der Lage sind, schwache Magnetfelder mit hoher rdumlicher Auflésung in Form der
nano-Magnetresonanztomographie (MRT) zu detektieren. Ein weiteres Beispiel kann in der Fes-
tkorperforschung im Bereich der Supraleiung gefunden werden. Dank den weitreichenden Anwen-
dungsbereichen von Supraleitern, zu denen die Produktion von sensitiven Magnetometern, digitalen
Schaltkreisen und Elektromagneten gehort, haben supraleitende Systeme groBe Aufmerksamkeit in
der Physik erhalten. In der Tat ist die makroskopische Theorie von Supraleitern in der Lage, einzigar-
tige Phiinomene, wie den Meissner Effekt, zu erkldren. Dennoch spielen mikroskopische Studien eine
wichtige Rolle, um die Mechanismen zu verstehen, welche grundlegend fiir die Supraleitung sind.
Ein magnetischer Sensor, der im Nanometerbereich arbeitet, konnte lokal die Meissner Phase eines
Supraleiters untersuchen um dynamische Phdnomene, wie die Formation und Bewegung magnetis-
cher Wirbelschliduche, zu detektieren.

Ein vielversprechendes Vorgehen fiir die Detektion von Magnetfeldern auf der Nanometerskala kann
durch das Ausnutzen von Quanteneffekten im Stickstoff-Fehlstellen (NV) Defekt Zentrum in Dia-
manten ermoglicht werden. Dieser Punktdefekt besitzt eine spinabhidngige Lumineszenze (PL). Das
Sensorenprinzip basiet auf resonanten Mikrowellenanregungen, die kohédrente Manipulationen inner-
halb des Spin Grundzustandes ermdglichen. Diese Uberginge weisen einen Zeeman Effekt auf, der
linear vom angewandten Magnetfeld abhingt und optisch ausgelesen werden kann indem die NV
Fluoreszenz aufgenommen wird. Das Detektionsvorgehen, bekannt als optische magnetische Reso-
nanzspektroskopie (ODMR), kann genutzt werden um Kern- und Elektronenspins in Nanometervol-
umen wahrzunehmen. Anwendungen von Detektionen, die auf dem NV Zentrum basieren, wurden
als Elektronenspinresonanz (ESR) in Spin-gekennzeichneten Molekiilketten und Kernspinresonanz in

organischen Proben aufgezeigt. Zusitzlich wurden magnetische Figenschaften wie Spin-Wellen, Fer-
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romagnetismus und Supraleitung auf ym-Skalen mit dieser Vorgehensweise untersucht. Deshalb ist
die Sensitivitit des NV Zentrums ein wichtiges Werkzeug um ein tieferes Verstdndins in der Zusam-
mensetzung einzelner Molekiile und der Formation magnetischer Bereiche zu erhalten.

Diese Doktorarbeit veranschaulicht Magnetometermessungen, die auf dem NV Zentrum basieren,
um einzelne externe Molekiile zu detektieren und kollektive Elektronenphdnomene aufzulésen. Alle
prasentierten Experimente wurden in einem Hochvakuum-Kryostaten durchgefiihrt, welcher in einem
Druckbereich von 2 - 1079 mbar und einer Temperatur von 4.7 K arbeitet.

Genauer gesagt zeigt diese Arbeit die erfolgreiche Detektion von optisch dunklen Molekiilen, die mit
einzelnen NV Zentren charakterisiert wurden und iiblicherweise schwer mit Spektroskopiemethoden
im optischen Wellenldngenbereich zu adressieren sind. Zwei Systeme wurden dabei untersucht und
zwar langkettige Spin-gekennzeichnete Polyphenole und endohedrale N@Cg, "buckyballs". Dabei
wurde die dipolare Koppulng zwischen dem NV Zentrum Spin und dem jeweiligen individuellen Ziel-
spin mithilfe von doppelter Elektronenspinresonanz Spektroskopie (DEER) untersucht. Mit dieser
Methode kann die Struktur von optischen dunklen Molekiile, einschlielich ihrer Nanometer Langen-
skalen, untersucht werden.

Beide Spinsysteme wurden mit den iiblichen NV Zentren Detektionsprotokolle untersucht, welche
auf den Gebrauch von Mikrowellenanregungen basieren. Solche Anregungen werden oft von lokalen
Erhitzungseffekten begleitet, die unerwiinschte Anderungen der Eigenschaften des zu untersuchen-
den Systems induzieren. Wihrend dies auf die Detektion von Molekiilen nur geringe Auswirkungen
hat, lisst sich die Charakterisierung von Spin Phidnomenen in Festkorpern stark davon beeinflussen.
Beispiele sind zwei dimensionale Supraleiter, welche einen magnetischen Phaseniibergang ab einer
bestimmten kritischen Temperatur vollziehen. Dieses Problem kann verhindert werden, indem rein
optische, mikrowellen-freie Messungen durchgefiihrt werden.

Daher leitet diese Arbeit ebenfalls die direkte Fluoreszenz ein, welche von einem NV Zentrum Ensem-
ble emittiert wird, um die Meissner Phase einer diinnen La,_, Sr, CuO, (LSCO) Probe zu detektieren.
Das Profil des gemessenen magnetischen Feldes kann mit Hilfe des analytischen Brandt Modells rekon-
struiert werden um eine kritische Stromdichte j, = 1.4 - 108 A/cm? der Probe zu erhalten. Da dieser
Wert mit den Literaturwerten fiir LSCO iibereinstimmt, kann die rein optische, Mikrowellen freie NV
Fluoreszenz als zuverlissliche Messgrof3e bewertet werden, mit welcher magnetische Eigenschaften
in Festkorpern untersucht werden konnen. Zudem kann die NV Fluoreszenz potentiell mit optischen
"pump-probe" Spektroskopie Methoden erweiter werden, um dynamische Prozesse im Pikosekunden
Bereich zu untersuchen.

Letztendlich zeigt Kapitel 7 experimentelle Versuche auf, welche die Spineigenschaften sehr ober-
flachennahen NV Zentren verbessern sollen. Die rdumliche Auflosung eines NV Zentrum Sen-
sors ist durch den Abstand zwischen dem Sensor und der Probe definiert. Daher sind NV Zen-
tren, welche nah an der Diamantenoberflidche lokalisiert sind, vorteilhaft fiir Detektionsanwendun-
gen. Dennoch zeigen oberflaichennahe NV Zentren oft Spininstabilititen auf, die mit Ladungspoten-

tialen auf der Diamantenoberfliche zusammenhingen. Um diese Beschriankung zu bewiltigen, wurden
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Dosierungsvorgénge, innerhalb des Hochvakuums, auf der Diamantenoberfliche implementiert. Die
experimentellen Ergebnisse zeigen, dass Oberflichenmodifikation durchaus in der Lage sind, die op-
tischen Eigenschaften von oberflichennahen NV Zentren zu verbessern.

Die prisentierten Ergebnisse dieser Doktorarbeit erzielen wichtige Fortschritte in Bereichen der Mag-

netfelmessung auf Nanometerskalen.




Publications

Publications

From the presented PhD thesis, two scientific articles have been published and one more publication is
in the process of being drafted. Furthermore, two additional articles have been published during this
time period from former experiments which were performed within the scope of my Master thesis at
the PI4 of the University of Stuttgart.

Publications from my Master Thesis

e T. Teutsch, N. Strohfeldt, F. Sterl, A. Warsewa, E. Herkert, D. Paone, H. Giessen and Christina
Tarin, Mathematical Modeling of a Plasmonic Palladium-Based Hydrogen Sensor, IEEE Sen-
sors Journal 18, 1946-1959 (2018).

e Q. Ai, L. Gui, D. Paone, B. Metzger, M. Mayer, K. Weber, A. Fery and H. Giessen, Ultranarrow
Second-Harmonic Resonances in Hybrid Plasmon-Fiber Cavities, NanoLett. 18, 5576-5582
(2018).

Publications from this PhD Thesis

e D. Pinto, D. Paone, B. Kern, T. Dierker, R. Wieczorek, A. Singha, D. Dasari, A. Finkler, W.
Harneit, J. Wrachtrup and K. Kern, Readout and Control of an Endofullerne Electronic Spin,
Nature Communications 11, 6405 (2020).

e D. Paone, D. Pinto, G. Kim, L. Feng, M.-J. Kim, R. Stohr, A. Singha, S. Kaiser, G. Logvenov,
B. Keimer, J. Wrachtrup and K. Kern, All-Optical and Microwave-Free Detection of Meissner
Screening using Nitrogen-Vacancy Centers in Diamond, J. Appl. Phys. 129, 024306 (2021).

e D. Paone, J. Neethirajan, D. Pinto, A. Denisenko, R. Stohr, A. Singha, J. Wrachtrup and K.
Kern, Charge State Instabilities of Nitrogen-Vacancy Centers in Diamond at Cryogenic Ultra-

High-Vacuum Conditions, in preparation.

VI



Curriculum Vitae

Curriculum Vitae

e 09/2011 - 09/2014 Bachelor of Science, thesis at the PI4 of the University of Stuttgart on plas-

monic gas sensing

e 2013 - 2017 Trainee at the PI4 of the University of Stuttgart, research topic: Plasmonic gas

sensing

e 10/2014 - 04/2015 Research internship at CSIRO Sydney Australia, research topic: Plasmonic
photovoltaic cells

o 04/2015 - 08/2017 Master of Science, thesis at the PI4 of the University of Stuttgart on chemical

growth of plasmonic nanostructures

e 09/2017 - 10/2021 Doctor Rerum Naturalium, thesis at the Max Planck Institute for Solid State

Research in Stuttgart on magnetic field sensing with NV centers in diamond

\ %/



Declaration

Declaration

I, Domenico Paone, hereby declare that this dissertation entitled "Nanoscale Magnetic Resonance
Spectroscopy with NV Centers in Diamond" is entirely my own work expect where otherwise in-
dicated. Passages from other sources have been clearly cited within the bibliography. The contents
of this thesis have not been submitted to any other examination institution. Furthermore, the printed
version fully accords with the submitted portable document format (pdf) version which can be found
online.

Stuttgart,

v



Contents

Contents

Summary
Zusammenfassung
Publications
Curriculum Vitae
Declaration
Contents

List of Abbreviations
1 Introduction

2 The Nitrogen Vacancy Center in Diamond
2.1 General Propertiesof the NV Center . . . . . . ... ... ... ... ........
2.1.1 DefectCentersinDiamond . . . . . . . ... ... ... oL
2.1.2  The NV Center Hamiltonian . . . . . .. ... ... ... ... .......
2.1.3  Electronic Structure . . . . . . . . . . ..o e e e
2.1.4 Optical Properties . . . . . . . . . . . . e
2.2 Magnetic Resonance Spectroscopy with NV Centers . . . . . ... ... ... ...
2.2.1 ODMR SpectrosCopy . . . « v v v v i e e e e e
2.2.2  Lifetime Measurements . . . . . . . . . .. ..o e
2.2.3 Spectral Filter Functions . . . . . .. ... ... Lo o
2.2.4 ESR Measurement Schemes with NV Centers . . . . . .. ... ... ....
2.2.5 NMR Measurement Schemes with NV Centers . . . . ... ... ......
2.3 NV Center Implantation into Diamond Samples . . . . .. ... ... ... .....
2.3.1 Artificial Diamonds . . . . . . . . ... L Lo
2.3.2 Single NV Center Implantation . . . .. ... ................
2.3.3 NV Center Ensemble Implantation . . . . . . ... ... ... ........
2.3.4 Diamond Nano-Structuring . . . . . . . . . . . . . ... ...

24 Summary ... oL e e e e e e e

VI

VII

VI

Xl

O 3 L b G

10

11
15
19
20
22
24
24
25
25
25
26

IX



Contents

3 Experimental Setup

3.1 Overview Schemeofthe Setup . . . . . ... ... ... ... ... ...,
32 TheCryo-UHV Setup . . . . . . . . . . . e
3.2.1 Load Lock and Preparation Chamber . . . . .. ... ... .. ...
3.2.2 Main Chamber and Cryostat . . . . . . ... ... ... .......
323 MeasurementHead . . . . . ... ..o L oo
3.3 Microwave Generation . . . . . . ... ..ol
34 Optical Setup . . . . . . ..
3.5 Implemented Improvements in the System Performance . . . . . . ... ..

4 Detection of Individual External Spins with Single NV Centers

4.1 Molecular Ruler Samples . . . . . . ... .. ... ... .. .. .. ...,
4.1.1 Bulk ESR Measurements of Spin Labeled Polyphenols . . . . . ..
4.1.2 Magnetic Dipole-Dipole Interaction . . . . . . ... ... ... ..
4.1.3 Nanoscale ESR Measurements Using a Single NV Center . . . . .
4.1.4 Measurement Limitations with the Polyphenols . . . . . . ... ..
4.2 Endofullerene Spin Qubits . . . . . ... ... oL oL
4.2.1 Endofullerene N@Cy, Molecules . . . . ... ... ........
422  Sensing N@C¢, Molecules with a Single NV Center . . . . . . ..
4.2.3 Coherent Control of N@Cey Spins . . . . . . ... ... ... ...

43 Summary . . .. ... e e

5 Measuring Nitrogen Spin Qubits with NV Center Ensembles

5.1 The P1 Center in Diamond as Spin Qubit . . . . .. ... ... ......
5.1.1 Structural Properties of the P1 Center . . . . . . ... ... .. ..
5.1.2  Energy Structure and Selection Rules . . . . ... ... ... ...
5.1.3 The P1 Center Spin Hamiltonian . . . . . . . .. ... ... ....
5.2 Measuring P1 Centers with an NV Ensemble . . . . ... ... ... ...
5.2.1 NV Ensemble Properties . . . . ... ... ... ... .......
5.2.2 Sensing Pl Ensembles . . . ... ... ... ... ... ..
5.2.3 Detection of P1 Center Forbidden Transitions . . . . . . . ... ..
5.24 Measurements at Ambient Conditions . . . . . .. ... ... ...

53 Summary ..o ... e e e e e e

6 Observation of Superconducting Phase Transitions with NV Centers

6.1 Measuring the Meissner State with NV Centers . . . . . . ... ... ...
6.2 Thin Film LSCO Measurements . . . . . . . . . ... ... ... .. ...
6.2.1 Fabrication and Characterization of the LSCO Sample . . . . . ..
6.2.2 Detecting the Meissner State with an NV Ensemble . . . . . . . ..




Contents

6.3 All-Optical Characterization by Using the NV Fluorescence . . ... ... ... .. 85
6.3.1 The Magnetic Field Dependent Photoluminescence Drop . . . . . . . . . .. 85

6.3.2 Microwave-Free Measurements . . . . . . . . . . . ... ... 86

6.4 Investigation of Superconducting Vorticesin LSCO . . . . .. ... ... ... ... 91

6.5 Summary . . .. .. e 93

7 Towards Stabilizing the Spin Properties of Near-Surface NVs 95
7.1 Charge State Dynamics of the NV Center . . . . . . ... ... ... ........ 96

7.2 Near-Surface NVs at Ambient Conditions . . . . . .. .. ... ... ... ..... 99

7.3 Measurements at UHV and Cryogenic Conditions . . . . . ... ... ... ..... 102

7.4 Surface Modifications . . . . . . . .. oL L 104
7.4.1 NitrogenDosing . . . . . . . . . . .. ... e 104

7.4.2 Formation of an Atmospheric Water Layer . . . . .. ... ... ... ... 106

743 1IRLaserHeating . . .. .. .. ... . ... .. ... ..., 107

7.4.4 Carbon Monoxide Dosing . . . . . ... ... ... ... . 108

745 WaterDosing . . . . . . . ... e e e 109

7.4.6  Fluorescence SPECtrOSCOPY . . « « v v v v v v v v v e e e e 111

7.5 Summary ... .. e e e e e 113

8 Alternatives to NV Centers as Quantum Sensors 115
8.1 A Novel Defect Centerin Diamond . . . . . . . .. .. ... ... ... ....... 116
8.1.1 Optical Properties . . . . . . . . . . . .. . . . e 116

8.1.2 High Frequency Measurements . . . . . . . ... ... ... ........ 118

8.1.3 Further Work . . . . . . . . ... 121

9 Conclusion 123
9.1 Summary . . . . . . .. e 123
9.2 Outlook . . . . . e 127

10 Appendix 132
11 Bibliography 139
Acknowledgments 156

X1



List of Abbreviations

List of Abbreviations

AQO Atomic orbitals

APD Avalanche Photo diode

BDS BeiDous navigation system

CO Carbon monoxide

Co Cobalt

CR Charge reservoir

Cu Copper

CuBe Beryllium Copper

CuO, Copper Oxides

CVD Chemical vapour deposition

cw Continious wave

DEER Double electron electron resonance
DMAP Dymethylaminopyridine

DQT Double quantum transition
ENDOR Electron nuclear double resonance
EPR Electron paramagnetic resonance
ESR Electron spin resonance

fcc Face-centered cubic

FFT Fast Fourier transformation

FID Free induction decay

FPGA Field programmable gate array

X1



List of Abbreviations

GLONASS Global’naya Navigatsionnaya Sputnikovaya Sistema
GNSS Global navigation satellite systems

GPS Global positioning system

HF High frequency

H,O0 Water

HPHLC High-performance liquid chromatography
HPHT High pressure and high temperature

IR Infrared

ISC Inter-system crossing

JTE Jahn-Teller effect

LBCO Lanthanum barium copper oxide

LCAQO Linear combination atomic orbitals

LP Longpass

LSAO Lanthanum strontium aluminum oxide
LSCO Lanthanum strontium copper oxide

MBE Molecular beam epitaxy

MFM Magnetic force microscopy

MO Molecular orbitals

MRFM Magnetic resonance force microscopy
MRI Magnetic resonance imaging

MW Microwave

N Nitrogen

NA Numerical aperture

nanoSQUID Nano superconducting interference device

Nb Niobium

X1



List of Abbreviations

Nb;Si Niobium silicon

NbTi Niobium titanium

NMR Nuclear magnetic resonance

NO Nitric oxide

N,O Nitrous oxide

NV Nitrogen-vacancy

NV~ Negatively charged nitrogen-vacancy
NV* Positively charged nitrogen-vacancy
NV? Neutral nitrogen-vacancy

O Oxygen

ODMR Optically detected magnetic resonance
P Phosphorous

P5C-NR Tetramethylpyrolline carboxylic nitroxide radical
PL Photoluminescence

PMT Photomultiplier tube

Qdyne Quantum heterodyne detection

RF Radio frequency

RHEED Reflection high energy diffraction
SiV Silicon-vacancy

SMP Sub-miniature-P

SQUID Superconducting interference device
STM Scanning tunneling microscopy

TEER Triple electron electron resonance
UHV Ultra high vacuum

UV Ultraviolet

X1v



List of Abbreviations

V Vanadium
V;In Vanadium indium
YBCO Yttrium barium copper oxide

ZPL Zero phonon line

XV



Introduction

1 Introduction

Magnetic sensors are widely used in a large number of practical and essential applications. Of great
importance among these are recording heads for magnetic storage and memory elements of modern
devices [1]. Furthermore, magnetometers form the fundamental basis for compass schemes [2] which
play a crucial role in Global Navigation Satellite Systems (GNSS), including the Global Position-
ing System (GPS), the Global’naya Navigatsionnaya Sputnikovaya Sistema (GLONASS), the BeiDou
Navigation Satellite System (BDS) and the Galileo positioning system (Galileo). In addition to that,
the detection, discrimination and localization of magnetic fields are essential for many security appli-
cations [3] as research studies identified several effects on the human health under high magnetic field
exposures [4]. These include minor symptoms such as headaches up to serious impacts in increasing
the risk of childhood leukemia [5, 6]. As magnetic fields are invisible and penetrate through nearly all
materials, a reliable detection plays a crucial role for human safety [3].

The detection of magnetic signals also plays a significant role in magnetic resonance imaging (MRI)
which reveals high resolution images of defective tissues in human body [7, 8]. The technique is a con-
sequence of nuclear magnetic resonance (NMR) which is a physical phenomenon of the behavior of
nuclei in a strong constant magnetic field [9]. Thereby, the nuclei respond by accumulating an electro-
magnetic signal with a characteristic frequency. With this, certain compounds within the human tissue
can be distinguished for medical diagnosis. Typically, MRI schemes utilize magnetic field gradients of
~ 70 mT/m which are able to detect nuclear spin concentrations within a volume of 1 mm? [10, 11].
However, a measurable signal requires a contribution of ~ 10> nuclear spins within the investigated
compound [12]. A complementary method is formed by electron spin resonance (ESR) (also termed
as electron paramagnetic resonance (EPR)), which utilizes electromagnetic signals gathered by excited
electron spins instead of atomic nuclear spins [13]. As the gyromagnetic ratio of an electron spin is
higher compared to a nuclear spin, lower magnetic field strengths (=% 20 mT) are already sufficient for
the acquisition of a spin signal. Nevertheless, similar to the case of MRI, also in traditional ESR setups
a huge number of spins (=~ 108 — 10'* [12]) are required to ensure an acceptable signal to noise ra-
tio. Notably, these standard EPR and NMR techniques are not readily available with nanoscale spatial
resolution which is often of great interests for investigating the properties and spatial conformations
of single cells, proteins or even molecules for gaining more insights into biochemical processes which
highly influence the human behavior.

In order to achieve nanoscale spatial resolution, magnetic field sensors have to be down-scaled to the
nanometer level. Furthermore, the sensors have to be brought in close proximity to the sample as

the magnetic dipole moment and thereby the dominant term in the magnetic dipole-dipole interaction
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decreases with 1/r3 (where are r defines the sensor-to-sample distance). The detection of magnetic
fields at the nanoscale is also crucial for advancements and developments of other modern scientific
applications, for instance, in the field of quantum information processing for the realization of quantum
computers [14, 15, 16]. As classical computers are entering the quantum realm, quantum properties
can be utilized for increasing the computational power as well as the efficiency for specific tasks. The
structure of a quantum computing device is based on interacting quantum spin networks [17]. Thereby,
single spins take the role of classical bits as so called quantum bits (qubits). While the state of a clas-
sical bit can only be 0 or 1, a qubit according to quantum mechanics can take the values |0), |1) and all
possible coherent superposition states of these two states. As a result, the break of solely binary states
reveals the potential to perform calculations in more efficient manners. However, coherent superposi-
tion states of an individual qubit attend to obtain certain instabilities due to environmental magnetic
noise or exchange interactions with other qubits within the quantum network [18]. Therefore, the local
readout of specific magnetic spins inside the quantum network could reveal information for controlling
and stabilizing the coherence of the individual quantum states.

There are several techniques which pave the way towards nanoscale magnetic field sensing. For in-
stance, magnetic resonance force microscopy (MRFM) methods are able to detect single electronic
spins [19, 20]. Thereby, the interaction force between a spin specimen and magnetic tip is measured
as a shift of the mechanical resonance frequency of the utilized tuning fork. With this, an image of the
magnetic distribution of a sample can be reconstructed by scanning the magnetic tip over a certain area.
However, the disadvantage of this technique, is the high complexity of the experimental instrument
which requires sensitive cantilevers for the detection of forces in the attonewton range. Furthermore,
most of the experiments have to be performed at mK temperatures for reducing drifts and instabilities
of the magnetic tip.

Other promising attempts include magnetometers based on superconducting quantum interference de-
vices (SQUIDs) which consist of a superconducting loop interrupted by two weak links forming a
Josephson junction [21]. By applying an external magnetic field, an electrical current is induced
through the superconducting loop and a magnetic flux is generated inside the loop which must be
an integer multiple of the magnetic flux quantum ®, = 2.07 - 1013 Vs. A change of the externally
applied field leads to a variation of the induced current and magnetic flux within the superconducting
ring. As such a slight shift is challenging to detect, the implemented Josephson junction can be utilized
for obtaining a measurable signal. In order to achieve this, a current can be applied across the SQUID.
As aresult, a certain voltage can be measured on the device which mainly depends on the applied cur-
rent but also on the magnetic field induced current within the superconductor. Observing the variations
of the measurable voltage leads to a qualitative detection of external magnetic fields with a sensitivity
of ~ 10aT/Hz'/2. However, the realization of nanoscale measurements is challenging as the whole
superconducting circuit has to be miniaturized to nanometer length scales. Nevertheless, nanoscaled
SQUIDs (nanoSQUIDs) have been successfully developed recently with a loop-diameter of &~ 40 nm
[22]. A more problematic drawback is that SQUIDs are only able to operator at low temperatures due
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to the superconducting phenomena which are exploited for the magnetic field measurement. This issue
avoids experiments at ambient temperature conditions.

In addition to that, another class of nanoscale magnetic field sensors have emerged over recent years
based on single spins in solids including systems as semiconductor quantum dots [23] or phosphorous
in silicon [24]. Thereby, the spins originate by certain impurities within a specific material and form
stable quantum sensors due to their reliable response to weak external magnetic fields. One of the best
studied spin system in solids is the nitrogen-vacancy (NV) defect in diamond [26] which forms the
main focus within the scope of this thesis. The impurity consist of a substitutional nitrogen atom and a
neighboring carbon vacancy within the diamond crystal. Several experiments demonstrated its ability
to detect small magnetic fields at the nanoscale [25]. As a result, the NV center received an increased
attention. Measurements can be performed at both cryogenic as well as ambient conditions with a
magnetic field sensitivity of 10 pT/Hz!/? [26]. Furthermore, it can be brought in close proximity to a
spin system achieving a spatial resolution in the nm regime. The fundamental sensing principle relies
on the spin state dependent photoluminescence (PL) of the NV defect which forms a .S = 1 ground
state [27]. Consequently, three different sublevels (mg = 0, mg = —1 and mg = +1) are involved
within the ground state. Thereby, the mg = 0 sublevel exhibits a higher emission compared to the
mg = —1 and mg = +1 substates. According to the energy level diagram, microwave (MW) excita-
tions allow coherent manipulations within these spin sublevels. The resulting MW transitions show
a Zeeman effect which linearly depends on the applied magnetic field and realizes the performance
of optically detected magnetic resonance (ODMR) spectroscopy. Thereby, the resonance lines can be
observed as sharp dips within the ODMR spectrum due to the different fluorescence yield of the NV
center spin states.

These non-invasive and reliable properties make the NV center to a very promising quantum sensor
for discovering physical processes at the nanoscale. Indeed, applications of NV center based sensing
schemes have been shown in single molecular spin systems in terms of ESR and NMR spectroscopy
revealing molecular distances in the nm region [28]. Additionally, magnetic properties of materials
have been investigated including ferromagnetism in permalloys and cobalt (Co) nanowires [29, 30] and
superconductivity at the nanoscale [31] giving local insights into magnetic domains. Furthermore, op-
timizations on the NV center sensing protocols are able to locally detect fast magnetic dynamics in a

narrow us time resolution [32].

This Thesis

The presented thesis describes NV center based measurement schemes for the characterization of
molecules and superconductivity in a cryogenic, ultra high vacuum (UHV) environment. The work is
separated into 8 chapters.

Chapter 2 describes the fundamental physics of the NV center in diamond and explains measurement
schemes which have been implemented to characterize its spin properties. Furthermore, sensing proto-

cols are reviewed which utilize the NV center for performing ESR and NMR spectroscopy on external
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spin systems.

Chapter 3 introduces the experimental setup which has been used for performing NV center based
measurements at cryogenic (4.7 K) and UHV (2 - 107! mbar) conditions. The whole assembly of
the existing instrument, as well as the upgradations made to the existing setup, are described in this
chapter.

In chapter 4 the first experimental results of this thesis are shown. Thereby, single NV centers are
utilized for the characterization of nitroxide spin labeled polyphenols and endofullerene N@Cy, spins.
A detection of less than 10 external spins is demonstrated.

Furthermore, chapter 5 describes the readout of a spin bath by an NV center ensemble. The spin bath
is formed by P1 defect centers within the diamond lattice. It is demonstrated that a neighboring NV
center ensemble is able to control and manipulate the spin state of the dense P1 center spin bath.

In chapter 6 an NV center ensemble is utilized for the characterization of a superconducting
La,_,Sr,CuO, (LSCO) thin film sample. Thereby, an all-optical, MW-free measurement scheme is
presented which relies on the pure fluorescence yield of the NV center ensemble. This circumvents
local heating effects which can originate from applying MW fields. The spatial resolution of the thin
film Meissner screening is shown.

Afterwards, chapter 7 describes a statistical study for enhancing and stabilizing the spin properties of
shallow implanted NV centers. Thereby, autocorrelation measurements, ODMR signals, and emission
spectra are obtained for individual NV centers under different diamond surface treatments including
nitrogen, carbon monoxide and water dosing. A slight increase of the NV fluorescence yield is re-
ported by utilizing protection layers with strong dipole moments.

In addition to that, chapter 8 presents other alternative defect centers in diamond to the NV center as
quantum sensors. Furthermore, the characterization of a novel defect center in diamond is described
in terms of an optical study and high frequency (HF) spectroscopy.

Finally, chapter 9 summarizes the demonstrated experiments and presents an outlook on future inves-

tigations for revealing interesting magnetic phenomena in nanomagnetic materials.
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2 The Nitrogen Vacancy Center in

Diamond

As this thesis is focused on NV center based magnetometry it is crucial to introduce the fundamentals
of the NV center in this chapter. Therefore, the first section describes the general properties of the NV
center in diamond like the crystallographic structure, the electronic structure and the resulting optical
properties. The second section of this chapter is dedicated to measurement protocols which use the NV
center as magnetic field sensor. These schemes can be utilized for the realization of ESR and NMR
experiments at the nanoscale. In the third section, techniques for the fabrication of NV implanted
diamond samples are described. Both, the single NV and the NV center ensemble implantation into
a diamond matrix are highlighted. Finally, the last section summarizes this theoretical background
around the NV center which will be used throughout the whole thesis for the realization and analysis

of NV based experiments.

2.1 General Properties of the NV Center

Diamond is a solid form of carbon in which the atoms are arranged in a crystal structure consisted by
a repeating tetrahedral pattern of 4 carbon atoms [33]. At standard temperature and pressure, diamond
is a stable compound. However, under extreme conditions (1300 C° [34] and 100 GPa [35]) diamond
is able to transform to graphite which is another chemically stable form of carbon. The first discovered
diamonds were found in India in the 4 century BC., and until the 18" century, India was thought
to be the only source of diamond [36]. In 1725, the first deposit of diamond outside India was found
in Brazil [36]. In contrary to the Dark Ages, in which diamonds served as talisman and medical aid,
today the most uses of diamonds are as gemstones utilized as adornments or in industry as abrasives
for cutting hard materials.

From a scientific point of view, diamond induced a whole research field for its ability to host stable
atomic defects with interesting physical properties. One of the most explored atomic defect in diamond
is the NV center which forms the basis of this thesis. The most important aspects of the NV center

will be presented in this section including structural, electronic and optical properties.

2.1.1 Defect Centers in Diamond

The diamond crystal is defined by carbon atoms arranged in a face-centered cubic (fcc) lattice struc-

ture [33] with a lattice constant of a = 3.57 A [37]. To form a crystal, the four valence electrons of
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the sp>-hybridized carbon bond to the neighboring atoms. The resulting chemical bonds give rise to
the extraordinary hardness and thermal conductivity (22 Wem™!'K~! [38]) of diamond. Due to the
large band gap of 5.48 eV [39], diamond is regarded as an electrical insulator and optically transparent
material up to ultraviolet (UV) wavelengths. Furthermore, the diamond matrix is able to host incor-
porated atomic defects which are often denoted as impurities. Therefore, diamonds can be classified
according to the amount and type of impurities they contain. The four commonly used classes are the
Type Ia, Type Ib, Type Ila and Type IIb diamonds [40, 41]. Type Ia diamonds contain a high amount of
nitrogen impurities (< 3000 ppm) in the form of aggregated nitrogen clusters. Type Ib diamonds also
contain nitrogen impurities (< 500 ppm). However, the impurities appear in the form of paramagnetic
single nitrogen defects. In contrary, Type Ila diamonds show a low nitrogen concentration < 1 ppm.
In case of a significant boron content, the diamond is classified as Type IIb. Beside nitrogen and boron
defects, diamond can also host phosphorous, hydrogen, nickel, cobalt, chromium, silicon, germanium,
tin, lead and sulfur atoms. Typically, the defect centers can be detected by optical spectroscopy or EPR
methods.

One of the most studied defect in diamond is the NV center which gives an unique combination of
optical and spin properties [42]. Fig. 2.1 shows the structure of this defect within the diamond Iattice.
The NV center is formed by a substitutional nitrogen atom and a carbon vacancy on an adjacent lattice

site, possessing a C;,-symmetry [43]. The symmetry axis is given by the vector between the nitrogen
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Figure 2.1: Schematic picture of the NV center in the diamond unit cell in which the carbon atoms are

atom and the vacancy.

represented as gray spheres. The lattice constant of the unit cell is ¢ = 3.57 A and the C-C
bond distance is 1.57 A. A nitrogen atom, depicted as red sphere, substitutes one of the
carbon atoms. By removing one of the near-neighbor carbon atoms, a vacancy is created
which is depicted in white. The sketch is adapted from [44].
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Due to the tetrahedral geometry of the diamond lattice, the NV center can be oriented in four different
directions (corresponding to the four equivalent [111] directions of the diamond lattice). The first
identification of the NV center was noted in 1965 [45]. Afterwards, several optical and electron spin
resonance experiments were performed for understanding its physical properties [42]. These properties

will be explained in the following subsections.

2.1.2 The NV Center Hamiltonian

The fundamental for describing physical properties of a quantum system, like a molecule or a localized
defect, is the full electronic Hamiltonian. Following the Born-Oppenheimer approximation [46], in
which the nuclear motion is fixed and can be separated from the electronic motion, the NV center

Hamiltonian can be written as
full _ i i i i
HNV - Z <Hkinetic + HCoulomb—crystal + Hspin—orbit + thperfine) (21)

i
i,j i,j
+ Z <HC0ulomb—ee + Hspin—spin) ’
L,J

where H Iiine .. 1s the kinetic energy of the i-th electron of the NV electrons, H ! describes

ti Coulomb—crystal

the Coulomb interaction between the crystal nuclei and the NV electrons, H' .

_1s the electronic
spin—orbit

spin-orbit coupling and H ;l defines the hyperfine interaction between the NV electrons and

yperfine -
crystal nuclei [47]. Furthermore, H é’ and H'’. _ describe the Coulomb potential and spin-
oulomb—ee spin—spin

spin potential between the NV electrons [47]. As this Hamiltonian can not be solved exactly, different

approaches can be used for partly tackling the equation.
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Figure 2.2: Molecular orbitals of the NV center which result from a linear combination of the atomic
orbitals of the carbon and nitrogen. The positive parts of the wavefunction are depicted
red. Instead, the blue sections show the negative parts of the wavefunction. Especially the
a, orbital shows the resided electron density close on the vacancy. The figure is adapted
from [48].
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One method is to use atomic orbitals (AO), which are solutions of the one-electron problem and con-
struct molecular orbitals (MO) as a linear combination of them [43]. These linear combination atomic
orbitals (LCAO) are then filled up with electrons. In case of the NV center, the LCAOs are sp’-
hybridized orbitals from the three carbon atoms and one nitrogen atom as depicted in Fig.2.2. The
combined orbitals are named corresponding to the representation of the C;,, symmetry group a, e,
and e,. Furthermore, group theoretical symmetry approximations, ab initio calculations and experi-
ments can be connected for revealing the full electronic energy spectrum of the NV center [47].

For describing the interaction of the NV center with electromagnetic fields or materials, the Hamil-
tonian in Eq. 2.1 can even be simplified by the spin Hamiltonian hypothesis [49]. Therefore, only
terms containing the electron spin are regarded and thus kinetic and Coulomb interaction terms can be
neglected. Furthermore, we can solely focus on the ground state in which the spin-orbit coupling is
zero (L = 0). Taking these simplifications into account the NV center Hamiltonian from Eq. 2.1 can
be written as:

Hfé’{f =Hzps+Hyp+Hyo+Hp, +Hy, +Hp. (2.2)

The zero field splitting (ZFS) due to the spin-spin interaction of the two electrons in the highest oc-
cupied molecular orbital is defined by the H, ¢ term. The ZFS interaction can be expressed as
SDS = DS§+E (S)% — Sﬁ), where S = (S, Sy, ) is the electron spin operator and D = 2.87 GHz
the axial ZFS parameter [42]. The transverse ZFS paramter or strain factor E is, compared to D, very
small but highly dependent on lattice distortions. In general, the strain term is negligible and can be
considered to E (Sf - S§> =0.

The second term in Eq. 2.2, H ., describes the hyperfine interaction with the nitrogen nuclear spin.
This can be either an *N atom with a nuclear spin of I = 1 or an "N isotope with a nuclear spin
of I = 1/2. The hyperfine term can be expressed as SAI = A S I, + A} (SxIx + Sny), in which
I =(,,1,1I,)is the nuclear spin operator and A;; and A correspond to the hyperfine constants. In
case of the 1N atom the hyperfine constants are A” =2.3MHz and A, = 0 [42]. Instead, for the BN
case, the constants are A” =3.1MHzand A, = 2.3 —3.6 MHz [42].

Furthermore, Hy stands for the quadrupole term and is only present for 4N with the nuclear
quadrupole interaction of P = 5.2 MHz [50]. For the !N nucleus, this term can be discarded.

The Zeeman interaction of the NV center with an external magnetic field B, is described with
Hy, = ugpBygS/h. The orbital contributions to the g-tensor can be neglected. Therefore, the tensor
can be written as g = g - 1. Furthermore, if the magnetic field vector By is oriented along the NV axis,
the Zeeman interaction can be expressed as H, = y By S,. Thereby, y is the electron gyromagnetic
ratio and can be written as y = gup/h. In general, the Zeeman term is described by the dot product
between the magnetic field vector and the spin vector expressed as H, = y|By||S| cos € , including
the angle between the two vector orientations 6.

H  , represents the nuclear Zeeman interaction. In general, this term can be neglected since the nu-

clear magneton yy = eh/2m,, is orders of magnituded smaller than any other term.
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In summary, the NV center spin Hamiltonian can be simplified to [47]:

H' = DS*+ AS.I, +yByy S, + Hp. 2.3)

Note that the Hamiltonian H = H’/h is written in units of frequency instead of energy. The last term in
Eq.2.3,H,,,

this thesis, we focus on the interaction of the NV center with isolated spins which give rise to a dipole-

describes the coupling of the NV center spin to magnetic elements in its environment. In
dipole coupling term. This dipole-dipole interaction H ,;, will be discussed in detail in chapter 4.

2.1.3 Electronic Structure

After we introduced the full NV center Hamiltonian, we can extract its physical properties like the
electronic charge or optical behavior. The electronic structure of the NV center can be understood by
the electron configuration in the LCAO. Thereby, three different electronic charge states have been
theoretically suggested and experimentally verified [43, 51]. The ground states of these are depicted
in Fig.2.3.

NV- NV NV
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Figure 2.3: NV center charge states and the corresponding energy level diagrams of their ground state.
The first a; orbital lies within the valence band of diamond. Instead, the other three orbitals
lie withing the bandgap. The figure is adapted from [47].

The NV center system consists of three electrons in the dangling sp® vacancy orbitals and two addi-
tional free electrons in the nitrogen impurity orbitals. This fact gives rise to five electrons that fill up
the molecular NV orbitals. The resulting configuration is termed as the neutral NV state and has a
total electronic spin quantum number of S = 1/2.

Two other electronic states of the NV center are the NVt and NV~ states. It is naturally possible for
the NV defect to trap or release electrons from or into the energy bands in diamond. Therefore, a posi-
tively charged version of the NV center (NV™) can be realized when the NV defect acts as an electron
donor. The total spin quantum number of the NV* charge state is .S = 0.

On the other side, the NV center is able to act as an electron receptor, forming the negatively charged
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NV~ state. The additional electron forms an electronic .S = 1 system. The NV~ center is the most
prominent and well-studied defect in diamond, due to its unique spin properties and optical accessibil-
ity. All NV center based magnetometry schemes are based on the negatively charged NV center. Also
in this thesis, the NV~ forms the nanoscale magnetic field sensor. Therefore, the negative sign will be

omitted from now and the general NV expression will stand for the NV~ state.

2.1.4 Optical Properties

For describing the optical properties of the NV center we want to have a closer observation on its
ground and excited state. As already discussed in the last subsection, the negatively charged NV
center is a § = 1 triplet system, formed by the unpaired electrons in the e, and e, orbitals. From this
3 A, ground state, one electron can be promoted from the a, orbital to the e, , orbitals, forming the
excited 3 E triplet state. Both states are shown in Fig. 2.4(a) for comparison. The resulting energy gap

between the NV ground and excited state is 1.945eV.
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Figure 2.4: Optical Properties of the NV center in diamond. (a) Electronic structure of the NV ground
state and the first excited state for comparison. One electron of the a(2) orbital can be pro-
moted to one of the e, , orbitals. The figure is adapted from [37]. (b) Allowed transitions
between the ground and excited state which define the optical properties of the NV center.
Green laser irradiation promotes the electrons to the excited state. The decay results in
a ZPL of 637 nm. Furthermore, a non-radiative decay is possible over metastable singlet
states.

A simplified energy level diagram is depicted in Fig. 2.4(b), showing the optical transitions between
the 3A, and *E state of the NV center. In general radiative transitions with a zero-phonon line (ZPL)

10
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at 637 nm can be induced [52]. However, only about 4% of the photons are found in the ZPL while
the rest stems from relaxation into the phonon sideband [52]. In fact, it has been shown that it is more
efficient to excite the NV center off-resonantly with lower wavelengths between 512 nm — 532 nm for
increasing its fluorescence counts [53]. Beside these general optical properties, the NV center obtains
unique characteristics in its > A, ground state. As already discussed, the spin-spin interaction between
the two unpaired electrons gives rise to a ZFS of the spin triplets. The resulting splitting between the
mg = 0 state and the degenerated mg = =+1 states is 2.87 GHz as noted in Fig. 2.4(b). In addition, there
is also a non-radiative relaxation channel processed by an inter-system crossing (ISC) [42]. The strong
spin state dependence of this ISC leads to the optical spin polarization and optical spin readout of the
NV center. For the mg = 0 sublevels the ISC is strongly suppressed. This results in a predominantly
radiative decay from the mg = 0 sublevel of the 3 E state into the mg = 0 sublevel of the 3 A, state.
Instead, for the mg = =+1 states the ISC is comparable to the radiative decay rate. Therefore, the
mg = +1 sublevels of the 3 E excited state relax into the singlet system by the ISC. From there, they
cross over predominantly to the mg = 0 sublevel of the 3 A, ground state. As the ISC relaxation emits
in the wavelength range of 1024 nm, it does not contribute to the 637 nm ZPL emission. Therefore,
the fluorescence of the mg = 0O sublevels is higher than for the mg = +1 subsystem. As a result, a
fluorescence contrast of up to 30% can be observed [47]. This spin dependent fluorescence mechanism
forms the fundamentals of NV center based magnetic resonance spectroscopy which will be discussed

in the next section.

2.2 Magnetic Resonance Spectroscopy with NV Centers

After the properties of the NV center have been introduced in the last section, we can now focus on
applying the NV center spin system into magnetic resonance spectroscopy methods. The fundamental
technique in terms of NV center based magnetomtery are ODMR measurement schemes which com-
bine the NV center fluorescence and the electron spin resonance [54, 55]. Instead of detecting the MW
absorption of the NV center, the changes in fluorescence upon spin state manipulations are detected.
The spin states are controlled via resonant microwave excitation matching the ZFS of the NV center

ground state spin.

2.2.1 ODMR Spectroscopy

The simplest approach for realizing magnetic measurements on NV centers, is the continuous appli-
cation of microwave and laser radiation for promoting the NV spin into the excited state. Such a
measurement scheme is called continuous wave (cw) ODMR spectroscopy and reveals information
about the Zeeman interactions on the NV center. As already discussed, the mg = 0 sublevels of the
NV center result into a high fluorescence count rate. However, the NV center spin is able to flip from
the mg = O state to one of the mg = +1 states under resonant microwave excitation. In case of the

absence of an external magnetic field, this resonant condition is fulfilled by a microwave frequency

11
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matching the ZFS constant of D = 2.87 GHz. Thus, sweeping the microwave frequency and matching
the resonance condition provide a mg = 0 — mg = +1 transition of the NV spin. As the excited
mg = =1 sublevels decay via the non-radiative singlet states, a decrease of the NV fluorescence can
be observed. However, cw ODMR spectroscopy methods include several drawbacks due to microwave
power broadening and laser frequency fluctuations [47]. Such issues prevent for example the resolu-
tion of hyperfine interactions within the NV spin system. Therefore, NV center based spectroscopy

methods typically rely on pulsed measurement techniques.

Pulsed ODMR

Pulsed ODMR spectroscopy measurements on NV centers are shown in Fig. 2.5. The basic principle
is to polarize the NV spin state via laser radiation and to subsequently manipulate it with microwave

excitation. Afterwards, the spin state is read out by an additional laser pulse.
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Figure 2.5: ODMR spectroscopy with NV centers in diamond. (a) Pulse scheme for the realization of
an ODMR measurement set. The NV defect is initialized with a green laser pulse. After
that, a microwave pulse is implemented for exciting the mg = 0 spin substate to one of the
mg = +1 sublevels. Therefore, the microwave frequency is swept for matching the ZFS of
the ground state spin system. The readout is based on the fluorescence contrast between
the mg = O state and mg = +1 states. The readout sketch is adapted from [37]. (b) ODMR
spectra of an NV center ensemble for different applied magnetic fields. Without magnetic
field a resonant line at 2.87 GHz can be observed, indicating the ZFS of the groundstate.
By applying a magnetic field, a splitting of the line can be investigated due to the removed
degeneracy of the mg = +1 spin sublevels.

As the NV spin is manipulated in absence of the laser illumination, the measurement technique is more
robust against laser frequency instabilities. Furthermore, the NV center spin can be coherently manip-

ulated due to the microwave pulses. Such a coherent spin manipulation can be achieved by adjusting
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the microwave pulses in a certain length in time. Than, the microwave pulse length corresponds to
a certain phase of the quantum spin state. Typically, the resulting fluorescence photons need to be
detected in the first & 400 ns after the onset of the read out laser pulse for evaluating the spin state with
high fidelity [37]. This fact is connected with the timescale of the 3 E singlet level lifetime of about
7 = 250ns [56]. Very interesting is the magnetic field dependent behavior of the fluorescence drop
in the resulting ODMR spectra which are depicted in Fig. 2.5(b). In presence of an external magnetic
field, the mg = +1 degeneracy is removed following a Zeeman splitting. As already described, the
Zeeman term can be written as H, = y By,S, when the magnetic field is aligned parallel to the NV

axis. For this case, the full frequency splitting in an NV center ODMR spectrum can be written as

in which the gyromagnetic ratio y is 28 MHz/mT for the NV center spin [42]. In case of a misaligned
field, the frequency splitting depends on the angle between the magnetic orientation and the NV center
axis. Also this has already been discussed and can be represented as the dot product in the frequency
splitting A f = 2y B, cos . By rising the external magnetic field, an increase of the frequency splitting
in the ODMR spectrum can be observed. Thus, ODMR spectroscopy is a very fundamental tool for
measuring a static magnetic field experienced by the NV center spin system. Therefore, all other
measurement schemes which will be discussed in this thesis build up on pulsed ODMR spectroscopy

methods.

Rabi Oscillations

Based on the fluorescence drop in the ODMR spectrum, we are able obtain the resonance frequency
for the realization of mg =0 - mg = —1 or mg = 0 - mg = +1 transitions. Instead of applying a
microwave frequency sweep, we can now fix the excitation frequency and sweep the duration length
of the pulse [57]. Such a measurement scheme is depicted in Fig. 2.6(a) and results in a oscillatory
behavior called Rabi oscillation as shown in Fig. 2.6 [58]. The oscillation reveals the coherent ma-
nipulation of the NV center spin state between the mg = 0 and mg = —1 sublevels or mg = 0 and
mg = +1 sublevels, depending on the fixed frequency of the applied microwave pulse. Typically, the
behavior of the spin state within the Rabi oscillation can be depicted by the Bloch sphere representa-
tion in which the two Eigenstates |0) and |1) (or |—1)) lie at the poles of the sphere. Note that, |0) and
|+1) represent the Eigenstates of the mg = 0 and mg = +1 sublevels, respectively. Any superposition
of the Eigenstates |¥) = a |0) + f|1) can be created and visualized as a vector between the poles of

the Bloch sphere. Especially the coherent superposition states

(10) + € 1)), (2.5)

lo) =

Sil-
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which are points on the equator of the Bloch sphere, are of great importance for spin sensing. Here, ¢

is the complex phase and determines the direction along the x and y axis of the Bloch sphere.
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Figure 2.6: Rabi oscillation of the NV center spin. (a) Pulse sequence for driving a Rabi oscillation of
the NV center spin. The microwave resonance frequency is fixed at 2.87 GHz and varied
in the duration time 7. (b) Resulting Rabi oscillation between the |0) and |+1) states of
the NV center ground state spin. The different emitted fluorescence of the spin sublevels
makes the detection of the oscillation possible. Each point of the graph can be interpreted
as a spin orientation on the Bloch sphere. The Bloch sphere sketch is adapted from [47].

With this, the Rabi oscillation measurement reveals information about the duration length of a mi-
crowave pulse for exciting a certain electron spin transition. The two most relevant outcomes are the
/2 and x pulse parameters. The 7 /2 parameter denotes the resonant microwave pulse duration for
achieving a transition from the |0) state to the coherent super position state |c) = % (IO) + ei® |1))
[37]. Instead, the 7 pulse denotes the excitation duration for obtaining a full spin transition |0) — |1)
[37]. It is worth to mention that the pulse durations depend on the applied MW power. Usually, an
increase of the MW power leads to a higher frequency of the Rabi oscillation which can be inter-
preted as a decrease of the /2 and  pulse lengths. The revelation of the resonance frequencies from
ODMR spectroscopy and the pulse duration lengths from the Rabi oscillation is the key for advanced

measurement protocols which will be discussed in the next subsection.
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2.2.2 Lifetime Measurements

So far we focused on the absorption properties of the spin states of the NV center. We have described
the microwave excitation within different sublevels and the laser illumination for promoting the ground
state to an excited state. However, the temporal spin dynamics involving the lifetime of the NV center
spin has not been discussed. As the spin lifetime yields information about the environment of the NV
center it is crucial to introduce its behavior. The most important quantities are the longitudinal spin

life time (77), the transverse relaxation time (T2* ) and the coherence decay time (75).

Longitudinal Spin State Lifetime T

The longitudinal spin life time 7' describes the duration of the preservation of a quantum state before
it decays into its thermal equilibrium population due interactions with the environment [59]. In case of
the NV center, several processes within the diamond lattice can contribute to such spin decays. Typi-
cally, lattice phonons can act as relaxation channels for spin polarization [47]. Furthermore, inelastic
scattering processes or dipolar coupling with paramagnetic impurities can provide a random energy
for spin flips [47]. Therefore, measuring the T, time could give estimates about paramagnetic con-
tributions close to the NV center. A measurement scheme which is able to probe the 7| relaxation is
shown in Fig. 2.7(a) [60].
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Figure 2.7: Longitudinal spin state lifetime of an individual NV center. (a) Pulse sequence for reveal-
ing the T time of the NV center consisting of two laser pulses for initialization and readout.
An additional resonant microwave z pulse can be utilized for spin substate control. (b) Re-
sulting fluorescence behavior of the NV center under the described pulse sequence without
an additional 7 pulse (readout of the mg = O state) at ambient conditions. The T time of
the investigated system can be estimated with an exponential approach to ~ 12 ms.

The scheme consists of two variably delayed laser pulses. The first laser pulse is used for initialization
of the NV center spin. For controlling the spin state, a resonant 7 pulse can be implemented at the

beginning of the waiting time. The fluorescence read out is achieved by the second laser pulse and
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measures the remaining population in the corresponding spin state after a time 7. A typical 7| mea-
surement result is shown in Fig. 2.7(b) and can be described by an exponential fit. In that particular
case, the measurement has been performed without a 7 pulse. Therefore, the mg¢ = 0 has been read
out. As aresult, the fluorescence level decreases as the |0) state corresponds to the brightest NV center
level and the spin decays into an optically darker mixed ground state. Single NV centers are able reach

T, times in the ms range [60].
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Figure 2.8: Measurement set for estimating the T time of a single NV center. (a) Phase pick-up of
the NV center spin represented in the Block sphere picture. The spin can be excited to
the superposition state with a resonant /2 pulse. In the coherent state, the spin is able to
evolve in the xy-plane of the Bloch sphere due to magnetic noise in the NV environment.
The Bloch sphere sketch is adapted from [47]. (b) FID pulse scheme for measuring the
T, = time. The first z/2 pulse creates the superposition state. This state is evolved in
time. After a certain duration 7, the second z/2 pulse converts the phase pick-up to a
population difference which is read out by a laser pulse. (¢) Measurement on a single NV
center at ambient conditions. A decrease of the NV fluorescence is observed due to the
decoherence of the superposition state. A T time of ~ 300ns can be estimated by an

exponential envelope function.

Besides investigating the timescale in which the population remains in a certain spin substate of the
NV center, there are also other time quantities which are more sensitive towards external magnetic
fields. Therefore, we have to evaluate the quantum coherence from Eq. 2.5 in a more detailed manner.
Commonly, the phase ¢ is time dependent (¢p(7)) and is affected by magnetic fields. The resulting
magnetic field dependent phase pick-up is

$(r) =y /0 bes (1) dt. (2.6)
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b, s s is the sum over all sources of magnetic fields which tune the position of the phase and can be

written as
1 n
bes (1) = p D @y = o,(1), 2.7)
i

where w denotes the specific frequencies of the external magnetic fields. The influence of the magnetic
field on the phase pick-up is sketched in Fig.2.8(a). Typical sources for such phase pick-ups are nuclear
spins or paramagnetic species close to the NV center which are able to generate a magnetic field
oscillating at their characteristic Larmor frequency. The coherent behavior of the NV center can be
probed with a free induction decay (FID) measurement sequence (also called Ramsey pulse sequence)
as shown in Fig. 2.8(b) [61], [62]. The scheme consist of two resonant 7z /2 pulses with a variable time
delay of z. The first 7 /2 creates the superposition state |¢) of Eq. 2.5. In the beginning, the phase is
zero. However, during the variable delay time a phase is picked up due to the multiple magnetic field
sources in the NV environment. The second z /2 converts the phase pick-up to a population difference
which is readable by a laser pulse. The phase information is transferred to an actual fluorescence
signal of the NV center. A corresponding measurement data set is shown in Fig. 2.8(c) which shows
the decay of the fluorescence contrast over time caused by random magnetic field noise including the
decoherence of the phase. The resulting decay envelope of the Ramsey measurement has a timescale
in the order of few ns for NV centers and is termed as T2* time [63]. One of the main sources for

decoherence mechanisms in diamond are nuclear spins from 13C carbon atoms [47].

Coherence Time T,

Typically, the NV center T timescale of few ns is too short for realizing reasonable sensing protocols
[47]. Therefore, it is crucial to extend the coherence of the superposition state |6). A powerful method
for achieving this goal is to refocus the spin dephasing mechanism by applying an additional 7z pulse
into the Ramsey measurement scheme. As a result the magnetic interactions are inverted, leading
to a sign change of the phase pick-up, and a spin echo will occur when the acquired phase has been
canceled. In its simplest form the technique is referred as Hahn echo measurement [64]. The pulse
sequence is depicted in Fig. 2.9(a). At the half evolution period, a refocusing x pulse is added which
corresponds to a flip of the time evolved spin state by 180° around the x-axis. Mathematically, this
can be interpreted as a sign change and the accumulated phase during the second free evolution period

can then be written as

/2 T
$(r) =y / boy ()i —y / s 2.8)
0 T/2

Consequently, the phase pick-up is canceled if both evolution periods are equal in time length. Thus,
the original superposition state |o) will be restored. At the end of the sequence, a final z /2 pulse

converts the remaining phase difference to a population difference. A typical Hahn echo measurement

17



The Nitrogen Vacancy Center in Diamond

on a single NV is shown in Fig. 2.9(b). Again, a decay envelope of the decoherence can be observed.
However, the resulting coherence decay constant, termed as 7, is larger than the 7 time gained from
the Ramsey measurement scheme. For single NV centers the 7, time can reach up to 100 us [65]. In
practice, the Hahn Echo pulse scheme is slightly modified for removing artifacts from the measured
curves. This is achieved, by implementing simultaneously a 37 /2 pulse to the final 7 /2 pulse. With
this, the coherent state is once flipped to the bright |0) state and on the following pulse sequence to
one of the dark |+1) states. A contrast curve is created by substracting the two resulting data sets of
pure fluorescence. This pulse sequence will be discussed more detailed in chapter 4. Such refocusing

pulse schemes build up the fundamental principle of NV center based spin sensing.
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Figure 2.9: Hahn Echo measurement set on an NV center. (a) Pulse sequence and corresponding spin
evolution depicted in the Bloch sphere. The first 7 /2 pulse creates the superposition state
of the NV center spin. After a certain time amount 7 /2, the spin evolves and picks up a
phase which is dependent on the magnetic noise. A resonant z pulse flips the evolved spin
by 180°. After the second free evolution period the phase pick-up is canceled. The final
7 /2 pulse converts the remaining phase difference to a population difference. (b) Resulting
data from a Hahn Echo Measurement on a single NV center at ambient conditions. Like in
the FID measurement scheme, a decrease of the fluorescence can be observed due to the
decoherence of the superposition state. However, the exponential envelope yields a higher
time constant of 14 ys that is denoted as coherence time 7.
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2.2.3 Spectral Filter Functions

After we described experimental measurement schemes on manipulating the NV center spin state, we
want to assign theoretical expressions of how the NV is influenced by the magnetic noise in its envi-
ronment under these pulse schemes. This issue can be mathematically defined by the spectral filter
function F(w) which is a specific formula for each applied sequence. In general, the filter function
denotes a selective transmittance of a wavelength specific signal. Together with the spectral density
o(w) of the environmental magnetic noise, the sequence specific filter function F(w) forms the envi-

ronmental relaxation rate I',, , of the spin system [47]:

env

T, x / " P)s) dt. (2.9)
0

Therefore, the filter function is an important expression for evaluating the influence of different fre-

quency regimes on the NV center lifetime.

Filter Function for a T, Measurement

The spectral filter function for a 7| measurement pulse sequence can be formed by utilizing Fermi’s
golden rule which describes the transition rate between different energy Eigenstates in a quantum

system [66]. As a result, F(w) consists of two Lorentzians at the frequencies w, = D +y B, [47]:

12 12

Fr (@) = (2.10)

+ .
avi+(w-—w)? v+ (w-—w_)?

The linewidth Av of the Lorentzians are dependent on the T related inhomogeneous broadening
Av =1/T}. As the ZFS parameter D is in the GHz regime, magnetic noise need to fluctuate at GHz

frequencies for having an influence on the T time of the NV center.

Filter Function for an FID Measurement

The filter function for an FID pulse sequence is defined by an oscillation magnetic field with a charac-

sin 22\
Fripw) = < : > . (2.11)

The sensitivity of the FID sequence is limited by the dephasing T time of the investigated system.

teristical frequency w [47]:

Filter Function for a Hahn Measurement

In case of a Hahn measurement, the sign of the magnetic field sensitivity is switched by an implemented

7 pulse within the sequence. Therefore, the sensitivity function alternates between +1 and —1 in the
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time domain. By applying a Fourier transformation to this alternating square function, the spectral

sin’ % ?
4

As the Han echo pulse sequence decouples the NV center from its environment, the measurement

filter function can be derived to [47]

scheme is only sensitive to a narrow frequency range. This spectral regime can be narrowed further
by applying multiple decoupling pulses which benefits NV center based NMR measurements and will

be discussed in subsection 2.2.5.

2.2.4 ESR Measurement Schemes with NV Centers

One of the most demonstrated applications of NV center sensors is the investigation of single molecular
systems with ESR spectroscopy. In general, ESR measurements are widely used in various scientific
fields for the detection of free radicals and the identification of paramagnetic complexes revealing their
electronic structures [67]. The origin of the ESR signal of a sample can be explained by the Zeeman
effect. An unpaired electron in an observable system obtains a spin quantum number of s = 1/2
and with this the magnetic components m, = +1/2. In presence of an external magnetic field B, a

separation of these two magnetic components occurs due to the Zeeman effect with an energy gap of
AE = g,upB,, (2.13)

in which g, is the free electron g-factor and up the Bohr magneton. Furthermore, the electron spin
can flip by absorbing or emitting photons with an energy value of AE = hv. Therefore, Eq. 2.13 can

be written as
hv = g, upBy, (2.14)

forming the fundamental EPR equation [67]. The mathematical term shows that an external magnetic
field is able to induce a precession of the electron magnetic moment (called Larmor precession) which
can be investigated in form of absorption measurements. However, the major limitation of such ESR
techniques is the huge number of spins (~ 10'> [68]) which are necessary for the measurements,
preventing the investigations on nanometer sized samples or single molecules. One way to solve this
problem is to implement quantum sensors as the NV center into ESR measurement schemes. In fact,
NV center based ESR experiments have been successfully achieved by using double electron electron

resonance (DEER) measurement protocols.
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DEER Spectroscopy

DEER measurements are able to identify couplings between electronic spins [69]. The resulting cou-
pling strength contains information about the distance between the measured spins and with this the
structure of molecules can be studied [70].

NV center based DEER spectroscopy can be realized by implementing an additional z pulse within

the NV Hahn echo measurement scheme which we discussed in Fig. 2.9 [71].
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Figure 2.10: DEER measurement set on an NV center realizing ESR spectroscopy. (a) Pulse scheme
of the DEER measurement technique consisting of an additional z pulse compared to
the Hahn Echo sequence. The additional x pulse is varied in frequency and excites an
external spin in the NV environment. Furthermore, it is crucial to time the pulse in the
second evolution period of the NV center superposition spin. A resonant excitation of
the external spin results into a drop of the recorded NV center fluorescence. (b) DEER
spectrum measured by a single NV center at ambient conditions. The sharp fluorescence
drop indicates a spin signal of electrons in the NV environment.

The modified pulse sequence is shown in Fig. 2.10(a). The frequency of the additional z pulse is swept
in a certain frequency range for matching the resonance condition of the external spin. In resonance,
the external spin reverses its .S, component which also inverts the sign of the NV center phase pickup.

By timing the additional z pulse right after the NV spin 7 pulse, the new magnetic field dependent

phase pick-up is
/2 T
P(r) = 7// beff(t)dt—y/ bysro(1)dt. (2.15)
0 7/2
As b,sp = —b, sy, the phase pick-up is not canceled to zero like in the scenario of the pure Hahn

echo measurement on the NV. Therefore, a change in the NV center fluorescence can be observed
by matching the resonance frequency of the investigated spin as shown in Fig. 2.10(b). This phase
accumulation is solely permitted for the resonant excitation of the external spins. Depending on the

applied magnetic field strength, the resonance frequency of an external electron spin is in the order of
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~ 100 MHz. Based on the DEER pulse sequence, the coupling between the NV center spin and an
external spin can be investigated more detailed in form of DEER Double Quantum Transition (DQT),
DEER Rabi and DEER Delay measurements. However, these sequences will be discussed in chapter 4,

in which we utilize a single NV center for sensing individual molecules.

2.2.5 NMR Measurement Schemes with NV Centers

Besides ESR measurements, also NMR experiments have a great impact in modern science. The
magnetic field dependent Larmor precession of the atomic nuclei is extensively used in medicine for
magnetic resonance imaging [67]. However, also here the number of nuclear spins has to be huge
for gaining a measurable signal. Again, the NV center can be utilized as nanoscale quantum sensor.
Nevertheless, more complicated dynamical decoupling schemes have to be implemented by inserting
more refocusing 7 pulses [72]. The reason for this are the different characteristics between electron
and nuclear spins. Typically, the electron larmor precession is on the order of ~ 100 MHz —9000 MHz
[70] leading to a realtively high A E which can be measured. Instead, nuclear spin frequencies are on
the order of ~ 200kHz — 1.2 MHz [72] resulting in a significantly decreased A E. Therefore, the NV

center as sensor has to be decoupled from its magnetic environment in a more robust manner.

XY8-N Dynamical Decoupling

A frequently used concept, for increasing the robustness of the NV center is the XY8-N pulse scheme,
which is depicted in Fig. 2.11(a) [73]. The measurement sequence consists of N = 8n refocusing
pulses which are able to cancel out pulse errors in a very efficient way. Furthermore, the symmetrical
shape of the sequence decouples the NV against all possible phase noise. Depending on the total

number of microwave pulses, the sequence acts as a filter function for a certain frequency v:

) ) 2
sin % sin® %
Faw=2( ——& ) - 2.16)
2 2N

The sensitivity can be described the width Av of the filter function:

Av = !

=~ (2.17)

A typical result of this technique is shown in Fig. 2.11(b) which presents the NMR signal of carbon and
hydrogen atoms measured with an NV center. However, a drawback of this technique is the limitation
of the frequency resolution (~ 50 — 100 kHz [73]) as the measurement protocol is limited by the NV
center coherence time [74]. As a consequence, important quantities in the field of NMR can not be
observed with the NV center sensor like the chemical shift or the J-coupling which obtain a spectral
width on the order of 10Hz [75].
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Figure 2.11: NMR spectroscopy with NV centers in diamond. (a) Microwave pulse scheme of the
XY8-N sequence. The number and timing of the z pulse train defines the frequency
selection and resolution of the measurement technique. (b) Resulting NMR spectrum of
the carbon and hydrogen signals recorded by an NV center. The different atomic species
of the sample are clearly observable. The resolution of the spectral features is on the order
of 50 — 100 kHz.

Quantum Heterodyne Detection Scheme

An ultrahigh resolution sensing scheme based on the NV center can be realized with the Quantum
Heterodyne Detection (Qdyne) by combining several XY 8 sequences as shown in Fig. 2.12(a) [76]. In
this pulse scheme, the NV center fluorescence is measured after each XY8 sequence as a function of
time. Each sampling instance consists of an initialization, a phase measurement and a read out of the
NV center [76]. The time trace of the measured fluorescence is able to reconstruct the wave form of
the magnetic field experienced by the NV center. With a Fast Fourier Transformation (FFT), the time
trace can be converted to a frequency scale revealing the Larmor precession of the observed nuclei.
Fig. 2.12(b) shows a Qdyne spectrum of a 1 MHz test signal with a resolution of about 5 Hz. The
test signal was generated by a cw radio frequency (RF) running through a copper coil which has been
positioned close to the NV center diamond sample.

Modifications of the Qdyne measurement scheme have achieved a frequency resolution of even
600 uHz [74].
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Figure 2.12: NMR spectroscopy using a single NV center based on the Qdyne measurement scheme.
(a) Pulse sequence of the Qdyne measurement protocol. A train of XY8-N sequences
are attached to each other. After each readout pulse, the fluorescence is measured and
recorded as a function of time. The resulting fluorescence time trace can be converted
with a FFT into the frequency domain containing spectral information of the magnetic
noise in the NV environment. The figure is adapted from [76]. (b) Resulting Qdyne
spectrum of a 1 MHZ test signal measured with a single NV center at ambient conditions.
The frequency resolution is in the 5 Hz regime.

2.3 NV Center Implantation into Diamond Samples

After we described the theoretical background of the NV center in diamond and its usage in nanoscale
magnetometry, we want to briefly introduce fabrication processes which are able to implant NV centers

into a diamond sample. However, before we focus on that, the artificial diamond growth is explained.

2.3.1 Artificial Diamonds

Diamonds can nowadays be readily produced artificially in two different approaches. The first fabrica-

tion technique relies on the application of high pressure and high temperature (HPHT) to graphite or
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another form of carbon for a certain amount of time, forming a diamond sample [77]. An advantage
of this technique is the large quantity of diamonds which can be produced. However, the resulting
samples contain often a poor quality with many uncontrolled impurities.

Instead, clean diamonds can be created using chemical vapor deposition (CVD) [78]. In this fabrica-
tion method, a high quality carbon seed crystal is exposed to a high temperature gas of hydrocarbons
which are able to bond to the carbon surface dangling bonds.

NV centers can be created after the diamond fabrication by the implantation of nitrogen ions into the

diamond matrix and subsequent annealing by the incorporation of nitrogen during the CVD growth.

2.3.2 Single NV Center Implantation

Typically for single NV membranes, the nitrogen ions are implanted after the diamond sample fabri-
cation. This approach allows the control of the NV center depth which is defined by the kinetic energy
of the implanted ions [79]. The vacancies are formed by a subsequent annealing step at temperatures
above 650 °C. However, the ion straggling creates a large amount of crystal faults which can influence

the NV center spin properties.

2.3.3 NV Center Ensemble Implantation

Also NV ensembles can be fabricated by the direct nitrogen ion implantation. Therefore, the ion beam
diameter has to be enlarged for increasing the nitrogen concentration withing the carbon crystal. How-
ever, ensembles of NV defects can also be created by the incorporation of nitrogen atoms during the
diamond growth process. This fabrication technique is called 6-doping [80]. Afterwards, irradiation
with high energy particles or subsequent annealing steps have to be involved for creating vacancies.
This approach creates less unwanted crystal defects which influence the NV spin properties. However,
a precise location of the incorporated nitrogen atoms is not possible.

Nevertheless both fabrication methods have the ability to create shallow NV centers few nanometers

below the diamond surface which is the key for sensing applications.

2.3.4 Diamond Nano-Structuring

The key quantity for NV center based magnetometry is the fluorescence of the defects. Therefore,
it is crucial to obtain NV centers with high emission rates. In case of NV center ensembles, a high
countrate is achieved by the density of the NV cluster. Regions on the diamond sample with an high
NV center density exhibit an intense emission. However, individual NV centers usually obtain a low
number of collected photons [81]. For increasing the single NV emission, nanofabrication processes
can be performed. An efficient attempt, is the implementation of nanopillars on the diamond surface in
which single NV centers are located. The pillar structure acts as an waveguide for the NV emission and
increases the collection number of photons [81]. Typically, nanopillars can be fabricated by etching the
diamond surface with O,/0,+CF, plasma [81]. Before of that, the diamond has to be coated with a
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plasma resistive mask which defines the pillar geometry. Afterwards, the NV centers can be implanted

within the pillars. A corresponding SEM image is shown in Fig. 2.13.

Figure 2.13: SEM image of a nano-structured diamond surface. Due to specific plasma resistive masks,
nanopillars can be formed after etching the diamond surface. Afterwards, single NV
center can implanted within the pillars. The nanostructure acts as a waveguide for the
NV fluorescence and increases the resulting collection photons. The figure is adapted
from [81].

2.4 Summary

In this chapter we introduced the NV center in diamond as a nanoscale magnetic field sensor. A detailed
overview of the NV properties was given by evaluating its Hamiltonian resulting into the electronic
structure and the optical behavior. Most importantly it was shown that resonant microwave pulses can
excite different sublevels within the NV center spin ground state. Furthermore, the fluorescence shows
a spin dependence which can be used for sensing applications. The simplest measurement scheme can
be realized by ODMR spectroscopy revealing static magnetic fields experienced by the NV center. In
addition, more sophisticated pulse sequences like DEER schemes can be implemented for the detection
of single electrons in the NV environment. NMR spectroscopy can be achieved by modifying the
DEER pulse sequences towards dynamical decoupling schemes which is sensitive for nuclei Larmor
frequencies. Finally, a short description was given regarding different fabrication processes of NV
implanted diamond samples. Artificial diamonds can be created by HPHT or CVD growth methods.
Thereby, NV defects can be inserted after the diamond fabrication by nitrogen ion implantation or
during the CVD growth process in form of 6-doping. For both techniques, the vacancies are formed
via heat exposure or high energy irradiation. The theoretical background of this chapter is crucial for
a better understanding of the experimental results of this thesis.
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3 Experimental Setup

This chapter presents the experimental setup which was utilized for performing the measurements of
this thesis. The first section describes an overview of the setup which consists of a cryostat connected
to an UHV chamber. The structure of the cryo-UHYV instrument is explained in a more detailed manner
in the second section by highlighting the load lock, preparation and main chamber. Furthermore, the
measurement head which is positioned within the cryostat is described. The third section is dedicated
to the microwave pulse generation which is crucial for realizing spin manipulation measurements on
the NV center. In the last section, we focus on the optical elements of the instrument. These are of great
importance as the NV center has to be initialized and read out optically. It is also worth to mention
that a detailed technical description of the setup can be found in the works [37] and [82] which fully

focus on the instrument.

3.1 Overview Scheme of the Setup

The architecture of the experimental setup consists of four different subsystems, namely the confocal
microscope, the microwave generation, the vacuum chamber and the cryogenic system. A simplified
diagram of the setup is illustrated in Fig. 3.1(a).

For promoting the NV center ground state into its excited level, a pulsed laser with a frequency of
512nm is used. The NV center emission is collected with avalanche photo diodes (APDs) which
are characterized by an efficiency maximum at around 650 nm. These parts, form together with
refocusing lenses, a dichroic mirror and a 75 ym pinhole the confocal microscope which is able to
image the NV center fluorescence. Apart from the objective which is positioned inside the cryostat,
the whole optical setup is assembled outside the vacuum system.

Besides optically exciting the NV center, the spin states have to be manipulated with microwave
and RF fields. Therefore, HF sources are coupled into a waveguide on the sample via impedance
matched transmission lines within the cryostat. The control of the pulse sequences is achieved by a
Field Programmable Gate Array (FPGA) which is able to trigger the switches between the laser and

microwave signals [47].
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Figure 3.1: Overview of the experimental setup. (a) Simplified sketch of the setup which consists of an
UHV-cryostat. The NV-diamond sample is located inside the instrument. Below the UHV
chamber, an optical confocal microscope is assembled for exciting and reading out the NV
center. Furthermore, a microwave line is implemented for NV center spin manipulation.
(b) Photograph of the experimental setup.

For realizing measurements in a cryogenic-UHV environment, a helium bath cryostat is attached to a
vacuum chamber. The cryostat is able to reach a base temperature of 4.7 K. Furthermore, different
pumps are able to create an UHV environment with a pressure of about 2 - 10719 mbar. The vacuum
chamber obtains several ports with optically accessible windows in the visible wavelength range for
ensuring a transmission of the 512 nm laser light and the 637nm — 750nm NV emission. These

subsystems will be explained in a more detailed way in the following sections.

3.2 The Cryo-UHV Setup

After giving a general overview of the experimental setup, we want to focus on the cryo-UHV part of
the instrument in this section. In the first part, the vacuum setup is described which consists of three
separated vacuum chambers named load lock, preparation and main chamber. After that, the cryostat

structure and the measurement head are explained.

3.2.1 Load Lock and Preparation Chamber

The first two parts of the UHV setup are the load lock and the preparation chambers. Both are separated

from each other by a gate valve. The load lock chamber provides the first step for introducing a sample
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from an ambient environment into an UHV system. Typically, a load lock chamber ensures a vacuum
of about 2 - 108 mbar.

Preparation Chamber

CO, Laser Box

Transfer Rod

Figure 3.2: Overview of the preparation chamber. (a) Side view photograph of the preparation chamber
on which a gas line is connected to it for surface treatments. A leak valve is used for
controlling the gas flow. Furthermore, a CO, laser is guided to the chamber for cleaning the
diamond surface. (b) Top view photograph of the preparation chamber. The sampleholder
is stably located into a manufactured mount which is screwed into the magnetic transfer
rod.

Before a sample can be introduced into such a chamber, the load lock system has to be vented with pure
nitrogen gas. After that, the sample can be mounted on the magnetically coupled linear transfer rod
[37]. A membrane pump is used for generating a pre-vacuum state of few mbar. When this is achieved,
the system including the sample can be evacuated via turbomolecular pumps down to 1078 mbar [83].
The pressure is read out by cold cathode gauges. The advantage of implementing a load lock chamber
into the vacuum system is the in situ sample exchange, as the preparation and main chambers are not
vented during the sample transfer.

When the load lock pressure is in the range of 10~® mbar, the sample can be transferred into the
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preparation chamber. For this, the gate valve can be opened and the magnetic transfer rod can be
introduced into the preparation chamber. Also this system contains a magnetic transfer rod with a stage
which is able to hold the introduced sample. In contrary to the load lock, the preparation chamber is
equipped with a turbomolecular pump and an ion getter vacuum pump [84]. This pumping combination
is able to realize an UHV environment on the order of 107! mbar. Furthermore, the preparation
chamber enables the deposition of different gas molecules upon the diamond surface for modifying
the NV center spin properties. Therefore, a leak valve is attached to one port of the chamber. The
corresponding gas bottles are connected with steal pipes to the leak valve for ensuring a controllable
introduction of the gas. Additionally, a ZnSe vacuum viewport is attached on the preparation chamber
which transmits infrared light (IR). A high power 10 ym IR laser beam can be introduced through this
port for cleaning the diamond surface. The top and side views of the preparation chamber are shown
in Fig. 3.2 highlighting the explained features. After the surface treatment of the diamond, the sample
holder can be transferred to the main chamber.

3.2.2 Main Chamber and Cryostat

The main chamber is separated by a gate valve from the preparation chamber and is equipped with
a turbomolecular pump and an ion getter vacuum pump. Typically, the readout pressure is at about
2 - 1071 mbar confirming the UHV environment in which the sample is located. The central part of
the main chamber is the attached cryostat which consist of two stages with distinct base temperatures
as shown in Fig. 3.3. The outer part (depicted in green) forms the liquid nitrogen reservoir with a
volume of 30 liters and acts as a protection jacket for the 10 liters helium reservoir (inner part depicted
in blue) [37]. Due to the extremely low boiling temperatures of the used gases, the nitrogen reservoir
reaches a base temperature of 77 K and the helium stage obtains a temperature of 4.7 K [85, 86].
For controlling thermal fluctuations, the cryostat is fabricated from stainless steel which is a poor
thermal conductor [37]. In addition, the UHV surrounding decreases thermal conduction from the
environment. Therefore, the heat transfer is dominated by thermal radiation and conduction between
the electrical wires which are connected to the measurement head. The thermal radiation is suppressed
by the implementation of two gold-plated copper shields which are mounted around the measurement
head. A shutter mechanism enables the sample transfer and view ports provide optical access. The heat
transfer from the electrical connections is minimized by the chosen wire materials. Bronze wires with
a thermal conductivity of 1.6 % have been inserted for controlling the piezo motor of the sample stage
[37, 87]. Furthermore, the microwave transmission lines are formed by semi-rigid coaxial cables with
stainless steel shielding obtaining a thermal conductivity of 2 % [37, 88]. The resulting liquid helium
consumption is of about 2.4 liters/day by inserting the described thermal shielding and optimized
wiring. However, laser and high frequency applications during extensive measurement sets increase

the helium consumption to almost 4 liters/day.
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Figure 3.3: Cross-section of the cryostat. The instrument consists of two reservoirs which operate at
77K (green part) and 4.7 K (blue part). The operation temperature is achieved by filling
the reservoirs with liquid nitrogen and helium. The sketch is adapted from [37].

3.2.3 Measurement Head

In the last part of this section, we want to focus on the measurement head as this element combines the
key components for the investigation of NV centers, namely the optical and high frequency excitation.
Therefore, it is crucial to provide an optical access to the mounted sample with a high collection
efficiency. This can be realized by utilizing high numerical aperture (NA) objectives consisting of
sophisticated multi-lens systems for correcting chromatic aberration [89]. However, the performance
of such lens systems are highly affected by the ultra cold environment as the refractive index and the
dispersion of the glasses depends on the temperature [37]. Furthermore, the glass curvature contracts
at low temperatures resulting in a change of the lens radius and thickness [37]. Therefore it is crucial
to implement a cryogenic compatible high NA objective [90].

Another important part of the measurement head is the home-built sample stage which consists of
piezo actuators for three dimensional sample positioning, a mounting fixture for the sample holder and
the high frequency transmission lines. The transmission for the MW excitation is crucial for precise
NV center spin manipulation. This is achieved by coupling the waveguides of the sample holder with
the MW transmission lines of the measurement head by spring-loaded contacts. These connections are
assembled by sub-miniature-P (SMP) connectors, a glass-ceramic body and beryllium copper (CuBe)
springs on which halfed copper (Cu) spheres are glued. Finally, the spring contacts are interconnected
by flexible coaxial cables to the cryostat mount plate from where semi-rigid transmission lines go to

the cryostat top plate. A sketch of the measurement head and a corresponding photograph is shown
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in Fig. 3.4.
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Figure 3.4: Overview of the measurement head. (a) Sketch of the measurement head assembly illus-
trating the sample mount (in red) and the piezo stage (in blue) adapted from [82]. The inset
shows a photograph of the sample holder. The copper waveguides are crucial for the MW
transmission. (b) Photograph of the measurement head fixed to the cryostat cold plate.

In addition, an electromagnet is installed inside the measurement head for controlling the orientation
and the magnitude of the magnetic field. This is of great importance for performing magnetometry
measurements at various field strengths on the NV center. Furthermore, the alignment of the field ori-
entation is crucial as NV centers can be oriented in one of four possible crystal directions (as discussed
in chapter 2). A misaligned magnetic field orientation upon the NV axis can quench the NV fluores-
cence [91]. Therefore a vector magnet design consisting of three mutually perpendicular oriented coils

is implemented above the sample holder mount as depicted in Fig. 3.5. Each coils consists of a 5000
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loops copper wire shielded by 0.01 mm of a polymer insulation [47]. Additionally, a ferromagnetic
core is introduced to the coils for increasing the magnetic field strength. The resulting field amplitude
and orientation is controlled by a current source which addresses the coils separately. A magnetic field
strength of up to 20mT can be reached with this configuration [47].

Fe-ring
Fe-core

Solenoid

Figure 3.5: 3D sketch of the vectormagnet mounted above the sampleholder position. The magnet
consists of three coils oriented perperdicular to each other for the generation of a magnetic
field in x, y and z direction. The sketch is adapted from [37].

3.3 Microwave Generation

In the last section we discussed the HF transmission lines within the cryostat which are connected to
the sample stage. However, most of the NV spin state manipulation experiments rely on MW pulse
sequences and not on cw measurement schemes. Therefore, it is also important to describe the HF
setup which creates precise MW pulses. An overview of the HF lines outside the cryo-UHV setup is
illustrated in Fig. 3.6.
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Figure 3.6: Schematic overview of the high frequency setup which is formed by a microwave line for
NV center spin manipulation and a radio frequency line for external spin manipulation. For
generating pulse schemes, switches are implemented which are controlled by the FPGA.
The HF lines go through the measurement head within the cryo-UHYV setup and end in a
network analyzer device for displaying the transmission.

The first part of the setup consists of two separated signal generators (Vaunix Lab Brick LSG-402 and
SMIQO3B) for creating cw high frequency signals. The Vaunix Lab Brick LSG-402 operates in the
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frequency range between 1 GHz — 4 GHz and is used for NV center spin manipulation. In contrast,
the SMIQO3B generates radio frequencies in the range of 300 kHz — 3.3 GHz and is employed for
exciting external electron spins. Both generators have a maximum output power of about +10dBm.
As the signals experience loses through the long cryostat wiring, the output of the generators has to be
increased by using two amplifiers which are able to deliver up to +42 dBm. The corresponding pulses
are created from the cw signals by fast switches which are coordinated by the FPGA. Additionally,
a phase shifter is implemented for requiring microwave pulses with a 90° phase shift relative to each
other. This is beneficial for sophisticated pulse schemes to compensate pulse errors. Finally, the signals
are coupled into the transmission line of the cryostat with coaxial cables. As already discussed in the
last section, the pulses are guided through waveguides on the sample holder. Furthermore, a thin
copper wire with a diameter of &~ 20 ym is bonded across the diamond sample, for guiding the MW
signal in close proximity above the NV centers. At the end, the MW transmission can be read out by

a network analyzer.

3.4 Optical Setup
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Figure 3.7: Illustration of an NV center specified confocal microscope. A 512 nm pulsed laser is used
for optically exciting the NV center. The red NV center emission is collected by two APDs
which are mounted in a Hanbury Brown and Twiss geometry. A flip mirror is implemented
for performing measurements in the cryo-UHV environment or at an ambient stage.

The following section of this chapter describes the optical setup for imaging NV centers and initializing
and reading out their spin state. The optics is assembled in form of a confocal microscopy setup

optimized for NV center characterization [92]. Therefore, a pulsed laser (Toptica iBeam-Smart-515)
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with a wavelength of about 512 nm is implemented which is used for excitation, initialization and
readout of the NV center. The laser light is coupled into a 3 ym single mode optical fiber for ensuring
a Gaussian T E M, mode of the beam. At the end of the fiber, the laser light is out coupled and
guided into an inversely mounted objective for achieving a collimated beam. Afterwards, the green
beam is routed by dielectric silver mirrors to a dichroic beam splitter which is a crucial part of the
optical setup. The beam splitter reflects the 512 nm photons of the laser to a 45° tilted piezo-based
scanning mirror (PI S-330.8) which guides the beam into the measurement head within the cryo-UHV
instrument. The cryogenic compatible objective (attocube LT-APO/VIS/0.82) focuses the excitation
light on the diamond surface and collects the red NV emission ranging from 637 nm — 750 nm. The
red photons are guided to the dichroic beam splitter which transmits these wavelengths. After that,
the light is focused through a 75 ym pinhole which is responsible for the resolution of the resulting
image. Finally, the NV fluorescence is recorded by two APDs mounted in a Hanbury Brown and
Twiss geometry for performing autocorrelation measurements. As single NV centers acts as single
photon sources, autocorrelation measurements are a reliable method for pre-characterizing certain NV
centers. The generation of a 2D confocal image is achieved by scanning the laser beam across the
diamond surface with the piezo mirror which obtains a scanning range of 60 ym x 60 ym.
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Figure 3.8: Performance of the ambient stage. (a) Confocal image of an NV diamond sample in which
the NV centers are implanted in diamond nanopillars. The fluorescence is recorded by
scanning the stage in a range of 50 yum x 50 yum. As a result, the defect centers can be
observed as bright spots in the image. (b) Autocorrelation measurement of a single NV
center. The photon antibunching dip is below 0.5 which is an indicator for the observation
of a single photon emitter.

In addition, a flip mirror is implemented between the dichroic beam splitter and the piezo mirror for
guiding the green laser beam to an ambient condition stage. This instrument consists of a piezo stage
(Piezosystem Jena T-404-01D) with a scan range of 150 gm x 150 ym on which a copy of the sample

holder design is mounted. The stage can be used for NV center pre-characterization in an ambient
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environment before transferring the diamond sample into the cryo-UHV setup.

Imaging Performance of the Ambient Stage

The imaging performance of the ambient confocal setup is illustrated in Fig. 3.8(a) by presenting an
exemplary NV implanted pillar membrane. The fabrication and benefits of such diamond samples
are explained in 2.3.4. The piezo stage is scanned in a range of 50 yum x 50 ym. With this, the laser
beam is focused on different positions on the diamond sample within the set range. The scanning
resolution can be set by the measuring software. The NV centers can be observed as bright round-
shaped features. Furthermore, Fig. 3.8(b) shows an autocorrelation measurement of a certain NV
center. It can be observed that the photon antibunching point of the correlation curve g® is below
0.5 which is a characteristic of a single photon source [93]. This is a reliable method for confirming
the investigation of a single NV center which is crucial for realizing ESR spectroscopy on individual

molecules.

Imaging Performance of the Cryo-UHV Stage
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Figure 3.9: Imaging performance within the cryo-UHV environment. The scanning range of the piezo
mirror is 60 gm x 60 ym. Also here, the NV centers can be observed as bright spots due to
the sample geometry. However, an elliptical shape of the emitters can be investigated. This
is explained by the optics within the UHV chamber which does not consist of refocusing
lenses.
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A full range 60 um x 60 ym confocal image of the NV fluorescence is shown in Fig. 3.9. Also here
the NV centers are shown as bright spots. However, it is evident that the quality of the measured
emission varies through the whole image. The most reliable data is recorded in the center of the image

in which the laser spot is focused. The reason for the non-uniform laser focus can be explained by the
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distance between the piezo mirror and the cryogenic high NA objective which is about 30 cm. Within
this distance, no focusing lenses are mounted inside the UHV chamber. Therefore, the divergent laser
beam is not refocused before passing through the objective and the confocal images obtain an overall

elliptical shape.

3.5 Implemented Improvements in the System Performance

It is evident that the construction of an experimental instrument is a long-term project. For instance,
the setup described in this chapter has been developed among three generations of Ph.D. students.
Therefore, this section briefly highlights advancements on the experimental setup performed within

the scope of this thesis.

Re-Assembly of Microwave Contacts

(a)

Figure 3.10: Disassembly of the experimental instrument. (a) In order to access the measurement head,
the cryostat has to be separated from the UHV main chamber. (b) Microwave connections
at the sample stage for ensuring high MW transmissions on the sampleholder waveguides.
The green square illustrates the spring contacts on which the Cu spheres are attached.
Instead the red square shows the damaged springs on which the Cu spheres have been
disassembled.

In 3.2.2 we described the transmission lines within the measurement head. Thereby, the applied MW

radiation is coupled to the waveguides of the sample holder through spring-loaded connections on
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which halfed Cu spheres are glued for creating the contact. The advantage of such a scheme is the
realization of high transmission MW connections. However, sample transfers can potentially damage
the attached spheres. In the worst case, the spheres get disassembled from the spring connections. As
a result, the MW line is not closed which can be read out on the network analyzer.

Indeed, such a scenario occurred within an experimental set of this thesis. The only way for re-
assembling the Cu spheres is to separate the cryostat from the UHV main chamber. The general routine
for this procedure is described in this paragraph. In the first step, the whole system has to be heat up
to ambient temperatures. As second step, the UHV chamber has to be vented by nitrogen gas. After-
wards, the cryostat can be disassembled from the main chamber with a crane (see Fig. 3.10(a)). By
removing the gold-plated radiation shields, the measurement head is accessible and can be removed
from the cold plate. Consequently, the samplestage has to be separated from the measurement head.
Fig. 3.10(b) shows the location of the Cu spheres. Furthermore, the red square indicates the disas-
sembled spheres. In order to close the MW circuit, new Cu spheres had to be glued on the contacts.
This has been achieved by utilizing silver epoxy. Afterwards the cryostat has been re-assembled to
the main chamber. The UHV environment was re-created by the attached pump systems described
in 3.2.1 and 3.2.2. In the final step, the cryogenic conditions were achieved by implementing liquid
nitrogen and helium within the cryostat. As a result, the setup was again functional operating at 4.7 K

and 2 - 1071 mbar. Furthermore, microwave signals were readable on the network analyzer.

Modifications on the Preparation Chamber
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Figure 3.11: Schematic of an optical setup for guiding an IR beam into the preparation chamber.

Another important issue within the scope of this thesis was the modification of the preparation chamber
for realizing diamond surface treatments. Therefore, a gas leak valve and an IR beam setup (described
in 3.2.1) had to be implemented.

For modifying certain elements within an UHV system, the corresponding vacuum chamber has to be
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vented to ambient conditions. Afterwards, changes on the system can be performed. In this particular
case, one of the preparation chamber viewports has been exchanged by the gas leak valve. After this
procedure, the preparation chamber was pumped down to UHV conditions. Furthermore, a gas line
consisting of stainless steel tubes had to be installed directly to the leak valve. With this composition,
a certain gas can be introduced to the preparation chamber for depositing on the diamond surface.

In addition to that, it is also crucial to remove clustered impurities from the sample surface. This can
be achieved by surface heat treatments. Therefore, an IR laser optical setup has been attached in close
proximity to the preparation chamber as shown in Fig. 3.11. Two IR reflective gold mirrors are able to
guide the 10 ym laser beam to the viewport of the vacuum chamber. For ensuring a high transmission
into the preparation chamber, the viewport is composed of an IR transmitting ZnSe material. Further,
a ZnSe lens is mounted in front of this viewport for focusing the beam onto the diamond sample. The

readout of the temperature is achieved by an optical pyrometer.

Implementation of a H,O Dosing Line

Leak Valve
Water Reservoir

Figure 3.12: Line for performing water dosing experiments. The water is introduced trough a leak
valve to the preparation chamber.

Beside of introducing a gas line into the preparation chamber, also a second dosing line was imple-
mented for performing the dosage of more complex compounds. For instance, the deposition of lig-
uids onto the diamond can reveal interesting chemical features or affect the NV center spin properties.
Thereby, the formation of thin water layers on the diamond surface is of great interest. Therefore, a
water reservoir has been attached to the second dosing line. Similar to the gas path, the water line
is connected to a leak valve which ensures the precise introduction of the liquid inside the chamber.
The water line architecture is shown in Fig. 3.12. However, before a water dosing procedure can be

performed, the liquid has the be purified within the reservoir. In order to achieved this, a freeze-pump-
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thaw cycle can be applied. Thereby, the impurities are pumped while the water is freezing. Afterwards,

the liquid has to be warmed up and the cycle can be repeated for ensuring highly purified water.
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4 Detection of Individual External Spins
with Single NV Centers

The investigation of single molecular systems forms the fundamental for a better understanding of bio-
logical compounds like peptides and proteins which play a crucial role in medicine and pharmaceutics.
Important for the working processes of such bio-molecules are the spatial conformation and structure
of individual molecules. Therefore, it is crucial to develop experimental methods which are able to
resolve single molecular compounds and the location of individual atoms within these complexes. Sev-
eral techniques are established for the investigation of molecular structures including NMR, ESR and
X-ray crystallography [94]. However, even with advances in these techniques, the major limitation is
given by the huge number of molecules (=~ 10'? [68]) which are necessary for gathering a reliable mea-
surement signal. As a result, observations on the single molecule level can not be performed and only
bulk properties of the system can be studied. Therefore, several super resolution optical microscopy
techniques have been developed for enabling access on the single molecule level including photoacti-
vated localization microscopy (PALM) or stimulated emission depletion (STED) microscopy [95, 96].
Another possible approach for tackling this issue is the implementation of single NV centers in ESR.
The imaging technique relies on the detection of magnetic signals. Therefore, the NV would not solely
image a certain system. It would also reveal physical properties of the system including its magnetic
behavior. More specifically, NV center based ESR techniques utilize the dipolar interaction between
the NV spin and the external spins of the investigated molecular system [97, 98]. The resulting cou-
pling strength between the spin systems contains information about the spatial arrangement including
the length scale of the individual molecule. In fact, such NV center based measurement schemes have
been successfully performed in [68] and [97] by the investigation of spin labeled polypeptides. Single
NV centers were able to couple to the corresponding spin labels for gaining structural information
about the investigated peptides. However, the fast rotational motion of the spin labels prevented the
precise and exact estimation of the molecular length. In fact, the length scale was estimated under the
assumption of a pure parallel coupling when the spin label orientation is set parallel to the NV axis.
Nevertheless, a realistic molecule length of r = 2.6 nm was evaluated [97].

For ensuring motion stability and with this a more exact estimation of molecular length scales, we
implemented spin labeled polyphenols as observable samples. Chained phenol rings are able to form
a compact and stiff molecular structure. As a result, the rotation motion of the attached spin labels is
reduced [99]. Indeed, such phenol compounds are named molecular ruler samples in the ESR com-

munity due to the high fidelity by accessing their length scale [99]. Nevertheless, no single molecular
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measurements of polyphenols have been obtained so far. Most of the studies rely on standard cw ESR
techniques measuring a diluted solution of the spin labeled molecules containing =~ 10'° spins [100].
Therefore, we present the coupling of a single NV center spin to individual molecular ruler samples
as the first detection of a single spin labeled polyphenol in the first section of this chapter. The experi-
ments were performed in the already presented cryo-UHYV setup (see chapter 3) at a base temperature
of 4.7K and in an UHV environment of about 2 - 10~!9 mbar. The measurements indicate a dipolar
coupling between the NV center spin and the spin labeled polyphenol by a significant NV fluorescence
drop in the DEER spectrum. Furthermore, coherent manipulations of the external spin labels were de-
tectable. The limitation of our approach was set by the laser induced instability of the polyphenols
compound. A significant reaction between the molecules and the 512 nm laser irradiation led to an
instability of the recorded photon counts limiting further experiments for estimating the exact number
of detected spins and the molecule length.

Therefore, in the second section we introduce a more photon stable compound, namely the endohe-
dral fullerene N@Cg, molecule [101]. Even though, the structural conformation of endofullerenes is
not highly featured due to their spherical geometry, fullerene compounds are extensively utilized in
biomedical applications as MRI and X-ray imaging contrast agents [102]. Furthermore, studies have
been performed in which the binding of fullerenes to specific antibiotics has been observed for tar-
geting resistant bacteria [103]. Therefore, studies of endofullerenes at the single molecule level can
be interesting for accessing their spin behavior within different coupling mechanisms. Our performed
NV center based ESR measurements indicate a successful coupling to less than five external N@Cy,
spins. Also these measurements have been performed at UHV and at 4.7 K cryogenic temperatures. In
addition, a coherent manipulation of the N@Cg, spins was recorded. The results have been published
in [71] and [104].

4.1 Molecular Ruler Samples

The first section of this chapter describes the read out of spin labeled polyphenols with a single NV
center. As model system, a synthetic rod shaped C4,H,5 phenol compound was chosen. Furthermore,
two C5H7NO;L tetramethylpyrroline carboxylic (P5C) nitroxide radicals, expressed as PSC-NR, were
attached to the molecular chain for spin labeling. The resulting C52H62N202+ compound is illustrated
in Fig. 4.1. Typically, the chemical reaction for synthesizing such polyphenols takes place in an iodine
solution which is able to dimerize protected monophenols to a rod shaped compound [99]. The spin
labeling is achieved through a reaction between the phenols and the PSC-NR molecules in an acidic
solution and in presence of dymethylaminopyridine (DMAP) molecules [99]. Based on the spin labels,
such structures are often used for checking how precisely angles between molecular frameworks are
oriented in nanometer length scales [105]. In general this is achieved by bulk ESR measurements. By
using an NV center quantum sensor, this approach can be extended further for the detection of single

molecules, revealing their structural conformation.
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4.1.1 Bulk ESR Measurements of Spin Labeled Polyphenols

Due to the carbon-nitrogen double bond and the included carboxyl functional group, PSC-NR forms a
cyclic imino acid [106, 107]. Its electronic spin of S = 1/2 originates from the oxygen radical with
a gyromagnetic ratio of g, = 2.008, g,, = 2.006 and g,, = 2.002 and the corresponding hyperfine
coupling A stems from the near-neighbor '* N nucleus obtaining a nuclear spin of I, = 1 [47, 105].

The resulting hyperfine constants are A,,, A, ~ 14MHz and A_, = 103.6 MHz [47, 108].

xXX?
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Chemical Formula: Cs;HgoN;06"
Exact Mass: 810,461
Molecular Weight: 811,076

Figure 4.1: Chemical structure of the spin labeled polyphenol C52H62N202+. In the 3D illustration
(right part), the carbon atoms are depicted as gray spheres and the hydrogen atoms as
light grey spheres. The oxygen and nitrogen atoms of the PSC-NR spin label radicals are
represented as blue and red spheres.

In order to characterize these spin properties, pulsed ESR measurements can be performed on a solution
containing the molecules [109]. Fig. 4.2 shows a measurement set in which the spin echo of the
molecules was recorded. Similar to the Hahn echo measurement described in chapter 2 [65], the
molecules are firstly excited by a 7z /2 pulse in their superposition state. Afterwards, a 7 pulse flips
the evolved spin by 180°. Instead of implementing a second and final z /2 pulse for converting the
evolved spin back to its initial state, the spin echo in the xy-plane of the Bloch sphere is read out [64].
The explained pulse sequence is illustrated in Fig. 4.2(a). Typically, the frequency of the pulses is kept
constant during the measurement. For the observation of electronic spins, the fixed pulse frequency is
on the order of ~ 9 — 10 GHz [70]. At the same time, the applied magnetic field is swept. By matching
the resonance condition between the fixed frequency and the swept magnetic field, a significant increase
of the detectable spin echo can be observed [110]. A resulting pulsed ESR spectrum is shown in
Fig. 4.2(b). The C52H62N202+ molecules were diluted in a ortho-terphenyl solution in a concentration
of about 200 ymol /1. The applied magnetic field was swept between 3260 Gs and 3410 Gs. In parallel,
the molecules were excited by microwave pulses of 9.5 GHz. The spectrum is characterized by three
significant peaks in which the external magnetic field and the applied microwave excitation are in

resonance. These peaks, reveal the hyperfine splitting of the spin labels which is composed of all three
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directions of the hyperfine and gyromagnetic ratio contributions

Exx * Axx 4.1)
8y - Ayy 4.2)
8. A, “4.3)

as indicated in the graph. As expected, the A, contribution forms the largest hyperfine splitting in the
spectrum of about AB =~ 3.6 mT which can be converted through [111]

_ 8cHB
h

Av AB 4.4)

to Av =~ 101.3 MHz. This number is in good agreement with the already mentioned value of A,, =
103.6 MHz for the nitroxide radical spin label [47]. Also A, and A, can be estimated by the presented
spectrum using A B of about 0.6 mT which leads to Av ~ 16.8 MHz.
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Figure 4.2: Pulsed ESR measurement for the detection of spin echo signals. (a) Pulse sequence char-
acterized by a 7 /2 and = spin flips for exciting the spin ensemble into a superposition
state. In the end, a spin echo signal is detected. (b) Resulting pulsed ESR spectrum of spin
labeled polyphenols measured at 7 K. The measurement has been performed by Gunnar
Jeschke, University of Bielefeld.

44



Detection of Individual External Spins with Single NV Centers

Potentially, pulsed ESR measurement schemes can be further modified by varying the timing = between
the microwave pulses gaining access on the life time and dynamics of the molecules [112]. Neverthe-
less, such standard techniques average over ~ 10'° molecules within the solution [68]. Therefore,
we want to utilize a single NV center as nanoscale magnetic field sensor for detecting the electron

resonance of individual spin labels.

4.1.2 Magnetic Dipole-Dipole Interaction

The fundamental principle of NV center based nanoscale ESR experiments is the measurement of the
magnetic dipole-dipole interaction between the NV center and the external spins. The spin Hamiltonian

for two interacting magnetic dipoles can be written as [113]:
Hy, =V (r) (3(5%¢,)(S'¢,) — S*S"), (4.5)

where S* and §' are the spin operators of the two involved spins and &,/ represents the connecting

vector between these. Furthermore V' (r) can be expressed as

/)
Vr) = _Ho Vil
471' ril

(4.6)

and contains the distance r,; between the interacting magnetic dipoles. By using the lowering and
raising operators S_ = .S, —iS, and S, = S, + iS5, Eq. 4.5 can be represented as [47, 114]:

y
Hdip=%r)(A+B+C+D+E+F). 4.7)

The abbreviations A, B, C, D, E, F can be written as:

_ 2 k gl
A =23cos”(0y) — DSTS,,
B = (3cos*(®,)) — 1)(S* S + 5kSh,
C =3cos(0y,) sin(0,)e'?(SES: + S*8h),
D=C",
3. ,
E=3 sin*(@,)e?? S S!

F=E"

The two most important terms are given by A and B. While A describes the generation of a magnetic
field at the position of the interacting dipoles, B interprets the energy transfer between the two spins
including spin flip-flops. Instead, C, D, E, E represent spin state mixing. As these terms are very small

compared to A, B, the spin state mixing can be neglected. Therefore, the dipolar coupling Hamiltonian

45



Detection of Individual External Spins with Single NV Centers

can be simplified to [47]:
Hyp =203, (SKS! + 8550 + 7 SESL. (4.8)

The introduced quantity J,, is the dipolar coupling strength between the two spins and can be expressed

as
I =V Geos’ @) - 1. (4.9)

Of great importance is the angle ® which represents the spatial orientation between the interacting

magnetic dipoles as depicted in Fig. 4.3.

dipole k
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Figure 4.3: Sketch for illustrating the dipole-dipole coupling between to individual spins. Crucial for
the coupling strength Jy, is the distance r between the two dipoles k,/ and the spatial
orientation in terms of the angle ®,.

4.1.3 Nanoscale ESR Measurements Using a Single NV Center

After the physical components have been described which are involved in the coupling of an NV center

spin with an external spin label, the experimental results of the ESR measurements can be presented.

Sample Preparation

As already introduced, the investigated system consists of a single NV center and individual PSC-NR
spin labels attached to a rod-shaped polyphenol. For bringing the molecules in close proximity to the
NV center, the spin labeled polyphenols have been drop-coated with a pipet to the diamond membrane.
Before of that procedure, 0.05 mg of the molecules have been dissolved in 2 ml of chloroform for
ensuring the characterization on the single spin level. The diamond membrane on which the molecules
have been drop coated is a [100] nanopillar-etched diamond plate (see chapter 2) with a thickness of
30 um. The NV centers have been implanted with a 5keV nitrogen ion beam for ensuring a depth
< 10 nm of the defect from the diamond surface. After the solution which included the molecules has
been drop-coated, the diamond membrane was positioned for 2 h at ambient conditions for evaporating

the liquid compounds of the solution from its surface.

46



Detection of Individual External Spins with Single NV Centers

DEER Spectroscopy Measurements

(a) (b)
12— 71T 11—
1.01F -
[0} L
Qo
200 & 1+ .
— 2 s L
S 2 5 0.99f -
3 S S
> 100 o [
9 £ 098 -
S
0 Z o.97f .
=1
0.96}- m: -
PR I UR TR ST N ST ST T
24 25 26 27 28 29 3 31 32 33
Frequency (GHz)
(c) (d)
L L L L L — T T T T T T T T 1
1.08 |- =
1.05F 7] /2 pulse
o 9 1.06 3712 pulse
S 2 1.04fF
9 3
3 g 1.02f
5 0.95 s 4L
i Eo i I
£ 09 | £ 098 |
2 L 2 0.6 |chosen [ longest -
0.85 | 0.94 | evolution | evolution
| | : |t|me time
08 S e 0'92_.1-.|.|.||.|._
0 50 100 150 200 250 300 0 10 20 30 40 50 60
Pulse Length T (ns) Evolution Time t (us)
/2 s m/2
MW || | [ |
T/2 T/2
/2 4 3m/2
|| | ||
T/2 T/2

Figure 4.4: NV center pre-characterization inside the cryo-UHYV environment (7 K and 9-10~!! mbar).
(a) Confocal image highlighting the investigated NV center in the green circle. (b) ODMR
spectrum of the chosen NV center under the application of an external magnetic field of
11 mT (estimated by the observed frequency splitting). (c) Resulting Rabi oscillation by
fixing the MW frequency at 2580 MHz and sweeping the pulse duration. (d) Hahn mea-
surement on the single NV center by observing the contrast between a 7 /2 (flip to mg = 0)
and 3z /2 (flip to mg = —1) spin back flip. As reliable evolution time = of 14 us has been
chosen due to the relatively large obtained spin contrast. Even at an evolution time of 42 us
a spin contrast can be observed. However, the contrast is rather small for reliable quantum
sensing measurements.
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For performing nanoscale ESR measurements in terms of DEER spectroscopy, the sample was trans-
ferred into the cryo-UHV setup. All measurements shown in this section were recorded at 4.7 K and
in an UHV environment of 2 - 1071 mbar .

Before a DEER measurement can be initialized, several NV specific parameters have to be obtained.
Important for this, are the ODMR resonance frequencies between the m; = 0 and m; = +1 sub-
states, the Rabi 7 /2 and # lengths and the coherence time T,, which defines how long a single DEER
pulse sequence can be applied. Fig. 4.4 shows a full characterization set of an individual NV center
in the cryo-UHYV environment under the application of an external magnetic field. The confocal scan
(Fig. 4.4(a)) indicates the single NV centers as bright circular spots. For obtaining a suitable signal to
noise ratio, the marked NV center has been investigated due to its high fluorescence yield. The corre-
sponding ODMR spectrum is shown in Fig. 4.4(b), indicating a frequency splitting of about 600 MHz
between the lower m; = 0 — mg = —1 transition at 2580 MHz and the upper m; = 0 - mg = +1
transition at 3180 MHz. By using the Zeeman term from Eq. 2.4, this frequency splitting corresponds
to an applied magnetic field of & 11 mT. Based on the transition at 2680 MHz, the microwave pulse
duration can be varied for driving a Rabi oscillation. The resulting z /2 pulse length is at about 40 ns
and the x pulse length at 80 ns as illustrated in Fig. 4.4(c). With these parameters, a Hahn measurement
can be performed by creating the superposition state of the NV center spin (between the mg = 0 and
mg = —1 substates in this particular case) with an initial 7 /2 pulse and refocusing the spin dephasing
by the x pulse. After that, a final z# /2 pulse highlights the population difference which is correlated
to the remaining phase difference. The whole pulse scheme has been explained in a greater detail in
chapter 2. In addition to the final 7 /2 pulse, a 37 /2 microwave pulse is simultaneously implemented.
As a result, the superposition state is once flipped into the bright mg = 0 state and directly in the
followed pulse sequence in the mg¢ = —1 state. Instead of recording only one decay curve as depicted
in Fig. 2.9(b), two curves are recorded with this measurement scheme as shown in Fig. 4.4(d). The
contrast of the two resulting decay curves is more robust against potential artifacts from the measured
data [65]. It is evident, that for T = O the fluorescence difference is maximized. In this case the NV
center spin is excited into the superposition state and directly flipped in the mg = 0 or mg = —1
without the evolution of a spin dephasing. Nonetheless, a certain pulse sequence duration 7 is needed
for performing reliable DEER spectroscopy measurements. The longest duration time 7 in Fig. 4.4(d)
is at about 42 us which is a reasonable timing quantity. However, the disadvantage at this particular
position is the low contrast yield in the resulting population difference. Therefore, it is more beneficial
to use a total pulse duration of about 14 us as a significant fluorescence contrast between the bright
and dark sublevels is ensured.

Based on the presented pre-characterization of the single NV center, the DEER spectroscopy measure-
ment was set with resonant microwave pulses at 2680 MHz. The = /2 and 7 pulse duration were fixed
at 40 ns and 80 ns. The whole pulse sequence time duration = was set for 14 us. Defined by the applied
magnetic field of 11 mT, the external DEER frequency was swept between 150 MHz and 450 MHz.
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Figure 4.5: DEER spectroscopy utilizing single NV quantum sensors for the observation of spin la-
beled molecules. The measurements have been recorded at 4.7 K in an UHV environment.
(a) Obtained DEER spectrum by the chosen NV center described in Fig. 4.4. Significant
drops in the NV fluorescence can be observed indicating the hyperfine interaction of the
P5C-NR spin label radical. (b) DEER spectrum obtained by a second NV center as repro-
ducibility measurement. Also here, significant drops of the recorded fluorescence can be
observed. However, the hyperfine splitting is shrink compared to the first measurement
set. (¢) DEER Rabi measurement indicating coherent external spin flip manipulation. The
DEER frequency was fixed at 311 MHz and the pulse duration = was varied up to 500 ns.

The measured DEER spectrum is shown in Fig. 4.1(a) indicating three NV fluorescence dips at about
255MHz, 295 MHz and 325 MHz. At this frequencies, the external spin label which couples to the
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NV center spin is resonantly excited leading to a sign change of its Larmor precession (see Eq. 2.15).
Consequently, the magnetic field dependent phase pickup ¢ is not canceled to zero and the NV spin
state population at the end of the pulse sequence is not matching exactly the bright my = O substate on
the Bloch sphere. As the NV center emission is highly spin state dependent, a drop of the fluorescence
is observable. The frequency splitting between the 255 nm—295 nm transitions of 40 MHz and between
the 295 nm — 325 nm resonance dips of 30 MHz express the hyperfine interaction of the PSC-NR spin
labels attached on the polyphenols. In order to estimate the actual numbers of external spins which
are coupling to the NV center, the broadening of the resonance lines within the DEER spectrum can
be evaluated [67, 115]. Elasticity measurements on spin labeled organic molecules have shown that
nitroxide frameworks can exhibit a T relaxation lifetime on the order of 10 us depending on the
number of interacting spins [116, 117]. As the spin lifetime is inversely proportional to the width of
the measured resonance peaks in the spectrum, we can estimate a relaxation time of the spin labels
T35, of [67]

T, = 1 (4.10)

2 Wpper
w pgr corresponds to the width of the central DEER peak at 295 MHz and is of about 8.2 MHz. This
leads toa T of about 0.17 us indicating that the NV center is coupling to more than a single external
spin. Indeed, NV center based DEER measurements on spin labeled peptides have shown a T time
of about 2 us in the presence of less than 5 external spins in the NV center detection volume [47, 97].
As our resulting T, is decreased by a factor of 10, we can roughly assume that the single NV center
is already coupling to ~ 50 spins which is, in terms of single spin sensing, a relatively huge number.
This fact also explains the asymmetric hyperfine splitting of 40 MHz and 30 MHz. A large number
of spins in the detection region of the NV center leads to several individual hyperfine contributions
of the involved dipoles due to the random angle distributions relative to the NV center spin axis (see

Eq. 4.9). Therefore, several apparent hyperfine splittings between A, A, and A, can be potentially

zz°
investigated [47].

Reproducibility measurements can be performed for further supporting the assumption that the indi-
vidual NV centers are coupling to more than 50 external spins in our investigated system. Therefore,
the DEER spectrum was recorded on another NV center pillar. The results of this second DEER spec-
troscopy measurement set is shown in Fig. 4.5(b). The DEER spectrum was obtained with a z/2
pulse length of 45 ns and a # pulse length of 90 ns at a fixed microwave frequency of ~ 2620 MHz.
Also here, the DEER sequence duration was set at 18 us. It is evident that the NV properties are very
similar compared to the first NV center utilized for gaining spectrum in Fig. 4.5(a). This is beneficial
for a direct comparison of the results. The second DEER spectrum obtains a central resonance line at
311 MHz and two side dips at 331 MHz and 289 MHz. Compared to the DEER spectrum in Fig. 4.5(a),
the hyperfine splitting seems shrink to 25 MHz and 17 MHz. A slight asymmetry is still observable

which again indicates an NV center coupling to a relative large external spin amount. Furthermore, the
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reduced hyperfine frequency splitting originates from the specific orientations of the involved nitroxide
spins. Nonetheless, external spin manipulation processes can be investigated in the observed sample.
This can be achieved by the implementation of a DEER Rabi pulse sequence which is performed at
a fixed DEER frequency [71, 104]. Instead of varying the applied radio frequency, the DEER pulse
duration is swept. As a result, a collective Rabi oscillation of the external spin labels can be recorded
as shown in Fig. 4.5(c). The DEER Rabi measurement was obtained from the firstly investigated NV
center which generated the DEER spectrum in Fig. 4.5(a). Therefore, the DEER Rabi pulse frequency
was fixed at 295 MHz for exciting the central resonance line of the spin labels. The duration of the
pulse was swept up to 500 ns. Consequently, an oscillation with a time period of about 190 ns was
measured indicating an external spin flip time of 95 ns.

In fact, more sophisticated pulse sequences can be performed for characterizing the external nitrox-
ide spins in a greater detail. For instance, DEER Hahn pulse schemes are able to reveal the coherence
time 7T, of the spin labels [71]. Therefore, an external spin specific Hahn sequence can be implemented
within the NV center Hahn branch. Thereby, the excitation frequency of the spin labels gained from
the DEER spectrum can be used for the implemented Hahn scheme. Moreover, the exact number of the
involved spins can be obtained more accurately than from the observation of the DEER peak linewidth.
This is achieved by a so called DEER Delay measurement scheme in which the positioning of the ex-
ternal spin x pulse is varied within the Hahn sequence of the NV [71]. As a result the external spin
flip is shifted leading to a coherent oscillation of the NV center electronic spin. Due to the correlation
of the NV center spin state and the fluorescence counts outcome, the resulting emission can be written
as [71]

N
Cyy = %H(l + cos(J, 7)), 4.11)
k

where N denotes the number of coupled spins to the NV center with the coupling strength J,. The
amplitude of the resulting oscillation gives an estimate of the involved spins in the detection range of
the NV center. Unfortunately, such sophisticated pulse schemes could not been achieved within the
experimental sets of the spin labeled polyphenols. A strong limitation is connected to the photoin-
stabilities of the molecules even at cryogenic temperatures which will be presented in the following

subsection.

4.1.4 Measurement Limitations with the Polyphenols

The photoreaction of an investigated sample with laser irradiation is always a crucial limitation in op-
tical measurement techniques. As the NV center forms an optical defect, it is inescapable to perform
NV center based magnetometry with the application of laser light. Especially at room temperature,
samples formed by molecular frameworks tend to react with introduced photons in the form of pho-
toreactions or kinetic motions [118]. In both cases, the characteristics of the investigated compounds

change during the experimental set leading to undesired features in the final results. A possibility to
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circumvent this issue is the performance of measurements in a cryogenic environment which is one
of the main motivation highlighted in this thesis for utilizing a cryo-UHV setup. However, we noted
even at 4.7 K a significant photoreaction on the utilized polyphenols under the application of the green

512 nm laser which highly limits our potential measurement performance.
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Figure 4.6: Photoinstability of the drop-coated polyphenols onto the diamond surface. (a) Confocal
image recorded before the DEER measurement has started. The chosen NV is highlighted
by the green circle. The two red circles are showing two NV centers with less emission.
(b) Confocal scan after the performed DEER spectroscopy (duration = 13 h). The chosen
NV defect (green circle) clearly shows an increased fluorescence count rate. Furthermore,
the two other NV centers (red circle) obtain a significantly increased emission compared
to (a). (c) Autocorrelation of the single NV center before the DEER measurement, charac-
terized by an antibunching dip below 0.5. This feature is an indicator for the record of the
NV emission. (d) Autocorrelation on the same NV after the DEER measurement. No an-
tibunching dip can be observed, indicating that the recorded fluorescence is not stemming
from the NV center.

This fact is depicted in Fig. 4.6 showing two confocal scans of the same position on the sample located

in the UHV-cryo measurement head. Fig. 4.6(a) presents the initial confocal scan before the DEER
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spectroscopy measurement has been started. As usual, the NV implanted pillars are observed as bright
spots. The marked NV center exhibits an emission of about 150 kcounts/s. However, after a laser ir-
radiation of about 13 h during the record of the DEER spectrum, a significant fluorescence increase
can be noted. Fig. 4.6(b) shows the same position as confocal scan after the DEER measurement indi-
cating an emission increase to about 250 kcounts/s. In both confocal images the laser power was kept
constant at about 5 mW. Due to these findings, a photoreaction of the spin labeled molecules can be
assumed which increased locally the emitted photons.

For proving this, the autocorrelation of the NV center can be recorded. If the collected photons are
contributed by the single NV center within the nanopillar, an antibunching dip below 0.5 should be
measurable. Indeed, the autocorrelation of the investigated NV center before the DEER spectroscopy
measurement was characterized by an antibunching dip at 0.4, as depicted in Fig. 4.6(c). In con-
trary, Fig. 4.6(d) shows the autocorrelation measurement of the NV center after the performed DEER
spectroscopy. It is evident that no antibunching features can be found in the autocorrelation curve in-
dicating that the collected photons are attributed to an additional emission source. Potentially, such an
uncontrolled emitter can be formed by the polyphenols under laser degradation. Diluted spin labeled
polyphenols show no light emission in the wavelength range within 650 nm and 700 nm which is the
collection region of the confocal microscope implemented in the presented setup (defined by the used
longpass filter at 650 nm) [119]. However, laser degradation can potentially change the optical prop-
erties of molecules and induce an undesired changed emission. In fact, a photon induced degradation
of polyphenols has been reported in literature known as photooxidation [120]. Nonetheless, this has
been shown in terms of high-performance liquid chromatography (HPLC) [121] at an ambient tem-
perature of 30 °C [120]. As a result, the molecular polyphenols degraded within 50 min under UV
exposure [120]. The increased degradation time of about 13 h noted from the presented molecules can
be explained by the cryogenic conditions which stabilize the polyphenols. Unfortunately, NV center
based DEER spectroscopy measurements require a high acquisition time beyond several hours due to
the rather weak signals generated by the few external spins. Therefore, a long measurement time is
unavoidable.

To overcome this limitation for prospective experiments, the sample preparation can be changed by
drop coating a thinner layer of spin labeled molecules onto the diamond surface. Furthermore, per-
forming the measurements with lower laser power can elongate or even avoid the degradation of the

molecules.

4.2 Endofullerene Spin Qubits

In the second section of this chapter, the readout of individual endohedral N@Cg, molecules is pre-
sented. Compared to the rod-shaped polyphenols, the structural conformation shows no specific char-
acteristics due to the spherical geometry of the Cg, cage. Nonetheless, medical research applications

make fullerene compounds highly attractive. Furthermore, spin quantum computation models based
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on endohedral N@C, and P@Cg, fullerenes have been suggested due to their paramagnetic properties
[122]. However, the addressing and readout of single endohedral fullerenes has not been achieved so far
which is an important issue in terms of building quantum networks. Studies on N@Cg, molecules have
been performed with ESR techniques in which &~ 10° spins are usually involved, revealing the hyper-
fine interaction between the electronic and nuclear spin of the encapsulated nitrogen atom [104, 123].
Again, single NV centers can be utilized for investigating the hyperfine spectrum of individual N@Cy,
molecules which is shown in the following subsections. Similar to the readout of the presented spin la-
beled polyphenols, the measurements have been performed in terms of DEER spectroscopy observing

the dipolar coupling between a single NV center and external N@Cc, fullerenes.

4.2.1 Endofullerene NGC, Molecules

The endohedral N@Cg,, complex is formed by a single 4N nitrogen atom encapsulated into the center
of a Cqy buckyball cage [124]. As the nitrogen atom is not chemically bonded to the carbon cage,
the inserted atom remains isolated at the centrosymmetric (icosahedral) I, position of the buckyball
which is depicted in Fig. 4.7. As a result, the single atom eigenvalues of the '*N remain unchanged
and can be adressed by their corresponding transition frequencies [71]. Therefore, single endohedral

fullerenes are able to form a controllable qubit [125].

Fullerene C,, cage

Endohedral 4N
with $=3/2

Figure 4.7: 3D illustration of the endohedral N@Cg, fullerene. An 4N atom is encapsulated inside a
Ce cage.

The fabrication of such molecular compounds is based on a two step process including the formation
of Cg, cage molecules and the insert of the encapsulated atom. In general, Cg, buckyballs can be
produced by applying a large electric current between two graphite electrodes forming a fullerene rich
soot [126]. For extracting the fullerenes from the carbon soot mixture, organic solvents are used. A
more accurate separation can also be realized by chromatography. For implementing single atoms

into the carbon cages, the Cg, compounds are sublimated as a thin film on a metallic target [127].
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Afterwards, ion bombarding implements the individual atoms [127]. In case of an N@Cg, fabrication
process, the Cg, thin film is bombarded by an '“N beam source. Typically, a second chromatography
step is involved for separating the atomically filled Cg, complexes from the pure Cg, cages as the
filling factor of such bombarding techniques is on the order of 10* [127]. The resulting endohedral
fullerene solution can than be characterized by x-band cw-ESR spectroscopy [128]. Fig. 4.8(a) shows a
typical ESR spectrum of an N@Cyg, solution characterized by three distinct lines. The spectral splitting
of AB = 0.57mT corresponds to a frequency splitting og 15.97 MHz which indicates the hyperfine
coupling strength between the electronic .S = 3/2 and nuclear I = 1 spin of the encapsulated “N
atoms [124]. For clarification, Fig. 4.8(b) illustrates the energy level scheme and the dipolar transitions
of N@Cg, molecules. Due to the electronic spin of .S = 3 /2, four electronic spin states can be rise as
mg = +3/2 and m; = +1/2. In addition, the I = 1 nucleus with m; = 0, 1 leads to 12 energy levels.

As the transitions are triply degenerated, three lines are observable in the ESR spectrum [123].
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Figure 4.8: ESR study on an N@Cg, ensemble solution. (a) cw ESR spectrum of an N@C, solu-
tion containing ~ 10° spins. Three resonance line can be observed with a splitting of
15.97 MHz, corresponding the hyperfine interaction between the electronic and nuclear
spin. The measurement has been performed by Rene Wieczorek, University of Osnabriick.
(b) Energy level diagram of N@Cy, illustrating the dipolar allowed transitions as colored
arrows.

Mathematically, the energy levels of the N@Cy, spin can be represented by the ground state spin

Hamiltonian [71]

H;ing:HZFS-i‘HHF‘l'HEz'i‘HNz. (412)

The zero field interaction term H , ¢ can be written as D(SZ2 — 5/4) and originates from the dipolar

interaction between the three unpaired electrons within the 2p,, 2p,, 2p, orbitals of the nitrogen atom.
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In general, the term is zero due to the centroysymmetric I, symmetry of the Cg, buckyball. Nonethe-
less, asymmetries in the Cg, cage can potentially rise the H , ¢ term [129]. Such asymmetries can
appear by putting the molecule on a surface which deforms the perfect centrosymmetry of the Cg,
cage.

H ;- describes the already discussed hyperfine interaction in which the nitrogen nucleus is involved.
The term can be expressed as Hgr = AS,1,.

The electronic and nuclear Zeeman interactions can be represented as Hp, = upg,B,S, and
Hy, = ung,B,I,. Similar to the spin Hamiltonian of the NV center, H , is much smaller com-
pared to Hf, due to the huge difference between the nuclear magneton u, and Bohr magneton pp
on the order of 103 J/T [67].

As aresult, Eq. 4.12 can be simplified (in units of #) to [71]

H;\fgcm = AS,I, + upg,B.S,. (4.13)

In all expressed terms, .S, and I, represent the z-component of the electron spin operator .S and nuclear

spin operator I. Furthermore, B, is the magnetic field across the N@Cg, spin.

4.2.2 Sensing NOC,, Molecules with a Single NV Center

So far, N@C, molecules have been characterized solely by bulk ESR measurements in which typically
a large amount of &~ 10° spins are involved [123]. However, the investigation on the single spin level is
of great interest. Especially the interpretation of a single N@Cg, as a qubit system [122, 125], makes
the control of the endohedral spin attractive. Therefore single NV centers can be implemented. In
terms of DEER spectroscopy, the dipolar coupling between the NV center and an external N@Cy,

fullerene can be investigated which is shown in this subsection.

Sample Preparation

In order to investigate individual external N@Cg, spins, the sample preparation has been performed
similar as described in 4.1.3 in which the drop coating of the spin labeled polyphenols is explained.
An N@Cg, powder with a filling factor of 10~ (N@Cg:Cg, ratio) was dissolved into toluene forming
a 0.1 ymol/L solution. 1 uL of this solution was drop-coated on top of a [100] nanopillar-etched
diamond plate. The NV centers are located in less than 10 nm below the diamond surface within the
nanopillars which act as cylindrical waveguides. Afterwards, the membrane dried within 2 h at ambient

conditions.

DEER Spectroscopy Measurements

The DEER spectroscopy measurements of the prepared system were performed within the cryo-UHV

setup in an experimental environment of 4.7 K and 2 - 10~'9 mbar. The investigated NV centers were
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chosen regarding their fluorescence yield in the recorded confocal images. A typical confocal scan is

shown in Fig. 4.9(a) highlighting the utilized NV center for this study.
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Figure 4.9: Pre-characterization of an individual NV center and detection of N@Cg, spins at a cryo-

genic and UHV environment. (a) Confocal image showing the evaluated NV center within
the green circle. (b) ODMR line of the mg = —1 transition at ~ 2605 MHz. According to
the linear Zeeman term, this corresponds to an applied magnetic field of 9.4 mT. (c) Hahn
measurement with 7 /2 and 3z /2 ending pulses. A maximum coherence time of 2.9 us can
be measured. (d) DEER DQT spectrum of an N@Cg, spin detected by the chosen NV cen-
ter and simplified DQT pulse sequence. A hyperfine splitting of 19.8 MHz and 16.1 MHz
can be observed, indicating deviations of the centrosymmetric C¢, cage.
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As already explained in 4.1.3, the individual NV center has to be characterized in terms of its spin
properties, before the DEER spectroscopy measurement set can be started. Usually, this is achieved
by the performance of ODMR spectroscopy, the excitation of Rabi oscillations and the measurement
of the coherence time as already described in the polyphenol section 4.1. Fig. 4.9(b) depicts the lower
ODMR (mg = 0 - mg = —1) transition of the chosen NV center obtaining a resonant frequency
excitation at 2605 MHz. This corresponds to an applied magnetic field of & 9.46 mT along the NV
center axis. The T, of the investigated NV center was measured by a Hahn echo pulse sequence
revealing a coherence time of 2.6 us (presented in Fig. 4.9(c)). With this set of parameters, DEER
spectroscopy measurements on the NV-N@Cy, system can be performed. Nonetheless, the in this
section used DEER pulse sequence for the observation of the N@Cy, spins was slightly modified
compared to the standard DEER scheme presented in 4.1 for the investigation of the spin labeled
polyphenols.

The hypefine splitting of a single N@Cg, complex forms a relatively narrow spectrum due to the small
frequency splitting of 15.97 MHz. Therefore, it is of great importance to maximize the sensitivity of
the N'V center quantum sensor for resolving the individual frequency lines of the single external spin.
This can be achieved by utilizing a DEER-DQT pulse sequence [130]. In this measurement scheme,
the used coherent superposition state |o) is not between the |0) and |+1) states (see Eq. 2.5). Instead,
a double quantum superposition l‘qu> between the |1) and |—1) states is utilized. As a result, the NV

center spin state is read out as [47]

|Wa,) = é (70 |=1) + 9 |1)) . (4.14)

As both |—1) and |1) substates obtain a phase pickup, the gathered signal is almost doubled which is
highly beneficial in terms of single spin sensing. However due to the spin momentum conversion, the
double quantum transition |—1) — |1) can not be addressed directly. A possible solution is formed by
modifying the standard DEER sequence. Additional z pulses on the corresponding other transition are
able to create the double quantum superposition state ¥';,. The pulse scheme is shown in Fig. 4.9(d)
starting with a 7z /2 pulse for creating the superposition state between the |0) and |—1) state. Afterwards
a triple alternating x pulse train is implemented for changing the population between the |—1) and
[1) states [47, 130]. The triplet pulse train contains the standard x pulse matching the resonance
frequency for the |—1) state and two z pulses applied at the resonance frequency of the |1) state.
An additional description of the pulse sequence is noted in the appendix 10. The resulting DEER
DQT spectrum is shown in Fig. 4.9(d), indicating three resonance lines with an asymmetric frequency
splitting of 19.8 MHz and 16.1 MHz from the central transition at 272 MHz. The values of the observed
frequency splittings are in good agreement with the known N@Cg, hyperfine interaction [123, 124].
Nevertheless, an asymmetry in the ESR spectrum is unusual for endohedral fullerenes due to the I,
cage symmetry. In section 4.1 the asymmetric DEER spectra of the spin labeled polyphenols were

explained by the different orientation angles of the attached spins relative to the NV axis. However,
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this explanation does not count for the coupling to N@Cg, fullerenes due to the centrosymmetry of the
molecule. Therefore, it has to be assumed that the zero field interaction term H , ¢ from Eq. 4.12 is
not vanishing for the observed N@Cg, spin. This is a realistic scenario as the N@Cg, molecules were
drop coated onto the diamond surface [104]. The landing of the fullerenes could cause deviations
from the I, centrosymmetry of the C¢, cage. As a result, the endohedral nitrogen spins obtain a
preferential orientation. Indeed, simulations based on second-order perturbation theory [131] were
able to resolve an asymmetric N@Cgy, ESR spectrum with a down-shift of the lower transition by
4 MHz [104]. This has been achieved by assuming an axial zero-field parameter D of 1.52 MHz [104].
Another interesting feature in the DEER spectrum of Fig. 4.9(d) is the increased amplitude of the
central hyperfine peak, compared to the outer resonance lines. However, this is a typical feature in
NV based DEER spectroscopy which has also been investigated in section 4.1 on the spin labeled
polyphenols and indicates the presence of additional (hyperfine-less) parasitic electronic spins in the
NV center detection region [71]. For characterizing the observed N@Cc,, more sophisticated pulse

schemes can be applied on the investigated system.

4.2.3 Coherent Control of NGC,, Spins

DEER Rabi Measurements
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Figure 4.10: DEER Rabi measurements on the external N@Cy, spin. (a) Rabi oscillations of the endo-
fullerene spin recorded with a fixed DEER frequency at 272 MHz for matching the central
resonance line. A coherent manipulation of the external spin can be observed. Further-
more, an expected increase of the Rabi frequency is measured for increasing the applied
RF power. (b) Rabi oscillation recorded with a fixed frequency at 287 MHz correspond-
ing to the upper transition in the N@Cy, DEER spectrum. Also here, spin flips can be
investigated proving the actual detection of N@Cy, spins.

In order to investigate the coupled N@Cg, spins in a greater detail, spin flip operations can be per-

formed in form of DEER Rabi measurements. Especially, signal oscillations of the outer peaks are
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a clear indicator that in fact the electronic spin of the encapsulated 4N atom is observed. Fig. 4.10
presents the DEER Rabi measurements obtained at fixed frequencies at 272 MHz (central transition)
and 287 MHz (upper transition). The Rabi oscillation of the central 272 MHz line was recorded for
two different RF driving powers (Fig. 4.10(a)). The measurement obtained at an applied pulse power
of —20dBm is denoted as high RF power. In contrast, the low power measurement with —30dBm is
denoted as low RF power. A decrease of the Rabi oscillation frequency from 4.42 MHz to 1.39 MHz
can be observed by lowering the applied RF power. This indicates the expected square-root behavior
of Rabi oscillations in dependence of the pulse power [104].

As already mentioned, the central peak contains also the signal of additional electronic spins in the NV
center environment. Therefore, solely the DEER Rabi oscillation of this frequency line does not fully
prove the coupling to an N@Cg, fullerene. However, the coherent manipulation of the upper transition
clearly evidences the existence of an N@Cg, molecule close by the NV center sensor (Fig. 4.10(b)).
By evaluating the exponential decay of the oscillation amplitude, the spin life time 7 in the rotating
frame (as the system is under RF driving) can be revealed which is denoted as T , [132]. For the Rabi
driving of the nuclear m; = 0 state (central resonance line), a T » of ~ 0.9 us can be evaluated. Instead,

the Rabi oscillation of the nuclear m; = +1 state (upper transition) reveals a T}, time of 0.3 us.

DEER Hahn Measurement

Another important quantity related to single qubits is their coherence time 7,. In terms of NV center
based DEER spectroscopy, the coherence time of the external spin can be measured by implementing
a Hahn sequence within the DEER pulse scheme. The additional Hahn sequence is performed at
the resonance frequency of the external spin. Fig. 4.11 depicts the DEER Hahn measurement on the
external N@Cg, complex which was performed by fixing the external spin frequency at 272 MHz. A
significant decay curve can be obtained revealing a T, time of & 0.9 us. According to literature values,
endohedral N@Cg, fullerenes show T, times of about 20 us [133]. Compared to that, the obtained
value from our NV center based technique is relatively small. However, this can be explained by the
low NV center T, time of 2.9 us. As the DEER Hahn scheme is implemented in the branch of the NV
center Hahn sequence, the resulting coherence time of the external spin is limited by the T, time of the
utilized quantum sensor. Therefore, the revealed N@Cg, T, time identifies the minimum coherence

time of the external spin [71].
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Figure 4.11: DEER Hahn measurement for characterizing the coherence time 7, of the observed
N@Cg, spin. The pulse scheme consists of an external spin specified Hahn sequence
within the NV branch. Therefore, the measurement is T,. 5} limited and gives only an
estimate for the minimum coherence time of the observed spin.

DEER Delay Measurement

In the last part of this section the performance of a DEER Delay measurement is presented for esti-
mating the actual number of N@Cy spins coupled to the NV center quantum sensor. The principle of
the pulse sequence has already been explained in 4.1.3. The timing of the external spin pulse can lead
to an oscillation behavior of the gather spin signal. According to the obtained amplitude, the number
of involved spins N and the corresponding coupling strength J, can be revealed [47, 71]. Fig. 4.12
shows the resulting DEER Delay curve in which the external spin 7 pulse was timed within —1.5 us
and 1.5 us. Also this pulse sequence is limited by the NV center coherence time of 2.9 us as the exter-
nal spin pulse is positioned within the Hahn branch of the NV center. Nonetheless, a decrease of the
gathered NV fluorescence can be observed and fitted with Eq. 4.11. The evaluation estimates an NV
center coupling to around 3 external spins which can fairly identify the experimental attempt as sensing
on the single spin level. Furthermore, the NV center to N@Cg, coupling strength J, is estimated to
be around 1.22 MHz.
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Figure 4.12: DEER Delay measurement on the external N@Cy, spins for the estimation of the actual
number of involved molecules within the NV center detection region. Therefore, the ex-
ternal spin z pulse is varied in its position within the NV center Hahn sequence branch.
Evaluation with Eq. 4.11 reveals that 3 N@Cg spins are detected by the NV center quan-
tum sensor.

4.3 Summary

In the last section we want to summarize the most relevant results which have been presented in this
chapter. This part of the thesis was dedicated to the observation of single spins utilizing the NV center
as quantum sensor. Therefore, DEER spectroscopy measurement sets were performed for probing the
dipolar coupling between the NV center spin and individual external spins. Two different systems have

been investigated.

Spin Labeled Polyphenols

In the first section, PSC-NR spin labeled C,gH,¢ polyphenols were observed. The molecules were
drop-coated on top of a [100] NV diamond membrane on which nanostructured pillars were etched
beforehand. The pillar geometry has been used due to the waveguide mechanism of the structures
for enhancing the collection efficiency of the single NV center emission. By performing DEER spec-
troscopy measurements, a dipolar coupling between the NV center spin and the external PSC-NR
spins could be investigated. Furthermore, the hyperfine splitting of a spin labeled polyphenol cluster
containing & 50 spins was observed. The resulting spectra showed asymmetric hyperfine transitions

which could be explained by the different orientations of the spin labels within the molecule clus-
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ter. Nonetheless, a coherent manipulation of the external spins was observed in terms DEER Rabi
oscillations. Unfortunately, further measurements could not be performed due to photo instabilities
of the molecules. A degradation of the molecular compounds was observed in form of a fluorescence

increase by performing measurements for 13 h.

Endohedral N@C, Fullerenes

In the second section, the coupling between a single NV center spin and endohedral N@Cg fullerenes
was investigated. Also here, the molecules were drop-coated on top of a pillar-etched, NV implanted
[100] diamond membrane. ESR measurements were performed in terms of DEER DQT spectroscopy
revealing the hyperfine interaction of the N@Cg, spin. Due to the '*N nucleus, the hyperfine spectrum
should be presented by three frequency lines with a symmetric splitting of 15.9 MHz. However, our
NV center based approach results into an asymmetric frequency splitting of 19.8 MHz and 16.1 MHz.
This fact could be explained, by a potential deviation of the centrosymmetric Cg, cage, leading to a
non-vanishing zero field splitting parameter of D = 1.52 MHz. As aresult the electronic spin of the en-
capsulated atom shows a preferential orientation. Furthermore, more sophisticated pulse schemes have
been performed in order to characterize the N@Cg, spin. With DEER Rabi measurement schemes, the
external spin could be coherently manipulated. In addition, a DEER Hahn sequence revealed a min-
imum coherence time of 0.9 us of the observed N@Cg spin. Finally, the actual number of involved
external spins could be estimated by a DEER Delay pulse sequence. The measurement revealed a
number of 3 N@Cy, spins in the detection region of the NV center.

The presented results of the whole chapter successfully show the coupling of the NV center spin with a
few individual external spins. As typical ESR techniques require a huge number of spins on the order
of 109 to 10'2, the NV center as quantum sensor forms an advanced nanoscale magnetometer for the
observation of single spin systems. In potential further works, the pulse schemes can be extended to
triple electron electron resonance (TEER) spectroscopy measurements which are able to resolve the

coupling mechanisms within a quantum network.
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5 Measuring Nitrogen Spin Qubits with
NV Center Ensembles

Besides applying nanoscale magnetic field sensors in medicine and pharmaceutics, sensitive magne-
tometers can also be utilized in the field of quantum information processing for detecting the interaction
within a qubit network [134]. For this purpose, controlling the quantum dynamics of the network is a
crucial task. Especially the qubit spin decoherence limits real-life applications of quantum technolo-
gies [135]. Usually, an uncontrolled spin bath (formed by impurities or parasitic electrons) acts as the
main source for decoherence processes within the quantum network due to inhomogeneous coupling
mechanisms [136]. A possible attempt for solving this issue is the coherent manipulation of the spin
bath which potentially suppresses the dephasing of qubits and stabilizes the quantum framework. Al-
though most electronic spin bath impurities are optically dark in the visible wavelength range, their
readout can be achieved by ESR or electron nuclear double resonance (ENDOR) spectroscopy meth-
ods [137]. In general, this is performed by the application of HF pulses matching the ESR frequency
of individual electrons in the ~ 100 MHz — 10000 MHz regime (depending on the applied magnetic
field) [67]. However, typical EPR measurements investigate the spin signal generated by the whole
sample. For mitigating decoherence mechanisms, it is crucial to control environmental effects locally.
A great approach for this can be realized in terms of scanning tunneling microscopy (STM) [138].
The method is based on vacuum tunneling processes of electrons between a metallic tip and a sample
[138]. As a result, the topography of the sample surface can be reconstructed. In connections with
high frequency circuits, ESR-STM experiments can be realized which allow the readout and coherent
quantum control of surface-supported spin systems [139, 140, 141]. Nonetheless, a huge drawback of
STM techniques is the requirement of a well conducting sample. Otherwise, the electron tunneling
can not be achieved.

For performing local ESR measurements on environmental spin baths in more general samples, NV
centers in diamond can be implemented. As the NV center detection principle relies on the dipolar
coupling to external spins, the conductivity of the investigated samples does not play a crucial role.
Therefore, this chapter presents the control and readout of an intrinsic spin bath within the diamond
lattice utilizing an NV center ensemble. The spin bath is formed by nitrogen impurities termed as
P1 centers. The measurements have been performed at UHV and at 4.7 K. Utilizing the NV center
ensemble as quantum sensor, the hyperfine spectrum of an P1 center ensemble has been revealed in a
detection region of 2 ym x 2 ym. Furthermore, DEER Rabi measurements indicated coherent control

and manipulation of the P1 center spin bath. Thereby, even the control of dipolar forbidden transitions
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was achieved. The results of this chapter have been partially presented in [71].

5.1 The P1 Center in Diamond as Spin Qubit

The P1 center in diamond is, similar to the NV center, a well studied defect within the diamond crystal
[142]. It consists of a single nitrogen atom which replaces a carbon atom within the crystal lattice.
The defect can be interpreted as a solid state qubit due to its energy level scheme. However, a direct
readout of the defect center is not possible. As the P1 center is optically dark, no spectral features can
be obtained in the visible wavelength range. Nonetheless by coupling a P1 ensemble to NV centers,
the hyperfine spectrum of the nitrogen impurities can be revealed [143]. Usually, this is achieved in
terms of DEER spectroscopy which has already been discussed in chapter 2 and 4. However, before
the obtained DEER measurements are presented, it is worth to describe the structural properties and

the energy level diagram of the P1 defect center.

5.1.1 Structural Properties of the P1 Center

The nitrogen atom of the P1 center forms with the chemically bonded carbon atoms a tetrahedral sym-
metry which matches the underlying diamond lattice symmetry [71]. A very important feature of the
P1 defect is the resulting Jahn-Teller effect (JTE) [144]. This effect describes the geometrical distor-
tion of a molecular bond. The distance of at least one ligand to the central atom is then shifted and
the bonding axis of the molecule is elongated. Such spatial distortions occur if different degenerated
electron configurations can be occupied within the molecular bond. The elongation turns out to be
energetically more favorable for the compound as the occupied molecular orbitals are lowered in en-
ergy. At the same time, the non occupied orbitals rise in energy. The splitting of the molecular orbitals
removes the energetic degeneracy. For clarification, Fig. 5.1(a) illustrates the JTE on an octahedral
compound. The splitting of the degenerated orbitals leads to an elongation along the z-axis in the
shown example. In case of the P1 center, the JTE shifts the length along one of the N-C covalent
bonds as depicted in Fig. 5.1(b) [71]. In fact, this distortion has an impact on the magnetic P1 center
response. An externally applied magnetic field can be aligned along the non distorted bonds or paral-
lel to the Jahn-Teller elongated chemical bond. Therefore, the P1 center experiences an axial and an

off-axial magnetic field component.
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Figure 5.1: Illustration of the Jahn-Teller effect. (a) Distortion of the Mn3* crystal due to the JTE.
The rise of the molecular orbitals leads to an elongation of the compound. The sketch is
adapted from [145]. (b) JTE on the P1 center in diamond which leads to an elongation of
one of the four N-C covalent bonds. The elongated bond is highlighted in red. In a [111]
diamond plate, the orientations 2, 3 and 4 are degenerated.

5.1.2 Energy Structure and Selection Rules

Also important to mention is the energy level structure of the P1 defect center. With the energy scheme,
the resonance dips within the DEER spectrum can be identified and analyzed. The P1 center forms a
S = 1/2 electronic spin system which is hyperfine coupled to a I = 1 nuclear spin [146]. Therefore,
the defect obtains three dipolar allowed transitions (Am; = +1, Am; = 0) which are highlighted as
green arrows in the energy level scheme depicted in Fig. 5.2. Typically, these three lines are clearly ob-
servable as resonance dips in measured ESR spectra [143]. However, several publications also reported
the investigation of less intense resonance lines which have been identified as the dipolar forbidden
transitions (Am, = +1, Am; = +1) [147, 148, 149]. The intensity ratio between the forbidden transi-
tion lines and the dipolar allowed transition signals is about 1:5 [148] and are a typical feature in high

density P1 center ensembles [147]. It is assumed that exchange interactions between triads of nitrogen
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atoms are responsible for the rise of these dipolar forbidden transitions [147].
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Figure 5.2: Energy level scheme of the P1 center in diamond. The green arrows represent the dipole
allowed transitions. Instead, the dotted red arrows indicate dipolar forbidden transitions.

5.1.3 The P1 Center Spin Hamiltonian

In the last part of this section we want to introduce the P1 center Hamiltonian for having the theoretical
framework in the evaluation of its spin properties. The P1 center ground state spin Hamiltonian can
be written as [71]

The term H y, represents the quadropole interaction. In general, it can be neglected as it is orders of
magnitudes smaller compared to the other terms. Also the nuclear Zeeman interaction H » , can be
neglected as it is smaller compared to the electronic Zeeman interaction H,, = upg,B,S,. Of great
importance is the hyperfine interaction term Hy p = A S, 1, + A (S, I, + S,1) as the constants A4
and A, can be revealed by DEER spectroscopy measurements. For the P1 center, the axial and the off-
axial hyperfine components are Ay = 114 MHz and A| = 86 MHz. With the presented simplifications,
the Hamiltonian (in units of ) can be written as [71]

HP" = AyS, I+ A (S, I, + S,1,) + upg,B.S.. (5.2)

Also in this chapter, S, S, S, and I, I, I, represent the xyz-components of the electron spin oper-

ator .S and nuclear spin operator I. B, is the applied magnetic field along the P1 center.

5.2 Measuring P1 Centers with an NV Ensemble

After the properties of the P1 defect have been described, the DEER spectroscopy measurements can
be presented. The whole experimental set was performed in the cryo-UHV setup. The diamond used

for this work is a 6-doped diamond plate (3 mm x 3 mm and thickness of 300 gm) which has been
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grown by CVD (see chapter 2). The crystallographic orientation of the diamond plate is along the
[111] facet. Due to the 6-doping, the diamond plate contains ensembles of NV centers. Furthermore,
P1 center ensembles are embedded in the diamond matrix. It is worth to mention that the P1 centers
have not been fabricated on purpose in this work. The huge amount of non-NV center defects could

result from the fabrication method [80].

5.2.1 NV Ensemble Properties
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Figure 5.3: Pre-characterization of the NV center ensemble in the cryo-UHV environment. (a) Con-
focal scan indicating the NV center ensemble as bright cluster with an emission of
4000 kcounts/s. (b) ODMR spectrum obtained under a magnetic field aligned along the
z-direction. Four resonance dips can be identified corresponding to NV centers oriented
parallel to the magnetic field (outer peaks) and NV centers misaligned to the applied mag-
netic field (inner peaks). (c¢) Hahn measurement containing the NV center fluorescence
with a 7 /2 back flip and 37 /2 back flip. Even at an evolution time of 200 us, a contrast of
the bright and dark NV center spin states can be observed. The contrast plot, obtained by
subtracting the 37 /2 (red) curve from the z /2 (blue) curve, can be fitted with an exponen-
tial envelope revealing a T, time of 70 us.
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Typically, NV center experiments are performed with [100] oriented diamonds. In such crystallo-
graphic matrices, the implanted NV centers have no preferential orientations of their axis [150]. This
means, that the NV orientation is distributed equally within the diamond lattice. However, NV cen-
ters in [111] oriented diamonds obtain a preferential orientation along the [111] direction [150]. An
uniform NV center orientation within the ensemble is beneficial in terms of external magnetic field
alignment. As most of the NV centers are pointing towards the [111] direction, the external magnetic
field can easily be aligned regarding the majority of the NV centers. In that way, the fluorescence
quenching obtained from NV defects which are not oriented as the applied magnetic field is mini-
mized. Consequently, high contrast ODMR spectra can be obtained [151].

Fig. 5.3 shows a measurement set for pre-characterizing an NV center ensemble within the presented
[111] diamond plate. The measurements were obtained at 4.7 K and in an 2 - 10~ mbar UHV envi-
ronment. As starting point, Fig. 5.3(a) presents the confocal image of the observed NV ensemble. A
fluorescence of ~ 4000 kcounts/s can be recorded indicating a relatively high NV center density of
~ 150NVs/um?. For obtaining the ODMR spectrum of the system, the laser spot is focused at the
center of the NV ensemble. The resulting resonance lines are depicted in Fig. 5.3(b). In contrary to
the single NV measurements in which only two resonance frequencies are observed, an ODMR spec-
trum obtained from an [111] oriented NV ensemble shows four resonance lines. Thereby, the outer
resonances with a splitting of A f = 540 MHz are contributed to the NV centers aligned along the
[111] facet. The diamond [111] orientation corresponds to the z-direction. Furthermore, the exter-
nal magnetic field is also applied along the z-direction. Therefore, the applied magnetic field can be
calculated by B, = 3—}{ leading to an estimated magnetic field strength of 9.88 mT. In contrary, the
inner resonance lines are contributed by the NV centers which are not oriented in the z-direction. The
difference in peak intensity between the inner and outer dips can be explained by the already discussed
preferential orientation of the NV centers within a [111] diamond plate. The amount of NVs which are
oriented along the z-direction (= 99%) is much higher compared to the NV centers aligned in another
orientation [150, 151].

An advantage of such a selective NV center alignment is shown in Fig. 5.3(c) in form of a Hahn mea-
surement. In a perfect z-orientated external magnetic field, an efficient decoupling of the NV spins
from the environmental noise can be achieved [152]. As a result, the Hahn sequence reveals a rela-
tively huge coherence time of 70 us compared to the measurements presented in chapter 4 in which
the observable T, was < 15 pus.

5.2.2 Sensing P1 Ensembles

Based on the pre-characterization measurements, DEER spectroscopy can be performed with the NV
center ensemble. With this, potential couplings to external spins within the diamond lattice can be
investigated. Candidates for external spins can be formed by other impurities like P1 center ensembles.
The DEER spectroscopy measurements were obtained by sweeping the external spin pulse frequency
from 200 MHz to 600 MHz. The Hahn branch of the NV center ensemble was chosen according to
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Fig. 5.3(c) to 70 us. Fig. 5.4 presents the resulting DEER spectrum in which 8 resonance lines can be
observed. The frequency splitting between the central dip at ~# 400 MHz and the most outer peak at =
285MHz is 115 MHz. This is in very good agreement with the axial hyperfine constant A; = 114 MHz
of the P1 center in diamond. Furthermore, the splitting between the central line and the second outer
line at 310 MHz is 90 MHz which would correspond to the off-axial hyperfine constant A, = 86 MHz
of the P1 center. Therefore, a coupling of the NV center ensemble to a P1 ensemble can be assumed.
As a consequence, the lines in the DEER spectrum were divided into three categories termed as 1-3,

1’-3’ and i’-ii’, corresponding to the transitions within the level diagram of the P1 center.
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Figure 5.4: DEER spectrum obtained by the investigated NV center ensemble at a temperature of 4.7 K
and at an UHV environment of 2 - 109 mbar. Due to the frequency splittings, the observa-
tion of an P1 center ensemble can be assumed. Therefore, the resonance lines are termed
regarding the P1 center energy level scheme illustrated on the right. Dipolar allowed (1-3)
and forbidden transitions (i-ii) can be observed.

For clarification, the energy level scheme from Fig. 5.2 is added beside the DEER spectrum. The
frequency lines 1-3 indicate the dipolar allowed transitions obtained from the axial oriented P1 centers
relative to the applied magnetic field. Instead, the resonance lines from the off-axial P1 centers are
termed as 1’-3’. The axial P1 center orientation dependence results from the discussed JTE (see 5.1.1).
The third category i’-ii’ corresponds to dipolar forbidden transitions of the off-axial P1 centers. These
lines have also been observed in [148]. However, the intensity ratio in [148] was measured to be on
the order of 1:5 compared to the dipolar allowed transitions. In contrary, the i’ line (at ~ 360 MHz)
in the DEER spectrum of Fig. 5.4 shows an amplitude which is comparable with the allowed axial

transitions (1-3). The intensity ratio compared to the strongest line 2’ is almost 1:2.
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5.2.3 Detection of P1 Center Forbidden Transitions
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Figure 5.5: DEER Rabi measurements in cryogenic UHV conditions obtained at (a) the central 2 dipo-
lar allowed transition (405 MHz), (b) the outer 1’ allowed transition (310 MHz) and (c) the
forbidden i’ transition (360 MHz). In all three cases, coherent spin manipulation processes
can be investigated.

In order to study the dipolar forbidden transitions in greater details, DEER Rabi measurements can
be performed. With this, coherent spin flip processes can be investigated for proving the actual ex-
istence of external spins within the NV ensemble detection region. Fig. 5.5 shows three DEER Rabi
measurements obtained by the central 2/, outer 1’ and forbidden i’ resonances. As expected, the al-
lowed transitions at 405 MHz (Fig. 5.5(a)) and 310 MHz (Fig. 5.5(b)) clearly indicate spin flips of
the P1 center ensemble. The spin lifetime in the rotating T, frame of the central line is on the or-
der of ~ 900ns. Instead for the outer line, the exponential envelope of the oscillation reveals a T),
time of about ~ 400 ns. Of greater interest is the measurement on the dipolar forbidden transition at
~ 360 MHz. Only if a DEER frequency line shows DEER Rabi oscillations, it can be surely confirmed
that the resonance stems from external spins. In fact, coherent spin manipulations can be observed on
the i’ as depicted inf Fig. 5.5(c). By varying the duration of the fixed DEER pulse at 360 MHz from

0 to 1000 ns, 7 spin flips can be observed. Furthermore, a clear exponential decay of the oscillation
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amplitude is investigated which estimates a T), time of 288 ns. This findings indicate a relatively stable
dipolar forbidden transition within the measured P1 ensemble. A strong anisotropic exchange within

the P1 center ensemble can be assumed [147] which can be expressed as [153]

1+ Qo3 /2kgT

T 4 4203 /2T (-3)

In this equation, T is the temperature, k 5 the Boltzmann constant and J the exchange energy parameter.
In case of a P1 center ensemble, this value has been estimated to J = 2 cm™! [147]. According to [147],
the P1 center density is estimated to be on the order of 10'® spins/cm? for observing such strong dipolar

forbidden exchange mechanisms.

5.2.4 Measurements at Ambient Conditions

Furthermore, Eq. 5.3 shows a temperature dependence of the anisotropic exchange. Also this has been
noted in [147] by comparing P1 center EPR spectra measured at 77 K and 20 K. A decrease of the
forbidden transition peak intensity has been recorded by decreasing the temperature.

Therefore, it is reasonable to perform DEER spectroscopy also at ambient conditions. For this, the
sample can be placed at the ambient measurement stage which we introduced in chapter 3. The exper-
imental process is the same compared to the measurements within the cryo-UHV setup. Furthermore,
nano-fabricated markers enabled to re-find the position of the investigated NV center ensemble for a
reliable comparison between the cryo-UHV and ambient condition measurements. Fig. 5.6 shows the
recorded DEER spectrum from the ambient measurement setup. An obvious finding is the decreased
signal-to-noise ratio of the spectrum compared to the result obtained at 4.7 K. The increased noise
level is caused by thermal instabilities in the ambient environment which have an impact on dynam-
ical magnetization processes [154]. As a result, resonance lines are broadened and the resolution of
specific transitions is limited. In fact, only three main peaks can be observed with a frequency splitting
of about 115 MHz and 90 MHz matching the P1 center hyperfine properties. Therefore, the resonances
have been termed according the presented DEER spectrum in Fig. 5.4 to 1(1’), 2(2") and 3(3”). How-
ever, the axial and off-axial components can not be distinguished due to the thermal instabilities at
ambient temperatures of &~ 300 K. Nevertheless, the peak widths can lead to the assumption that both
orientations contribute within one resonance line. A more important fact is the strong appearance of a
resonance dip at 280 MHz which can be identified as the dipolar forbidden transition i’. The intensity
ratio compared to the central line at 310 MHz is 1:1.3 which is well above the noted intensity ratio of
1:2 obtained by the measurement at 4.7 K. This is in good agreement with the published results from
[147] which indicate decreased intensities of the forbidden resonance lines by lower temperatures. Fur-
thermore, the presented results of this section show that the appearance of dipolar forbidden transitions

in the P1 center spectrum mainly depends on the P1 defect concentration within the diamond lattice.
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Figure 5.6: DEER spectroscopy measurement at ambient conditions. The P1 center hyperfine spec-
trum can be reproduced. However, the axial and off-axial components can not be dis-
tinguished due to thermal instabilities. Nevertheless, a significant signal of the dipolar
forbidden transition i’ can still be observed.

5.3 Summary

In this chapter, the control of an spin bath environment was described. Thereby, an NV center en-
semble was used to detect and coherently manipulate an P1 center spin bath within an [111] oriented
diamond sample. The measurements were performed in terms of DEER spectroscopy in UHV and at
4.7K. The resulting ESR spectrum contained frequency splittings being in good agreement with the
P1 center hyperfine constants of Ay = 114MHz and A; = 86 MHz. Furthermore, the coherent con-
trol of the spin bath was presented by DEER Rabi measurements. Interestingly, a strong appearance
of dipolar forbidden transitions was observed in the DEER spectrum. The rise of this resonance lines
can be attributed to exchange interactions between nitrogen triads in high density P1 center ensembles.
Even at these dipolar forbidden transitions, DEER Rabi oscillations could be observed. This is a clear
indicator that the recorded forbidden transitions in fact stem from the external spin bath.

In order to study the forbidden transitions more detailed, DEER measurements at ambient conditions
have been performed. Also in that scenario, the resulting DEER spectrum showed the appearance of the
dipolar forbidden frequency lines. Therefore, a high P1 center density on the order of 108 spins/cm?
can be assumed as such strong exchange mechanisms appear only in heavily nitrogen doped diamonds.
In parallel, our findings also show that NV center ensembles are able to control spin baths with rela-
tively high spin concentrations which can form suitable applications in the field of quantum information

processing.
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6 Observation of Superconducting Phase
Transitions with NV Centers

Besides utilizing NV centers for the characterization of individual spins, the defects can also be im-
plemented for observing magnetism and collective spin phenomena in solid compounds as supercon-
ductors or ferromagnetic materials. Especially studies on superconducting systems are catching the
central interest in modern physics due to their wide range of applications. Since the discovery of
superconductivity in 1911 [155], advances have been made in understanding the phenomenon. Fur-
thermore, several materials have been investigated which exhibit this effect including different metals,
intermetallic compounds and cuprates [156]. Applications of superconductors can be found in the
areas of electromagnets, sensors and electronics. In sensing applications, superconductivity plays the
central role for SQUIDs which are able to accurately measure magnetic fields and related electromag-
netic quantities [156]. Furthermore, magnets based on superconducting materials are largely used in
MRI devices for generating the large background magnetic field which is required for NMR scans in
biological systems [156].

The main characteristics of a superconductor are the vanishing electrical resistance and the expulsion

of external magnetic fields from the corresponding material.

Material Critical Temperature T, [K]
Metals
Nb 9.25
A" 54
NbTi 9.8
Intermetallics
V;In 13.9
Nb;Si 19
Cuprates
YBCO 86
LSCO 40
HBGCCO 138

Table 6.1: Examples for superconducting materials and the corresponding critical temperature 7,
adapted from [156].
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Therefore, the most important physical quantities which characterize a superconducting material are
the critical temperature T, the critical magnetic field H, and the critical current J,.. The critical tem-
perature T, is defined as the temperature point at which the resistance of the material drops abruptly
to zero [157]. The process forms phase transition from the normal state to the superconducting state
of the material. In this phase the compound acts as an ideal diamagnet and expels external magnetic
fields. The phase called Meissner state [158]. Therefore, H, defines the magnetic field strength at
which the expulsion of the field (and with this the Meissner state) is destroyed [158]. Connected to
this, the critical current J, is the maximum value of the current in a superconducting material at which
the superconductor passes into its normal state [159]. Examples for superconducting materials can
be found in Tab.6.1, illustrating their corresponding critical temperature. Various approaches have
already been established for the investigation of superconducting systems and their characteristics in-
cluding SQUIDs [160], magnetic force microscopy (MFM) [161], STM [162] and the observation
of magneto-optical effects [163]. However, each of these techniques suffer from different drawbacks
such as limited temperature and magnetic field ranges and most importantly spatial resolution which
is a crucial factor for microscopic studies on superconductors. Especially, low dimensional thin film
samples of superconducting systems have demonstrated unique magnetic phases like the formation
of Abrikosov vortices which are characterized by a circulating supercurrent [164]. The diameter of
such a vortex is on the order of few um [165]. Therefore, magnetic field sensors with a high spatial
resolution in the nm range and a high magnetic field sensitivity of uT/ \/E can be beneficial for such
investigations on the single vortex level.

An ideal candidate for these criteria is the NV center in diamond. Therefore, we demonstrate
in the present chapter the utilization of NV centers for the characterization of a superconducting
La,_,Sr,CuO, (LSCO) thin film on a local level. For this, we use the first section for presenting
existing work of how NV centers detected superconducting phases by ODMR spectroscopy. After
that, we introduce LSCO as type II superconductor by characterizing its 7, and H, with established
experimental methods, namely SQUID and mutual inductance measurements. The main result of this
chapter is shown in the third section in which we introduce an all-optical and microwave-free detec-
tion method based on an NV ensemble for spatially resolving the Meissner screening of the LSCO thin
film sample. The results have been published in [166]. Finally, we report the investigation of single

vortices with our all-optical method in the last experimental section of this chapter.

6.1 Measuring the Meissner State with NV Centers

The NV center in diamond forms an ideal candidate for spatial studies of magnetism on superconduct-
ing samples due to its high magnetic field sensitivity of 1 uT/ \/E in the case of single NV centers
and 1 pT/ \/IE in the case of NV ensembles and its spatial resolution of about 100 nm [167]. In fact,
NV center ensembles have been used for probing the Meissner state in superconducting samples by

recording their ODMR spectra at different temperatures [168, 169]. Due to the magnetic field depen-
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dence of the ODMR splitting, the field strength on the NV centers was estimated. For instance, this
has been presented in [169] by the investigation of superconducting LuNi,B,C and Ba(Fe,;_,Co,),
samples as depicted in Fig. 6.1.
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Figure 6.1: Investigation of the Meissner phase by using NV center based ODMR spectroscopy. (a)
Frequency splitting of an NV center ODMR spectrum recorded at different temperatures.
The NV implanted diamond plate is positioned on top of a superconducting LuNi,B,C
sample. A significant drop of the frequency splitting at about 16 K can be observed cor-
responding to the T, of the investigated compound. (b) Spatial resolution of the Meissner
screening in a Ba(Fe;_,Co, ), compound by measuring the NV ensemble ODMR spectra
across the sample. The inset shows the positioning of the diamond plate at the edge of the
sample. An increased ODMR frequency splitting obtained from the NV ensemble outside
of the superconductor can be observed compared to the splitting inside of the sample. The
figures are adapted from [169].
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Thereby, Fig. 6.1(a) shows the ODMR splitting of an NV center ensemble attached to a corresponding
LuNi,B,C superconductor for different temperatures [169]. An abrupt drop of the frequency splitting
was investigated at about 16 K corresponding to the 7, of the sample. As the superconductor went
a phase transition from its normal state to its superconducting state (and with this into its Meissner
state), the applied magnetic field was expelled from the surface. As a result, the NV centers detected
almost no magnetic field in form of a decreased frequency splitting in the ODMR spectra. In addition,
the Meissner screening has been spatially resolved by recording NV center ODMR spectra in close
proximity to the sample edge. This is illustrated in Fig. 6.1(b) which shows the ODMR frequency
splitting at different positions across the edge of a superconducting Ba(Fe;_,Co, ), sample [169]. The
temperature was kept constant at 4.2 K which is well below the critical temperature of the material of
T. = 24 K. The geometry of the investigated system is depicted in the inset of Fig. 6.1(b) showing
the NV implanted diamond plate glued at the edge of the superconductor. It was observed that the
splitting of the NV centers inside the superconducting sample was lower compared to the splitting
of the NV centers outside the superconductor. Also this, was explained by the Meissner state of the

material which expels the applied magnetic field.
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Figure 6.2: Observation of magnetic vortices with single NV centers in a diamond AFM geometry.
(a) The AFM tip is made out of diamond. Single NV centers can be implanted at the tip.
By scanning the diamond cantilever across a sample, its magnetic characteristics can be
investigated locally. (b) Resulting image by scanning an NV implanted diamond tip across
the surface of a superconducting BaFe,(As, ;P 3), sample. Single magnetic vortices with
a diameter of about 300 nm can be resolved. The scale bar represents 200 nm. Both figures
have been adapted from [171].

More sophisticated measurement schemes have been performed by [170] and [171] utilizing single
NV centers as scanning probes. The experimental geometry is depicted in Fig. 6.2(a) [171]. For
such measurements, a cryogenic atomic force micrscopy (AFM) setup was used in which the AFM
probe is made out of a diamond tip [172]. At the apex of the tip, a single NV center was implanted
[173]. The probe was scanned over a superconducting sample. Simultaneously, the ODMR spectra
of the NV center tip were recorded. By observing the resulting frequency splitting, a magnetization

profile of the superconducting surface was reconstructed [170, 171]. With this method, single vortices
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with a diameter of about 200 nm have been imaged as shown in Fig. 6.2(b). Based on these imaging
techniques, important superconducting quantities could be estimated like the critical field H, or the
London penetration depth A of the investigated ym-sized samples [174, 175, 176].

Nevertheless, all the presented experiments were based on ODMR spectroscopy which relies on a
resonant excitation of the NV center spin sublevels with microwaves. Usually, MW excitations are
linked with heating effects which could potentially change properties of the investigated sample [177].
Especially for superconducting systems, the heating above 7T, has a crucial impact on the material
properties. Therefore, we present in this chapter an all-optical, microwave-free measurement method
which solely relies on the direct NV center fluorescence. For demonstrating this, we positioned an NV
implanted diamond membrane at the edge of a superconducting LSCO thin film. The properties of

LSCO and the characterization of our thin film sample are described in the following section.

6.2 Thin Film LSCO Measurements

LSCO is one of the first discovered and with this one of the most studied high-T, cuprate supercon-
ductors [178]. Cuprates are characterized by layers of copper oxides (CuO,) alternating with layers of
charge reservoirs (CR) [179, 180]. The crystal structure of LSCO illustrating the CuO, planes and the
involved La and Sr atoms is depicted in Fig. 6.3.

Figure 6.3: Crystal structure of LSCO showing the CuO, planes (Cu atoms depicted in blue, O atoms
depicted in red) which form the main crystallographic characteristic of the cuprates family.
The La and Sr atoms (depicted in green) are positioned within these planes. The sketch is
adapted from [180]

Due to their relatively high critical temperature, cuprate based superconductors attracted a huge atten-
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tion in condensed-matter physics. While metallic superconductors like niobium (Nb) obtain a T, of
about 9 K, cuprates are characterized by critical temperatures in the range between 35 K (for LBCO)
and 138 K (for HGBCCO) [156]. The literature value of T, for LSCO (the material utilized in this
work) is between 35K and 42K, depending on the doping level x of the La and Sr atoms [178].
Furthermore, LSCO is, like most of the cuprates, a type II superconductor [181]. This means that the
material does not exhibit only one critical magnetic field H, (like in the case of type I superconductors)
[181]. In fact, SQUID measurements are able to show two critical fields in type II superconductors
[178, 181]. The first critical field H,; corresponds to the magnetic field strength at which magnetic
fluxes start to penetrate through the superconducting surface forming vortices. At the second critical
field H,,, the Meissner state of the superconductor is fully destroyed and the material exhibits its nor-
mal state. In case of LSCO bulk samples, H., is about 1072 T whereas the second critical field H,, is
about 10? T [178]. These quantities depend not only on the doping level of the material but also on the
temperature. Due to the wide range of experimental studies on LSCO, the material forms an ideal can-
didate to benchmark our novel NV magnetometry technique. Furthermore, LSCO has attracted much
interest since diamagnetic activities have been measured above T, of such thin films [182]. Therefore,
it also forms an interesting superconducting system which can be investigated in future experiments

with our method.

6.2.1 Fabrication and Characterization of the LSCO Sample

The LSCO thin film which has been used in the experiments of this chapter has been grown by ozone-
assisted atomic layer by layer molecular beam epitaxy (MBE) on a single crystalline [001] LaSrAlO,
(LSAO) substrate [183]. MBE is characterized by the evaporation of certain elements from metal
sources which constitute the desired compound [183]. The evaporated elements are then recombined
on the surface of a substrate. For ensuring undesired intermixing of different atoms, the kinetic energy
of the incoming atoms has to be kept low. This can be achieved by a low deposition rate and an in
situ reflection high energy diffraction (RHEED) control. Furthermore, for growing our LSCO sample
the temperature of the LSAO substrate was kept at 630 K and the pressure chamber was maintained
at 107 Torr [166]. The low gas pressure is crucial for ensuring the ballistic path of the evaporated
atoms from the metal source to the deposition surface [183]. As a result, we obtain a single crystalline
LSCO thin film with a thickness of 20 nm. The doping level of the fabricated sample is at x = 0.16.
Furthermore, the sample length and width are defined by the substrate size and are both about 1 cm.

In order to characterize our superconducting 20 nm LSCO thin film, we performed mutual inductance

measurements and SQUID measurements.

Mutual Inductance Measurement

Measuring the mutual inductance between two coils is a reliable method for estimating the critical
temperature of a superconducting sample [184]. The sample has to placed between the two pick-up

coils. By applying a weak magnetic field, an electromagnetic interaction between the coils can be
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investigated known as mutual inductance. The investigation of the inductance can be recorded under
sweeping the temperature. At 7T, the superconductor obtains its Meissner phase which disturbs the
interaction between the pick-up coils. This can be observed as sharp drop of the mutual inductance.
Fig. 6.4 shows the explained measurement set on our LSCO thin film sample The resulting curve
reveals a T, of about 34 K. While the real part of the mutual inductance drops at T, the imaginary

part shows an observable peak at that temperature.

| L BN R BN R R |
16 -
Real Part

— Imaginary Part

uctance (arb. units)

N
T T
Mutual Induct

L

!l o+ 1 5 1 | T I T |

0 50 100 150 200 250 300
Temperature (K)

Mutual Inductance (arb. units)
(o0}
I

Figure 6.4: Mutual inductance measurement of the utilized LSCO sample. The interaction between
two pick-up coils is investigated. Within these, the LSCO sample is positioned. The drop
in the real part and the peak in the imaginary part of the mutual inductance identify the T,
of the LSCO sample at about 34 K.

SQUID Measurement

Furthermore, a SQUID measurement can be performed for recording the magnetic moment m of the
sample as a function of an externally applied magnetic field. This reveals further information about
the magnetic phase diagram of the investigated sample including H,., and H_, [181]. Therefore, the
superconductor has been placed in an MPMS3 magnetometer device (from Quantum Design Co.).
The resulting magnetic moment curve is depicted in Fig. 6.5 indicating a lower critical field of about
H,, = 2mT where magnetic fluxes start to enter the superconducting sample (red box of Fig. 6.5).
The Meissner state of the thin film sample is fully destroyed at a magnetic field strength of H., = 7T.
In addition, the full star-shape of the hysteresis curve in Fig. 6.5 confirms the diamagnetic behavior of

the LSCO sample in its Meissner phase and the absence of ferromagnetic impurities [166].
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Figure 6.5: SQUID measurement of the utilized LSCO sample within a magnetic field sweep from 7 T
to —7 T. The star shaped curve indicates the diamagnetic properties of the sample. The red
box illustrates the low magnetic field region of the SQUID measurement showing a first
magnetic field penetration at about 2 mT.

6.2.2 Detecting the Meissner State with an NV Ensemble

After we described the characterization of the LSCO sample with conventional magnetometry meth-
ods, we want to implement NV centers for locally observing its Meissner state. Therefore, an NV
implanted [100] oriented diamond crystal plate (4 mm x 2 mm) was glued at the edge of the LSCO
superconductor as illustrated in Fig. 6.6(a). The NV density over the whole diamond plate is about
200NVs/um?. Note that all NV center initialization and readout schemes in this chapter have been
performed with a laser wavelength of 512 nm (see chapter 2 and 3). For detecting the Meissner screen-
ing of a thin film sample it is crucial to align the external magnetic field perpendicular to the sample
surface. In order to achieve this, the magnetic field alignment has been performed by investigating
the ODMR spectra of the NV ensemble outside of the superconductor (y > a in Fig. 6.6(a)) [150].
Therefore, not only the frequency splitting A f is important but also the symmetry of the splitting.
Fig. 6.6(c)-(e) show three ODMR spectra of an NV ensemble for different magnetic field orientations.
In a [100] diamond membrane, there is no preferential orientation of the NV symmetry axis along one
of the four possible crystallographic axes [150]. This fact has already been discussed in chapter 5. As
a result, all four NV orientations are obtained almost equally in a dense NV ensemble. Therefore, an
NV center ensemble ODMR spectrum shows four frequency lines when the magnetic field is aligned
along one of the four axes. Such an example is shown in Fig. 6.6(c). The outer lines correspond to the
NV centers which are oriented parallel to the external magnetic field. Instead the inner lines, come up
with the NV centers for which the magnetic field is not aligned. Assuming that all four orientations are
distributed equally on the investigated ensemble, the ratio between the aligned axes and not-aligned
axes is 1:3 [150].
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Figure 6.6: Sketch of the sample geometry and magnetic field alignment procedure. (a) The NV en-
semble implanted diamond membrane is positioned at the edge of the thin film LSCO
sample. This geometry allows the characterization of superconducting effects (y < a) and
the performance of background measurements (y > a). (b) Angular relation between the
NV center axis and an applied magnetic field defined by the angle 6. In case of a magnetic
field aligned in z-direction, the angle 6 is 54.75°. (C) ODMR spectrum of an NV center
ensemble in a [100] diamond membrane in which the magnetic field has been aligned along
one of the four NV center axis orientation. (d) ODMR spectrum recorded with misaligned
magnetic field. (e) resulting ODMR frequency splitting when the magnetic field is oriented
in z-direction.

This can be observed by the intensity of the frequency dips in Fig. 6.6(c). The magnetic field can
be extracted by the frequency splitting with A f = 2y By, in case of the outer lines (when NV axis
and magnetic field are parallel to each other) or by Af = 2y B, cos 109.5° in case of the inner lines
(when the angle 6 between magnetic field and NV axis is 109.5°). The angle between the NV axis and
the magnetic field is defined by the diamond crystal structure. For a better visualization, Fig. 6.6(b)

depicts the angular dependence between the NV center axis and the applied magnetic field direction.

82



Observation of Superconducting Phase Transitions with NV Centers

Fig. 6.6(d) presents the ODMR spectrum of an NV ensemble when the external magnetic field is
misaligned to all four orientation axes. In that case, eight resonance dips can be observed. Each doublet
in the spectrum corresponds to one NV orientation. When the magnetic field is aligned perpendicular
to the diamond surface, the ODMR spectrum of an NV center ensemble is characterized by only two
symmetric lines as shown in Fig. 6.6(e) (similar to a single NV center spectrum). However, this counts
only for [100] oriented diamond samples as in this crystallographic geometry all four possible NV
orientations experience the same Zeeman splitting. Again, the resulting frequency splitting depends

on the angle 6 and can be written as [169]

Af =2yB,cos54.75°

2y B
it 6.1)

V3

By investigating the number of frequency dips in the ODMR spectrum of the NV ensemble in y > a

and their symmetry, we were able to align the magnetic field in z-direction which is perpendicular to
the superconducting sample.

In order to qualitatively detect the Meissner screening, we recorded ODMR spectra inside (y < a) and
outside (y > a) of the superconducting sample. The measurements were performed in the cryo-UHV
environment at 4.7 K under the application of an external magnetic field of B, = 4.2mT. As the crit-
ical temperature of our LSCO sample is at about 34 K, we can ensure the existence of the Meissner
phase of the investigated compound. The resulting ODMR spectra are presented in Fig. 6.7. The red
curve (Fig. 6.7(a)) shows the resonance peaks of the NV ensemble inside the superconductor with a
frequency splitting of A f = 60 MHz. According to Eq. 6.1, this corresponds to a z-aligned magnetic
field of about 1.8 mT. Instead, the blue curve (Fig. 6.7(b)) depicts the resonance dips of the NV en-
semble outside of the superconducting sample. In this case, a frequency splitting of 140 MHz can be
observed corresponding to the strength from the applied magnetic field of 4.2 mT. Indeed, the differ-
ent behavior of the NV ensembles in y < a and y > a can be explained by the manifestation of the
Meissner screening in the superconducting sample. The magnetic field is expelled from the surface of
the LSCO thin film. As a result, the NV ensemble in y < a experiences less magnetic field compared
to the NV ensemble in y > a which is consistent with the already existing work presented in the last
section.

The notable non vanishing field in the region of y < a can be attributed to the relatively large NV to
superconductor distance which is about 1 um. This could be verified by a scanning electron micro-
scope (SEM) study which is shown in Fig. 6.8. The tilted SEM images indicate an uniform separation
between the diamond and LSCO surface of about 800 nm. Another reason for the non vanishing field
inside the superconductor can also be related to the formation of magnetic vortices. As the measure-
ment was performed with a magnetic field strength of 4.2 mT, the lower critical field of ~ 2mT has
already been surpassed. As a result, vortices could appear on the LSCO surface generating a weak

magnetic field which could be detected by the NV center ensemble. Also this effect has been noted by
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spatially resolving the Meissner screening with an NV implanted diamond plate in [169].
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Figure 6.7: Manifestation of the Meissner screening in the 20 nm LSCO thin film observed with NV

center ODMR spectra. (a) Resonance frequency splitting for the investigated NV ensem-
ble inside the LSCO sample (y < a). A splitting A f of about 60 MHz can be measured
corresponding to a magnetic field strength of about 1.8 mT. (b) ODMR spectrum of an
NV ensemble in the region of y > a. A frequency splitting of 140 MHz can be observed
indicating a magnetic field strength of 4.2 mT. Compared to the spectrum gained in the
region y < a, the NV centers detect the applied magnetic field. This clearly indicates the
Meissner phase of the LSCO sample.

Figure 6.8: SEM images of the system geometry, highlighting the NV diamond membrane positioned

at the edge of the LSCO sample. The diamond surface is in close proximity to the LSCO
thin film with a distance of about 800 nm. This distance is accurate enough for detecting
the Meissner phase of the superconductor, however makes the investigation of local effects
(like the formation of vortices) inextricable.
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6.3 All-Optical Characterization by Using the NV Fluorescence

In the last section, we reproduced existing findings of how NV centers were able to detect magnetic
phases in superconductors. Thereby, the main mechanism relies on microwave resonant ODMR spec-
troscopy which is linked to heating effects. In fact, it has been shown that local heating effects are
able to change the properties of a superconducting sample [177]. Especially the vortex state highly
depends on the local temperature which has been demonstrated by simple laser heating effect in [177].
For circumventing this issue, we applied a non-resonant measurement scheme without the utilization
of microwave excitation. Therefore, we recorded the direct fluorescence yield of an NV center ensem-
ble which simultaneously decreases by increasing an off-axial magnetic field. The obtained results

will be discussed in this section.

6.3.1 The Magnetic Field Dependent Photoluminescence Drop

The direct photodynamics of the NV center fluorescence shows a magnetic field dependence which
can be used for qualitatively imaging magnetic processes in an all-optical manner [185]. This can
be explained by the NV defect spin dynamics which is altered by high off-axial magnetic fields. In
general, the quantization axis is fixed by the NV center orientation. However, under the application of
highly misaligned fields, the quantization axis is determined rather by the applied magnetic field [185].
As a result, the spin quantum number mg is no longer a good quantum number and the eigenstates of
the spin Hamiltonian are given by superspositions of the mg = 0 and mg = +1 sublevels. This
mixing of the spin subsystem leads to an inefficient spin dependent photoluminescence (PL) rate by
enhancing the probability of the non-radiative inter-system crossing to the metastable states ! E and
' A,. Mathematically, this can be represented in the optical transition rates k; ; (depicted in Fig. 6.9(a))

of the NV center energy level scheme which are related to a static magnetic field according to [185]

=1 7
ki (B) =YY |a,,(B)*|a;, BI*K",. (6.2)

p=1g=1

Y

The magnetic field dependence is introduced within the coefficients «;;(B), which are in general nu-
merically computed using the ground and excited state Hamiltonian of the NV center. The resulting

time-resolved fluorescence signal can then be written as [185]

6 3
Rt B)=n) Y k;n(0)e"/m, (6.3)
i=4 j=1
where the pre-factor # represents the collection efficiency in this equation. Fig. 6.9(b) shows the mea-
sured behavior of an NV ensemble emission for different magnetic field strengths aligned perpendicular
to the diamond surface. The measurement was performed at ambient conditions on an NV center en-

semble. A permanent magnet was used for applying a magnetic field through the NV-diamond sample.
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By decreasing the distance between the diamond sample and the permanent magnet, the field strength
experienced by the NV centers could be increased. A significant decrease of the recorded PL up to
25 % can be noted in the graph of Fig. 6.9(b).
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Figure 6.9: Magnetic field dependent photo emission of the NV center. (a) Energy level scheme of the
NV center illustrating the transition rates k;; which are crucial for the photodynamics of
the defect. The magnetic field dependence within the transitions rates results into a direct
response of the NV fluorescence to an applied magnetic field. The sketch is adapted from
[185] (b) Measured PL of an NV center ensemble for different magnetic fields oriented
in z-direction. A significant drop of the PL can be observed related to the magnetic field
strength.

By simultaneously measuring the ODMR spectrum of the NV center ensemble, the experienced mag-
netic field can be quantitatively estimated. With this, a certain amount of PL drop can be calibrated to
a corresponding magnetic field strength. Beside of this calibration measurement, the direct all-optical
record of the NV fluorescence forms a microwave-free method. Moreover, measurements of field vari-
ations and qualitative observation of magnetic properties do not even rely on estimating an exact field
strength. Therefore, the magnetic field dependent fluorescence yield can be used as a sensitive tool
for the detection of magnetic phase transitions. In addition, all-optical measurement schemes can be
potentially implemented into pump-probe spectroscopy experiments revealing dynamical phenomena
on superconducting samples [186]. In the following part we present the all-optical spatial resolution

of the Meissner screening caused by the LSCO thin film sample.

6.3.2 Microwave-Free Measurements

The geometry of the investigated system was kept unchanged. The NV implanted diamond membrane
was glued across the edge of the 20 nm thin film LSCO sample. Instead of recording the ODMR
spectra for an ensemble inside (y < a) and outside (y < a) of the superconductor, the fluorescence

yield was measured in two steps [166]. In the first part of the all-optical measurement scheme, we
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detected the pure PL without the application of an external magnetic field. In contrary, the second part
measured the fluorescence under the influence of a certain magnetic field strength. After that, the two
results were subtracted from each other and normalized for revealing a magnetic field induced PL drop
in %. The results of this analysis scheme are presented in Fig. 6.10 showing two normalized confocal
images. The optical 2D plot was recorded by scanning the laser spotin a 10 gm x 10 ym with the piezo
mirror mounted above the UHV chamber.
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Figure 6.10: All-optical detection of the Meissner screening in LSCO. The system geometry sketch
is attached above the two optical images for reminding the significance of the region
¥y < aand y > a. (a) Normalized confocal image of the NV fluorescence inside the
superconducting area at 4.2 K and under an applied magnetic field of 4.2 mT. The PL
counts are averaged within the area of 2 ym x 2 ym (white square). A PL drop of about
2.5 % can be investigated. (b) Normalized confocal scan of an NV center ensemble in
the region y > a, indicating a count rate drop of about 5.4 %. The difference compared
to the NV ensemble in y < a can be explained by the Meissner expulsion of the LSCO
superconductor leading to a varied magnetic field strength experienced over the whole
diamond membrane.

The resulting NV fluorescence was measured by the implemented APDs of our confocal setup. As
already described, the images in Fig. 6.10 were gained by the subtraction of a scan obtained under
magnetic field application from a zero-field scan and a subsequent normalization. Also here, the mag-
netic field was set to 4.2 mT in z-direction within the 4.2 K cold cryostat. It is evident that the zero
field normalized confocal scan obtained from the y > a region (Fig. 6.10(b)) is significantly brighter
compared to the measurement set in the y < a region (Fig. 6.10(a)) [166]. For obtaining the most
reliable results of the PL drop, we chose the central area (depicted as white squares) of the confocal

images as the center of the image shows the least optical distortion. This fact has been explained in
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chapter 3 and is related to the long optical path of the laser beam. For the NV ensemble inside the
superconductor, an averaged PL drop of 2.5 % in the central area of the confocal image was observed.
Instead outside of the superconducting sample, the NV ensemble experienced a fluorescence count rate
drop of about 5.6 %. The significant difference of 2.9 % in PL drop is a clear indicator for the Meissner
state of the LSCO sample. The NV ensemble in the region of y > a experiences the fully z-aligned
magnetic field of 4.2 mT. Due to the off-axis component of the magnetic field relative to the NV axes,
a certain fluorescence drop can be observed [185]. Also the NV ensemble inside the superconductor
experiences a fluorescence drop. However, as presented, the PL drop value is almost halfed compared
to the measurements on the NV centers outside of the superconductor which is related to the screening
of the magnetic field when the LSCO sample is in its Meissner phase. As a result, a lower magnetic
field value was detected by the NV center ensemble and with this a decreased PL drop was recorded.
It is also worth to mention, that the presented confocal scans were obtained by a fixed laser power of
0.688 ©W which was measured in front of the UHV chamber glass with a powermeter. Such a low
laser ensures a minimal local heating which is not sufficient enough for changing the superconducting
properties of the LSCO thin film [177].

Spatially Resolved Study of the Meissner Screening

After we investigated the PL drop of a fixed NV ensemble inside and outside of the superconducting
sample, we extended the all-optical approach for spatially resolving the Meissner screening of the
LSCO thin film. Therefore, the laser focal spot was raster swept over the diamond membrane along
the y direction and across the edge of the LSCO sample [166]. Fig. 6.11(a) shows the resulting spatial
variation of the PL drop measured at 4.2 K and under an applied field strength of B, = 4.2mT. As
already described, each fluorescence rate is normalized to a zero field measurement for obtaining the
relative fluorescence drop. It is evident that two distinct regimes can be characterized in Fig. 6.11(a) by
different degrees of the PL drop observed inside (y < a) and outside (y > a) of the superconductor. For
the y < a region, a homogeneous PL drop of about 2 % was measured. Furthermore, a slow increase
of the PL drop towards the boundary (y = a) can be seen in Fig. 6.11(a). For locations which are far
away from the thin film sample (y > a), an increased PL drop of about 5.1 % was evaluated. By using
the calibration data from Fig. 6.9(b), a conversion from the PL drop to an effective magnetic field was
performed. With this, the magnetic field strength in y < a was estimated in a range between 1.8 mT
and 2.1 mT. The resulting magnetic field strength curve is depicted in Fig. 6.11(b). Instead, outside
of the superconductor, the magnetic field strength is about 4 mT which is in good agreement with the

applied magnetic field.
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Figure 6.11: Spatially resolved Meissner screening in LSCO using the all-optical NV center based

approach. (a) Variation of the PL drop by scanning the laser focal spot over the LSCO
sample edge. A clear difference between the regions y < @ and y > a can be observed
indicating the Meissner phase of the superconducting sample. Furthermore, a sharp in-
crease at the boundary if the LSCO thin film y = a can be observed due to the increased
magnetic flux density at the edges of rectangular samples. (b) Converted PI drop to mag-
netic field strength curve by using the calibration measurement from Fig. 6.9(b). The
inside region obtains a magnetic field strength of about 1.8 mT. Instead, the NV center
ensemble of the outside region detects a magnetic field strength of about 4 mT being in
good agreement to the applied magnetic field of 4.2mT. (c) Separated inside (y < a)
and outside (y > a) regions fitted with Brandt’s analytical model. Both fitting functions
reveal a critical current density j, of 1.4 - 108 A/cm?.

The sharp PL drop increase at the boundary of about 23 % was converted to a magnetic field strength

of 16 mT. This enhancement depicts a typical feature for rectangular superconducting samples [187].
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Due to the diamagnetic character of the superconducting compound in its Meissner phase, the magnetic
field flux is screened to the edge of the LSCO sample. This leads, to a significant enhanced magnetic
flux density at the boundary of the investigated sample. For fully verifying the impact of the Meissner
screening on the measured data, the red dots in Fig. 6.11(a) correspond to a measurement set of the
PL drop in absence of the superconducting LSCO. It is clearly visible that a spatial dependence of the
PL drop was nit observed in the bare NV membrane.

Furthermore, the magnetic field profile in a superconducting thin film can be analytically evaluated by
Brandt’s model from 1993 [188]. The model assumes completely flux-free regions on the supercon-

ductor leading to a pure Meissner current of [188]

2J c
Zcarctanh —=2 |yl <b

Jy) =1~ (=)' (6.4)
J L b<|yl<a

where a corresponds to the already declared notification for the length of the superconducting sample,
J . stands for the critical sheet current in units of A/m and b can be represented in terms of the applied
magnetic field H, as [188]

b=a/cos (6.5)

c

From the sheet current J(y), the magnetic field H (y) can be obtained by Ampere’s law [188, 189]

a

J

H(y) = - / “ GusH, (6.6)
2 J_,y—u

With Eq. 6.4, the magnetic field profile of a thin film rectangular superconductor can than be written

as [188]

clyl
H(y) = 6.7)

J
;” arctanh y<a

J
e arctanh —<2
T

where ¢ corresponds to a constant represented as [188]

y>a

nH,
J

c

¢ = tanh (6.8)

The experimental data in Fig. 6.11(b) can be fitted with the presented model in order to quantify
the critical current density j, = J./d in which the flux lines start to move under the action of the
Lorentz force. By fixing the values H, = 4.2mT and a = 5000 ym, the fitting parameter result
inb = 4709 + 22 um, ¢ = 0.335 £ 0.0059 and J, = 27997 + 2249 A/m. Knowing the critical
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sheet current J, and the sample thickness d = 20 nm, the critical current density can be calculated
to j, = 1.4 - 108 A/cm?. This value is comparable with reported j. values for LSCO nanowires
indicating that the NV fluorescence drop is a reliable quantity for the characterization of thin films
superconductors [190]. Furthermore, the estimated j, is in good agreement with a calculation based
on the SQUID measurement which has already been presented in Fig 6.5. From Brandt’s analytical
model, the magnetic moment m in dependence of the critical current can be written as

rH,

m = J.a’ tanh . (6.9)

c

By inserting our findings for J,, from the fit to our experimental data, we obtain a magnetic moment of
m =~ 0.012 emu. This value is in a fair agreement to the magnetic moment measured from the SQUID
which ranges between 0.0075 emu to 0.0052 emu. The slight mismatch in m can be explained by two
factors. First of all, Brandt’s model is based on a flux-free system [188]. This is not fully true in our
performed measurement, as the applied magnetic field of 4.2 mT surpassed the lower critical field of
2.1 mT of our LSCO sample. Therefore, it is more realistic that the investigated system exhibited a cer-
tain number of vortices during the measurement performance. Secondly, the PL drop to magnetic field
strength conversion in Fig. 6.9 assumes a field orientation in z-direction. This is a realistic assumption
in the regions y < a and y < a. However, in proximity of the LSCO edge (y = a) the magnetic field
is forced to curl around the sample surface leading to a magnetic field which is not only pointing in
the z-direction [187]. Therefore, a strong in-plane component of the applied field has to be assumed
which potentially explains the overestimation of j, and m. Nevertheless, the qualitative trend of the
Meissner screening can be fully reconstructed with the presented NV based all-optical method and is
able to extract important material properties of the investigated compound which are in fair agreement

with existing literature values [190].

6.4 Investigation of Superconducting Vortices in LSCO

As last step for the characterization of our 20 nm thin film LSCO sample, we wanted to image the vortex
phase in the system. We have seen that the gap between the LSCO surface and diamond membrane is
about 800 nm. In fact, this forms a huge limitation in terms of spatial resolution. It has been shown that
already an NV probe to superconducting surface distance of 100 nm prohibits the resolution of a single
magnetic vortex [170]. Therefore, we modified the system geometry and implemented NV ensemble
implanted diamond micro-plates instead of positioning the macroscopic 2 mm x 2 mm diamond plate
on the superconductor. As shown in the SEM image of Fig. 6.12, the distance between the two surfaces

is more compact and in the range of few nm.
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Figure 6.12: SEM image of a diamond micro-plate positioned on top of the LSCO sample. The plate
has been implanted with an NV ensemble in a density of ~ 200 NVs/um?. The distance
to the LSCO surface is in the nm range with this system geometry.

Nevertheless, the measurement scheme remained the same as in the last section [166]. A confocal scan
was recorded by measuring the fluorescence of an NV center ensemble on the diamond micro-plate.
After that, the same position was scanned under the application of a z- oriented magnetic field with
a strength of about 3 mT. We chose to slightly decrease the applied magnetic field from the initial
4.2mT as the vortex density increases linearly to the field strength. Again, the two confocal scans
were subtracted from each other. The normalization of the data revealed the resulting PL drop in %
and is illustrated in Fig. 6.13(a). Averaged over the whole image, a magnetic field induced PL drop
of = 3.2 % was observed. However, compared to the confocal images of subsection 6.3.2, interesting
elliptically shaped features were investigated and interpreted as possible magnetic vortices. At the
center of these structures, the PL drop amounted to almost 4 %, being in good agreement with the fact

that the magnetic field distribution of a single vortex is maximized in its core [191]:

B(r) ~ d)o\/gexp<—%>. (6.10)

Furthermore, the diameters of the elliptical structures are in the range of 2 yum which is in good agree-
ment with existing experimental results [170, 171]. For obtaining a more quantitative impression of
the magnetic field within the observed structures, we performed a scanning ODMR spectroscopy mea-
surement. Therefore, we recorded the pixel by pixel ODMR spectra within a range of 10 ym x 10 ym
in the upper left part of Fig. 6.13(a). The result is depicted in Fig. 6.13(b), illustrating the frequency
splitting within the recorded ODMR spectra. Again, clear elliptical shapes can be observed in the
image, supporting the all-optical measurement of Fig. 6.13(a).
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Figure 6.13: Resolution of single vortices detected by an NV center ensemble. (a) All-optical normal-
ized fluorescence drop image of an NV ensemble implanted in the diamond micro-plate.
The measurement reveals elliptical structures, indicating the detected magnetic vortices.
The vortex diameter is about 2 ym. (b) Pixel by pixel ODMR scan for confirming the
magnetic domains in terms of the frequency splitting. A clear similarity of the all-optical
image can be evaluated proving the microwave-free measurement method as a reliable
approach.

In addition, both figures obtain the same characteristics. The center of the visible structures seems to be
the point with the highest magnetic field strength. In case of the all-optical image, this is represented by
the highest amount of count rate drop in the core of the assumed vortex. Instead, for the ODMR image,
this is indicated by the largest frequency splitting in the core of the magnetic vortex. The measurement
set indicates that the presented all-optical scheme is not only able to resolve the Meissner screening of
a superconducting compound but also to explore exotic phases like the vortex state in a microwave-free

manner.

6.5 Summary

In the last part of this chapter we want to summarize the experimental findings of this project. The
motivation was found on already performed work of how NV centers have been used for detecting the
Meissner expulsion and the voretx formation in superconducting samples. NV center ensemble were
able to resolve the Meissner screening of a superconductor by recording their ODMR spectra. The
resulting frequency splitting has been used as an indicator for the amount of magnetic field strength
which was experienced by the NV center ensemble. By comparing NV ensembles in close proxim-
ity to a superconducting surface with NV centers outside of the corresponding superconductor, clear

differences were found in the frequency splitting attributed to the Meissner phase of the investigated

93



Observation of Superconducting Phase Transitions with NV Centers

material. Furthermore, single NV centers have been established in diamond-AFM tips for probing
the magnetic behavior of a superconducting material. Whenever a vortex was scanned below the NV
tip, a significant change of the ODMR spectrum was observed. With this, single vortices with almost
100 nm spatial resolution were investigated and characterized.

Nevertheless, the conventional NV based magnetometry relies on resonant microwave excitation for
the record of ODMR spectra. Typically, such measurements schemes are linked to heating effects
which potentially change the properties of the investigated sample. For circumventing this issue, we
performed all-optical measurement schemes by recording the direct fluorescence yield of an NV cen-
ter ensemble. The results show that the magnetic field dependent PL drop, which is related to the
NV center energy level scheme, is able to qualitatively observe magnetic processes. The investigated
system used in this chapter was formed by an NV implanted diamond membrane glued at the edge
of a superconducting 20 nm LSCO thin film. By raster scanning the laser focal spot, the PL drop of
the NV ensemble was recorded and the magnetic profile of the Meissner screening along the LSCO
sample was reconstructed. The whole measurement was performed in an cryogenic UHV environment
with a temperature of 4.2 K under the application of a z-aligned magnetic field of 4.2 mT. The results
were evaluated with Brandt’s analytical model revealing a critical current density of 1.4 - 103 A /cm?.
Due to the good agreement with existing literature values, the presented all-optical, microwave-free
measurement method can be interpreted as a reliable scheme for the detection of magnetic processes.
Furthermore, the ability to detect single vortices with this method has been shown. Elliptical structures
were identified in the zero field normalized confocal scans by using NV implanted diamond micro-
plates. The advantage of such u-meter sized plates is the decreased distance between the NV center
ensemble and the investigated superconducting surface. With this, the spatial resolution is high enough
for the observation of single vortices.

The magnetic field induced fluorescence drop shown in this chapter can be potentially extended fur-
ther by a combination with optical pump probe spectroscopy schemes enabling the local detection of
time-resolved dynamical magnetic phenomena including the vortex formation and motion in type II

superconductors.
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7 Towards Stabilizing the Spin Properties
of Near-Surface NVs

The whole thesis was focused on the implementation of NV centers into nanoscale magnetic field
sensing. Thereby, one of the most utilized techniques is DEER spectroscopy which also has been
discussed in the chapters 2, 4 and 5. Of great importance for that, is the NV center coherence time T,
as the relevant detection pulses are set within the Hahn echo sequence of the NV center. For example,
we have seen a strong limitation of the sensing principle in Fig. 4.11. In that experimental section, a
single NV center was used for characterizing an external N@Cg, spin. As the coherence time of that
particular NV center was barely &~ 3 us, only the minimum coherence time of the external spin could
be revealed.

A possibility for increasing the NV center T, time is to implant the defect deep within the diamond
lattice (> 30nnm from the bare diamond surface) [192]. Consequently, the NV defect is protected
from environmental magnetic noise which is potentially responsible for the coherence time reduction.
However, deep implanted NV centers are challenging to utilize for sensing purpose due to the short
detection region (= 25 nm) [47]. Therefore, only shallow NV centers can be used as quantum sensors.
This fact makes the NV depth tp a critical parameter for sensing applications. In most of the published
experiments, the utilized NV centers were positioned about 7 nm from the bare diamond surface [68,
97, 104]. Implanting the defects closer to the surface results into a significant decay of their coherence
time limiting their sensitivity. Another important point is the spatial resolution of the NV sensor which
also highly depends on the depth of the defect. Nanoscale sensing with atomic resolution can only be
realized with sensors positioned in close proximity to the sample [193]. In case of the NV center, the
defect should be implanted as close as possible to the diamond surface.

Furthermore, also other important NV characteristics are affected by the implantation depth. A very
fundamental property is the fluorescence contrast resulting from the spin state dependent NV emission.
The fluorescence difference between the mg = 0 and mg = +1 NV spin states forms the working
principle of the NV center as quantum sensor. Only if an emission contrast is detectable, resonance
dips can be observed in the DEER spectra. Indeed, it has been shown that the fluorescence contrast
varies in dependence of the NV center depth [194, 195, 196]. Usually, shallow NV centers obtain a
relatively low spin state contrast compared to deeply implanted defects.

A potential explanation for this behavior can be found in the charge state dynamics of the NV center
[195, 196]. In chapter 2, we introduced the three NV center charge states, namely the NV~ NVY,
and NV* states. Especially, charge transitions within the NV~ and NV states seem to give rise to
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instabilities of the NV center [196]. These instabilities are enhanced for shallow implanted defects.
Therefore, stabilizing the charge distribution close to individual NV centers could potentially increase
relevant characteristics like the fluorescence contrast and coherence time. The stabilization can be
achieved by dosing protection layers on the diamond surface in a controlled way [197].

This chapter presents attempts for stabilizing the spin properties of near-surface NV centers. In the
first section, the characteristics of the NV charge states are explained for giving an understanding
of their relevance for sensing purposes. Afterwards, the spin state dependent emission difference
of shallow implanted single NVs is introduced in terms of the ODMR contrast. In the first trial, the
ODMR contrast was recorded at ambient conditions for several NVs. Afterwards, the same NV centers
have been investigated within the cryo-UHV setup for comparing their spin properties. As result, we
found a complete loss of the NV~ spin characteristics giving rise to the assumption of a charge state
conversion to the NV state. Consequently, surface modification experiments have been performed by
dosing nitrogen (N) and carbon monoxide (CO) gas. In addition, liquid water has been dosed onto the
diamond sample. . As first result, no significant NV~ charge state stabilization could be obtained by
gas dosing. However, introducing water onto the diamond surface revealed hints of a slight NV~ state
recovery. The experimental attempts can motivate to study this issue in greater details by dosing more

specific gases and liquids.

7.1 Charge State Dynamics of the NV Center

In 2.1.3 we introduced the three charge states of the NV center. As the defect is able to trap or release
electrons, the NV center can obtain a negative (NV™) or a positive (NV*) charge. Of course, the
defect can also exist in its neutral state (NV?). The different charge states can be distinguished in
terms of the electron occupation within the energy bands in diamond which has already been shown
in Fig. 2.3. However, this characteristic is challenging to reveal in an experiment. An easier and more
reliable way to investigate the charge state of an NV center is to perform spectroscopic measurements
while exciting the defect with 532 nm laser pulses [198]. The resulting optical properties of the NV
defect significantly vary depending on the charge state. So far, we discussed only the fluorescence
characteristics of the NV~ center which is the relevant charge state for quantum sensing applications
and exhibits a ZPL at 637 nm. As shown in Fig. 7.1(a), this 637 nm emission can be observed as
sharp peak in the NV~ fluorescence spectrum. After the ZPL, the phonon sideband of the NV~ center
(starting from =~ 650 nm) can be observed. These two optical characteristics differ when the NV
center transits through a charge state conversion. This fact is depicted in Fig. 7.1(b) which compares
the fluorescence properties of the three NV charge states. For the NV center, the ZPL is shifted from
637 nm to 575 nm. Also the phonon sideband is shifted to lower wavelengths. Instead, the NV* center
shows no spectral features. The defect is optically dark. As a result, only the 2nd order Raman line

can be observed which is a bulk property of the diamond crystal [199].
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Figure 7.1: Charge state dynamics of the NV center in diamond. (a) Emission spectrum of the NV~
state characterized by a ZPL at 637 nm. (b) Optical comparison of the NV charge states.
The NV center is optically dark and does not show characteristic emission features. How-
ever, the NV state obtains a notable emission at 575 nm. The spectra are adapted from
[200]. (c) Energy level diagrams of the NV? and NV~ centers. Due to the ZFS within
the NV— ground state, ODMR spectroscopy can be performed on that specific specimen.
Instead, when the NV centers obtains its NV? state, no ODMR measurements can be per-
formed. Charge transitions within NV? and NV~ states are possible and characterized by
the rates r;,, and r,,.. (d) Simulation showing the impact of r;,, and r,,. on the ODMR
contrast. Increasing the transition rates leads to a decrease of the ODMR contrast. The
figure is adapted from [196].

Without specific surface treatments (like hydrogen dosing [200]) the NV* center forms the most un-
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stable state of the three presented charge states. In contrary, the NV~ and NV defects are more
manifested and stable in the diamond crystal lattice. Therefore, we will focus only on these two charge
states within the scope of this chapter.

A further difference between the NV~ and NV charge states arises from their response under MW
excitations. For this, the energy level diagrams are compared in Fig. 7.1(c). As extensively described,
the NV~ center obtains a ZFS of 2.87 GHz which allows the performance of ODMR spectroscopy.
This property forms a clear fingerprint of the NV~ state as the NV® shows no response towards MW
applications. Furthermore, the transition dynamics within the NV~ and NV? states have been studied
extensively in several works [195, 196]. As explanation, Fig. 7.1(c) also shows the ionization and

recombination rates r,,, and r,,. which are depicted as dotted arrows. These quantities play a crucial

rec

. - d .
role for the population rates d”% and % of the corresponding NV center charge states [196]:
dpny-
T = ~TionPNy- Tt FrecPNYO (7.1)
de yo
dt =TionPNv- " TrecPNVO- (7.2)

Thereby, pyy - and pyyo represent the NV~ and NV populations. By utilizing these formulae, in-
teresting NV center behaviors can be revealed. For example, the ODMR contrast can be simulated in
dependence of the ionization and recombination rates as shown in Fig. 7.1(d). By increasing the transi-

tion rates r;,, and r,,., a significant drop of the ODMR contrast can be evaluated. Increased transition

rec
rates can be interpreted as relatively huge charge state instabilities on the NV center. Therefore, charge
state instabilities adversely affect the NV defect quality. These findings, can be even interpreted further
in terms of an NV center depth dependence. Near-surface NVs exhibit alow ODMR contrast due to an
increased charge state instability [195, 196]. It is worth to mention that this is not only an assumption.
In fact spectroscopy measurements revealed the optical properties of NV centers with different depths
[195, 196, 198] as shown in Fig. 7.2. Several NV centers of two different samples A and B have been
investigated in [196]. Thereby, sample A obtained deeper implanted NV centers. By evaluating the
fluorescence spectra in Fig. 7.2, it is evident that sample A showed a clear NV~ feature in form of the
ZPL at 637 nm. Instead sample F with shallower NV centers, showed only optical properties matching
the NV state.

All these findings lead to the assumption that the key for stabilizing shallow NV centers is the control

of their charge state.

98



Towards Stabilizing the Spin Properties of Near-Surface NVs

w

Intensity (Arb.)

I
500 550 600 650 700 750
Wavelength (nm)

Number of NV centers
N
o

o

0.05 0.10 0.15 0.20 0.25 0.30 0.35
Cesr

Figure 7.2: Depth dependence of the NV center properties. Two NV implanted diamond membranes
are compared in which the NV center depth is varied. Sample A contains deeper implanted
defects compared to sample F. Indeed, sample A seems to obtain stronger NV~ characteris-
tics in the emission spectrum. Furthermore, also the ODMR contrast is stronger for sample
A compared to the diamond plate F. The results and figures are adapted from [196].

7.2 Near-Surface NVs at Ambient Conditions

In order to understand the depth dependence of the NV center spin properties, we want to reproduce
some of the results presented in [196]. Thereby, the focus is on the NV center ODMR contrast as the
spin state dependent fluorescence difference clearly indicates the existence of the NV~ charge state.
As already explained, ODMR spectroscopy can not be performed on the NV center due to its spin
energy level diagram.

The utilized sample for this project was a 4 mm x 4 mm CVD grown diamond plate. After the crystal
growth, the membrane was subsequently nitrogen implanted with three different implantation energies
of 2.5keV, SkeV, and 10keV (see appendix 10). Finally, the diamond plate was annealed at 650 °C
for the formation of adjacent vacancies to the implanted nitrogen atoms. As the implantation energy
defines the NV center depth, the resulting diamond membrane consists of three distinct regions in
which the defects obtain different depths from the sample surface [201]. Usually, a 10keV nitrogen-
implantation leads to & 15 nm deep NV centers [202]. Instead, an implantation energy of 5 keV results
into ~ 7nm deep NV defects [47, 104]. When the kinetic energy of the nitrogen ions is in the range
of 2.5keV, near-surface NV centers can be fabricated with a depth of < 3nm [195, 202]. With this
specific sample geometry, a reliable depth dependence study can be performed. In addition, nanopillars
have been etched as the study relies on the investigation of single NV centers. With the waveguide-

character of the nanopillars, the single NV emission can be enhanced for performing more reliable
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measurements.

The first measurement set was obtained at ambient conditions. In order to prove the observation of a

single NV, autocorrelation measurements were recorded (see chapter 3).

Figure 7.3:

Autocorrelation g@(t)

(a) (b)
T T T T T T T 1.15
1.4 T T T T
1.2 g 11F i
c
1 38 3 1
g CODNIR
08 5 1.051- -
' 3
[
0.6 !
04 | single emitter T =z L 50 ]
Copmr — Lorentzian Fit
02 N 0.95+ B=14mT o
4 —— Lorentzian Fit
0 I I 1 1 1 1 ] L | | | | ]
-300 -200 -100 O 100 200 300 28 2.84 2.88 2.92 2.96
Time t (ns) Frequency (GHz)
(c) (d)
T T T T T T T T T T T T T T T T T
—~ M -
1.3+ E 9
© % 101 -
§ °r ]
o x
11F E 8 -
£ o 7t -
<} 1+ - @ L
z >
[ S 6 =
[——2.5 keV Implantation| a>> L
0.9+ 20 ke mptantzton | T < 5L 4
1 1 1 1 [P PR | | I PR U P NI
2.8 2.84 2.88 2.92 2.96 2 3 4 5 6 7 8 9 10MN
Frequency (GHz) Implantation Energy (keV)

NV center characterization at ambient conditions. (a) Autocorrelation measurement of an
individual NV center indicating an antibunching dip below 0.5. This is a reliable method
for identifying a single photon source. (b) ODMR spectrum of an NV center without the
application of a magnetic field (gray curve) and under the observation with a 1.4 mT strong
B field in z direction. The Zeeman splitting verifies the investigation of an NV~ defect state.
The strength of the signal is termed as ODMR contrast ACyparg. () ODMR spectra
of three different NV centers which have been implanted by an implantation energy of
2.5keV, SkeV and 10keV. A stronger ODMR contrast can be observed for the NV center
inserted by the highest implantation energy. (d) Average ODMR contrast for 25 NV centers
observed in the three different implantation energy regions of the diamond membrane. The
ODMR contrast increases by increasing the implantation energy. The effect is related to
the NV center depth which highly depends on the implantation energy.

Thereby, a typical single NV characteristic is the antibunching dip below 0.5 which is depicted in

Fig. 7.3(a).

Afterwards, ODMR spectroscopy were performed. Fig. 7.3(b) presents a standard ODMR

spectrum of an individual NV center. For clarification, arrows indicate the definition of the ODMR
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contrast

in percent. Thereby, a,, is the ODMR dip intensity. This quantity can be compared for several NV
centers which have been implanted by different implantation energies. An exemplary result is shown
in Fig. 7.3(c) which illustrates three ODMR spectra. Each spectrum corresponds to a single NV center.
However, the defects were fabricated by different energies of the nitrogen ion beam. As a result, the
NVs obtained diverse depths from the bare diamond surface. As already described, an energetically
low implantation beam results into a shallow NV defect. Indeed, a weak ODMR contrast of ~ %
was investigated for the NV center implanted with a beam energy of 2.5 keV. Instead, the NV center
obtained by an implantation energy of 10keV showed an ODMR contrast of 11%. In between, the
5keV implanted defect is characterized by an contrast of 8%. In order to evaluate the results in a more
statistical manner, an ODMR spectroscopy study was performed on 25 individual NV centers. The
experimental outcome is presented in Fig. 7.3(d) by plotting the average Cypysg Of the NV centers
for each of the three implantation fields (9 NVs from the 2.5keV field, 9 NVs from the 5keV field
and 7 NVs from the 10keV). A clear trend in dependence of the implantation energy and with this of
the NV depth was observed. The average NV center ODMR contrast in the field in which the defects
were implanted by a 2.5keV beam is &% 5%. Instead, the ODMR contrast significantly rises to 10%
by observing NV centers in the 5keV nitrogen-implanted field. Interestingly, only a slight ACypar
increase to 11% is observed by rising the implantation energy to 10keV. Therefore, the assumption
of a specific NV depth threshold is reasonable which defines the stability of the NV center spin.

A potential attempt for explaining this fact is a charge trap model which assumes the existence of elec-
tron receptor states on the diamond surface [195]. In general, these potentials are filled with electrons.
However, several processes, as laser illumination [203], are able to ionize the charge trap. Conse-
quently, the surface receptor recombines the electron of a nearby NV~ center forcing a charge con-
version to the ODMR-free NV state. As the charge traps are only obtained on the diamond surface,
solely shallow NV centers are affected by this process. A result of this proposed mechanism could be
an unstable NV spin state which is indicated by low ODMR signals [195].
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7.3 Measurements at UHV and Cryogenic Conditions
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Figure 7.4: Confocal images of the same region obtained at ambient (a) and cryogenic-UHV (b) con-
ditions. Due to the etched markers, individual NV centers can be compared within the two
different setups.

In the second step of this project, we want to investigate the properties of shallow implanted NV centers
in a cryogenic UHV environment. So far in this thesis, the studied NV center obtained a depth between
7 nm to 20 nm from the diamond surface. Furthermore, the diamond plate was coated with molecules
for observing couplings on the single spin level (see chapter 4). The drop-coating can be interpreted
as a surface treatment which potentially stabilizes the NV centers. However, in this section we want
to study the NV center behavior within a non-coated diamond sample for gaining access to the bare
NV center properties. This scenario is of great importance as several magnetic mechanisms like spin
waves or skyrmions in solids [204, 205, 206] can be potentially revealed on the nanoscale with NV
center sensors in cryogenic UHV environments. The NV characteristics obtained at the cryo-UHV
environment are compared to the results gathered at ambient conditions. Therefore, the same NV
centers were measured at 4.7 K and 9 - 10~!! mbar which also were characterized at the ambient stage.
This is enabled by lithographically etched markers on the diamond surface.

Fig. 7.4 compares the confocal images obtained at ambient conditions (Fig. 7.4(a)) and in the cryo-
UHV setup (Fig. 7.4(b)) of the same region on the sample. A representative NV center is marked by
the green circles. The elliptical distortion of Fig. 7.4(b) has already been explained in 3.4 and is related
to the optical setup. In order to study the NV characteristics at 4.7 K and 2 - 10~1° mbar, we decided to
compare the obtained autocorrelation and ODMR measurements with results recorded at the ambient
stage. Fig. 7.5 presents the impact of a cryogenic UHV environment on the bare NV center properties.
Thereby, Fig. 7.5(a) compares the autocorrelation results. The dark gray curve is the g®-function
obtained by the representative NV center at ambient conditions. A clear antibunching dip below 0.5
was observed as indicator for the single photon emitter characteristics of the individual NV center.
In contrary, the red curve represents the autocorrelation measurement of the same NV defect in the

cryo-UHV setup. It is evident, that no antibunching curve is recognizable. This is a clear indication
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for a charge state conversion.
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Figure 7.5: Characteristics of a bare NV center in cryogenic 4.7 K conditions and at UHV. (a) Auto-
correlation measurements of an individual NV center at ambient (gray curve) and cryo-
UHYV conditions (red curve). The disappearance of the antibunching dip can be observed.
Repeating the measurement after the cryo-UHYV round at the ambient stage (blue curve)
reveals the antibunching dip in a reproducible manner. (b) A similar behavior can be ob-
served in the ODMR spectra. In addition, a weak magnetic field has been applied on the
second ambient stage measurement (green curve) for observing the Zeeman splitting as
NV~ center fingerprint.

The optical path of the utilized setup is specified for the investigation of NV~ centers. This is achieved
by the implementation of certain optical filters operating at the 637 nm ZPL of the NV~ state. In par-
ticular longpass (LP) filters are used which cut off wavelengths below 637 nm. As consequence, the
NV center ZPL at 575 nm is not recorded by the photo detectors. Actually, also the NV charge state
forms a single quantum emitter. However, the corresponding photons are filtered before reaching the
detectors. As a result, the autocorrelation function shows no antibunching dip when the observed NV
center obtains its NV© charge state. The blue curve in Fig. 7.5(a) depicts the autocorrelation curve of
the same NV defect in a second ambient measurement set which was obtained after the characteriza-
tion in cryo-UHV. In that case, an reappearance of the antibunching dip was observed indicating the
recovery of the NV~ charge state.

Similar results were investigated in the recorded ODMR spectra as represented in Fig. 7.5(b). Again,
the dark gray curve shows the measurement at ambient conditions, indicating an ODMR signal with
Copmr = 18%. Instead, the red curve depicts the ODMR spectrum measured at 4.7 K and within
the UHV environment. A full loss of the ODMR signal was observed. Repeating the experiment
on the same NV in a second measurement set at the ambient stage showed the reappearance of the
ODMR signal. It is worth to mention that the presented results are reproducible over the majority

(65 %) of the 25 characterized NV centers independent from the applied implantation energies within
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2.5keV to 10keV. An overview table is shown in the appendix 10. Therefore, it is justified to assume
an irreversible NV center charge state conversion within the cryogenic UHV environment. Further-
more, solely UHV measurements at ambient 298 K temperatures indicated also there a loss of the NV~
charge population which is shown in the appendix 10. Also this fact, can be potentially explained by
the charge trap model proposed in [195]. While the electron charge traps are more stabilized at ambi-
ent conditions due to the environmental atmosphere [207], at an UHV environment the receptor states
can solely recombine electrons from nearby NV~ centers. As a result, bare NV~ centers can not be
observed in the cryo-UHV setup. However, coating the diamond surface with specific molecules can

potentially stabilize the NV~ charge state.

7.4 Surface Modifications

Several studies have investigated that surface treatments of the diamond sample can have an impact
on the NV properties[208, 209, 210]. For instance, etching the diamond surface with an ion beam
[210] leads to covalent surface bonds which obtain a certain electron affinity [211]. Depending on
the involved atoms within the bond, the NV~ or the NV states can be stabilized. Thereby, a positive
electron affinity enhances the NV~ spin properties. This can be achieved by etching the diamond sur-
face with e.g. a nitrogen ion beam forming carbon-nitrogen bonds with an electron affinity of 3.46 eV
[210]. In contrary, a negative electron affinity induces surface charge transfers which are able to force
a formation of NV charge states. For example, silicon-carbon bonds on the diamond surface with an
electron affinity of —0.86 eV lead to instabilities of the NV~ center [210].

Unfortunately, an ion beam device is not implemented within the utilized experimental setup. Never-
theless, less aggressive surface treatments, as gas dosing, were tried for enhancing the NV~ stabiliza-
tion. For this, a high-precision leak valve was implemented on the preparation chamber of the setup.
The device is able to introduce a small amount of gas into the chamber which deposits than on the sam-
ple surface. Even that no chemical bonds are formed, the deposited gas molecules could potentially

protect the charge state of shallow NV centers.

7.4.1 Nitrogen Dosing

In the first experimental attempt, we introduced nitrogen gas to the diamond surface. In [210] it has
been shown that a nitrogen-carbon bond is able to stabilize the spin properties of the NV~ charge
state due to its positive electron affinity. Therefore, it is a justified approach to cover the diamond
surface with a nitrogen layer which potentially protect the charge distribution of nearby NV centers.
In addition, nitrogen dosing is a straight forward process as the gas is neither aggressive nor toxic
[212, 213].

The gas dosage in this experiment is a three step process. First of all, the diamond sample has to be
as cold as possible. Otherwise, the introduced gas molecules do not adsorb on the surface. For this,

the sample is positioned in the cryogenic measurement head within the main chamber at 4.7 K. After
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cooling down, the whole sample holder is transferred to the preparation chamber where the gas dosing
is performed. Thereby, a nitrogen gas bottle is connected to the leak valve. By releasing the valve,
the nitrogen gas is introduced in the chamber. For estimating the amount of gas, the readout of the
pressure sensor is suitable. Typically, the pressure within the preparation chamber is & 3 - 1071 mbar.

Introducing the nitrogen gas increases the pressure depending on the release volume of the leak valve.
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Figure 7.6: Nitrogen dosing on the diamond surface. (a) Autocorrelation curves of an individual NV
center.The measurements obtained at ambient (gray curve) and cryo-UHV (red curve) con-
ditions have already been discussed in Fig. 7.5. The brown curve corresponds to the au-
tocorrelation recorded at a cryogenic UHV environment after the dosage of nitrogen gas.
Still no antibunching dip can be recovered. (b) Also in terms of ODMR spectroscopy, N,
gas is not enhancing the NV~ center spin properties. No ODMR signal can be obtained at
cryo-UHYV conditions.

In this project, the dosing procedure was performed for 60 s at an increased preparation chamber pres-
sure of 5 - 10~7 mbar. Afterwards, the sample was transferred back to the cryogenic main chamber for
NV characterization. Fig. 7.6 shows the resulting NV center properties. The autocorrelation curves
(Fig. 7.6(a)) and the ODMR spectra (Fig. 7.6(b)) of an individual NV center are compared for three
different scenarios. The first autocorrelation curve (depicted in gray) shows the single emitter char-
acteristic of the observed NV center at ambient conditions by the antibunching dip below 0.5. Fur-
thermore, the red curve indicates the measurement of the same NV center at cryogenic and UHV
conditions in which no antibunching feature can be found. For consistency, these data corresponds to
the measurements which have already been discussed in 7.3. In addition, the brown curve illustrates
the autocorrelation obtained after the nitrogen dosing procedure. Unfortunately, no hint regarding the
existence of the NV~ charge state could be found as still no antibunching dip was observed. Similar
findings were investigated in the ODMR spectra. At ambient conditions, the NV center showed a clear
ODMR signal at 2.8 GHz. However, within the cryo-UHYV setup no ODMR feature were measured.
Even after nitrogen dosing, the ODMR signal seemed to vanish. Three explanations can be assumed
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for this behavior. The first one is a technical speculation by assuming that the nitrogen gas did not
deposit on the diamond surface during the dosing procedure. This can be a realistic scenario as the
surface temperature of the sample can not be read out within the experimental setup. If the diamond
surface exhibits a temperature above the cooling temperature of nitrogen (70 K), the chance of deposit-
ing a nitrogen layer is decreased. The second potential explanation assumes a successful deposition
of the nitrogen gas. However, it takes the chemical properties of nitrogen into account. The argument
of an existing N-C bond with a positive electron affinity proposed in [210] can not be applied on our
experimental scenario as no chemical bonds were formed during the gas dosing. To be more precisely,
the electronegativity of atomic nitrogen has to be considered. Thereby, nitrogen obtains an electroneg-
ativity of 3.07 eV [211]. With such a high electronegativity, nitrogen atoms are able to attract electrons
from the diamond matrix. As a result, the NV~ charge state is forced to transform into the NV state.
The last and most realistic assumption is the formation of an N, molecular layer during the dosing
procedure. Nitrogen, similar to oxygen (O), barely occurs as single atom. It is more likely to appear
as triple-bonded N, molecule due to its electron configuration [211, 213]. As N, layer, the deposited

compound does not affect the already vanished NV~ charge state.

7.4.2 Formation of an Atmospheric Water Layer
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Figure 7.7: Comparison of the same NV center within two different cryo-UHV measurement sets.
Before the first cryo-UHV round was obtained, the diamond sample was located for 5
days at the ambient stage. Instead, before beginning a second cryo-UHV experimental
set, the diamond plate was positioned for 35 days at ambient conditions. Interestingly,
within the second measurement set, NV~ properties were be indicated. A realistic scenario
could be the formation of an atmospheric water layer during the elongated characterization
measurements at ambient conditions.
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In order to ensure a full desorption of the deposited nitrogen layer, we transferred the diamond sample
from the cryo-UHV setup to the ambient stage. The standard environmental temperature of 300 K
should directly transform the dosed layer to nitrogen gas [212]. For consistency, the 25 characterized
NV centers were re-measured obtaining the typical NV~ state features. Afterwards, the sample was
positioned within the cryo-UHYV setup for continuing the dosing study. However, before the next gas
candidate was dosed (namely carbon monoxide) the bare NV centers were measured in an additional
experimental set for ensuring the NV~ state disappearance. Surprisingly, hints of an NV~ charge state
existence could be found as depicted in Fig. 7.7. Moreover, Fig. 7.7(a) compares the autocorrelation
curves obtained from the first (section 7.3) and second (here described) cryo-UHV measurement set.
While in the first observation (red curve) no antibunching dip is resolved, in the second measurement
(green curve) a clear single emitter feature can be found. In addition, the same trend can be investi-
gated in the ODMR spectra which are presented in Fig. 7.7(b). The ODMR spectrum obtained in the
first cryo-UHV measurement round shows no MW transitions. However, a weak ODMR contrast of
2% is observed in the second measurement set.

In order to understand this behavior, it is crucial to know the measurement duration at ambient con-
ditions. Before the first cryo-UHV measurement was performed, the sample was characterized at the
ambient stage for 5 days. Instead, the sample was measured for 35 days at ambient conditions before
the second cryo-UHYV experiment was started. In fact, the exposure of an NV center to an ambient
environment can change its spin properties over time due to the natural deposition of magnetic im-
purities [195]. The formation of such clusters on the diamond surface can act as charge traps and
destabilize the NV center. On the other side, the impurities can enhance the spin properties by acting
as a protection layer. Typical candidates which are able to self-assemble on surfaces are hydrogen
atoms or water vapor [214]. Especially a water layer can be interpreted as an interesting system due
to the relatively large dipole moment of the H,0 molecules (= 1.85D) [215, 216, 217]. This polarity
can potentially stabilize charge distributions close to the NV centers. Therefore, the results of Fig. 7.7
could be explained by the formation of a water layer when the sample was characterized at ambient
conditions. Afterwards, transferring the diamond membrane into the cryo-UHV setup led to a frozen

H,O layer which protected the NV centers.

7.4.3 IR Laser Heating

For ensuring the significant role of this uncontrolled surface modification, surface heating can be per-
formed on the diamond sample. In this work, this was achieved by an IR laser which is mounted outside
of the preparation chamber. IR wavelength (10 ym) specific optical components guide the laser beam
into the preparation chamber in which the diamond sample is located (see section 3.5). The resulting
increase of the surface temperature is read out by an optical pyrometer. In this experimental set, the
IR beam was focused for 18 s on the sample. The readout temperature of the pyrometer was ~ 168 °C.
Assuming that the environmental deposited layer is composed of water, the achieved heat treatment

should be efficient enough for removing the H,O molecules.
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In order to investigate an impact of the surface heat treatment, Fig. 7.8 compares the autocorrelation
curves. Unfortunately, ODMR spectra could not be obtained. Due to the high IR beam power, the
microwave wired bonded across the sample got damaged. As a consequence, microwave radiation
could not be applied on the diamond. The green curve in Fig. 7.8 presents the measurement before
the heat treatment and has already been discussed in section 7.4.2. As already described, an uncon-
trolled formation of an atmospheric water layer is assumed which is able to protect the NV~ state.
This is indicated by the observed antibunching dip. Instead the purple curve illustrates the resulting
autocorrelation after the surface heat treatment. In fact, the antibunching dip was observed anymore.
The experimental results can be interpreted as a controlled surface treatment by eliminating a certain
layer from the diamond sample. Furthermore, it gets more evident, that unprotected bare NV centers

contain unstable spin properties in cryogenic UHV environments.
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Figure 7.8: Autocorrelations at cryogenic UHV conditions recorded for the same NV center before
and after the surface heat treatment. The diamond was exposed to an IR beam for 18 s
reaching a surface temperature of 168 °C. The disappearance of the antibunching dip can
be observed. This behavior can be interpreted as the removal of a protection layer which
stabilized the NV~ charge state.

7.4.4 Carbon Monoxide Dosing

In this experimental section, we want to present a CO dosage of the diamond surface. Assuming that
water enhances the NV center spin properties, this effect could be attributed to the dipole moment of
H,O. Therefore, gases which are characterized by certain dipole moments form interesting candidates
in order to stabilize the NV center spin state. Thereby, a potential charge stabilizer can be found in car-
bon monoxide as it obtains a notable dipole moment of 0.11 D [218]. The dosing procedure is similar
to the described nitrogen dosage set in 7.4.1. The CO gas was introduced into the preparation chamber
for 60's by observing a pressure increase to 5 - 10~/ mbar.

The findings in terms of autocorrelation measurements are shown in Fig. 7.9 by comparing the g
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functions before and after CO dosing. Note that, the curve presented as the non-dosed result corre-
sponds to the heat treated sample. By this, we can ensure a clean diamond surface without the existence
of magnetic impurities or protection layers. As already discussed in section 7.4.3, no antibunching dip
was observed for the unprotected NV centers within the cryogenic UHV environment. Unfortunately,
Fig. 7.9 indicates that a CO dosing procedure is (similar to a nitrogen dosage) not able to recover
the NV~ center properties. This assumption is evaluated from the non-investigated antibunching dip.
Therefore, the obtained results suggest a strong NV stabilization dependence from the dipole moment
of the utilized protection layer. While CO molecules are characterized by a dipole moment of 0.11 D
[218], H,O molecules obtain a dipole moment of 1.85D [217]. This value is = 16 times larger com-
pared to the dipole moment of CO. As a result, a protection layer formed by water molecules has a
more efficient control of the charge distribution on the diamond surface. Therefore, studying the NV
properties by dosing gases with higher polarities could reveal stabilization mechanisms of the NV

charge states.
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Figure 7.9: CO dosing of the diamond surface. The autocorrelation curves at cryo-UHV conditions of
the same NV center are compared before and after the gas dosage. No impact of the CO
gas can be observed on the NV center properties.

Also explicit in situ surface treatment with H,O could be sufficient for stabilizing the NV~ charge

state. Motivated by this, we dosed water onto the diamond surface in a controlled manner.

7.4.5 Water Dosing

The water exposure was performed by the implemented dosing line which has already been explained
in 3.5. Similar to the gas dosing sets, the amount of introduced water was controlled by a leak valve.
Afterwards the NV centers were characterized by their autocorrelation antibunching dip and ODMR
spectra contrast. The experimental results are depicted in Fig. 7.10. As usual, the undosed scenario

(shown by the red curves) does not reveal any NV~ features. Neither an antibunching dip nor ODMR

109



Towards Stabilizing the Spin Properties of Near-Surface NVs

resonances were observed by investigating the representative NV center at cryogenic UHV conditions.
However, a subsequent water deposition on top of the diamond surface led to a rather interesting NV
center behavior (illustrated by the blue curves). The autocorrelation after the H,O shows a clear anti-
bunching dip. Moreover, even the ODMR spectrum obtains slight features related to MW absorption
lines. The gathered results can be evaluated as a minor recovery of the NV~ charge state.
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Figure 7.10: Comparison of an NV center in a cryo-UHV environment, measured without surface treat-
ment (red curves) and with H,O dosing (blue curves). The autocorrelation (a) obtains an
antibunching dip by depositing water on the diamond surface. Also the ODMR spectrum
(b) indicates a slight appearance of resonance lines when the diamond is exposed to a
water dosage.

An explanation can be found by interpreting the deposited water layer as a charge stabilizer. The
electric field which is formed by the high dipole moment within the water molecule is capable to
stabilize the electron location on the NV defect. As a result, surface charge traps are not able to retract
the additional electron from the NV center and the NV~ charge state population is increased. In order
to quantify this process, the autocorrelation curve can be fitted with a g function model which is able
to reveal information about the transition rates k;;. The function can be expressed as

gP(0) =g (0 +1-p% (7.4)

(2)
theo.

for the theoretical antibunching curve which illustrates the ideal case with a dip dropping to zero. How-

Thereby, p = S /(S + B) characterizes the signal S to background B ratio. Furthermore, g stands

ever, due to a certain photon background level this is not achievable in an experiment. The theoretical

expression is given by [219]

g, (1) =1= e+ (f = De"". (7.5)
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In this equation, the parameters y;, y, and f are of great importance as they contain information about
the transition rate parameters k|, and k,; for a two level system and k,3 and k5 for a three level system.
A detailed expression of these parameters is shown in the appendix 10. Thereby, y, depends solely
on ky, and k,;. Therefore, y, represents a crucial parameter for the NV° center as this charge state is
characterized by a two level system (described in 7.1). Instead, y, depends on k,, k,; and additionally
on k,3 and k5. As consequence, y, plays an important role for the NV~ charge state which is described

by a three level system. The outcome of the depicted fit in Fig. 7.10(a) is:

| B | rins'] |y [ns”']
| 1.67 | 0.166 | 0.0466

Table 7.1: Fitting parameters of the g® function model utilized in Fig. 7.10(a).

According to [219], the magnitude of y, = 0.0466ns~! is a strong indication for a significant NV~
charge state population. Typically, an NV defect obtaining a more pronounced NV charge state leads
to a y, of < 0.02ns™! [219]. Therefore, it is reasonable to conclude that a water layer impacts the
charge state stability of individual NV centers.

However, at this point it is worth to mention that a full NV~ state stabilization in cryogenic UHV
conditions was not achieved by the presented water dosing experiment. Only slight recovery hints as
in Fig. 7.10 were observed. Especially the ODMR contrast of the individual NV centers are by far not
comparable with ODMR signals obtained at ambient conditions which are on the order of 10%. This
supports the indication that H,O acts more as a charge stabilizer than as an electron donor. The high
NV~ stability at ambient conditions is most likely related to compounds formed between H,O and
radicals within the environmental air. Thereby the radicals act as electron donors and the deposited
water layer on top of the diamond surface controls the charge distribution. Therefore, dosing water
and gas in a simultaneously way could recover NV properties in cryogenic UHV environments which

are comparable to characteristics measured at ambient conditions.

7.4.6 Fluorescence Spectroscopy

So far, the NV center characteristics were studied in terms of autocorrelation curves and ODMR spec-
tra. Thereby, the disappearance of features as antibunching dips and resonance lines were assumed to
be related to charge state conversions. Quantitatively, g® function fits are able to reveal information
about the actual energy level scheme of the NV defect for distinguishing the present charge state. In
order to additionally proof this argument fluorescence spectroscopy experiments can be performed on
the individual NV centers. As discussed in section 7.1, the emission differs in dependence of the NV
charge state. While the NV~ center emits a ZPL at 637 nm, the NV state obtains a strong fluores-
cence line at 575 nm. Therefore, the NV center charge population can be qualitatively estimated by
investigating the relative peak intensities of the ZPL within the emission spectrum. Furthermore, the

measured spectra can be compared for different experimental conditions.
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Figure 7.11: Fluorescence spectroscopy on an individual NV center. (a) Comparison of the NV center
emission measured at ambient (grey curve) and cryogenic-UHV conditions (blue curve).
The significant change of the emitted wavelengths is a strong indicator for a charge state
transfer. (b) and (c) Autocorrelation curves and ODMR spectra of the investigated NV
center showing the disappearance of NV~ features. Due to the obtained spectra, these
issue can be fully related to a forced charge state transfer at cryogenic UHV conditions.

Fig. 7.11(a) shows such a comparison by illustrating the spectra obtained from the same NV center
(termed as NV A) at ambient and cryo-UHV conditions. At an ambient environment (grey curve) a
significant emission peak at ~ 637 nm was observed. Repeating the measurement when the diamond
sample was located into the cryo-UHV setup obtained a spectrum which was characterized by a strong
appearance of an emission line at & 575nm. The observed change in the NV fluorescence clearly
indicates a charge state transfer. At ambient conditions the NV center stands in the NV~ state and
emits light in the wavelength range of 637 nm to 760 nm. However, at cryogenic UHV conditions,
the NV center obtains its neutral NV charge state and emits light in a wavelength range of 575 nm to
720nm. As a result, no antibunching dip and ODMR signals can be obtained within the cryo-UHV
which is depicted in Fig. 7.11(b) and (c). In addition to that, the presented fluorescence spectroscopy
could also be utilized for observing the impact of a water layer on the NV charge state as shown in
Fig. 7.12.
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Figure 7.12: Emission spectra of an individual NV center recorded at cryogenic UHV conditions with
(blue curve) and without (red curve) water dosing. While in the bare scenario the NV
center obtains a high NV population, an appearance of an emission signal at 637 nm
suggests a charge state transfer to the NV~ state due to the dosed water layer.

Thereby, the red curve depicts the NV center emission in an undosed scenario. A strong NV contribu-
tion can be observed due to the intense fluorescence line at 575 nm. However, recording the emission
of the same NV defect after a H,O dosage (illustrated by the blue curve in Fig. 7.12), reveals a sig-
nificant drop of the NV contribution. A slight increase of the emission intensity at ~ 637 nm can be

observed, which is associated to a charge state transfer towards an NV~ population.

7.5 Summary

In this chapter we presented a fundamental study of the single NV center spin properties. Thereby, we
investigated in the first sections the spin characteristics in terms of ODMR spectroscopy for different
NV center depths. The depth of the defects within the diamond matrix was defined by the nitrogen ion
implantation energy. The first measurements set was performed at ambient conditions. A clear trend
of the ODMR contrast in dependence of the NV center depth was observed. Deeper implanted NV
defects exhibited a relatively high ODMR contrast of 11 %, compared to shallow NV centers which
were characterized by an ODMR contrast of only ~ 5 %. Explanation for this behavior can be found
in the charge state dynamics of individual NV centers. Instabilities within the NV~ and NV charge
states lead to a decrease of the ODMR signal. Thereby, magnetic impurities form charge traps on
the diamond surface which are able to induce charge transfer mechanisms. Near-surface NV centers
are highly affected by these processes resulting into the formation of NV states which do not show
ODMR signals. As a result, the ODMR contrast of shallow NV centers is decreased relative to the
signals obtained from deeper implanted defects.
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Afterwards, we observed the NV properties within the cryogenic UHV environment at 4.7K and 9 -
10~ mbar. Thereby, the diamond surface was not coated with specific molecules in order to gain
information about the bare NV center characteristics. Surprisingly, we found a complete absence of
the NV~ properties in = 65 % of the investigated NV centers. Neither autocorrelation measurements
nor ODMR spectra could be obtained. Therefore, a charge state transition to the NV center is assumed.
As the optical setup is specified for detecting the NV~ center emission (ZPL = 637 nm), no NV state
photons can be recorded for gathering an antibunching autocorrelation curve. In order to enhance
the NV~ signals, we performed several dosing attempts by depositing nitrogen and carbon monoxide
protection layers on the diamond surface. Unfortunately, both gases were not able to control the charge
distribution on the sample surface for recovering the NV~ state. However, an interesting result was
found by maintaining the diamond sample for 35 days at ambient conditions before transferring it
into the cryo-UHV setup. In that particular scenario, antibunching dips within the autocorrelation
curve and weak ODMR signal of 2 % were observable. A water layer formation within the elongated
maintenance of the sample at the ambient stage can be assumed. The high dipole moment of the H,O
molecules (1.85 D) could be a potential reason for controlling the charge state of the NV centers. In
fact, controlled water dosing procedures within the preparation chamber indicated a slight recovery of
the NV~ charge state.

Therefore, it is reasonable to extend the current work with the implementation of gases obtaining a
high polarity compared to CO. Potential candidates are nitrous oxide (N,O) which obtains a dipole
moment of 0.17 D [220] or nitric oxide characterized (NO) by a dipole moment of 0.16 D [221]. Such
experiments could reveal a threshold for the minimum dipole moment strength required for an NV~
center recovery. Especially NO is an interesting system as the molecule exhibits an unpaired electron
(chemical radical) [222] and can potentially act as an electron donor.

In addition to introducing gases on the diamond surface, also the atomic layer deposition of insulators
(as tin oxide or titanium dioxide) or sodium chloride NaCl (dipole moment of ~ 9 D) could have a
huge impact on the NV center spin properties.

The stabilization of shallow NV~ centers can have a great impact on nanoscale magnetic field sensing

as the spatial resolution benefits from narrow sensor-to-sample distances.
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8 Alternatives to NV Centers as Quantum

Sensors

Crystallographic defects in diamond are very common [223, 224]. Already more than 50 known de-
fects are solely attributed to nitrogen impurities [223]. Including other substitutional atoms like boron,
phosphorous or hydrogen, the amount of known impurities in diamond reaches more than 500 defect
centers [225, 226]. In chapter 2 we mentioned the different categories of defects in diamond. There-
fore, it is rather likely that also other incorporated systems within the diamond lattice can be used as
quantum sensors similar to the NV center. Of course, the NV defect is the most studied impurity in
diamond and due to its unique spin dependent fluorescence properties a highly reliable sensing system.
However, we have seen in the last chapter (Ch. 7) that the NV center spin properties crucially depend
on corresponding charge states. In presence of magnetic noise, charge transfers are induced which
lead to fluctuating NV center properties. Therefore, it would be beneficial to study also other defects
in diamond. Having as many types of quantum sensors as possible can only be beneficial in the field
of nanoscale magnetometry. By this, disadvantages like instabilities or low coherence times can be
compensated depending on the observed magnetic system.

An interesting alternative to the NV center is formed by the group I'V colour centers in diamond which
include the silicon (Si)-, germanium (Ge)-, tin (Sn)- and lead (Pb)-vacancies [227, 228]. Especially,
the SiV defect emerged as a promising competitor to the NV center due to its strong fluorescence
with a sharp ZPL at 738 nm [229, 230, 231]. Furthermore, its spin state can be controlled (similar to
the NV center) by MW irradiation resulting into an ODMR spectrum with two peaks at 2.7 GHz and
2.76 GHz [231]. The resonance frequencies indicate a linear magnetic field dependence which can
be attributed to the Zeeman effect. However, phonon induced mixing between the SiV orbital states
causes a strong spin decoherence which result into relatively low T, times compared to the NV center
coherence [232]. As the T, is a crucial parameter for quantum sensing applications, no sensing proto-
cols could be achieved with the SiV center so far. Nonetheless, it is a justified approach to investigate
single defects which show photoluminescence due to their interpretation as non-classical light sources.
Several applications can be found beyond the field of magnetometry, e.g. in quantum optics, quantum
communication and super-resolution optical imaging [233].

Therefore, this chapter presents the study of a novel defect center found in natural diamond. The in-
vestigation of bright point defects obtaining an in literature not noted ZPL at ~ 448 nm is described.
Furthermore, high frequency measurements have been performed resulting into the investigation of
significant ODMR signals at &~ 2263 MHz and ~ 500 MHz. All results have been obtained at ambient
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conditions. The work can be extended by the performance of pulsed measurements on the defect for

gaining access into its spin dynamics.

8.1 A Novel Defect Center in Diamond

The characterization of the novel defect center is divided into two sections. First of all, the optical
properties of the defect are presented by evaluating its emission spectrum. Instead, the second part of
the investigation obtains the HF measurements which reveal the ODMR spectrum of the defect center.

Both studies are crucial for reconstructing a possible energy level diagram.

8.1.1 Optical Properties

The optical characterization of the novel defect was achieved by the utilization of a confocal microscope
setup operating at a wavelength of 405 nm. The experimental setup is shown in Fig. 8.1(a) consisting of
a405 nm laser diode which is guided to the sample stage in which the natural diamond is located. After
the sample is excited, the emitted light is passed trough a dichroic mirror which transmits wavelengths
> 420 nm. The emission is than recorded by a photomultiplier tube (PMT) detector.

By scanning the sample stage, a confocal image can be reconstructed as shown in Fig. 8.1(b). The
defects can be observed as bright features within the image. Furthermore, a flip mirror is implemented
in the setup for guiding the emitted light to a high sensitive spectrometer (QEPro). With this, the optical
properties of the bright spots can be studied. Fig. 8.1(c) illustrates the resulting emission spectrum
showing four spectral lines. The first peak at 405 nm indicates the laser excitation beam which has
not been fully reflected from the dichroic mirror. The intense peaks at 432 nm and 455 nm correspond
to the first and second order Raman lines [234]. Interesting is the spectral line at 448 nm which has
not been noted in literature so far. It can be assumed, that this peak corresponds to a ZPL from an

undiscovered defect center. Therefore, we termed the potential impurity as novel defect center.
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Figure 8.1: Optical characterization of the novel defect center in diamond. (a) Sketch of the confocal
microscope setup which is specified for wavelengths between 400 nm and 450 nm. (b)
Resulting confocal image indicating the luminescent defects as bright features. The yellow

circle highlights the measured emitter. (c) Emission spectrum characterized by a resonance
line at 448 nm. This feature is not noted in literature for a ZPL of a defect in diamond.
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8.1.2 High Frequency Measurements
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Figure 8.2: ODMR spectroscopy on the novel defect center. All measurements have been obtained
at ambient conditions and in the absence of an externally applied magnetic field. (a) The
full ODMR spectrum shows two resonance lines at & 500 MHz and 2263 MHz. (b) Power
dependence of the signal width wg. By deceasing the applied MW power, w is narrowed
which enhances the frequency resolution.
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In order to study the emitting features more detailed, we performed high frequency measurements on
the defect.

cw ODMR Spectroscopy

Thereby, we initiated the experiments with cw ODMR spectroscopy measurements. As no character-
istics of the impurity are known, the applied MW frequency was swept within the range from 400 MHz
to 2400 MHz. It is also important to mention, that all measurements were performed without the ap-
plication of an external magnetic field. Indeed, two ODMR signals at 500 MHz and 2263 MHz could
be resolved which are depicted in Fig. 8.2(a). The existence of an ODMR signal is a clear indication
for the excitation of electronic spin states. In addition, the appearance of two ODMR lines without the

application of magnetic fields contains information about the ZFS Hamiltonian
HZFS:D(S?—%S(S+l))+E<S§+S§) @.1)

of the defect. Thereby, the axial ZFS parameter can be resolved by the mean value of the resonance

frequencies

2263 MHz + 500 MHz
B 2

D

= 1381.5 MHz. 8.2)
The off-axial ZFS parameter E represents the frequency splitting within D and the resonance peaks
E =2263MHz - 1381.5 MHz = 8§81.5 MHz. (8.3)

Furthermore, the power dependence of the signal width ¢ was investigated (Fig. 8.2(b) and (c)). The
application of an MW power of 15 dBm resulted into a width of & 2 MHz. Instead, decreasing the
power to —5 dBm led to a narrow signal with a width of only ~ 0.15 MHz. As expected, the decrease
of the application power enhances the frequency resolution within the ODMR spectrum.

However, in order to study potential spin dynamics, pulsed measurements have to be involved.

Pulsed HF Measurements

The simplest pulse sequence which can be applied to a spin system is to vary the duration of a
resonant excitation pulse. As a result, Rabi oscillations should be observable due to the coherent flips
of the spin state. In case of the novel defect center this is shown in Fig. 8.3(a). The measurement was
performed at a fixed MW frequency of the lower 500 MHz transition. Furthermore, the duration of
the applied excitation pulse was varied between 0 and 700 ns. An oscillating behavior of the emission
could be observed indicating a coherent control of the spin state. Under an applied MW power of
10dBm, a z pulse length of ~ 50 ns could be measured.

For gaining more insights into the spin characteristics, 7T lifetime measurements have to be performed.

Thereby, the measurement is built up by a 405 nm initialization pulse. After a certain delay time, the

119



Alternatives to NV Centers as Quantum Sensors

defect is read out with an additional 405 nm laser pulse for 3 us. The first measurement was obtained
without the application of a resonant x pulse (Fig. 8.3(b)). Instead, a second measurement set was
recorded in presence of a 500 MHz resonant MW pulse (Fig. 8.3(c)). A significant difference of the
resulting 7 times could be observed. The measurement without z pulse indicated a lifetime of 35 us.
In contrary, applying a resonant MW excitation within the lifetime measurement resulted to a 7} time
of 3 us. This fact can be utilized for explaining the rise in the detected fluorescence when the applied
frequency is in resonance. It seems that one of the spin states obtains a relatively small lifetime
compared to the other two states. Therefore, the readout of the fluorescence for 3 us can solely record
photons emitted within this time range. As the other states exhibit a lifetime of 35 us, no photons of

these spin levels can be recorded within the 3 us readout.
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Figure 8.3: Pulsed measurements on the novel defect center. (a) Applying a resonant MW pulse and
varying its duration leads to an excitation of Rabi oscillations. This a reliable prove that the
spin state of the defect can be coherently manipulated. (b) Lifetime measurement obtained
in absence of a resonant x pulse. A T; time of ~ 35 us can be obtained. (c) Instead,
implementing a resonant x pulse into the measurement scheme reduces the lifetime to
3 us.

120



Alternatives to NV Centers as Quantum Sensors

Reconstruction of an Energy Diagram

With this set of information, a first energy level diagram can be constructed which is illustrated in
Fig. 8.4. The ground state of the defect center (termed as S0) can be pumped with a 405 nm irradiation
to an excited state (termed as S'1). The direct relaxation path emits a 448 nm radiation which can be
identified as the ZPL in the emission spectrum. However, it seems that the excited state .S'1 is coupled
to a metastable spin triplet system denoted as 0, 1 and 2. Thereby, the O state obtains a lifetime of
T, = 35 ps and results in a decay into the SO ground state. Furthermore, resonant HF transitions can
be excited with 2263 MHz and 495 MHz irradiation into the 1 and 2 states. These are characterized by

alifetime of T, , = 3 us.
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Figure 8.4: Reconstructed energy level diagram of the novel defect center. The scheme is proposed
based on the performed measurement sets.

8.1.3 Further Work

Of course, the described energy level scheme is based on assumptions which have been interpreted
from the presented results. However, for gathering a more detailed level diagram further measure-
ments have to be performed. For instance, it is crucial to observe the behavior of the ODMR spectrum
under the application of a magnetic field. The magnetic field dependent frequency shift of the res-
onance lines could give estimates for revealing the symmetry axis of the defect. In addition, more
sophisticated pulse schemes, like Hahn sequences, can be applied for investigating the coherence time
of the defect. This is an important quantity in terms of quantum information processing. With a high
T, time, the defect could be interpreted as a suitable qubit system. Also pulsed ODMR measurements
can be performed for resolving the hyperfine structure within the resonance lines. This is important for

revealing the chemical composition of the impurity [235, 236]. Also IR spectroscopy can be utilized
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for revealing chemical structures by the appearance of defined optical resonance lines [237]. Espe-
cially hydrogen related defects in diamond show significant spectral lines in the IR regime [238]. Only
by knowing the atoms which are involved within the defect, the center can be re-fabricated by nano-
fabrication devices.

Unfortunately, the relatively low fluorescence of the defect center limits the performance of such mea-
surements so far. For instance, applying an external magnetic field directly leads to a quenching of the
defect center which dramatically decreases its emission signal. Without an observable fluorescence,
the resonance lines can not be recorded. Therefore, it would be beneficial to maximize the emission
by implementing waveguides or nanolenses on the diamond surface [239]. Such nanostructures are
able to focus the light emitted by the defect center for increasing the fluorescence intensity. With an

increased emission, the defect can be investigated to a greater detail.
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9 Conclusion

In this last chapter, we want to highlight the most important findings obtained during the course of this
thesis. Furthermore, possible future experimental attempts are proposed which could reveal interest-
ing mechanisms in nanoscale magnetism. For instance, the performance of more sophisticated pulse
schemes is suggested. With these, single NV centers could observe and control quantum networks
containing several individual spins. In addition, the implementation of NV centers into optical pump-
probe spectroscopy is outlined. The suggested method would enable accesses to the time domain of

magnetic dynamical processes locally at the nanoscale.

9.1 Summary

The presented thesis described the utilization of NV centers as a quantum sensor for the detection of
individual molecules, the control of a spin bath ensemble and the spatially resolved detection of the
Meissner screening in a thin film superconductor. Furthermore, attempts have been performed for
enhancing the spin properties and with this the magnetic field sensitivity of NV centers in terms of
diamond surface treatments. The obtained results make significant advances in the field of nanoscale

magnetometry using NV centers in diamond and are summarized in the following paragraphs.

The NV Center in Diamond as Quantum Sensor

The NV center is one of the most studied defect in diamond. It consists of a substitutional nitrogen
atom and neighboring carbon vacancy within the diamond lattice. Due to its unique optical properties,
it can be utilized as nanoscale magnetic field sensor. The working principle relies on the NV center
spin dependent fluorescence. The frequently encountered negatively charged NV center formsa .S = 1
electronic ground state in which the m ¢ = +1 substates are energetically shifted from the mg = 0 state
by a zero field splitting of 2.87 GHz. A non fluorescent intersystem crossing from the first excited
state to a meta stable singlet state leads to different fluorescence yields depending on the population
of the mg subsystems. Thereby, the NV emission is high in case of a populated mg = 0 substate
(bright state) and low when the mg = +1 substates (dark states) are populated. Furthermore, the zero
field splitting experiences a Zeeman shift under the application of an external magnetic field. This
issue can be measured in terms of ODMR spectroscopy by recording the NV center fluorescence at
different MW frequencies. When the MW frequency matches the corresponding resonance splitting,

themg = 0 - mg = —1 and mg = 0 - mg = +1 transitions can be excited. Due to the spin
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dependent NV emission, the transition frequencies can be observed as a sharp fluorescence drop in the
ODMR spectrum. By evaluating the Zeeman splitting between the mg = 0 - mg = —1 transition
and mg = 0 - mg = +1 resonance, the applied magnetic field experienced by the NV center can be
estimated.

In addition, several pulse schemes can be implemented which are able to detect the dipolar coupling
between NV centers and external spins. By this, the magnetic properties of individual molecules can

be investigated. Furthermore, the magnetic behavior of materials can be observed at the nanoscale.

Detection of Individual External Spins with a Single NV Center

In chapter 4, the detection of individual external spins by utilizing a single NV center quantum sensor
has been presented. The measurements have been performed at a cryo-UHV setup operating at a tem-
perature of 4.7 K and at a pressure of 2 - 10719 mbar. Two different spin bearing molecular systems
have been investigated.

In the first experimental set, spin labeled polyphenol chains have been readout by a single NV center.
The spin label consisted of a PSC nitroxide radical. In terms of DEER spectroscopy, the coupling
between the NV center and the spin labels could be revealed. Thereby, the hyperfine spectrum of
the nitroxide radical was recorded indicating a hyperfine splitting between 15 MHz and 40 MHz. The
variation of the resulting frequency splittings is attributed to the molecular geometry in which the
spin labels obtain different orientations within the polyphenol chain. As the dipolar coupling is de-
pendent on the angular orientation within the interacting spins, different hyperfine contributions have
been observed in the measured spectrum. Furthermore, the width of the spectral lines (~ 8.2 MHz)
indicates that the NV center coupled to a molecular cluster containing =~ 50 spin labels. Therefore,
the gathered DEER spectra show the averaged hyperfine interactions of the most prominent spin label
orientations within the cluster. Unfortunately, further measurements could not been performed due to
photoinstabilities of the polyphenol chains. The laser induced photooxidation of the polyphenols lead
to a significant increase of the fluorescence emitted by the molecular system. As a consequence, the
NV emission could not be recorded after a measurement time of 13 h.

In the second experimental attempt, endohedral N@Cg, molecules have been studied. Also here,
DEER spectroscopy was utilized for observing the dipolar coupling between an individual NV cen-
ter and an external N@Cg, spin. In fact, the hyperfine spectrum of the encapsulated '*N atom could
be revealed which is usually characterized by a frequency splitting of 15.97 MHz. However, a slight
asymmetry of =~ 4 MHz in the DEER spectrum was observed. A potential explanation for this issue is
a deviation from the centrosymmetric configuration of the Cg, cage upon surface adsorption. As a re-
sult, the zero field interaction within the N@Cg, spin system is increased which leads to a preferential
orientation of the encapsulated nitrogen spin. Furthermore, more sophisticated pulse sequences have
been performed for coherently controlling the external N@Cg, spins. Thereby, spin flip processes in
the form of Rabi oscillations could be observed. In addition, a minimum coherence time of the external

spins could be estimated to ~ 0.99 us. By utilizing a DEER Delay pulse scheme, we revealed the ac-
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tual number of involved N@Cg, spins within the NV center sensing region. The evaluation estimates
that the NV center coupled to 3 N@Cg spins.

The characterization and control of individual spins paves the way for advancing several scientific
fields. For instance, structure determination of complex spin bearing biomolecules in NMR or ESR ex-
periments could be achieved at the single molecule level. In parallel, the readout of quantum networks
made out of molecular spin qubits can reveal important ingredients which are essential for quantum

information processing.

Readout and Control of an Environmental Spin Bath

In the second experimental chapter (Ch. 5), we showed the readout and control of a P1 center spin
bath by using an NV center ensemble. Also these measurements were performed at 4.7 K and in an
UHYV environment. The DEER spectrum obtained by the NV center ensemble indicated the hyperfine
characteristics of the P1 defect in diamond. According to the fabrication method of the diamond sam-
ple, a high P1 center concentration can be assumed. Furthermore, the appearance of dipolar forbidden
transitions within the DEER spectrum enforces the assumption that highly dense P1 center ensembles
are implemented within the sample. Nevertheless, the properties of this environmental spin bath could
be successfully controlled by utilizing an NV center ensemble. Rabi oscillations of the P1 spin bath
were recorded indicating a coherent spin manipulation. In addition, the DEER spectrum has been re-
produced at ambient conditions. Also in this measurement set, the dipolar forbidden transitions were
intensely observable indicating a high P1 center density within the NV center ensemble detection re-

gion.

Spatial Resolution of the Meissner Screening

Not only the detection of individual spins but also collective spin phenomena can be successfully in-
vestigated using NV centers. Interesting systems in this context are superconducting materials which
are characterized by a perfect diamagnetic behavior in their Meissner phase. In chapter 6 we described
the NV center based readout of such a superconducting phase on ym length scales. As investigated
superconductor we chose a 20 nm thin film LSCO sample characterized by a critical temperature of
T, = 34 K. Its response to an externally applied magnetic field was detected by a diamond plate con-
taining an NV ensemble with ~ 200NV /um?. All measurements have been performed at 4.7 K and
at2 - 1071 mbar.

Besides performing the usual MW assisted NV center sensing protocols by measuring ODMR spectra,
we also implemented an all-optical measurement scheme for the characterization of the superconduct-
ing sample. Experiments based on MW irradiation are often accompanied by local heating effects
which can locally change the properties of the sample. By utilizing a MW-free measurement scheme,
this issue can be neglected. Therefore, we observed the magnetic field dependent fluorescence yield
of the NV center ensemble. An off-axial magnetic field leads to a decrease of the NV center emis-

sion. By utilizing this, we were able to resolve the Meissner phase in the LSCO sample. Thereby,
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the fluorescence drop was compared between NV centers located outside of the superconductor and
NV defects positioned right underneath. In fact, the NV centers below the LSCO sample obtained a
lower magnetic field induced fluorescence drop (= 2%) than the NV center outside of the supercon-
ductor (= 5%). The issue can be explained by the manifestation of the LSCO Meissner phase which
expels the applied magnetic field. As aresult, the NV centers below the superconductor are not able to
experience the external magnetic field. Furthermore, a raster scan enabled a spatial resolution of the
Meissner screening. The obtained result could be evaluated with Brandt’s analytical model revealing
a critical current density j, of ~ 1.4 - 108 A/cm? of the LSCO sample. As the obtained value is in
good agreement with already known values recorded in literature, the all-optical measurement scheme
forms a reliable method for observing magnetism without inducing local heating effects.

In addition to that, the NV center fluorescence can be implemented into optical pump-probe experi-

ments which are able to detect dynamical processes with high temporal resolution.

Enhancing the Spin Properties of Shallow NV Centers by Surface Treatments

Another important issue in the field of NV center magnetometry is the stabilization of NV spin prop-
erties. This is (especially for shallow implanted NV centers) a critical task as the spatial resolution and
sensitivity of the sensor highly depends on the sensor-to-sample distance. Unfortunately, near-surface
NV centers exhibit unstable spin properties due to charge transitions within the NV~ and NV states.
As the NV center obtains no spin state dependent fluorescence yield, these neutral NV defects are not
suitable for sensing purposes.

Furthermore, shallow implanted NV centers completely lose their NV~ charge state population within
a cryogenic-UHV environment. This fact has been shown in chapter 7 of this thesis by measuring
autocorrelation curves and ODMR spectra of 25 individual shallow implanted NV centers. As the
autocorrelation measurements showed no antibunching dip and the ODMR spectra exhibited no reso-
nance signals, a charge transition to the NV state has been assumed. Therefore, we performed different
attempts for stabilizing the NV~ charge state in terms of diamond surface treatments. The dosage of
nitrogen and CO gas onto the diamond surface is described. For obtaining an estimate, if the dosed
gases are able to recover the NV~ center, we compared autocorrelation measurement and ODMR spec-
tra before and after the dosing procedure. However, both gases were not able to stabilize the NV defect.
In contrary, an uncontrolled water layer formation was investigated which indeed partially recovered
the NV~ charge state.

Therefore, it can be assumed that the dipole moment of the surface protection layer plays a crucial role
for the NV center stabilization. Motivated by this explanation, a controlled H, O layer formation was fi-
nally achieved by dosing water inside the UHV preparation chamber onto the diamond surface. In fact,
slight hints for an NV~ charge state recovery was observed following such water dosing. Therefore,
gases with higher dipole moments compared to CO like N,O or NO can be implemented for further
studies. Also deposited insulators as tin oxide or titanium dioxide could act as protection layers for the

NV~ centers. The stabilization of shallow NV centers paves the way for increasing the sensitivity of
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NV center based detection and sensing protocols.

Exploration of a Novel Defect Center in Diamond

Additionally, alternatives to NV centers can be studied for building up a whole platform of nanoscale
quantum sensors. For instance, potential candidates are formed by the group IV defect centers in
diamond including the well characterized case of SiV center. In chapter 8 the study of a novel defect
center in diamond is presented. All measurements have been performed at ambient conditions and in
the absence of an externally applied magnetic field.

Thereby, luminescent features within the confocal image of a natural diamond have been investigated
by spectroscopy methods exhibiting a ZPL at 448 nm. As such a ZPL is not noted in literature, we
termed the bright features as novel defect centers. Furthermore, ODMR signals could be obtained
at 500 MHz and 2263 MHz. Rabi oscillations indicated the possibility of coherently manipulating the
populated spin states of the defect center. Additionally, 7| measurements revealed spin state dependent
lifetimes of 35 us and 3 us. With these information, we were able to reconstruct a first energy level
scheme of the defect.

However, further measurements have to be performed in order to study the novel defect center to a
greater detail. Of great importance are magnetic field dependent measurements and the resolution of

hyperfine splittings within the ODMR signals for identifying the composition of the impurity.

9.2 Outlook

The experiments presented in this thesis show the successful readout of magnetism at the nanoscale.
Based on these achievements, further NV center based sensing protocols can be utilized and developed

which will enable the investigation of nanoscale magnetic mechanisms in a more detailed fashion.

Readout of Quantum Networks

The characterization of individual external spins is typically achieved by DEER spectroscopy. Thereby,
a specified excitation pulse for the external spin is implemented within the Hahn branch of the NV
center. As a result, an NV center fluorescence drop can be investigated when the excitation pulse
frequency matches the Larmor frequency of the external spin. The obtained DEER spectrum contains
information about the spin specific resonance frequencies including the hyperfine interaction within
the observed spin and the corresponding nucleus. However, DEER spectroscopy reveals solely the
interaction between the NV center sensor and the external spin system. In case of an individual external
spin, the NV center reads out the system on the single spin level. Instead, if the observed spin signal
originates from a network including several spins, the NV center controls the network as one unit.
However, in the field of quantum information processing it is crucial to address each spin qubit in a
network individually. Furthermore, it is also important to read out the coupling mechanisms within

the spin network. In terms of NV center based magnetic readout, the DEER spectroscopy scheme has
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to be modified for controlling the interaction within a whole quantum network. A possible attempt
is the implementation of TEER pulse sequences [97, 240]. The measurement scheme is depicted in
Fig. 9.1 and contains an NV center Hahn sequence as main branch. Furthermore, a specified Hahn
sequence for the first external spin (ext. spin 1), is positioned within the NV Hahn branch. Finally, an
additional pulse is implemented which is utilized for exciting a second external spin (ext. spin 2). As
a consequent, the NV center reads out frequency transitions which characterize the dipolar coupling
between the two observed external spins. By evaluating these, the coupling strength and the distance
within the two spin specimens can be estimated. Therefore, TEER sequences can not only be beneficial
for reading out a spin network. Also the conformation of a spin labeled molecule has been revealed
by utilizing this method [97]. In addition, the pulse scheme can be advanced by implementing more
excitation pulses addressing a certain number of spins within the network. This could have a great
impact on the concept of time crystals [241, 242]. Only few observations of discrete time crystal
signatures have been reported so far [243, 244, 245]. The local readout of such an exotic structure

could reveal information for improving concepts in the field of quantum information processing.

/2 jix 7i2
NV || ||
Ext. Spin 1 l - .
Ext. Spin 2 [ ]

Ext. Spin 1

Ext. Spin 2

NV/

Figure 9.1: TEER measurement sequence for characterizing spin networks. The pulse scheme (on top)
consist of a Hahn branch specified for the NV center spin (red). Additionally, a second
Hahn branch is implemented for the first external spin (blue). A third pulse branch excites
the second external spin (green). For clarification, a sketch of the system is illustrated
below the pulse sequence. Instead of measuring the external spin-NV coupling, the TEER
scheme utilizes the NV center for observing the coupling within the two external spins.
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Pump-Probe Spectroscopy with NV Centers

Beside of measuring magnetic signals from a sample, also the time domain of dynamical magnetic
processes is of great importance. Examples are spin lifetimes within the ys and ms regimes which
are accessible through pulse-delay measurement schemes. However, some phenomena in magnetism
exhibit lifetimes in the ps regime. An interesting mechanism is the light-induced superconductivity
observed in high T, cuprates [246]. Optical pulses at mid-IR and terahertz frequencies are able
to tune resonantly specific phonon modes inducing a transient superconducting state above the
critical temperature of the corresponding cuprate [246]. Utilizing pump-probe spectroscopy [247],
the lifetime of this intriguing magnetic phase can be revealed. For instance, it has been shown
that dynamical processes in YBCO obtain a lifetime of ~ 5 ps [248, 249]. Furthermore, ultra short

pump fields are able to excite oscillations (Higgs modes) within the superconducting energy gap [250].

Delay Stage
. ——)
+ Diamond Laser Sources
\, 512 nm
\:\
637nm |
3

l I Detector

Figure 9.2: NV center implemented pump-probe spectroscopy for revealing the dynamics of magnetic
processes at the nanoscale. The NV center implanted diamond is excited with a green laser.
The resulting red NV emission is collected by a photon detector device. Simultaneously, an
excitation beam changes the properties of the investigated sample (e. g. a superconducting
system). The variation in the magnetic behavior can be resolved by changes in the NV
center emission. Sweeping the timing of the excitation beam reconstructs the recorded
signal in the time domain.

However, the study of the transient Meissner state relies on bulk measurements in which the effect
is averaged over the whole superconducting sample. Observing this mechanism with higher spatial

resolution could reveal even further information for increasing the critical temperature of certain su-

129



Conclusion

perconductors. For this, sensitive nanoscale magnetic field sensors would be great candidates. In
chapter 6 it has been shown that the magnetic field dependent NV fluorescence can be used for resolv-
ing the Meissner phase on pym length scales. This work can be extended further by recording the NV
fluorescence within a pump-probe spectroscopy setup. A simplified experimental sketch is shown in
Fig. 9.2 in which the sample consists of an NV implanted diamond and a superconducting system. As
usual a green laser excites the NV center ground state to its first excited state. Afterwards the red emis-
sion is collected from a photon counting device. The process can be repeated under the application of
an excitation pulse which changes the properties of the superconducting compound. Comparing the
two measurement sets could reveal slight variations in the recorded NV center fluorescence attributed
to changes of the superconducting properties. In addition, a delay stage can be implemented which
varies the impact time of the excitation pulse. With this, the resolution of magnetic processes can be
revealed in the time domain.

As the NV center probes the magnetism locally, also other interesting mechanisms in superconductors

can be investigated like the formation and motion of magnetic vortices.

Intrinsic Modifications for Stabilizing NV Center Properties
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Figure 9.3: Intrinsic modifications for enhancing the spin properties of NV centers. (a) Sketch of a
phosphorous doped diamond sample. The n-type layer acts as an electron donor for sta-
bilizing the NV~ charge state. (b) Impact of the n-type P doping. A significant increase
of the coherence time can be investigated compared to a diamond sample without doping
treatments. The figures are adapted from [251].

In chapter 7, surface functionalization and physisorption methods have been discussed for stabilizing
the spin properties of shallow implanted NV centers in a cryogenic UHV environment. Thereby, a
slight recovery of the NV~ state was investigated in form of ODMR spectra with a contrast of 2%.
However, the utilization of single NV centers as magnetometers requires more stable defects with an

ODMR contrast > 10%. So far, surface treatments were not able to achieve this goal for shallow
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implanted NV centers. A promising alternative can be formed by intrinsic modifications within the
diamond lattice. For instance, diamond samples can be n-type doped with phosphorous (P) atoms
which are able to act as electron donors (see Fig. 9.3(a)) [251, 252]. Consequently, the continuous
charge donation can stabilize the NV~ state. In fact, first results on P-doped diamonds have been pub-
lished indicating stable NV~ centers. A significant increase in T, times was noted for a doped diamond
compared to a non-doped sample as shown in Fig. 9.3(b) [251, 252]. However, the published results
corresponds to characterizations at ambient conditions. So far, measurements of doped diamond sam-
ples at cryogenic UHV conditions are elusive. The investigation of doped diamond systems within our
cryo-UHYV setup could potentially reveal new mechanisms for stabilizing NV centers even at such hard
conditions. Thereby, similar studies as described in chapter 7 can be performed in order to characterize

the NV centers by their autocorrelation curves and ODMR spectra.
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10 Appendix

Hyperfine Interaction in the NV Center
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Figure 10.1: ODMR signals of the lower NV center MW transition (mg = 0 - mg = —1) for an im-
planted PNV center (a) and a natural '*NV center (b). The hyperfine splitting is 3.1 MHz
for the implanted NV defect and 2.3 MHz for the natural impurity.

The implantation of NV defects in diamond samples has been described in chapter 2. However, NV
centers can also be implemented within the diamond by natural processes independently from the fab-
rication method. Usually, natural NV impurities are located relatively deep within the diamond matrix
and can not be utilized for sensing purposes. A method which is able to distinguish between natural
and implanted NV defects is the resolution of the NV center hyperfine spectrum. Natural NVs incor-
porate '*N atoms which obtain a hyperfine constant of 2.3 MHz. In contrast, fabricated NV centers
are typically implanted with 13N isotopes which are characterized by a hyperfine constant of 3.1 MHz.
These constants can be resolved by ODMR spectroscopy as depicted in Fig. 10.1. Furthermore, the
hyperfine spectrum of the >N isotope obtains two dips due to the nuclear spin of I = 1/2. Instead,

three hyperfine signals are observable for the 4N atom due to the nuclear spin of I = 1 in that case.

DEER DQT Pulse Scheme

In 4.2.2 we introduced the DEER DQT pulse sequence for increasing the sensitivity of the NV center
spin sensor. Thereby, the superposition state is formed by the |—1) and |+1) states. As the transition
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|-=1) — |+1) can not be directly addressed, the typical DEER pulse sequence has to be modified to
a scheme of the form as shown in Fig. 10.2. Tab. 10.1 illustrates the impact of the DEER DQT pulse
scheme on the quantum state population. It can be seen that the pulse trains are able to indirectly

exchange the populations within the |—1) (b) and |+1) (c) states.

Loser [ Feadon
m/2 b3 m/2

NV m =-1 [] [ []

Figure 10.2: DEER DQT pulse sequence for forming the |+1) sensing basis.

Quantum state | Initial population | z(|0) — |+1)) | #(|0) — |—1)) | #(|0) = |+1))
[0) a c b a
[—1) b b c c
[+1) c a a b

Table 10.1: Impact of the DEER DQT pulse train on the quantum state populations. Even that a tran-
sition between the |—1) and |+1) states is forbidden, the pulse scheme is able to exchange
the population within these two states. The populations are denoted as a, b and c.

Instabilities in the NV Center PL

In chapter 7 we utilized autocorrelation and ODMR curves for characterizing the NV center spin sta-
bility. However, also the recorded PL of the individual NV defect showed interesting features by trans-
ferring the diamond sample into the UHV-cryo setup. The behavior is depicted in Fig. 10.3. While
the NV fluorescence recorded at ambient conditions (gray curve) obtains a stable count rate, the PL
measured in the cryogenic UHV environment (red curve) is characterized by high instabilities. This
is identified by the introduced quantities APL, and APL_. Thereby, APL_ defines the strongest pos-
itive fluctuation regarding the baseline. In parallel, APL_ indicates the strongest negative fluctuation

regarding the baseline.
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Figure 10.3: Photoluminescence of an individual NV center. At ambient conditions (gray and blue
curves) the fluorescence obtains a stable behavior. However, recording the PL at cryo-
genic conditions and in an UHV environment (red curve) results into an unstable PL time
trace.

However, fluctuations within the PL rate can also be attributed to optical instruments of the experimen-
tal setup. In general, explicit features as an anti-bunching dip in an autocorrelation curve or absorption
peaks in recorded spectra form more reliable quantities for studying the characteristics of an phys-
ical system. Nevertheless, the observation in Fig. 10.3 is still an interesting measurement and can
potentially be attributed to charge state instabilities within the NV~ and NV states.

Utilized Diamond Membrane for the Dosing Experiments

The experiments in chapter 7 were performed on a [100] oriented diamond nanopillar membrane.
Thereby the NV centers were implanted in three distinct regions with three different nitrogen implan-
tation beam energies. With this, the membrane obtained three different NV center depths as the im-
plantation energy defines the resulting depth of the defects. High implantation energies of 10keV lead
to relatively deep NV centers (= 12nm) within the diamond matrix while lower >N beam energies
of 2.5 keV result into shallow NV defects (< 5nm) [192]. A sketch of the membrane is illustrated in
Fig. 10.4(a) which indicates the three regions characterized by different implantation energies (2.5 keV,

5keV, and 10keV). Fig. 10.4(b) shows a corresponding light mircoscope image of the membrane.
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Figure 10.4: Utilized nanopillar diamond membrane for the experiments in Ch. 7.

NV Center Properties at Cryo-UHV Conditions: Statistiscs

Tab. 10.2 illustrates the full statistics of the 25 investigated NV centers in each measurement condition.

At ambient conditions, the NV defects obtain stable NV~ charge state properties. By transferring the

sample into a cryogenic 4.7K and 2 - 1071 mbar UHV environment, huge instabilities of the NV

properties are noted which are related to charge transfer mechanisms to the NV state. It seems that

diamond surface modifications with N, and CO gas are not playing a crucial role for the NV center

charge state dynamics. However, H,O dosing showed a significant stabilization process for NV centers

implanted with a 5 keV nitrogen ion beam.

2.5keV | 5keV | 10keV Condition
stable/total 9/9 9/9 77 ambient
stable/total 0/9 5/9 477 cryo-UHV 01
stable/total 0/9 5/9 477 N, dosing
stable/total 0/9 5/9 477 CO dosing
stable/total 1/9 7/9 5/7 cryo-UHV 02
stable/total 0/9 4/9 3/7 IR heating
stable/total 1/9 7/9 5/7 H,O0 dosing

Table 10.2: Full statistics of the investigated NV centers. The notation "stable" stands for the existence
of a stable NV~ charge state population defined by the measured autocorrelation curves,
ODMR and emission spectra (see chapter 7).
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Autocorrelation Function Fit

In chapter 7, the majority of the experimental results are recorded as autocorrelation curves. Thereby,
a strong antibunching dip indicates the investigation of a single photon source. As the experimental
setup is specified for the NV~ charge state emission, the existence of a significant NV® population is
measured as an absence of antibunching features within the autocorrelation curve. However, in general
also the NV defect forms a single photon source and can be characterized by an antibunching signal.
The great difference between the two charge states is formed by their energy level scheme. While the
NV is described by a two level system, the NV~ state is represented by a three level system. Therefore,
the photophysics of an NV defect is characterized by only two transition parameters (k,, and k5;).
Instead, the photophysics of an NV~ center is described by four transition parameters (k,, kpy, ko3
and k5;). The physical meaning of the parameters is illustrated in Fig. 10.5. As already described in
chapter 7, all of these parameters are involved into the theoretical g® function [219]

By (7) = 1 = PV +(f = e (10.1)

within the parameters f, y; and y,. The explicit expressions for these are [219]

71 R ki + ks (10.2)
kiakos
Yy R k3 + ———, (10.3)
kiy + ko
k- k
frl+ 12723 (10.4)

ksy (ks + kyp)

Thereby, y, solely depends on k|, and k,; representing the scenario of a two level system. Instead, y,
also includes k,3 and k5, for the three level system scenario. Therefore, the magnitudes of the fitting

parameters give reliable hints for the investigated charge states.

(2)

(1)

Figure 10.5: General energy level diagram for a three level system characterized by the transition co-
efficients k5, k5, ko3 and k3;. In case of a two level system, k,3 and k3, disappear and
the photphysics is solely described by k;, and k,;. The sketch is adapted from [219].
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Detailed Optical Setup

4.7 K-UHV Setup
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Figure 10.6: Full optical setup which has been utilized within the scope of this thesis.

In 3.4 we discussed the utilized optical setup in its basic principles as confocal microscope. However,
as the optical setup has to be specified for the NV emission light, optical filters play a crucial role for
the recorded fluorescence count rate. Therefore, Fig. 10.6 illustrates the optical setup with the utilized
filters which have not been sketched in 3.4. Furthermore, also the optical spectroscopy path is depicted
in Fig. 10.6. Thereby, a longpass (LP) 650 nm filter is implemented in front of the APDs for recording
solely the NV~ emission. Instead, in front of the spectrometer a LP 550 nm is mounted for observing
also the NV? fluorescence. The NV emission can be guided to the spectrometer through an additional

flip mirror.

Measurements at Ambient Temperature-UHV Conditions

In order to observe the impact of an UHV environment on the NV center properties, we also per-
formed measurements within the UHV chamber without cooling the cryostat with liquid He. As a
consequence, the temperature during this particular measurement was at about 298 K. Fig. 10.7 illus-
trates the obtained spectra of an representative NV center implanted with a 5 keV nitrogen beam. The
gray curve represents the emission of the defect at ambient pressure and temperature conditions. The
phonon sideband peaks at ~ 690 nm. Furthermore, a clear ZPL feature can be investigated at 637 nm.
These features clearly indicate a stable NV~ charge state population. In contrast, the red curve shows

the optical properties of the defect at a temperature of 298 K and a UHV pressure of 2 - 10~° mbar. A
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significant shift of the phonon sideband maximum to 650 nm can be observed. Furthermore, almost no
ZPL emission can be investigated at 637 nm. Therefore, a charge state conversion towards the neutral
NV? can be estimated. The results indicate that an ultra low pressure environment favors the NV

charge state and that a stable NV~ population crucially requires compounds of the ambient air.
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Figure 10.7: Emission spectra of an individual NV center obtained at ambient conditions and UHV
298 K conditions. A significant change of the optical properties can be investigated which
are related to the UHV environment. At ambient conditions, the NV~ charge state popu-
lation is stabilized.
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