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Abstract

Color centers in solid-state hosts are important for a variety of quantum technologies.
Among the many available systems, the Nitrogen-Vacancy (NV) center in diamond
stands out due to its remarkable optical and spin properties, which have led to multi-
ple demonstrated applications in areas such as quantum information processing and
quantum sensing, including promising use-cases of scanning magnetometry at cryo-
genic temperatures.

The NV ground state (GS) is well-studied, and most applications of NV centers rely
on the highly coherent ground state electron spin and the ability to efficiently initialize
and read out this spin optically. These techniques are based on a spin-dependent
intersystem crossing (ISC) from the NV’s excited state (ES) to a metastable spin-
singlet manifold, from which the system decays into a well-defined spin sublevel of
the NV’s ground state. This intersystem crossing, and therefore the mechanism of
NV spin initialization and readout, results from the properties of the NV’s orbital
excited states and their coupling to the NV’s singlet state.

The ES energy levels of the NV center are sensitive to magnetic and electric fields as
well as crystal strain. They exhibit a strong electron-phonon interaction activated by
temperature, which leads to an effective ES orbital structure that differs markedly in
going between cryogenic and ambient conditions. Although the specific excited state
level structure and its effect, particularly on the optical spin contrast, are crucial
for many applications based on NV centers, their influence on the NV photophysics,
especially at low temperatures, has received limited attention so far.

In this thesis, we close this gap and show how the orbital excited state structure
affects the N'V’s photophysical properties under various experimental conditions. We
first investigate the magnetic field-dependent photophysics of individual NV centers
in diamond at low temperatures. At distinct magnetic fields, we observe significant
reductions in the NV photoluminescence (PL) rate, resulting in a decrease in the
optical readout efficiency of the ground-state spin. We assign these PL dips to excited
state level anti-crossings (ESLACs), which occur at magnetic fields that strongly
depend on the effective, local strain environment of the NV center. Our results offer
new insights into the structure of the NVs’ excited states and a new tool for their
effective characterization at low temperatures. We observe strong indications for
strain-dependent variations of the NV’s orbital g-factor, explore the NV charge state
dynamics in the singlet, and draw important conclusions regarding the applicability
of NV centers for low-temperature quantum sensing.

We also extend our studies of the magnetic field-dependent photoluminescence
to the temperature range from cryogenic to ambient conditions, to investigate the
changes in the effective orbital structure of the excited state and its implications for
the NV photophysics. We directly observe the emergence of the NV room-temperature
effective excited state structure and provide a clear explanation for the previously
poorly understood broad quenching of NV photoluminescence at intermediate tem-
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peratures. We develop a model that quantitatively explains all of our experimental
findings, including the strong impact of strain on the temperature dependence of the
NV PL. These results complete our understanding of orbital averaging in the NV
excited state and have significant implications for the photophysical properties of the
NV center and its applications in quantum sensing at intermediate temperatures.

We further present our steps towards single-spin magnetometry implemented in a
closed-cycle dilution refrigeration system operating at ultra-low temperatures. This
system is designed to address open questions in condensed matter physics and expand
the capabilities of the technique beyond current experimental limitations. We present
the development and implementation of a scanning NV magnetometer probe with an
integrated microwave near-field coupling device, designed for optimized spin driving,
which is crucial for maintaining ultra-low temperatures. The broadband loop antenna
is directly integrated into the attachment structure for the diamond scanning probe
tip, which is created by a subtractive laser-exposure process followed by a single
gold evaporation step. The manufacturing process involves only a few steps and
does not rely on lithography. It is highly reproducible and yields robust devices that
efficiently deliver stable microwave fields to the NV while reducing instrumentational
complexity. This represents a significant improvement over state-of-the-art near-field
microwave antennas used for low-temperature NV magnetometry. Additionally, we
investigate the low-temperature charge stability of single near-surface NVs in our
diamond scanning probes. In our cryostat, we encounter an NV~ electron loss which
manifests as a gradual shift from an initially favoured NV~ to an NV? charge state.
We describe the observed phenomenology in detail and present various mitigation
strategies ranging from improving the vacuum environment and optical stabilization
schemes to surface treatments, in order to enable long measurement times.

Finally, we propose new perspectives for further fundamental research on the NV
system as well as future directions for technological work on extending the applica-
bility of the NV center.
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1. Introduction

After the discovery of quantum theory at the beginning of the last century[1], a
lot of effort has been directed towards the in-depth understanding of its principles
and possible applications. This has led to the development of technologies based on
quantum effects, such as lasers and transistors, which have had a profound impact on
science and transformed our society.

Recent experimental advances [2] have led to an unprecedented degree of control
over various quantum systems, which enables us to go beyond a purely fundamental
understanding and engage in practical quantum engineering. The development of
physical platforms for quantum control is currently one of the most pursued scientific
and technological objectives and supported by large government-led initiatives [3].

Quantum technologies will not only enable the investigation of fundamental ques-
tions in physics, but also allow concrete applications in the fields of computing, com-
munication, and sensing. Harnessing the advantages of quantum properties represents
a technological leap forward and has the potential to revolutionize how we measure
physical quantities and how we interact with information.

These efforts are also driven by current technological challenges in the area of classi-
cal computer engineering, where incremental innovation of state-of-the-art approaches
through transistor scaling reaches their physical limitations [4, 5]. Miniaturization
does not yield the same increase in computational power as in the last decades due
to the limitations of Joule’s law and difficulties in gate design. This motivates novel
technological approaches in the field of spintronics, where the electron spin is used
for information processing[6]. Such paradigm change to using quantum degrees of
freedom as information carriers could enable electronic devices to become smaller and
more energy efficient as well as add new capabilities [7].

In this context, various physical systems are promising candidates for quantum en-
gineering [2] and share certain common properties. DiVincenzo proposed a list of cri-
teria for a quantum computer [8] which also apply more generally to quantum control
necessary for quantum communications, quantum information processing, quantum
simulations, and quantum sensing. Among these are the initialization of the quantum
state, its manipulation, and readout, alongside long coherence times, all of which are
ultimately necessary for quantum control.

A number of electronic spins in solid-state hosts possess all of these properties,
some even at room temperature, and are therefore particularly attractive as quantum
platforms to enable robust, scalable, and simple quantum systems [9]. Among the var-
ious solid-state quantum systems available, color centers stand out in particular due
to their optical addressability and ease of use, even under extreme conditions. Many
feature strong optical transitions and exceptionally long spin coherence lifetimes.

One of the most prominent color centers is the Nitrogen-Vacancy (NV) center in
diamond [10] which is known for its versatility and its use over a large range of envi-
ronmental conditions [11-13]. It has multiple demonstrated applications in quantum



information processing [14-17] and quantum sensing [18-21], in particular, the appli-
cation as a magnetometer has gained widespread use in recent years due to excellent
magnetic sensitivities [22]. It can be combined with atomic force microscopy (AFM)
to provide a sensing modality known as scanning NV magnetometry or scanning NV
magnetic imaging [23-25]. This approach has emerged as a leading technology for
high-sensitivity imaging of nanoscale magnetic phenomena. Particularly interesting
are recent advances in cryogenic scanning NV magnetometry [26-29], which have en-
abled the exploration of magnetic systems under low-temperature conditions.

The quantum state of the NV electron spin can be initialized [30, 31] and read
out [32, 33] optically with high fidelity using simple, non-resonant optical driving while
coherent quantum gate operations can be implemented by microwave pulses. The NV
spin shows excellent quantum coherence times up to tens of milliseconds even at room
temperature. At cryogenic temperatures, the ability to tune the optical transition of
the NV center using electric fields [10, 34] allows for the use in quantum entanglement
schemes and more generally quantum communication where single, indistinguishable
photons are crucial [15].

The initialization and readout of the spin state with high fidelity is key for all these
applications and their control schemes. The mechanism is based on a spin-dependent
intersystem crossing [35, 36] from the NV’s excited state (ES) to a metastable spin-
singlet manifold and a subsequent decay to the NV’s ground state (GS), which effi-
ciently pumps the system into a well-defined GS spin sublevel [10]. The resulting spin
readout contrast can be improved by increasing the overall photon collection [37] or
through lifetime engineering [38].

While optical spin initialization and readout processes are well established [10] and
thoroughly tested at room temperatures [31], they have only been sparsely explored
under cryogenic conditions (7' < 100K). It is not obvious that the room-temperature
model for NV spin readout contrast immediately applies in the same way to low tem-
perature conditions when orbital averaging is suppressed [39, 40] and the rich NV
orbital excited state structure emerges. Thus far, the photophysics of individual NVs
in this regime has received limited attention, even though significant and unexplained
reductions in NV photoluminescence (PL) and spin readout contrast have been ob-
served in the context of low-temperature NV magnetometry [29, 41]. Furthermore, it
is remarkable that spin initialisation and readout are observed both at cryogenic and
ambient conditions, where the effective ES level structures are notably different [10].
Even though the effects of the effective ES level structure on spin contrast are critical
for many applications of the Nitrogen-Vacancy center, the influence of the effective
ES structure has not yet been fully studied or understood. This shortcoming is par-
ticularly critical for quantum sensing, due to increasing interest in low temperature
NV magnetometry applications to study exotic condensed matter systems [28].

Scope of this thesis

In this thesis, we present a comprehensive study of the photophysical properties of
individual Nitrogen-Vacancy centers in diamond. We study the dependence of the
NV photoluminescence rate on magnetic fields, electric fields, and temperature for
various levels of strain, thereby characterizing the NV excited state structure and



evolution. We investigate the effects on optical spin readout contrast under various
experimental conditions and analyse the influence of the NV excited states on spin-
dependent photoluminescence. This improves our fundamental understanding of the
NV center and provides a simple yet precise and quantitative tool to characterize
the excited-state structure of individual NV centers over a wide temperature range.
Using this technique, we gain insights not only into the NV orbital structure but also
into the dynamics of the NV charge state. This work is relevant to applications in
quantum information processing and quantum sensing, where precise knowledge of
the excited state structure is key for optimal experimental conditions, such as high-
fidelity initialization and readout. In particular, we determine the conditions that lead
to incomplete optical spin contrast and depolarization, both of which are detrimental
to NV sensing applications. Furthermore, our findings enable the development of an
all-optical electric field sensing scheme at low temperatures. In parallel, we develop
technological advances and start the implementation of scanning NV magnetometry at
ultra-low temperatures to access unexplored phenomena in condensed matter physics.

In Chapter 2, we present a theoretical description of the Nitrogen-Vacancy center in
diamond. We discuss its physical structure, the different charge states of the center, as
well as the transitions between its electronic energy levels. We explain the mechanism
of the intersystem crossing as the origin of the optical spin contrast, a key property
that makes NV centers highly versatile for a wide range of applications. For the
negatively charged Nitrogen-Vacancy (NV ™) center, we describe how the ground and
excited state level spins are interacting with static external magnetic B and electric
fields F as well as with crystallographic strain é and discuss their influence on the
NV spin levels and transitions. Finally, we give a brief introduction to current sensing
applications based on NV centers in diamond.

In Chapter 3, we present the study of the dependence of the NV photolumines-
cence on static magnetic fields applied along the NV quantisation axis at cryogenic
temperatures and its implications on cryogenic applications, specifically scanning NV
magnetometry. We first investigate the magnetic field-dependent photophysics of
individual Nitrogen-Vacancy centers and observe significant reductions in the NV
photoluminescence rate at distinct magnetic fields, which indicate a marked decrease
in the optical readout efficiency of the NV’s ground state spin. We investigate the
physical origin of these dips and attribute them to level anticrossings (LACs) between
NV excited states, which lead to efficient NV spin mixing and subsequent intersystem
crossings. Moreover, we investigate the strong dependence of the PL on the effec-
tive, local strain environment and develop a rate equation model that explains our
findings. We observe strong indications of a strain-dependent variation of the NV’s
orbital g-factor and investigate an additional ionization mechanism in the metastable
singlet state. Through our understanding, we identify optimal conditions where spin
initialization and readout are most effective, enabling high-fidelity measurements that
are crucial for various applications.

In Chapter 4, we expand our study of the magnetic field-dependent photolumi-
nescence of single NV centers to a large temperature range and track the evolution
of the excited state structure, offering a concise and complete picture of the NV’s
temperature-dependent photophysics. We explore the transition of the ES level struc-
ture from cryogenic temperatures up to room temperature and directly observe the
emergence of the NV’s room-temperature effective ES structure. We develop a model



that incorporates phonon-induced effects to explain our findings and gain further in-
sights into the strain-dependent nature of orbital averaging. These results give a better
understanding of the photophysical properties of the NV center which have significant
implications for applications such as quantum sensing at intermediate temperatures.

In Chapter 5, we discuss the novel implementation of a nanoscale magnetometer
based on single spins in diamond for operation at milli-kelvin temperatures. We
present the development and realization of an optimized scanning NV magnetometer
probe with an integrated near-field coupling device for efficient spin driving, which is
critical for maintaining ultra-low temperatures. Besides efficient spin manipulations,
the device offers several advantages over state-of-the-art microwave delivery schemes
currently used for low-temperature NV magnetometry. Additionally, we investigate
the low-temperature charge stability of our diamond scanning probes, which contain
single near-surface NVs. We describe in detail the observed phenomenology of a charge
state change from an initially favoured NV~ to NVO state and present our working
hypothesis on the mechanisms compromising the NV~ photostability. Finally, we
investigate various mitigation strategies and evaluate their application to our intended
use case of low-temperature NV magnetometry.

At the end of the thesis in Chapter 6, we summarize our main results and give an
outlook for further studies as well as prospective new NV applications. We discuss the
effect and the implications of our work regarding the photophysics of single NV centers
on quantum sensing and quantum information processing, thus enabling their optimal
use. We then present challenging perspectives for further fundamental research on
the NV system, as well as future directions for technological advances to expand
the fields of operation of NV-based quantum technologies. We also propose concrete
applications of the NV scanning probe microscopy in low and ultra-low temperature
environments to investigate fundamental questions in condensed matter and increase
our understanding of material properties.

Parts of this thesis have been previously published in Happacher et al. (2022) [42]
and Happacher et al. (2023) [43], while other parts will appear in a manuscript cur-
rently in preparation [44].



2. Fundamentals of the
Nitrogen-Vacancy center in
diamond

The Nitrogen-Vacancy center is a point defect in diamond. It consists of a nitrogen
atom (N) replacing a carbon atom, and a neighboring empty lattice site called va-
cancy (V) [45]. The corresponding symmetry group of the defect is a triagonal Cs,
symmetry [46] with the main symmetry axis passing through the vacancy and the
nitrogen atom. The symmetry determines the nature of the possible electronic states
as well as the allowed transitions between them.

Depending on the location of the Fermi level within the diamond band gap [47, 48],
the NV can exist in three different charge states: the neutrally charged NV°, the
negatively charged NV, and the positively charged NV* states. The NV~ carries
an electron spin which can be easily manipulated. Due to its optical properties and
the resulting spin-readout techniques, NV~ is the most prominent charge state and
has received significant attention over the years [10].

The electronic structure in the ground state of the NV~ can be described by a § =1
spin system which has three states with the magnetic quantum number my = —1,0, +1
along the quantisation axis of the Cs, symmetry. The ms; = 0 state and the two
degenerate my = +1 states exhibit a highly spin-dependent fluorescence due to the
specifics of the NV’s photophysical properties and electronic structure [10]. This effect
can be used to optically detect electron spin resonance (ESR) [49] and thereby probe
the external environment experienced by the NV, for example, magnetic fields along
the NV symmetry axis, which split the ms = +1 states due to the Zeeman effect.

The excited state (ES) of NV~ is an orbital doublet, S = 1 spin triplet with a total
of six states, which at room temperatures reduces to an effective orbital singlet with
three states due to orbital averaging [39, 40]. The ES room temperature structure is
better known and closely resembles the one from the ground state (GS).

The NV~ electron spin stands out due to its excellent quantum coherence prop-
erties [10], which persist across a wide range of temperatures[11] and pressures [12]
as well as its efficient optical spin initialisation and readout resulting from the spin-
dependent intersystem crossing (ISC) [35]. The simple experimental implementation
to measure the NV spin projection in the GS by photon counting led to widespread
use in quantum sensing [26, 28, 29, 50] and quantum information processing [14-17].

In the following sections, we give an introduction to the Nitrogen-Vacancy center
in the context of our work. We will discuss the different charge states of the NV
center, their positions within the diamond band gap, and their electronic structures.
We present the optical transitions of the NV and go into details on the mechanisms
for spin polarization. Afterwards, we discuss the theoretical description of the effects
of magnetic and electric fields as well as crystallographic strain on the level structure
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of the NV~ ground and excited states as deduced from symmetry considerations and
observed at low temperatures. Then, we introduce phonon-induced orbital averaging,
which is responsible for the effective excited-state structure observed at room tem-
perature, and conclude with a brief introduction to the applications of the NV center
in quantum sensing.

An excellent and comprehensive review of the Nitrogen-Vacancy center is provided
by Doherty et al. [10], which serves as a key reference for the discussion in this chapter.

2.1. Electronic structure and charge states

Diamond features a large indirect bandgap of 5.5eV, which determines its electronic
properties and can host a wide variety of electronic states, including those of color
centers such as the Nitrogen-Vacancy and the Silicon-Vacancy center. The Fermi level
is normally located in the band gap, resulting in a filled valence band and an empty
conduction band. The electron donor concentration influences the exact position of
the Fermi level in the bandgap and thus the charge state of the NV [47]. If the Fermi
level lies above or below the transition energy between two charge states, the NV
either gains or loses an electron [48, 51]. In Figure 2.1, we show the various transition
energies for the NV and compare them to the ones from the SiV.

The position of the Fermi level with respect to the bandgap depends on a variety
of factors, but can differ fundamentally between bulk and close to the surface. Deep
inside the diamond, the impurity concentration determines the exact position of the
bandgap with respect to the Fermi level and the charge state of the NV, which usually
is NV~ in our diamonds. However, in the absence of any defects or dopants in the
lattice, the most stable charge state would be the NV [47]. For near-surface NVs,
band bending from surface states as well as the electron affinity of the surface and NV-
related gap states [52] determine the charge state. The surface terminations have been
found to play a crucial role in stabilizing the NV charge state [52, 53]. The position
of the bandgap with respect to the Fermi level, and thus the charge state, can be
changed by applying voltages [48, 51, 54] and by controlling the impurity content or
surface termination [10].

The Cs, symmetry of the NV is characterized by a principal axis along the [111]-
diamond crystal axis with 120° rotation symmetry and three vertical planes of sym-
metry [55]. This results in three irreducible representations [56] A1, A; and E where
A is a one-dimensional representation which can be either symmetric (1) or anti-
symmetric (2), and F is a two-dimensional representation [55, 56]. The point group
allows for the prediction of physical properties, allowed states, and selection rules.
Each state within the individual NV charge states is characterized by one of the irre-
ducible representations setting the orbital symmetry [10]. The pre-subscript indicates
the number of allowed values of the spin’s projection along the symmetry axis, “!”
for a spin singlet, “?” for a spin doublet, and “3” for a spin triplet. The dynamics of
the NV center are determined by the available electrons to occupy the orbitals [46].

The NV system is made up of three unpaired electrons from the dangling bonds of
the carbon atoms and two unpaired electrons from the nitrogen atom. This charge
configuration is the neutrally charged NV (NVY). It has a 2E spin S = 1/2 orbital
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Figure 2.1.: Band diagram of diamond with a band gap of 5.5eV with the top of
the valence band and the bottom of the conduction band for the Nitrogen-Vacancy
(left and middle) and Silicon-Vacancy center (right). On the right, it shows the
energy levels of the NV~ and NVY with their ground and excited states as well as
their metastable states [10]. In our diamonds, the Fermi level typically lies above the
NV /0 charge transition, resulting in a charge-stable NV~. Inset: Atomic structure
of the Nitrogen-Vacancy center in diamond with the blue sphere as the N atom and
the black sphere as the vacancy. The main symmetry axis is defined from the vacancy
to the nitrogen atom depicted in red, together with the defined coordinate system.
On the right, the charge transition levels of the Silicon-Vacancy center in diamond
are shown, which feature deeper energies in the bandgap [57]. Note the lower charge
transition level of the SiV™ compared to the NV .

doublet ground state and A, spin S = 1/2 orbital singlet excited state manifold.
Further details about this charge state can be found in Refs. [10, 58, 59]

If the Fermi level lies lower than the NV© charge transition level, the NV loses an
electron and the positively charged NV (NV*) is formed. In contrast to the photo-
active charge states, NV and NV~ it is more difficult to detect experimentally and
has only been sparsely investigated [60, 61].

The NV can gain an additional electron from a nearby electron donor to create the
negatively charged NV (NV~)[62, 63]. Two of the six total electrons are unpaired,
and one of the vacancy electrons forms a spin S = 1 pair with the additional electron.
The resulting ground state is a 3A,, spin S = 1 orbital singlet manifold, and the
excited state a 3E spin S = 1 orbital doublet manifold. There are two metastable
singlet states, ' E and ' A;, which are connected to the triplet states via an intersystem
crossing (ISC). The ground state triplet spin states are ms = —1,0,+1 with a zero
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field splitting (ZFS) D§S. At low temperature, and in the limit of sizeable strain, the
NV ES exhibits two orbital branches, commonly denoted as F, and E, [10]. Each
of these branches in turn splits into three electronic spin sub-levels with magnetic
quantum numbers my; = —1,0,+1. At room temperature the excited state structure
is simplified due to orbital averaging [40] which effectively reduces the NV ES to a
single orbital with only three states where the ms = 41 are split from the ms; = 0
with a ZFS DS [64]. We go into the details of this process in Section 2.4.

The NV can be directly experimentally detected in either the neutral (NV?) or
negative (NV~) charge state. If the Fermi level is close to the NV—/° transition
energy, both charge states are observed. Changes between the two charge states
happen through both ionization and recombination, either in the dark or under optical
excitation [65]. Photo-conversion ultimately leads to an equilibrium of the charge state
ratio [66] and is the reason that under green excitation, both charge states are present.

In literature, there is an ambiguity between the NV and NV~ notations. In this
work, we aim to avoid this ambiguity, particularly in cases where it may cause confu-
sion. However, for historical reasons, readability and convention, in some instances,
the abbreviation NV still refers to the negatively charged NV. The neutral and posi-
tive charge states are always explicitly indicated.

2.2. Optical properties and spin polarization

The neutrally charged NV features a broad absorption spectrum [10, 67] and can be
excited resonantly or non-resonantly to its excited state. Such excitation is followed
by a radiative decay back to the ground state. The zero-phonon line of the NV is at
575nm, but most of the emission goes into a large phonon sideband (PSB). The NVY
center does not show any spin-dependent fluorescence.

The negatively charged NV can also be optically excited with a large range of
excitation wavelengths from the ground state to the excited state in a spin-conserving
way through dipole-allowed transitions. Only a few percent of the light is emitted into
the ZPL at 637 nm [10], whereas the rest is emitted in the wide PSB from 650-800 nm.
The metastable states feature an infrared transition at 1042 nm [10].

The NV~ is particular due to its optical properties that lead to efficient optical spin
initialization and readout. It has a highly coherent ground-state electron spin [68],
which can be excited optically with resonant or non-resonant light. The spin decays
back from the excited state either radiatively or non-radiatively in a spin-dependent
process. The my = %1 spin states will decay preferentially to the dark singlet man-
ifold through an intersystem crossing and then to the spin sublevels of the ground
state, whereas the m, = 0 states dominantly decay radiatively to the ground state
ms = 0. The intersystem crossing, which has been thoroughly studied [35, 36], is ul-
timately responsible for spin readout and initialization. It results from the properties
of the NV’s orbital excited states (ES) and their coupling to the NV’s 'A; singlet
state [10]. When the NV center is optically excited with a transition rate similar to
the radiative decay rate ynv, a spin population initially in the ms = 41 spin sub-
levels non-radiatively decays into the singlet manifold, whereas a population in the
ms = 0 spin sublevel cycles radiatively producing photoluminescence. [69]. The ra-
diative decay rate ynv is fast compared to the decay through the singlet and thus the
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singlet lifetime determines the dynamics under optical excitation. The optical cycling
behavior is very similar at both low and room temperatures.

Optical excitation thereby leads to spin polarization of the m; = 0 ground state
with a fidelity of 80% [70] and features spin-dependent photoluminescence, which can
be used to optically read out the spin state. The optical spin readout contrast persists
only for a short time (/~ 300ns) and vanishes as the singlet population decays back
to the ground state and the system reaches a steady state. Spin initialization and
readout processes of NVs are well established [10] and observed both at cryogenic
and ambient conditions, even though the effective ES level structures are markedly
different in the two cases. The application of a microwave can be used to coherently
control the spin state in the GS. With these mechanisms, the NV can be used to create
a two-level quantum system which can be used as a qubit for quantum experiments
with initialisation through optical pumping, creating the initial state |0) while one of
the mg = +1 spins serves as logical |1). The optical spin contrast is the basis for a
variety of NV applications. A good summary of the spin readout techniques for the
NV~ can be found in Ref. [69)].

2.3. Effects of external fields on the NV~ ground and
excited state

In this section, we present the theoretical description of the ground and excited states
of the negatively charged NV center, which are derived from symmetry considerations.
We present the construction of the GS and ES Hamiltonians as described in Ref. [10].

The NV~ energy levels in the ground and excited states are sensitive to various
environmental parameters such as magnetic and electric fields, crystal strain, and
temperature [10]. Magnetic fields couple to both states similarly, whereas the excited
state is much more susceptible to electric and strain fields than the ground state.

For the definition of the Hamiltonians and the incorporation of the interaction
with external fields, we define a coordinate system where the z-axis is aligned with
the symmetry axis of the NV center pointing from the vacancy site to the nitrogen
atom and the x-axis pointing towards one of the carbon atoms [10].

The NV~ spin’s internal hyperfine coupling and nuclear quadrupole splitting are
neglected in the following description since they have limited effects on the photo-
physical properties relevant for our studies. We also do not consider the implicit
temperature dependence of any of the involved interaction parameters, since it does
not affect the population dynamics of the spin states.

Ground state NV~ spin Hamiltonian

The ground state of the negatively charged Nitrogen-Vacancy is an electron spin
triplet and described in detail in Refs. [10, 71]. The fine-structure Hamiltonian of the
NV~ spin’s ground state is described by the Hamiltonian

Hye = DSS [52 —5(S+1)/3 14, (2.1)

where DS & 2.87 GHz[10] is the zero-field splitting (ZFS) between the spin states
ms =0 (|0)) and mg = +1 (]—1) and |1)) of the spin projection operator S, that arise
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from spin-spin interactions. Additionally, S = 1 denotes the spin of the system and
13 is the identity matrix. The GS zero-field splitting exhibits a known temperature
dependence [72] which we neglect since it does not affect the photophysics of the NV.

The NV~ spin’s ground state level structure is further modified by static electric
E, magnetic B, and strain ¢ fields, whose contributions are given by

Voo = )82 B- + pngss (SeBo + SyBy ) + db,(E. +6.) |52 = S(S +1)/3 1]

+dL (B +5,) (sj - 52) +dL(By +6,) (sty + sysm)
(2.2)
where pp is the Bohr magneton in units of GHz, glg‘s and g;-s are the components of

the ground state electronic g-factor tensor which we set to be equal to 2, and dgs and
dgLS are the components of the ground state electric dipole moment. Sx, S’y and 5})
are the S = 1 spin operators and 1; is the identity matrix. All the values for the
interaction parameters are taken from Ref. [10].

Magnetic fields along the NV axis By, lift the degeneracy of the ms = +1 states
and shift them by an energy msungsBNv. At a magnetic field of Byy =~ 102.4mT,
a level anticrossing between the |0) and |—1) states occurs, which is called ground
state level anticrossing (GSLAC). Transverse magnetic fields B, mix the electronic
spin states, which leads to quenching of the NV~ photoluminescence [31].

Electric fields and crystallographic strain have a similar effect on the NV~ and can
therefore be combined to an effective field IT = E 4§ in units of energy. The influence
of electric and strain fields on the NV~ ground state is small compared to the excited
state (see below) due to the difference in orbital angular momentum and the absence
of spin-orbit coupling [10].

Excited state NV~ spin Hamiltonian

The excited state of the negatively charged Nitrogen-Vacancy is an orbital doublet,
spin triplet, which at higher temperatures reduces to an effective orbital singlet with
three spin sublevels due to orbital averaging (see Section 2.4). The structure of the
excited state has been investigated in detail [39, 73, 74] and summarized in Refs. [10,
46]. The fine structure of the NV’s excited state spin is given by the Hamiltonian

Heo =1, ® DI [52 ~S(S+1)/3 13}

-\ 6,98, + DL [&z ® (Sj - Sﬁ) — 6, (S‘mS + Sny)} (2.3)

>

T AL [&Z ® (SJCS + SSm) — 6, ® (Sy 2

consisting of orbital and spin subsystems ﬁorbit ® ﬁspin, where D!S /h ~ 1.42GHz
(DES = Dﬂs) and DZ are the spin-spin interaction terms, o, , , are the standard

two level Pauli spin matrices representing the orbital degrees of freedom, and /\!S and
AL, are mixing terms that arise from spin-orbit and spin-spin interactions.

10
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The influence of static electric E, magnetic B, and strain ¢ fields on the NV spin’s
excited states level structure is given by

Ves =dll (B-+6.) L@ Ly + 45 (B +6,) 62 01— d& (B, +6,) 6,0 1
) ' ) (2.4)
+ uB l!g B, a'y ®R1;+1,® [,UB g!s B, S, + UB gjs (Bx‘s’m + Bysy):|7

where d!s and dZ, are components of the electronic dipole moment, l.!s is the orbital

magnetic moment also referred as g, the effective orbital g-factor, and g!s and g, are

components of the electronic g-factor tensor which we set to be equal. The values for
the interaction parameters are taken from Refs. [10, 39]. In the limit of high strain, the
Hamiltonian results in two spin-1 systems, one for each of the two orbital branches,
which we call E; and E,.

Instead of in the basis of o, and S,, Maze et al. give an equivalent definition of the
excited state of the ES triplet manifold in the case of zero strain [75] which yields the
same energy structure with A := DFS/3, A’ := DL A" := )% and \, == Al

Magnetic fields along the NV axis Byv, as well as non-axial electric E| or strain
6, fields, can lift the double degeneracy. Similar to the GS, magnetic fields along the
NV axis split the mgs = £1 states in the two orbitals.

In contrast to the GS, in-plane electric and strain fields E,, E,, 0, and d, have a
strong effect on the ES. Axial electric F, or strain 4, fields, on the other hand, shift
all energy levels in the ES[39]. Electric field and crystal strain have a similar effect
on the excited state of the NV~ and can again be combined into an effective field
II = E + § in units of energy.

2.4. Phonon-induced orbital averaging

The excited state level structure of NV~ experiences a strong dependence on tem-
perature. As we have seen at low temperatures, the orbital structure is a spin-1
orbital doublet, whereas at room temperature it is a spin-1 orbital singlet. This
change is caused by an effect called orbital averaging, which has been previously
investigated [35, 36, 40, 76, 77].

Due to spin-orbit coupling, phonons induce a fast and spin-conserving population
transfer in the excited state manifold, resulting in an occupation following the stan-
dard Boltzmann distribution [76]. Since phonons interact only with orbital degrees
of freedom but not with spin, the transition rate is the same for all electronic spin
states [10, 76]. The mixing leads to average states with quenched orbital angular
momentum and averaged effective energies determined by spin-spin interactions for
states with identical m-spin [10].

The phonon-induced population dynamics follow a T dependence [40, 76] and are
mainly driven by two-phonon processes. It is responsible for the temperature de-
pendence of the polarization visibility as defined and shown in Ref. [40] and leads to
broadening of the linewidth with temperature which is consistent with linear electron-
phonon interactions with E-phonon modes [40)].

Experimental and theoretical investigations found that the orbital averaging rate
at room temperature is orders of magnitude faster than any other transition rate

11



2.4. Phonon-induced orbital averaging 12

involved in NV dynamics and established a temperature-dependent analytic expres-
sion of the spin-conserving transition rate between the two ES orbitals resulting from
E-symmetry phonons. The rate can be written in the form [78]

64
Ixy =W = —hmpk3T°I(we,T,0,), (2.5)
T

where 7 is the reduced Planck’s constant, ng is the coupling strength of the E-
symmetry phonons, kg is the Boltzmann constant, and I is an integral over the
phonon mode energies with the cutoff frequency w,. and an additional dependence on
non-axial strain § | and temperature 7. More details on the phonon-induced transition
rate and our specific phonon model can be found in Chapter 4 and Appendix A.2.

The value of the orbital averaging rate and in particular ng has been investigated
in previous studies and ranges between ng = 143 — 276 MHz/meV [35, 77, 78]. All
of these studies use slightly different phonon models and thus different forms of the
integral I and varying cutoff frequencies. At temperatures below 20 K, the resulting
transition rate I' xy in all the models is smaller than the NV’s radiative recombination
rate ynv &~ 70 MHz. At room temperature, however, the transition rate is around
1000 GHz that is orders of magnitudes larger than ynvy. For low-strain NVs, fast or-
bital averaging completely removes the strain dependence of the excited state, whereas
for high-strain values, a strain dependence remains in the form of a strain-dependent
factor £ (see below) [78, 79].

In contrast to the ES, the impact of phonons on the energy structure of the ground
state Hamiltonian can in many cases be neglected. It is mostly limited to a tem-
perature dependence of the ZFS D((J}S, which shifts in proportion to the occupation
numbers of two different phonon modes [80].

Effective excited state structure at room temperature

The excited state Hamiltonian of NV~ as presented in Section 2.3 includes an in-
teraction between orbital and spin degrees of freedom. Once the phonon-induced
transitions are significantly larger than the interactions within the individual spin
systems, coherence between the orbital and spin subsystems is lost [79] and all or-
bital contributions are quenched [76]. The effective Hamiltonian of the excited state
at room temperature can therefore be derived directly from the full low temperature
Hamiltonian by taking the partial trace over the orbital states (Tr,) [79]. This results
in the well-studied and commonly known room-temperature Hamiltonian [10].
The partial trace of the fine structure spin Hamiltonian ., from Equation (2.3)
gives
7:[(1}? = 1Tro{/’qes}
2 (2.6)
— DES [53 ~8(S+1)/3 13} .

The orbital doublet structure is reduced to a single orbital with spin-1 where states of
magnetic quantum numbers mg = +1 are split from the mg = 0 state by a zero-field
splitting of DES/h ~ 1.42 GHz [40, 81].

12



2.5. Applications of the NV center in sensing 13

The same applies also to the influence of external fields as considered in Equa-
tion (2.4). The partial trace over the orbital states of V.5 can be written as

PRT _ %Trg{f;es}
= ,uBgf;TSZBZ + gt (STBT + SyBy) (2.7)
+dl, (E + 52) n 5(513 - Sg)

where gRT is the isotropic room temperature electronic g-factor [82] and € is a strain-
dependent factor resulting from an imbalance in the Boltzmann distribution of the
excited state populations [79] which is caused by strain splitting between the orbitals
from non-axial effective fields.

A magnetic field along the NV axis lifts the degeneracy of the m, = £1 spin states
and shifts the states similarly to the GS. At Byxyv ~ 50.5mT, a level anticrossing
between the |0) and |—1) states occurs, which we call room temperature excited state
level anticrossing (RT-ESLAC).

The value of £ is only significant for very large strain splittings (6, > 100 GHz)
and also lifts the degeneracy of the mys = +1 spin states at zero magnetic field while
shifting the position of the RT-ESLAC to lower magnetic fields. Very few studies
directly investigate £ and only one measures a value of £ = 0.07 & 0.03 GHz for high
strain NVs in nanodiamonds [81].

The total effective ES Hamiltonian HET + VET is much simpler than the one at
low temperature and has only a limited dependence on the electric fields E and
crystallographic strain &.

2.5. Applications of the NV center in sensing

The negatively charged Nitrogen-Vacancy center is sensitive to various physical quan-
tities and therefore widely used in diverse sensing applications, due to its versatility
and easy operation. The host material — diamond — is extremely hard, chemically
inert, and electrically insulating while featuring high thermal conductivity. It pro-
tects the sensor from many external influences and allows its use in a wide range of
environments. The optical addressability and readout capabilities of the NV [10] allow
non-invasive measurements and the incorporation into samples that are transparent
for visual (VIS) and near-infrared (NIR) light, such as biological cells. All of these
properties, combined with the excellent photo-physical properties and long coherence
times even at room temperature, make the NV a robust and versatile quantum sensor.

Quantum sensing [22] based on the NV center has been employed to measure mag-
netic fields [18, 75], electric fields [19, 83], crystallographic strain [21, 84, 85] and tem-
perature [20, 86]. Other NV sensing applications are high-resolution nuclear magnetic
resonance (NMR) spectroscopy [87, 88], rotational measurements [89, 90], and the use
in diamond anvil cells[91, 92]. In all of the above cases, the NVs are stationary
relative to their environment.

The most prominent application of the NV is its use as a magnetometer with
excellent magnetic sensitivities [22-24, 93]. It is implemented as a magnetic field
sensor with single NVs or NV ensembles [94-97] measuring the ground state Zeeman

13
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splitting by optical detected magnetic resonance (ODMR). The NV has also been
employed as an electric field sensor [19, 98-100] measuring the Stark shift in the
ground state using ODMR-based techniques [19]. However, this performance cannot
be compared to the excellent magnetic field sensitivity of the NV due to its weak
coupling of the GS to electric fields, and therefore, However, the sensitivity of this
approach is significantly lower than that for magnetic fields due to the weak coupling
of the ground state to electric fields, which has so far limited its application as an
electrometer.

The integration of the NV sensor in a scanning probe-based system [101], such as
atomic force microscopy (AFM), allows harnessing the full potential of the atomic-
sized nature of the NV for imaging. NV scanning experiments are more challeng-
ing than stationary measurements, but they allow for more complex investigations
through spatial information. Especially in the context of magnetic field imaging,
the high sensitivity combined with the sub-nanometer spatial resolution has led to
widespread use and exceptional results.

After initial implementations [23-25], scanning NV magnetometry has emerged as
a robust and powerful technique for high-sensitivity imaging of nanoscale magnetic
systems [28, 93, 102, 103], even under cryogenic conditions [26, 29, 104, 105].

Other scanning experiments include nanoscale thermometry[106] as well as
nanoscale electrometry [107, 108], which for the latter has only been shown recently
due to the difficulties with screening effects and lower sensitivity.

14



3. Magnetic field dependent
photophysics

The Nitrogen-Vacancy stands out due to its excellent quantum coherence properties,
which persist across a wide range of environmental conditions [11, 12]. As a result of
its performance and robustness, the NV spin has been employed in practical applica-
tions in quantum metrology [22], nanoscale imaging [26-29], and quantum information
processing [14, 15]. The majority of these applications build on methods for efficient
optical NV spin initialization [30, 31] and readout [32, 33]. These two key features
result from properties of the NV’s orbital excited states and the intersystem crossing,
which allow the optical detection of spin contrast.

The excited state is mostly well studied at temperatures T' 2 150 K. There, the
NV spin excited state is well described as an effective spin-1 system due to orbital
averaging, reducing its complexity [40, 76]. The spin states |—1), |0}, |1), are charac-
terized by their magnetic quantum number mg along the Nitrogen-Vacancy axis [10].
Initialization and readout of the NV’s ground-state spin-1 system result from optical
transitions being largely spin-conserving for |0), while excited state spin levels |£1)
show a non-radiative intersystem crossing into NV spin singlet states, followed by a
relaxation into the NV triplet ground state [10].

While optical spin initialization and readout processes of NVs are well estab-
lished [10] and thoroughly tested at elevated temperatures [31], they have only been
sparsely explored under cryogenic conditions. At low temperatures, the effective spin-
1 description of the NV excited state does not hold [10]. Due to the significance of the
excited state in this optical spin detection mechanism, the orbital structure is poised
to influence the photophysics of the NV. Given the rich NV orbital excited state
structure that emerges at temperatures where orbital averaging is suppressed [39, 40],
it is not obvious that the established room-temperature model for NV spin initial-
ization and readout immediately applies to cryogenic conditions. The question of
how the orbital excited state structure affects the NV’s photophysical properties is
of relevance to most low-temperature experiments with NV spins, but has received
remarkably little attention thus far. This information is, however, relevant for all
cryogenic applications, but particularly for quantum sensing.

The NV excited state has been investigated with photoluminescence excitation
(PLE) measurements at low temperatures[39], as spectroscopy of the excited state
structure is difficult without resonant lasers. Previous work has investigated the low-
temperature photophysics of single NVs close to zero magnetic field [17, 39] and the
photoluminescence of NV ensembles as a function of magnetic field [76], for which a
complete picture was obscured by ensemble averaging. A detailed understanding
of the mechanisms of the low-temperature orbital excited state structure and its
consequences on NV spin initialization and readout has not been established yet.
Such understanding is particularly relevant for low-temperature NV magnetometry,
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where consistent observations of significant reductions in sensitivity at low magnetic
fields [26, 41] have been made but remain unexplained until now.

In this chapter, we present our systematic study of the photo-physical properties of
individual NV centers at cryogenic temperatures. We investigate the dependence of
the NV~ photoluminescence on static magnetic fields applied along the NV quantisa-
tion axis. This study offers new insights into the structure of the NVs’ excited states
as well as a new tool for their effective characterization.

We present experimental data for NVs with varying strain, observing significant
reductions in photoluminescence at specific magnetic field values. We explain the
physical origin of these dips and discuss their effect on the photophysics of the NV.

To get a better understanding, we develop a model based on a classical rate equa-
tion, which allows us to make predictions of the NV PL as a function of effective strain
and magnetic fields. This also enables us to efficiently extract the strain parameter
that defines the NV excited state structure without the need for complex spectro-
scopic techniques. On the basis of the model and additional experimental data, we
discuss the strain dependence of the magnetic field response in more detail, leading
to interesting new findings about the orbital g-factor.

We investigate the magnetic field behaviour of the neutrally charged NV by simul-
taneously collecting the NV~ and the NVY PL. Our measurements reveal a small
buildup of NV population at the excited state level anticrossings, which allows us to
investigate a new mechanism behind NV charge state conversion. In this context, we
also present our measurements on the laser polarization dependence of the NV~ and
NV? PL, complementing the in-depth investigation of Fu et al. [40] where they report
on the visibility of the excited state orbitals under non-resonant excitation.

Lastly, we discuss the impact of our findings on NV-based applications in quantum
information processing and quantum sensing at low temperature, with a focus on the
case of NV magnetometry. We consider the effect of the level anticrossings on the
efficiency of NV spin initialization and readout, and its implications for the magnetic
field sensitivity of the NV. This allows us to inform about strategies for selecting op-
timal experimental conditions for efficient NV-based quantum sensing in the presence
of a specific effective strain field.

The results presented here have been published in Happacher et al. (2022) [42].

3.1. Magnetic field dependent photoluminescence
measurements

Before presenting our measurements, we provide a brief introduction to the experi-
mental setup, with a more detailed description provided in Appendix A.3.1. We per-
form our experiments in a closed-cycle refrigerator with optical access and three-axis
vector magnetic field control. We investigate our samples at cryogenic temperatures,
T ~ 4K, using a confocal optical microscope. The NV centers are optically excited
with a green, continuous-wave laser at power levels close to saturation of the NV’s
optical transition. For optical detection, we use an avalanche photodiode and appro-
priate color filters to detect the photoluminescence predominantly stemming from the
NV’s negative charge state (NV~) with a corresponding photon count rates Ipy .
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Figure 3.1.: (a) The NV~ photoluminescence (PL) signal, I, as a function of mag-
netic field, Byvy, for a typical “low strain” NV, NV1-S1 with a transverse strain
parameter §; = 4.444(3) GHz. (b) Same as (a), but for an NV center exhibiting
more strain with ¢, = 38.6(7) GHz. The common I dip at Byy = 102.4mT in
(a) and (b) originates from the well-known ground-state level anticrossing (GSLAC),
while additional dips result from excited-state level anticrossings (ESLACs). Grey
lines are fits to our model (see text and Appendix A.5). All data were recorded at
a temperature T ~ 4K. Inset: Atomic structure of the Nitrogen-Vacancy center in
diamond with the blue sphere as the N atom and the black sphere the vacancy. The
main symmetry axis is defined from the vacancy to the nitrogen atom depicted in red,
together with the defined coordinate system. (c) Example of NV~ excited state en-
ergies for an NV experiencing even higher strain (6, = 55.9(6) GHz). Labels indicate
the orbital- and spin degree of freedom of the states. (d) Byy dependence of I for
NV3-82 with §; = 55.9(6) GHz. The vertical arrows assign the observed I}, dips to
the corresponding ESLACs shown in (c).

We investigate individual NV centers in two [100]—oriented, single-crystal “elec-
tronic grade” diamonds from FElement Sixz grown by chemical vapour deposition.
These two samples differ in the nature of their NVs. In sample S1, we study naturally
occurring NV centers, several microns deep in the bulk, while in sample S2, we study
near-surface (< 20nm) NVs which have been created by “*N* ion implantation at
12keV and subsequent annealing. These two types of NV defects allow us to study
a broad range of local effective strain, as strain increases for implanted NVs close
to the diamond surface[98]. Both samples feature photonic structures to enhance
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the NV photoluminescence collection efficiency. Sample S1 features diamond solid
immersion lenses [109] whereas sample S2 contains diamond nanopillars [37, 110]. In
Appendix A.4.2, we present a detailed summary of all the samples studied in this
chapter, along with their properties.

For each NV, we record the magnetic field-dependent NV~ photoluminescence rate.
In Figures 3.1a and b, we show representative NV~ photoluminescence data as a
function of magnetic field along the NV axis, for two NV centers, NV1-S1 and NV2-
S2. In this chapter, we adopt the notation in which NV k-SI denotes the k-th NV
located in sample SI. For both NVs, the NV~ photoluminescence shows several
distinct, narrow local minima at specific values of the magnetic field, which we refer
to as “dips”. The prominent, narrow dip at By = 102.4mT results from the NV’s
well-known ground state level anticrossing (GSLAC) [111] and is present for all NVs
we investigate. Conversely, the multiple additional dips, which reproducibly occur for
each NV, but at different values of Byv, are thus far unaccounted for.

Except for the reduction in PL at the GSLAC, we attribute the observed NV~
photoluminescence dips to excited state level anticrossings (ESLACs), which results
in spin mixing and subsequent population shelving into the NV~ singlet manifold. In
Figures 3.1c and d, we exemplify this concept for NV3-S2, where we show calculated
NV~ excited state energies [10, 39, 46] alongside a measurement of I5; (Bny) for the
same NV to illustrate the coalescence between two ESs into an anticrossing and the
associated Iy, dips. To obtain the ES energy level from our model, we adjust the
transverse effective strain parameter, 6, in the NV excited state Hamiltonian to
match the ESLAC positions in Byv to the corresponding PL dips observed in the
data.

3.2. Classical rate equation model

To obtain further, quantitative insights, we employ an extended version of a classical
rate-equation model of the NV’s magnetic field-dependent photophysics [31, 76], where
we explicitly take into account the full, low-temperature excited state level structure
of the NV~ [10, 46] as presented in Section 2.3. We consider the electronic states
and relevant population decay channels of the NV~ as summarised in the inset of
Figure 3.2. We fix all transition rates to literature values by Gupta et al. [112], but find
that our main results remain largely identical when employing other literature values.
The temperature dependence of some excited state transition rates, established for
T < 20K [35], has little to no effect on the position and intensity of the PL dips, and
we therefore do not consider it in our model. In Appendix A.1, we present a detailed
summary of the model.

As seen in Chapter 2, the energy splittings between the NV~ excited states depend
highly on the lattice strain, transverse to the NV symmetry axis. Such strain can
result from electric fields or crystal strain [46], which we combine into a single per-

pendicular strain parameter 6, = /67 + 07, where J,, and §, are the corresponding
strain parameters along the x- and y-axis in the coordinate system of the NV. We then
calculate the NV excited state energies from the full Hamiltonian Hes + Ves [10], as

presented in Section 2.3, where H,, is the fine structure Hamiltonian of the 3E mani-
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Figure 3.2.: PL intensity I}, as a function of Byy and d 1, calculated from a classical
rate equation model for the 10-level system illustrated by the level diagram in the
inset (for details see Appendix A.1l). Labels indicate which ESLACs are responsible
for the respective PL dips, while horizontal lines show the J,-values for the NVs
presented in panels of Figures 3.1a, b, and d. Inset: Electronic levels and transition
pathways considered in simulating the magnetic field dependence of I5;. The NV~
excited state energies are illustrated for the limit of large strain.

fold and V., describes the effect of magnetic fields, electric fields, and crystallographic
strain as defined in Section 2.3.

In Figure 3.2, we show the resulting model prediction for Ip; (Bny) for varying
values of strain, which illustrates the strong dependence of the I dip locations
on 0,. This accounts for the strong variations Iy (Bnv) traces observed among
different NV centers, each of which naturally experiences a different magnitude of ¢ .
Conversely, a measurement of Iy (Byy) offers a sensitive tool to determine §, for
single NV which otherwise requires complex spectroscopic techniques [39].

We use our model to fit all NV~ photoluminescence data as a function of the
magnetic field. In all panels showing I (Bny) data, we also show the corresponding
fits. For the fits, we only leave §, and a small misalignment angle in the magnetic
field 65 as free parameters in the ES Hamiltonian from Equation (2.4). In the case
of the low-strain NV1-S1, we also determine the orbital g-factor, g;, from the fits.
In addition, we include in the fits scaling constants for contrast and normalization
of Iy and a parameter describing the relative excitation efliciency into orbitals E,
and E, [40]. Despite these few degrees of freedom, our model yields excellent fits
for NVs experiencing a large range of strain-values, from ¢; < ||7:les|| in Figure 3.1a
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to 81 > ||Hes|| in Figure 3.1b, where || - || is the operator norm. Details of the fit
procedure and all resulting fit parameters with errors are reported in Appendix A.5.

3.3. Influence of strain on the magnetic field response

When studying Ip; (Byv) for NVs with increased effective strain 6, > 15GHz at
large magnetic fields, we observe significant deviations from our model which predicts
two additional I5; dips (labelled Eg(y) > Eyi(i) in Figure 3.2), which arise from spin-
mixing ESLACs between orbitals F, and E,. Specifically, the four ESLAC-related
I, dips seen in Figure 3.1a for the low strain NV should be observable for any
value of §,. Two of these ESLACs occur between spin states within the same or-
bital branch, which we therefore call intrabranch anticrossings. Two further ESLACs
occur between spin states of different orbital branches, which we call interbranch
anticrossings. To experimentally address this regime, we investigate single NV de-
fects hosted in the (111)—oriented, electronic grade diamond S3[110]. Figure 3.3a
shows the low magnetic field I} (Bnv) data for the representative NV4-S3, where a
fit yields 6, = 42.3(5) GHz (see Appendix A.5). For this NV, our model predicts the
Eg(y) &~ E;t(;) interbranch dips to occur at Tesla-range magnetic fields as depicted
in Figure 3.3b. Importantly, the interbranch anticrossing locations also depend sen-
sitively on the orbital g-factor, g;, while the locations of the intrabranch I, dips at
low magnetic field are largely independent from g;, which is illustrated in Figures 3.3c
and d. Conversely, an observation of the E,,) <+ Ey(,) interbranch LACs results in
a sensitive determination of g; on the level of single NVs. In the low-strain regime
(NV1-S1), we are able to extract the orbital g-factor by fitting the position of the
high-field features, which is g; = 0.1395(9). In contrast, for NV4-S3 or any other NV
we studied in sample S3, we were unable to observe the Eg(y) > E;[(i) interbranch
ESLACSs, despite extensive experimental efforts. Interestingly, this observation could
be explained by an unexpected increase of g; with effective strain. Specifically, for the
0, value of NV4-S3, ¢; ~ 0.8 is the lowest value consistent with our observations (see
Figure 3.3d), and we find similar conclusions for about ten other NVs with comparable
values of ¢, when examining I} (Bnv) for Byv up to 5T (see Appendix A.5).

The increase of g; with §; that we infer from the absence of a visible interbranch
anticrossing in our experiment could be explained by a suppression of the spin-orbit
coupling between the two orbitals for higher strain values. Indeed, evaluating the
matrix elements for the Eg(y) - E;t(i) interbranch ESLACs from Equation (A.63)
results in the mixing term

Mg, 5, = 505 /V2\ (d58.)% + (Bgiun)?. (3.1)

assuming strain acts only in the x-direction for simplicity. Numerically evaluating this
state-mixing matrix element for high strain, we find that the mixing is not significantly
reduced. It varies less than 1% over the range of Byy = 0 — 5T, and thus can not
explain the missing PL features.

Another possible explanation would be that a fast one-phonon-induced orbital mix-
ing rate could explain the missing features. This transition rate between F, and E,

20



3.3. Influence of strain on the magnetic field response 21

205 - —— - - - -
)2 Va3 O Pt e
0 r 9,
&
& 195 03 VV
=z 05V V
~ 0.7 V V-
2 185 0.9
0 0.05 0.1 0.15 2 3 4 5
Magnetic field Byy (T) Magnetic field Byy (T)
- 5
(c) o011 ()
T E 4 EoE!
S :
= 75 £
& £ o
5 =006
20 T T
g T B o /
<3 £ 004 ' ~4mT
=]
| =¥ E'o E!
= 0.02~ z
0 1 2 3 4 5 0 025 05 075 1
Magnetic field Byy (T) Orbital g-factor g

Figure 3.3.: (a) I (Bnv) data (red) for NV4-S3 in the “low-field” regime (Bny S
150mT). The model fit (blue) yields 6, = 42.3(5) GHz and is largely unaffected
by the value of g; (¢ = 0.14 and 0.9; light and dark blue). (b) Same as (a) for
stronger magnetic fields. Blue-shaded curves show model predictions (vertically offset
for clarity) for §, = 42.3GHz and g; = 0.14 — 0.9 (see labels). (c) Calculated *E
excited state energies for g = 0.14 and g; = 0.9. Dashed circles highlight the position
of the E, () ¢ Ey(y) (green) and Ey(,y <+ Ey(,) (gray) ESLACs. (d) gi-dependence
of the Byv values at which various ESLACs occur. Shaded areas correspond to the
propagated fitting errors in §, from (a).

is described by Goldmann et al. [36], providing the following, analytic expression
ri-phon ~ 8ppkpd, T, (3.2)

where np is a constant that parameterizes the coupling strength between states of
the 3E manifold and E-symmetric acoustic phonons (see Chapter 2), and kg is the
Boltzmann constant. However, phonon-induced orbital mixing can also be ignored
as the expected coupling rate for high strain is T''"Phon ~ 450 kHz, which is signifi-
cantly less than the other coupling rates involved in the photophysics of the NV—in
particular the intersystem crossing rate IS > 10 MHz and the state mixing rates
[mixing > 100 MHz.

Alternatively, the absence of the higher magnetic field features could also be ex-
plained by fluctuations in the electric noise around the NV center, which would effec-
tively smear out these features. Such a smearing-out would imply that the fluctuation
of the electric field is larger than 1kV /cm and faster than 1 Hz, which are both larger
than values reported in the literature [19)].
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Lastly, if laser-induced charge dynamics would lead to a significant broadening of
the anticrossing features, we would not observe the interbranch features in any sample,
regardless of the specific strain value.

Our observations thus suggest a surprising, strain-induced enhancement of the or-
bital g-factor of NV~ compared to reported literature values g; ~ 0.1 — 0.22[76, 113~
115]. Such an effect has not been discussed in the literature thus far, but is made
plausible here by qualitative arguments. At low strain, the NV’s orbital excited states
are near-degenerate, which allows for Jahn-Teller coupling to reduce the orbital an-
gular momentum [114, 116]. With increasing strain, the energy splitting of the states
increases, which suppresses Jahn-Teller mixing, and thereby restores orbital angular
momentum, leading to an increase of g; towards the classical value g; = 1. Although
a complete theoretical description of the suggested g; enhancement is still lacking, we
expect our findings to stimulate further theoretical work on the topic.

Ideally, we would determine the ESLAC positions for NVs with elevated strain
and infer the orbital g-factor enhancement directly. However, there is only a very
narrow window of strain values, where all four PL dips are experimentally accessible
in our experiment that allows for the application of magnetic fields of Byy < 5T
for (111)-oriented NVs. We put great effort into searching for such NVs, but to no
avail. The robustness and reproducibility of this observation are a strong indication
of the fundamental nature of our observation and support our hypothesis of a strain
enhancement of g;.

3.4. Insights into the charge dynamics of the NV center

Our measurement of the photoluminescence I versus magnetic field Byy also offers
insights into the charge dynamics of the NV center. Specifically, we conduct ex-
periments where we choose appropriate color filters as outlined in Appendices A.3.1
and A.3.3 to simultaneously record the PL intensity from the NV~ and the neu-
tral charge state, NVY (Figures 3.4a and b). Strikingly, we find that all previously
described NV~ photoluminescence dips are mirrored by peaks in the NV° photolu-
minescence I3, . The resulting buildup of NV? population is small and therefore only
minimally affects our conclusions thus far. We extend our model to include previously
reported NV <3 NV~ (de)ionization processes [65, 70] (Figure 3.4c). Importantly, in
our model, we can only explain the observed I9; peaks by including a recently pro-
posed [65] decay channel from the NV~ singlet state ! E to the ground state of NVY.
Without this process, our model yields dips instead of peaks in I3;. Using previ-
ously measured ionization and deionization rates (see Appendix A.1.3), our model
gives a quantitative prediction for I3; (Bxv), without any free fit parameters other
than scaling constants for contrast and normalization of I3; which we present in Fig-
ures 3.4a and b. The existence of this additional relation between the charge states
is, in general, detrimental to most NV experiments.

The optical pumping from the ground state to the excited state orbital doublet
exhibits a slight polarization dependence [40]. Depending on the polarization angle,
one of the excited state orbitals F, or E, is preferentially populated. Therefore, it
is possible to control the amount of spin mixing and the depth of the PL reduction
by changing the laser polarization angle. In Figure 3.5, we show this dependence
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Figure 3.4.: (a) Magnetic field dependence of the NV® PL rate, I3, (Bxv), for NV1-S1
and (b) NV2-S2, along with the corresponding Ip; -data (gray data-points taken from
Figures 3.1a and b, but rescaled for clarity). Gray lines are theory predictions based
on the fits shown in Figures 3.1a and b. (c) Electronic states of the NVO-NV~ system,
with corresponding (de-)ionization rates, used to include charge-state dynamics into
the model introduced in Figure 3.2, inset.

of the NV~ PL on the laser polarization angle. The charge dynamics at the cross-
ings are similarly affected by the selective excitation, resulting in a change in NV°
PL intensity. While this is not a significant amount of tuning, it may be increased
further by changing the excitation wavelength or optimizing the polarization control.
Additionally, the use of NVs with an out-of-plane NV orientation in (111)-oriented
diamond would further enhance the tuning.

3.5. Implications for low temperature NV applications

The ESLAC-induced reductions in the NV~ photoluminescence I5; have important
implications for the spin readout contrast used in most NV applications and, in par-
ticular, the magnetic field sensitivity of low-temperature NV magnetometry. The dips
in Iy}, are accompanied by corresponding dips in the spin readout contrast C of the
optically detected magnetic resonance [49]. In Figure 3.6a, we show the evolution of
the spin readout contrast C as a function of magnetic field along the NV axis for NV5-
S2. Two typical ODMR traces recorded near and away from an Ip; dip (Byv =0
and 200 mT, respectively) are shown in Figure 3.6c¢.

The combined reduction in I, and C severely affect the NV’s magnetic field sen-
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Figure 3.5.: (a) Dependence of the normalized NV~ photoluminescence (PL) at the
positions of the two intrabranch ESLACs of NV1-S1 at B ~ 35mT and B =~ 140mT
on the excitation polarization angle. (b) Magnetic field dependence of the normalized
NV~ PL rate, I, and the normalized NV® PL rate, I3, , of NV1-S1 for two orthog-
onal polarization directions of the linearly polarized excitation laser indicated in (a).
Depending on the polarization angle, excited state orbitals £, or F, are preferentially
populated [40], which modifies the contrast of the corresponding I} dips, accordingly.
The NV~ and NV countrate at the ESLACs show a mirrored dependence on laser
polarization, while the countrate at the GSLAC remains unchanged.

sitivity n. Using the well-established estimate [32, 117]

_Av (3.3)

4
n=—r ,
3y/37%:C/ Iy

where Av is the ODMR linewidth, and v, = 28 GHz/T is the NV’s gyromagnetic
ratio, we extract the magnetic field sensitivity shown in Figure 3.6b which is inversely

proportional to the signal to noise ratio SNR oc % x Cy/Ipp,. As expected, the
locations of the observed dips in contrast C coincide with the locations of the reduction
in sensitivity. Compared to typical sensitivity values of  ~ 31T /v/Hz away from the
ESLACs such as at Byy &~ 200mT, n worsens by almost an order of magnitude at
the I, dips. Therefore, the region of spin mixing is detrimental to the performance
of the NV~ as a magnetometer, and for most other NV applications as well.

For nanoscale NV magnetometry, near-surface NV centers in nanopillars with typ-
ical strain values of d; > 20 GHz (Figure 3.2, inset) are used. This leads to a de-
crease of magnetometry performance, which predominantly affects magnetometry at
Byv £ 100mT. The fact that all these “shallow” NVs exhibit large values of
can be tentatively assigned to internal electric fields due to band bending near the
diamond surface [98, 118], or to near-surface crystal stress [119]. Strained NVs exhibit
spin mixing already at zero magnetic field, which results in a reduced spin readout
contrast when no magnetic field is applied. It is generally possible to avoid areas of
decreased magnetic field sensitivity by applying a bias magnetic field along the NV
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Figure 3.6.: (a) Dependence of the optically detected magnetic resonance (ODMR)
contrast on magnetic field Byy for NV5-S2. The microwave field amplitude (Rabi
frequency) was held constant while varying Byy. (b) Magnetic field dependence of the
magnetic field sensitivity extracted from data according to Equation (3.3). Dark grey
lines in a and b show theory predictions based on independently recorded Ip; (Bnv)
data (see Appendix A.5). (c) Exemplary ODMR traces recorded at values of Byy
(dotted circles in (a)), where magnetic field sensitivity is strongly (left) and minimally
(right) affected by excited state level anticrossings.

axis, thereby restoring full photoluminescence. In the future, magnetic field sensi-
tivity for such N'Vs could be restored by material engineering to reduce the effective
strain near diamond surfaces, by working with NVs oriented normal to the diamond
surface [120] or by harnessing the dependence of the I, dip depth on the excitation
laser polarization [40] outlined above. Further improvements could be achieved by
optimising laser excitation power or by exploiting resonant laser excitation, where
specific ESLACs could be avoided by choosing the proper laser excitation frequency.

It is also possible to use these ESLACs to perform microwave-free magnetometry
or effective strain sensing, in a similar fashion to previous work on magnetic field
sensing with the NV GSLAC [121]. Since the sensitivity is a function of the width
and contrast of the feature, only the ESLACs in the low-strain regime or the high-
magnetic-field interbranch crossings of high-strain N'Vs offer sensitivities comparable
to the GSLAC for magnetometry.

3.6. Summary and outlook

We presented a systematic study of the photoluminescence of single Nitrogen-Vacancy
centers in diamond at low temperatures. By combining experimental results and the-
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oretical modelling, we are able to investigate a number of largely unexplored features
in the magnetic field-dependent photo-dynamics of the NV.

Our results provide a simple yet precise and quantitative tool for characterizing the
excited-state structure of individual NV centers. These findings not only give insights
into the NV center orbital structure and the possible strain-induced enhancement
of the orbital g-factor, but are also relevant to applications in quantum information
processing and quantum sensing. Precise knowledge of the excited state structure
enables us to understand and push the limitations of NV applications in cryogenic
environments by optimizing optical spin initialization and readout. The simple im-
plementation of the method enables fast and easy determination of the NV effective
strain parameter, which is important to nearly all NV-based quantum communication
applications. Moreover, this technique allows for probing the excited state structure
without the need for resonant laser spectroscopy [39] which is significantly more com-
plex and, in some cases, not applicable at all. We further advance our understanding
of fundamental NV physics by simultaneous measurement of the photoluminescence
of the neutrally charged NV I3, as a function of magnetic field Byy, which yields
relevant information on NV charge dynamics. We are able to confirm a recently
proposed NV~ deionization process involving a direct laser-induced process and its
resulting decay of NV~ from its metastable singlet state to NV,

The methodology presented in this chapter offers exciting prospects for various
research areas on NV centers and beyond. The simple measurement of the strain
parameter of individual NVs can facilitate the convergence on better diamond fab-
rication and surface termination techniques, which minimise the strain and electric
noise experienced by near-surface NV centers. Technological progress in this area will
be useful not only for NV-based experiments but also for experiments involving other
color centers in diamond. This work also offers interesting future perspectives for
sensing. The ESLAC-induced photoluminescence dips strongly depend on strain and
electric fields. Therefore, our findings open the way for novel measurement techniques
like microwave-free sensing of these quantities at low temperature. The employed
method is also ideal for exploring the temperature dependence of the excited state
level structure, which transitions from a combination of spin- and orbital-like behav-
ior at low temperatures to an almost purely spin-like behavior at room temperature
due to phonons. The transition gives insights into orbital averaging processes that
dominate the N'V’s photophysics at elevated temperatures [40] and is presented in
Chapter 4. Furthermore, the technique can also be applied to other optically active
solid-state spin defects, potentially improving their prospects for quantum technolo-
gies. The energy structure of any color center featuring shelving states that can be
populated through magnetic-field-tunable LACs, such as the neutral Silicon-Vacancy
center in diamond [122], could be investigated. Moreover, the observed enhancement
of the orbital g-factor can open a discussion about the effect of strain on the spin-orbit
coupling in other systems.
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4. Temperature dependent
photophysics

In Chapter 3, we investigated the photophysical properties of single Nitrogen-Vacancy
centers at low temperatures. We look at the magnetic and electric field as well as the
crystal strain dependence of the NV~ excited state energy level structure and gain
new insights into the charge dynamics of the NV. We also discuss how this energy level
structure affects the excited state at low temperatures, the optical spin initialization
and readout processes, which are crucial for the majority of NV applications, such as
nanoscale magnetic imaging [26, 27, 29] and quantum information processing [14-17].

The low-temperature excited-state structure of the NV~ undergoes significant
changes with increasing temperature. The orbital doublet structure of the excited
state is effectively reduced to an orbital singlet structure at room temperature by a
process called orbital averaging (see Chapter 2). This effect has been investigated
by looking at the width of the zero phonon line (ZPL) of the NV~. Fu et al.[40]
revealed that the process scales with temperature as T° and is mainly driven by two-
phonon processes, which effectively average the populations in the two orbitals in a
spin-conserving manner.

Even though there is a significant difference between the effective ES level structure
at cryogenic and ambient conditions, optical spin initialization and readout are ob-
served in both cases. While the foundations of the intersystem crossing [35, 36] which
is ultimately responsible for the optical spin contrast, and orbital averaging [40, 76, 78]
have been studied in the past, the transition between the low-temperature and the
high-temperature limits, and the emergence of the effective RT ES spin structure,
have never been explored in a systematic way. Prior work on NV ensembles has
established a non-trivial temperature dependence of the NV PL intensity at zero
magnetic field [76], including a local minimum of the NV PL at T' = 35 K, which
remained unexplained thus far.

As we have seen in the previous chapters, the exact structure of the NV~ excited
state is inherently important for the properties of the NV~ and its performance as a
sensor. Due to scientific interest and increasing technological availability, temperature
studies using the NV are becoming more relevant as shown by the recent attempt to
study the phonon-mediated hydrodynamic flow in WTe, with NV scanning magne-
tometry at temperatures between 5 and 90 K [123], as well as other work at various
other temperatures [94-97, 124, 125]. For experiments spanning a broad temperature
range, understanding the transition of the excited state energy level structure is cru-
cial for leveraging the full potential of the Nitrogen-Vacancy center and extending its
use beyond the current scope.

In this chapter, we present a systematic experimental study of the photolumines-
cence intensity of single Nitrogen-Vacancy centers, as a function of both magnetic field
and temperature in the range of 7' = 2 — 300 K, that offers a concise and complete pic-
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ture of the NV’s temperature dependent photophysics. The interest of the community
in this topic is reflected by the recent and complementary work in Refs. [126-128].

Using the methodology presented in Chapter 3, we systematically explore the tran-
sition of the ES level structure from the cryostat base temperature (T ~ 2K) to
ambient temperature (T = 300 K) for two NVs with different effective strain. In both
cases, we track the emergence of the resulting high-temperature ES level structure.

We also develop a model, analogous to the one in Chapter 3, based on a Lind-
blad master equation, taking into account the explicit effect of two-phonon mixing
processes on the excited state orbitals. This enables us to reproduce the experi-
mental data and extract key parameters of the temperature-dependent evolution. In
particular, we investigate the strain-dependent temperature evolution of the photo-
luminescence at the magnetic field position of 50.5mT corresponding to the room
temperature excited state anticrossing (RT-ESLAC).

Finally, we discuss the implications of our findings for quantum information pro-
cessing and quantum sensing using NV centers, identifying the challenges posed by
certain temperature regimes. We then provide recommendations on how to best em-
ploy the NV to achieve optimal performance.

The presented results have been published in Happacher et al. (2023) [43].

4.1. Temperature dependent photoluminescence
measurements

Before we discuss our measurements, we provide a brief introduction to the experi-
mental setup and the samples under investigation. A more detailed description can
be found in the respective Appendices A.3.2 and A .4.2.

We perform our experiments on two representative single NV centers in a variable-
temperature closed-cycle cryostat equipped with a confocal microscope. The NV cen-
ters, NV #1 and #2, are each located in a diamond photonic structure, a few microns
from the surface. The first diamond, containing NV #1, is a [100]-oriented, electronic
grade diamond from FElement Siz and the second diamond, containing NV #2, is a
[111]-oriented, custom-grown diamond [110]. The photonic structures are microscopic
diamond solid immersion lenses (SILs) created by focused ion beam (FIB) milling and
significantly increase the photon collection efficiency [129]. The in-house fabrication
process of SILs is described in Appendix A.4.1. In the experiments, the NVs are
excited with green laser light (A = 532nm) under conditions of continuous optical
excitation close to saturation.

The two NVs differ in the magnitude of their ES strain splitting parameter §,
which is §; = 1.685 £ 0.003 GHz for NV #1 and 6, = 75 + 2 GHz for NV #2. Thus,
the strain splitting for NV #1 is comparable to the NV ES fine-structure splittings,
which are < 5 GHz [10] and much larger for NV #2. These strain values are extracted
through a model-fit to the NV PL Ipp,(Bny) at T = 2K, as described in Chapter 3.

In Figure 4.1a, we show a simplified level diagram of NV~ with the allowed transi-
tions. For the excited state, we show the well-understood cases of low and room tem-
perature, which differ in their orbital structure. At low temperatures, the ES is an or-
bital doublet which at room temperature is effectively reduced by orbital averaging [40]
to a single orbital with spin 1. Its states of magnetic quantum numbers my, = +1 are
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Figure 4.1.: (a) NV level structure for optical spin pumping and spin readout with
the excited state manifold for low temperatures (top panel) as an orbital doublet,
and room temperature as an orbital-averaged singlet (middle panel). Additionally,
the metastable spin singlet and ground state are also shown, which are applicable
for both regimes (bottom panel). (b) The excited state manifold for an NV spin
at T = 2K with relatively low strain 6; = 1.685 + 0.003 GHz (top panel) and the
corresponding experimental NV PL Ipy, as a function of applied magnetic field Bnv
(orange) and fit (grey). (c) Same as in (b) but for T = 300 K, for the same low strain
NV. Note that the drop in NV PL occurring at Byy =~ 100mT corresponds to the
ground state level anticrossing (GSLAC).

split from the m4 = 0 state by a zero-field splitting of DFS/h = 1.42 GHz[39, 40, 81]
as we discussed in Section 2.4.

This experimental study is an extension of the results presented in Chapter 3 that
reveal key fingerprints of the NV’s cryogenic ES level structure through dips in NV
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photoluminescence, Ipr,, that occur at specific magnetic fields, Bnv, applied along the
NV quantisation axis. These dips are the result of ES level anticrossings (ESLACSs)
between levels of different spin states that cause an increased intersystem crossing into
the dark singlet states and therefore a drop in Ipy,. This process is illustrated in the
data presented in Figure 4.1b that shows the measurement of photoluminescence as
a function of magnetic field at T'= 2K for NV #1, which has a relatively low strain-
induced E,-E, level splitting. At low temperature, we can identify the multiple-level
anticrossings in the excited state, which lead to a reduction in the photoluminescence
Ipr,. At room temperature, we present the same in Figure 4.1¢, which shows only one
single level anticrossing in the excited state at Byy = 50.5 mT, which we identify as
the RT-ESLAC (see Section 2.4). The additional reduction at Byy = 102.4mT for
both temperature regimes originates from the well-understood GS level anticrossing
(GSLAC) [111, 130] (see Section 2.3).

So far, only these well-known extreme cases at cryogenic and ambient temperatures
have been studied in detail. In the following, we exploit the methodology presented
above and in Chapter 3 to explore the transition of the ES level structure from cryostat
base temperature (T' ~ 2K) to ambient (T' ~ 300K) and track the emergence of the
resulting high-temperature ES level structure.

We record the photoluminescence Ipr,, while sweeping the magnetic field along the
NV axis Bny, at each temperature 7. The experiment is challenging since the mea-
surement relies on an absolute value of Ipy,, which requires stable optical excitation
power and polarization. During the measurement series, we experience laser fluc-
tuations which introduce significant noise to the measurement and are particularly
prevalent for the low-strain measurement series (NV #1). Therefore, we perform a
normalization to mitigate the effect of these slow fluctuations of Ipy,, which we at-
tribute to drifts in experimental parameters over the course of our experiment. For
the normalization, we first fit the model described below in Equation (4.1) as well as
in Appendix A.2 to the raw Ipr,(T) data as shown in Figures 4.2a and 4.3a. The fit
yields key model parameters (see Appendix A.6 for details) and shows qualitatively
good agreement, with deviations occurring at temperatures where signal drifts were
dominant. For each temperature we use the model-prediction for Ipr,(Bnvy) at our
maximal experimentally available magnetic field Byy = 800 mT, where Ipy, shows the
least variations with temperature, to normalise the corresponding dataset Ipy,(Bnv ).
In Appendix A.6, we show the raw Ipy, data for both studied NVs, which shows qual-
itative agreement with the data (see Figures A.15 and A.16). We also describe the
normalization procedure in more detail there.

For the low-strain NV #1, we present the normalized Ipr,(Bnv,T) data in Fig-
ure 4.2a. At T' = 2K, the NV level structure of NV #1 results in four sharp Ipy, dips,
which arise from ESLACs occurring both within and between the orbital branches
E, and E, as shown in Figure 4.1b. With increasing temperature, these ESLAC
dips broaden and reach a maximal width at T' ~ 60 K, where they span almost the
entire magnetic field range accessible in our experiment. Qualitatively, this broad-
ening is well-described by the T® scaling expected from two-phonon orbital mixing
processes [40] and depicted with a dotted line in Figure 4.2a.

Remarkably, upon further increasing the temperature, the strongly broadened ES-
LAC dips disappear, and between T" ~ 70 — 150K, the only discernible feature is
the narrow dip located at Byxy = 102.4mT corresponding to the GSLAC. Only at
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Figure 4.2.: (a) Experimental data of photoluminescence (PL) intensity Ipy, of a sin-
gle NV center (NV #1) with “low” strain (6, = 1.685 £ 0.003 GHz) as a function of
temperature T" and magnetic field Byy applied along the NV symmetry axis. Ipr,
data are normalized as described in the text and appendix. The dotted line is a guide
to the eye for T°, scaled to follow the half-width contour of the Ipy, dip. (b) Model
prediction of Ipr,(Bny,T). The rate I'xy is extracted from fits to NV #2 data as
illustrated in Figure 4.3c. All other NV transition rates are taken from literature (see
Appendix A.6). The dip in Ipp, occurring at By = 100mT across all temperatures
corresponds to the ground-state level anticrossing (GSLAC). (¢) Raw Ipy,(T') data ob-
tained at Byy = 0mT, together with a model prediction using the extracted phonon
coupling from NV #2 data. Note the different position of the minima in Ipr, (7)) for
the NV #1 (orange) and NV #2 (purple). (d) Excited state level structure for NV #1.

significantly higher temperatures 7' ~ 150 K, the single, sharp dip at Bxyy = 50.5mT
appears, which corresponds to the NV’s well-known RT-ESLAC illustrated in the
level structure of Figure 4.1c.

We repeat the same experiment on the high-strain NV #2. The normalized data is
shown in Figure 4.3a. Compared to our findings on NV #1, we find several differences
in the evolution of Ipr,(Bnv) with temperature. At T = 2K, the high-strain level
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Figure 4.3.: (a) Experimental data of photoluminescence (PL) intensity Ip, from
another single NV center (NV #2) with “high” strain (6, = 75+2 GHz) as a function
of temperature T' and magnetic field Byv applied along the NV symmetry axis same
as in Figure 4.2a. (b) Model prediction as in Figure 4.2b, here for the “high” strain
case. The rate I'xy is extracted from fits to data as illustrated in panel (c). All
rates in the model remain identical to Figure 4.2b. (¢) Raw Ipp(T") data obtained at
Bnv = 0mT, together with the fit of the model to the raw data and the position of
the minima in Ipp,(T) for both NVs. (d) Excited state level structure for NV #2.

structure of NV #2 results in only two dips in photoluminescence, each corresponding
to ESLACSs occurring within one of the orbital branches as described in Chapter 3. For
a high strain, splitting the ESLACs occurring between states from different orbitals
are located outside our magnetic field range. These two visible ESLAC dips also
show a broadening o T° indicated by the dotted line in Figure 4.3a, and merge into a
single, broad Ipr, dip extending over the whole accessible range in Byy for T =~ 50K, a
slightly lower temperature than for NV #1. Upon further increasing the temperature,
the strongly broadened ESLAC dips also disappear, and, starting from 7" ~ 60 K, they
are replaced by the RT-ESLAC dip discussed earlier.

32



4.2. Lindblad master equation model 33

4.2. Lindblad master equation model

To obtain a full understanding of our data, we develop a quantitative model to describe
the NV population dynamics as a function of Byy and T, that explicitly takes into
account the full, low-temperature ES NV level structure[10, 46] and temperature
dependent, phonon-induced relaxation processes between the involved ESs. To this
end, we determine the dynamics of the NV density matrix p through the Lindblad
master equation

d i 1
70 =3[0, Hxv]+ ) LipLi = S{L L. p}, (4.1)
k

where Hyvy is the full NV Hamiltonian, and L are the relevant collapse operators.
The 10 x 10 density matrix p includes the states from the low temperature level
structure depicted in Figure 4.1a, specifically the three 3 A5 GSs, the six 3E ESs, and
a single state representing the singlet shelving states ' A, and E,. For Hyy, we employ
the well-established NV Hamiltonians for the ground and excited states [10, 46] which
are presented in Section 2.3. Full definitions and expressions for p and Hyv, as well
as details on the formalism, are given in Appendix A.2.5

The collapse operators Ly;y_,|;, = /I'i;j ) (i| describe transitions from states |i) to
|7) occurring at rates I';;. In the model, we consider two different types of transitions:
optical transitions as outlined in Appendix A.2.2 and orbital ones from the two-
phonon processes described in Appendix A.2.4. The temperature dependence of our
photoluminescence data is fully explained by considering the spin preserving, phonon-
induced couplings between the orbital branches E, and E, [40], that are described by
Lixysyy = VIxy(T)|Y) (X| and its inverse process. Here, |[X) and |Y') are state
vectors corresponding to the ES E, and E, manifolds.

In addition, we model optical excitation, spontaneous emission and intersystem
crossings with collapse operators between the corresponding orbital manifolds, at
rates that we obtain from the literature [36, 112] and keep constant. In the presence
of a magnetic field and strain, the effective rates change with the new eigenbasis of
the Hamiltonian — an effect naturally accounted for in our model through the master
equation. We note that temperature dependencies have only been reported for inter-
system crossing rates for T' < 20K [35], and in this regime have a negligible effect on
our findings as outlined in Chapter 3. In addition, the known temperature-dependent
singlet lifetime [131] is phenomenologically taken into account in our model. The ex-
pressions for all collapse operators are given in Appendix A.2.5. In Appendix A.6,
we also explicitly list the parameters used in the model. However, we find that our
main conclusions are insensitive to the exact rates employed; i.e., we obtain largely
identical results by using other values from the literature.

We model the behaviour of the photoluminescence as a function of magnetic field
and temperature Ipr,(Bnvy,T,d1 ) by numerically solving for the steady state of the
density matrix in Equation (4.1) using the effective strain value and magnetic mis-
alignment determined at low temperature. The photoluminescence is then propor-
tional to the total NV ES population for each value of Byy and T
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4.3. Electron-phonon coupling above cryogenic
temperatures

The developed model fully describes our data by taking into account phonon-induced
orbital averaging [40] with symmetric rates I'xy = I'yx. We consider a two-phonon
process from E and A; phonons, which couples the excited states and induces a
population transfer between the orbitals. The orbital transition rates are slow at
low temperatures and increase significantly with temperature. In Appendix A.2.4,
we present a detailed theoretical description of the electron-phonon interaction. The
quantitative nature of our model then allows us to determine the mixing rate I'xy
induced by the two-phonon processes from fits to the experimental data such as the
one presented in Figure 4.2c.

The resulting strain-dependent spin-conserving mixing rate between the excited
state orbitals is I'xy = apnl(we = 60meV,T,d,)T°, where ap, = 1.4 £+ 0.2Hz/K®
is the phonon-coupling strength and our actual fit parameter in the form of Equa-
tion (A.43). It combines both the coupling strength of F-symmetry phonons (ng) and
the coupling strength of A;-symmetry phonons (n4). I is the unitless integral over
the phonon mode energies with a dependence on the cutoff frequency w., temperature
T, and non-axial strain §, as defined in Appendix A.2.4. In the low strain case, I'xy
can also be written as I'xy = (1 4+ €(T,61)) - ynv - (0.91 +£0.13 - 1076 K=5) x T,
where € is a weakly temperature- and strain-dependent correction factor, with € < 1
for T ~ 10 — 100K and ynvy is the radiative recombination rate. This equation
shows clearly that at low temperatures the relaxation into the ground state ynv is
the dominant rate and is illustrated in Figure A.17.

We compare our results to other literature values that consider coupling with E-
symmetry phonons. Our value of gz = 150 + 18 MHz/meV? (see Equation (A.71))
agrees well with prior results [35, 40, 78], but is here obtained in a complementary way
that does not require complex, resonant laser spectroscopy. A detailed comparison of
literature electron-phonon coupling strengths is given in Table A.10. The results are
all in good agreement with each other and provide complementary insights into the
involved mechanism.

In our model, we do not consider one-phonon processes for orbital averaging [35],
since we do not recognize a significant effect of them on the temperature-dependent
photodynamics of our NVs. The one-phonon processes are only dominating the two-
phonon processes at low temperatures (I" < 10K) and only slightly bias the pop-
ulation towards the orbital with the lower energy in the ES[79], an effect almost
indistinguishable from selective excitation by a specific laser polarization (see Chap-
ter 3).

4.4. Temperature evolution of the NV~
photoluminescence
In Figures 4.2b and 4.3b, we present the results from the model, which show remark-

able qualitative and quantitative agreement with our data, both for the high-strain
and low-strain cases. The onset of the broad quenching area and the emergence of the
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RT-ESLAC are quantitatively reproduced in both cases, including the marked differ-
ence in the respective onset temperatures. The simulation utilizes the magnetic field
misalignment to the NV axis as measured at low temperatures, which may change
slightly over the course of the experiment as the temperature increases. We attribute
some differences between the model and the data to small variations in this alignment.

Our modeling results offer an intuitive way to understand our experimental find-
ings and the evolution of the ESLAC-induced reduction in photoluminescence, Ipy,,
with temperature. At low temperatures, 7' < 10K, the photoluminescence Ipy,(Bnv)
away from the ESLACsS is unaffected by orbital averaging and only starts to decrease
once I'xy =~ yny, where ynv is the NV’s radiative recombination rate. With in-
creasing temperature, the ES levels and, therefore, the ESLACs start to broaden due
to orbital mixing at a rate I'xy, which is proportional to 7°. The recovery of the
photoluminescence Ipy,(Bnv) at T 2 60K in the high strain case, and at slightly
higher temperatures in the low strain case, can then be understood as a process akin
to motional narrowing in nuclear magnetic resonance [132]. Once I'xy exceeds AL, —
the rate of spin-mixing in the NV’s ES — jumps between orbital states will stop, effec-
tively suppressing ES spin mixing processes (see Appendix A.6). Since the reduction
of Ipy, results from ESLAC-induced spin-mixing and subsequent shelving into the NV
singlet states, Ipr, will recover once I'yy > AL. After this point in temperature,
Ipr,(Bnv) is governed by the effective, RT ES level structure (Figure 4.1¢) and shows
the well-known RT-ESLAC. This regime is well described by our model but can alter-
natively also be derived by taking the partial trace of the excited state Hamiltonian
Hes + Ves over the orbital degrees of freedom (see Ref. [79]). For lower effective strain
values, the relative energy differences play a more pronounced role, but the described
mechanism remains the same. This transition is evident in the simulations displayed
in Figure A.18, which shows the photoluminescence as a function of magnetic field
and effective strain at selected temperatures.

Our model and data also yield the unexpected observation that the appearance of
the RT-ESLAC has a strong strain dependence. The data in Figures 4.4a and b illus-
trate this and show how the RT-ESLAC appears much later in the magnetic field for
the low-strain NV #1, compared to the high-strain NV #2. To further support this
observation, we extract from our model the contribution to Ip, originating from the
RT-ESLAC alone using a method described in Appendix A.6. We present the result-
ing model prediction for the relative change in Ipy, (7,9, ), evaluated at the magnetic
field of the RT-ESLAC Byny = 50.5mT, in Figure 4.4c. The simulations clearly
demonstrate that the emergence of the RT-ESLAC depends heavily on strain, as the
low-temperature energy configuration alters the effect of orbital averaging on the pho-
toluminescence. The onset temperature of the RT-ESLAC also depends strongly on
the magnetic field misalignment 6 and shifts to lower temperatures as the magnetic
field misalignment increases. Over the course of our experiment, small changes in the
magnetic field alignment can occur due to the presence of minute drift and hysteresis
in the magnet operation, which explains the slight discrepancy in the onset of the
RT-ESLAC, especially in the low-strain case.

The excited state ODMR is closely related to the effective room-temperature level
structure and the RT-ESLAC. While the temperature dependence of the ES ODMR
for low-strain N'Vs has been assessed in a prior study [39], its quantitative understand-
ing as presented here was missing thus far.
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Figure 4.4.: Appearance of the room-temperature excited state level anticrossing
(RT-ESLAC) for the NVs with low strain (a) and high strain (b). The data is off-
set for clarity. For the low-strain NV, the RT-ESLAC appears only at significantly
higher temperatures compared to the high-strain NV. (¢) Model prediction of the
relative change in Ipy, (7,0, ), evaluated at the RT-ESLAC field for a magnetic field
misalignment 5 = 0.6° (see text and Appendix A.2). Dash lines mark the position
of RT-ESLAC contrast isolines for 5 = 0.6° in black, with misalignment increments
of +£0.1° in grey.
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4.5. Implications for NV-based applications

As shown in Section 3.5, a reduction in photoluminescence Ipy, directly relates to
a reduction in optical spin readout contrast C of the optically detected magnetic
resonance [49]. Even though we did not explicitly measure this contrast during the
temperature-dependent measurements, our simulations of NV #1 and NV #2 spin
contrast, as seen in Figure 4.5, show the same qualitative behaviour in temperature
as Ipy,. This shows that spin initialization as well as spin readout from traditional
readout techniques [69] are affected by the phonon induced spin relaxation process
over a large temperature range.
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Figure 4.5.: (a) Simulated ODMR contrast C for NV #1 exhibiting low effective
strain for microwave driving between [2) (*A9) and |3) (*A; ') with a Rabi time of
100 ns using the parameter extracted from the fits (see Appendix A.6). (b) Same for
NV #2 exhibiting elevated effective strain. The areas of reduced spin readout contrast
C of the optically detected magnetic resonance correspond to the areas of reduced
photoluminescence Ip;. The broad quenching effect at intermediate temperatures
extends to very high magnetic fields, significantly higher than our accessible range.

This combined reduction in Ipy, and C severely affects the NV’s magnetic field
sensitivity 7 as defined in Equation (3.3). Compared to typical sensitivity values at
zero field at room temperature, n drops by almost an order of magnitude in areas of
extended excited state mixing. Therefore, our study of the photoluminescence allows
us to assess the performance of the NV~ as a sensor, highlighting the implications for
measurements at intermediate temperatures.

At low temperatures, it is generally possible to avoid regions of excited state mixing
by applying a bias magnetic field along the NV axis, thereby recovering PL and spin
readout contrast. However, the mixing induced by phonons poses different challenges.
The extended area of quenched PL for intermediate temperature (25K < T < 100K)
as seen in Figure 4.5 cannot be avoided in moderate magnetic fields and severely
impairs the NV sensing performance in this regime with a magnetic field sensitivity
7 up to more than a magnitude worse compared to its optimal value. The effect
extends to very high magnetic fields, significantly higher than our accessible range,
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and therefore, a bias magnetic field is not feasible for the majority of experimental
setups. The effects can be slightly confined to a smaller region in temperature and
magnetic field by the use of high-strain NVs, which, however, may not be practicable
for certain experiments.

Generally, the reduced sensitivity of the NV needs to be considered when using
the NV at intermediate temperatures, as it affects the feasibility of experiments that
would otherwise be possible with NV magnetometry.

4.6. Summary and outlook

In conclusion, we have presented a comprehensive study of the magnetic field and
temperature dependence of the photoluminescence emission rates of individual neg-
atively charged Nitrogen-Vacancy centers in the limits of both low and high strain.
We build on our work from Chapter 3 and bridge the gap between the already known
NV center models at low- and room temperatures. Our work presents a comprehen-
sive picture and a quantitative model of the temperature-induced orbital averaging
process that was previously missing. We demonstrated that mixing in the excited
state through a two-phonon process fully accounts for the previously unexplained NV
PL quenching around T ~ 50 K and, through a process akin to motional narrowing,
also at the subsequent revival of NV PL at higher temperatures. We thereby comple-
ment past research on orbital averaging in the NV ES, allowing for deeper insight and
the emergence of an effective, room-temperature ES level structure, as well as the
strain dependence of the temperature onset of the room-temperature excited state
anticrossing. In addition to providing fundamental insights into the photophysical
properties of NV centers, our results are also relevant to applications of NV centers in
quantum sensing and quantum information processing, as they predict the most sen-
sitive regions of operation in the parameter space of magnetic field and temperature.
Specifically, our experimental data and accompanying theory enable the identification
of conditions away from ESLACs and broad mixing regions, where optical spin ini-
tialization and readout are most effective. This is particularly important for sensing
applications that utilize NV centers operating in intermediate temperature regimes.

Our results also have implications beyond the field of NV centers in diamond. The
presented methodology is applicable to other emitters and multi-level quantum sys-
tems. In particular, the approach presented here applies to any color center where
LACs and spin-dependent dark states can be detected through ODMR. It offers a
highly valuable tool to better understand the internal dynamics of other optical plat-
forms and their photophysics. This includes, for example, SiV centers in SiC [133] or
the charge-neutral SiV center in diamond [134], where our method is expected to shed
new light on unknown ES structures, orbital averaging, or the still poorly understood
temperature dependencies in SiV® PL [135].
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5. Towards ultra-low temperature
sensing with single NV centers

The Nitrogen-Vacancy center is used in various sensing applications (see Section 2.5).
One of the most prominent and mature use cases is scanning NV magnetome-
try [18, 23, 75, 101, 136, 137] which has emerged as a robust and leading technique for
the imaging of mesoscopic magnetic phenomena with high magnetic field sensitivity
and nanoscale spatial resolution. NV magnetometry is based on the magnetic field
dependence of the ms; = 41 spin sublevels of the NV~ ground state, which in the
presence of a magnetic field applied along the NV axis Bny split due to the Zeeman
effect [18]. The Zeeman splitting between those two states can be probed by ODMR
using a microwave (MW) driving field from a near-field coupling device in proximity
to a single NV center to manipulate its electron spin. This technique offers mag-
netic field sensitivities of a few pT/v/Hz[93] which can be improved to a few tens of
nT/v/Hz[24] by coherent spin manipulation and dynamical decoupling [138].

In scanning NV magnetometry, the NV center, created by ion implantation and
subsequent annealing [139, 140], is located in an all-diamond scanning probe [24, 37,
141], a few tens of nanometers from the nanopillar surface. The scanning probe
itself is mounted onto a tuning fork, which is part of an atomic force microscope
(AFM) [24, 141], to precisely control the tip-to-sample distance (see Appendix A.3.5).
By raster-scanning the diamond probe over a sample, a nanoscale magnetic image can
be recorded. The spatial resolution of this technique is predominantly determined by
the NV-to-sample distance dyv, with typical values of dyy < 80nm. The proximity
of the NV sensor to the sample[24] together with the photonic properties of the
scanning probe, maximizes the magnetic field sensitivity [22], making scanning NV
magnetometry a powerful approach for visualizing nanoscale magnetic features.

Thanks to the robustness of NV spin optical initialization and readout across a
wide range of conditions, scanning NV magnetometry can be performed from room
temperature down to low temperatures, within the constraints discussed in Chap-
ters 3 and 4. While scanning NV magnetometry below 1K has been demonstrated,
performing it is not yet routinely achieved, with only one experiment reported at
350 mK [142]. Achieving such measurements is mainly limited by technical challenges,
including minimizing heat load and ensuring effective thermalization, both essential
for maintaining ultra-low temperatures. The charge instability of near-surface NVs
further complicates operation under vacuum and cryogenic conditions.

Although all-optical magnetometry with NVs is possible [143], its implementation
is highly complex and has so far been limited to proof-of-concept demonstrations.
Current NV magnetometry implementations instead rely on relatively high-power
microwaves for efficient spin driving, which constitute the primary source of heating
in these experiments. This poses a major challenge in ultra-low-temperature sys-
tems [144], where the total cooling power is typically below 1 mW. Under such condi-
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tions, achieving efficient coupling between the driving field and the NV spin requires
excellent thermalization and carefully optimized, low-heat measurement techniques.
Moreover, cryogenic setups are further constrained by the limited available space.

Near-surface NVs are necessary for high sensitivity, nanoscale sensing, but suffer
charge instabilities [145-150]. Shallow NVs created by ion implantation, the most
common method to obtain near-surface NVs, exhibit higher ionization and recom-
bination rates compared to NVs in bulk diamond [147], and their charge stability is
strongly dependent on the chemical composition of the surface [145]. Even though NV
scanning magnetometry is routinely used at low temperatures [26, 29], the charge sta-
bility of near-surface NVs is further reduced in cryogenic and vacuum environments.
Consequently, the measurement time available is also considerably shortened.

To investigate emerging quantum phenomena of strongly correlated electron sys-
tems at temperatures around 100mK and below, we are implementing scanning
NV magnetometry in a closed-cycle dilution refrigeration system described in Ap-
pendix A.3.1. In the following sections, we present our work addressing the challenges
of implementing ultra-low-temperature scanning NV magnetometry and outline the
future use of such an instrument.

In Section 5.1, we discuss the challenges of efficient microwave driving in scanning
systems at low and ultra-low temperatures, constrained by limited cooling power and
poor thermalization (see Appendix A.3.4). We review existing approaches to probe
attachment and microwave driving in scanning NV magnetometry, highlighting their
limitations for ultra-low-temperature operation.

In Section 5.2, we present a novel scanning probe device with integrated MW de-
livery for scanning NV magnetometry, which addresses these limitations. We demon-
strate and analyze its mechanical and electrical characteristics as well as its perfor-
mance for coherent spin manipulation.

In Section 5.3, we investigate how operating this integrated device affects the tem-
perature of the NV center and the sample under cryogenic conditions, by using the
temperature dependence of the NV~ photoluminescence reported in Chapter 4.

We also performed scanning NV magnetometry experiments with the integrated
MW delivery device at cryogenic temperatures, which are presented in Section 5.4.
We also show that this device can deliver magnetic field pulses capable of switching
the magnetization of a CoFeB thin film.

Furthermore, we discuss the charge instability of near-surface NV centers in nanos-
tructures in Section 5.5. We report on the NV~to NV charge state transition observed
in our cryostat, propose a possible mechanism for the accelerated change, and test
mitigation strategies relevant to low-temperature scanning NV magnetometry.

Finally, in Section 5.6, we summarize the progress toward implementing an ultra-
low-temperature scanning NV magnetometer and map out the steps needed to fully
realize its potential. We discuss improvements to the integrated coupling device and
outline possible upgrades relevant to scanning NV magnetometry and other scan-
ning probe techniques. In addition, we present an alternative approach to ultra-low-
temperature magnetic field sensing based on the Silicon-Vacancy center, which avoids
the challenges associated with the charge instability of near-surface NVs and the need
for microwave driving. In addition, we highlight prospective applications in condensed
matter physics, particularly for investigating material systems at around 100 mK.

The results presented here will be published in Happacher et al. [44].
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5.1. Microwave driving in scanning NV magnetic
imaging

Scanning NV magnetometry experiments require both an NV sensor with excellent
spin properties and the ability to manipulate this spin effectively and reliably using
MWs. In the following, we describe existing methods for attaching a diamond probe
to an atomic force microscope assembly using a dedicated support structure and
review state-of-the-art approaches for microwave delivery. We discuss their advantages
and disadvantages, and evaluate their appropriateness for ultra-low-temperature NV
scanning experiments.

The diamond probe typically consists of a tapered nanopillar on a platelet 3-30 pm
in size, with the nanopillar height ranging from 2-10 pm [37, 141]. A support struc-
ture connects this diamond probe to the AFM assembly, which controls the distance
between the apex of the probe and the sample during scanning. Such support struc-
ture can take different forms and be made of various materials, such as an etched
silicon piece [151] or a tapered quartz rod [141, 152]. Its geometry and fixing point are
designed to maintain free optical access to the nanopillar, which acts as a photonic
structure. The diamond probe is typically first attached to the support structure,
which is then mounted on the AFM tuning fork. This assembly process generally
achieves an angular misalignment between the probe and the sample of less than two
degrees. However, these support structures also present some drawbacks. The probe
is fixed only on one side of the diamond platelet, creating a lever and potential break-
ing point. During cooldown, vibrations from phase transitions in the cryostat, such
as that of nitrogen at 77K, can also cause the probe to detach.

Efficient spin manipulation requires the MW driving field to be applied in close
proximity to the NV center. Additionally, the coupling device should provide broad-
band transmission with minimal frequency-dependent attenuation, enabling a wide
detectable magnetic field range in ODMR, measurements. Various microwave delivery
approaches have been developed for scanning NV magnetometry.

At room temperature, small bond-wire loops with independently adjustable posi-
tioning are commonly used to achieve stable and efficient microwave driving of the
NV spin during scanning [103, 151, 152]. This approach offers the advantage of main-
taining a fixed, close distance to the NV center while remaining relatively far from
the sample, thereby reducing unwanted sample heating. It has, however, several dis-
advantages. The shape of the wire loop varies between implementations, resulting in
significant differences in microwave coupling strength and the inhomogeneity of the
radiated field. At high powers, thermally induced movements of the loop can lead
to changes in the distance between the loop and the NV center, causing fluctuations
in coupling efficiency. Positioning the antenna in situ is cumbersome because fine
adjustments of the distance to the scanning probe can lead to catastrophic failures,
resulting in damage or loss of the diamond scanning probe and sample.

For measurements in cryogenic environments and under applied magnetic fields, the
entire setup must fit inside a small-bore superconducting magnet, requiring compact
microwave delivery solutions. Bond wires, typically 30 um in diameter and placed
close to the sample [26, 153, 154], are a commonly used solution. However, they suf-
fer from poor impedance matching and high power dissipation, leading to an uneven
distribution of microwave radiation [155, 156]. Lithographically defined structures
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on the sample range from planar striplines [157-159] and rings [156, 160-163] to res-
onators [164-171]. These structures exhibit good impedance matching and improved
transmission compared to bond wires, and are also widely used for low-temperature
NV magnetometry. However, omega and other resonator designs often have lim-
ited bandwidth and are therefore less suitable for scanning experiments that require
operation over a wide frequency range. Another limitation of these approaches is
that only areas close to the microwave line (typically within 100 pm) can be probed
with high magnetic sensitivity. Additionally, variations in the distance between the
wire and the NV center during scanning result in changes in the microwave inten-
sity. These variations degrade the sensitivity of continuous-wave (CW) scanning NV
magnetometry and pose practical constraints and drawbacks for pulsed sensing tech-
niques [22, 32], and emerging quantum sensing modalities building on coherent spin
manipulation [172].

An attractive alternative to the methods described above is to have the microwave
delivery system fixed to the positioning stack of the scanning probe, enabling more
stable and efficient coupling across the entire scanning range of the sensor. So far,
efforts to integrate such near-field coupling devices on the scanning probe holder have
involved bonding a wire between electrical contacts located away from the NV and
manually bending it into position [152, 173]. In Figure 5.1 we show our implementa-
tion of such a device and its performance. A gold bond wire, shaped into a loop, is
positioned around the diamond scanning probe in a way that ensures that the probe
is the lowest point of the assembly. The close proximity of the wire to the NV center
generally results in a strong coupling, with recorded m-pulse times as short as 18.5ns.
Although this implementation provides strong microwave coupling to the NV center,
it suffers from complex fabrication and poor reproducibility. Manipulating the wire
under an optical stereo microscope is difficult to replicate, making batch production
impractical. Variations in antenna shape and distance to the NV lead to inconsistent
coupling strengths. Multiple devices have shown widely differing Rabi times, with
variations exceeding 100 ns at the same power. In addition, because the wire is not
mechanically integrated with the support structure, thermally induced motion at high
microwave powers remains problematic [152].

In summary, current microwave delivery methods for scanning NV magnetometry
suffer from significant limitations that constrain both the sensitivity and versatility
of the technique, particularly under low-temperature conditions. Moreover, these
approaches often lack reproducibility, making it difficult to achieve consistent per-
formance across experiments. A solution integrating the microwave delivery circuitry
into the scanning probe assembly would overcome many of these limitations. This ap-
proach would provide several key advantages, including more stable microwave driving
during scanning, reduced power requirements, and simplified experimental design. An
example of this idea is illustrated in Ref. [173], where a planar MW loop is patterned
directly on top of the diamond probe. Lithographic fabrication of microwave struc-
tures directly on the diamond scanning probe or its support is, however, extremely
challenging due to the small feature sizes and the requirement for three-dimensional
patterning. Another major difficulty lies in reliably establishing electrical contacts
to such microscopic structures. These challenges have so far prevented the develop-
ment of reproducible solutions that go beyond manually assembled bond wires [152]
or side-mounted microwave lines [174].
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Figure 5.1.: Hand-made wire loop for efficient NV spin driving. (a) and (b) Diamond
scanning probe, containing a single NV center, attached to a quartz tuning fork via a
quartz capillary (see Appendix A.3.5). A thin gold wire (30 um) is bent into a loop,
and both ends are inserted into a tapered quartz theta tubing where the wires are
electrically separated through the septum. The wire loop is positioned around the
diamond probe under an optical microscope and held in place with glue. The wire is
then carefully bent into shape with tweezers. The close proximity of the wire to the
NV results in a strong MW coupling. (c) Rabi experiment with NV spin driving via
the wire loop, resulting in a m-pulse of 18.5ns for 0 dBm. An additional amplifier with
a gain of 40dB was used. (d) m-times for various MW powers for the same device.

5.2. Efficient spin manipulation with an integrated
coupling device

Considering the limitations of existing methods, we propose a novel approach to an all-
integrated sensor that further enhances scanning NV magnetic imaging, particularly
at low temperatures. We developed a near-field microwave coupling device directly
integrated into the support structure that holds the diamond probe, and which can
be reproducibly fabricated in just a few steps.
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Design and fabrication

The key innovation of our device is a gold microwave delivery line integrated directly
onto the robust, monolithic tip-holding structure, which is mounted on the tuning fork
(TF) force sensor. The rigid design and close proximity of the line to the diamond
probe are intended to ensure stable and strong coupling to the NV center during
scanning. The design of the probe is shown in Figure 5.2.

The fabrication of this microwave delivery and support structure involves only
two steps, ensuring high reproducibility. First, the structure is manufactured using
laser-enhanced etching of fused silica similar to Ref. [175]. This subtractive technique
produces the required three-dimensional structure with feature dimensions ranging
from millimeters to a few microns. Second, a directional metal evaporation of an
Au layer (450nm to 1.4pm thick) on the top-surface of the structure forms the MW
transmission line. The silica structure features a few pm deep groove with undercuts
as seen in the cross-section of Figure 5.2b, that runs along the center of the structure
and extends to a through-hole. This undercut electrically isolates both sides of the
MW line, forming a coplanar MW line that extends from the TF base to the scanning
tip. The groove depth determines the maximum metal layer thickness, as it prevents
exposure of the sidewalls during the evaporation process. The dimensions of the
electrical leads are optimized to achieve maximum impedance matching within the
spatial constraints of the tuning fork. At the front, the device narrows and slopes
down to form a micrometer-sized loop around a tapered 12 pm wide through-hole, as
seen in Figure 5.2b. The diameter of this hole, or more precisely, the width of the slit,
is about 12 pm. The thickness of the probe end is about 18 pm from the top side to
the bottom side, and its width is about 60 pum. The conical inner walls of the through-
hole enhance optical collection from a typical diamond pillar (NA < 0.55) [37] and
bring the microwave lines closer to the NV center. The loop geometry concentrates
the microwave field at its center, further increasing the driving efficiency.

In the final assembly, which is compatible with low temperatures, high magnetic
fields, and vacuum environments, the device is fixed on top of the quartz tuning fork,
which is soldered to a printed circuit board (PCB) as described in Appendix A.3.5.
The PCB, as shown in Figure 5.2¢, includes electrical connections for excitation and
readout of the tuning fork, along with two mSMP microwave connectors and corre-
sponding coplanar lines leading to the wedge-shaped termination pads of the device.
The device is fixed to the front and base of the TF prong using a UV-curable adhesive.
This design avoids rigid attachments in regions of high mechanical stress along the
tuning fork [176], preventing degradation of its mechanical properties and preserving
optimal atomic force microscopy performance.

A micro-manipulator is used to position the diamond scanning probe at the center
beneath the silica loop, where it is secured with UV-curable adhesive. No change in
optical count rates is observed before and after mounting, confirming that the device
maintains unobstructed optical access and that the conical through-hole effectively
accommodates the numerical aperture of the diamond nanopillars. Back focal plane
images further confirm that the full optical field is preserved. The NV center can be
easily aligned in the optical focus of the confocal microscope, thanks to the clearly
visible support structure. The distance between the NV center and the microwave
line is below 10 pm and is primarily determined by the dimensions of the diamond
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Figure 5.2.: (a) Optical image of the scanning probe assembly. The device is mounted
on a tuning fork and soldered to coplanar waveguides on a ceramic PCB. (b) Scanning
Electron Microscope image of a diamond scanning probe (blue) attached to the front
of the device. The device consists of a SiOs support structure with a gold top layer.
The cross-section in the upper panel shows that both sides of the transmission line
are separated by a groove with undercuts. For optimal MW coupling to the diamond
scanning probe, the gold transmission line creates a loop around the position of the
NV center sensor. The lower panel shows that the slanted walls of the through-hole
provide unrestricted optical access for the NA of our diamond photonic waveguide.
(c) Optical image of the entire assembly with the tuning fork excitation and TF read-
out connectors at the back of the ceramic PCB, as well as the two mSMP microwave
connectors.

scanning probe. This close proximity is very difficult to achieve with any other MW
delivery solutions for NV scanning experiments.

The large, symmetrical contact area between the diamond probe and the support
structure enhances the mechanical robustness of the assembly, allowing it to with-
stand higher contact forces than previous designs [141, 151, 152]. It also minimizes
the risk of probe detachment during handling, cool-down, and scanning operations.
With this device, the breaking point under excessive force during AFM operation
occurs at the tapered nanopillar of the probe, rather than at the attachment point to
the support structure, as is the case in current implementations. The assembly con-
strains all degrees of freedom in positioning the diamond probe, minimizing the risk
of misalignment or tilt errors. The chosen geometry ensures that the lower surface of
the loop remains parallel to the sample plane once mounted. Another advantage of
this design is that the device is fully reusable. The diamond probe can be detached
by dissolving the adhesive in acetone and lifting it off with a micromanipulator. The
device can then be cleaned with solvent and dried in a critical point dryer to remove
any remaining liquid.
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In summary, the integrated NV-based magnetic field sensor streamlines scanning
experiments by removing the need for a separate microwave delivery system, enhanc-
ing coupling to the driving field, reducing fabrication and alignment complexity, and
minimizing the risk of probe loss during handling.

Mechanical and electrical characterization

We examine the mechanical, electrical, and microwave performance of the fabricated
devices. In Figure 5.3a, we show the frequency dependence of the TF mechanical
amplitude, under electrical excitation before and after mounting the device. All ten
tested devices have a very consistent behavior. Their mechanical quality factor is
reduced by roughly a factor of five compared to the bare tuning fork in ambient con-
ditions. Furthermore, the mass imbalance created by the device attachment produces
a splitting of the tuning fork’s mechanical modes. Despite a minor degradation, the
mechanical properties of this assembly remain sufficient for atomic force microscopy,
as demonstrated later.
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Figure 5.3.: (a) TF resonance curves in ambient conditions, before and after mounting
the device. The mass imbalance reduces the Q-factor by a factor of ~ 5 and leads
to mode-splitting. As outlined in Appendix A.3.5, the TF is excited electrically with
a peak voltage of 50mV. (b) Calculated MW transmission spectrum of the device
alone, as well as measured MW transmission spectra through the cryostat lines at
room temperature (RT) and low temperature (LT).

We characterize the frequency response of the devices using a vector network ana-
lyzer (ZNB 4, Rohde & Schwartz) to measure the scattering parameter (S-parameter)
in a 2-port transmission configuration. The Si5- and Soi-parameters specify the in-
sertion loss and are therefore measures of the MW power transmitted through the
device. Figure 5.3b shows the transmission characteristics of the MW delivery line
for a device at room temperature and low temperatures recorded through the MW
lines inside the cryostat. The transmission through the device alone is calculated
by deducting the transmission of the cables up to the PCB. The device exhibits a
direct current (DC) resistance slightly below 10€2, and its transmission decreases ex-
ponentially with increasing frequency. Based on simple geometrical considerations,
the electrical DC breakdown voltage, which eventually limits the current a device
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can carry, is estimated to be around 7V in air. During our experiments, we success-
fully applied DC currents of up to 100mA at 4 K without device failure, though this
current level caused noticeable thermal heating. Above 2 GHz, the faster decrease
in transmission and the oscillations are largely due to the thin 360 um MW cables,
solder joints, and the coplanar striplines on the ceramic PCB, rather than by intrinsic
properties of the device. Across all tested devices, the transmission characteristics are
nearly identical, and the small differences in magnitude above 2 GHz are attributed to
variations in their electrical connections to the PCB. The consistent electromagnetic
and mechanical characteristics observed across our devices are attributed to the high
precision and reproducibility of the fabrication process.

Coherent NV Spin Control

To assess the practical suitability of our device for quantum sensing, we demon-
strate coherent spin control of the scanning NV center at =~ 4.2K in a liquid helium
bath cryostat. This experiment directly evaluates how efficiently the microwave sig-
nal reaches and drives the NV spin, providing a more accurate measure of coupling
efficiency than the transmission curve shown in Figure 5.3b. We performed our exper-
iments in a bias magnetic field of =175 mT, to optimize the NV spin readout contrast
as explained in Chapter 3. All microwave power values reported refer to the power
measured at the entrance of the cryostat.
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Figure 5.4.: (a) Single NV ODMR spectrum as a function of MW power Pyiw at a
magnetic field of ~ 175 mT applied along the NV axis. At low power, the hyperfine
splitting of the NV is resolved. (b) Rabi oscillations as a function of Pyw under
resonant driving at 1.99 GHz. The line cut shows a Rabi frequency of 18.2 MHz.
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Figure 5.5.: (a) m-pulse length and Rabi frequency as a function of v/Pyw. The Rabi
frequency shows a linear dependence with a slope of 0.79 MHz/+/mW. The gray data
points show a comparison with an on-chip antenna patterned directly on the sample
and measured in the same experimental setup. (b) 3D rendering of the device and
MW driving field vector at the position of the NV center in the scanning probe apex,
derived from the coupling strengths of three differently oriented NV centers in the
same diamond probe. The MW magnetic field generated by the device lies close to
its symmetry plane and is tilted 66° towards its back.

First, we recorded a series of ODMR spectra for a single NV as a function of MW
power Pyw applied to the integrated MW delivery device, as shown in Figure 5.4a.
At low MW powers, where power broadening is negligible, the hyperfine structure of
the NV spin resonance is clearly resolved. The single spectrum shown in the upper
panel was recorded at a power of 6.8 dBm, which marks the onset of a clear power
broadening [177], and where the magnetic field sensitivity is nearly optimized [32]. In
this case, we calculate a DC magnetic field sensitivity of ~4 uT/ V/Hz, which is limited
by the intrinsic properties of the NV center under investigation and not the integrated
device. We continue by measuring Rabi oscillations under resonant MW driving at
a frequency of 1.99 GHz as a function of Pyrw as shown in Figure 5.4b. The Rabi
oscillations, with a frequency of 18.2 MHz, shown in the bottom panel of Figure 5.4b
were obtained at Pyw ~ 27dBm . We compare these results with those obtained
using an on-chip lithographed antenna, a commonly employed approach in scanning
NV magnetometry. Applying the same MW power results in significantly lower Rabi
frequencies of around 5 MHz. At the amplifier’s saturation power of 30 dBm (ZHL-
42W+, Mini-Circuits), Rabi frequencies of 25.3 MHz, corresponding to a w-pulse du-
ration of 19.8 ns can be reached with the integrated device. These measurements are
summarized in Figure 5.5a which shows the expected linear dependence of the Rabi
frequency on v/ Pyw and the w-pulse duration as a function of Py .

We extended these Rabi oscillation experiments to a device with a scanning probe
with three individual NV centers at the apex, each with a distinct crystallographic
orientation. From the Rabi frequencies measured for each of these NV centers, and
obtained under identical spin driving conditions, we were able to extract the corre-
sponding projections of the microwave magnetic field along each NV axis. From this
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information, we derived the orientation of the microwave magnetic field vector, By,
generated by the device. The resulting vector By is plotted in Figure 5.5b. It lies
close to the symmetry plane of the device and is tilted = 66° towards the back of the
device. This tilt is consistent with the asymmetry of the loop, which opens at the
back towards the TF. Importantly, this orientation of Byyw allows efficient driving
of all four NV axes in [100]-oriented diamond tips and, due to the observed field tilt,
can also drive NV centers in [111]-oriented tips [120].

5.3. Sample and NV sensor temperatures

Since we aim to use our nanoscale quantum sensor in cryogenic environments, where
precise control over sample temperatures is crucial, we investigate the thermal impact
of our integrated MW delivery device. The transmission measurement Figure 5.6a at
a frequency of around 2 GHz, shows a linear relationship between input and output
power with a slope of 0.98 dB and a constant power loss of approximately 7.5 dB. This
linear behavior in dB demonstrates that the device imposes a predictable and uniform
resistance, which is a typical characteristic of an attenuator. Minor discontinuities in
the data result from the differing sensitivity ranges of the signal analyzer used.

To quantify local heating effects, we use a thermometry method, based on the
studies in Chapter 4, which showed that the photophysics of the NV center is strongly
temperature-dependent due to orbital averaging effects, and results in a pronounced
broad dip in NV photoluminescence intensity at a temperature of ~ 50 K. Using our
established model, we can determine the temperature experienced by the NV center,
Tnv, under CW green illumination and as a function of Pyw at approximately 2 GHz.
We recorded the NV~ photoluminescence, at a magnetic field of 175 mT, for varying
MW powers as shown in Figure 5.6b. The constant thermal resistance established
from the data in Figure 5.6a, assigns a proportionality constant between Tyy and
MW power in mW. This allows us to fit the entire NV~ PL trace with this constant
as the main fit parameter to extract Txv at each value of Pyrwy.

We then plot Tnvy as a function of the square of the Rabi frequency and fit this data
with a linear dependence. The result is presented in Figure 5.6c, for both measured
CW (violet) and the estimated pulsed (purple) ODMR measurements. This estimate
is based on the average MW power applied in a pulsed ODMR experiment, using
duty cycles that optimize sensitivity for each value of Pyw [32]. From the linear fit,
we obtain a slope of 240 mK MHz 2 for CW at ~ 2 GHz.

We find that below 7.5dBm of applied MW power, the increase in Ty remains
below 1K over the cryostat base temperature. In pulsed ODMR experiments, even
with the maximum power we applied, the temperature increase is never expected
to go over 500 mK. The sample temperature, measured with a Cernox 1070 sensor
from Lakeshore mounted inside the sample holder, rose by no more than 1K above
the cryostat base temperature of 4.22 K, even at the highest applied CW microwave
powers, indicating very localized heating at the tip. While the exact temperature
profile between the diamond tip and the sample remains unknown, the NV temper-
ature provides an upper bound for the local temperature Tjoca; at the measurement
site. The sample temperatures recorded under typical scanning NV magnetometry
conditions indicate significantly lower sample heating with our device compared to
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Figure 5.6.: (a) Transmission measurement at 2 GHz showing a linear relationship
between MW input and output power with a near unity slope. This behavior is
characteristic of a classical attenuator. (b) NV~PL as a function of Pyw at ~ 2 GHz
and a magnetic field of 175mT. The evolution of NV™PL with MW power results
from orbital averaging due to an increase in temperature. The fit (black line) obtained
using the model presented in Chapter 4) gives the temperature of the NV center
Tnv. (¢) NV temperature Ty as a function of the squared Rabi frequency. Violet:
under continuous MW drive, as used in all experiments reported here. Purple: Tnvy
calculated from the duty cycle of the pulsed ODMR spin-control sequence. Note that
in all cases, Ty can be considered as an upper bound for the local temperature Tjocal
at the measurement site in the vicinity of the scanning probe.

our commonly used approach [29], where in the same setup, sample temperatures of
~7K were reached using an on-chip bond antenna. This improvement is a crucial step
towards ultra-low-temperature experiments on materials with low magnetic ordering
temperatures.
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5.4. Scanning NV magnetic imaging and local
manipulation at 4 K

We demonstrate the applicability of our device for scanning NV magnetometry by
imaging the stray magnetic field of a patterned Ta/CoFeB/MgO heterostructure
(in short CoFeB), which is a trilayer system with a 1nm CoFeB film in between
layers of Ta and MgO. This ferromagnetic sample exhibits well-understood mag-
netic properties, including an out-of-plane magnetization and a moderate coercive
field [102, 120, 136]. The simple geometry, consisting of micrometer-scale squares and
lines with a height of 50nm, is an ideal test structure for this purpose. An optical
image of the sample is shown in Figure 5.7a.
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Figure 5.7.: (a) Optical image of the patterned CoFeB sample. (b) In-contact AFM
image and topographic line cut across a thin-film CoFeB square. (¢) Corresponding
stray magnetic field map extracted from full-field CW ODMR measurements taken at
each point. The stray field profile shows good agreement with the reverse-propagation
protocol [178], yielding a tip-sample distance of 59.5nm and an out-of-plane magne-
tization of 0.77mA m~!.

Figure 5.7b shows a typical AFM map, along with a line cut, both recorded with
our device. The root mean square (RMS) roughness of the topography is 1.87 nm,
which is typical for scanning NV magnetometry measurements. Past experience with
scanning NV magnetometry has consistently shown detrimental cross-coupling be-
tween MW drive and AFM signals — a detrimental effect that we do not observe with
our present devices, even for MW frequency sweeps spanning more than 240 MHz.
In the experiment, we apply a bias magnetic field to split the two transitions of the
NV ground state, and use the transition between the |0) and |—1) states for mag-
netometry. At each point along the line scan, we record the ODMR spectrum by
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Figure 5.8.: (a) In-situ magnetic switching of CoFeB magnetization near its critical
transition point induced by a DC current stimulus applied to the scanning probe
MW line. Schematic sample hysteresis curve, illustrating fields for initialization (red
dot), imaging (green dots), and the current-induced switching process (blue arrow).
(b) and (c) Iso-B field maps obtained at Bimg = 70 mT before and after applying the
stimulus show the magnetization reversal.

driving the NV spin using the integrated near-field coupling device and continuously
applying microwave. For each ODMR spectrum, we extract a center frequency, which
is then used to calculate the magnetic field along the NV axis, Byy, at the position
of the NV. This corresponds to mapping the stray magnetic fields emerging from the
thin magnetic CoFeB film. Figure 5.7c shows the stray magnetic field component
along the NV axis, along with a line cut, that was recorded on a CoFeB square. The
magnetic stray field exhibits local minima and maxima along the edges where the
magnetization changes abruptly. From these data, we extract a sample magnetiza-
tion of 0.77mA m~!, which is fully consistent with previous reports [136], using the
usual fitting approach and deconvolution of sample topography. Furthermore, the fit
yields an NV-to-sample distance of 59.5 nm, which is comparable to state-of-the-art
values in scanning NV magnetometry. This demonstration shows that the scanning
magnetometry performance of this implementation of the manufactured integrated
near-field coupling device is comparable to current MW delivery solutions.
Additionally, we show alternative ways to use the device. The proximity of the
integrated MW delivery loop to the sample can be exploited to locally stimulate and
switch the magnetization of the sample. Therefore, we initialized the sample in the
negatively magnetized state using a large magnetic field of —200mT applied along
the NV axis. We then ramped the field to just below the positive coercive threshold
of Bimg ~ 70mT and acquired a reference magnetic image using iso-magnetic field
imaging mode. This first image is shown in Figure 5.8b. Next, we applied a ~ 90 mA
current stimulus for 2s to the MW delivery line, to locally generate a ~ 0.9 mT mag-
netic field below the tip. Finally, we determined the resulting sample magnetization
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by recording a second iso-B image at Bjyg shown in Figure 5.8c. We find that the
local stimulus completely inverts the sample magnetization in the scanned area, indi-
cating successful local switching of the sample magnetization using our device. The
panel of Figure 5.8a illustrates this trajectory along the hysteresis loop. The observed
magnetic transition extends across the entire imaged length of the stripe, spanning
several microns, which is consistent with the size of the current loop in the device.

5.5. Low temperature charge stability of near-surface
NVs

Although scanning NV magnetometry at 4 K is now routinely carried out [26], shallow
NV centers experience charge instabilities [145-149], which are exacerbated at low
temperatures and in vacuum environments. This is particularly true in our dilution
refrigerator, originally designed for transport measurements, in which we experience
an enhanced rate of charge instability.

When performing scanning NV magnetometry experiments, we are faced with a
gradual transition from a predominantly NV~ to a stable NV? state. After conduct-
ing a range of measurements and experimenting with different mitigation strategies,
we have arrived at our working hypothesis, that contaminants inside our dilution cryo-
stat chamber accumulate on the diamond surface over time and cause band-bending,
which affects the NV charge populations. The probability for the NV center to re-
capture an electron from the conduction band is effectively reduced and gives rise to
a predominantly NV population.

Our findings give a different perspective on the charge instabilities experienced by
shallow NV centers, complementary to recent results for NVs in ultra-clean envi-
ronments from Ref. [150]. To stabilize the shallow NVs in our scanning probes, we
employ a range of mitigation strategies. Although it does not solve the problem in
our system, coating the diamond surface shows particularly promising results. Metal
layers are relatively successful in stabilizing the charge of the NV center, but create
a strong laser-induced heating effect at the surface of the scanning probe tip. Unfor-
tunately, this is not incompatible with low-temperature operations, because it also
heats the nearby sample. Specific surface terminations have been found to stabi-
lize near-surface NV~ [149], but control over their homogeneity is difficult to achieve.
Other revival approaches, such as electron radiation, are not practical because they
require the scanning probe to be taken out of the cryostat. Additional work remains
necessary to stabilize the NV~ charge state and enable the full capabilities of our
newly implemented scanning probe system.

Phenomenology

All the near-surface NVs in nanostructures, as used for scanning NV magnetome-
try [37], systematically undergo a change in their charge state from NV~ to NV in
our dilution refrigerator at a temperature of 4 K and below. They transition from the
negative charge state (NV™) to the neutral charge state (NV?), which does not have
the electron spin essential for quantum sensing.
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We observe a consistent increase in the NV? portion over time. This transition
has been reported by other research groups and is observed in our other refrigeration
systems. However, the timescales involved are significantly different, spanning from
hours to weeks. In our system, the NV changes its predominant charge state within
hours during NV scanning magnetometry when the diamond probe comes into contact
with a sample. Given the long time required to record scanning NV magnetometry
images, up to days for a single image, we are not able to perform meaningful magnetic
studies and resort to the investigation of the charge transfer and its mitigation strate-
gies. We have also been operating a different cryogenic NV magnetometer, in which
such charge transfers are almost never observed. We thus believe that the observed
effects are not intrinsic to shallow NVs at low temperatures.

Interestingly, no bleaching or, more specifically, no deterioration of ODMR contrast
has been observed in the absence of laser illumination within the timescale of one week.
The fastest transition from NV~ to NV is observed during AFM scans, where the
diamond tip intermittently comes into contact with the sample, the scanning mode
we ultimately want to use for magnetometry.

The introduction of Helium exchange gas (5mbar at RT) does not influence the
stability of the charge state. Once the NV center is in the NV state, it stays in
this state even after thermal cycling to room temperature and exposure to air at
atmospheric pressure. The change appears to be permanent.

By irradiation of the diamond with a high voltage electron beam in a SEM, it is
sometimes possible to change this seemingly permanent NV state back to a significant
fraction of NV~. Illumination with a broadband UV lamp, centered at a wavelength
of 365 nm, also significantly increases the NV~ fraction in the emission spectrum.

Based on the investigations described above, we have established the following
working hypothesis: the almost irreversible change in charge state we observe is caused
by contamination of the diamond surface by impurities present in the cryostat or
within the probe stick. We conclude that contaminants must condensate, deposit, or
be picked up onto the surface of the diamond and subsequently induce a change in
the electrostatic environment which drives the change to NVY.

Surface coating

One of the mitigation strategies we investigate is the protection of the diamond probe
surface using diverse surface terminations and coatings, such as metals and oxides. We
apply the metal coatings to the scanning tip and the “bottom-side” of the cantilever
holding the tip. Metal coating on the NV~ scanning probes generally leads to an
improvement of the stability of the NV~ charge state at the expense of a lower NV
photoluminescence and reduced coherence times. Titanium layers of 1, 5 and 15nm
and a gold layer with a thickness of 1 nm were studied. We observe that, for all metal
layers, the zero-field ESR line shows a strong dependence on the excitation laser power,
which is attributed to local heating. A preliminary analysis reveals temperatures of
up to 300K in the vicinity of the NV when the sample space is maintained at 4 K
and under high vacuum. Remarkably, for the two thinner titanium layers, the NV
emission and coherence properties show slight improvements. The charge stability
with a 15nm titanium layer and, to some extent, also with a 5nm titanium layer
was better compared to an untreated scanning diamond probe; however, the very
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thin titanium layer did not decrease the rate of bleaching. Likewise, a thin gold
layer prevented bleaching but led to a very high background fluorescence, thereby
decreasing the signal-to-noise ratio.

5.6. Summary and outlook

In this chapter, we showed our progress towards a novel implementation of a scan-
ning NV magnetometer for operation at mK temperatures and discussed the main
challenges for its experimental realization.

We presented the design and the simple, reproducible fabrication of a scanning
NV magnetometry probe assembly with an integrated near-field coupling device. By
integrating the microwave line directly into the support structure of the scanning
probe, we achieve more efficient NV spin manipulation at lower microwave powers
than existing solutions, which is crucial for operation in ultra-low-temperature sys-
tems. The next step is to perform magnetometry using pulsed-ODMR measurements,
which reduces the duty cycle of the microwave [32], and should allow us to measure
at temperatures around 100 mK.

In parallel, the device can be further optimized. The quality and thickness of
the conductive gold layer strongly affect the transmission of the coupling leads. Im-
proving the layer quality and increasing its thickness up to the electromagnetic field
penetration depth in gold (about 1.4um at 3 GHz[179]) would significantly reduce
attenuation. Electroplating can be used to produce thicker gold layers, improving
transmission and reducing power dissipation. For low-temperature applications, su-
perconducting materials such as niobium could further enhance performance by al-
lowing higher currents with minimal heating. Additionally, more simulations could
help optimize the geometry of the coupling structure, enhancing the effective coupling
strength to the NV center and improving the homogeneity of the generated field.

Further modifications of the device could enable alternative scanning NV magne-
tometry modalities by adding additional electrical lines extending to the front of the
device, following a design similar to that of the microwave lines. This could enable
electric field tuning of the NV [34], charge-state control [54], or integrated photoelectric
readout via PDMR [154]. While our platform was developed for color-center-based
measurements, it can be adapted for other scanning probe techniques that require
local electrical connections. These include scanning tunneling microscopy [180], scan-
ning microwave microscopy, scanning SQUID microscopy [181], and other hybrid ap-
proaches that combine quantum sensing with conductive or RF-based measurement
modes. Another promising functionality of this device is its ability to generate lo-
cal magnetic fields, enabling in situ writing and manipulation of nanoscale magnetic
textures, such as skyrmions and domain walls, in target samples. This concept read-
ily extends to other forms of local stimuli, such as localized temperature gradients
or electric fields. Together, these capabilities open new avenues in quantum sens-
ing, spintronics, and hybrid quantum systems, where precise control of the magnetic
environment is essential.

Additionally, we investigated the low-temperature charge stability of single near-
surface NVs in our diamond scanning probes in Section 5.5. We described the phe-
nomenology of the mechanism behind this change in charge state and attributed it,
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to a large extent, to surface contaminants that induce band bending. Most miti-
gation strategies provide only partial improvement and do not substantially extend
the available measurement time in our cryostat. Consequently, further research and
technical developments are needed to enhance the charge stability of near-surface NV
centers in this environment. In particular, precise control of the diamond surface
chemistry appears crucial for improving the lifetime of diamond scanning probes at
low temperatures.

To address NV charge stability issues, we are exploring the use of the negatively
charged silicon-vacancy center (SiV ™) [182, 183], which has a lower charge transition
energy and lacks a permanent electric dipole, making it less sensitive to electric noise.
This approach is compatible with ultra-low-temperature operation, requiring a simi-
lar setup, with the main difference being that SiV~magnetometry relies on all-optical
resonant excitation. It requires very little power, resulting in minimal heating — an im-
portant advantage for ultra-low-temperature measurements. Operation with SiV~is
inherently best at millikelvin temperatures, where its coherence times are longest
and, consequently, its magnetic sensitivity is highest [184, 185]. Another advantage
of using SiV~is its compatibility with Tesla-range magnetic fields for sensing. This is
currently not achievable with NV-based magnetometers, which are limited by the high
microwave frequencies required for coherent spin control at large fields. In preliminary
studies, we were able to fabricate nanopillars with SiV~which have inhomogeneously
broadened linewidths within a factor of two from the lifetime limit [186].

Ultimately, our goal is to explore open questions in condensed matter physics that
arise at ultra-low temperatures. The NV~and to a similar extent the SiV~combine
high magnetic field sensitivity with nanoscale spatial resolution sufficient to probe lo-
cal electron correlations and spins. At temperatures around 100 mK, reduced thermal
noise enables the study of emergent quantum phases in strongly correlated materials
such as unconventional superconductors, quantum Hall systems, and multiferroics.
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6.1. Summary

In this thesis, we studied fundamental properties of single Nitrogen-Vacancy centers in
diamond. We focused on the structure of the excited state and its effects on the photo-
physics of the NV under magnetic, electric, and strain fields at low temperatures. We
investigated the charge environment of NVs under cryogenic conditions, enhancing
our knowledge and understanding of the diamond material and the effects of elec-
tron charge traps. Initially, we conducted our studies only at low temperatures, but
then extended them up to room temperature due to the experimental and theoretical
interest in the manifestation of orbital averaging and its effect on the NV photolumi-
nescence. We identified conditions away from excited-state level anticrossings, where
optical spin initialization and readout are most effective. The detailed understanding
of the defect at low temperature prompted work on the novel implementation of an
ultra-low temperature NV scanning magnetometer to ultimately address questions in
quantum and condensed matter physics.

After a brief introduction to the Nitrogen-Vacancy center in Chapter 2, we pre-
sented a systematic study of the electronic structure of the excited state of the nega-
tively charged Nitrogen-Vacancy center at low temperatures in Chapter 3. We were
able to directly observe the influence of electric and crystal strain fields by measure-
ments of the magnetic field-dependent photoluminescence under non-resonant excita-
tion. We gain additional insight into the observed behavior by employing a classical
rate-equation model. This analysis provided new insights into the photophysics of the
NV and its orbital structure at low temperatures, offering a new tool for its effective
characterization. It enables a more comprehensive understanding of the charge state
dynamics between NV~ and NV?, as well as the impact of the excited state structure
on low-temperature applications.

Using magnetic field dependent photoluminescence measurements, we investigated
the photophysics of single NVs over the entire temperature range from cryogenic to
room temperature in Chapter 4. The intermediate temperature range and the effect
of the transition from an orbital doublet to an effective orbital singlet structure on
the photoluminescence were not well understood and are of importance for variable
temperature sensing applications. We found that phonon-induced orbital averaging
leads to an extended region of PL quenching at temperatures around 50K and that
the overall behaviour is highly strain dependent, as particularly evident from the
emergence of the RT-ESLAC at 50.5mT. With our model based on the Lindblad
master equation formalism, we showed how the structure of the ES has significant
effects on the optical spin contrast. Thereby, we provided valuable knowledge on the
photophysics of the NV away from the well-studied excited state configurations at
low and room temperatures. The optimal use of the NV in applications at different
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temperatures is achieved by avoiding regions of increased spin mixing where sensitivity
to external fields is reduced.

Finally, in Chapter 5, we presented our progress and the challenges in a novel imple-
mentation of a scanning NV magnetometer at ultra-low temperatures. We primarily
addressed the fundamental requirement of low heat load, which is paramount for low
and ultra-low-temperature applications. We implemented highly efficient and repro-
ducible NV driving through an integrated near-field coupling device. The microwave
(MW) delivery circuit required for spin manipulation is directly integrated into the
scanning probe, resulting in a very short distance between the MW coupling loop
and the NV, and thus more efficient spin driving. The integrated coupling device is
highly reproducible, dramatically reducing experimental complexity, minimizing ap-
plied microwave power, and eliminating intensity fluctuations due to antenna motion.
We characterized the first implementation of the device and demonstrated that its
optical properties and AFM performance are not only comparable to those of state-
of-the-art NV scanning probe devices, but also represent an excellent alternative for
scanning NV magnetometry at low temperatures. In Chapter 5, we also discussed
that the charge stability of near-surface NVs in nano-pillars at low temperature was
a particular challenge in our experiments. We reported on the phenomenology of
the continuous change in charge state ratio in favor of NV? and attributed it to the
formation of charge traps on the diamond surface due to deposition or pick-up of con-
taminants onto the diamond surface, which leads to band bending. In our particular
system, we observed a significant difference in timescales of this behaviour compared
to other systems. This led us to study the phenomenology and possible mitigation
strategies, which yielded partial improvements in charge stability. However, more re-
search is needed to better understand and improve the charge stability of near-surface
NVs. Control over surface chemistry appears to be essential to enhance the lifetime
of diamond scanning probes at low temperatures.

6.2. Outlook

In this thesis, we covered a variety of research topics centered on the Nitrogen-Vacancy
center in the context of quantum applications. We studied fundamental properties of
the NV and made progress in the understanding of the color center, particularly at
low temperatures, while keeping metrology and sensing applications in mind.
However, some aspects of the NV physics and the diamond host material are ei-
ther not yet investigated or underexplored. A better understanding would certainly
benefit the development of NV applications. Attractive new potential applications
of the NV center in diamond for electric and magnetic field sensing would open up
investigations in condensed matter physics and novel materials. Rising interest in
studying spin waves and spintronics [7] also requires more versatile and highly sensi-
tive tools such as scanning NV magnetometry. Other promising applications of the
NV electron spin and its surrounding nuclear spins lie in quantum computing and in-
formation processing, such as room temperature quantum gate operations combined
with electric readout [187]. All of those future plans have to first address and over-
come present technological challenges and therefore require a better understanding
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of the NV physics, the diamond material, charge dynamics, diamond-metal contacts,
surface effects, etc.

In the following sections, we present future research directions that either directly
result from our studies or are closely related to them. First, we want to outline open
fundamental research questions and then discuss current constraints and unsolved
technological challenges that limit further work on the NV or its usage. Ultimately,
we aim to explore the potential of our newly proposed scheme for electric field sensing
based on NV excited states at low temperatures, as well as the prospects for magnetic
field sensing at ultra-low temperatures. The separation into these categories is flexible,
because the topics are often interconnected or overlap.

Generally, there is considerable potential in NV research and related applications,
and we hope that many of the following questions will be addressed in the future,
particularly those regarding surface engineering.

Fundamental research questions

The extensive research on the NV center translates well to the exploration of new
color centers such as triplet centers in Silicon carbide (SiC) [188] and Boron-Vacancy
centers (Vg) in hexagonal boron Nitride (hBN) [189]. As such, field-dependent pho-
toluminescence measurements, as we use them throughout the thesis, are a powerful
tool that can be applied to study the energy structure of any color center or photoac-
tive defect center in solid-state materials exhibiting dark states that can be populated
through magnetic field-tunable level anticrossings. This is illustrated well by a recent
application of the technique in the excited state spectroscopy of Vg in hBN [189].
SiV centers in SiC [133] or the neutral SiV center (SiV®) in diamond [122, 134] are
also potential candidates, where this method could shed new light into unknown ES
structures and orbital averaging.

In Chapter 3, we reported strong indications that the orbital g-factor of the NV
is strain-dependent and would ultimately approach the classical value of g = 1 in
the high strain limit. Unfortunately, we were not able to measure the actual value of
g1 due to experimental constraints. So far, our extensive search for NVs in a [111]-
oriented diamond with an intermediate strain level with interbranch crossings within
our magnetic field range (see Appendix A.3.1) was unsuccessful. Therefore, these
experiments could be performed in a cryostat with a significantly larger magnetic
field range, which would allow for resolving the interbranch level anticrossings and
determining a definite value for the orbital g-factor.

The intersystem crossing and the characteristics of the singlet state manifolds are
the reasons for the NV’s exceptional optical spin initialization and readout properties.
However, various aspects need further investigation. We confirmed in Chapter 3 that
the shelving state is not fully protected from ionization. This mechanism is not fully
understood and could be studied in terms of spectral and power dependence to shed
light on the involved processes. Furthermore, the exact location of the singlet states
in energy is not fully known and could be investigated by strain engineering. Many
applications, such as spin-to-charge conversion (SCC) [190] and T} relaxometry [191],
depend on the precise knowledge of the transition rates within the NV system. Besides
the charge dynamics, the transition rates to and from the singlet states, as well as
their branching ratios, play an important role. Even though they have been measured
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experimentally [15, 31, 112, 131], they differ significantly from NV to NV and their
temperature dependence is only partially known. Due to their importance, the reasons
and potential mechanisms behind this difference should be investigated further.

In Chapter 4, we found that the emergence of the room-temperature ESLAC at
50.5mT is highly strain-dependent. For low-strain NVs, it only appears at tem-
peratures above 100K, whereas for high-strain NVs, it already starts to appear at
around 50 K. The former is confirmed by a prior study on the ES-ODMR contrast
for low-strain NVs, where they find that the contrast decreases with temperature and
vanishes slightly above 100K [39]. To further validate and strengthen our predictions,
ES-ODMR could be performed with a high strain NV down to 50 K.

The interplay between the NV~, NV°, and the dark NV* charge states under var-
ious conditions is essential for the NV properties and their understanding. So far
research has mostly focused on the NV~ but significantly more understanding of
the other charge states and their dynamics is needed in the context of high fidelity
spin measurements, single photon generation, photostabilization [192], spin-to-charge
conversion (SCC)[59, 190], PDMR mechanism [187] and quantum memory applica-
tions [60]. Also the influence of electric fields on the charge state has been investigated
previously [51, 100], but a more complete understanding especially in the context of
PDMR is still lacking.

The NV charge dynamics are very important for any applications of the NV and are
influenced by a variety of factors such as excitation wavelength, illumination power,
surface termination, doping, etc. Charge instabilities limit coherence properties and
impede efficient electrical readout. The properties of the diamond material and its
impurity content, as well as the surface chemistry, are getting more attention as
they have a strong effect on the NV charge state. Further studies of the frequency-
dependent screening effects in the diamond host material, as well as the electrical
contact types and their behaviour, are very important for the implementation of
applications based on the NV. The interbranch ESLAC with their high sensitivity as
presented in Chapter 3 could be employed for further studies. Recent simulations on
the effects of impurities and charge traps in highly N-doped diamond [193] help to
understand the mechanisms at play but need to be studied further experimentally.

Further spectroscopic studies of the NV? charge state, particularly its response
to electric fields in conjunction with the charge dynamics in the diamond, are also
interesting, as this aspect has long been neglected. Recently, progress has been made
in the electrical tuning of the orbital states of the NV [194], which exhibits a large
susceptibility to electric fields similar to that observed for the excited state of the
NV~. This could be employed to develop an NV° based nanoscale electric field
sensor similar to the NV~. Another particularity is a surprising change in the NV~
to NVO charge state ratio in a very narrow excitation band around 520nm at low
temperature [67]. This sharp feature is tentatively assigned to an electronic transition
to a level located higher in energy in the conduction band of the diamond [67], but
its mechanism would require more investigation.

The excitation power and wavelength have a strong effect on the local environ-
ment of the NV [34], as they can rearrange nearby charges and induce specific charge
dynamics. Therefore, optical charge stabilization could be used to temporarily or
permanently stabilize the NV~ charge state. In this context, blue wavelength illumi-
nation shows a lot of promise for the charge stabilization of SnV centers[195] as well

60



6.2. Outlook 61

as a permanent stabilization in near-surface SiV~ [186]. The mechanisms underlying
these effects remain unclear, but are likely related to charge reordering processes. The
effects of this scheme should be applied to the NV and investigated further to gauge
its efliciency.

Technological challenges and potentials

There are several technical areas where further research would lead to new appli-
cations and unlock new capabilities of the NV. In particular, this requires a better
understanding and control of the diamond host material. Strain engineering, as well
as control over specific surface terminations, would greatly improve the applicabil-
ity of the NV. Two other technological advances for NV control and readout involve
further improvements in MW delivery to the NV and the development of electrical
contacts on a photonic structure for electric readout, as well as the implementation
of additional sensing techniques.

The control of crystal strain fields would open up numerous possibilities for NV
applications. Local or macroscopic strain-engineering techniques, like implantation
and growth methods, need to be investigated. Advances in these areas could benefit
other NV research fields, such as improved hybrid spin-nanomechanic systems [84], but
pose significant technical and fundamental challenges. Also, electric field tuning could
yield similar results, but investigations on diamond surface electrodes or graphitic
electrode contacts directly inside the diamond [196] as well as screening effects and
the influence of impurities in the diamond lattice are required.

Our findings show that in order to maintain the full sensitivity of the NV at low
temperatures, an electric or magnetic field bias is required to move away from the ES
level anticrossing. However, applying an external magnetic field results in a Zeeman
energy. In particular, at low temperatures, the intricate interplay of often small energy
scales determines the resulting electronic and magnetic phases, so that an additional
magnetic field disturbs or even destroys the targeted phase being studied. Famous
examples include the destruction of the superconductivity phase or its oscillatory
frequencies in Josephson junctions, the Skyrmion phases, and domain wall formation
and shape in magnetic systems. These types of samples need to be studied at zero
external magnetic field, which does not allow for optimal NV sensitivity tuning. The
full sensitivity cannot be achieved with current NVs in scanning probes, which show
effective strain values higher than 20 GHz (see Chapter 3). Only NVs with close to no
effective field exhibit no excited state mixing at zero magnetic field (see Figure 3.2).
Therefore, reducing strain through novel or optimized fabrication methods and proper
surface terminations needs to be explored to achieve low effective strain, near-surface
NVs in nanostructures. This mostly technological challenge, however, has strong
implications on experimental capabilities in the investigations of condensed matter
physics. Additionally, this would benefit our proposed electrometry scheme, as the
interbranch ESLACs of low-effective-field NVs are situated at lower magnetic field
values. For near-surface NVs, the effective field mostly originates from charge traps
on the surface [148] and therefore the surface termination gets special importance.

Surface states can lead to band-bending, which can severely impact the charge
stability of near-surface NVs[51, 52]. This is a major challenge, particularly for low-
temperature experiments, as outlined in Section 5.5, and becomes more pronounced
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the closer the NV is to the surface. The NVs should be as close as possible to the
diamond surface to improve signal strength and spatial resolution for sensing applica-
tions such as scanning probe magnetometry or nanoscale NMR, which is a significant
challenge. The fundamental depth limit for charge stable NV~ under an ideal oxygen
or fluorine termination could be as small as 0.5 nm below the surface, corresponding to
the 7t0 layer of Carbon atoms [197]. Therefore, extensive research is needed regard-
ing surface terminations, as well as atomically thin surface layer coatings. Surface
control and band-gap engineering are crucial to increase the sensitivity and stability
of the NV. Various surface terminations need to be considered to establish experi-
mental control over the homogeneity and reproducibility of the results. Homogeneous
oxygen or fluorine terminations show a lot of promise on bulk diamond [149, 198] but
still need to prove effective in studies on nanostructures. Additionally, atomic layers
of oxides or other materials as surface coatings on top of the diamond could be con-
sidered to further stabilize and protect the NV from charge instabilities. Overcoming
the limitations of surface-induced charge instabilities would be a key step forward,
significantly enhancing the sensor properties of the NV, such as its coherence time.

In the context of scanning NV magnetometry, the concept of re-terminating the
used scanning probe tip can be investigated and has considerable potential. During
the scanning operation, NVs tend to lose contrast and charge stability over time,
with different time scales at low and room temperatures. The reason is most likely
the contamination of the tip surface through contact with the sample or deposition
from the surrounding environment. Larger contaminants can be removed by scanning
over a sharp needle; however, that gives only partial improvement if a surface change
occurs. Therefore, re-terminating the surface may enable the reuse of the tip. One
possible approach would be to design the entire scanning probe assembly to withstand
plasma treatments, but other routes might be equally promising.

Most experiments involving Nitrogen-Vacancy centers require NVs that are charge-
stable, experience low effective fields, and have narrow, lifetime-limited linewidths.
These properties are mostly present in native or in-grown NVs far away from the di-
amond surface. This also applies to the low-strain NVs used in this thesis. The high
refractive index of diamond makes the collection of photons quite difficult. However,
a high photon collection is required for efficient and fast experimental schemes, result-
ing in the need for photonic structures [37, 129]. The deterministic placement of NVs
in the photonic structure can be challenging and tedious, but a statistical approach
has a lower yield. Therefore, obtaining low-effective-field NVs with high photon count
rates is a challenge, limiting experimental advances. An alternative method for cre-
ating N'Vs in bulk diamond utilizes single high-energy femtosecond pulses to generate
vacancies, followed by an annealing step [199]. These NVs have narrow lines, appear
charge-stable, and seem to experience low effective fields [200]. We propose directly
laser writing NVs through a prefabricated diamond solid immersion lens in the focus
of the photonic structure, thereby combining high collection efficiency with a large
yield of low-strain NVs.

Another technological advance in low temperature scanning magnetometry over
the state-of-the-art is the all-integrated near-coupling device presented in Chapter 5.
The characterization of its initial implementation demonstrates that it is suitable for
NV magnetometry; therefore, we will utilize this structure in our future low- and
ultra-low-temperature applications. The antenna structure can be further improved;
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both the quality and thickness of the conductive layer are highly relevant for MW
conductivity and can be optimized. Electromagnetic simulations can be used to fur-
ther improve the geometry in terms of RF transmission and NV coupling. Another
focus is optimizing the operation by a constant-amplitude driving scheme [201] to
counter the frequency-dependent attenuation of the structure and to avoid any ther-
mally driven movement of the scanning probe tip. Such a scheme would also benefit
PDMR measurements [202] by simplifying MW application or even enabling specific
gate structures to be simultaneously used for MW driving and DC readout.

The design of the support structure allows for easy incorporation of additional con-
ducting lines, which can function as transmission lines or electrical leads that can
be connected to the attached probe tip. This versatile extension allows to imple-
ment NV~ manipulation possibilities and multiprobe features such as NV~ optical
transition tuning [34], in-situ charge tuning [48], or electric readout [202]. Also, ap-
plications such as scanning tunneling microscope (STM) [180] could be implemented
alongside NV scanning. Simultaneous operation of several scanning tip-based investi-
gation methods would enable a range of new measurements to understand condensed
matter phenomena. Especially, the electric readout of the NV has great potential for
a broad range of devices, such as integrating sensors or quantum gates. This requires
further research on the mechanisms of photoelectric readout, NV charge state, electric
contacts, and the effects of charges in the diamond. To integrate an electric readout
with a scanning architecture, we propose placing electrical contacts directly on the
sides of the pillar nanostructure, extending up to the apex. The short distances be-
tween the contacts, which are only a few hundred nanometers, allow the application
of a large electric bias field. This could be either used for electric field biasing in
electrometry applications or for photoelectric readout.

Low temperature sensing applications

The Nitrogen-Vacancy center is used in many different schemes for electric and mag-
netic field, crystal strain, and temperature sensing. In Chapter 5 we reported our
progress on implementing an ultra-low scanning NV magnetometer which features
good thermalization and an integrated low-power, highly efficient MW drive. How-
ever, the NV~ electron loss limits the measurement time in our particular system to
a few hours, which is not sufficient for the nanoscale investigation of most samples.
As outlined above, surface engineering or an improvement of the surface termination
could solve this problem and stabilize the NV~ charge state of near-surface NVs.
Ultimately, an ultra-low-temperature NV magnetometer would be used to investi-
gate the emergent quantum properties of strongly correlated electron systems, such as
unconventional superconductors, quantum Hall systems, or multiferroics. Nanoscale
imaging at temperatures around 100 mK would improve our microscopic understand-
ing of electronic correlations occurring in this regime. Most of the experimental
techniques used in current studies address the bulk properties of these materials and
can not observe quantum matter at the nanoscale due to a lack of spatial resolution
or sensitivity. Scanning NV magnetometry can access phase transitions with different
electronic and magnetic orders, offering both high sensitivity and spatial resolution,
thereby providing access to previously unexplored areas. Graphene and strontium
ruthenate (Sr,RuO,) are particularly interesting because they exhibit a variety of
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unusual electronic and transport properties due to their highly two-dimensional elec-
tronic structure [203, 204] and allow for the study of the nature of spin-ordering and
the role of magnetism for superconductivity at ultra-low temperatures.

Among the various color centers, the Nitrogen-Vacancy in diamond is the most
widely used for magnetometry applications. However, as we have seen in Chapter 5,
NVs have significant optical coherence and charge stability issues when placed in
proximity to the diamond surface, severely limiting their use under certain condi-
tions. Another color center, the Silicon-Vacancy center in diamond, is also a suitable
system for magnetic field sensing at low temperatures using its negative charge state,
the SiV~ [182, 183]. In contrast to the NV, its electronic states have vanishing per-
manent electric dipole moments due to their inversion symmetry, which protects its
optical properties from charge dynamics in the diamond lattice [182, 205]. Another
striking difference is the location of the defects in the diamond band gap. Even in
the presence of strong band banding in the vicinity of the surface, the negatively
charged SiV is still electronically stable when the NV is already exclusively in its
neutral charge state[57, 206]. Therefore, it is not expected to face the same prob-
lems with charge traps on the diamond surface as we experience in our system and
could serve as an alternative to the NV~ for magnetic field sensing. Due to technical
reasons with high-frequency MW transmission, the sensing scheme would most likely
be implemented with an all-optical readout via coherent population trapping (CPT).
This eliminates the need for microwaves to control the spin states, thereby signif-
icantly reducing the heat load and increasing the detectable magnetic field range.
All-optical SiV™ magnetometry requires optically addressable lifetime-limited SiV~
in proximity to the diamond surface in nanostructures similar to the ones for NV
centers. We were able to show this for pillar arrays [186] and are planning to produce
scanning probe tips in the near future. The investigated physics with a potential SiV
magnetometer at ultra-low temperatures would be similar to that for the NV, but
could operate at larger magnetic fields. Generally, a scanning probe can host both a
single NV and SiV center, enabling complementary measurements since the two color
centers can be easily spectrally filtered, as their emission is only slightly overlapping.
The challenge would be to achieve a sufficient creation yield for both species through
co-implantation, thereby reaching the correct densities of one color center from each
species in a pillar.

In Chapter 3, we reported on the electric field sensitivity of the excited state level
anticrossings (ESLACs), which enables a microwave-free electrometry scheme build-
ing on the excited state structure of the NV. The implementation of this cryogenic
electric field sensing protocol with a scanning probe would extend experimental ca-
pabilities beyond the current available methods, such as ground-state ODMR-based
techniques, as it features high sensitivities paired with nanoscale resolution. It would
allow us to investigate and understand the physics that govern the functioning of fer-
roelectric and magnetoelectric, multiferroic materials, as well as electric field-driven
switching of magnetic states [207, 208]. In particular, ferroelectric thin films are im-
portant for microsensor applications, high frequency electronics, and memory applica-
tions [209] and lack diverse and precise measurement techniques. Local determination
and mapping of ferroelectric properties are usually obtained via piezoresponse force
microscopy, Kelvin probe force microscopy, and scanning near-field optical microscopy
(SNOM) [209], which are sensitive to various surface phenomena. Our implementa-
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tion of this electrometry technique complements existing methods and provides a
more direct access to the electric fields from these materials. We plan to make a
proof-of-concept measurement using an NV in a scanning probe configuration. For
such experiments, both the interbranch and intrabranch crossings of the NV excited
states can be used, where the former yield lower sensitivities but, due to their lower
magnetic field positions, are accessible for high-strain NVs as typically found in scan-
ning probes. In such an experiment, either a specific, constant electric field can be
probed or the full electric field can be recorded by implementing a feedback mech-
anism. After careful validations of the technique and the influences of screening
effects, we can apply the technique to study ferroelectric properties and investigate
paraelectric-to-ferroelectric transitions [210] or ferroelectric domain configurations in
thin films such as domain patterns in PbTiO5 [211].
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A. Appendix

A.1. Classical rate equation model for the low
temperature photophysics of single NV centers

For the description of the photo-dynamics of a single NV at low temperatures, we em-
ploy a classical rate equation model for the 10-level system of the NV. Our extended
version is based on previous work from Refs. [31, 76]. Using the Hamiltonians for the
ground and excited states (see Chapter 2), we calculate the NV spin’s photolumines-
cence from the steady-state populations under the influence of spin-mixing.

We also describe an extension of the model for a 12-level system to include the
NV charge dynamics. For that, we incorporate the ground and excited states of the
neutrally charged NV and the respective transitions into the model.

A.1.1. Definition of the states and transition rates

For the NV~ model at low temperatures, one needs to consider the interplay between
the three levels in the ground state, the six levels in the two orbital branches of
the excited state, and the metastable singlet [10, 46]. The singlet can be reduced to
one state with rates in and out of it [36], leaving a total of ten states. We employ
an extended version of a classical rate-equation model for the NV’s magnetic field-
dependent photophysics, similar to Refs. [31, 76].

The states for the rate equation are defined as:

Ground state:

1) =243
12) = 345! (A1)
3) = 243"
Excited state: 50 50
[4) ="E, 7)) ="E;
5) =°E,! 8) =3E;!
|6) EBEJI |9) E3E;—1
Combined singlet state:
10) ='A,/'F

Here, the eigenstates are give in the notation of X™= where X including the pre
superscript and post subscript denote the manifold or its orbital branch, and the post
subscript mg denotes the spin level, e.g. E;l = |E,, —1) = |orbital state, spin state).
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The NV~ can be optically excited with a green laser through a dipole-allowed
transition to the excited state. The transition is spin-conserving. This excitation does
have a polarization-dependence due to selection rules [10]. However, this dependence
is somewhat suppressed by the non-radiative decay observed from the non-resonant
optical excitation [40], leading to a small effect on the populations in the two excited
state orbital-branches. Once in the excited state manifold, the NV spin can decay
back to the ground state through two different decay channels: a radiative and a
non-radiative decay. The radiative decay is directly from the excited state back to
the ground state. The non-radiative decay path is through the intersystem crossing
(ISC) to a metastable singlet state, where a difference in the rates from the ms = 0
versus m, = +1 spin states is observed [31].

We begin with transition rates between ground- and excited-states with zero exter-
nal field, where the spin quantum number is still well defined and the rates have been
experimentally measured [31, 112, 131]. The basis of the transition matrix is the ten
eigenvectors |i®) with i = 1, ...,10 labeled with subscript zero ® indicating that this is
the basis at zero field.

In the following, we assume that spin-conserving relaxation rates from the excited
to ground states are the same for each spin state and that the non-spin-conserving
transitions are zero. The non-spin-conserving transition rates have previously been
shown only to be a few percent compared to the spin-conserving ones [131].

The zero-field pumping rate can be assumed to be the respective relaxation rates
from the excited state to the ground state k, (where the r stands for radiative) multi-
plied by a pumping parameter 3 which is proportional to laser power [31]. To capture
the polarization dependence of the excitation, we separate this pumping parameter
into one for each orbital state, fg, and 3 E,- The transition rates from the ground to
excited states are thus defined as

K10y a0y = B, ki, K10y 0y = B, b,
k|020>—>\50> = ﬂEy kr, k|020>—>\80) = BET ky., (A2)
k|030)—>\60) - ﬂEy Ky, k|030>_>‘90> = BET k.,

where the direct radiative decay transition rates from the excited to ground states
are defined as

Klaoysiroy = b, Kfroysirey = ko,
k|050>*>|20> - kr, k|080>‘>|20> - kr, (A?))
Kigoyia0) = hr, Kooy i) = b

The transition rates from the excited states to the metastable state are spin-
dependent and defined as

k|040>—>|100) = knT‘oa k"o70)_)‘100) = k"”"ov
]‘;|050>—>|100) = knryys k\OSO)—>\100) = Fnryys (A4)
k;|060>_>|100> = knTil’ k‘ogo)—)‘lOO) = k”l’l'ila

where kyr, < knry, [31].
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Reference k. Ko Knry Ky Emy
Robledo et al. [131]*? 65 11 80 3.0 2.6
Tetienne et al. [31]° 659 7.9 53.3 0.98 2-0.73
Gupta et al. [112]%? 66.8  10.5 90.7 4.8 2.2

Table A.1.: Experimentally measured transition rates at zero field. All of the rates
are in MHz.

@ The rates assume a 5-level system, ® the rates have been measured at room temperature

The rates from the metastable state to the ground states are similar for all spin
states and defined as,
0
k|100)a\10> = Emg,

k?loo)%\Q[)) = kmiu (A5)
k?lOO)H\B[)) =k,

where k,,, ~ kpy,,. The ratio between the rates to the mg = 0 and my = +1
states is called the branching ratio. Depending on the reference, the transition rates
for k‘oloo> —j20y and k"owo) |30y are specified as a sum of the two or individually (see
Table A.1). In the context of our work, this difference has minimal impact on our
results.

In a typical optically detected magnetic resonance (ODMR) measurement, the spin
population is transferred between the spin states of the ground state via an applied
microwave field. The MW transition rates are defined as

0 0
Fio)sizp0 = Kaoypaoy = Fnew s

0 0
Flioy iz = Kigoy i) = Fyw,

(A.6)

where kyw, is the driving transition rate on resonance with the transition between
the |mg = 0) = |1) and |m, = z) states. These rates are only non-zero when modeling
the effect of the level anticrossings on ODMR contrast.

All these transition rates have been measured experimentally and are shown in
Table A.1. There is an additional correction to the ISC rates at low temperatures,
which is strain-dependent. Low-strain NVs have slightly different transition rates from
the ES to the singlet manifold, which have been measured by Goldmann et al. [35].
This correction is omitted in this work since it has little to no effect on the overall
photoluminescence. In the model, we used the parameters from Gupta et al.[112],
which we found to yield the best agreement with our data.

A.1.2. Classical rate equation

We define the transition rate matrix at zero field in this 10-level model. The transition
matrix, Q°, gives the rates at zero electric, magnetic, and strain field and is defined
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as
0 kmw_, kmw, Be, kr 0 0 PBp, k- O 0 0
kmw _ 0 0 0 Br, kr 0 0 ,@Ey kr 0 0
kymw, 0 0 0 0 PBeygkr O 0 Br, k- O
kr 0 0 0 0 0 0 0 0 knrg
0 kr 0 0 0 0 0 0 0 Knr
Q" = 0 0 K. 0 0 0 0 0 0 kmi - (A
kr 0 0 0 0 0 0 0 0 knrg
0 kr 0 0 0 0 0 0 0 knryq
0 0 kr 0 0 0 0 0 0 k""’il
kﬂlo k’"lil knlil 0 0 0 0 O 0 0

This zero-field transition matrix is extended to arbitrary fields by calculating the
spin-state overlap using the Hamiltonians from Refs. [10, 46] presented in Chapter 2.
Since the new eigenstates are a linear combination of the previous eigenstates, the
scalar product is used to evaluate the corresponding overlap

10
|0) = Zaij %) (A.8)
=1

where «;; is the projection of the new state |¢) onto the zero-field basis states |j).
The resulting transition matrix which depends on the magnetic field B, the electric
field E and the stress field 4 is:

10 10

Q(B,E,b);; = Z Z O%ZkQ%za?l- (A.9)

k=11=1

Using this transition matrix for the system, we define a classical rate equation where
N, is the population in each state and M is the rate equation matrix. We assume
that this is a closed-loop system, which imposes the inclusion of diagonal terms such
that,

10 e
M, = k=t~ Qi 1= (A.10)
Qi if i # .
The rate equation problem is stated in the following equation:
dN;
t = MN; A1l
- , (A1)

where the populations in the steady state are given by the smallest eigenvalue and

are normalised such that
N N;

ST
We calculate the photoluminescence of the negatively charged NV I, by summing

over the relevant radiative transitions from the excited state to the ground state and
populations of these states, such that

3 3
Iop= > > QuNi+ > > QN (A.13)

i=4,5,6 j=1 i=7,8,9 j=1

(A.12)
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Additional modification to the photoluminescence such as background fluorescence
Iy and collection efficiency 7colection can also be introduced, such that

-[1;[, = Ifotal = ncollcction-[l::L + Tpek- (A14)

The ODMR contrast C is calculated by the photoluminescence Ip; with and without
a driving field in the ground state. For example, with a microwave driving between
1) (3A9) and |2) (3A51), we determine the contrast by calculating,

C— II:TL(k?MW,l: 0) — Ipp (knw_, # 0). (A.15)
IPL(k;MW71 = 0)

A.1.3. Model extension to include the NV’

To account for the dynamics between the two NV charge states, NV~ and NV?, we
extend the model to include the energy levels of the NV as well as transition rates
between the two charge states. The NV? consists of two eigenstates, a ground state
and an excited state [10]. We define them as:

’E
2 As.

[11)

1) (A.16)

For our model, we assume that these states are independent of magnetic, electric, or
strain fields. The transition within the NV charge state and between the two charge
states are defined as follows:

From the excited state of the NV, there is a direct radiative decay down to the
NV ground state
k‘120>_>‘110> = kTNVO' (A17)

We define the transition rate from the ground state to the excited state of the NV° as
the product of the radiative transition rate and a pumping power for the NV° B0,
such that

k‘110>_>‘120> = /BNVO kTNVO' (A18)

The recombination rate from the NV excited state to the NV~ ground state depends
on the pumping strength and is given by

k|120>—)|10> = krecomba
k|120>~>|20> = krecomba (A].g)
k|120>~>|30> = krecomb-

The ionization rate from the NV~ excited state to the NVY ground state also depends
on the pumping strength and is given by

K40y 1110y = Kion, K70y 51110y = Kion,
k‘50>_>|110> = Kion, k|80)—>|110> = Kion, (AQO)
K0y 110y = Kion, kj90y 1110y = Kion-
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Reference kvao kion krecomb kshelﬁon
Craik ef al.[65] 50 0.037Bxyokr  0.8Bwyoks  0.368gyoks

Table A.2.: Experimentally measured transition rates for the NV° and the transition
rates between NV? and NV~. The ionization and recombination rates in the dark are
set to zero in our model because we consider continuous-wave laser excitation. All of
the rates are in MHz.

The recombination rate and ionization rate in the dark between the ground state of
the NVY and the ground state of the NV~ are given by

k|10>‘>|110> = Kdarkions k\110)~>|10> = Kdarkrecomb,
k|20>_>|110> = kdarkionv k\ll°)—>|20) = kdarkrecomba (A21)
k|30>_7|110> = kdafkiOﬁ? k\llo)—>|30> = kdarkrecombv

where, for continuous wave excitation, the dark ionization and recombination rates
are effectively zero: kgarkrecomb = Kdarkion = 0-

Additionally, we include a newly postulated shelf ionization transition [65] which
goes from the metastable state to the NV? ground state and is laser driven

Kj100y—110) = Kshelfion- (A.22)

The rates used in our model are taken from the literature and listed in Table A.2.
We calculate the NV? photoluminescence, I3;, by looking at the population and
the transition rate of the radiative transition of the NV which are given by the
corresponding transition matrix Q(B, E, d);; which is constructed similar to Equa-

tion (A.9): R
B = Q11,12 Nia. (A.23)

Background counts and collection efficiency can be included in the same fashion as
for the NV~ (see Appendix A.1.2).
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A.2. Lindblad master equation model for the
temperature-dependent photophysics of single NV
centers

In order to model the temperature dependence of the photophysics of single NV
centers, we use a Lindblad master equation to calculate the time evolution of the
population in a 10-level system, similar to the model presented in Chapter 3 and Ap-
pendix A.1. This formalism allows us to take into account the temperature-dependent
effects caused by electron-phonon interactions, which are ultimately responsible for
the effective excited state structure at room temperature (see Section 2.4). Using only
the low-temperature NV~ Hamiltonian [10, 46] from Chapter 2 in the master equa-
tion, we can calculate the NV~ photoluminescence from the resulting steady-state
populations up to room temperature. Similar to Appendix A.1.3, we can extend the
model to include the NV? to model the dynamics between the two charge states.

A.2.1. Definition of the states and combined Hamiltonian

In the simulations of the NV spin’s energy levels, we use a set of eigenstates that
form an eigenbasis of the combined GS and ES NV~ Hamiltonians. For simplic-
ity, we combine the spin singlet states into a single state, resulting in 10 states:
three ground states, six excited states, and one singlet state. The states are defined as:

Ground states:

1) =°43"
|2) =349 (A.24)
3) =2A7"
Excited states: N 4oy
|4) =°E, |7y ="E;
5) = *E) 18) =3E?
6) =3B! 9) =3B
Combined singlet state:
10) ='A,/'F

with the notation of X", where the right superscript m indicates the spin level. For
the states ®E the right subscript indicates the orbital branch, e.g. E; ' = |E,, —1) =
lorbital state, spin state).

Following this definition, the combined Hamiltonian Hyv is a 10 x 10 matrix con-
taining the Hamiltonians of both the ground and excited states from Refs. [10, 46]
and presented in Chapter 2. It is defined as
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0 0
Hys + Vs
0 0
Hxww=2r|0 ... 0 . (A.25)
Hes + Ves
0 0 0

A.2.2. Optical transition rates

The NV~ spin state can be optically excited from the ground state into the excited
state using green laser illumination, via a spin-conserving dipole-allowed transition.
Once in the excited state manifold, the NV spin can decay back to the ground state
via either a radiative decay path (k,) or a non-radiative one (k). The radiative
decay is a direct spin-conserving decay from the excited state back to the ground
state. The non-radiative decay path goes through the intersystem crossing (ISC) into
a metastable singlet state, which exhibits different transition rates depending on the
electron spin state, ms = 0 versus m, = %1 spin states [31].

In the following, we assume that all spin-conserving transition rates from the excited
to the ground states are independent of the electron spin state (k|4 5.6)—1,2,3)
k). Furthermore, we assume that the non spin conserving transitions are zero (e.g.
Ejgy—1y = 0), because they only make up be a few percent compared to the spin
conserving one [131].

The transition rates from the ground to excited states and the corresponding decay
transition rates from the excited to ground states are thus defined as

k|1 Y|4y = ﬁE k“l Y7y = BE, k k‘4>ﬁ‘1> =k, k|7>%|1> =k,
ki2)—15) = Be, k k2)-18) = B, k Kisy—12) = Kr, kigy—|2y = kr, (A.26)
Kis)~10) = B, & ki3)—19y = ﬂEm v Koy = ke Kjoysps) = Ky

where Bg, and fg, are the pumping parameters which are proportional to laser
power [31] and capture the polarization dependence of the excitation [31, 40]. The
respective relaxation rates from the excited state to the ground state are defined as
ky.

The transition rates from the excited states to the metastable state are spin-
dependent, whereas the rates from the metastable state to the ground states are
similar for all spin states. These rates are defined as

K4y 110) = Fnrgys ki7y 110y = Fnrgy s kjioy=iny = km_y,
Fi5)~110) = Knro, kig)—110) = Knros kiioy—j2) = kmo,  (A.27)
ki6y—110) = knryys K9y 110y = Fnri kj10y=13) = Fmyys

where the optical spin contrast of the NV results from k,,, < kpr., [31] and the
decay rates from the metastable state only have a small imbalance.

In a typical optically detected magnetic resonance (ODMR) measurement, the spin
population is transferred between the spin states of the ground state via an applied
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Reference k. Ko Knry Ky Emy
Robledo et al. [131]*? 65 11 80 3.0 2.6
Tetienne et al. [31]° 659 7.9 53.3 0.98 2-0.73
Gupta et al. [112]%? 66.8  10.5 90.7 4.8 2.2

Table A.3.: Experimentally measured transition rates at zero field. All of the rates
are in MHz. Same as Table A.1

@ The rates assume a 5-level system, ® the rates have been measured at room temperature

microwave field, and the corresponding transition rates are defined as
kiny—12) = K2y ) = kaw kizy—12) = kj2y—13) = kmw,, (A.28)

where kyvw, is the driving transition rate on resonance with the transition between
the |m, = 0) = [2) and |m, = ) states. The transition rates kj1y_ 2y and kg9
are in general zero in our experiments because no microwave (MW) driving field is
applied. These rates are only set to non-zero when one wants to model the effect of
the level anticrossings on the spin-readout contrast.

All the transition rates in Equations (A.26) and (A.27) have been measured exper-
imentally and are shown in Table A.3. The rates from the singlet to the ground state
further exhibit a temperature dependence measured in Ref. [131] which is discussed
below in Appendix A.2.3.

The intersystem crossing (ISC) rates from the excited state to the singlet also
exhibit a small temperature dependence below 20 K [35], which, however, has no ob-
servable effect in the context of our modeling. Therefore, we assume the rates to the
ISC to be constant in our model.

A.2.3. Temperature dependence of the singlet decay rate

The lifetime of the singlet state has been experimentally measured [131] and theoret-
ically derived [212, 213]. It exhibits a temperature dependence, with a significantly
longer lifetime at low temperatures.

We use the empirical model for the lifetime 7 from Robledo et al. [131] where they
postulate the lifetime as a combination of a temperature independent decay rate
L and a rate coming from stimulated emission of phonons of energy AE with an

p=
o[écupation given by Bose-Einstein statistics. This yields

7(T) = 10[1 — exp@jf )] (A.29)

with kg the Boltzmann constant and 7' the temperature. From their data, they
extract a phonon energy of AE = 16.6 meV and a temperature independent lifetime
of 79 = 371 ns.

The resulting rate % for a specific temperature consists of the sum of the rates from
the singlet to the ms = 0, mg = —1, and mys = 41 states of the ground state

= kmn + kmi1 = kmo + km,l + km+1~ (A?)O)
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Reference 7o (ns) Branching ratio
Robledo et al. [131] 371 2.3:1:1
Acosta et al. [214]° 462 N/A

Gupta et al. [112]° 296.53 4.36:1:1

Table A.4.: Values for the temperature independent lifetime of the metastable state
To, which corresponds to the lifetime value at low temperatures, and the branching
ratio from the metastable singlet state to the ground state spin states written in the
form kpyo: ki ik, -
@ The value is for NV ensembles, ? the value of 7 is determined from the values at
room-temperature adopting the functional dependence established in Robledo et al. [131]

The ratio between the rates of the mg = 0 and mg = =£1 states is called the branching
ratio. Table A.4 shows various rates from literature.

A.2.4. Phonon-induced transition rates between the ES orbitals

The interaction of the electron orbital in the excited state with A; and E symmetry
phonons, up to the first order, can be written as [40, 78]

=3 VAR + o)+ 3 [Vf (a2, +aZh) = VE(@E, +aPh], (A31)

where
VA = [X)(X] + V)Y, (A.32)
V2 = X)X = [Y)(Y], (A.33)
B X)(Y]+ [Y)(X], (A:34)

are the electron orbital operators for interaction with A;, £, and E, phonon modes,
respectively. The orbitals are denoted X and Y with |X) = (}) and [Y) = (9), A?
and A\E are the electron-phonon coupling coefficients, and a%) (af\g) are the annihi-
lation (creation) operators of the i-th M = A; or M = E phonon modes.

Using the Fermi golden rule, we can calculate the phonon-induced transition rates
between the excited states. The transition rate between the |i) and |f) states with

energies F; and Fy, respectively, is given by

2
He m ep)mi
Tip=— [(HY)p: + Z M §(E; — Ey), (A.35)

'l m
where Hg?) is the second-order electron-phonon Hamiltonian, which we expect to be
negligible. The summation in the second term is over all intermediate orbital states.

Only resonant phonons can drive spin transitions directly via one-phonon absorp-
tion or emission. Therefore, we expect that the dominant mechanism is a two-phonon
Raman process, in the form of absorption of a phonon followed by emission of a
phonon, or vice versa. Considering the initial and final phonon states |ng,n;), and

(6]



A.2. Lindblad master equation model 76

|ng + 1,n; — 1), respectively, the transition rate from |X) to |Y) is given by

oy —omp 3" [EORCE)  MEOR £0F) | MEOR ) | AP0 aP)
(_hwk) h/wl E, - Ey - hwk E, — Ey + hwl

2

k.l
X nl(nk + 1)5(EI — Ey + hw; — hwk)
(A.36)
Converting the summations to integrals and using the phonon spectral density for
M = Ay, or M = E phonon modes

Tar(hw) = (AAT)?6(hw — huwy,), (A.37)
k
we can then write
T'xy =558 +T4%, (A.38)

where

rup _ AT {JM(AW + hw)Jp(hw) | Je(Agy + ﬁW)JM(ﬁW)]
T h (Agy + hw)? (hw)?
w n(fw)n(hw + Agy) + 1] d(fw).

(A.39)

Here, M = Ay, E are the phonon symmetries, A,y = E, — E, =20, = 2,/02 + 62 is

the strain splitting, and n(fiw) = (eM/*8T) —1)=1 is the mean number of phonons at
thermal equilibrium. For this calculation, we have used random phase approximation
[215].

For long wavelength acoustic phonons, we have [36]

I (hw) = nar (hw)?, (A.40)

where 7n,s is the coupling strength between the electron states and M-symmetric
acoustic phonons.

We combine the above results in an analytical expression of the transition rate
I'xy, which we use in the model. We get

47

Ixy =~ (% + nane)(ksT)°I(we, 6), (A.41)

where

I(wC,T,zSL):/ “dz z(z+za) [2* + (2 + 2a)?] L
0

(e —1)(1— e (Fea))’

(A.42)

with z. = hw./(kgT) where w. being the cutoff frequency in the integral, z =
hw/(kpT), and za = Ayy/(kpT) = 2,/02 + 62/ (kBT).

In contrast to other work, w. is not the Debye frequency. The Debye model is
an oversimplification of all modes in a crystal. It considers only an acoustic type of
phonons with a cutoff frequency which is obtained in such a way that the area below
the density of states as a function of the mode frequency is the same as that of the
real crystal. Therefore, the Debye model erases all particularities of the real modes:
the positions (frequencies) at which the density of states achieves its maxima, the
maximum phonon frequency, optical phonons, etc.

The optimal and simple approximation selected here includes:
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e an acoustic branch with a cutoff frequency corresponding to the frequency at
which the density of states (DOS) for the acoustic branch reaches a maximum
(60meV in our case); and

e an optical branch with cutoff frequencies (for optical phonons there is a low
and high frequency cutoff) that matches the frequencies at which the density of
states achieves its maxima which is slightly above the maximum of the acoustic
branch that is mentioned before and the maximum of the optical branch (which
turns to the maximum optical phonon frequency of the real crystal).

In this model, however, we consider only the acoustic part to keep the approach
simple and because, as temperature rises, the acoustic phonons, ranging from low
frequencies up to the frequency at which the density of states achieves its acoustic
maximum at 60 meV, become more significant than the optical phonons.

In the model, we combine some parts of Equation (A.41) into an effective coupling
opn and set we to 60 meV which results in

Ixy = apnl(we = 60meV, T, §.)T°. (A.43)

The spin-conserving transition rate from orbital X to orbital Y and vice versa is then
defined as
k|y>_>‘X) = k|X>_,|y> = OéphI(wC =60 meV, T, CSL)TS. (A.44)

A.2.5. Lindblad master equation

We employ the Lindblad master equation to model the time-evolution of the NV~
Hamiltonian under the influence of relaxation, laser-induced optical pumping, and
phonon-induced orbital averaging. For an introduction and a derivation, we refer to
Refs. [216, 217].

The Lindblad master equation is a simplified framework for describing the evolu-
tion of various open quantum systems that are weakly coupled to an environment.
It tries to capture the influence of this weakly coupled environment on the system
through the Lindblad operator (L). This method circumvents the need to solve the
full Hamiltonian, which encompasses all quantum and semiclassical interactions be-
tween the target system and the bath to which it is coupled. Instead, it reduces this
complexity to a set of effective decay rates, a common approach used to model the
dephasing and relaxation of quantum states.

Under the assumptions of Markovianity and time-homogeneity, a special type of the
Lindblad master equation, the Markovian master equation, describes the evolution of
the density matrix (p) of our combined system[218]:

dp _ 1

oi = v+ D D(Lp, (A.45)

1
where Hyv the Hamiltonian of the system and

1
D(Li)p = LipL{ = 5 (pL{Li+ LiLip). (A.46)

The Lindblad operator L; represents the [*" interaction with the bath.

7
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The first term in the master equation describes the unitary evolution of the density
matrix due to the Hamiltonian of the NV~ system, while the second term describes
the evolution due to the interaction with the environment. The Lindblad operators
L; result in transitions between states of the system due to the interaction with
the environment. Each collapse operator, L; = +/T;4;, describes a different aspect
of the environment where I'; defines the strength of the interaction and can be a
relaxation rate, dephasing rate, etc., and A; describes the corresponding operator of
the interaction. When all L; are zero, the Liovillian equation of a closed quantum
system is recovered.

A.2.5.1. Lindblad operators

In the next step, we define the Lindblad operators L;, which describe the effects
included in our model. First, we look at how to incorporate the relaxation and
laser-induced optical pumping rates from Appendix A.2.2 and then continue to the
phonon-induced transitions introduced in Appendix A.2.4.

In general the Lindblad operator representing the transition from state |i) to |j) is
given by

Lygy15y =\ Koy 19) (il (A.47)

where kj;y_, ;) is the transition rate from state |i) to |j). The same applies to all
transition rates in Appendix A.2.2.

The Lindblad operators for phonon-induced transitions between the different ex-
cited state orbitals (X and Y) are constructed slightly differently. We are concerned
with transitions within the excited state manifold, such that the states in question are
a subset of |i,j) = {4...9} The two orbitals are defined as |X) = (§) and |Y) = (7).
We define the spin-conserving transition operator from the upper orbital to the lower
orbital as

L, = k|Y>—>|X> V) (X| ® 13, (A.48)

where kjyy_,|x) is the transition operator from the upper orbital ¥ to the lower orbital
X. The operator for the spin-conserving rate from the lower to the upper orbital L4
is equivalent to the flipped X and Y orbitals and indices.

A.2.5.2. Vectorization for application of Super Operators

We introduce a vectorization procedure that maps |i) (j] — |j) ® |i), such that it is
possible to use the Super Operator formalism [219]. The vector form of the density
matrix is obtained by stacking the columns of an n x n density matrix from left to
right on top of each other to form a vector of length n?, such that

p= Z pij 13) @ |i). (A.49)

Using this vectorization, we can rewrite the Lindblad master equation from Equa-
tion (A.45) as a product between a matrix and a vector, where all the properties are
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contained in the Lindbladian superoperator, given by
o _ _ 1 1-s -
L=i(H®lio—1w®H)+> (Ll ® L~ 5l ® LiL, - §L;Lk ® 110), (A.50)
1

where the complex conjugate is shown with an overbar (e.g. H) and the adjoint with
a dagger (). [ denotes all possible transitions, both optical and phonon-induced.
The time-evolution of the system in the vectorized form of the master equation [220]
is given by
dp(t)

= = La(t), (A.51)

which is computationally more efficient to calculate.

A.2.5.3. Time-dependent and steady state solution of the master equation

In the following, we will first provide a general time-dependent solution to the Lind-
blad master equation and then proceed to the steady state solution. The two ap-
proaches result in very similar outcomes when compared.

Time evolution of the density matrix

The time-evolved density matrix is obtained by
A(t) = e£1p(0) = e, (A.52)

where gy is the vectorised initial density matrix of the system. We choose an initial
population in the three states of the ground state of the NV~:

po=3 1) (11 + 3 12) (2] + 5 18) 3], (A.53)

which is then converted to its vectorized form pg as discussed in the previous section.

We solve Equation (A.52) with a time of 3 ps, which is enough under continuous
laser excitation to obtain a steady state. We get the vectorized density matrix p(¢),
which we then convert back to its matrix form. We then extract the populations of
the 10 states by

pi = (il p(t) [7) . (A.54)

Steady state solution of the density matrix

In an open quantum system where the decay rates are larger than the corresponding
excitation rates, there is a steady state solution for the density matrix for t — oo [217].
In this case, the solution of the Lindblad master equation can be cast into an eigen-
value equation: R

Lpss = 0pss, (A.55)

with pss, the vectorized form of the steady state density matrix, and ﬁ, the Lindbla-
dian superoperator in the given basis.
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We can solve Equation (A.55) and convert the vectorized density matrix back to
its matrix form. After normalization, the steady state populations of the 10 states
then read (0] pus i)

i] pss |t
Zj:l (7l pss |7)

A.2.5.4. Photoluminescence

The photoluminescence of the negatively charged NV I is calculated by summing
over the relevant radiative transitions from the excited state to the ground state and
the populations of these states, such that

Iy =Y ki (A.57)
1=4...9

Additional modification to the photoluminescence such as background fluorescence

Iyek, and collection efficiency 7collection, can also be introduced, such that
I’;otal = ncollectionll;L + Ihek, (A58)
which for convenience is generally referred to as I5,.

From the photoluminescence, the ODMR contrast C can be calculated by including
non-zero microwave transition rates into the Hamiltonian, i.e.; kyyw # 0. For example,
with a microwave driving between |1) (*A5 ) and |2) (3A9), we determine the contrast
by calculating
Ipp(byw_, = 0) — Ip (kmw_, #0)

C P—
Ipy,(kmw_, = 0)

(A.59)
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In the following section, we describe the experimental setups in which we conduct
the measurements, as well as a few other relevant experimental implementations. We
use confocal microscopy techniques to investigate Nitrogen-Vacancy centers in dia-
mond. Most of the experiments of Chapters 3 and 5 are performed in a closed-cycle
dilution refrigerator described in Appendix A.3.1. The experiments of Chapter 4
are performed in a closed-cycle refrigerator with a variable temperature inset (VTI)
described in Appendix A.3.2. For the simultaneous collection of the NV? and NV~
photoluminescence, we implement a dual-channel avalanche photodiode (APD) sys-
tem as outlined in Appendix A.3.3. In Appendix A.3.4, we describe the construction
of flexible and lightweight, thermal braids for our ultra-low temperature scanning ex-
periments. Lastly, we present details of our tuning-fork-based AFM implementation
for scanning experiments with diamond probes in Appendix A.3.5.

A.3.1. Closed-cycle dilution refrigerator setup

The closed-cycle dilution refrigerator (CF-CS81, Leiden Cryogenics) has a vector
magnet with a maximum magnetic field of (B, By, B,) = (1 T,1T,5T). The magnet
allows full 1T vectorial control; however, reaching the maximum B, = 5T is only
possible when the fields along the other axes are limited to By, B, < 0.3T. The
cryostat can be operated either at around 4 K or with the additional dilution system
at temperatures as low as 20mK. The total cooling power at 100 mK is 1000 pW
and increases with temperature. At 120mK it is already 1400 pnW. The cryostat
provides free-space optical access, connecting the LT objective (inside) and a confocal
microscope module (outside). The optical path also contains multiple windows with
a VIS-NIR coating angled towards each other to prevent unwanted radiation from
reaching the sample space.

The NV is excited with a green laser at 532 nm (Compass 315M, Coherent), and the
excitation polarization is controlled with a liquid crystal polarization rotator (LCR-
532, Thorlabs). The NV PL readout is performed with an avalanche photodiode
(SPCM-AQRH-33, Excelitas) with a 650 nm long-pass filter (FELHO0650, Thorlabs)
for the NV~ and a bandpass filter (FF01-600/52-25, Semrock) for the NV°. An illus-
tration of the effects of the filters on the emission of a diamond nanopillar can be seen
in Figure A.1. Nitrogen-Vacancy emission spectra are obtained with a spectrograph
(HRS-500, Princeton Instruments) and imaged with a low-noise camera (PIXIS 100,
Princeton Instruments).

The microwave control of the NV spin is performed using a microwave driving field
from a signal generator (SG384, Stanford Research Systems) that is modulated via
an IQ-modulator (AM0350A Quadrature Modulator, Polyphase Microwave) and an
AWG (Spectrum generator NETBOX DN2.663-04, Spectrum Instrumentation). The
NV photoluminescence is measured via gating the output of the APD with a TTL-
router (SP995, in-house built), which is controlled via the AWG and whose output is
measured with a data acquisition system (DAQ) from National Instruments (PXIE-
1073, PXIe-6612, PXIe-6738 and PXI-6220).
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The sample space is cooled efficiently through thermal coupling to the mixing cham-
ber plate, which is the coldest plate in the cryostat. The sample and scanning probe
holders, which are attached to the top of the positioning stacks, feature special flexible
cooling braids that ensure optimal thermalization while being flexible and lightweight
enough to enable smooth movement of these stacks. The fabrication of these cool-
ing braids is outlined in Appendix A.3.4. All electrical wires are thermally anchored
at each plate in the cryostat, and the MW lines contain attenuators for additional
cooling. To reduce the laser power requirements for NV initialization and readout,
we utilize NVs in photonic structures, specifically nanopillars, which significantly in-
crease the collection efficiency and lower the laser power to the tens of nW range
for saturation [37]. The free-space optical path inside the cryostat, which leads to
the sample space at mK temperatures, is also fitted with multiple windows featuring
VIS-NIR coating.

2.5 NV° NV-

1.5

PL Invy (keps)

0.5

550 ' 630 ' 710 ' 790
Wavelength A (nm)

Figure A.l.: Optical emission spectrum of a single NV in a diamond nanostruc-
ture [37]. The highlighted regions indicate the regions of collected PL to separate
the slightly overlapping spectra of the charge states NVY (orange) and NV~ (red).
The modulations in the depicted spectrum arise from a cavity effect of the diamond
nanostructure used to enhance NV PL collection efficiency.

A.3.2. Temperature controllable closed-cycle refrigerator setup

The closed-cycle cryostat (attoDRY2200, attocube systems) has a variable tempera-
ture range of T = 2 — 300 K. An integrated PID controller is used to stabilize the
sample space temperature using two sets of heaters, one directly below the sample and
another one heating the variable temperature inset (VTI). It features two different
operating temperature regimes (7' < 15K and T > 15K). The temperature sensor
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below the sample is a thin-film resistance temperature sensor (Cernox CX-1050-SD-
HT-12z4L, Lakeshore).

The optical setup consists of a commercial confocal microscope (attoCFM, attocube
systems). The NV is optically excited using a 532nm laser (Torus, Laser Quan-
tum) and a fibre-coupled AOM (Fibre-Q, EQ Photonics). The photoluminescence of
the NV is separated using a dichoric mirror (DMLP567R, Thorlabs), filtered by a
650nm long pass filter (FELH0650, Thorlabs) and recorded on an avalanche photo-
diode (SPCM-AQRH-33, Excelitas). The NV spin state is controlled via microwaves
that are produced by a signal generator (SMBV100B, Rohde & Schwartz), controlled
with an inbuilt signal generator, in-phase and quadrature (IQ) mixer, and subse-
quently amplified (HPA-25W-63+, Mini Circuits).

The cryostat has a superconducting vector magnet (1 T,1T,1T) with full 1T vec-
torial control, operated by two magnet controllers (APS100, attocube systems).

A.3.3. Dual channel avalanche photo-diode setup for the NV° and
NV~ charge states

For specific experiments, such as those in Chapter 3, we collect the photoluminescence
of the two NV charge states, NV? and NV, separately and simultaneously during
the measurement. Therefore, we separate the collected light by wavelength using a
dichroic mirror (FF640-Di01 or FF635-Di01, Semrock), which is reflective for most of
the light originating from the NV° and transmissive for the light of the NV~. The
PL from NV~ is further filtered with a 650 nm long-pass filter (FELH0650, Thorlabs)
and the PL from NV° with a bandpass filter (FF01-600/52-25, Semrock). The NV
photoluminescence for each charge state is then measured with two separate avalanche
photodiodes (APDs) (SPCM-AQRH-33, Ezcelitas).

A.3.4. Construction of cooling braids

For low- and ultra-low temperature systems, the quality of thermal connections be-
tween different parts of the cryostat assembly plays a crucial role due to the limited
cooling power available below 4 K. Effective cooling is typically achieved by directly
clamping parts together. If no direct connection is possible, large, highly conductive
parts, such as bulk pieces or braids, are used.

However, when cooling scanning systems inside the sample space of a cryostat, the
task becomes more challenging, and additional difficulties arise. Due to the move-
ments of the scanners, the connection needs to be highly flexible to avoid impeding
their movement. Additionally, the components must be lightweight to avoid over-
loading the capacity of the piezoelectric scanners. The available sample space is also
limited in volume, leaving little room for efficient clamping of the sample.

For our ultra-low-temperature scanning experiments at a base temperature of
20mK, we developed cooling braids to connect the scanning parts of the experi-
ment with the ultra-low-temperature part of the experiment. The cooling braids are
directly connected to the sample holder on one side, and on the other, they feature
a large anchor piece that can be clamped efficiently to the cooling reservoir with a
large surface area. For each connection, more than one braid can be used to increase
thermal conductivity while maintaining high flexibility.
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The material used is oxygen-free high thermal conductivity copper (OFHC), which
is widely used in cryogenics. It has an extremely high thermal and electrical conduc-
tivity due to the absence of impurities. It also features very low outgassing, which is
important for cryogenic systems. We use thin, high-flexibility braids to allow for full
scanner movement. They are made by Leoni. The specific OFHC material used for
the braids is Cu-OF1 or CW007A, which has a minimum copper content of 99.95%
and a maximum oxygen concentration of 0.001%. The nominal diameter of one indi-
vidual braid is 1 mm and it consists of 8 strands of 64 individual wires with a diameter
of 0.05 mm. The effective outer diameter is larger, approximately 1.55 mm. The braid
has a weight of 10g per meter. The copper anchoring pieces are designed and man-
ufactured in-house. They are made of Cu-OF or CWO008A material with a minimal
copper content of 99.95% and a maximum oxygen concentration of 0.0005%. The
material was purchased from Bikar Metalle.

Figure A.2.: (a) Gold-plated tip holder with flexible thermal braids, which is placed
on top of the nanopositioning stack. The PCB with the tuning fork holding the
diamond scanning probe is glued or screwed onto it (see Appendix A.3.5). (b) Gold-
plated sample holder with flexible thermal braids. A carrier PCB with the sample
under investigation is placed on top of the holder, or the sample under investigation
is directly attached to the holder.

The bulk copper pieces contain holes to insert the ends of the braids. The diameter
of the holes for the braids from Leoni is 1.6 mm. The borehole has chamfered edges
to prevent abrasion and scouring of the moving braids, which could result in the sep-
aration of individual copper wires, reducing overall thermal conductivity. In general,
all holes are designed to feature vent holes to prevent trapped air in screw holes or
through holes, which is particularly important for high-vacuum applications.

The connection between the bulk copper pieces and the braids is done using
electron-beam welding by Swissbeam. The braids inside the holes are crimped before
the weld. Multiple iterations examining grindings of the pieces yield the parameters
for an optimal weld of the braid and the bulk copper pieces. The aim is to weld every
single wire strand to the bulk copper pieces, which maximizes thermal conductivity.

After welding the parts together, the assemblies are electroplated with gold. This
protects the surface from oxidation and ensures a good thermal contact when clamped
to the cooling reservoir. In Figure A.2 we show two examples of finished assemblies.
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A.3.5. Home-built tuning-fork-based AFM

We describe our home-built atomic force microscope (AFM), which we integrate with
a confocal microscope (CFM) to perform scanning NV magnetometry with a single
Nitrogen-Vacancy center in a diamond nanopillar [18, 23]. In contrast to optical mi-
croscopy techniques, AFM is not limited by optical diffraction and can theoretically
reach atomic resolution. We fabricate diamond probes according to Refs. [37, 141]
and attach them to a tuning fork (TF) fixed to a nanopositioning stack. To record
nanoscale images, we use an AFM with the quartz TF as a vibrating probe in shear
mode to control the distance from the sample to the NV in the diamond probe. At a
constant height, we record the magnetic field-induced Zeeman splitting Az from the
NV ground state by optical readout at every point on the sample. In this subsection,
we motivate the choice of a tuning-fork-based AFM and describe our experimental
setup, including the custom tuning fork assembly. Then, we describe the attachment
of the diamond scanning probe to the tuning fork and ultimately discuss tuning fork
excitation and readout, as well as the scanning probe microscopy (SPM) controller.

Tuning fork

Tuning-fork-based AFM can be operated under various environmental conditions and
is ideal for our low-temperature experiments because quartz has a low thermal ex-
pansion and is insensitive to magnetic fields [221]. The tuning fork also features low
dissipation. Furthermore, quartz is a piezoelectric material; therefore, the tuning fork
signal can be read out electronically, simplifying the experimental requirements. The
tuning fork (TF) can be driven in two ways: either mechanically, using a nearby piezo
actuator, or electrically, by applying a signal to one of its electrodes [221].

Our experiment combines two titanium positioning stacks, composed of xyz-coarse
positioners and zyz-piezo scanners (ANSxyz50/LT, attocube systems). These com-
ponents are fully compatible with low-temperature and high-vacuum operation and
are made from non-magnetic materials. We will refer to the positioning stack hold-
ing the sample as the “sample stack”, and the one holding the tuning fork assembly
as the “tip stack”. The two positioning stacks are placed below a low-temperature
compatible objective, allowing for confocal microscopy.

On top of the tip stack, the titanium tuning fork head is mounted (see Figure A.2 a),
which holds a ceramic PCB where the tuning fork is attached. For mechanical ex-
citation, a piezo actuator (PL022.3x, Physik Instrumente) is glued to the TF head
with a low-temperature suitable glue (e.g., blue or green Plus Schuellfest, UHU).
Additionally, a heater element, consisting of a 1002 resistor (ND3-1206EW1000GB,
ims - International Manufacturing Services) isolated with Kapton tape, and/or a
temperature sensor can be attached as well.

We solder a commercial tuning fork (mask set E158, Micro Crystals), with a reflow
soldering process to two electrical pads on a custom PCB. The PCB is made out of
ceramic and features good thermal conductivity. It also houses an additional SMD
capacitor (1pF) for stray capacitance compensation (see below) as well as four elec-
trical contacts on a 1.27 mm raster. The first pin is for the electronic excitation of the
TF, the second for the compensation of the parasitic capacitance, the third for the
tuning fork readout signal, and the fourth is ground (GND), which is also connected
to the titanium holder. If piezo excitation is used, the pin for the excitation signal
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is grounded, and the one for the parasitic capacitance compensation is either locally
floating or grounded as well. The assembly is tested by recording the amplitude and
phase response of the tuning fork using a spectrum analyzer up to a frequency of
35kHz. The shape of the resonance curve and phase response are then examined.

Scanning probes

After fabrication [37, 141], the diamond probes are still attached to the diamond frame
with a small bridge. We now describe how a single diamond scanning probe is removed
from the frame and attached to the TF head at the end of a tuning fork prong. We pull
quartz capillaries with a pipette puller (P-2000, Sutter Instruments) from commercial
quartz glass with an outer diameter of 1 mm (Q100-70-10, Sutter Instruments). We
fill the tip of a capillary with UV glue (NOAS81 or NOAG61 from Thorlabs) and place it
into a pipette holder assembly (HI-7, Narishige). Using a micro-manipulator (MPC-
325 system with MPC-200 controller and two MP-225 micro-manipulators, Sutter
Instruments) combined with an optical microscope, we place the tip of the capillary
on the surface of a diamond scanning probe. This creates a UV glue droplet which
is hardened with a focused UV light (M365L2 with LEDDI1B, Thorlabs) for a few
minutes. Afterwards, the bridge holding the diamond probe is broken with shear
forces applied through the capillary.

The scanning probe is transferred to the end of the capillary to a second setup with
an optical microscope and placed into a zyz-translation stage with a 360° turning
wheel. The TF head with the tuning fork is fixed sideways in a vice on a turning
wheel below the quartz capillary. We must align two angles and the final position
of the probe so that the scanning probe is properly aligned with the TF head and,
consequently, with the sample. We must ensure that the probe is the lowest point of
the assembly, that it is within the working distance of the objective, and that the TF
does not cut any light originating from the NV. First, we align the scanning probe
perpendicular to the flat reference plane of the gluing setup using the first turning
wheel. Second, we align the scanning probe to the bottom of the TF head using the
second turning wheel. Then, we drive the scanning probe to its final position at the
end of the TF prong using the zyz-translation stage. Once the pieces are aligned,
we add a small drop of UV glue and glue the pieces together. Afterwards, we cut
the capillary behind the glue drop towards the holder with a diamond scriber (54482,
Tedpella), which leaves the diamond probe attached to the TF with a small piece of
quartz capillary.

The attachment of a diamond probe to the antenna support structure presented in
Chapter 5 differs from this procedure. In this case, the scanning probes are broken out
as described above, with a quartz capillary, but from the diamond with pillars facing
upwards. Then, they are turned in the micro-manipulator to align the nanopillar so
that it points upwards. We place the PCB holding the TF and the antenna support
structure upside down under the optical microscope of the micro-manipulator setup
and drive the diamond probe in place on the tip of the support structure. We glue
it on both sides of the channel with the help of a second capillary filled with UV
glue using the second arm of the micro-manipulator stage. Proper alignment of the
two structures is important and can be slightly adjusted by applying pressure. After
hardening the UV glue, the capillary attachment point is broken with shear forces,
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leaving the scanning probe attached to the antenna support structure. The two large
gluing areas on both sides of the channel ensure excellent attachment and a more
robust scanning probe compared to the small single attachment point of the capillary,
which can be subject to bending.

AFM operation

As mentioned before, the tuning fork can be excited either mechanically with a piezo
actuator or electrically by applying a voltage signal to one of the TF’s electrodes,
inducing a mechanical movement [222]. Both excitation methods enable AFM oper-
ation, but electrical excitation is preferred due to its direct excitation with minimal
power, even though additional circuitry is required.

Mechanical excitation requires only one TF electrode for readou,t while the second
one is grounded. The piezo actuator requires two independent lines for the positive
and negative electrodes. The two lines do not need to be coaxial; they can also be
twisted pair. An SPM controller can directly drive the piezo actuator, making the
experimental setup quite simple.

Typical values for the excitation are frequencies between 25-35 kHz and voltages of
50-500mV.

Electrical excitation, on the other hand, uses one of the electrodes for readout and
the other one for the excitation. It differs from mechanical excitation as it leads to
an antiresonance typically above the resonance of the TF [222] due to the stray or
parasitic capacitance of the quartz material between the two electrodes. Therefore,
the charges flowing over this capacitance need to be compensated in order not to
distort the line shape.

In collaboration with A. Tonin from our electronic workshop, we developed an all-
in-one device (SP1054, in-house built) for electrical excitation and readout of the TF,
which also includes a parasitic capacitance compensation circuit (see Figure A.3).
The excitation signal from the SPM controller (0-10V) is fed into the device and
attenuated. The excitation signal is delivered to the tuning fork over a coaxial cable.
The device also generates an inverted excitation signal, which flows over a variable
capacitor in the device and over a fixed capacitor, as close as possible to the TF,
to the readout electrode of the TF. The variable capacitance can be used to adjust
the total capacitance in the additional circuit to cancel out the current flowing over
the parasitic capacitance of the TF, leaving only the Lorentzian-shaped resonance
response [221]. Typical values for the excitation voltages at the tuning fork are in the
range of 5-500 V.

The generated charges from the TF are converted to a voltage by a low noise IV-
converter with a gain of 20 V/pA. Subsequently, the signal is amplified by three-stage
AC-coupled low-noise amplifiers with an adjustable gain. The resulting signal, in
the range of 0 to 10V, is fed into an SPM controller and can be used as a feedback
parameter. Instead of our in-house-built readout circuit, a commercial device such as
the high-frequency charge amplifier HQA-15M-10T from FEMTO Messtechnik can
be used. The gain is 10 V/pC which is an equivalent current gain of approximately
1.6 V/pA. In our cryogenic experiments, the coaxial cables carrying the TF readout
signal are several meters long, resulting in a significant cable capacitance. Therefore,
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Figure A.3.: Schematics of the electrical excitation circuit and the IV-converter with
subsequent amplifier. It features a polarity inverter as well as two variable attenu-
ation stages for very low excitation amplitudes. An inverting amplifier and variable
capacitor create the parasitic capacitance compensation circuit. The signal from the
TF is converted to a voltage by a low-noise IV converter and subsequently amplified
by three-stage, AC-coupled, low-noise amplifiers with adjustable gain.

a pre-amplifier as close as possible to the tuning fork would be ideal to improve the
signal-to-noise ratio.

At low temperatures and in high vacuum, the quality factor of tuning forks in-
creases significantly from 10% in air at room temperature to 10° in vacuum condi-
tions [221, 222]. Additionally, the stray capacitance varies significantly between room
temperature and low temperatures. Under cryogenic conditions, the antiresonance
resulting from the stray capacitance between the TF electrodes during electrical ex-
citation [222] is much further away from the actual resonance and therefore does not
necessarily require a compensation circuit.

We perform amplitude-modulated (AM) AFM or frequency-modulated (FM) AFM
using an SPM controller (ASC500, attocube systems or MFLI 500 kHz Lock-in Am-
plifier with MF-MD Multi-demodulator and MF-PID PID/PLL Controller, Zurich
Instruments). The controller generates a sine wave for exciting the piezo actuator or
the TF and processes the amplified response signal from the TF. A PID loop controls
the distance between the sample and the scanning probe attached to the TF by ad-
justing the voltage of a piezo scanner. In our case, it is typically the piezo scanner of
the sample stack that results in an inverted control signal.
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descriptions

In the following, we discuss the challenges associated with efficient photon collec-
tion from Nitrogen-Vacancy centers in diamond, especially in the context of low-
temperature experiments. We present the photonic structures used in this work and
introduce in Appendix A.4.1 our fabrication process for microscopic diamond solid
immersion lenses (SILs). In Appendix A.4.2, we give a detailed description of the
diamond samples used in each chapter of the thesis.

One of the fundamental problems with color centers in diamond is the poor collec-
tion of their photons [223]. Due to the high refractive index of diamond (n = 2.42),
there is a high degree of internal reflection. Especially in cryogenic setups, the col-
lection efficiency is further reduced due to technical reasons, such as the need for
additional optical windows and the requirement for low-temperature-compatible ob-
jectives. This is one of the key challenges for experiments with diamonds and there-
fore a lot of research focuses around the development of efficient photon extraction
using diamond structures like microscopic solid immersion lenses [109, 129, 223, 224],
nanopillars [37, 141] or microcavities [225-227]. Even though their intended use cases
differ, they all increase the photon collection.

(a)

Figure A.4.: (a) Diamond solid immersion lens with a radius of 4.2um right after
milling in the FIB. (b) Diamond scanning probe attached to a quartz capillary. The
nanopillar has an apex diameter of about 300 nm.

In our work, we also use photonic structures to enhance the photoluminescence
collected from the Nitrogen-Vacancy center in diamond. Our experimental setups
(see Appendix A.3) feature free-space optical access to the cooled sample space, low-
temperature-compatible objectives (LT-APO/VISIR, attocube systems), and at least
one window in the optical path. The closed-cycle dilution refrigerator, which can
reach a base temperature of 20 mK, features additional optical windows at various
system plates, further reducing photon collection. Therefore, photonic structures
are necessary for our low-temperature experiments. We use two different types of
structures, microscopic diamond solid immersion lenses (SILs) and nanopillars, as
shown in Figure A.4. They either contain a single NV or up to a few individual NV
centers. The NVs in the SILs are generally naturally occurring or in-grown NVs,
whereas the N'Vs in the nanopillars are typically implanted.
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The SIL is a half-sphere that is milled directly in the diamond material using a
focused ion beam (FIB). The NV ideally sits in the center of the lens structure, which
improves the collection efficiency significantly compared to the bulk [129]. We use this
structure to study native or ingrown NVs, which are micrometer deep in the diamond,
far away from the surface. As a result, these NVs typically experience a low effective
strain and are charge stable.

For our scanning NV magnetometry efforts, we fabricate all-diamond scanning
probes with nanopillars containing single NV centers [37, 141]. The NV is located
within tens of nanometers from the diamond surface. The tapered pillar acts as a
waveguide to enhance the collection efficiency of photons [37]. These shallow NVs are
created by ion implantation prior to fabrication and generally experience a rather
high effective strain due to the vicinity of the surface (see Chapter 3).

The collection efficiency could be further improved by using an anti-reflective coat-
ing, which consists of AlO3 or SiO,. It decreases the optical reflection at the diamond-
air interface from 17% to about 2% [228]. In our work, it is not necessary because the
photonic structure alone already provides enough enhancement for our measurements.

A.4.1. Solid immersion lens fabrication

Our microscopic diamond solid immersion lenses (SILs) are fabricated in-house using
focused ion beam milling, as described in Ref. [129]. In contrast to other works [109,
129], we do not fabricate the SILs around single NV centers, but simply place the
SILs at arbitrary positions and post-characterize them. Therefore, the number of
NVs contained inside the created SILs depends on their radius and on the native or
in-grown NV concentration of the particular diamond. Our approach is significantly
easier and, more importantly, much faster, but it requires NV concentrations in bulk
that are higher than in typical type Ila “electronic grade” diamond. From calculations
based on geometry and dimensions, the density for single NVs in SILs with a radius
of 4ym is around 0.2NV/pm3. However, confocal microscopy characterisation of
different diamond samples indicates that the actual required density might be up to
an order of magnitude higher.

Using diamonds with a higher NV concentration can have detrimental effects on
the NV charge stability and can lead to spectral diffusion and broadened linewidths.
A large number of defects can also change the screening behaviour of the diamond
and the effects of photoionization. These effects could be mitigated by limiting the
NVs to a thin layer at a specific depth inside the diamond, with the optical focus of
the SILs designed to fall within that layer. Such a heterostructure can be created
during growth and is called a delta-doped layer. This is quite challenging to achieve
with the current growth processes due to the large thickness of the overgrowth and
the very low doping concentrations required.

Fabrication procedure

In the following, we outline our fabrication procedure based on Ref. [129]. The fabri-
cation process begins with the preparation of the diamond sample for the ion milling
procedure. The diamond is cleaned and fixed with crystal bond on a silicon carrier
chip. It is then coated with a conductive Ti/Au layer consisting of 5nm titanium
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followed by 25nm of gold. The metal layer is very important for the quality of the
milling process as it reduces electron beam drift.

For the milling process, we use a FIB-SEM dualbeam system (Helios 400, FEI
Company) with a gallium (Ga™) ion beam. The sample is mounted on a standard
conductive SEM holder with carbon tape, and an additional electrical connection to
the diamond is made by conductive Al-tape.

Before we can mill our SIL structures, we need to determine the specific milling
rate of the ion beam for diamond. Therefore, we mill a cylindrical structure in the
diamond with a depth of 5 pm and a diameter of 10 pm with a beam current of 2.5 nA,
a voltage of 30kV and a magnification of 1980 (window width of 32 um). The milling
completed after 991s and resulted in a 2.56 pm deep hole and a total milled volume
of 201.1 pm?. From the above parameters, we calculate the milling rate for diamond
in our system to be about 0.812 n”g“;. Using these settings, we proceed to fabricate
the SIL structures with precise control over their size and shape.

The FIB machine features a so-called “’stream-file input” which allows for pro-
grammatically moving the ion beam. This file format is machine-specific and contains
dwell times as well as xy-coordinates for the beam as values for the 16-bit DAC of the
patterning processor. The SIL structure is milled in concentric rings, as outlined in
Ref. [129], with a spiral beam path to ensure a smooth surface finish. The 3D shape
of the structure is created by subsequent passes, removing more material at posi-
tions with a higher total dwell time. Each pass removes less than 50 nm to achieve
a good surface finish where the roughness is smaller than the optical wavelength in
our experiments. We use Python scripts derived from the published code of Ref. [129]
to generate the stream files for the FIB, which contain the necessary beam paths to
create the SILs.

We predominantly wrote SILs with a radius of 4.2 pm, which take about 35 minutes
to mill and have a very smooth surface. Most of them contain one or more NVs
depending on the NV concentration of the respective diamond (see Appendix A.4.2).
SILs with a radius larger than 10 pm are challenging to write because, during the
prolonged milling time, beam drift occurs, jeopardizing the quality of the structure.
The milling works well for [100]- and [111]-oriented diamonds.

After the milling process, we take the diamond off the silicon carrier chip and remove
the conductive Ti/Au layer with an Au-etchant treatment followed by a ten-minute
hydrofluoric (HF) acid bath with a concentration of 4% and a tri-acid clean.

Gallium ions from the milling process remain embedded in the diamond surface
up to a depth of about 10nm. To remove these impurities, we perform a short O,
plasma etch. We etch the surface for 23 seconds using inductively-coupled reactive
ion etching (RIE) with 60sccm, 1.3 Pa Oy under 700 W source and 50 W RF power.
Afterwards, we clean the sample again in a tri-acid bath.

Optionally, an anti-reflective coating can be added to further enhance the collection
efficiency of the sample, as described in Ref. [109].

A.4.2. Detailed sample descriptions

In the following, we provide details on the diamond samples used throughout this
work. For each chapter, we provide a brief introduction and list the samples studied.
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Some of them are used in several parts of the thesis and therefore appear multiple
times.

Samples used in Chapter 3

In the studies in Chapter 3, we investigated single NV centers in our closed-cycle
dilution refrigerator (see Appendix A.3.1) at a temperature of 7'~ 4 K. The samples
differ mainly in the type of the studied NV (native/in-grown and implanted), the
single diamond crystal orientation ([100]-oriented and [111]-oriented), and the type of
photonic structures (SIL and nanopillar).

Sample S1:

The sample S1 is the same sample used in Ref. [109], where extensive details on the
sample and its fabrication are provided. The sample is a [100]-oriented, chemical
vapor deposition (CVD) grown type Ila “electronic grade” diamond from Element
Sixz. Solid immersion lenses are fabricated by focused ion beam milling around pre-
localized, naturally occurring NV centers located 5-25 ym below the sample surface.

Sample S2:

This sample consists of a commercially available, [100]-oriented, CVD-grown type
Ila “electronic grade” diamond from Element Siz. NV centers are created by “NT
ion implantation at 12keV and subsequent annealing as described in Ref. [141]. This
procedure results in NV centers located ~10 nm from the diamond surface. To increase
photon collection efficiency of the NVs, cylindrical diamond nanopillars of ~200nm
diameter are fabricated in the sample surface [141]. The sample fabrication procedure
is tailored to yield an average of one NV center per diamond pillar.

Sample S3:

The sample S3 is the same sample used in Ref. [110], where extensive details on the
sample and its fabrication are provided. Sample S3 was grown by CVD in the group of
J. Achard and A. Tallaire with methods described in detail in Ref. [229]. NV centers
are created in growth through controlled incorporation of N gas into the growth
reactor and subsequent annealing. These growth conditions lead to NV centers whose
quantization axis is preferentially aligned with the [111] growth direction and which
typically exhibit excellent spin properties [230]. We note that the sample exhibits
elevated fluorescence background levels from SiV centers, which were inadvertently
created during sample growth. We investigate NVs situated in nanopillars fabricated
in-house.

Prior to our experiments, samples S2 and S3 were acid cleaned using a well-
established acid cleaning technique [231]. This sample cleaning method leaves the
diamond surface predominantly oxygen-terminated. No acid cleaning is employed for
sample S1 to preserve the pre-existing antenna and gate structures on the sample
surface. Given the micron-scale depth of the NVs examined in sample S1, sample

92



A.4. Diamond sample fabrication and sample descriptions 93

cleaning and surface termination are of minor relevance to the behavior of the NVs
studied in this sample.

Samples used in Chapter 4

In Chapter 4, we also investigate native and in-grown single Nitrogen-Vacancy centers
in bulk diamond using photonic structures in our temperature controllable closed-
cycle refrigerator (see Appendix A.3.2). We examine two different samples: one
containing NVs with a low effective strain field and the other containing NVs with
an elevated effective strain field. On both samples, we fabricate microscopic dia-
mond solid immersion lenses (SILs) to increase photon collection efficiency. The SILs
are created with focused ion beam (FIB) milling as outlined in Appendix A.4.1 ac-
cording to Ref. [129] with a radius of 4.2pm. The samples are acid cleaned using a
well-established acid cleaning technique [231] which leaves the diamond surface pre-
dominantly oxygen-terminated. Afterwards, a Ti/Au antenna structure is patterned
on top of the diamond next to the SILs.

Sample containing NVs with very low effective strain (Sample S4):

It is a thin [100]-oriented, chemical vapor deposition (CVD) grown type Ila “electronic
grade” diamond from Element Siz and contains a slightly larger native N concentra-
tion than usual throughout the diamond. We fabricate SILs with focused ion beam
(FIB) milling as outlined in Appendix A.4.1 according to Ref. [129] with a radius of
4.2 pm and investigate naturally occurring NV centers.This sample contains NV #1.

Sample containing NVs with elevated effective strain:

The sample is sample S3 from Chapter 3 and presented in Ref. [110], where extensive
details on the sample are given. N-doping was achieved during the diamond growth
through controlled incorporation of N gas into the growth reactor [229]. We note that
the sample exhibits elevated fluorescence background levels from SiV centers, which
were inadvertently created during sample growth. We investigate NV situated in the
fabricated SILs. This sample contains NV #2.

Samples used in Chapter 5

In the studies of Chapter 5, we investigate NV centers located in a parabolic diamond
scanning probe a few tens of nm from the diamond surface in our closed-cycle dilution
refrigerator (see Appendix A.3.1) at various temperatures between 20 mK and 4 K.
The different scanning probe samples are manufactured from commercially available,
[100]-oriented, CVD-grown type Ila “electronic grade” diamond from FElement Siz
according to Ref. [37].
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In the following section, we present some additional material relevant for Chapter 3.
We provide details on the fitting procedures and the resulting fit parameters for the
classical rate equation model from Appendix A.1 and include supplementary data and
further discussions on the observation of the strain-induced enhancement of the orbital
g-factor. We discuss the measurements of the NV photoluminescence dependence on
laser polarization and describe experimental details on the optical detected magnetic
resonance (ODMR) measurements and the calculation of the magnetic field sensitivity
presented in Figure 3.6.

Fitting procedure for the magnetic field dependent
photoluminescence of the NV~

Using the ten-level model described in Appendix A.1, we fit the NV~ photolumines-
cence spectra as a function of magnetic field along the NV quantization axis. The
model includes all relevant levels of the NV~ and the transition rates are fixed to
values from Ref. [112]. The full model includes 14 parameters: three magnetic field
components, three electric field components, three strain parameters (shear stress is
ignored), two pumping rates, the collection efficiency, the background counts, and the
effective g-factor. In general, the model is overconstrained and, as a consequence,
requires some approximations to fit accurately.

We treat the combination of electric field and strain as one effective strain field,
reducing the six corresponding parameters to three. Furthermore, the positions of
the ESLACs in the magnetic field are independent of the z-component of the effective
strain parameter, which is thus also disregarded from the fit. Therefore, we parame-

terize the effective strain fields in polar coordinates with §, = /02 + 55 and ¢y is an

angle such that 6, = 0, sin(¢s) and J, = 1 cos(¢s). We parameterize the magnetic
field in spherical coordinates, with the tilt angle of the magnetic field away from the
NV quantization axis denoted as 6. In our experiments, the magnetic field misalign-
ment is small with 6 ~ 0, in which case the azimuthal angle ¢ of the magnetic field
has no significant effect on the NV excited state spectrum and can be set to ¢pp = 0.
Finally, we define the photon collection efficiency n to be constant and identical for
all NVs at n = 0.005. This leaves a fit with only 8 parameters and the NV~ PL I}
can be described as

Ity = f(Bxv, 08,01, 95,88, 88, Ibek, 91)- (A.60)

As discussed in Chapter 3, the effective g-factor, g;, can only be confidently deter-
mined in the low strain regime. We thus let g; vary as a free fit parameter for NV1-S1
only, but keep this parameter fixed for all NVs with higher strain values at g; = 0.14
— the value determined for NV1-S1. As we argue in Chapter 3, g; varies with strain,
and fixing g; for these NVs might therefore introduce certain systematic errors in our
fits. However, as illustrated in Figure 3.3d (lower panel), the magnetic field values at
which the Eg(y) + E;(t,) interbranch ESLACs occur, depend only very weakly on the
value of g; and we therefore consider these deviations to be almost negligible.

All of the fit results are summarized in Table A.5, and the fits from the NVs in
Chapter 3 are shown in Figures A.5 to A.9.
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NV-Sample &, (GHz) &5 (°) o5 (°) BE, BE, I (cps)
NV1-S1 1.444(3) -11.6(1.3) 1.14(3) 0.0221(3)  0.0242(5)  4378(92)
NV2-52 38.6(7) 1(59) 0.61(3) 0.085(5)  0.186(14)  70910(244)
NV3-52 55.9(6) -32.2(6)  0.502(10) 0.240(6)  0.64(2) 9091(231)
NV5-82 32.0(5) -29(3) 0.20(2) 0.43(3) 0.52(5) 83198(883)
NV4-83 42.3(5) -26(2) 1.06(3) 0.102(3)  0.164(7)  158011(234)

Table A.5.: Summary of the fit results of the Iy, spectra. For NV1-S1, the fit value
for g; is 0.1395(9). For all the other NVs, g is fixed to 0.14.
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Figure A.5.: NV~ photoluminescence (PL) signal, I, as a function of magnetic
field, Bnv, for NV1-S1. The fitting values are: the strain parameters 0, = 4.444 +
0.003 GHz, ¢s = —11.6 + 1.3° and g; = 0.1395 + 0.0009, the B-field misalignment
O0p = 1.14 £0.03°, the excitation and scaling parameters g, = 0.0221 &+ 0.0003 and
BE, = 0.0242 £ 0.0005, the background fluorescence I, = 4378 & 92 cps.
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Figure A.6.: NV~ photoluminescence (PL) signal, I; , as a function of magnetic field,
Bnv, for NV2-S2. The fitting parameters are 6; = 38.6 + 0.7 GHz, ¢5 = 1 £+ 59°,
the B-field misalignment 8 = 0.61 & 0.03°, the excitation and scaling parameters
BEe, = 0.085 £ 0.005 and Bg, = 0.186 & 0.014, the background fluorescence I ; =
70910.429 + 244.9818 cps.
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Figure A.7.: NV~ photoluminescence (PL) signal, I , as a function of magnetic field,
Bynv, for NV3-S2. The fitting parameters are: §, = 55.940.6 GHz, ¢s = —32.240.6°,
the B-field misalignment 8 = 0.502 4 0.010°, the excitation and scaling parameters
Be, = 0.240 £+ 0.006 and Bg, = 0.64 & 0.02, the background fluorescence I, =

9091 + 231 cps.
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Figure A.8.: NV~ photoluminescence (PL) signal, I5;, as a function of magnetic
field, BNy, for NV4-S3. The fitting parameters are: the strain parameters ; =
42.3 + 0.5 GHz and ¢s = —26 £ 2°, the B-field misalignment 65 = 1.06 + 0.03°, the
excitation and scaling parameters B, = 0.102 4-0.003 and g, = 0.164 & 0.007, the
background fluorescence I, = 158011 4 234 cps.
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Figure A.9.: NV~ photoluminescence (PL) signal, I5;, as a function of magnetic
field, BNy, for NV5-S2. The fitting parameters are: the strain parameters ; =
32.0 £ 0.5 GHz and ¢5 = —29 + 3°, the B-field misalignment g = 0.20 4+ 0.02°,
the excitation and scaling parameters g, = 0.43 £0.03 and B8g, = 0.52 & 0.05,
the background fluorescence I, = 83198 + 883 cps. The strain values are used to
calculate the ESR contrast and the sensitivity in Figure 3.6. The scaling parameters
have been adapted due to the different laser power during the ESR experiment.
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Fitting procedure for the magnetic field dependent
photoluminescence of the two NV charge states

The NV? and NV~ PL can simultaneously be fitted with the 12-level model presented
in Appendix A.1.3, which further includes the NV° ground and excited states. The
transition rates for the NVY and its dynamics with the NV~ as well as their power
dependence are all taken from the literature [65].

We first perform a fit to the corresponding NV~ photoluminescence data to ex-
tract key properties of the NV~ such as 0p, 01, ¢s5, 8g, and Bg,. In a second fit,
we keep these parameters in the model constant and fit both the NVY and NV~ PL
simultaneously. The pumping parameter for the NV® and the laser power-dependent
shelf-ionization rate from the singlet is taken from the average between the two pump-
ing parameters to the two NV~ ES orbitals.

Consequently, in the second fit, the only free parameters left are scaling parameters,
and the NV° photoluminescence I3; can be described as

Il(:)’L = f(nNV°7 Il?ck)a (A.61)

where nyyo is the collection efficiency for the NV? PL and I? . are the background
counts in the wavelength spectrum of the collected NV° PL.

Due to the new decay channels in the model, the predicted NV~ PL also needs to
be rescaled when using the 12-level model. We found that merely leaving I, as a
free parameter gives good accordance with the data. This leaves the simultaneous fit
to the NV~ PL with:

oy = £(Tia) (462
where I, is the background counts in the wavelength spectrum of the collected NV~
PL.

The NV° PL exactly mirrors the dips of the NV~ with peaks. This behavior cannot
be explained solely by the known ionization and recombination processes between the
two charge states. Only considering them would lead to the similar dips as for the
NV~ PL, instead of the observed peaks. However, when introducing the recently
proposed channel from the NV~ singlet to the NV ground state, this behavior can
be explained with our model (see Appendix A.1.3). Even when leaving more free fit
parameters, without a set minimal value for the shelf-ionization rate, the behaviour of
the data cannot be reproduced. The fits give a larger value of background fluorescence
counts for the NV~ data. This increase could indicate some small inaccuracy with
the ionization, recombination, and shelf-ionization rates and/or their dependence on
laser power. The fit results are shown in Table A.6.

NV-Sample  nyyo T 8 . (cps) I (cps)
NV1-S1 0.00132(3) 1258(11) 7980(8)
NV2-S2 0.001820(7) 7963(10) 79176(52)

Table A.6.: Summary of the fit results of the I3, and I, spectra.
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Figure A.10.: NV° photoluminescence (PL) signal, I3;, as a function of magnetic
field, Byv, for NV1-S1. The fitting values for the NV? and NV~ PL are: NV°
pumping parameter 7o = 0.00132 £ 0.00003, the background fluorescence for NVY
I, = 1258 4+ 11 and the background fluorescence for NV~ I, = 7980 =+ 8.
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Figure A.11.: NV° photoluminescence (PL) signal, I3;, as a function of magnetic
field, Byy, for NV2-S2. The fitting values for the NV? and NV~ PL are: NV°
pumping parameter nyyo = 0.001820 % 0.000007, the background fluorescence for
NVO 1P, = 17963 £ 10 and the background fluorescence for NV~ I}, = 79176 + 52.
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Measurements of the orbital g, factor

For the measurement of the interbranch level anti crossings E,(,) <> FEy(,) at high
magnetic fields, we introduce the 111-oriented sample S3 to maximize the magnitude
of Byv that we can access in our experimental setup equipped with a (B, By, B;) =
(1T,1T,5T) vector magnet as outlined in Appendix A.3.1.

We first characterize the strain parameter of each investigated NV with measure-
ments of the photoluminescence as a function of magnetic field at “low” magnetic
fields (see Figure 3.3a). After that we investigate Iy (Bny) for Byy up to 5 T. With
all NVs, we conduct the same analysis as exemplified for NV4-S3 in Chapter 3.

All NVs we investigated in S3 show d -values in the range of 30—50 GHz. According
to our model, these NVs should all exhibit their £,y <+ E,(,) interbranch ESLACs,
and a corresponding reduction of Iy}, within the magnetic field sweep range shown
in Figure A.12, unless g; is significantly enhanced, as discussed in Chapter 3.

Due to slow magnetic field ramp speeds and occasional signal drifts, we mostly per-
form magnetic field sweeps in smaller intervals of Bny, and only a few measurements
cover the entire range. This data is shown in Figure A.12. Some of the data include
a low-frequency envelope, which results from system drifts during the long magnetic
field sweeps.
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Figure A.12.: NV~ photoluminescence (PL) signal, I5; as a function of magnetic
field, By, for multiple NVs showed with an offset. According to our model, all of the
shown NV PL spectra should show PL dips in the shown magnetic field range. They
are exemplary and show full field scans. Most of the performed scans were regions of
magnetic field investigating of various parts of the magnetic field. To determine the
strain appropriately we performed high resolution scans at low magnetic fields.

Suppression of spin-orbit mixing

The absence of high-field anticrossings could be explained by a suppression of the
spin-orbit coupling for NVs with higher effective strain values. This would require
a magnetic field dependence that would greatly reduce the coupling between low
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and high magnetic field regimes. The excited state Hamiltonian in Equations (2.3)
and (2.4) only has a non-zero mixing term for the relevant states of,

AL (0. ® (SuS. + 5.5.) — 02 ® (5,5 + S.5,)) . (A.63)

Evaluating the matrix elements between the relevant eigenstates of Eg(y) and Eyi(;)
gives

Lo AL
Mg, 5, = 2 5 Ao \/ d-6,)2 + (Bogim)?, (A.64)
where, for simplicity, we assume strain only in the x-direction. Numerically evaluating
this matrix element for one of the measured NVs (NV4-S3) with ¢g; = 0.1 at B =0
gives Mgy gy = 250 MHz. Importantly, this term varies by less than 1% over the range
of Byv = 0 to Byv = 5 T. We thus conclude that a suppression of the spin-orbit
mixing does not account for the missing high-field anticrossings.

Time-dependent electric field fluctuations

Due to the high sensitivity of the excited state energies to electric fields, the missing
photoluminescence dips could also be explained by electric field fluctuations, which
would smear out the features in the PL. The amplitude of such fluctuations would
need to be larger than 1000 V/cm and the fluctuation rate larger than 1 Hz in order
to be large and rapid enough for individual features to disappear. Electric fields gen-
erated by individual trapped charges in the vicinity of NV centers in diamonds [83]
can be taken as order-of-magnitude estimates for the expected electric field fluctua-
tions. Therefore, we conclude that typical electric fields in our diamonds are orders
of magnitude too small to explain the vanishing of the high-field PL dips.

The type of optical excitation (non-resonant or resonant with intermittent, green
charge-repumping pulses) has an effect on the charge dynamics, primarily affecting
the event frequency. Furthermore, given that the electric field amplitude quoted by
Dolde et al.[83] is too small to induce a relevant broadening of the PL dips, the
frequency at which the electric field fluctuates is of little relevance.

Green laser excitation can lead to increased electric field fluctuations compared to
the case of resonant optical excitation. However, if laser broadening resulted in a
direct broadening of the anticrossing features, we would not observe the reduction in
PL for the interbranch ESLACs in any sample, regardless of the strain value. We
observe the interbranch ESLAC dips for NV1-S1 and, in fact, for all NVs in the low-
strain regime. Furthermore, the diamond samples S1 and S3, along with their NVs,
are similar in nature. Therefore, we think that laser broadening can not explain the
missing ESLAC dips.

Polarization dependence of the NV PL

The optical pumping to the excited state orbital doublet has a polarization depen-
dence [40]. Therefore, it is possible to control the population of the orbitals and the
resulting reduction of PL at the positions of the level anticrossings. This control is
limited due to the non-radiative relaxation after pumping [40].
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We control the polarization angle of the linearly polarized green laser using a liquid
crystal rotator with a 1000:1 extinction ratio, placed after the dichroic mirror and
before the objective.

In both high (Figure A.13) and low strain regimes (Figure A.14), we find that we
can change the contrast of the PL dips. Also, the NV® PL shows a dependence on
the laser polarization, which we show in Figure A.14 for NV1-S1.
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Figure A.13.: Normalized NV~ photoluminescence signal as a function of magnetic
field, Bnv, for two orthogonal laser polarizations of an NV in S3. The two inter-
branch LACs are well resolved. The initial drop in counts is attributed to a nearby
NV, which is quenched with a magnetic field.

Optical detected magnetic resonance contrast and magnetic field
sensitivity

In order to probe the effect of the excited state level anticrossings on the performance
of magnetic field sensing, we bring single Nitrogen-Vacancy centers in nanopillars from
sample S2 into close proximity (within 100 pm) of a 25pm thick Al wire antenna.
To avoid the frequency-dependent performance of the microwave circuitry at each
measurement point in the magnetic field, we perform Rabi measurements to tune the
microwave driving power to maintain an average m-time of 200 ns for power broadened
ODMR and 1 ps for hyperfine resolved ODMR. We then performed optical detected
magnetic resonance measurements with a standard pulsed ODMR technique [32] and
fit the data with Lorentzian functions. The results for NV5-S2 are shown in Figure 3.6.

We are unable to detect any statistical difference in the change of sensitivity between
the power-broadened and hyperfine-resolved ODMR. Additionally, we do not observe
any effect on the nuclear spin polarization, which is starkly different from the room
temperature excited state level anticrossing, where polarization greater than 90% has
been observed [232].

To compare the experimental sensitivity and contrast with the model, we first fit
the NV~ Ipp, spectra to obtain the parameters from the model. These fit parameters
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Figure A.14.: Normalized NV~ photoluminescence signal (red), and normalized NV
photoluminescence signal (orange), as a function of magnetic field, Byv, for the low-
strain NV1-S1. Two orthogonal laser polarizations have been used. The NV signal
shows a dependence on laser polarization at the same positions as the NV~ does.
When the NV~ countrate decreases at an ESLAC, the corresponding NV° countrate
increases and vice versa.

are then used to predict the contrast of the ODMR as a function of magnetic field,
C(B). The combination of the fitted Iy, (B) and the predicted C(B) is then used
in conjunction with the average ODMR width to predict the sensitivity, n(B). In
case of NV5-52, we show the I (B) data in Figure A.9, which is used to predict the
magnetic field sensitivity.

103



A.6. Supplementary material for Chapter 4

In the following section, we present additional material from Chapter 4. We show the
raw, unprocessed data obtained from multiple measurements of the photolumines-
cence as a function of magnetic field and temperature, and discuss the normalization
procedure we introduce to remove slow laser fluctuations. We provide additional de-
tails on the fitting procedure using the Lindbladian master equation model described
in Appendix A.2, present the resulting fits, and discuss the phonon-coupling strength.
Finally, we explain the strain-dependent modeling of the photoluminescence contrast
at the position of the room-temperature excited state level anticrossing, presented in
Figure 4.4.

Temperature-dependent photoluminescence measurements

We measure the photoluminescence of two single NV centers in different samples, fur-
ther described in Appendix A.4, as a function of magnetic field and temperature. The
samples are measured in two separate experiments. First, each sample is cooled down
to the base temperature of the cryostat (=~ 2K). We then increase the temperature in
steps to room temperature, and at each step, we record the photoluminescence during
a magnetic field sweep. The results are shown in Figures A.15 and A.16.

800
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Magnetic field By,

100

50 100 150 200 250 300 50 100 150 200 250 300
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Figure A.15.: PL intensity I}, as a function of Byv and T for NV #1 for magnetic
fields up to 800mT. On the left, the raw data of the measurement is shown. During
the measurement, the green excitation laser experienced significant drifts, leading
to distortions in the recorded data. On the right, the data is corrected using the
simultaneously recorded laser power.

Two additional datasets with longer integration times and a smaller magnetic field
range are presented in Figures A.19 and A.20. These datasets have been acquired
during the same experimental run as the other datasets corresponding to the respec-
tive NV. For each temperature, the magnetic field sweeps for the additional datasets
were recorded consecutively, immediately following the measurements of the primary
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Figure A.16.: PL intensity I as a function of Byy and T for NV #2 with higher
effective strain for magnetic fields up to 800 mT.

datasets. As a result, any differences in magnetic field alignment or illumination con-
ditions between these consecutive measurements are expected to be minimal, ensuring
that the datasets are directly comparable under nearly identical experimental condi-
tions. The time each magnetic field sweep takes varies from ¢ = 300s to ¢t = 800s
between the datasets.

Data normalisation

During the measurement series, we experienced unavoidable laser fluctuations that
introduced significant noise to the PL signal. This issue was particularly prevalent
for the low-strain measurement series.

For NV #1, we monitor the laser power during the measurement series and therefore
we are able to remove these corresponding artefacts. We use the laser power as a
normalisation factor, which is independent of changes to the NV photophysics as
a function of temperature. The results of this normalisation process are shown in
Figures A.15 and A.19, with the left panels showing the raw data and the right panels
showing the data after being corrected for laser fluctuations. While this normalization
procedure is not the one we use in Chapter 4, it clearly illustrates that the main
contribution to the observed fluctuations is coming from the laser itself.

Another way to normalize the data, as used in Chapter 4, is to utilize the model
itself, as outlined below. To normalize the data, we use the extracted value for the
effective coupling apn (see Appendix A.6), and the NV parameters and average optical
conditions in temperature of NV #1 and NV #2, to simulate the PL as a function of
temperature T at B = 800mT for each of the two NVs:

-

PL simulation

(B =800mT,T) (A.65)

We choose this magnetic field value because at higher magnetic field values, the PL
intensity is less dependent on the NV electronic and strain properties. The normal-
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ization factor for the dataset of each individual NV is

y(T) = II;L simulation(B =800 mT7 T) <A66)
II;L data(B =800 mT7 T) 7

where the normalized data is

IPL, normalized data(T) = V(T)IPL data- (A67)

The temperature step size, AT, varies throughout the experiment, with finer
sampling at lower temperatures where most features occur. Specifically, data were
recorded with a temperature resolution of AT = 1K for T' < 100K and AT = 5-10 K
at higher temperatures. For visualization, the pixel sizes in the figures were adjusted
to reflect this varying temperature resolution.

Determining the NV parameters

To model and understand I} as a function of temperature and magnetic field, it is
essential to precisely determine key NV parameters such as magnetic field alignment,
strain, and optical pumping conditions. Using the same method detailed in Chapter 3,
we fit the NV PL as a function of B, I5; (B), at the lowest obtainable temperature
(T = 2K). For each NV, we extract the following parameters using the model with
transition rates presented in Table A.7: the strain splitting parameter 6 and ¢s as
well as the magnetic field misalignment 6z, the pumping parameters g, and fg,,
and the background fluorescence I, . In Figures A.21 and A.23 we show the fits for
both NVs, with the extracted properties summarized in Table A.8. The corresponding
level diagrams for the two NVs are shown in Figures A.24 and A.22.

k., knry knry To Branching ratio
66.8 10.5 90.7 296.53 4.36:1:1

Table A.7.: The table lists the rates used in the model. All transition rates are taken
from Gupta et al.[112], except for the singlet. The temperature dependence of the
singlet decay follows the functional form of Robledo et al. [131] scaled to the rates of
Gupta et al. at room temperature. All rates are expressed in MHz. We found those
rates to be in the best agreement with our data, but other literature rates also give
good agreement.

To account for fluctuations and changes in optical conditions over the course of
the experiment, we determine an average optical pumping strength 8 and an average

background I, over the temperature sweeps (Figures 4.2c and 4.3c in Chapter 4) for
each NV. We fit our model to the I (T') data of NV #2 (B = 0mT) of Figure 4.3c,
with the only free parameters 3, I, 4 and apn. We do not observe any changes in
pumping strength or background counts while sweeping over the magnetic field since
these sweeps are comparatively rapid (5-15 minutes per sweep).

For NV #1, we also fit 8 and I, at B = 0mT from Figure 4.2c using the extracted
value for the phonon coupling strength from NV #2. However, for NV #1, we restrict
the fit to the temperature range which exhibits only minor power fluctuations (i.e.
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NV 61 (GHz) ¢s5 (°) o5 (°) BE, BE, Iy . (keps)
NV#L  L1685(3) 234(3)  L.05(3)  0.0634(12)  0.039(2) 18.0(7)
NV #2 75(2) 35.3(9)  1.37(3) 0.052(2)  0.089(5) 29.9(7)

Table A.8.: Summary of the fit results for the two NVs from the I spectra at low
temperature (7'~ 2K). 7collection 1S fixed to 0.03. For details regarding the model,
refer to Appendix A.2

T < 80K). We fit 8 £, keeping the ratio of excitation between the branches S, /8E,
constant. The parameters we determine are shown in Table A.9.

NV BE, _ PBg, Tq (keps)
NV #1 0.061(4) Bg, - Br,/BE. 19(3)
NV#2  0.0344(7) Bg. Br,/Be,  51.5(1.3)

Table A.9.: The table shows the average optical conditions of the two NVs with
temperature. The ratio between the two orbitals is kept constant at the parameters
extracted from the fit at the lowest temperature.

The values extracted from the Iy} spectra of the two NVs at low temperature
(Table A.8) and the values for average illumination conditions (Table A.9) are used
in the Lindbladian model calculating the photoluminescence response as discussed in
Appendix A.2.

Phonon-coupling parameter

Using our model, it is also possible to extract the phonon-coupling parameter and
thus model the temperature dependence of the ESLAC structure. Using the deter-
mined NV parameters shown in Tables A.8 and A.9, the temperature dependence of
our model is described by two parameters oy, the effective coupling incorporating
the phonon coupling strength to A and E phonons and w,., the cutoff frequency in
the integral in Equation (A.42). These values are required to calculate the transi-
tion frequency between the two orbitals. In our model with fix w. to 60meV (see
Appendix A.2.4), so that the phonon coupling strength o, remains the only free
parameter in the fit.

Since the data from NV #2 (higher strain) has a significantly better quality in
laser stability over time, we use this dataset to extract the phonon-coupling strength
apn = 1.4+0.2 Hz/K? for both NVs. This value is determined by fitting the NV PL as
a function of temperature across a range of magnetic field values, where magnetic field
values around the ESLACs and GLSAC were excluded from the fit. Additionally, our
variable temperature insert has two temperature ranges (T' < 15 K and 7' > 15 K),
which results in different temperature gradients from the sample to the temperature
sensor. For consistency, we exclude the temperature range T' < 15 K from the fit.

For modeling the NV PL, we assume that the coupling strength is the same for the
two NVs. Therefore, we use the determined effective coupling strength also for NV
#1. Additionally, as both samples have been mounted in the same way on identical
PCBs and measured in the same system (see Appendix A.3.2), we assume that the
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two NVs are exposed to the same temperature at any given nominal measurement
temperature. The model is then also used to normalize the fluctuation in countrate
over time in the experimental data as described in Appendix A.6.

Finally, we do not include additional strain effects in our model, such as those
arising from thermal expansion. Although temperature-dependent strain variations
are expected, including them is unlikely to significantly improve the model, given the
good agreement we observe with the experimental data.

The resulting strain-dependent spin-conserving mixing rate in the excited state
orbitals is presented in Figure A.17 and shows that at low temperatures, the relaxation
into the ground state k, is the dominant rate.
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Figure A.17.: Left: Strain-dependent spin-conserving transition rates between the
two orbitals as a function of temperature in MHz in a double-log plot. The dashed
line indicates the radiative decay rate k, used in the model [112]. Right: Strain-
dependent transition rates divided by temperature scaling (7).

Comparison of the effective coupling o, to literature values

To compare the effective phonon coupling predicted in our model to the values pub-
lished in the literature, we need to adopt a change in the transition rate I'xy, as we
also include an additional coupling of the A;-symmetry phonons (n4). In previous
work by Plakhotnik et al. [78] and as outlined in Section 2.4 the transition rate from
phonon-coupling is described as

W = BgT°I, (A.68)
where
64. 5 &
To get a comparable form, we use the defined prefactor from Equation (A.43)
47
ph = (0% +nane) k. (A.70)
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where this term is a fit parameter in the model. Using the fitted value for o, and
equating it to the literature value Bg, we can solve for ng

TQph
=/ . AT1
e GARKS, (A.71)

Our value of ng = 150 + 18 (MHz/meV®) extracted with this method is consistent
with other measured values shown in Table A.10.

Reference ‘ ne (MHz/meV?®)
Our Result 150 + 18
Plakhotnik et al. [78] 143
Goldmann et al. [35] 276 + 15
Abtew et al. [77] 196

Table A.10.: Comparison of E-symmetry photon coupling ng from various sources.

Emergence of the RT-ESLAC

The emergence of the room-temperature excited-state level anticrossing (RT-ESLAC)
depends heavily on strain, as the specific low-temperature energy configuration alters
the effect that orbital averaging has on the photoluminescence. To quantify this
behavior, we calculate the PL contrast at the magnetic field value of the RT-ESLAC
(B =50.5mT) as a function of temperature. To isolate the effect of the RT-ESLAC,
we calculate I5; (B, T) where the spin-conserving mixing rate to and from the m, =
—1 states in the excited state are zero (kjx _1y—|y,—1) = 0 and kjy,_1y5x,—1) =
0), which we define as fgL. All the other transition rates remain the same. This
modification leaves the overall NV photophysics unchanged, except that it effectively
removes the RT-ESLAC from the simulation. The resulting quantity can then be used
as a normalisation reference and subtracted from all other effects in the simulation.
The contrast due to the RT-ESLAC can be defined as

Iy, I
CRT-ELSAC = s — —TL_, (A.72)

where the superscript "max” refers to the maximum PL in that simulation. The
results of this simulation are shown in Figures 4.4c of the main text. The onset tem-
perature of the RT-ESLAC is strongly dependent on the magnetic field misalignment
0p. In our experimental setup, small changes of the magnetic field alignment (< 1
degrees) can occur due to the presence of minute drift and hysteresis in the magnet
operation, which will influence the observed onset temperature.

To further illustrate this effect, we show the evolution of the PL for different tem-
peratures in Figure A.18.
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Figure A.18.: PL intensity I, as a function of Byy and ¢, calculated with the
described model for a series of temperatures, showing the transition from the low-
temperature to the room-temperature excited-state structure. The colormap has been
limited to fixed minimum and maximum values, rather than spanning the full range
of the data, to better highlight the transition. Additionally, the T' = 300K panel
includes a 15% offset for clarity.
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Figure A.19.: Additional PL intensity map, showing I; as a function of Byy and T’
measurement of NV #1 with a smaller magnetic field range up to 450 mT and longer
integration times. The raw data is shown on the left, and the data corrected for laser
drifts on the right.
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Figure A.20.: Additional PL intensity map, showing I}, as a function of Byy and T
measurement of NV #2 for a smaller magnetic field range up to 200mT and longer
integration times.
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Figure A.21.: NV~ photoluminescence (PL) signal, Ip;, as a function of magnetic
field, Bnv, for the low-strain NV (NV #1). The fitting parameters are: the strain
parameters § | = 1.685+0.003 GHz and 5 = 23442 °, the B-field misalignment g =
1.05+0.03° and ¢p := 0°, the excitation and scaling parameters Sg, = 0.0634+0.0013
and Bg, = 0.039 £ 0.002, the background fluorescence I ; = 18.0 & 0.7 keps.
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Figure A.22.: Energy level structure of the low-strain NV (NV #1). The two orbital
branches are not well separated.
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Figure A.23.: NV~ photoluminescence (PL) signal, I}, as a function of magnetic
field, Bnv, for the NV with elevated strain (NV #2). The fitting parameters are: the
strain parameters 6; = 75+ 2 GHz and 65 = 35.3 + 0.9°, the B-field misalignment
0p = 1.37£0.03° and ¢p = 206 £ 30°; the excitation and scaling parameters Sg, =
0.052 4 0.002 and Bg, = 0.090 & 0.005, the background fluorescence Iy, = 29.9 +
0.7 keps.
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Figure A.24.: Energy level structure of the NV with elevated strain (NV #2). The
orbital branches are well separated as indicated by the slightly different colors of the

orbitals.
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