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Abstract

Magnetometry is widely used industry, science and everyday life. Applications include naviga-
tion, geology, chemical analysis and magnetic resonance imaging (MRI), among many others.
The different types of magnetic-field sensors, depending on the application, may differ in sen-
sitivity, bandwidth, operational conditions (e.g. temperature and pressure), spatial resolution
and price.

In the last two decades, a new magnetometer type based on nitrogen-vacancy (NV) color
centers in diamond has gained a lot of attention. NV magnetometers are not the most sensitive
compared to superconducting quantum interference devices (SQUIDs) or atomic magnetome-
ters, but feature remarkable properties such as nanoscale resolutions and the ability to be
operated from cryogenic temperatures up to &~ 700 K and under pressures up to 60 GPa they
excel in various applications

This work presents several applications and advances in sensor development that show the
strengths of NV-center-based magnetometry.

In particular, micron sized diamond samples which In incorporate a layer with high NV-
center density are employed to image vortices in a type-II superconductor using a wide-field
configuration.

Furthermore, a setup to image both magnetization of (ferro-)magnetic samples via light
polarization and the generated stray magnetic field via NV magnetic imaging is designed and
constructed. The functionality was demonstrated on a ferromagnetic thin film that shows
stripelike domains upon change of external magnetic field.

In addition to the aforementioned applications, a method to utilize (single-) NV centers at
zero field was developed. This was necessary due to failure of conventional NV magnetometry
protocols because of line crossings at zero field. With the use of circularly polarized microwave
fields, we were able to overcome this issue and extend NV-center magnetometry to applications
that require zero-field conditions, such as zero-field nuclear magnetic resonance or observation

of the domain structure of magnetic samples across the full hysteresis loop.
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Thesis outline

Chapter 1

In the first part of this thesis, a short motivation on nitrogen-vacancy (NV) center based
magnetometry is presented and specific advantages and disadvantages with respect to other
magnetometers are discussed. In addition, the physics of NV centers is introduced and differ-

ent magnetometry protocols are presented.

Chapter 2

This chapter presents the application of NV-center magnetometry to study a superconductor.
More specifically, low-temperature NV magnetometry in combination with a widefield micro-
scope is used to image vortices in a type-II superconductor for the first time in a widefield

configuration.

Chapter 3

Chapter 3 demonstrates the combination of magneto-optic Kerr effect (MOKE) imaging, which
is a well established technique for domain-wall imaging, with NV imaging. Both techniques
measure different physical quantities and therefore a combination gives rise to a more com-
plete picture of the underlying system. With MOKE one measures the magnetization, while
with NV magnetometry the stray magneticficld is determined. The successful combination of
both techniques into one setup is demonstrated by the measurement of magnetic domains in

a ferromagnetic thin film.

Chapter 4

This chapter discusses the implementation of circularly polarized microwave (MW) fields to
extend the application range of NV centers to the regime with zero bias ficld. The quality of
the circularity of the MWs is analyzed, and a sensitivity of ~ 350 nT/ VHz in the absence of

any bias fields is estimated.
Chapter 5

The last chapter summarizes the findings during the work for this thesis and presents an

outlook for the different applications and techniques.
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1 Introduction

1.1 Motivation

Magnetometry is ubiquitous in different industrial and scientific fields, but also in daily life.
Applications range from a compass in your smartphone over altitude measurements in aircrafts,
(ferrous) metal detection, geology, hard-drive disks and chemical analysis to medical applica-
tions such as magnetic-resonance-imaging (MRI) and magnetoencephalography (MEG).

As diverse as the applications of magnetometry, so too are the requirements on the sensors,
e.g. their sensitivity, bandwidth, spatial resolution, dynamic range and price, just to name
a few. As a result, a large family of different magnetometer types were developed over the
years. Some prominent examples of different magnetometer types are Hall probes, supercon-
ducting quantum interference devices (SQUIDs), atomic magnetometers, pick-up coils and
magnetoresistive sensors.

Even in your phone, you can usually find miniaturized magnetoresistive sensors or Hall
probes, since their simplicity, small size and price allows manufacturers to implement them in
integrated circuits. By contrast, in nuclear magnetic resonance (NMR), where AC magnetic
fields in the MHz to GHz range are detected, pick-up coils are still most commonly used. This
already showcases that different magnetometer types have specific applications in which they
excel and there is no “one type fits all” sensor.

Nonetheless, the magnetometers achieving the best sensitivities are currently alkali-vapor-
cell magnetometers and SQUIDs. Both magnetometer types have achieved sensitivities of
~ 150aT/v/Hz [1, 2]. Due to their extraordinarily high magnetic-field sensitivity, both mag-
netometer types are well suitable for application in MEG, i.e. detecting the magnetic signals
generated by the human brain, or in so-called zero-to-ultra-low-field (ZULF) NMR. In both,
ZULF-NMR and MEG the signal amplitude is usually well below 1pT and at frequencies
below 1kHz [3, 4]. In this frequency regime, inductive detection via a pick-up loop as in
conventional NMR is not sensitive enough and atomic and SQUID magnetometers prevail.
While both, magnetometers excel in terms of sensitivity, both have very specific environmen-
tal requirements, especially regarding the operating temperature. SQUIDs work at cryogenic
temperatures up to 77 K [5] and atomic vapor cells usually require temperatures of ~= 400 K for
optimum sensitivity. A detailed discussion, including that of various types of vapor-cell mag-
netometers, can be found in the book D. Budker and D. F. Jackson Kimball (eds.): Optical
Magnetometry; Cambridge University Press, 2013 [6]

In the last two decades, another sensor type based on color centers in diamond emerged



granting access to some regimes and applications in highly sensitive magnetometry that were
not accessible before. Specifically, the nitrogen-vacancy (NV) color center in diamond has
shown extraordinary characteristics in terms of its combination of high sensitivity, high spatial
resolution, and the ability to operate as vector magnetometer as well as its operation in a wide
range of environments. For example, NV magnetometry applications have been demonstrated
from cryogenic temperatures [7, 8] up to 700 K [9] and even under pressures up to 60 GPa [10].

Spatial resolution, sensitivity and, for example, imaging speed can vary strongly within the
family of NV magnetometers. While the highest spatial resolution (below 10nm) is achieved
by using a single NV center, the sensitivity is usually limited to ~ 50 n'T/ vHz by photon shot
noise [11, 12]. Sensitivities below 1nT/v/Hz and down to ~ 1pT/v/Hz [13, 11] are achieved
using larger ensembles; with the drawback of a resolution on the order of 100 pm.

Shallow layers of ensembles of NV centers can be used for widefield magnetic imaging with
a resolution on the order of ~ 500 nm, determined by the optical diffraction limit and area
sensitivities of ~ IpTpm/v/Hz [15-17].

This versatility of measurement modalities of NV-based magnetometry allows for the study
of a plethora of different samples such as superconductors [7, 18], (anti-)ferromagnets [19, 20],
neurons [21], etc. Moreover, the simplicity of NV magnetometry allows for a combination of
NV magnetic sensing/imaging with already existing powerful techniques, such as magneto-
optic Kerr effect (MOKE) imaging.

The main focus of this work is to present new applications and measurement modalities
of NV centers in widefield magnetic field imaging, and development of a technique to utilize
NV centers as magnetic-field sensors without the need of a potentially unwanted/invasive bias
field.

The first observation of vortices in type-II superconductors by widefield magnetic imaging
will be discussed. Afterwards, the combination of an imaging system for magnetization and
magnetic fields is proven useful to study domain walls in ferromagnetic samples. Last but not
least, a technique to extend the dynamic range of the NV to zero ambient magnetic field is

shown, which opens the door for a vast range of additional applications.



1.2 Nitrogen-vacancy centers in diamond

Before going into detail about the different applications and methods that were demonstrated
during this thesis work. The following section will introduce the basic physics of the nitrogen-
vacancy color center in diamond and the magnetometry protocols of relevance to the later

presented words.

1.2.1 Diamond

To start off we will resume some basic properties of diamond, the host material of nitrogen-
vacancy (NV) centers. Diamond is the hardest naturally occurring material on our planet, with
a rating of 10 on the Mohs scale [22]. Furthermore, it is a typically colorless semiconductor
with a bandgap of ~ 5.49 eV and a wide range of applications [23, 24]. Many of the applications
are based on the hardness such that diamond can be used for drills, grinding, glass cutting etc.
In addition, it is famous for its sparkling appearance due to the high refractive index of ~ 2.4
[25], which leads to total internal reflection already at relatively large angles of incidence. This,
together with a proper cut, leads to the sparkle that we associate with diamonds. Furthermore,
diamond consists of carbon atoms that are arranged in a face-centered cubic lattice with an

diatomic basis. An elementary cell of diamond is shown in Fig.1.2.1.

3.57A

T

Figure 1.2.1: Schematic of an elementary, cubic cell of the diamond lattice. One can observe
that diamond has a face-centered-cubic (fcc) structure with a diatomic basis. Black spheres

represent carbon atoms while the yellow tubes indicate atomic bonds.



The unit cubic cell has a lattice constant of 3.57 A, while the distance between next neigh-
bours is 1.54 A [23]. Carbon itself has many different allotropes, i.e. different structures
in which it can appear as a solid at normal conditions. Examples are graphite, graphene,
fullerenes, carbon nanotubes and of course diamond. It should be noted here, that under nor-
mal conditions diamond is only a metastable allotrope of carbon, while graphite is the stable
one. This is the reason why diamond is rare and requires special procedures to be created.
Even though it is only metastable at normal conditions, due to a high energy barrier [26] the
half life time of the transformation back to graphite is long enough to consider it stable on
timescales that are relevant for us humans. In nature, diamond is formed under high pres-
sures of 7 — 8 GPa and high temperatures of 1400 — 1600° C [27] within the earth’s mantle.
Nowadays, it is also possible to produce diamonds synthetically in a (more or less) controlled
environment. There are mainly two different techniques for diamond fabrication. One is called
the high-pressure, high-temperature (HPHT') method and the another one microwave-assisted
chemical-vapour deposition (CVD). The first aims to mimic the conditions in which natural
diamonds grow to create diamonds out of graphite. This means that vessels are heated up
and put under high pressure, which in turn can lead to relatively high amount of impurities
(especially nitrogen) in HPHT diamonds. In contrast to this, CVD diamonds are grown at
much lower temperatures around 700 — 1200° C and pressures in the range of tens of mbars.
Here, a seed crystal is needed and with the use of a microwave (MW) plasma, dangling bonds
on the diamond surface are created which can then step-by-step incorporate additional car-
bon atoms to diamond lattice. Typically, methane gas in the growth chamber is used as the
carbon source [27]. Both synthesis methods also differ in the quality/purity of the produced
diamonds. Even though it is also possible nowadays to create very pure diamonds with boron
and nitrogen inclusions below 0.1 ppm via the HPHT method [28], usually HPHT diamonds
contain more impurities compared to CVD diamonds [27]. The CVD growth also offers the
possibility to isotopically enrich the spin-0 12C carbon isotope to above 99.999% [29], which
results in an effectively magnetic-noise-free lattice. This can be of major importance to achieve

better sensitivities (more details below) [30, 31].

Even with these synthesis methods for diamonds, in which the diamond quality is to a large
extend controllable, it is not possible to create perfect macroscopic diamonds, which aligns
well with the phrase that nature is not perfect. As a result, the crystal lattices of diamonds
contain a variety of defects. The different types of crystallographic defects can, in a first
step, be distinguished by their dimensionality. There exist zero dimensional point defects,
which are strictly located at or around a single lattice site. Examples are: lattice vacancies,

interstitial atoms or substituting atoms, e.g. in diamond a nitrogen could replace a carbon



atom. Omne-dimensional line defects include edge dislocations, where a crystal plane ends
within the crystal. Moreover, there are prominent (two-dimensional) planar defects like grain
boundaries in polycrystalline materials or stacking faults. Additionally, bulk defects such as

inclusion of larger amounts of a different material or pores may occur [32].

1.2.2 Structure of the NV center

Figure 1.2.2: Photographs of different diamond samples with different defect types and concen-
trations. a) Sample JGU_NV4, a sample with little to no impurities that is used for single-NV
experiments. b) Sample B7, which has a gradient of NV-center density, increasing from left
to right. ¢) Sample W6 contains a large number of nitrogen defects (P1 centers). d) Sample
F13, which has a relatively high number of vacancies. e) sample S5 was irradiated with a high

dose of electrons, which make the sample appear almost black.

In the following, the spotlight is on a very specific point defect, the nitrogen-vacancy (NV)
color center in diamond. Color centers are point defects and obtain their name by their ability
to absorb visible light and therefore color otherwise colorless materials (e.g. diamonds). The
ability to absorb visible light is traced back to the fact that those defects inherit one or several
unpaired electrons, which can be optically excited. In diamond, many different color centers
have been observed. For example, diamonds can appear yellow (nitrogen), blue (boron), pink
(nitrogen-vacancy), green (vacancy). The name in the brackets indicates the nature of the
most prominent color center within accordingly colored diamonds. A collection of diamonds
with different types of impurities and different impurity concentrations is shown in Fig. 1.2.2.

The NV center itself, as the name suggests, is composed of a substitutional nitrogen atom
and a neighbouring lattice vacancy (see Fig.1.2.3). NV centers were observed in two charge
states: the neutral NV? and the negatively charged NV~ which captures an additional e~
from a donor inside the diamond crystal. The charge state will not be explicitly mentioned
further in this thesis and we assume that NV center refers to the NV~ as the NV~ exhibits the
remarkable properties used for applications, that are of importance in this work. Applications

are not only limited to magnetometry, but also range from qubits for quantum-information



processing to sensing of temperature, pressure and electric fields [10, 33-37]. More recently,

NV centers have also been used to search for exotic (beyond Standard Model) interactions[38—
10].

Figure 1.2.3: a), b), ¢), d) show the structure of the NV center within the diamond lattice for

four NV centers aligned along four different axes.

Furthermore, the NV center exhibits a Cs, symmetry, which means it has a 3-fold rotational
symmetry axis and a mirror plane perpendicular to the symmetry axis. For magnetometry
purposes the symmetry axis is of particular interest, because it serves as a natural quantization
axis of the system and can be aligned along four different equivalent crystallographic axes.
In particular, the axes are [111], [111], [111], [111]. Examples are shown in Fig. 1.2.3, while
the opposite orientations, i.e. switching the position of the nitrogen atom and the vacancy
are also possible and are not distinguishable from the inverted version. This is particularly
advantageous for applications, because the different orientations allow for a full reconstruction

of the magnetic field vector [11].

1.2.3 NV-center creation

Before moving on to a detailed discussion of the NV-center’s energy levels, this section will
provide some basic information on the formation and engineering of NV defects and how their
properties can be tailored to different sensing applications.

A common approach, which was also pursued in this work, is to use a high quality CVD
diamond with very low number of defects as starting material and artificially create NV centers
afterwards. As mentioned earlier, the ingredients for an NV center are a nitrogen atom and a
neighbouring lattice vacancy.

Ingredient no. 1, the nitrogen atoms, are mainly inserted into the diamond lattice by
two different techniques. The first technique uses a nitrogen-containing ion beam and shoots
nitrogen ions with a defined energy into the diamond. The depth from the surface at which the

nitrogen atoms come to a standstill can be tuned by adjusting the kinetic energy of the ions. A



good estimate for the depth as a function of ion energy can be obtained by “The stopping and
range of ions in matter” software [42]. This usually slightly underestimates the actual depth
value, as the simulation does not account for channeling effects due to the lattice structure
of the diamond [43]. The second technique is called §-doping. Here, a layer of diamond is
grown using the CVD method while nitrogen gas is present in the growth atmosphere. This
leads to incorporation of nitrogen in the layers during whose growth nitrogen was present in
the growth chamber. Under very specific conditions, this method also allows for the creation
of NV ensembles with preferential alignment [14, 45].

Ingredient no. 2, the vacancy, is usually created by some sort of irradiation. Commonly
used radiation types are electrons [46, 47], ions (e.g. carbon [48] and helium [419]) and photons
[50]. Recently, especially the irradiation with helium ions has gained interest, as it allows for
the creation of NV centers with long coherence times [51]. Another effect that is often utilized,
is that when nitrogen ions are implanted, they also create vacancies in the lattice while they
are slowing down [52].

Now that both ingredients are added to the diamonds, they also need to be combined as
they are not necessarily directly next to each other. This is done by a process called annealing.
During annealing, the diamond is heated up in a vacuum environment to a temperature of
700 — 1200° C, depending on the exact protocol. At temperatures above 700° C vacancies
become mobile, and when they reach a position next to a nitrogen atom they stick there and
form the NV center [53]. It is also possible to combine the annealing step with the irradiation
step, i.e. constantly annealing the sample during irradiation. This avoids the formation of
aggregates of vacancies [54].

Despite optimized protocols for implantation irradiation and annealing, the creation yield
of NV centers is only = 50% for high-energy implantations and can reduce to less than 1% for
ions with kinetic energies smaller than 10keV [52]. Further details on the NV center creation

can be found in Ref.[55].

1.2.4 Energy levels of the NV center

As mentioned earlier, the high interest in NV centers across different fields of metrology and
quantum information is based on its unique energy-level structure. A schematic of the NV
center’s energy level structure is shown in Fig. 1.2.4. The electronic system of the NV center
is defined by six electrons. Four originate from the non-existent covalent bounds, due to the
vacancy, one additional from the nitrogen atom and the sixth one from another donor in the
diamond lattice. The six electrons form a spin-1 system as ground state of the NV center.

This can be separated into three magnetic sublevels ms = 0, +1 where the number represents



the spin projection along the NV axis. Moreover, there is a spin-1 excited state and two singlet

(spin-0) states, which are located in between the triplet states in the energy-level diagram.

The energy difference between the ground and excited triplet (spin-1) states corresponds to
a wavelength of 637 nm (zero-phonon line) [56], while the energy difference between the two
singlet states corresponds to 1042nm [57]. The incorporation of the NV center into the dia-
mond lattice also leads to a coupling of the NV to phonons. This results in phonon sidebands
in the absorption and emission spectra of the NV centers [58]. In particular, the emission
spectrum is mostly red shifted, i.e. creating a photon and phonon(s) during deexcitation
from the excited state, and the absorption is mostly blue shifted, i.e. creating phonons in
addition to the electronic excitation of the NV center. This allows for excitation of the NV
center with green light (in this work 515 or 532nm) and fluorescence detection in the range
of 650-800 nm. Moreover, the energy-level structure and spin-dependent decay rates allow for

efficient polarization of ~ 80 % into the ms = 0 state under illumination with green light [34].

Transitions between the triplet and singlet manifolds occur non-radiatively with much lower

transition rates than between states of equal multiplicity [59].

This mechanism leading to the polarization is based on the fact that optical transitions
are spin conserving and that the probability of a (non-radiative) intersystem crossing (ISC)
between the excited triplet state to the excited singlet state is spin-dependent. I.e. the
probability of the my = 41 states to undergo the ISC is higher than of the ms, = 0 state.
During the second ISC the transition rates from the lower singlet state to all three m, sublevels
are similar, which results after repetitive cycling through the singlet states in a high degree of
spin polarization in the ms = 0 state. Moreover, the fact that the decay channel via the singlet
states is much slower than a direct decay via emission of a red photon allows for optical readout
of the spin state. This is mainly because the ISC is an electric dipole forbidden transition
and therefore the decay rate much slower than for decays within a singlet/triplet manifold.
Together with the fact that the mg; = +1 states have a higher probability of undergoing the
slow decay via the singlet states, this leads to a fluorescence reduction of about 30 % for NVs

in the mg = 41 states compared to those in the mg = 0 state.

To summarize, it is possible to optically initialize (polarize) the NV-center’s spin and addi-
tionally read out the spin state optically. Of high importance for magnetometry is the spin-1
ground state. Here, the mgs = +1 states are lifted from the my; = 0 state due to spin-spin
interactions, with an energy difference D corresponding to a frequency of 2.87 GHz (E = hf)
as indicated in the inset of Fig.1.2.4 [56]. Moreover the m, = 41 sublevels are subjected to
the Zeeman effect and the separation Av between them corresponds to Av = 2ynv Byv, with

ynv = 2.8 MHz/G being the gyromagnetic ratio of the electron and Byvy being the projection



of the magnetic field along the NV axis.
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Figure 1.2.4: Energy-level diagram of the NV center. The most important levels for common
applications are the S = 1 (triplet) ground and excited states and the two singlet (S = 0)
states. The phonon sidebands for S = 1 are indicated by gray color gradients, while being
omitted for S = 0. The inset shows the substructure of the S = 1 ground state with magnetic-

field-dependent sublevels that are employed for magnetic-field sensing.

1.2.5 Ground-state Hamiltonian of the NV center

Key for magnetometry with NV centers is, in addition to the optical spin initialization and
readout, the existence of magnetically sensitive energy levels. This part of the thesis will
therefore provide more details on the theory describing the ground state of the NV center,

which contains the sublevels commonly used for magnetometry.
The ground-state Hamiltonian describing the NV center sufficiently for the scope of this

work is the following, adapted from [56, 60]:
H/h = Hnv + Hz + Huss, (1)

where h is the Planck constant, Hyvy describes the electronic structure of the NV center
without external fields, Hyz the Zeeman interaction with an external magnetic field and Hyg

the hyperfine interaction with the nitrogen host nucleus.



Furthermore, Hynv can be expanded to

Hxv = (D +11,)(S2 — S(S +1)/3) + (52 — 52) — Iy (SySy + Sy ). (2)

Here, D ~ 2.87 GHz is the longitudinal zero-field splitting parameter, S is the electron spin

with projections S'X, Sy, SZ, Iy(y,,) are phenomenological, diamond-sample/NV dependent pa-

rameters combining local strain and electric fields. In this work and also for the most appli-

cations of NV centers, D is the strongest interaction and therefore defines the quantization
axis, by convention usually along z.

The Zeeman term represents the central part for magnetometry protocols as it describes the

interaction with external magnetic fields:
Hz =B S+ wB-1, 3)

where 4y is the nuclear gyromagnetic ratio (15 = —0.43kHz/G and y11y = 0.3kHz/G), S
is the nuclear spin, and B is the external magnetic field.

Additionally, the NV center contains a nuclear spin via the nitrogen nucleus, as both stable
nitrogen isotopes have non-zero spin. The nuclear subsystem and its interaction with the

electron spin is described by,
Hits = Al S, 1, + Ay (Sl + Sy 1) + Q(I2 — (I +1)/3). (4)

Here, I is the nuclear spin number and fx, fy, I, the components of the corresponding nuclear
spin operators. The axial and perpendicular hyperfine parameters are denoted as Aﬂfs and
A}ffs. The nuclear-quadrupole-interaction parameter @ ~ —5.01 MHz [(1] is only present for
I > 1/2,ie. N. The two stable nitrogen isotopes are a) N with I = 1 with a natural
abundance of ~ 99.6 % and b) °N with I = 1/2 and a natural abundance of ~ 0.4%. In
addition to the presence of the quadrupolar interaction for '*N-containing NV centers, the
hyperfine coupling parameters for both stable nuclei also differ. For N, Aﬂfs = —2.14 MHz
and A, = —2.7MHz were observed, while the values for N are Al = +3.03MHz and
AL, = +3.65 MHz [61].

On the left side of Fig. 1.2.5, a qualitative depiction of the resulting energy-level scheme, tak-
ing into account the most important interactions for magnetometry with NV centers, is shown.
The key feature that should be recognized is the magnetic field dependence of the my = +1
with respect to each other and to the my = 0 state, which will be used for magnetometry.

The influence of the N nuclear spin on the energy-level structure and the respective transi-
tions is shown in the center and right side of Fig. 1.2.5. One can observe that each mg sublevel

is additionally split into three sublevels and that the transition frequencies for different nuclear
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Figure 1.2.5: Left: electronic energy-level structure of an NV center, taking into account
the interaction with an external magnetic field via the Zeeman terms. Center: additional
splittings of the energy levels occur due to interaction with the 4N (spin-1) host nucleus of
the NV center. Right: schematic of the possible (nuclear-spin-conserving) transitions within

the NV center’s ground state, which differ in their transition frequencies by A‘}llfs.

spin states are shifted by iA{r‘lfs for ms = £1. In the case of 15N, the levels and the transitions
split into doublets [62], which is omitted here since no measurements on NV centers, that

contain '°N are presented in this thesis.

1.3 Magnetometry with NV centers

1.3.1 Optically detected magnetic resonance (ODMR)

The most popular and one of the easiest magnetometry protocols with NV centers as sen-
sors is so-called optically detected magnetic resonance spectroscopy. To be more precise, the
continuous-wave optically detected magnetic resonance (cw-ODMR) spectroscopy.

In this measurement protocol the NV center(s) is (are) continuously illuminated with green

light and the red fluorescence is detected with a photodetector (PD). The green illumination
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Figure 1.3.6: a) cw-ODMR spectrum of a single NV center. b) cw-ODMR spectrum of an NV
ensemble with a bias field applied in an arbitrary direction. Eight peaks are observed because
of different magnetic-field projections along the four NV axes for different NV orientations.
Dips in the spectrum corresponding to NVs aligned along different axes are indicated with
different colors. The hyperfine splitting is not observed in either cw-ODMR, spectrum, since

the observed linewidth is larger than the hyperfine splitting.

results in a polarization of the NV center into the ms; = 0 ground state. Additionally, a cw
microwave (MW) field is applied and the frequency of the MW field is scanned. When the
applied MW frequency matches the transition frequency between two states ms =0 — ms =
+1, part of the population in the my = 0 is transferred to (one of) the my, = +1 states.
As mentioned earlier, those states have a lower fluorescence rate and therefore the overall
fluorescence drops when the MW are on resonance with one of the transitions.

Since the transition frequencies to the my = +1 states shift in opposite directions and
proportional to the magnetic field along the NV axis Byv, the magnetic field is determined
by solving

; ()

where Av is the difference in transition frequencies. Fig.1.3.6a) shows a cw-ODMR spectrum
of a single NV center with a splitting of ~ 23 MHz corresponding to Byy ~ 4.1 G.

Moreover, as mentioned earlier, there are four equivalent crystallographic axes along which
an NV center can be aligned. Even though it is nowadays possible to engineer the NV centers
during diamond growth such that they are aligned preferentially along one direction [44, 63],
in all diamonds that are used in this work the distribution of NV centers along the possible
crystallographic directions is equal. For an arbitrarily oriented magnetic field, this results in

four sets of two dips in the ODMR spectrum as the projections of the magnetic field differ
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(see Fig.1.3.6b)). The four different sets of dips are marked with colours simplify assignment
of the different NV axes. As a direct consequence, this allows for the reconstruction of the full
magnetic-field vector, when working with an ensemble of NV centers.

The (photon-shot-noise limited) magnetic sensitivity that can be achieved with the cw-
ODMR scheme is given by [31, 64]:

1 FWHM,,, (6)
ew = wv  CVR

FWHM,,, is the full width at half maximum (FWHM) of the observed magnetic resonance
(dip) in the spectrum (= 9MHz in Fig.1.3.6a)); C' denotes the contrast of the resonance,
which is ~ 10% in Fig.1.3.6a); R is the photon detection rate, which can differ greatly
between experiments especially when comparing single and ensemble NV experiments. For a
single NV the detection rate is usually on the order of 100-300 thousand photon counts per
second (kcts/s) and can reach up to &~ 2 Mcts/s for special pillar geometry to enhance photon
collection efficiency [65]. For high-density ensembles it is possible to detect fluorescence that

is higher than 1 mW, which in turn corresponds to ~ 3.5 x 10'% detected photons per second.

1.3.2 Rabi oscillations

In addition to cw-ODMR, measurements, there are a variety of pulsed measurement schemes,
where the MWs and the laser illumination are applied in pulses. If a MW field is resonant with
one of the NV center’s ground-state transitions (determined by ODMR), the NV population
starts to oscillate between e.g. the ms = 0 and the my = —1 state. This effect is called the
Rabi cycle. The pulse scheme to detect those Rabi oscillations is shown in Fig. 1.3.7a).

A green laser pulse is applied for spin initialization and read-out and is followed by a resonant
MW pulse with varying duration 7. As shown in Fig. 1.3.7b), the fluorescence oscillates as a
function of the length of the pulse length. As explained above, this corresponds to oscillations
between m, sublevels, while the lowest fluorescence rate corresponds to the my £ 1 state and
the highest to the m, = 0 state. The frequency of the oscillation, the Rabi frequency, is given
by

Q = 2mynv B (7)

yNv 18 again the gyromagnetic ratio of the electron and Bj is the amplitude of the MW field
(with frequency w) which can be described as Byw = Bj sin(wt). If the MW frequency is not

exactly on resonance, the Rabi frequency increases to,
Qor = V2 + A2, (8)
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Figure 1.3.7: a) the pulse scheme that is used to acquire Rabi oscillations. First a green
laser pulse is used to initialize the NV, then a resonant MW pulse of variable duration is
applied and followed by a green read-out laser pulse. b) measured Rabi oscillations of a single
NV center. The red curve shows a cosine fit of the data, estimating the Rabi frequency to
be 10.49 MHz. c) shows the fluorescence profiles for the ms; = 0 (blue) and the m, = —1
state (red), which is used to optimize the readout contrast. ts, and ¢y and the dashed lines
indicate the signal/detection time and reference time windows during which the photons are
considered for signal detection and referencing, respectively. d) demonstrates the optimization
process where the relative change in fluorescence between ms = 0 and my = —1 is calculated
for different detection times tg;g, starting from the beginning of the laser pulse and normalized

by the number of photons collected in the same time span from the end of the laser pulse.
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A is called the detuning and is given by A = |w — wy|, with wp being the resonance/transition
frequency. Moreover, in the case of A # 0, the amplitude of the oscillation (Aeq) is also

decreased compared to an amplitude Ay for the A = 0 case. It is given by:

Ag

As a direct result, with A # 0, the NV cannot be fully polarized to the mg+ —1 states. In this

work, Rabi oscillations are mostly measured to determine the Rabi frequency, which defines

Ao = 9)

the duration of a - and 7/2-pulse. The 7-pulse duration is given by 7, = /20. A m-pulse
inverts the NV population, i.e. a m-pulse is a 180° rotation on the so-called Bloch sphere
(details can be found elsewhere [66, G7]).

Correspondingly, a 7/2-pulse is a 90° rotation and usually used to create a superposition
state or rotate the NV back to one of the eigenstates states for readout.

To achieve optimal readout fidelity and, with that, sensitivity, it is important to analyze
the repolarization process/ timescales within the green laser pulse. Fig.1.3.7c) shows the
fluorescence profile within a 2.5 s laser pulse for an NV initially being in the ms = 0 state
(blue) and in the ms = —1 state (red). One observes that at the beginning of the pulse the
fluorescence rates differ significantly, while they are equal after more than ~ 500 ns measured
from the beginning of the pulse. This is a result of the fact that the same mechanism that
leads to reduced fluorescence when the NV is in m, = +1 also leads to reinitialization to
ms = 0 and therefore it is important to choose the time windows for spin readout accordingly.
On the other hand, the reinitialized steady-state fluorescence at the end of each laser pulse
can be used to normalize the signal and therefore eliminate slower laser-intensity variations.

Fig.1.3.7d) shows the optimization process for maximum contrast in the spin readout. The
contrast, i.e. the number of collected photons within ¢4, from the beginning of the pulse is
divided by the reference time window t,.f. For simplicity both time windows are set to the
same length. When t5, ~ 100ns after the start of the laser pulse, a maximum of ~ 35%
contrast is reached and decreases again for larger tgq, as the NV center starts to polarize back
into ms = 0. This optimization allows for maximum contrast in all further pulsed experiments

and is therefore vital to achieve maximum sensitivity in pulsed measurement protocols.

1.3.3 Pulsed ODMR

A progression of cw-ODMR is the pulsed ODMR scheme, which, as the name suggests, uses
pulsed MW and laser fields instead of cw fields. As known from atomic spectroscopy, high

probe-light power can result in power broadening of the observed spectrum [68, 69]. The same
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is true for the NV center, hence a pulsed measurement scheme can decrease the linewidth

without reducing the contrast, and with that enhance magnetic sensitivity [70].

The measurement sequence consists of a ~ 3 s laser pulse, followed by a MW 7-pulse with
a duration of 7, = 0.5/ (see Fig. 1.3.8a)). This sequence is then repeated, while the MW
frequency is changed and an ODMR, spectrum is detected.

In Fig. 1.3.8b) an ODMR spectrum obtained by pulsed ODMR is shown. The overall spec-
trum is observed using strong MW pulses with 7-pulse duration of =~ 50 ns, leading to a full
width at half maximum (FWHM) of ~ 10 MHz. To observe the hyperfine splitting originat-
ing from the '“N nucleus, the MW pulse length was increased to about 3ps and the power
adjusted accordingly. This is necessary to keep performing an exact m-pulse on the NV. As a
result, the observed linewidth decreases to FWHM ~ 350kHz and the hyperfine splitting of
~ 2.14 MHz can be observed.

Furthermore, the contrast is reduced to ~ 8 % in this case. This results from the fact that
during pulsed ODMR with a strong w-pulse, all three hyperfine components are observed
simultaneously and therefore their contrasts adds up. In the case of a weak and long MW
pulse as in the inset, each hyperfine component is observed individually and therefore one can
only obtain ~ 10 % contrast. In principle, both, full contrast of all three hyperfine components
and narrow linewidths can be achieved by applying a frequency “trident” with a separation
between the prongs of 2.14 MHz (during the MW pulse) [21, 31].

Furthermore, as shown in Ref. [70] the optimum sensitivity is achieved when 7, ~ T5. Ty is
called the dephasing time and will be explained in a bit more detail in the next section. Simply
speaking, in that case the MW power broadening during the m-pulse is equal to the minimal
observable linewidth of the transition FWHM= 1/(7nT%), usually dominated by the magnetic
noise generated by other magnetic impurities in the vicinity of the NV center, e.g. nuclear spins
or paramagnetic centers [31]. For 7, < Ty and decreasing 7 the linewidth remains constant,
as it is not dominated by power broadening anymore, and the contrast starts decreasing as

well, resulting in a reduced sensitivity.

With an optimized pulsed ODMR, scheme the achievable shot-noise-limited sensitivity is
given by [31, 64]:

1 1

lsed ~
Tolsed = o O/ Rt T3

Here, R is the detected fluorescence rate during the laser pulse, tg is the time of the spin

(10)

readout during the laser pulse and scq is the duration of the measurement sequence, i.e. the

time between two laser pulses.
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Figure 1.3.8: a) the pulse scheme that is used for pulsed ODMR. First a green laser pulse
is used to initialize the NV, then a MW pulse of fixed length is applied and followed by a
green read-out laser pulse. This is repeated for different MW frequencies to obtain an ODMR,
spectrum of a single NV center. b) measured pulsed ODMR spectrum. A contrast of ~ 30 %
is observed. The inset shows a low-power pulsed ODMR spectrum (long and weak MW pulse),
where the three different hyperfine components resulting from the interaction with the host

14N nuclear spin with a typical separation of 2.14 MHz are resolved.

1.3.4 Ramsey interferometry

Another pulse sequence that is used in this work, is the so-called Ramsey sequence. This
sequence was originally designed by Ramsey to circumvent the technical difficulty of applying a
small homogeneous field in a molecular beam experiment [71]. He showed, that by applying two
short and strong 7/2-pulses with time spacing 7 one can achieve a similar (slightly improved)
linewidth as compared to a fully optimized pulsed ODMR, scheme as explained before [71].

In the original work by Ramsey, the frequency of the applied field was changed, while
nowadays it is more common to vary the free evolution time to observe a signal.

The pulse scheme is shown in Fig. 1.3.9a). First the initializing laser pulse is applied, followed
by a m/2-pulse which creates a superposition state of ms = 0 and my = £1. In general, a

superposition state of a two-level system can be described by
9 i . 9
|<I>>:cos§|ms=0>+ewsm§|ms=—1>. (11)

By convention ¢ = 0 corresponds to the alignment along +xz-axis on the Bloch1 sphere. After
— |(ms =)0) +
7 |(ms =)0)

). Often g is defined to be along the x or y axis of the Bloch sphere, i.e. g =0

the first /2 pulse, the NV is described by the following superposition state:
1
e — |—1
V2 |
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or po = /2. After the initialization, a waiting time 7, also called free evolution time, follows.

7 ]:

Pram — 2m "YNV/ BNV(t) dt (12)
0

During this time an additional phase ¢yam is accumulated and is given by [

The sequence is terminated with another 7/2 pulse which rotates the NV back to either the
|0y or |—1) state or a superposition, depending on the accumulated phase. This rotation to
ms = 0 can be realized by either applying a 37w /2-pulse instead of the last 7/2-pulse or by
applying a —m/2-pulse. A —7/2-pulse can be achieved by changing the phase of the MW
pulse by 180° and can be very useful for sanity checks or to study the fidelity of a (more
complicated) pulse sequence.

An example of such a measurement is shown in Fig.1.3.9b). The blue curve shows data
that is obtained with a regular 7/2-pulse as final MW pulse while the red curve shows data
obtained with a 7/2-pulse as final pulse. One can observe that, as expected, the two graphs
are complementary to each other.

Fig. 1.3.9¢) then shows the calculated difference between the two data sets, which oscillates
around zero. The timescale at which the oscillation amplitude decays is the aforementioned
dephasing time 73 ~ 0.8 ps.

Last but not least, Fig.1.3.9d) shows the fast Fourier transform (FFT) of c¢) and in the
spectrum, three different frequencies can be clearly observed. These frequencies are the three
hyperfine components separated by 2.14 MHz, which all have a different detuning A to the
applied MW frequency and therefore oscillate at different frequencies in the Ramsey experi-
ment.

To summarize, the photon-shot-noise-limited sensitivity that can be achieved with a Ramsey

measurement is also [31, 64]:
1 1
IR, ~
e TNy C RtR/tseqTQ*

In general, it depends on the specific experiment which measurement scheme is favourable,

(13)

as they all differ in complexity, requirements on equipment and finally, sensitivity.

With this, the introduction to NV centers, and in particular magnetometry with NV centers,
is sufficiently completed to understand all basic principles for NV-center magnetometry that
are necessary to follow and comprehend the works presented below. It should be noted, that
all the above-mentioned protocols are all dc protocols, i.e. they are used to measure constant
(dc) magnetic fields. In addition, a variety of ac sensing protocols exists, which are omitted
here as they are not used in the remainder of this thesis, but usually lead to higher sensitivities

in narrow frequency bands [11, 29, 72-74].
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Figure 1.3.9: a) the pulse scheme that is used to perform Ramsey interferometry. First a green
laser pulse is used to initialize the NV, then a resonant 7/2-MW pulse is applied, followed
by a variable free precession time 7, a second 7 /2-pulse and a green read-out laser pulse. b)
measured Ramsey fringes of a single NV center. The blue graph shows the data acquired with
a normal final 7/2-pulse, while the red graph is obtained by using a —m/2 pulse at the end.
¢) shows the difference between the blue and red data in b). d) the Fourier transform of the
data in ¢) showing three distinct frequencies corresponding to the three hyperfine components
in the ODMR spectrum.
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To summarize shortly, the diamond structure and synthesis methods were presented. Crys-
tallographic defects were introduced with a focus on NV centers and their creation. Afterwards,
the NV-center’s energy-level structure was explained and the ground state Hamiltonian was
discussed in some detail. In the end, different magnetometry protocols and their respective

sensitivities were described.
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2 Wide-field imaging of superconductor vortices with elec-

tron spins in diamond

The following chapter has been, apart from minor formatting and style changes, published as

shown below in a peer-review journal. The reference to the published manuscript is:

I - -
e, clc-
Field Imaging of Superconductor Vortices with Electron Spins in Diamond.  Phys. Rev.
Appl., 10(034032), 2018.

I co-authored this work, contributing in data-acquisition, analysis and interpretation in close
cooperation with the co-author Y. Schlussel and in preparing the manuscript for publication

together.

2.1 Abstract

Understanding the mechanisms behind high-T, Type-II superconductors (SC) is still an open
task in condensed-matter physics. One way to gain further insight into the microscopic mech-
anisms leading to superconductivity is to study the magnetic properties of the SCs in detail,
for example, by studying the properties of vortices and their dynamics. In this work, we
describe a new method of wide-field imaging magnetometry using nitrogen-vacancy (NV) cen-
ters in diamond to image vortices in an yttrium-barium-copper-oxide (YBCO) thin film. We
demonstrate quantitative determination of the magnetic field strength of the vortex stray
field, the observation of vortex patterns for different cooling fields, and direct observation of
vortex pinning in our disordered YBCO film. This method opens prospects for imaging of
the magnetic-stray fields of vortices at frequencies from dc to several megahertz within a wide
range of temperatures, which allows for the study of both high-T~ and low-T¢ SCs. The wide
temperature range allowed by NV center magnetometry also makes our approach applicable
for the study of phenomena like island superconductivity at elevated temperatures (e.g., in

metal nano-clusters).



2.2 Introduction

Studying the physics of vortices in type-II superconductors (SCs) is a key challenge in the field
of condensed-matter physics, which in the past, has been addressed by various methods. For
example, a scanning superconducting quantum-interference device (SQUID) [75—-78], scanning
Hall-probe magnetometry [79-81], Bitter decoration [$82—-84], transmission-electron microscopy
(TEM)[85, 806], scanning tunneling microscopy and spectroscopy[87], Lorentz microscopy[88],
and magneto-optical imaging [39, 90] have been used to image vortices in type-II supercon-
ductors. Recently, a method has been proposed[91] and realized[18], which uses a single
nitrogen-vacancy (NV) center in a scanning diamond tip to study such vortices. Using NV
centers enables quantitative noninvasive studies of the vortices over a wide temperature range,
which is not achievable with the previously mentioned methods. In this work, ensembles of
NV centers in diamond are used for an alternative approach of imaging vortices. Utilizing
ensembles has the important advantage of not requiring a physical scan of the sample (or the
sensor), thereby opening the door for fast imaging up to video frame rates[92]. Here, we use
this technique in a wide-field microscope to image vortices in an yttrium-barium-copper-oxide
(YBCO) thin film.

NV centers in diamond are point defects in the diamond lattice and have a magnetic-field-
dependent energy-level splitting, which can be driven by resonant microwaves and read out
optically by excitation with green light and collection of red NV fluorescence[(4]. Magne-
tometry with NV centers is a widely used technique because of its combination of sensitivity
and high spatial resolution. It is applicable in a wide temperature range from cryogenic to
ambient temperatures[18, 93, 94]; in addition, the method enables the determination of both

the absolute value and the direction of the magnetic field[13, 64, 95].

2.3 Experimental setup

The experimental setup located at Ben-Gurion University of the Negev incorporates a wide-
field-imaging microscope (see Fig.2.4.1a) with the imaging target placed in a continuous-flow
helium cryostat. The superconducting sample, a thin YBCO film (thicknessa 250 nm), is
placed onto the cold finger inside the cryostat and a diamond microslab (thickness~ 2 pm)
with {100} surfaces is placed flat on top of the superconductor. The proper engineering
of the SC-diamond interface and, in particular, the resulting NV-SC distance is a crucial
enabling factor for this work. Commonly used diamond plates of dimensions on the order of
3 x 3 x 0.5mm? do not allow us to detect individual vortices. Because of the distance between

the diamond plate and the SC, it was only possible to measure the averaged homogeneous field
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penetrating the SC[7]. In addition, the properties of the NV centers in the used diamond plates
are not, able to detect a magnetic field below 0.1 mT (see Sec.2.4 and Fig.2.4.1¢). This means
that, in order to observe individual vortices, the distance between the SC and the diamond
has to be below approximately 1 pm. To achieve this, thin diamond plates with dimensions of
20 x 10 x 2pm?, with a near-surface NV-center rich layer of approximately 70-nm thickness,
are fabricated and placed onto the SC (see methods). Microwave fields are applied by a wire
(see Fig.2.4.1a, inset), which is mounted on the homebuilt cryostat window to keep the heat
transfer to the SC as low as possible, while still keeping the wire close to the diamond. The

fluorescence is detected using a CCD camera with a pixel size of 16 x 16 pm?2.

2.4 Results

2.4.1 Optically detected magnetic-resonance images

To generate vortices, the sample is field-cooled in a magnetic field of approximately 0.18 mT,
applied perpendicular to the surface of the YBCO film. Optically detected magnetic-resonance
(ODMR) spectra are taken for every pixel of the camera, each of which corresponds to an
area of 0.16 x 0.16 pm? on the sample. The ODMR spectra are obtained by comparing NV
fluorescence rates with and without applied microwaves while scanning the MW frequency from
2.84 GHz to 2.91 GHz. The fluorescence contrast is calculated as C' = (Non — Noft) /(Non+Nost),
where Ny, (o) is the photon detection rate, while the applied microwave field is on (off). The
NV-center ground state is a spin-1 system, leading to three states with mg = —1, 0, and +1.
In the absence of symmetry-breaking fields, the my = +1 states are degenerate, leading to
the same transition frequency from the my; = 0 state to the my = +1 states of 2.87 GHz at
room temperature (2.88 GHz at cryogenic temperatures). The transition frequencies get split
by a magnetic field along the NV axis where the splitting is given by Aviy = 2yyy Byy, with
ynv = 28 MHz/mT and Byy the magnetic field along the NV axis. For our diamond samples
and at temperatures slightly above the SC phase transition, even at zero field, a splitting
(approximately 6 MHz) in the ODMR spectra occurs due to strain in the diamond lattice[64].

This strain mixes the my = +1 states, so that m, are no longer good quantum numbers, and

results in a nonlinear relation of Avyy (Byy) = Z\/(VNVBNV)2 + E?, with E being the strain
splitting for low magnetic fields[96]. For ensembles of NV centers, there are in general four
different NV axes with corresponding different field projections that need to be considered.
For the {100} diamonds used in this work, the field projection for a field perpendicular to the

surface is the same for all NV orientations.
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Figure 2.4.1: (a) Schematic of the experimental setup. (b) ODMR spectrum for a pixel on top
of the vortex and for a pixel outside of the vortex stray field, which is approximately 0.38 mT
in the center of the vortex. (¢) Calibration of the magnetic field in the nonlinear regime at
low fields. (d) Map of the splitting between the two ODMR peaks and e) map of the width of
the ODMR, peaks. Vortices are identified by an increase in the splitting between the ODMR,
peaks, which is attributed to the magnetic stray field of the vortices. In addition, the vortices’
stray field leads to a broadening of the peaks, which is generated by field inhomogeneities over

the detection volume. The acquisition time for the images (d),(e) is approximately 11 min.

To determine the ODMR splitting, the recorded data are fitted to two Lorentzians (Fig.2.4.1b)
for each pixel, and color maps of the peak width and splitting between the peaks are created
(Fig. 2.4.1d, e). The splitting of the two peaks differs by approximately 4 MHz depending on
the point of observation with respect to the vortex center. Additionally, the width of the peaks
also changes by an amount of 4 MHz, which is attributed to magnetic-field gradients averaged

over the optical resolution of approximately 500 nm and to vibrations that are of similar mag-
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nitude as the optical resolution. To illustrate these effects more explicitly, Fig.2.4.1b shows
two ODMR spectra, one recorded on a vortex and one far from a vortex. Even though the
change in splitting is on the same order as the splitting due to strain at zero field (see below),
it is possible to determine the magnetic field above the vortices. To do this, we calibrate the
splitting between the two peaks as a function of magnetic field by applying a known, out-of-
plane magnetic field to the diamond and the data are fitted (see Fig.2.4.1c) using the relation
mentioned above. The angle between the NV centers and the applied field is considered by
using Byy = B, A/3 and the strain splitting E is determined to be 3.29 (5) MHz.

Using this calibration, we determine the maximum field perpendicular to the SC above the
vortices to be between approximately 0.36 mT and 0.4 mT. Following the model used in Ref.[97]
and considering a bulk London penetration depth Ay, = 250nm[18], we see that these fields
correspond to an average distance between the YBCO and the NV layer of approximately
550nm. This distance is larger than expected from the roughnesses of the SC (= 100 nm)
and the diamond plate (approximately 3nm) and the depth of the diamond layer (dyy =~
15 — 85nm) and it probably originates from dust particles on the surface of the SC and
outliers in the roughness of the SC. Decreasing the distance between the SC and the diamond
in the future would shrink the observed size of the vortices and allow us to extract more precise

information on the magnetic field.

2.4.2 Single-frequency images

To reduce the image acquisition time, instead of taking whole ODMR spectra for every pixel,
images of vortices are obtained by determining the contrast for every pixel for only a single
MW frequency (e.g., 2.876 GHz) applied to drive the NV spins. The magnetic field of the
vortex leads to a splitting of this resonance and, therefore, to an increased fluorescence at
the position of the vortices in the presence of the MW-driving field (see Fig.2.4.2). These
images are taken for different cooling fields, ranging from B.o, =~ 0 to 0.18 mT, applied
along the direction normal to the SC film. As expected, the different cooling fields led to
different vortex densities in the SC. The expected number of vortices is N = Bl A/ P,
where @9 = h/(2¢) = 2.07mT-um? is the magnetic flux quantum, Beee is the magnetic
cooling field, and A is the investigated area. For the dimensions of our sensitive area, which
is the area of the diamond microslab of 200 pm?, this leads to N/Bcoo =~ 100mT~t. Figure
2.4.2(d) compares the measured number of vortices with the theoretical expectation and shows

good agreement between the two.
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Figure 2.4.2: (a)-(c) Single-frequency images (acquisition time of approximately 80s) of vor-
tices obtained using microwaves resonant with the NV-spin transition at zero magnetic field
(2.876 GHz). Images are taken for a magnetic field (Bcool) present during the cooling through
the metal-superconductor phase transition with B.,o1 = 0.053, 0.079, and 0.18 mT. An in-
crease in the number of vortices can be observed when the field is increased. (d) The observed
number of vortices as well as the expected number of vortices in the given field of view of
200 pm? for different fields.

2.4.3 Pinning

Another important phenomenon in type-II SC is pinning[98], where the magnetic flux (i.e.
vortices) is trapped within the SC due to disorder, even when the external field is turned
off. This effect is associated with defects in the superconductor that pin the vortices into
their positions. To study pinning, a single-frequency image of the vortex distribution, with
and without the applied magnetic field after the cooldown, are taken (Fig.2.4.3). The same
vortices can be identified in both images, which means that the pinning is strong enough to
trap all the vortices that were previously created, extending the results of an earlier study

v
(

using ensembles of NV centers|[7], where individual vortices could not be resolved.
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Figure 2.4.3: (a) A single-frequency map (acquisition time of approximately 80s) with the
applied magnetic field. (b) A map after the magnetic field is turned off after reaching the SC

phase. Both pictures show the same vortex pattern due to strong pinning in the SC sample.

2.5 Conclusion

A novel technique is presented enabling wide-field imaging of vortices in SCs using NV centers
in diamond. By using microfabricated diamond plates, it is possible to reduce the sample-NV
distance, which allows us to study the stray magnetic field of vortices in a type-II SC. ODMR
spectra are obtained to determine the magnetic-field magnitude from which the distance be-
tween the SC and the diamond is calculated to be less than 1pm. It is possible to reduce
the acquisition time for an entire image using a single frequency. Single-frequency images are
taken for different cooling ficlds and the obtained number of vortices is compared to the the-
oretical expectations. In addition, pinning of the vortices in the SC is observed. To improve
this technique, one could, for example, use a diamond with less strain to enhance the sensitiv-
ity at low magnetic fields or use a {111} diamond with preferential NV-center orientation[63],
leading to an increase in contrast. In addition, the use of a diamond with {111} surfaces
would align the NV axis of one of the orientations with the magnetic field of the vortices and,
therefore, increase the resulting splitting in the ODMR spectrum. Future experiments will
focus on more detailed studies of the vortices and their dynamics, such as vortex oscillations
in their pinning potential. Using the presented method, such oscillations can be sensed from
dc up to several MHz[94, 99]. The implementation of pulsed measurement schemes would in
addition enhance the sensitivity to ac fields[64, 100]. Moreover, this technique can be applied

as a universal tool to precisely measure the magnetic structures of thin films and/or surfaces.
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2.6 Appendix

2.6.1 Methods
2.6.1.1 Sample preparation

The diamond plates are fabricated using electron-beam lithography and plasma etching[101] of
an “optical grade” Element 6 diamond (produced via chemical vapor deposition (CVD)) with
{100} surfaces and an initial nitrogen concentration below 1 ppm. The NV-rich layer close to
the surface of the diamond is created using ion implantation of nitrogen ions with energies of
10, 35, and 50keV. The diamond is subsequently annealed at 800°C for 10h and at 1200°C
for 2h to form the NV centers. Assuming a conversion efficiency of approximately 5%][52],
this process results in an NV-center density of approximately 3.7 ppm within the implanted
layer. This result corresponds to a mean separation of approximately 11.4 nm between the NV
centers. The plates are broken out of an array[l102] using a micromanipulator and then placed
on the SC. In this procedure, we cannot control whether the implanted side is facing toward
the diamond. To increase the probability of finding a diamond positioned with the correct
orientation, several plates are placed on top of the SC. For a superconductor, a commercially
available YBCO thin film from Ceraco consisting of 250nm of YBCO grown on a sapphire
wafer with a 40-nm buffer of CeOy was used. This growth process leads to an orientation of
the YBCO c axis perpendicular to the surface of the thin film. The critical temperature of
the SC sample is approximately 87 K (according to the company specifications). In addition,
we are able to transfer the diamond plates to other samples using a sharp needle. This is due
to the fact that electrostatic forces between the needle and the diamond are stronger than the
van der Waals forces between the SC and the diamond. The low van der Waals interaction
is consistent with the surface roughness and the unexpectedly large distance between the SC

and diamond plate.

2.6.1.2 Experimental setup

The experimental setup consists of a continuous-flow helium cryostat (Janis model ST-500)
and a homebuilt wide-field fluorescence microscope. The green excitation light is generated
by a Gem 532 laser (Laser Quantum) reflected with a dichroic mirror (Semrock FF635-Di01-
25x36) and focused onto the sample with an Olympus LUCPLFLN40XRC objective with a
x40 magnification and a NA = 0.6. The fluorescence is collected through the same path; after
it traverses the dichroic mirror and a telescope (to increase the magnification by a factor of

2) it is focused on the camera [Andor iXon 897 electron-multiplying charge-coupled device
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(EMCCD) camera, with pixel size 16 x 16 pm?] with a 180-mm tube lens.
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3.1 Abstract

We present an imaging modality that enables detection of magnetic moments
and their resulting stray magnetic fields. We use wide-field magnetic imaging
that employs a diamond-based magnetometer and has combined magneto-optic
detection (e.g. magneto-optic Kerr effect) capabilities. We employ such an
instrument to image magnetic (stripe) domains in multilayered ferromagnetic

structures.

3.2 Introduction

Understanding the behaviour of spins and charges in magnetic systems is at
the heart of condensed matter physics, and intense ongoing research activities
are focused on developing and understanding these. This understanding is key
towards the generation of faster, smaller, and more energy-efficient magnetic

technologies [103, 101].
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The success of all research activities relies on advances in theory and materials
synthesis, but most critically on sensitive probes. These allow for the determi-
nation of their static and dynamic spin configurations and current distributions,
which enable an improved understanding of the interplay between the spin-spin
and spin-orbit interactions in these systems. To achieve this, several power-
ful techniques for real-space probing of magnetic structures are employed, such
as spin-polarized low-energy electron microscopy [105, | and X-ray magnetic
circular dichroism [107, ] both of which are sensitive to the magnetization
distribution of the structures.

An alternative approach is the detection of the stray magnetic fields gener-
ated by the magnetic textures. Techniques such as magnetic resonance force
microscopy [109, 110] and scanning magnetometry using superconducting quan-
tum interference devices (SQUIDs)[111, 112], allow for real-space imaging of
the stray magnetic fields emanating from magnetic structures. However, these
techniques typically operate over a narrow range of environmental conditions,
and in some cases can have magnetic (perturbative) back-action on the devices
under investigation.

Magnetometry based on the electron spin of nitrogen-vacancy (NV) defects
in diamond has emerged as versatile, highly sensitive stray-field probe for the
non-invasive study of magnetic systems [l 13]. Diamond-based magnetometers
can operate from cryogenic to above room temperature environments, have a
dynamic range spanning at least nine decades (DC-GHz), and allow for sen-
sor/sample distances as small as a few nanometers. With this, they provide ac-
cess to static and dynamic magnetic/electric phenomena with diffraction-limited
to nanoscale spatial resolution depending on the imaging modality. Most cru-
cially, NV-based magnetometry is magnetically non-perturbative and works un-
der a wide range of external magnetic and electrical fields.

Scanning NV-based magnetic microscopy utilizes a diamond nanocrystal that
hosts a single NV center attached to the tip of an atomic force microscope

and has already been successfully applied in studies of emerging magnetic phe-
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nomena. Prominent examples are the case of nanoscale imaging and control
of domain-wall hopping in ultrathin ferromagnets [19] and magnetic wires [1 1],
imaging of non-collinear antiferromagnetic order in magnetic thin films [20], the
direct measurement of interfacial Dzyaloshinskii-Moriya interaction in ferromag-
netic multilayer heterostructures [115], and even in identifying the morphology
of isolated skyrmions in ultrathin magnetic films[116, 117]. Scanning NV-based
magnetometry is highly sensitive and produces magnetic field maps of a sample
with spatial resolution ultimately limited by the atomic size of the tip. However,
similarly to magnetic force microscopy, its operation requires specific environ-
mental conditions and is not suitable for wide-field inspection of dynamics at
fast time scales (~ms). An alternative is wide-field NV-based magnetic mi-
croscopy that employs ensembles of NV centers within a diamond crystal, and
allows for magnetic imaging with an unprecedented combination of temporal
(ms) and spatial (diffraction-limited) resolution. State-of-the-art experimental
demonstrations have demonstrated sub-pT pm/ VHz magnetometric sensitivi-
ties over wide fields-of-view (FOV) (as large as ~1mm?) [16, 115-120].

An additional merit in using NV-based magnetometry is the possibility to
simultaneously measure all Cartesian components of static/dynamic magnetic
fields [16, 11]. This becomes vital when one wishes to identify, for instance,
the type and the chirality of domain walls of skyrmions in magnetic multi-
layer stacks [19, |. However, even with the employment of vector magneto-
metric protocols, reconstruction of the magnetic spin-structure topology based
on the detected stray magnetic fields is an under-constrained inverse prob-
lem [113, , ]. In other words, this means an infinite number of magnetic
topologies can give rise to similar stray magnetic-field patterns. Therefore, a
straightforward solution is the implementation of a detection modality that en-
ables the detection of both the magnetization and its resulting stray magnetic
fields.

We present here an imaging modality that allows for the detection of both mag-

netic moments and their resulting stray magnetic fields. Such an imaging system
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consists of a polarization-sensitive epifluorescent microscope that incorporates a
diamond sensor and exploits the radiation required for the magnetometric mea-
surements to perform magneto-optic Kerr effect (MOKE) measurements [123].
Such an instrument allows for combined detection of magnetization and their
resultant stray magnetic fields, while being magnetically non-perturbative and
operable over a broad temperature range, making it an ideal tool for the study
of magnetic structures and their dynamics under a wide range of environmental
conditions. We wish to emphasize here that a MOKE measurement is an indirect
way of detecting the magnetic moments via changes in the polarization of light
upon reflection of a magnetic surface. However, this polarization signal can be
translated to magnetization using the material’s specific Kerr constant, which

we can obtain, for instance, using a SQUID-based calibration measurement.

3.3 Principles of magneto-optical and wide-field magnetic imaging
3.3.1 NV-based magnetic imaging

The NV center in diamond consists of a substitutional nitrogen atom in the car-
bon lattice adjacent to a vacancy. The negatively charged NV center (NV™) has
an electronic spin-triplet ground state (*Aq; S = 1) with magnetic Zeeman sub-
levels my = {—1,0,+1} (quantized along the N-V binding axis). Morcover, it
has an axial zero-field splitting of ~2.87 GHz between the my = 0 and m, = +1
sublevels, whose energies shift in response to local magnetic fields, crystal stress,
temperature changes, and electric fields (Fig. 3.3.1 (a). The spin state of the NV
center can be initialized (polarized to the my = 0 sublevel) using (continuous
or pulsed) optical excitation (typically with A = 532nm) and readout through
spin-dependent photoluminescence (PL): the m, = 0 sublevel exhibits a higher
fluorescence rate under illumination than the m, = +1 sublevels. Applying a
small external magnetic field along the NV quantization axis lifts the degen-
eracy of the my = +1 magnetic sub-levels, and magnetic-field measurements
are consequently possible via the precise measurement of the NV spin-resonance

frequencies. This is typically done by sweeping the frequency of an externally
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applied microwave (MW) driving field while monitoring the spin-dependent pho-
toluminescence, thus allowing for NV-fluorescence-based magnetometry by op-
tically detected magnetic resonance (ODMR) spectroscopy. Alternative mag-
netometric modalities that rely on absorption- or photocurrent-based detection
schemes [13, 124] exist as well, but are not employed in this work. In high quality
diamond sensors, the attainable ODMR linewidth is narrow enough to observe
the NV-center’s hyperfine structure, i.e. the coupling between the host nitrogen
nucleus (99.6% of N in natural abundance, for which Iy = 1) and the unpaired
NV electron spin. For the case of N, every observed ODMR peak splits into a
triplet with a separation of Ay, ~ 2.16 MHz [01] (Fig. 1 a).

Using ensembles of NV-centers, it is possible to perform highly sensitive mag-
netic imaging using wide-field (e.g., epifluorescence) optical microscopy. In such
a case, a thin layer of NV centers is typically engineered close to the surface
of a diamond crystal. This layer is then used for two-dimensional mapping
of the magnetic field generated by a sample proximal to the diamond’s sur-
face, by projecting the NV-fluorescence onto a camera sensor and performing
ODMR measurements [125]. As such, sub-micrometer-resolved magnetic-field
maps can be achieved using high magnification and high numerical-aperture
(NA) microscopes equipped with, for example, a common charged-coupled de-
vice (CCD)/complementary metal-oxide-semiconductor (CMOS) camera. Fur-
thermore, NV centers are oriented along one of four crystallographic (111) di-
rections within the diamond crystal lattice (in particular along the (111), (111),
(111), and (111) crystal axes; see inset Fig.3.4.2). A diamond crystal hosting
an ensemble of NV centers typically contains an equal number of NVs for each
direction. As such, ODMR spectra from all NV orientations yield the neces-
sary information to reconstruct vector magnetic field components from magne-
tized structures proximal to the NV centers. Wide-field NV-based imaging tech-
niques have already been used to image magnetic fields generated by magnetic
thin films [17], nanoparticles [1 26], vortices in type-II superconductors [127], and

even to reconstruct the current flow inside integrated circuits [128] or graphene
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field-effect transistors [129].

E,
¢ ~arctan(b/a)

Figure 3.3.1: (a) NV-energy-level diagram (b) Schematic of the polar MOKE. E; describes the
linearly polarized incident light and ERr the reflected light with rotation angle © x and ellipticity ex.

3.3.2 Magneto-optical imaging

Magneto-optical effects from magnetized media can be observed via transmission-
or reflection-based measurements. The optical effects that manifest themselves
when light is reflected from the surface of a magnetized material are conven-
tionally designated as MOKE. MOKE microscopy, i.e. a technique capable
of studying MOKE with the use of an optical microscope, is one of the most
prominent tools for the spatio-temporal visualization of distributions of magneti-
zation (M) within magnetic materials [123]. In general, Kerr effects manifest as
changes of the intensity and/or the plane of polarization (O ) and the ellipticity
(ek) of an incident linearly polarized light upon reflection. All different types
of Kerr effects (polar, longitudinal, transverse) mostly scale linearly with mag-

netization (higher order, quadratic, effects can also be observed using MOKE
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microscopy [123]; in this work we will focus on samples that show no quadratic
MOKE and for this reason we will assume MOKE to be linear in a sample’s
magnetization). As such, investigation of the magnetization of a magnetic sam-
ple becomes possible with the use of a simple optical microscope that consists
of a polarization selection and a polarization analysis step. For most cases of
interest, as in our work here, the polar type of MOKE is typically studied, which
means that one senses the magnetization component perpendicular to the sam-
ple’s surface (Fig.3.3.1(b). Moreover, the polar MOKE manifests as a change
both in polarization angle (O ) and ellipticity (ex), while the reflected intensity

remains unchanged.

3.3.3 Combined MOKE/magnetic imaging microscopy

Combination of both imaging modalities, NV-based magnetic and MOKE, is
possible by the additional incorporation of polarization-sensitive preparation
and analysis steps in the optical setup required to perform NV-based magnetic
imaging. In particular, by pre-selecting the polarization state of the optical
excitation required for the NV-based magnetometric protocol (i.e., green laser
light), and imaging changes in its polarization state upon reflection from a mag-
netized sample placed upon the diamond crystal, while simultaneously imaging
the NV-fluorescence, one obtains a combined image of magnetization and their

resulting magnetic fields.

3.4 Experimental Methods
3.4.1 Magnetic sample

To demonstrate the capabilities of an imaging setup that can perform measure-
ments of magnetization and magnetic fields, we use a multilayered ferromagnetic
structure that shows rich topological magnetic structures (magnetic domains)
under the influence of external magnetic fields.

The sample is a Ta(5nm)/CoggFegoBag(1nm)/ Ta(0.08 nm)/MgO(2nm)/Ta(5nm)
material stack that is grown on a Si/SiO; substrate (500 pm thickness) by DC
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magnetron sputtering. The use of a Singulus Rotaris sputtering system allows
us to tune the thickness of the layers with high accuracy (reproducibility better
than 0.01 nm) [130]. The Ta(0.08 nm) insertion layer, that is not even a complete
Ta monolayer, is inserted to fine tune the perpendicular (out-of-plane) magnetic
anisotropy (see inset Fig. 3.4.2 left side) stemming from the CoggFegyBag/MgO
interface [131]. This allows us to get closer to the spin reorientation transi-
tion [132]. Thereby, we can achieve a typical hour-glass shaped hysteresis loop
indicating the presence of magnetic domains or a skyrmion phase[133]. Using
SQUID-based measurements, we determine the saturation magnetization of the

sample to be M, ~ 760kA/m at room temperature.

3.4.2 Experimental setup

Optical Setup - In Fig.3.4.2 we present the experimental setup we use for
combined magnetic field (NV) and magnetization (MOKE) measurements. The
basis of the setup is a home-built inverted epifluorescence microscope.

As light source for both the magnetometric protocol and the light-polarization
measurements, we use a 532 nm diode laser (Laser Quantum, Gem 532 nm). The
laser intensity is stabilized with a feedback system using an acousto-optical mod-
ulator (AOM, ISOMET-1260C with an ISOMET 630C-350 driver) controlled
with a proportional-integral-derivative controller (PID, SRS SIM960). The ex-
citation and reflected/PL beams are split using a 50:50 beam splitter cube
(BSC) before the objective. To operate in wide-field configuration another lens
(f= 150 mm) is placed before BSC which leads to an enlarged excitation area.

The imaging system consists of an air objective (Olympus UplanFL N 60X)
with magnification of 60 %, a working distance of 0.2 mm, and a correction collar
that allows us to compensate for cover glass thicknesses of 0.11-0.23 mm. As de-
tector, we use a scientific-CMOS (sCMOS) camera (Andor Zyla 5.5) with a pixel
area of 6.5 x 6.5 pm?2. This leads to an effective pixel area of ~ 108 x 108 nm?
in the focal plane, i.e. on the sample. The home-built sample holder consists

of a thickness #0 (~ 85 — 115nm) coverslip, which is glued onto a printed
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circuit-board that is supported upon a 3D translation stage. The coverslip is
electroplated with a copper layer, from which an omega shaped stripline is pro-
duced. This stripline is used to deliver the MW fields required for NV-based
magnetometry. The FOV is adjusted in such a way that it resides in the center
of the omega loop. On top of the coverslip, we place our diamond sensor, and
on top of the diamond sensor, the magnetic sample under investigation. The
diamond sample is oriented in such a way, that the NV layer is proximal to the
magnetic layers of the sample (see inset Fig.3.4.2). To fix the sample-sensor
distance to distances (< 10pm), reduce lateral movement and the amount of
aberrations, we use microscope immersion oil between the coverslip/diamond
and diamond/sample surfaces. A detailed schematic of the diamond sensor and
magnetic sample configuration is shown as inset in Fig.3.4.2. The laser beam
enters and exits the diamond through the coverslip.

To image the NV PL, we use a 650nm longpass filter (FEL0650, Thorlabs)
to remove the reflected green light. For MOKE imaging, we remove the long-
pass filter and introduce a neutral density filter (optical density= 3) before the
camera. This is done to coarsely match the amount of reflected photons from
the green laser beam to the number of detected photons in the observed NV
fluorescence (under typical experimental conditions). This facilitates operation
(i.e. the use similar acquisition settings), while sacrificing optimal polarimetric

sensitivities.
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Figure 3.4.2: Schematic of the experimental setup. Top left: An example of a MOKE image with
the inset depicting a magnetic sample having an out-of-plane anisotropy. Center: Experimental
arrangement of the diamond sensor and magnetic sample (resting upon a microscope slide). The
inset shows a detailed view of the different layers indicating the arrangement of diamond sensor and
magnetic sample. Top right: Inset showing a unit cell of the diamond lattice containing a single NV
center and indicating all other possible NV orientations. Bottom left: Optical setup for combined
MOKE and NV based imaging. Bottom right: MW setup used to drive transitions among the NV

center’s ground state spin sublevels.
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Magnetic Sensor - For wide-field NV magnetic imaging, we use a near-
surface, high density NV ensemble. In particular, a 100 nm *N doped, isotope-
purified (99.9% '2C) layer was grown by chemical vapor deposition on an electronic-
grade diamond substrate (Element Six). The sample was then implanted with
25keV He™ at a dose of 10'?ions/cm? to form vacancies, followed by a vacuum
anneal at 900°C for 2hours for NV formation and an anneal in O at 425°C
for 2hours for charge-state stabilization [51]. The resulting ensemble has an NV
density of ~ 1.2 x 1017 cm™3. This value was obtained by comparing the fluores-
cence of the layer to the average of near-surface single NV centers in a control
sample. The diamond crystal has dimensions of 2 x 2mm? and a thickness of
~ 90 — 100 pm.

External fields - To generate the magnetic domains in the sample, we ap-
ply a bias magnetic field (B,) with the use of a coil (length 2.8 cm, radius 3 cm,
producing approximately ~6 G/A). The coil is supplied with DC current using
a computer controlled power supply.

To perform the NV-based magnetic imaging, a MW source/function genera-
tor (SRS SG384) is used. The MW signal is split and mixed with a 2.16 MHz
signal and then combined again, in order to resonantly address and drive all
(three) hyperfine-resolved NV spin resonances simultaneously. This allows us
to obtain full contrast ODMR spectra without the drawback of power broad-
ening and, thus, yields improved mangetometric sensitivities[134]. All MW
frequency components are amplified with a 16 W (+43dB) amplifier (ZHL-16W-
434), and passed through a circulator (Pasternack CS-3.000) and a high-pass
filter (Mini Circuits VHP-9R5) before they are transmitted through the omega
shaped stripline. A schematic of the setup required to generate the external
fields can be seen in Fig. 3.4.2

Polarization control - To perform MOKE imaging in polar configuration,
the setup is equipped with two linear polarizers (Thorlabs LPVISA100): one is
placed in front of the BSC to prepare the green light with linear polarization (it

also enables for optimization of the magnetometric protocol through the appro-
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priate selection of polarization). The second one, hereafter called the analyzer,
is used for analysis of the polarization state of the reflected light beam and is
placed directly in front of the camera. The rotation angle of the analyzer with
respect to the polarizer was optimized to obtain the best signal-to-noise ratio
(SNR) for MOKE measurements. For the present experimental conditions, this
optimum was found when the analyzer was nearly crossed with the polarizer.

To allow for switching between magnetic field and magnetization imaging, a
computer-controlled flip-mount is positioned in front of the analyzer that allows
us to switch from using the longpass filter (and thus performing magnetic field
measurements) to using the neutral density filter (allowing for MOKE measure-

ments).

3.4.3 Magnetic imaging

Obtaining quantitative images of the local magnetic field requires acquisition of
ODMR spectra for all pixels within the illuminated FOV. Here, we employ a
CW technique for NV ODMR-based magnetic imaging, wherein optical NV spin
polarization, MW drive, and spin-state readout via the NV PL occur simultane-
ously. The diamond sensor is continuously illuminated with ~ 80 mW of 532 nm
laser light, and the resulting NV PL is collected with the microscope’s objective.
For each frequency point of the NV ODMR spectrum (1), PL images are cap-
tured and normalized by images captured at a fixed off-resonant frequency (in
our case Vo = 2.16 GHz). The number of detected photons on each pixel at 1
is then divided by the detected photon number at vog for the same pixel. This
sequence is then repeated between 15 and 40 times (for every selected 14); a
typical exposure time is 100 ms per sequence.
Here, we aim to image fields from a sample with a perpendicular (out-of-plane)
magnetic anisotropy. The bias magnetic field required to manipulate samples
with this anisotropy is applied along the (100) axis of the diamond crystal. As
such, the applied field and the resulting magnetic fields from the magnetic struc-

ture lead to (almost) equal magnetic field projections along all (eight) different
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NV orientations (along four axes) in our diamond sample. This can easily be
shown by calculating the scalar product between the different possible NV axes
((111), (111), (111), and (111)) and the (100) direction describing the magnetic
field. This, in turn, results in degenerate magnetic eigenstates and, thus, equal
transition frequencies in addressing NVs along the different axes. In fact, the
magnetic stray fields generated by the sample are not exactly oriented along
the applied field, but since the splitting created by transverse components is
smaller than the linewidth this results only in broadening of the resonances. As
mentioned earlier, due to hyperfine interactions this results in two sets of three
transition frequencies, which are separated by 2vnyBny (Yvy &~ 28 MHz/mT
and Byy projection of the magnetic field along the NV axis). In order to increase
the sensitivity of our sensor, we simultaneously apply three frequency compo-
nents with a fixed separation of 2.16 MHz, matching the hyperfine splitting of
the resonances. This applied frequency triplet is then scanned over the three
NV resonances results, thus, in five dips for both Am, = £1 transition families.
The relative amplitude ratios between the five observed lorentzian features in
the ODMR spectrum are 1:2:3:2:1 (see Fig.3.5.3(c) and Ref.[134]). This is a
result of the fact, that at different carrier frequencies one, two or three hyperfine
components of the transitions are on resonance with the MW driving fields. For
this reason, the observed features in the obtained ODMR spectra are fitted with
two sets of five lorentzians. In the general case of an arbitrarily oriented mag-
netic field, eight sets of five lorentzians are observable. Overall, by determining
their frequency separation we can image the local magnetic field perpendicular
to the diamond surface. We determine the average magnetometric sensitivity of
our current setup to be 0Byy &~ 2T pm/ vHz within a FOV of approximately

40 x 40 pm?, which is mainly limited by mechanical instabilities of the setup.

3.4.4 MOKE imaging

MOKE images of the sample-magnetization topology are taken in a similar fash-

ion to the magnetic images after switching to MOKE operation by using the flip
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mount. This allows for the collection of the green laser light instead of the NV
PL.

For a given strength of the externally applied magnetic field required to change
the magnetization state of the sample, we obtain a MOKE signal for each
pixel by averaging over 50 acquisition cycles of the camera (typical exposure
time: 10ms per cycle). This average is then normalized to an equivalent
measurement performed at a reference field |B,cf| > |Bsat| [i-e., Smoxke =
[Nph(Bz) — Npn(Bret)]/Npn (Bret)]- In our case, Bga, the saturation field at which
the magnetic sample is in a monodomain state with all the domains/spins aligned
with the external magnetic field, is approximately By, =~ 1 mT. This comparison
with a reference image allows us to eliminate beam intensity variations in the
FOV, the effect of impurities/surface features and birefringence in the diamond
crystal. We determine the polarimetric angle-imaging sensitivity of our cur-
rent setup to be 60 ~ 50 prad pm/v/Hz (again mainly limited by mechanical
instabilities of the setup).

3.5 Results

In Fig. 3.5.3 we show the main result of this work. Figure 3.5.3 (a) shows the hys-
teresis magnetization curve of our magnetic sample obtained by implementing
a MOKE measurement sequence and by averaging over all pixel values within
the FOV. For each strength of the externally applied magnetic field (B, ), which
is used to generate the magnetization curve [for comparison we also present
measurements obtained using a commercial MOKE microscope (Evico GmbH)].
In Fig.3.5.3 (b) we show a MOKE image of the sample-magnetization topology
under an externally applied magnetic field strength of B, = 0.329mT’, demon-
strating our ability to observe magnetic (stripe) domains and qualitatively image
their magnetization.

In Fig. 3.5.3 (¢) we present the magnetic field map generated by the stripe do-
mains as obtained by NV-based magnetic imaging. Using the differences between

the resonance frequencies observed in the recorded ODMR spectra, we obtain the
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Figure 3.5.3: Magnetization and magnetic field imaging using MOKE and NV-based magnetic field
imaging - (a) Out-of-plane magnetization curve of the magnetic sample (open green circles), and
for comparison we present the magnetization curve obtained using a commercial MOKE microscope
(black line). The starred point denotes the position in the hysteresis curve where the MOKE and
NV-based magnetic images were obtained. (b) MOKE image for an applied external magnetic field of
B. =0.329mT. (¢) ODMR spectra for two different positions within the imaged field-of-view (points
are measured data while the lines represent the best fit for these data sets) and imaging of the resulting
magnetic fields generated from the sample for an external field of B, = 0.329 mT (the magnetic field
is obtained by fitting the ODMR spectra for each pixel). (d) NV (red) and MOKE (green) images

overlapped.

direction (relative to the externally applied magnetic field) and strength of the
magnetic field generated by a stripe domain and its surrounding environment,
which is &~ 22 pT. Particularly, in the top of Fig. 3.5.3 (¢), we show ODMR spec-
tra for two specific cases (i.e. imaging pixels): the first one shows the magnetic
field originating from the center of a magnetic stripe domain while, the second
one, the magnetic field originating from the sample’s surface (far away from a
stripe domain). The observed ODMR frequency splittings (between the sets of
five lorentzians corresponding to the NV my;=-1 and mg=+1 spin states), are

reduced for the pixels that image the magnetic fields from the stripe domains
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compared to the pixels imaging surfaces without stripe domains; in this case
(Fig.3.5.3 (a), the sample’s surface magnetization is aligned with the externally
applied magnetic field while within the stripe domains the magnetization is re-
versed (resulting, thus, in an overall reduced observed magnetic field and, hence,
in a reduction in the observed ODMR splittings). We note here that maximum
magnetic (stray) field values are attainable at the center of the magnetically
imaged stripe domains due to the stand-off distance between the NV layer and
the sample’s surface (/~ 3 — 4 pm) taking into consideration that the magnetic
domains have a width of ~ 3 pm (for larger domains, the main magnetic contrast
would be expected closer to a domain’s observed walls).

It should be noted that the effective bandwidth of each measurement in our
imaging configuration is different. While a MOKE image takes ~ 0.5s, an NV
image (for which, here, we record the full ODMR spectrum) takes ~ 300s. The
time required to record an NV-based magnetic image could be significantly de-
creased to ~ 3s by recording magnetic images at a single-frequency and use
a calibration (e.g., and image at an off-resonant excitation frequency) to get
quantitative information about the magnetic field, but this is beyond the scope
of this work.

Finally, in Fig.3.5.3 (d) we present the MOKE and NV magnetic images over-
lapped to demonstrate the complementary character of the two imaging modal-
ities, while it also allows us to clearly investigate the differences in the observed
sizes of the stripe domains between the two imaging modalities. These differ-
ences are related to the offset distance between diamond and magnetic sample
(~ 3 —4yum) that results in blurring of the observed features in the (NV) mag-
netic image. This also verifies that the resolution of the NV magnetic image is
currently determined by the size of this offset distance and not by the optical
resolution of the microscope. We also note here that this becomes consequential
when the stripe domains are dense, i.e. when the distance between the stripe
domains is smaller than the resolution of NV-magnetic imaging, resulting in no-

ticeable differences between the NV-magnetic and MOKE images. In such cases,
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the magnetic fields from different domains might, for example, add up and it
will not be easily possible to reconstruct the magnetic topology of the domain
structure. However, such an issue can be resolved (in future implementations) by
minimizing the distance between the diamond surface and the magnetic sample
[for instance, one way to minimize this gap is to directly deposit (2D) magnetic
materials onto the diamond surface [135]]. Furthermore, we observe in our im-
ages slight deviations from perfect overlap between the observed magnetization
and magnetic field maps from stripe features that reside at the edges of our
FOV. We believe this is the result of a combination of offset-related magnetic
field gradients (of the field generated by the domains) and off-axis aberrations.

Further investigations are required to resolve this issue.

3.6 Discussion and Conclusions

We present a platform for wide-field imaging of the magnetization and result-
ing magnetic fields of magnetic structures using engineered diamond magnetic
sensors and an optical setup that allows for both measurement modalities. Our
work extends recently developed NV-magnetic imaging techniques used to study
magnetic systems by demounstrating how the addition of polarization analysis can
incorporate simultancous information about the magnetization of the sample.
Possible extensions to the current experimental setup are possible for both the
MOKE- and NV-based imaging part. The NV-based imaging, for example, can
be extended to the zero-field regime by implementing recently developed mea-
surement schemes [130] or even be operated in a MW-free modality [137, 135].
Furthermore, while the setup is currently only sensitive to out-of-plane magne-
tizations (polar MOKE), it can be extended to measurements of longitudinal
and transverse MOKESs, i.c. the measurement of in-plane magnetizations, by
illuminating the sample at an angle [123]. To do so, the incorporation of field
coils for the generation of in-plane magnetic fields would be necessary. Most
importantly, the angled illumination allows for truly concurrent acquisition of

NV and MOKE images, as the reflected beam and fluorescence are now detected
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in different areas of the camera (or independently imaged from their respective
optical paths).

Magnetic structures, and generally correlated and topological electron sys-
tems, present crucial technological opportunities for information storage and
computation, and their inherent nonvolatility makes them central to energy-
related research and associated technologies. Moreover, our understanding of
condensed matter physics is greatly affected by these technologies that exploit
the topology of spin structures, as was the case with technologies that exploited
the topology of the physical and electronic structure of materials. Our primary
goal is to develop an instrument that is ideal for the research and development

of these technologies and the study of related emergent phenomena.
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4 Magnetic sensing at zero field with a single nitrogen-

vacancy center

The following chapter has been, apart from minor formating and style changes,
published as shown below in a peer-review journal. The reference to the pub-

lished manuscript is:

T. Lenz, I, oo

netic sensing at zero field with a single nitrogen-vacancy center. Quantum Sci.
Technol., 6 (034006), 2021

I co-authored this work, contributing in microwave board design (a direct adap-
tation from [139]) and fabrication, data acquisition, analysis and interpretation,

and in preparing the manuscript for publication.

4.1 Abstract

Single nitrogen-vacancy (NV) centers are widely used as nanoscale sensors for
magnetic and electric fields, strain and temperature. Nanoscale magnetometry
using NV centers allows for example to quantitatively measure local magnetic
fields produced by vortices in superconductors, topological spin textures such
as skyrmions, as well as to detect nuclear magnetic resonance signals. However,
one drawback when used as magnetic field sensor has been that an external bias
field is required to perform magnetometry with NV centers. In this work we
demonstrate a technique which allows access to a regime where no external bias
field is needed. This enables new applications in which this bias field might
disturb the system under investigation. Furthermore, we show that our tech-
nique is sensitive enough to detect spins outside of the diamond which enables

nanoscale zero- to ultralow-field nuclear magnetic resonance.
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4.2 Introduction

Single nitrogen-vacancy (NV) centers are widely used as nanoscale sensors for
magnetic and electric fields, strain and temperature[30, 37, 64] even under am-
bient conditions. Here, we demonstrate the application as magnetic field sensor
without the use of a bias field i.e. at zero field. Nanoscale magnetometry using
NV centers allows one to quantitatively measure local magnetic fields produced
by vortices in superconductors [15]; topological spin textures such as skyrmions
[121], to perform nanoscale nuclear-magnetic-resonance spectroscopy down to
the single-molecule level [140], and even to study exotic beyond-the-standard-
model interactions [33, 39, ]. Commonly an axial bias field (along the NV
axis) is applied in order to lift the degeneracy of magnetic sublevels in the ground
state and gain first-order sensitivity to magnetic fields. In some applications,
such as for example zero- to ultralow-field (ZULF) nuclear magnetic resonance
(NMR) spectroscopy [112] or the study of ferromagnetic thin films [113], the bias
field significantly disturbs the sample under investigation perturbing or even dis-
rupting the measurement. In this work, building on the works of other authors
near zero bias-field [144][145],we demonstrate a method to extend the range of
application of single NV center based magnetometry to this regime. We use cir-
cularly polarized microwave (MW) fields, similar to work performed on an NV
center ensemble [136]. The NV center in diamond consists of a substitutional
nitrogen atom and a neighbouring empty site in the diamond lattice. Sensing is
performed with negatively charged NV centers, where an additional electron is
obtained from a donor within the diamond. A simplified energy-level diagram
of NV-ground state is shown in Fig.1a). The NV-center energy levels close to

zero ambient field are described by the following Hamiltonian [56, 60, 146].

H/h = (Do +11.)S? + yyvB - S + I1,(S? — S2) (14)
—T1,(S4Sy + SySe) + AurpS.L + Q[IZ — I(I +1)/3],

where h is Planck’s constant, vy = 28 GHz/T the electron gyromagnetic ratio,

B the magnetic field vector, S the electronic spin vector with its components
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Sz, Sy, 5., respectively, and Dy ~ 2.87 GHz the axial zero field splitting. I with
components I, I, I, is the nuclear spin vector of the intrinsic N nucleus with
the axial hyperfine coupling parameter Ayr = —2.16 MHz and quadrupolar
coupling @. II,,II,,II, describe the effective field acting on the NV center,
which consists of strain and local electric field. The coordinate system is chosen
such that the z axis is parallel to the NV axis. For simplicity and without loss
of generality we assume II, = 0 for the scope of this work. In addition, note
that the quadrupolar interaction between the *N nucleus and the electron spin
does not have an influence on the electronic transition frequencies as they are

nuclear spin conserving (Fig.4.2.1a right).

In most NV-magnetometry experiments a bias magnetic field is such that
yvvB:| > [IL|, |IL,|, |Anr| and |B,|,|By| < |Do/vnv|. In good-quality dia-
mond samples |Agrp| > |I1;], |I1,| is also achieved and enables to resolve the hy-
perfine structure of the NV center, which is essential for the presented method.
The hyperfine coupling to the internal nitrogen spin leads to an energy-level
structure shown in Fig.4.2.1a. The left side shows the simplified energy levels
when omitting the last term in eq. 15, which then allows for the measurement of
the magnetic field by measuring the splitting between the my = £1 states. This
spectrum with only two resonances increases in complexity, when the nuclear
spin of the nitrogen host is taken into account (last term in eq. 15 and right
side Fig.4.2.1a). Here it is shown for the case of a N nucleus with spin=1
(99.6% natural abundance). This means that there are three possible projec-
tions (m; = 0,%1) along the NV axis, which results in three resonances with
a separation of Agp. The frequency difference of the central resonances of the
two triplets is still 2yyy B, (as shown on the right of Fig. 1a). The transition
frequencies of the triplets cross at yyv|B.| = |Agrl, |Agr|/2,0. At B, = 0
all three transition frequencies of the two sets cross (see also Fig.4.4.3a). In
addition, due to the effective fields II,,II,, the mg = £1 states do not remain
eigenstates for the |m; = 0) states and a level anticrossing occurs. Both, cross-

ing and anticrossings occurring at B, = 0 result in difficulties for magnetometry
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at |B,| < Av/(2yyv) where Av is the observed linewidth. In this regime, shifts
of the transition frequencies which are proportional to magnetic field changes
cannot be resolved anymore or as for the case of an anticrossing (of states with
equal [,) the proportionality to magnetic is lost. In this work, we present a
robust solution to this issue with the use of circularly polarized microwaves in
the magnetometry protocol. Circularly polarized MWs allow us to exclusively
drive transitions with Am, = +1. This leads to a single set of three resonances
without crossings and therefore a linear relation to magnetic field even at zero
magnetic field. For a single NV center with the YN nucleus in a fixed eigenstate,
one would expect a single resonance for each of the two Am, = 41 transitions.
However, two distinct sets of three resonances are observed as a result of the fact
that the "N spin flips several times within our measurement. The N basically
acts as a source for a local bias field for the NV-electron system, where the value
of the bias field depends on the nitrogen nuclear spin state. Due to the fact
that the longitudinal relaxation time (T) for the N spin at room temperature
is way below 10ms [147], within a single measurement sequence (here: ODMR
or Ramsey), the nuclear spin remains fixed, whereas over the time of the whole
measurement one already observes an averaging over all three orientations of the
nuclear spin, resulting in the sets of three resonances. We remark that, if one
were able to fix the N nuclear spin in one of the m; = +1 states, circularly
polarized MW fields would have been unnecessary since the local bias would lift
the degeneracy. Since this is not the case, we use circularly polarized MW fields

to overcome this issue.

4.3 Experimental setup

In Fig.4.2.1b a schematic of our experimental setup is shown. It consists of a
home-built confocal microscope with a high numerical aperture oil-immersion
objective (Olympus UPLSAPO 60XO). The diamond sample containing single
NV centers is mounted on a printed circuit board (PCB) which is used to apply
circularly polarized MW fields to drive the transitions in the NV-center ground
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state. The design of the PCB follows earlier works [136, 139] and mainly con-
sists of two parallel striplines, which are separated by 0.6 mm (see Fig.4.2.1b).
This allows us to create circularly rotating magnetic fields in the center between
the striplines and at 0.3 mm(=thickness of the diamond crystal) distance from
the PCB. The microwave pulses for spin manipulation were synthesized with an
Arbitrary Waveform Generator (AWG; Tektronix AWGT70002A), that operates
at 50 GS/s. The microwave pulses (with adjustable relative phase) from the
two output channels of the AWG were independently amplified and fed-into the
leads of the micro-circuit for producing circularly polarized microwave excita-
tion. For these experiments we used a single native *N-containing NV defect
in an electronic grade [100] oriented diamond grown via chemical vapour depo-
sition (CVD) from Element six with 100 surfaces . Furthermore, a coil is placed

such that it exerts a controllable axial magnetic field to the NV center.

4.4 Results
4.4.1 Characterization of the microwave polarization

First, a single NV center with proper alignment with respect to the microwave
striplines needs to be identified. This is done in a two-step process. First,
to study NV in the correct position with respect to striplines, the scanning
range of our confocal microscope is manually adjusted such that it is centered
in the center between the two striplines. The correct height above the board is
achieved by selecting NV centers close to the diamond surface which is closest
to the objective. In the second step the correct NV orientation in the crystal
needs to be selected/identified. This was done by placing a permanent magnet
at an angle of &~ 54° with respect to the diamond surface and parallel to the
MW striplines. Like this, the NV centers aligned with the magnetic field are
also in the right orientation in order to apply circularly polarized MWs. After
a single NV center aligned with the permanent magnet was identified (B, =
450 uT), we performed Rabi-oscillation experiments on both the Amg = +1

and Amg = —1 transitions while sweeping the relative phase between the MWs
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Figure 4.4.2: Rabi measurements performed to determine the driving strengths of the Am, = —1 (a)

and Ams = +1 (b) transitions as a function of the relative phase of the MW fields. The measurements

are performed at an axial bias field of ~ 450 uT.

applied to the striplines. Figure4.4.2a shows the Amg, = —1 transition with
a resonance frequency of 2859 MHz and b the Amg; = +1 transition with a
resonance frequency of 2882 MHz . One can observe that both respective Rabi
frequencies vary strongly upon change in relative phase between the striplines.
This is attributed to different MW polarizations resulting from the different
phases between the two striplines. For the Amg, = 41 transition the Rabi
frequency varies between 4.3 and 1.45 MHz and for Am, = —1 between 4.8 and
< 0.8 MHz.

From these values, we calculate the purity p of the MW polarization defined
asp = 8:%3: Q. and Q_ are the respective Rabi frequencies of the Am, = +1

or Amg = —1 transitions. We obtain p > 71% in this configuration. Note that
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the lower limit is given by the Rabi measurement obtained at a phase difference
of 260° while at 300° the Rabi contrast in Fig.4.4.2b almost vanishes, which
indicated that the maximum obtained purity of the circular polarization is sig-
nificantly higher. It should be noted that the fact that the respective maximum
Rabi frequencies are not at +90° is a result of different cable length between
AWG and stripline. The asymmetry (e.g. not exactly 180° between the max-
ima/minima) and imperfect circularity of the MW polarization may arise from
imperfect alignment of the striplines with respect to the NV center and was
observed in earlier works with this stripline configuration [139]. Even though
the polarization is not perfect, it is sufficient for our goals as we demonstrate
in the following. In fact, it should be noted that any amplitude imbalance be-
tween Am, = +1 transitions leads to a non-zero sensitivity at zero bias field,
approaching the same sensitivity as with an applied bias field, as one of the

transitions vanishes.

4.4.2 Pulsed optically detected magnetic resonance

After characterizing the MW polarization the permanent magnet is replaced with
an electromagnet using the same configuration with respect to the diamond and
striplines (sce Fig.4.2.1b). Then axial field sweeps from —200 to 130 4T are
performed using the clectromagnet. Figure4.4.3a shows a density plot of the re-
sulting pulsed optically detected magnetic resonance (ODMR) traces for linearly
polarized microwaves. Note that the MW duration for each MW polarization
is matched to a m-pulse when on resonance with the respective transition. At
the bottom, i.e. at a field |yyyB,| > |Agr| the two sets of three hyperfine
resonances are well separated. When decreasing the applied bias field one can
observe the above-mentioned line-crossings in the ODMR, spectra. Especially at
zero axial field (indicated by the red line) one observes three transition-frequency
crossings. To be more precise, two crossings, while the central one is actually an

avoided crossing due to the coupling of the two energy levels via electric fields
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and/or strain[l115]. In our case, this is characterized by lower contrast (also
observable at ~ £75uT). In Fig.4.4.3b, ¢ the (anti-)crossings are not clearly
observable anymore but when analyzing the individual ODMR we could still see

the expected reduced contrast for the central resonance at zero field.
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Figure 4.4.3: ODMR spectra for different MW polarizations while sweeping the axial magnetic field
using an electromagnet. a) ODMR, signal obtained with linearly polarized MW b) o polarization
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Figure 4.4.3b shows the case for the Am; = +1 transitions, while Fig.4.4.3¢c
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shows a field scan for Amg = —1 transitions. The suppressed transitions are still
slightly visible, but since they are strongly suppressed, they do not play a role
when it comes to determining the transition frequencies of the strongly driven
transition even at zero field. This shows already that magnetometry including
advanced pulse sequences can also be applied at zero field if circularly polarized
MW are used.

4.4.3 Ramsey sequence

To enhance the magnetic sensitivity and in preparation for a future application
of this technique in sensing low-frequency magnetic fields, we employ a Ramsey
scheme[71] . The frequency of the central anticrossing (2.87 GHz) in Fig.4.4.3a
was chosen as driving frequency and the magnetic field was swept around zero
axial field. In addition to that, the phase of the readout 7/2 pulse was dynam-
ically modified (depending on 7) to implement a shift of the observed signals
from DC to ~ 10 MHz. In Fig.4.4.4 the results of a Fourier transform of the
initial Ramsey time trace is shown. One can clearly observe the same contrast
over the full range of axial magnetic fields, which again proves that we preserve
the same magnetic sensitivity while crossing zero magnetic field. In addition to
the N hyperfine splitting, we see hints of an underlying splitting induced by a
nearby *C nucleus in the Fourier-transformed signal, which is not fully resolved
due to limited coherence time of our sensor spin. But this also demonstrates
the robustness of this technique: even in the presence of additional couplings to
different nearby nuclear spins, magnetometry around zero field can be pursued.

To estimate the sensitivity of the technique, we determine the photon shot-

noise limited sensitivity n of a Ramsey measurement that is given by:

h 1
’r] =
guB C IOtL/tseq TQ*

(15)

with I being the detected photoluminescence rate, t;, the duration of the readout
laser pulse, t,., the total sequence length and 75 the coherence time of the NV

center. Using common parameters used in our experiment, for this diamond
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sample where the coherence time is ~ 3 us, this results in a projected shot-
noise limited sensitivity of approximately 350 n'T/ vHz, which is a typical value
for a diamond of this type [04]. This is sufficient to measure signals of, for
example, proton spins [29] or other nuclear spins on the diamond surface or to
study (anti-)ferromagnets using a shallow NV center and therefore this technique
opens the field to the study of the above mentioned systems using NV-center

magnetometry at zero field.
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Figure 4.4.4: Fourier transform of the signal obtained from Ramsey experiments performed using
o™ polarized MW while scanning the axial magnetic field; the signal is effectively detuned by 10 MHz
due to the relative phase shifts of the two 7/2 pulses.

4.5 Other possible approaches to magnetometry with NV centers at

zero field

As mentioned above, one could also use a static local bias field instead of a flip-
ping bias (1N,®N) which would in turn avoid the need of specifically designed
MW structures to produce circularly polarized MWs. A promising candidate
for this is an axial *C nucleus, which can, depending on the exact location,
have flipping rates well below 10~ Hz or in an ideal case even zero. As a result
both sets of resonances would be separated by the hyperfine splitting of the

1BC nucleus and would change in frequency according to the Zeeman effect. A
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drawback to this method would be the need for an axial 3C which are usually
randomly distributed with an abundance of 1.1% for natural-abundance dia-
monds. Moreover, the splitting produced by axial carbon is usually on the order
of &~ 70kHz which requires long NV coherence times to be resolved. Another
option would be to initialize the nitrogen spin before each measurement into
one of the m; = +1 states, but common methods require a lifted of degener-
acy between the my states to function, which is not the case at zero field [119].
Additionally, a method using RF fields (=*MHz, [150]) demonstrated magnetic
sensitivity of a NV ensemble in a field regime between zero and ~ 1 mT. How-
ever, this method requires a calibration to retrieve quantitative information and
has the drawback of limited working conditions, while our scheme works in ar-
bitrary fields (including zero). This is particularly important in the study of
(ferro-)magnetic thin films, where the evolution of spin textures over the full
magnetic hysteresis (including at zero) is of interest. For these reasons we focus

on the approach with circular MW fields in this work.

4.6 Summary and Outlook

In summary, this paper presents a novel method to utilize NV centers as mag-
netic field sensors down to zero external magnetic field. This opens the road for
applications in which magnetic fields perturb the system such as, for example,
nuclear magnetic resonance and (anti-)ferromagnets. We also estimated that the
sensitivity of this technique is sufficient to probe statistically polarized nuclear
spins on the diamond surface at zero field. In combination with high-resolution
sensing techniques such as those developed for high-frequency sensing [151, I,
this technique may open new pathways towards nanoscale ZULF NMR for chem-
ical analysis of liquids and solids down to the single molecule level[153]. Further
improvements of the sensitivity of this technique are expected in the case of
a [110]-oriented diamond crystal and the use of NV centers with N host nu-
cluei. Using a [110]-oriented diamond would allow for improved purity of the

MW polarization (up to 100%) with the same double stripline configuration
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and therefore increased contrast of the two different circular MW polarizations.
N containing NV centers are expected to be beneficial (at zero magnetic bias
field), due to reduced dilution of the spectrum (i.e. two instead of three hy-
perfine components). Moreover, none of the observed crossings (at zero field)
are anti-crossings, compared to the N case where the central crossing is a
magnetically insensitive anti-crossing. Additional improvements on the driving
strength would additionally make commonly used higher-order dynamical decou-
pling sequences (such as XY8, CPMG, etc.) accessible, which are used for AC
magnetometry and therefore are particularly interesting for nuclear quadrupole

resonance studies at zero field.
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5 Conclusion and outlook

In summary, this thesis presented the basics of magnetometry with NV centers
in diamond. In the beginning, the structure of the NV defect in the diamond
lattice was introduced, as well as different methods to artificially create both,
(ultrapure) diamonds and NV centers within diamonds. Following up on this,
the basic energy-level structure of the NV center was explained with focuses on
the optical polarization (initialization) and readout of the NV center’s spin state,
and on the ground-state Hamiltonian including the magnetically sensitive levels
therein. To finalize the introduction, different magnetometry protocols, includ-
ing pulsed and c¢w protocols, were introduced and their respective strengths and

weaknesses were discussed.

Moreover, chapter 2 of the thesis demonstrated the first NV-widefield obser-
vation of vortices in a thin film of the type-II superconductor YBCO. It was
shown that by using micron-scale diamonds with a shallow layer of NV centers,
it is possible to reduce the distance between SC and NV layers to ~ 500 nm and
therefore allow for the observation of vortices. We performed spatially resolved
ODMR measurements to compare the amplitude of the magnetic fields at posi-
tions of vortices to the amplitude at positions farther away from the vortices. In
addition, a MW field with fixed frequency was applied to increase the imaging
speed, while sacrificing the exact quantitative information of the field amplitude.
This technique was then used to observe vortices at different cooling fields. By
observing the linear relation between the number of vortices and cooling-field
strength, it was confirmed that the observed structures were indeed vortices in
the superconductor and no other magnetic artifacts.

Due to its versatility, this technique can be used in the future to study a
plethora of phenomena in many different superconductors. In particular, NV

magnetometry has a high bandwidth up to the GHz regime and would therefore
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allow for the detection of dynamics, such as vortex oscillations. Moreover, due
to the wide range of operation temperature this technique can be used to study
so-called island superconductivity, which is a phenomenon where superconduc-
tivity sets in in (small) parts of the SC above the global T,.. This changes the
local magnetic properties, while macroscopic properties such as conductivity do

not correspond to those of a SC.

The third chapter presented the successful combination of NV magnetic imaging
and magneto-optic Kerr-effect imaging in a widefield microscope. To do so, a
widefield NV-imaging microscope was additionally equipped with two polarizers
and absorption filters on an electrical flip mount. This allowed for automated
switching between MOKE and NV imaging. This double purpose microscope
was then used to observe magnetic domains in a ferromagnetic thin film. The
domains were observed in both the MOKE images as well as the magnetic im-
ages obtained by NV imaging, and the images of both techniques were in good

agreement.

Future works here focus on reduction of the remaining offset distance between
NV and sample, and on the implementation of vector-magnetometry protocols.
One possible pathway to achieve a reduction of the offset distance is to use
micron-sized thin diamonds as in chapter 2. To extend to vector magnetometry,
one straightforward solution for samples with strong out-of-plane anisotropy (as
the sample studied in chapter 3), is to use a specifically cut diamond plate.
This allows to split the different NV axes with a bias field that is parallel to
the planes of the diamond and the magnetic sample and therefore does not af-
fect the magnetic sample (with strong out-of-plane anisotropy). Both of these
improvements could lead to the ability to analyze domain walls in more detail,
c.g. distinguishing Neel and Bloch walls which leads to deeper understanding
of the interactions in the magnetic sample. For truly concurrent measurements
of magnetization and the generated stray field, the setup could be upgraded by

splitting the fluorescence and reflection pathways and either directing the beams
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onto two separate cameras or onto different areas of the sensor of the same cam-

era.

Chapter 4 demonstrated a new method that extends the dynamic range of
(single-)NV magnetometry to the regime of zero bias field. With the use of
circularly polarized MW fields it was possible to selectively drive the mg =0 —
mg = +1 or the my = 0 — m, = —1 transitions. This allowed for the elimi-
nation of the line crossings in the ODMR spectrum at zero field and with that
maintain magnetic sensitivity even at zero field.

While improvements on the MW circuit design can lead to higher MW-field
amplitudes and with that Rabi frequencies or an increased homogeneity of the
circular MW fields over a larger volume, the current design is already sufficient
to open the door to new applications. For instance, with this technique it is
possible to perform studies similar to the ones in chapter 3 in zero field, which
is a specifically interesting regime for many ferromagnetic thin films and also
for magnetic structures such as skyrmions. Another application of particular
interest to our group is ZULF NMR, where any (dc-) bias field disturbs the
measured system. Using single NV centers here would allow for chemical analysis
of a small number of molecules down to single molecules, without the need for
a magnetic field for either polarization or detection.

To conclude, this thesis showcases numerous applications of NV magnetom-
etry, as well as new techniques/methods that make these applications possible
or extend the applicability of NV-center magnetometry to new regimes and re-
search fields. With this it was demonstrated, that NV magnetometry can be a
useful tool to complement and excel different (potentially more sensitive) mag-

netometer types in several applications due to their remarkable characteristics.
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