Exploring Two-Dimensional Magnetism

By Scanning Nitrogen-Vacancy Magnetometry

Inauguraldissertation

zur
Erlangung der Wiirde eines Doktors der Philosophie
vorgelegt der
Philosophisch-Naturwissenschaftlichen Fakultét

der Universitat Basel

von

Patrick Siegwolf

Basel, 2024

Originaldokument gespeichert auf dem Dokumentenserver der
Universitat Basel
https://edoc.unibas.ch

o0co

This work is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License.
The complete text may be reviewed here:
http://creativecommons.org/licenses/by-nc-nd/4.0/


https://edoc.unibas.ch
http://creativecommons.org/licenses/by-nc-nd/4.0/

Genehmigt von der Philosophisch-Naturwissenschaftlichen Fakultét
auf Antrag von

Erstbetreuer: Prof. Dr. Patrick Maletinsky

Zweitbetreuer: Prof. Dr. Martino Poggio
Externer Experte: Dr. Jan Jeske

Basel, den 26.03.2024

Prof. Dr. Patrick Maletinsky Prof. Dr. Marcel Mayor
Erstbetreuer Dekan



Declaration

,»lch erklére, dass ich die Dissertation “Exploring Two-Dimensional Magnetism By
Scanning Nitrogen-Vacancy Magnetometry” nur mit der darin angegebenen Hilfe verfasst
und bei keiner anderen Universitdt und keiner anderen Fakultidt der Universitit Basel
eingereicht habe.”

“I declare that I have written the doctoral thesis ”Exploring Two-Dimensional Magnetism
By Scanning Nitrogen-Vacancy Magnetometry” only with the help specified therein. And
that I do not have submitted it at no other university and no other faculty of the
University of Basel.”

(tnd] Sayut)f

Basel, 26.02.2024






Abstract

Qubits represent the fundamental building blocks of emerging quantum technologies.
Their properties are highly sensitive to the environment, making them well suited
for sensing applications and enabling the exploration of new physics at the frontiers
of current research. The nitrogen-vacancy (NV) is a particularly promising qubit
for quantum sensing applications because its spin ground state can be manipulated,
initialized, and read out in a simple setup, its Zeeman splitting allows for quanti-
tative magnetic field measurements, its long spin coherence enables highly sensitive
measurements, and diamond, as a host material, provides a robust framework for
the fabrication of nanoscale sensors. Embedded in an all-diamond atomic force mi-
croscopy tip, the NV can be brought into close contact with a magnetic surface. This
enables the quantitative recording of the arising stray magnetic field with high sensi-
tivity and spatial resolution. Thus, scanning NV magnetometry (S-NVM) is a viable
tool for studying various phenomena in solid state physics.

The discovery of two-dimensional (2D) magnets has opened a new field of research
that requires novel imaging techniques to characterize them. S-NVM is a suitable
technique to study these materials due to its sensitivity to detect the weak magnetic
signals from even a single atomic layer, typically without perturbing the fragile mag-
netic state of these materials. Despite the constraints imposed by the photophysics
and the quantization axis of the NV, S-NVM is able to operate over the full temper-
ature and external field range relevant to 2D magnets.

S-NVM is applied to study the nanoscale magnetism of single-layer EuGes grown
by molecular beam epitaxy on a pre-patterned substrate. It is found that its average
magnetization is described by a disordered 2D magnet with easy-plane anisotropy
and low uniaxial in-plane anisotropy with a paramagnetic contribution. The disorder
manifests itself in a complex magnetic texture on the film and can be described
by a grain structure with a different critical temperature for each grain, replicating
the observed statistics of the texture. Notably, the paramagnetic contribution is a
property of each grain, indicating an internal structure below the spatial resolution
of the technique.

S-NVM is also used to investigate the origin of the exchange bias in a
MnPS3/Fe;GeTey heterostructure observed in anomalous Hall effect transport mea-
surements. Although MnPS3 exhibits the magnetic structure of an ideal Heisenberg
antiferromagnet with a perfectly compensated magnetic moment, a phase transition
occurs below 40 K, giving rise to an uncompensated moment in the bulk crystal. This
moment persists down to a few atomic layers and induces the exchange bias in the
heterostructure.

These two examples demonstrate the great potential of S-NVM in exploring the
rich physics of 2D magnetism. Thereby, it will contribute to new discoveries in the
field and support the integration of 2D magnets into novel architectures for innovative
spintronic devices.
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1. Introduction

The discovery of quantum mechanics and the subsequent development of quantum
theory are important milestones in modern physics. They provide the fundamental
understanding and mathematical framework to comprehend and describe the behav-
ior of elementary particles, atoms, and molecules, leading to significant progress in
the natural sciences and the emergence of new technologies. Nowadays, physicists
are using the tools of quantum mechanics to control individual quantum objects for
innovative technological concepts. The emerging quantum technologies are attracting
increasing attention and major political institutions, such as the European Union, are
ready to bridge the gap between fundamental research and technological applications
like quantum communication, quantum cryptography, and quantum computing [1].
The basic building block for these technologies is a single physical object that ex-
hibits two quantum states controllable by external means. In analogy to information
technology, such a two-level system is referred to as a quantum bit or qubit. Qubits
are realized by various physical systems such as trapped ions, quantum dots, su-
perconducting circuits, dopants in semiconductors, or color centers in wide-band gap
materials [2]. The ideal qubit is easy to integrate into larger systems, simple to control,
and robust against external disturbances of the environment. However, controlling
them is a major challenge due to the extreme sensitivity of quantum states to the
environment. On the one hand, this hinders rapid progress in the field of quantum
technologies, but on the other hand, this high sensitivity is the basis for quantum
sensing technologies, that exploit the fragility of a qubit to sense the environment,
outperforming classical sensing devices [3]. Quantum sensors are even considered to
test postulates of modern physics on an unprecedented level, paving the way for new
physics and increasing our knowledge about the nature and the universe [4].
Quantum sensors can be defined as sensors that use a quantum system with discrete,
resolvable quantum levels that can be initialized, read out, and coherently manipu-
lated [5]. The smallest implementations of such sensors contain only a single qubit,
providing highly localized information about the environment that is spread only over
the spatial extent of the qubit, approaching the size of a single atom or molecule in
the case of color centers in solid-state systems. Moreover, the solid-state nature of
their host facilitates their integration into nanometer-sized structures, allowing the
advantages of quantum sensing to be applied to nanoscale sensing applications [6].
A particularly interesting color center for nanoscale quantum sensing is the
nitrogen-vacancy (NV) in diamond. Its spin forms a qubit that can be initialized
and read out all-optically, exhibits long coherence times, and shows a linear Zeeman
effect, allowing sensitive and calibration-free measurements of the magnetic field [7].
The NV center, integrated into an atomic force microscopy setup, can be brought into
close contact with a magnetic sample, allowing nanoscale imaging of magnetic sur-
faces by scanning the NV center across the substrate. After initial proof-of-principle
experiments [6, 8, 9], scanning NV magnetometry (S-NVM) has been successfully



2 Introduction

applied to image current distributions [10] and to study the microwave field of mi-
croscopic antennas [11]. However, S-NVM proves to be particularly well suited to
study phenomena in the field of condensed matter physics [12], such as superconduc-
tors [13, 14], antiferromagnets [15, 16], electron transport in graphene [17, 18] or even
dynamic phenomena such as the propagation of spin waves [19, 20].

With the discovery of two-dimensional (2D) magnetic systems [21, 22] a whole
new field of condensed matter physics has emerged, providing opportunities to
explore a new kind of magnetism at a reduced dimensionality, and opening new
prospects in the field of spintronics due to the possibility of realizing 2D magnetic
heterostructures [23]. Since these materials consist of only a few atomic layers,
even down to a single atomic layer, their magnetic signal is rather weak and easily
disturbed. Consequently, sensitive and non-invasive characterization techniques are
required to study this novel type of materials. Although several optical characteriza-
tion techniques are available, they provide only diffraction-limited spatial resolution
and qualitative information about the magnetization. In contrast, scanning probe
microscopy techniques offer higher spatial resolution and sensitivity. However, they
typically have their own technique-specific issues, such as limited operating ranges
or severe impact on the sample itself [24]. S-NVM provides high spatial resolution
and sensitivity and is therefore suitable for studying 2D magnetism at the nanoscale.
Moreover, it provides quantitative information about the arising stray field and can
be operated in the full relevant temperature range without significant perturbation
of the magnetic sample [25]. S-NVM has been successfully applied to several 2D
magnetic systems. For instance, it has been used to study the unusual interlayer cou-
pling in CrlI; [26] or the domain pattern arising from a magnetic Moiré pattern [27],
demonstrating the great potential of S-NVM in the field of 2D magnetism.

This thesis explores the possibility of using S-NVM to study 2D magnetism in
greater detail. The advantages and limitations of the technique regarding sensitivity,
spatial resolution, and operating regime are discussed. Following this assessment,
it is demonstrated, how this technique can be used to shine light on the unusual
coexistence of magnetic order in single-layer EuGes and on the origin of the exchange
bias in a MnPS3/Fe3GeTey heterostructure.

Chapter 2 introduces the NV center and its basic properties. First, its electronic
structure is presented and how its spin triplet ground state can be used as a spin qubit.
Next, the fundamentals and various experimental schemes of NV magnetometry are
shown. Finally, it is discussed how to embed the NV in a scanning setup and how it
can be applied to record an image of the magnetic stray field of a sample.

Chapter 3 discusses S-NVM as a tool for studying 2D magnetism. It starts with
a short introduction to the topic and the main characterization tools. Since the NV
center records the stray magnetic field, it is shown how such a stray field map can be
related to a 2D magnetic source. Because this inverse problem does not have a general
solution, the additional constraints and assumptions required to infer the magneti-
zation from the stray field signal are discussed. During this discussion, the spatial
resolution and sensitivity of S-NVM with respect to a 2D magnetization are defined.
Next, the operating regime of S-NVM is examined. Although S-NVM can operate
at the temperatures relevant to 2D magnetism, its magnetic field range is limited
to external fields applied parallel to the NV axis. The low ordering temperature of



2D magnets requires the implementation of S-NVM in a cryostat, the description of
which concludes this chapter.

Chapter 4 presents S-NVM data on single-layer EuGey grown by molecular beam
epitaxy. After describing a patterning process, that allows the realization of a 2D
magnet with well-defined lateral geometry, the macroscopic magnetization of EuGes is
studied by the stray field arising from the geometry edge. The characterization is in
agreement with previous macroscopic measurements, but also reveals a local inho-
mogeneous magnetization, indicating nanoscale disorder of the film. The magnetic
texture is further investigated in detail. Both the macroscopic and microscopic mag-
netization are described in terms of a disordered model based on the general Arrott-
Noakes equation and a grain structure with varying critical temperature.

Chapter 5 investigates the origin of the exchange bias in a MnPS3/Fe3GeTes het-
erostructure. Although this exchange bias has been observed in several works, its
origin is under debate because the ideal MnPS3 surface does not provide trivial pin-
ning sites for the FesGeTe,. Macroscopic SQUID measurements indicate a phase
transition in MnPS3 below the Néel temperature that result in a small magnetic mo-
ment. S-NVM confirms the presence of the moment in the few-layer limit, which
presents a plausible mechanism for the exchange bias, despite the hysteretic behavior
being different between the bulk crystal and the few-layer flake.

This work concludes with a summary of the main results and ends with an outlook
into the future: What challenges need to be addressed to fully exploit the potential
of S-NVM, and what exciting physics in the field of 2D magnetism might be revealed
in the experiments to come?






2. Magnetometry with the
Nitrogen-Vacancy Center

The nitrogen-vacancy center (NV) is a point defect in diamond where two adjacent
carbon atoms are substituted by a single nitrogen atom. Its negatively charged variant
forms a spin triplet ground state, constituting a solid-state spin qubit, particularly ad-
vantageous for quantum sensing applications. The spin state is initialized by driving
the optical transition of the NV center and is controlled by resonant coherent mi-
crowave (MW) fields in the gigahertz frequency range. The photoluminescence (PL)
intensity directly correlates with the specific spin state, allowing an all-optical read-
out mechanism for its spin state [28]. The fine structure splitting of the different spin
states depends on the external magnetic field due to the Zeeman effect. In addition,
the high phonon energies in the diamond lattice, due to its high mechanical stiffness,
lead to long spin coherence times, allowing a precise and quantitative measurement
of the local magnetic field at the NV center [7].

The mechanical stiffness of diamond also enables the nanostructuring of the host
material and thus the realization of all-diamond atomic force microscopy (AFM) tips,
hosting a single NV center near the apex of the tip [29]. Employing such a tip in a
scanning setup, the NV center can be brought close (= 30 — 100nm) to a magnetic
substrate. This setup allows direct imaging of the stray magnetic field of a substrate,
achieving spatial resolutions corresponding to the NV-sample distance and a typical
static field sensitivity of 1 nT/v/Hz. By employing dynamical decoupling techniques,
this sensitivity can be pushed to the tens of nanotesla range for alternating magnetic
fields [12]. Spin coherence persists over a wide temperature range from millikelvin
temperatures [30] to 1000 K [31]. This broad range allows for nanoscale imaging across
various temperature regimes, establishing scanning NV magnetometry (S-NVM) as
a powerful tool to study nanoscale phenomena within the field of condensed mat-
ter physics [12]. Such phenomena include the breakdown of ohmic transport in
graphene [17], the intrinsic structure and dynamics of domain walls [16, 32], non-
trivial spin textures in chiral antiferromagnets [15] and skyrmions [33] as well as the
interplay between different interlayer couplings in two-dimensional magnets [26, 27].

This chapter elucidates the fundamentals of S-NVM. It begins with a discussion of
the atomic and electronic structure of the NV center, followed by a description of its
spin state, which forms a suitable spin qubit. Subsequently, it delves into the utility of
the NV center for the measurement of external magnetic fields. Finally, this chapter
concludes with a description of the integration of the NV center into a scanning setup
for nanoscale imaging of magnetic stray fields.



6 Magnetometry with the Nitrogen-Vacancy Center

2.1. Nitrogen-Vacancy Center in Diamond

The NV center is a naturally occurring point defect in diamond where two adjacent
lattice sites are occupied by a single nitrogen ion and a vacancy. Its symmetry axis
aligns along the (111) or its three equivalent directions and it shares the symmetry
of the C3y point group (Fig. 2.1 a). The NV center is most commonly created arti-
ficially by ion implantation of the diamond lattice with nitrogen ions [34], although
this process causes collateral damage to the diamond lattice. High-temperature an-
nealing can mitigate this damage, preserving good optical and spin coherence [35, 36].
Alternative creation methods include delta doping during diamond growth [37], elec-
tron irradiation [38] and laser writing [39], the latter facing challenges in producing
near-surface NVs required for sensing applications [40].

a b
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Figure 2.1.: Atomic and Electronic Structure of the Nitrogen-Vacancy Cen-
ter. a Schematic representation of the atomic structure of the NV center. In the cu-
bic lattice cell of diamond, a single nitrogen ion replaces two adjacent carbon atoms,
leaving an additional vacancy in the cell and creating the NV center. The NV cen-
ter displays the symmetry characteristic of the C3y point group with its symmetry
axis aligned along the (111) direction. b The NV center occurs predominantly in the
neutral and negatively charged states, the latter being used for sensing applications.
Its electronic states lie within the band gap of the diamond. The optical transition
34, + 3F is utilized for optical readout and spin state initialization by spin-selective
intersystem crossing to the singlet state 'A; « 'E. The negatively charged NV~
can be converted to the neutral NV? by two-photon ionization, while a two-photon
process enables the absorption of an electron from the valence band, restoring the
NV~ state (adapted from [41]).

The NV center exists in several stable charge states, primarily the neu-
tral NV? and the negatively charged NV~, both residing within the diamond
band gap (Fig. 2.1 b [41]). The NV~ is used for sensing purposes and henceforth re-
ferred to as the "NV center” unless otherwise specified. Switching between charge
states occurs via double-photon ionization [42] and is detrimental for sensing appli-
cations for two reasons: First, it compromises the optical and spin coherence due to
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additional relaxation channels, and second, the average time in the NV° state repre-
sents a dead time for the measurements. Consequently, stabilization and control of the
charge state are crucial for the utility of the NV center in sensing applications [43, 44].

The negatively charged NV center comprises six electrons in the unfilled electron
shell, three electrons from neighboring carbon sites, two from the nitrogen, and one
from the surrounding environment. Its electronic structure is deduced by optical
spectroscopy [41], ab-initio calculations [45], and group theoretical considerations [46].
The electronic structure is described by the nomenclature of the Csy symmetry group:
The ground state is the spin triplet 3 Ay, optically excitable into the two 3E states
and their respective phonon side bands. The NV center emits a broad PL spectrum
between A = 640 — 800 nm with a zero-phonon line at 637 nm and a radiative lifetime
of 12ns. According to Hund’s rules, the singlet spin state 'E is energetically about
0.4eV relatively higher than the triplet state. Its radiative transition '4; — 'FE
occurs at a photon wavelength of 1040 nm. The spin-dependent intersystem crossing
between the singlet and the triplet state forms the basis for the spin-dependent PL of
the NV center and its advantageous properties for quantum sensing purposes, detailed
in the subsequent section.

2.2. Nitrogen-Vacancy Center as Spin Qubit

The electronic fine structure of the NV center, coupled with its spin-dependent pho-
tophysics and long spin coherence times make the NV center a solid-state spin qubit
suitable for quantum technologies.

The level structure of the NV center encompasses a spin triplet in the ground state
and two spin triplets in the excited state (Fig. 2.2 a). The ground state exhibits no
angular momentum, and hence the observed zero-field splitting of Dgg = 2.87 GHz
is mainly attributed to spin-spin interactions [28]. Due to the nuclear magnetic
moment of the nitrogen isotopes N (I = 1) and N (I = 1/2), the fine struc-
ture levels also show a hyperfine splitting, resulting in three and two optically al-
lowed transitions within the fine structure ground state, respectively [47, 48]. In
the excited state, the two degenerate spin triplets are split into three doublets due
to spin-orbit coupling, while the degeneracy of the uppermost doublet is broken by
spin-spin interactions. Lattice vibrations couple the orbital degrees of freedom in the
excited state and induce temperature dependent orbital averaging. At room temper-
ature, the doublet structure behaves like an effective spin triplet state with zero-field
splitting Des = 1.42 GHz [49, 50].

The spin-dependent PL and the all-optical spin initialization arise from a spin-
dependent intersystem crossing (IC) of the triplet states with the singlet state. Upon
optical excitation, the 3E state exhibits two decay paths: direct optical decay to
the 3 A, state (spin-conserving) leading to PL, and non-radiative decay to the singlet
state 1 A via spin-dependent IC, which occurs preferentially for the states (mg = +1|.
Subsequent radiative decay from 'A to 'E and non-radiative decay to the ground
state 3 A, complete the latter decay path. The overall spin dynamics can be mod-
eled by an effective 5-level system where the singlet state serves as a shelving state.
A =~ 30% optical contrast and close to 90 % all-optical spin polarization stem from
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Figure 2.2.: The Nitrogen-Vacancy Center as Spin Qubit. a Fine structure of
the NV~. The ground state is a spin triplet with zero-field splitting 2.87 GHz. The
excited state consists of two triplet states split by spin-orbit coupling. Spin-dependent
intersystem crossing to the singlet state leads to optical spin initialization and spin-
dependent PL. b In an external field, the ground state shows a Zeeman splitting
of the (£1| state proportional to the field along the NV axis Byy. ¢ The spin-
dependent photophysics allows the determination of Byv by an optically detected
magnetic resonance (ODMR) experiment. d In a non-zero field, the spin triplet can
be approximated by a two-level system that can be coherently controlled by resonant
MW fields, allowing Rabi oscillations to be driven, resulting in the Chevron pattern
shown. e The NV center exhibits excellent spin coherence, allowing Rabi oscillations
to be driven by pulse lengths > 10ys.



2.2. Nitrogen-Vacancy Center as Spin Qubit 9

the spin-dependent IC probability of the excited state and the relatively long lifetime
of the singlet state compared to the optical lifetime of the triplet state [51].

At zero field, the upper spin levels (+1| of the ground state are degenerate, but an
external field splits them according to the Zeemam effect (Fig. 2.2 b). The ground
state spin levels of the NV are described by the Hamiltonian

Hyo/h = Dy (82 = 2/3) + gup B - §

= D, (52 - 2/3) +gup (Bzéx +B,S, + stz) (2.1)

where S; represents the various spin operators in the coordinate frame of the NV with
z || NV, B; the component of the applied external magnetic field, g the electronic
Lande factor and pup the Bohr magneton. While B, induces a linear shift of the
upper spin levels with yny = gup = 28.0 GHz/T, a field perpendicular to the NV
couples the different eigenstates resulting in a second-order quadratic Zeeman effect.
Because such a coupling between different eigenstates is detrimental to the qubit
properties of the NV center, the NV center is typically operated under bias fields
parallel to the NV axis [7]. Although the orbital ground state of the NV lacks first-
order sensitivity to electric fields or strain due to the absence of spin-orbit coupling, it
exhibits a weak dependence on both due to a second-order Stark effect. This results
in a slight shift of the zero-field splitting and coupling between different spin levels
described by an effective electric-strain field in the Hamiltonian [52]. Additionally,
a weak temperature dependence of Dgg, following a T° scaling, arises from phonon-
induced lattice distortion [53, 54]. However, even at room temperature the effect is
small (0Dgg/0T = —74.2(7)kHz/K [55]) compared to the linear Zeeman effect of
typical on-axis external magnetic fields.

Coherent resonant MW fields can be used to manipulate the spin of the NV or-
bital ground state making the NV center a two-level spin qubit. Spin-dependent
PL facilitates the determination of the splitting of the upper spin levels via optical
detected magnetic resonance (ODMR) spectroscopy: The NV center, continuously
illuminated by a green laser, shows a decrease in PL whenever the MW frequency
is near-resonant with the ground state level splitting during a frequency sweep. As
the splitting is mainly affected by the field parallel to the NV axis Byy, ODMR
spectroscopy can be directly used to quantitatively determine the external magnetic
field [7] (Fig. 2.2 ¢). Furthermore, resonant MWs can also be used to induce coherent
spin manipulations, such as Rabi oscillations, revealing a three-fold Chevron pattern
due to the hyperfine interaction with the nuclear spin of *N (Fig. 2.2 d).

The spin coherence, required for coherent manipulation, is limited by the longitu-
dinal spin relaxation time 77 and the transverse spin relaxation 75 or T5. The former
describes the spontaneous transition between the spin sublevels and is ultimately
limited by the spin-phonon interaction, but can exceed several seconds at cryogenic
temperatures [56]. The latter describes the dephasing of the spin state due to local
fluctuating magnetic fields in the environment, such as neighboring nuclear and de-
fect spins or electric charge noise, and sets the time scales available for coherent spin
manipulations. For the NV center Ty up to the millisecond range are reported [57],
which can be extended by dynamical decoupling to T times into the second range [56]
ultimately limited by the longitudinal spin relaxation time 75 < 2-7T;. The combina-
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tion of optical initialization, spin readout, and extended coherence times renders the
NV center a solid-state qubit suitable for quantum technologies.

2.3. Magnetometry with the Nitrogen-Vacancy Center

The linear Zeeman splitting of the spin of the NV center, combined with its spin
properties, enables the determination of the stray magnetic field Byy along the NV
axis. The magnetic field sensitivity npc for a single NV center depends on the lon-
gitudinal spin relaxation time 7%, the detected PL intensity Iy, and the PL contrast
between the different spin states C. Typically, sensitivities down to pT/ VvHz can be
achieved [7].

The most common measurement scheme for magnetic field determination is
continuous-wave (cw) ODMR. In this scheme, the NV is continuously excited by
a green laser and read out from its PL while a cw MW source drives the NV
spin (Fig. 2.3 a, i). At resonance, the MW driving is most efficient, resulting in
the largest relative population of the spin states (£1|, leading to a minimum PL
intensity (Fig. 2.3 b). The PL intensity I as a function of the MW frequency v can
be written as

W) =1 (1 —CF (”;V”OD (2.2)

with the undriven PL intensity Iy and the functional lineshape F. A change in the
magnetic field AB along the NV axis induces a frequency shift Av =y - By
Assuming photon shot-noise AI = /I in the measurement interval At, the sensitiv-
ity nmpc is given by the change in magnetic field resulting in an intensity difference
identical to the photon shot-noise:

AIVAt

=ABVAt= ——
e 01/0B,,..
4 h Av

3v3 gus CVI 23)
where the last expression is valid for a Lorentzian line shape. Notably, this sensitivity
is given at the maximum slope of the line [58] and depends on three NV-specific
parameters: the linewidth Av, the detected PL intensity Iy, and the PL contrast C.

The width of the resonance Av is fundamentally limited by the spin dephasing
time 7%, a limit that is typically not reached in cw ODMR, because for optimal sen-
sitivity the linewidth is broadened equally by the optical power, the MW power, and
the spin dephasing. However, more advanced measurement protocols can approach
this limit [59]. Pulsed ODMR overcomes power broadening by separating the optical
excitation and the MW driving [58]. In this scheme, the spin state is first initialized
to the state (0| with a green laser pulse. A coherent MW 7-pulse transfers the spin to
the state (£1|, which is read out by a second laser pulse (Fig. 2.3 a, ii). Optimal sen-
sitivity is achieved when the readout and initialization pulse durations are set to the
singlet lifetime (= 300 ns), and the MW pulse length is set to T35 [59]. However, if 1/T%
exceeds the hyperfine splitting of the NV, the mw-pulse cannot drive all states simul-
taneously, resulting in a decrease in optical contrast (Fig. 2.3 ¢). This is mitigated

10



2.3. Magnetometry with the Nitrogen-Vacancy Center 11

a i ¢cwODMR |N ii p ODMR |N iii Ramsey N
Laser
MW [ 1 -
Ctr q ]
b c
1 Lk
£ 09} '
g g 0.95
N2 NS
— 0.8 -
A~ A~ 09
0.7
. . : . . 0.85
A5 <10 50 5 10 15
e v — vy (MHz) d
1k
% 0.95 g
£ =
09
= &
0.85 i i i i i
07 . . : . .
0.4 0.2 0 02 04 5025 0 25 5
v — vy (MHz) v — vy (MHz)

Figure 2.3.: Magnetometry with the NV Center. a The three different pulse
sequences to determine the resonance frequency of the spin triplet: continuous-wave
ODMR, pulsed ODMR, and the Ramsey sequence. b cw ODMR spectrum of a
strongly driven NV center. The PL is normalized to the undriven NV. The magnetic
field sensitivity is given by the PL intensity, the spin contrast C, and the full width at
half maximum of Av. ¢ Hyperfine-resolved pulsed ODMR spectrum. d Simultaneous
driving of all three hyperfine levels with a three-tone MW field where the splitting
between the tones is equal to the hyperfine splitting vgr. e PL spectrum for a typical
Ramsey experiment.

by multitone driving of all hyperfine states with a MW cone, where the frequency
components are split by the frequency of the hyperfine splitting [60, 61] (Fig. 2.3 d).
This increases the sensitivity of pulsed ODMR to approach the sensitivity of Ramsey
spectroscopy.

In the Ramsey protocol, after spin initialization, a superposition between the
states (0| and (£1] is created by a m/2-pulse. During the interrogation time, a field-
dependent phase difference between the superposition state accumulates. This phase
difference is translated into a population difference by a second 7/2-pulse, which is

11
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read out by a second laser pulse (Fig. 2.3 a, iii). For optimal sensitivity, the state
preparation time should be minimal, requiring high MW driving powers and a short
7 /2-time, and the interrogation time between MW pulses should be long to allow
a long accumulation of a field-induced phase difference. As the spin dephases, the
contrast diminishes, and the optimal interrogation time is set by Ty /2, resulting in
the optimal combination of PL oscillation frequency as a function of field-induced
detuning and optical contrast for field sensitivity [59] (Fig. 2.3 e). Despite the high
sensitivity of the Ramsey protocol, pulsed ODMR and cw ODMR are preferred in
scenarios where the highest sensitivity is not required. Due to their more pronounced
single resonance, it is easier to track the resonance at moderate field strengths, pro-
viding a higher dynamic range for field measurements.

2.4. Scanning Nitrogen-Vacancy Magnetometry

The NV center, due to the Zeeman splitting of the ground state and its favorable
spin properties, is well-suited for sensitive magnetometry. Additionally, the spatial
extent of the electronic wavefunction of the center, confined to a few carbon sites
and below the nanometer range, inherently provides highly local information about
the stray field component that can be utilized for nanoscale magnetic imaging [12].
However, in a magnetic source-free space above a magnetic surface, the stray field
components decay exponentially o« exp(—kz), while the distance z increases for a
spatial frequency k [62]. As a result, the spatial resolution is determined less by the
physical nature of the NV center itself and more by the distance between the NV
center and sample dyv, ultimately limiting the spatial resolution [7].

For S-NVM, a single NV center is typically embedded in an AFM tip to bring the
NV center close to an atomic surface. To confine the NV center near the apex of
the AFM tip, all-diamond cantilevers can be fabricated from diamond membranes
with shallowly implanted NVs (depth &~ 5-10nm) [29]. Such a diamond tip can
be seen as a photonic structure requiring a minimum base diameter of 200nm to
enable the excitation of the NV center by a confocal laser spot. Furthermore, the
shape can be engineered to facilitate the collection of the PL emitted from the NV.
The highest collection efficiencies have been achieved by conical [63] or parabolic tip
designs [64], providing high collection efficiency, a small numerical aperture of the
emission, and spatial resolutions of 30-100nm. Such a cantilever can be integrated
into a conventional AFM system, allowing the scanning of the NV center in close
contact over a magnetic substrate, while optical access for spin initialization and
readout is provided by a confocal setup. Spin manipulations are performed by a
nearby external MW antenna (Fig. 2.4 a, b!, details in Appendix A.1).

To record the stray magnetic field of a substrate, the NV spin resonance frequency
needs to be recorded while scanning across the substrate. The most straightforward
approach is to record a full ODMR, or Ramsey spectrum (as shown in Fig. 2.3) at
each pixel (Fig. 2.4 d). However, a full spectrum contains frequency components
that are insensitive to magnetic field changes, thereby deteriorating the magnetic
field sensitivity compared to the sensitivity at the maximum slope of the spectrum.
Alternatively, modulation of the MW driving frequency can be used to generate two

1the SEM image of the cantilever is provided by J. Happacher
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Figure 2.4.: Principles of Scanning Nitrogen-Vacancy Magnetometry.
a Schematic of S-NVM: An all-diamond tip with a single NV center at its apex is
brought into close contact with a magnetic substrate. A confocal geometry is used
to excite the NV and collect its PL while a nearby external antenna (= 100pnm
distance) transmits the MW for coherent driving. b Scanning electron micro-
scope image of an all-diamond cantilever tip. ¢ ODMR spectrum as used for
magnetometry: Two signals S1 and S2 are generated by two MW signals offset
by vga — vs1 = 8 MHz &~ Av (top), the difference of the signals can be used as an
error signal to track the resonance frequency (bottom). d Determination of the reso-
nance frequency at each pixel allows imaging of the stray field of a magnetic sample
quantitatively. Here, the stray field arising from a two-dimensional CrCls flake is
depicted. A homogeneous magnetization creates a stray field only at the edge of the
flake (Section 3.3.1). e The measurement of the PL at a fixed frequency allows a fast
qualitative imaging. Here, the simulation of the PL difference resulting from the stray
field in d and the ODMR spectrum in c is shown.

separate MW signals shifted by +Ar/2 and subsequent separate readout of the two
channels allows the generation of an error signal with its maximum slope centered
around the resonance frequency (Fig. 2.4 c¢). By doing so, a fast magnetic image can
be recorded without the need to sweep the MW frequency, merely evaluating the PL of
the NV (Fig. 2.4 e). Although this method can in principle be used to quantitatively
infer the stray magnetic field in the linear regime of the error signal, it is primarily
used for qualitative imaging with a dynamic range set by the width of the electron

13
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spin resonance. However, the error signal can also be used for a proportional-integral-
derivative (PID) feedback loop in which the driving frequency is adjusted according
to APL, ensuring that the central MW frequency always equals the resonance fre-
quency of the NV spin [65]. This enables the quantitative determination of the stray
magnetic field with the maximum sensitivity of the slope of the ODMR/Ramsey spec-
trum. Additionally, the switching of the readout acts as a high-pass filter for magnetic
noise. Noise with a frequency lower than the switching frequency affects both counters
equally and is thus averaged out. Consequently, modulated feedback-based determi-
nation of the resonance frequency stands out as the superior imaging method for stray
magnetic field maps.

2.5. Summary and Outlook

This chapter has elucidated the spin-dependent PL and all-optical spin initialization
of the negatively charged NV center in diamond. These phenomena arise from a spin-
dependent IC of the triplet state with the singlet state. The linear Zeeman effect,
which is mainly dependent on the external magnetic field applied along the NV axis,
allows a calibration-free determination of the stray magnetic field. Embedded in an
all-diamond AFM tip, a single NV center can be brought into close proximity to
a magnetic substrate, enabling nanoscale magnetic imaging with a field sensitivity
of nT/ VHz and a spatial resolution of a few tens of nanometers. S-NVM has thus
emerged as a powerful tool for studying magnetism at the nanoscale.

The ongoing development of S-NVM involves optimizing sensitivity, spatial resolu-
tion, and the exploration of novel measurement protocols to expand its applicability
to diverse research areas. Examining Eq. (2.3), sensitivity improvement requires re-
ducing the ODMR linewidth, enhancing the PL count rate, and maximizing the spin
contrast. The spin coherence times fundamentally constrain the linewidth, which is
predominantly reduced by magnetic and electrical noise from nearby defects. Major
defect sources are lattice damage from the nitrogen implantation process for NV cre-
ation and surface irregularities from the diamond tip fabrication. While the former
can be mitigated by less invasive creation methods such as carbon implantation [66]
or post-treatments such as high temperature annealing protocols [35, 36], the latter
is addressed by surface treatments such as oxygen annealing for well-defined sur-
face termination [67]. Surface termination also stabilizes the charge state [43, 68],
which is crucial for high optical contrast. The charge state can also be stabilized
by introducing electron donors into the diamond material, such as phosphorus dop-
ing [69]. Improving the PL count rate involves photonic engineering of the diamond
environment [64] or optimizing the collection optics. A promising avenue is transi-
tioning from a confocal setup to a fiber-based collection path [70]. Enhancing spatial
resolution can be achieved by creating shallower NVs, which reduces the distance
between the diamond surface and the NV, and overall reduces the distance to the
host material [71]. However, shallower NVs are also more susceptible to surface de-
fects and band bending, which deteriorate the charge stability and coherence times.
Sharper photonic structures compared to the commonly used truncated pillar geome-
try, such as diamond pyramids, can also reduce the stand-off induced by the AFM tip
geometry [72]. Complementary to sensor improvements, optimizing the measurement
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protocols is an additional route for improving S-NVM. A particularly interesting route
is to convert the static magnetic signal to an alternating magnetic signal, allowing the
application of dynamical decoupling sequences and exploiting significantly extended
spin coherence times T5. Modulating the magnetic source is a simple experimental
approach [18], but it is limited to appropriate sources. Alternatively, synchronizing
the oscillatory movement of the AFM tip and the readout of the signal at the AFM
frequency also converts the static magnetic signal to an alternating signal [73]. Accel-
erating the determination of the resonance frequency by real-time statistical methods
compared to conventional feedback protocols during the scanning process is another
viable avenue [74, 75].

While further enhancements in S-NVM are anticipated, the method has already
been successfully applied to various questions in the field of magnetism [12]. The next
chapter explores the potential of this imaging tool in the context of two-dimensional
magnetism.
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3. Nanoscale Imaging of 2D
Magnetism

Layered two-dimensional (2D) van der Waals (vdW) materials typically consist of
single atomic layers that are strongly covalently bonded, while multiple layers are
stacked via weak vdW forces. Mechanical exfoliation then allows for the isolation
of a single atomic layer. As the properties of these materials change dramatically
between their bulk counterpart and their 2D limit, they give rise to novel physical
phenomena and unprecedented physical properties, such as the remarkable high car-
rier mobility in graphene [76]. Moreover, the vdW nature of the interlayer coupling
enables the stacking of several different 2D materials with atomically clean interfaces,
resulting in novel heterostructures with unique properties [77]. The discovery of fer-
romagnetic order in these materials down to the monolayer limit [21, 22] opens the
prospect of studying magnetism in a reduced dimension and extends the concept of
vdW heterostructures to the field of spintronics [78]. Thus, the study of 2D magnetic
materials holds great promise for both fundamental research and future advances in
the field of spintronic devices.

This chapter discusses the fundamental concepts of 2D magnetism. It will be
shown that the limited toolset for nanoscale characterization requires further de-
velopment of novel experimental techniques, such as scanning nitrogen-vacancy
magnetometry (S-NVM), to provide quantitative nanoscale information about these
materials. To this end, it is first discussed how information about the magnetization
can be derived from the stray magnetic field. The expected spatial resolution and
sensitivity of S-NVM are discussed with respect to 2D magnetizations. Finally, the
possibilities and limitations of the operating regime of S-NVM are described, while
the challenges of integration into a cryogenic system are briefly discussed.

3.1. Fundamentals of 2D Magnetism

Magnetic order arises from interacting neighboring spins S, at the lattice site T,
which form an ordered spin arrangement below a critical temperature T¢.. In the case
of pure Heisenberg exchange coupling, such a system is described by the Hamiltonian

H=-2>"JS.-8,. (3.1)
=

While a positive exchange constant J > 0 favors parallel alignment of the spins and
thus ferromagnetic (FM) ordering, J < 0 favors antiparallel alignment and antiferro-
magnetic (AFM) ordering of the spins [79]. Depending on the spin dimensionality®,

Ithe spin dimensionality is not necessarily identical to the lattice dimensionality and describes
the number of degrees of freedom for the spin direction
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several magnetic models are distinguished: In the Ising model the spin is confined
along a single direction, while in the XY model the spin is confined in a specific plane,
and in the Heisenberg model the spin can rotate freely along all three directions [80].
The spin model determines the spin wave spectrum, resulting in a characteristic criti-
cal behavior toward T, that is approximately described by a power law behavior [81].
For example, the temperature dependence of the spontaneous magnetization M in
the absence of an external magnetic field is given by

T-T,

with a proportionality constant My and a critical exponent 8. This formalism can be
extended to include the stabilizing effect of an external magnetic field Beyt, leading
to the so-called Arrott-Noakes equation of state

(MB/QEJW - (T;CTC) 0 (ﬁ)w (3.3)

with the empirical parameters a and b, and the additional critical exponent -, de-
scribing an FM system near its critical temperature [80, 82]. The critical exponents
are characteristic of the different spin Hamiltonians and allow to distinguish different
spin models by a careful analysis of the scaling parameters for a material system, thus
providing important information about the underlying physics [83].

For 2D lattices with continuous symmetry, the spin wave spectrum is gapless, and
due to the non-zero spin wave density of states, long-range magnetic order is destroyed
even at T' = 0, prohibiting long-range FM order for 2D magnets described by the
Heisenberg [84] or planar XY model [85], commonly referred to as the Mermin-Wagner
theorem. In 2D crystals with broken continuous symmetry, the spin-wave spectrum
shows a non-zero energy gap that allows stable FM order [86]. The symmetry can
be broken intrinsically by magnetocrystalline anisotropy, which introduces a uniaxial
magnetic anisotropy axis favoring spin alignment along the out-of-plane axis, as in
the case of the 2D vdW magnet Crls [21], or along a specific in-plane axis, as in
the 2D vdW magnet CrSBr [87, 88]. Additionally, the symmetry can be extrinsically
broken by an external magnetic field, introducing an effective anisotropy axis via
the Zeeman energy of individual spins that can stabilize FM order [22]. In addition,
finite-size effects can also stabilize the FM order by limiting the magnon density of
states, allowing FM order even for micron-sized flakes in systems with continuous
symmetry [89]. The resulting FM order of such 2D magnetic systems is generally
thermodynamically less stable, leading to a decrease in T, compared to their 3D bulk
counterparts. This results in a layer dependent T in the few layer limit [90].

In addition to the layer dependence of magnetic properties, 2D magnetic systems
offer a plethora of possibilities to manipulate their properties, allowing the creation
of novel spin textures or the realization of new spintronic devices [91]. The properties
can be controlled by external means, such as mechanical pressure [92, 93], or electric
fields, influencing the magnetic order either by an intrinsic magnetoelectric effect [94]
or by electrostatic doping [95, 96]. Additionally, the vdW nature of many 2D magnets
allows for the controlled stacking of different layers with atomically smooth interfaces,
enabling the tuning of properties by the stacking order [97] or by twisting the orienta-
tion of two successive layers [98, 99]. Moreover, the vdW nature enables the stacking

M(T):MO< L )B (3.2)
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of different materials, allowing both the tuning of the magnetic properties, for ex-
ample by the proximity effect [100] or by exchange bias [101], and the realization of
novel heterostructures where the material is iterated with even single layer variation,
offering exciting prospects for novel electronic and spintronic devices [23].

In addition to understanding and manipulating the basic magnetic properties of
2D magnets, their magnetic behavior at the nanoscale is of both fundamental interest
and importance for future device applications. One area of particular interest is
the study of magnetic domains and domain walls: The evolution of domains in an
external field provides insight into the mechanisms of magnetic phase transitions [102]
and reveals defects that act as pinning sites for the magnetic domain walls [103].
Moreover, the character of a domain wall (Bloch or Néel type) and the domain wall
width are indicative of the fundamental spin interactions of the system and give
rise to fundamental micromagnetic parameters such as the exchange stiffness or the
magnetocrystalline anisotropy [32]. Understanding domain reversal is also crucial for
understanding the switching of the magnetization state, a fundamental mechanism in
magnetic memory technology [104].

Additionally, 2D vdW magnets can also host non-trivial chiral spin textures re-
sulting from antisymmetric exchange interactions, such as the Dzyaloshinskii-Moriya
interaction (DMI). While DMI is a key ingredient for stabilizing chiral spin textures,
it is a rare property in most 2D vdW magnets. Non-trivial topologically protected
skyrmionic bubbles have been observed in CroGesTeg arising from a complex interplay
between dipolar interactions, uniaxial anisotropies, and external magnetic fields [105].
However, DMI can be induced in heterostructures where a 2D vdW magnet is brought
into contact with a heavy metal material, such as transition metal dichalcogenides.
For example, stripe-like domain structures and skyrmion lattices have been observed
in a WTey/FezGeTey system [106].

The stacking of different vdW materials also allows to twist of the crystallographic
orientation of these layers with respect to each other, resulting in so-called Moiré
superlattices with a periodicity on the order of a few to tens of nanometers, depending
on the twist angle. Since the stacking order varies with the periodicity on the Moiré
lattice, the energetic landscape is modulated by a change in the interlayer coupling,
giving rise to long-range correlations and novel, non-trivial phases [107]. It has been
shown that in the 2D vdW magnet Crls, the locally varying stacking order leads to a
magnetic superlattice consisting of alternating AFM and FM domains [27]. Similarly,
a multistep hysteresis loop in a twisted bilayer has been reported in CrSBr, suggesting
anomalous domain formation in such a heterostructure [99].

The diverse possibilities to manipulate the magnetic properties of 2D vdW magnets,
together with the clean interfaces they provide between subsequent stacked layers,
make them exciting candidates for advances in the field of spintronics [78, 108]. A
promising model system are vdW magnets with FM intralayer coupling and tunable
interlayer coupling, such as Crls and CrCls, which exhibit giant magnetoresistance for
electrons tunneling vertically through the stacked layers [109, 110]. This magnetore-
sistance can be used to realize logic devices based on the magnetic state of the vdW
magnet, leading to the first demonstration of a spin tunneling field effect transistor
based on 2D vdW magnets [111]. Additionally, changes in magnetic properties in
vdW heterostructures by the proximity effect can provide electronic control of their
magnetic state. The proximity effect of CrSBr on a FezGeTes /Pt heterostructure al-
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lows spin-orbit torque switching of the FM FezGeTey at zero external magnetic field,
adding interesting new functionalities to the field of 2D vdW spintronics [112].

Despite their great prospects in the field of spintronics, the scalability of 2D vdW
magnets poses a major challenge for the integration of these materials into working
devices. While mechanical exfoliation typically results in micron-sized flakes with
ill-defined geometry, scalable growth techniques such as chemical vapor deposition or
molecular beam epitaxy result in materials with high defect densities diametrically
opposed to the clean interfaces promised by the vdW nature of these materials [113].
Therefore, characterization tools are needed to probe the materials in great detail at
the nanoscale, and to provide a deeper understanding of this novel and exciting form
of magnetism.

3.2. Imaging Methods for 2D Magnetism

Nanoscale imaging methods for 2D magnetism serve as essential tools to characterize
the fundamental properties of these magnets, to study the aforementioned nanoscale
phenomena, and to analyze material quality in terms of spatial homogeneity and
defect-induced local disorder. An ideal imaging method provides high spatial resolu-
tion, magnetic field sensitivity, direct probing of the magnetization, versatility across
various materials, applicability over a wide temperature and magnetic field range to
cover the entire magnetic phase space, and non-invasiveness to avoid altering the mag-
netic properties of the sample during a measurement. Two major classes of imaging
methods are optical imaging tools and scanning probe microscopy techniques. Opti-
cal methods are limited by diffraction, while the spatial resolution of scanning probe
techniques is limited by the sample-to-sensor distance, which typically exceeds the
optical resolution [24].

The most basic optical imaging tools rely on the magneto-optical Kerr effect or
on magnetic circular dichroism, and extract information from the changes in polar-
ization or intensity of the incident laser beam as a function of the magnetic state
of the sample. Such setups are comparatively easy to implement and they allow for
fast qualitative characterization of 2D magnets, providing insight into fundamental
magnetic properties of the material, such as the magnetic field dependent interlayer
coupling in Crl3 [21] or the electric field switching of its magnetic state [114]. Despite
the diffraction-limited spatial resolution, optical methods allow experiments with high
temporal resolution, for example in a pump-probe configuration spin dynamics have
been studied in the picosecond range [115]. An interesting possibility is also offered
by X-ray magnetic circular dichroism, because it allows to study the magnetization
in an element-specific way, providing information about the constitution of the total
magnetization [116, 117]. Other optical methods include Raman spectroscopy, where
the magnetic state manifests itself in additional Raman peaks associated with the
absorption or emission of spin waves [118], or measurements of the second harmonic
generation induced by the breaking of space inversion and time reversal symmetry due
to the emergence of magnetic order [88]. Another optical technique is NV widefield
magnetometry, in which a diamond membrane with high NV density is brought into
contact with a magnetic substrate. Although conceptually similar to S-NVM, this
technique relies on an ensemble of NVs, which limits the resolution to the diffrac-
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tion limit of the confocal setup and allows only coarse quantitative analysis of 2D
magnets [104, 119].

Scanning probe techniques offer spatial resolution down to the nanometer range,
limited by the sample-to-sensor distance, exceeding the diffraction-limited resolution
of optical imaging techniques. Spin-polarized scanning tunneling microscopy achieves
even atomic resolution. This technique requires an atomically sharp tip with a polar-
ized spin at the apex. The tunneling probability of an electron in such a configuration
depends on the alignment of the spin of the tip with the underlying magnetization.
By that, the stacking-dependent interlayer magnetism of CrBrs has been directly
studied [39]. Although it provides the highest spatial resolution, this technique is
restricted to conductive samples and provides only qualitative information about the
underlying magnetization. A more flexible technique is scanning superconducting
quantum interference device (SQUID) microscopy, in which a nanoscale SQUID is
brought close to a magnetic substrate from which it detects the stray magnetic field
passing through its SQUID loop. This technique provides high magnetic field sensi-
tivity and has been applied, for example, to image the weak orbital ferromagnetism
in twisted bilayer graphene [120]. However, miniaturization of the SQUID loop poses
a challenge, limiting the spatial resolution to tens of nanometers. In addition, the
SQUID operates only below the superconducting transition temperature, which lim-
its the typical operating range to below 10 K. Magnetic force microscopy (MFM) is
able to operate over the full relevant temperature and external field range and thus
enables the exploration of the full magnetic phase space. A magnetic tip is brought
into contact with the sample and the magnetostatic interaction of the tip with the
sample provides the imaging contrast. By that, for example, the spin-flip transition
of the vdW antiferromagnet MnBisTe; has been studied in detail [121]. Although
it offers a large operating range, the calibration of the magnetostatic interaction to
extract the underlying magnetization is challenging, and the interaction can severely
affect the sample itself, influencing the studied magnetic state.

In summary, various scanning probe techniques are available for studying 2D mag-
netism, each with its own advantages and drawbacks. S-NVM, with its calibration-free
direct measurement of the stray field, low impact on the sample, and flexible oper-
ating regime, is an attractive technique for nanoscale imaging of 2D vdW [25]. The
details are discussed in the following sections.

3.3. Determination of the Magnetization

In S-NVM, the NV center can directly detect the stray magnetic field along the NV
axis Byy emanating from a magnetic surface, such as for example a 2D magnetic
system. The stray field can be used to derive information about the underlying
magnetization of the sample by direct analysis of the stray field emerging from the
edge of the sample or by reconstruction methods.

21



22 Nanoscale Imaging of 2D Magnetism

3.3.1. From Stray Field to Magnetic Source

In general, the magnetic field B(r) at a given position 7 induced by a magnetization
M (r) is described by the integral equation

B(r)=1 /dV/ (W (r— ') W) dv’ (3.4)

 4rm |r — 7|5 IRTEE

where g is the vacuum permeability [122]. While S-NVM detects the stray mag-
netic field, obtaining the magnetization from the stray field requires the inversion of
this integral equation. However, there is no general solution to this inversion prob-
lem. Nevertheless, specific experimental scenarios constrain the problem sufficiently
to allow the determination of M from B.

An example of such an experimental scenario is the stray magnetic field arising
from an edge (at © = 0) of a homogeneous surface magnetization M = (M, @, Opr)
with strength M pointing along the polar angle 63, and the azimuthal angle @y,
extending infinitely along the y-axis (Fig. 3.1 a, b). The magnetic field is then
given by [26, 32, 123]

[L()M z xT .
B, = — o . <MCOSHM+MSIHGMCOS§0M) s
B, =0,
oM T LA
B, =+ o (2'2 e cos Oy — 21 a2 sin Oy cos @M) . (3.5)

The field along the NV axis is obtained by projecting the NV orientation
exv = (¢nv,Onv) with the stray field and the vertical distance equal to the NV-
sample distance z = dnv

Bxv(z,y) = B(x,y,z = dnv) - env. (3.6)

Using the stray magnetic field arising from such an edge, one can define the sen-
sitivity of S-NVM to detect a certain magnetization n;;. The minimum detectable
M is defined as the value of M that produces a stray field equal to the sensitivity
limit of the NV center np. Since the stray field amplitude decreases with increas-
ing NV distance, the sensitivity ny; depends on dyy. For common NV distances
on the order of tens of nanometers, the dependence is approximately linear. For a
typical field sensitivity ng = 1nT/ VHz and dyy = 50nm, the sensitivity is equal
to na = 0.027 up/nm?/+v/Hz (Fig. 3.1 ¢), making S-NVM one of the most sensitive
imaging tools for 2D magnetic systems [24].

The general Eq. (3.4) can be interpreted as a convolution of the magnetization M
with a kernel D(r — /)

B(r) = » M(r") - D(r" —r)dV’ (3.7)

implying that the Fourier components of the magnetic field and the magnetization
are linked by a tensor multiplication

B(k) = D(k) - M(k). (3.8)
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Figure 3.1.: Determination of the Magnetization by S-NVM. a Schematic of
the measurement scenario: An NV center is brought into contact with a magneti-
zation at a distance dyyv by AFM. b Stray magnetic field arising from an edge of a
homogeneous magnetization with in-plane orientation. ¢ Magnetization sensitivity of
S-NVM as a function of dyy, assuming a magnetic field sensitivity of 1 pT/v/Hz. The
sensitivity is defined as the ability to detect the stray field amplitude of a homoge-
neous magnetization with a signal-to-noise ratio of one. d 2D image of an arbitrarily
shaped magnetization of amplitude M = 1 up/nm? pointing along the in-plane direc-
tion as indicated by the arrow. e Simulated stray magnetic field as detected by an
NV of the common (100) orientation forming an angle of fxyv = 54.7° to the surface
normal and with the in-plane direction as indicated by the arrow. The stray field is
calculated using standard forward propagation techniques.

In the case of a 2D magnetization, the so-called dipolar tensor D can be calculated
directly and is given by [33, 123]

kx \2 ko ky Ky
- (%) TR, Tk
D(k) = %ke’kz _hahy (’%) —iku (3.9)
—ike ik 1

allowing the calculation of the stray magnetic field of any given 2D magnetic source
(Fig. 3.1d, e).

However, the properties of the dipolar tensor reveal an important restriction for the
determination of the magnetization from the stray magnetic field and thus from the
data obtained by S-NVM: Although the stray field of a given magnetization can be
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calculated directly (also called the forward problem), the rows of the dipolar tensor
are not linearly independent. Therefore, the dipolar tensor is not invertible and it
is impossible to uniquely determine a general 2D magnetization distribution from a
field distribution (also referred to as reverse problem) without additional assumptions.
However, in case the orientation of the magnetization is known, it is possible to recon-
struct the underlying magnetization pattern, because the tensor equation simplifies
to a scalar multiplication for each field component [124].

3.3.2. Spatial Resolution of S-NVM

The dipolar tensor describes how different spatial frequency components of the mag-
netization contribute to the stray magnetic field signal. From a measurement per-
spective, it describes the sensitivity of the NV center to a given spatial frequency k
at a given sample distance dyy. Consequently, the dipolar tensor allows to define the
spatial resolution of S-NVM for the determination of the magnetization.

a

sensitivity (norm.)

0 1 2 3 4 5 kU
spatial frequency & - dyy >k, 0 sens. (norm.) 1

Figure 3.2.: Spatial Resolution of S-NVM. a Prefactor of the dipolar tensor
ke=F*, expressed in units of dyv, which indicates the relative sensitivity of S-NVM for
a given spatial frequency. The maximum sensitivity is reached for k = 1/dxv. b The
different components of the dipolar tensor, which relate the different components of
the stray magnetic field B; to an out-of-plane and in-plane magnetization M, and
M., respectively. The components express a relative sensitivity to a certain spatial
frequency and are normalized to their maximum, which is identical for all compo-
nents.

The prefactor of the dipolar tensor ke™%* acts as a spatial filter: For high spa-
tial frequencies, it describes how the stray field signature decays exponentially with
distance (Fig. 3.2 a), which reflects the general scaling of the magnetic field in a
source-free region (Section 2.4 [62]). For low spatial frequencies k — 0, the sensitivity
is linear in k and approaches zero for k = 0, because a homogeneous magnetization
does not produce any stray field. Consequently, sensors such as the NV center, which
directly detect the stray field, are only sensitive to gradients in the magnetization.
The maximum sensitivity is reached for k = 1/dnv, because higher spatial frequencies
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result in stronger gradients, but also decay faster with increasing distance. This max-
imum is one possibility to define the spatial resolution of S-NVM with respect to a
magnetization, which is determined by the stand-off of the NV to the magnetization.
Compared to the spatial extent of the NV wavefunction, the stand-off is significantly
larger and thus the main limiting factor for the spatial resolution. The stand-off is
determined by the depth of the NV center within the diamond tip (typically 5-20 nm
for near-surface NVs) and the quality of the AFM contact with the substrate (typi-
cally tens of nanometers due to the large tip diameter of 200 nm required for photonic
coupling). Overall, a typical stand-off distance of 30-100 nm is achieved, defining the
spatial resolution of S-NVM in the field of 2D magnetism.

The various components of the dipolar tensor also describe how different spatial
frequencies contribute to a single component of the stray magnetic field (Fig. 3.2 b).
Besides low spatial frequencies, frequencies along a given in-plane direction produce
solely a stray field component parallel to their direction and no stray field orthog-
onal to it. Additionally, in the case of in-plane magnetizations, spatial frequencies
orthogonal to their magnetic direction do not produce any stray field component.
This implies that sensors that detect only the stray magnetic field, such as the NV
center, are unable to detect the corresponding spatial frequencies of an in-plane mag-
netization along its orthogonal direction. In general, a divergence-free magnetization
does not produce a stray magnetic field, which implies that a given stray field map
cannot be assigned to a unique magnetization map. However, the reconstruction of
the magnetization from the stray field is possible if, for example, the corresponding
magnetization direction is known and suitable filters are applied [124] or additional
convergence criteria are defined [125], that provide sufficient constraints on the un-
derlying magnetization.

3.3.3. Nanoscale Stray Magnetic Field Sources

An important application of S-NVM is the study of local nanoscale changes in magne-
tization. The sensitivity of S-NVM depends on the spatial frequency of the underlying
magnetization change, which determines the spatial resolution, which is on the order
of the NV-sample distance dyv. Consequently, three different regimes in terms of the
spatial resolution can be distinguished: First, the change in magnetization occurs on
length scales significantly larger than dyvy (1/k > dnv), in which case sufficiently
large spatial frequencies can be recorded, enabling a full reconstruction of the mag-
netization under the aforementioned boundary conditions. Second, the change in
magnetization occurs on length scales significantly smaller than dyv (1/k < dnv),
in which case the NV becomes insensitive to magnetization variations and probes
only the average magnetization. Third, the change in magnetization occurs on length
scales comparable to dyy (1/k = dnv), in which case some spatial information is
detected, but it is insufficient for a complete spatial reconstruction, which also re-
quires higher harmonics of the underlying characteristic spatial frequencies. In this
regime, a stochastic analysis is still possible and allows the extraction of the statistical
properties of the underlying magnetization.

To study this stochastic regime, the probability distributions of the stray field
values and their spatial frequencies can be analyzed in Fourier space (details in Ap-
pendix A.2). Characterizing the resulting distributions P(z) by their statistical mo-
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Figure 3.3.: Stray Field Pattern from Various Random Magnetization Pat-
tern. a Three magnetic models for inhomogeneous magnetization patterns based on
a Voronoi tiling into homogeneous areas: (i) each area has a magnetization strength
drawn from a Gaussian distribution (ii) each area is assigned a non-zero or zero mag-
netization according to a binomial distribution (iii) each area has a magnetization
direction drawn from a Gaussian distribution. All patterns have the same mean
magnetization (M) = 4.2 ug/nm? pointing along the z-axis. b Resulting stray field
pattern recorded by an NV with (pnv,fOnv) = (0°,54.7°) and dyy = 63nm. All
patterns have the same stray field variance (BI%W)U 2. The arrows indicate the direc-
tion of the NV and the average magnetization. ¢ Corresponding Fourier images of
the patterns shown in b. All patterns have the same mean spatial frequency (k). T
indicates the origin of the Fourier image.

ments of order N

()N = / T = @)Y Pla)ds (3.10)

— o0

with x € {Bxv, k, kx, ky }, provides valuable insight into the underlying magnetization.
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While the moments of the stray field are expected to scale with the strength or
amplitude of the underlying inhomogeneity, the moments of the spatial frequencies
contain information about the relevant length scale and symmetries of the source.

In general, a locally varying magnetic stray field requires a locally varying magne-
tization. Such a variation can be produced either by a variation in the magnetization
strength or by a variation in the magnetization direction. The former can be obtained
either by a direct variation of the magnetic properties or by the coexistence of differ-
ent magnetic states such as paramagnetic or antiferromagnetic and a ferromagnetic
state. Examples of such structures with identical average magnetization are shown in
Fig. 3.3 a with the stochastic model of magnetization strength following a Gaussian
distribution (characterized by its standard deviation (M?)'/2), a binomial distribu-
tion of ferromagnetic and antiferromagnetic states (characterized by the FM/AFM
ratio), and magnetization orientation following a Gaussian distribution (characterized
by its standard deviation (@12\01/ 2). These magnetic states are assigned to patterns
consisting of tiles with homogeneous magnetization obtained by a Voronoi tessellation
(characterized by the average area A of a tile with characteristic size d = v/A).

Full-parameter searches of simulations with varying size d and distribution param-
eters o € {(M?)Y/2 (p3)1/2, FM ratio} show that the mean spatial frequency (k)
depends only on the former, while it is independent of the magnetic model and the
corresponding o (Appendix A.2). Consequently, (k) is a sufficient measure to deter-
mine the typical structure size for a given sample. Due to the symmetry of Maxwell’s
equations (V- B = 0, absence of magnetic monopoles), for a random pattern, it holds
that (Byv) &~ 0 and only (BZy)/? # 0. For a given d, (B%y)'/? increases monoton-
ically with increasing o, implying that (BZy)'/? is characteristic of the underlying
distribution of magnetic properties. Therefore, a given stray field map can be assigned
a unique Voronoi tessellation with size d and a unique distribution parameter ¢ by
matching d to a given (k) and subsequently matching o to (Bl%\,)l/ 2 (an example is
given in Fig. 3.3 b, where all stray field maps have identical (k) and (By)'/?).

While different statistical models can have identical (k) and (BZ,,)'/? , their Fourier
images exhibit distinct symmetries (Fig. 3.3 ¢). A variation in magnetization strength
and magnetic state results in a strongly directional pattern aligned orthogonally to the
magnetization direction, reflecting the properties of the dipolar tensor. Conversely, a
variation in magnetization orientation results in an isotropic Fourier image. However,
it is impossible to distinguish between the first two models based on the stray field,
since the two mechanisms causing the stray field to arise in both cases are a change
in magnetization strength. Distinguishing between these models requires additional
information, such as the average macroscopic magnetization.

In summary, although a complete reconstruction of the magnetization pattern is
not possible when the structure size is of the order of dyv, statistical information can
be derived from the stray field pattern. This statistical information enables the deter-
mination of equivalent distributions of magnetic properties, facilitating comparison
with different physical models. In Section 4.4, this analytical approach is applied to
gain insight into a disordered 2D magnetic film.
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3.4. Operating Range of S-NVM

For investigations of 2D magnets, an ideal sensor should operate over the entire phase
space where magnetic order occurs. Typical magnetic transitions for 2D magnets
occur in the entire temperature range of 1-300 K and in the external magnetic field
range up to tens of teslas [80]. While NV magnetometry is suitable for operation over
the entire temperature range, sensitive operation is only possible when the external
field is applied along the NV axis. In addition, external field strengths of several
teslas shift the resonance into the tens of gigahertz regime, which is challenging to
access with conventional microwave (MW) electronics. Furthermore, implementation
in a cryogenic system poses additional challenges for S-NVM operation in order to
avoid disturbances of the fragile magnetism of 2D systems. These three aspects are
discussed in more detail in this section.

3.4.1. Temperature Range

The temperature dependence of the NV performance is mainly limited by two key fac-
tors. First, the thermally activated phonon population determines the photophysics
of the NV and its spin coherence. Second, at cryogenic conditions, the negative charge
state of the NV becomes less stable and is more likely to convert to the neutral charge
state.

The temperature dependence of the mean occupation number of the phonon modes
in diamond can be well modeled by considering two phonon modes with energy
Fy = 59meV and Fy = 145meV. These modes correspond to the highest energy of
the acoustic and optical phonon branches of the diamond lattice [54]. The phonon oc-
cupation affects the NV performance regarding its spin coherence, because the spin re-
laxation time is ultimately limited by the phonon-induced spin-lattice relaxation [53].
This limits the maximum temperature at which NV magnetometry can be applied.
Due to the absence of spin-orbit coupling in the ground state and the relatively
high phonon energies, stable spin coherence can be observed at temperatures well
above room temperature [31], significantly exceeding the critical temperatures re-
ported so far for 2D magnetic systems. However, the phonon occupation also results
in phonon-induced orbital averaging between the two orbital branches in the excited
state, resulting in complex photophysics of the NV center [49]%.

The temperature dependence of the photoluminescence (PL) shows three distinct
temperature regimes: At low temperatures (7' < 20 K), the photophysics is described
by the excited state level structure derived from group theory (Section 2.1), while
at high temperatures (T > 60K), the photophysics is captured by a single effective
orbital branch. The intermediate transition regime (7' = 20 — 60 K) shows complex
excited state dynamics, which can be assessed through the PL intensity of the NV [50].
The field dependent minima of the PL intensity are a result of anticrossings of the
different spin levels in the excited state, where a mixing of the (0] and the (£1| spin
states occurs. This mixing reduces the PL due to the spin-dependent intersystem
crossing to the singlet state. At low temperatures, the two orbital branches result
in a total of four anticrossings: two within the same orbital branch and two within

2a detailed discussion of the NV photophysics can be found in works of Happacher et al. to
which the author of this thesis contributed as co-author [50, 126].
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Figure 3.4.: Temperature Dependence of the Sensitivity. a Normalized photo-
luminescence of the NV center as a function of temperature and external field along
the NV axis. Measurement on an NV in a tip (left) and simulation with effective
strain §; = 75 GHz (right). b Simulation of the normalized PL as a function of ef-
fective strain at low temperatures such that phonon-induced orbital averaging can be
neglected. c¢ Sensitivity as a function of temperature for various external magnetic
fields. d Sensitivity as a function of external magnetic field for various temperatures.

opposite orbital branches. The splitting of these branches depends on the effective
strain 0 experienced by the NV. For typical strain levels present in a diamond AFM
tip, the two minima associated with the anticrossings between different branches are
at external fields in the tesla regime. They are only observable at low strain levels
0, < 10GHz [126] (Fig. 3.4 b).

Phonons induce a spin-preserving coupling between the two orbital branches, broad-
ening the observed minima when the coupling rate is comparable to the radiative
lifetime of the NV. The broadening follows a T scaling, describing the phonon oc-
cupation number. Once the orbital mixing rate surpasses the spin mixing rate at
the anticrossing, the difference between the orbital branches is effectively averaged
out. The resulting photophysics of the NV is then described by an effective spin
triplet in the excited state, resulting in a single excited state level anticrossing at
Bnv = 50.5mT. Together with the minimum caused by the ground state level an-
ticrossing at Byxy = 102.4mT, this describes the NV PL in the high temperature
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regime [50, 127, 128].

The excited state anticrossings severely restrict the measurement capabilities of
the NV sensor in the corresponding temperature and magnetic field ranges due to the
reduced PL intensity and spin contrast, resulting from the mixing of the spin states.
Both quantities determine the magnetic field sensitivity of the NV, which consequently
deteriorates near the anticrossings (Fig. 3.4 ¢, d). In the low and high temperature
regime, these anticrossings are relatively narrow and limit the sensitivity only in small
external magnetic field windows. In the intermediate regime, the NV performance
is significantly worse over a wide magnetic field range due to the phonon-induced
broadening of the anticrossings. This severely limits the operating regime of NV
magnetometry between 20-60 K, where sensitive measurements are possible only at
large bias magnetic fields in the tesla range, sufficiently far away from any anticrossing.

A major limitation for the operation of NV magnetometry at low temperatures,
and hence in the relevant temperature regime for investigations of 2D magnetism, is
the charge instability of the NV center towards low temperatures, which has been
reported by several groups but is not yet fully understood [129, 130]. This instability
is characterized by a degradation of PL intensity and optical spin contrast, accompa-
nied by a spectral shift of the PL spectrum towards the neutral charge state during
operation of the scanning NV tip. This leads to the phenomenological description that
during operation the charge state of the NV center becomes unstable and the relative
population of the neutral charge state increases [130]. While stable NV operation in
ambient conditions at room temperature is possible for several months, at cryogenic
conditions the degradation is significantly accelerated to a few hours or days, severely
limiting the low-temperature operation of S-NVM.

Since this phenomenon is more pronounced for near-surface NVs, a common hy-
pothesis is that the degradation results from a change in the diamond surface, such as
tribological charging, a change in the surface termination, or adsorption of chemical
impurities [129]. The adsorption of impurities is particularly an issue for cryogenic
operation, as laser-induced contamination is accelerated in the required vacuum con-
ditions [131]. The modification of the surface alters its electron affinity and increases
the relative NV population towards its neutral charge state due to band-bending [132].
The extent of band bending is determined by the charge carriers available in diamond,
which screen surface effects. Consequently, the freezing of charge carriers towards
cryogenic temperatures extends the spatial region of unfavorable band bending, and
thus surface effects become more dominant at low temperatures.

The degradation of the NV charge state may be mitigated by procedures that sta-
bilize the charge state in general, such as various surface terminations [67, 68] or
doping [69]. A second mitigation path is to avoid contaminations associated with the
vacuum conditions required for cryogenic operation and to provide a clean environ-
ment for S-NVM also at low temperatures [131]. Nonetheless, understanding the
exact mechanism of destabilizing the charge state and its prevention is a topic requir-
ing further research to allow reliable operation at low temperatures, a prerequisite for
S-NVM measurements of 2D magnetism.
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3.4.2. Magnetic Field Range

The operating magnetic field range of S-NVM is set by three main mechanisms: the
crystalline orientation of the NV, the excited state anticrossings, and the maximum
frequency of the driving MW source. These factors currently confine S-NVM opera-
tion to the field range of a few hundred millitesla along the NV axis.

Quantitative magnetometry is only possible if the external magnetic field is mainly
aligned with the NV axis, resulting in a linear Zeeman splitting. In contrast, an
orthogonal magnetic field leads to a mixing of the (0| and (1| spin states, reducing
the spin contrast and limiting the NV operation to orthogonal fields of a few tens of
millitesla [133]. To explore the phase diagram of 2D magnetic systems, one is usually
interested in applying the external field along the fundamental magnetic anisotropy
directions of the magnetic system, typically the in-plane or out-of-plane direction.
The quantization axis of the NV is set by its crystalline orientation, and conventional
diamond tips are cut along the crystalline (100) direction of the diamond, forming an
angle of Ony = 54.7° to the sample normal. However, recent works have shown that
by using diamonds cut along the (111) and (110) directions, NV tips can be aligned
with the out-of-plane orientation [134] and in-plane orientation [135], respectively®.
However, even with these tips, a large field can only be applied along one NV-specific
direction, requiring the use of multiple different tips to explore the entire magnetic
field dependence of the phase space along the symmetry axes of a magnetic sample.

Anticrossings, as discussed in Section 3.4.1, impose additional constraints on the
operating regime of S-NVM. These anticrossings induce mixing between the different
spin states at a given external field, which reduces the overall spin contrast. At
both high and low temperatures, these field ranges are rather narrow, but in the
intermediate temperature range of 20-60 K, the anticrossings impose severe limitations
on NV magnetometry.

Finally, there is also a technical limitation for the field regime due to the required
coherent driving of the NV, which requires a MW capable of accessing the resonance
frequency. The gyromagnetic ratio of the NV spin yny = 28 GHz/T is rather high,
advantageous for magnetic field sensitivity, but also leads to high spin resonance
frequencies at moderate external fields. Typical commercial MW equipment with a
cut-off frequency of tens of gigahertz constrain the operation to the sub-tesla regime,
often insufficient to reach the coercive field or metamagnetic transitions of common
2D magnetic systems.

3.4.3. Cryogenic Implementation

To cover the full temperature and magnetic field range with S-NVM, integration of
the setup into a cryostat is required. A complete experimental setup comprises four
main subsystems: optical access for spin readout and initialization, MW control for
coherent spin manipulation, an AFM setup to control the NV distance and its lateral
position, and temperature and external magnetic field control.

Several cryostat concepts are suitable for S-NVM operation. The most basic con-
cept is the helium bath cryostat, where a sample chamber containing the NV setup is
placed in a bath of liquid helium, cooling the entire chamber to its base temperature

3the author of this thesis contributed as a co-author to the work of Rohner et al. [134]
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of 4.2K. While contact with a thermal bath is beneficial in terms of AFM opera-
tion due to the isolation from the environment after preparation, the bath requires
periodic refilling in typical operating cycles of a few days, limiting long-term mea-
surements. An alternative is a closed-cycle cryostat, where cooling power is generated
by the compression and expansion of a closed He cycle, allowing the cooling of a heat
sink (e.g. a large copper plate) down to the condensation point of He at T'= 4.2 K.
Thermal contact between a sample chamber and the heat sink enables cooling of the
chamber to its base temperature. Although such a system provides continuous opera-
tion, the compression and expansion of the closed cycle induce significant mechanical
vibrations from which the NV setup must be isolated to perform measurements in
AFM contact. Closed-cycle cryostats have the additional advantage that the heat
sink can also be coupled to a secondary cooling cycle. Such a cycle is used to achieve
even lower base temperatures, for example by evaporative cooling for temperatures
below < 2K or dilution cooling of a *He/*He mixture to approach millikelvin temper-
atures. In this work, a commercial bath cryostat (Attocube, attoLiquid1000 detailed
description in [136]) and a commercial closed-cycle cryostat with evaporative cool-
ing (Attocube, attoDry2200 details in Appendix A.1) are used. A description of a
closed-cycle dilution refrigerator is given elsewhere [130].

Excitation and optical readout of the NV is achieved using a confocal microscope
setup. A green laser at 532nm and a subsequent acousto-optic modulator provide
the excitation light, which is fiber-coupled to an optical head mounted on top of the
cryostat. The excitation light is focused on the NV inside the sample chamber by
an achromatic cryogenic objective, which also collects the resulting PL of the NV,
separated by dichroic filters and detected by a fiber-coupled single-photon detection
unit. Coherent MW driving is achieved by a resonant MW field, for instance applied
by a local antenna such as a gold wire spanned across the sample at ~ 50 — 200 pm
distance from the NV. For the AFM setup, all-diamond AFM tips are commonly used
with an NV embedded close to its apex (= 20nm). Such an AFM tip is integrated
into commercial cryogenic AFM systems, although the topographic resolution is
limited by the large (=~ 200nm) tip diameter required for good optical coupling.
Details of the experimental setup used are described in Appendix A.1.

A common challenge for any characterization tool is to avoid disturbing the sample
during the investigation, especially for fragile samples such as 2D vdW magnets. For
S-NVM, the following disturbance mechanisms have to be considered: the mechanical
pressure of the AFM tip, the optical power and the MW power.

Mechanical pressure arises from the AFM operation, required to place the NV
center as close as possible to the sample. This is done by monitoring either the
oscillation amplitude or the resonance frequency of a tuning fork to which the NV tip
is attached. Close to contact, the mechanical force between the tip and the sample
induces both a damping of the amplitude and a frequency shift of the resonance,
allowing the tip to be kept at a constant height above the surface by an appropriate
PID loop. This mechanical force is also exerted on the sample and thus affects its
magnetic properties. However, the mechanical forces required to alter the magnetic
state of a 2D magnet are typically much larger than the mechanical forces exerted by
the AFM tip [92]. In addition, AFM operation exposes the sample to the risk of a
singular, strong mechanical perturbation, resulting in a loss of feedback control and
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subsequent puncture of the sample with irreversible effects on the magnetic sample,
as reported for Crls, where such a puncture has changed the interlayer coupling from
AFM to FM [26].

The optical power required for efficient S-NVM operation is roughly set by the sat-
uration power of the NV center, and for parabolic diamond scanning probes it is on
the order of tens of microwatts [64]. Although such laser powers typically do not exert
a significant back action on the magnetic state [26], in scenarios where the excitation
wavelength overlaps with the absorption band of the sample, the optical power can
induce a photophysical change in the magnetic properties [101]. While the optical
power of S-NVM operation is rather low, the MW power required for spin manipula-
tion is rather high because the distance between the antenna and the NV reduces the
coupling efficiency. The applied MW frequencies are in the range of a few gigahertz,
which is typically too low to directly excite any spin dynamics, because the ferro-
magnetic resonance is typically in the order of tens of gigahertz [137]. However, the
applied power in the order of tens of milliwatts [26] induces significant local heating,
which is particularly problematic for samples with a low ordering temperature.

Changing the measurement scheme from continuous-wave to pulsed operation mit-
igates the negative effects of both optical and MW power. Pulsed operation provides
the flexibility to adopt the duration of the applied sources, thus allowing the required
power to be reduced either by extending the interrogation time or by introducing a
dead time into the measurement cycle. A case illustrating the impact of MW heating
on single-layer CrCls is shown in Fig. 3.5. At the base temperature of the cryo-
stat, a different magnetic order is observed using either cw-ODMR, (a) or a pulsed
ODMR (b) measurement scheme: While almost no magnetic signature is observed in
the former, weak magnetic order is observed in the latter image, indicating a differ-
ence in the local sample temperature, confirmed by the resistive temperature readout
below the sample plate. This highlights the importance of MW power management
for accurate measurements, especially near critical temperatures.

3.5. Summary and Outlook

This section provides an introduction to 2D magnetic materials as an interesting
class of materials. While the exploration of their magnetic properties and the various
ways to manipulate them is still a major focus of current research, the integration
of these materials into 2D vdW heterostructures offers a great prospect for both
fundamental research and advances in the field of spintronics. Nanoscale phenomena
such as non-trivial spin textures, 2D domain formation, or Moiré superlattices arise in
such systems, urging the need for nanoscale characterization techniques. While optical
imaging tools are typically diffraction-limited, scanning probe techniques offer spatial
resolutions in the tens of nanometers. S-NVM directly images the stray field arising
from a 2D magnet, enabling calibration-free determination of the magnetization of
the sample. Although a magnetization generates a well-defined stray field, the field
itself is not unique to a specific magnetization, requiring additional assumptions to
quantitatively determine the magnetization. The spatial resolution of S-NVM with
respect to a 2D magnetization can be deduced from the dipolar tensor and is given
by the NV-sample distance dyy ~ 30 — 100nm. In principle, S-NVM can operate
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Figure 3.5.: Impact of the Microwave on the 2D Magnet. a Image of the
stray magnetic field of a single-layer CrCls flake attached to a multilayer part by cw
ODMR at a nominal sample temperature T' = 4.8 K. b Image of the stray magnetic
field of the same flake by pulsed ODMR at a nominal sample temperature T = 4.3 K.
Although both measurements are taken at the base temperature of the cryostat, MW
induced heating can have a severe impact on the observed magnetic order near the
critical transition.

throughout the entire relevant temperature range, but excited state photophysics
limits the sensitivity in certain field ranges, especially in the intermediate temperature
range of 20 — 60 K. However, a major limitation of S-NVM is that good sensing
performance is only achieved when the external field aligns with the NV axis, typically
not aligned with the fundamental axes of the sample. The common integration into a
cryogenic setup exposes the sample to weak mechanical forces during AFM operation
and optical and MW powers during spin manipulation. While these disturbances
are typically small and do not affect the magnetic state, S-NVM is considered a
non-invasive measurement technique. However, these disturbances have secondary
effects such as heating the sample chamber, which poses a challenge for measurement
scenarios at low temperatures approaching the base temperature of the cryostat used.

In conclusion, S-NVM is suitable for nanoscale imaging of 2D magnetism due to its
high magnetic field sensitivity, excellent spatial resolution, calibration-free measure-
ment of the stray field, large operating range, and minimal impact of the technique
on a magnetic sample. For these reasons, S-NVM is considered a powerful tool to
study 2D magnetism [25], as demonstrated by previous works: The technique has
been used to quantify the magnetization of single-layer Crls and to shine light on its
unusual AFM interlayer coupling [26]. Furthermore, the nucleation and propagation
of domains while changing the external environment have been studied in CrBrs [103]
as well as in Fes_,GeTey [138]. Finally, the technique has even been exploited to im-
age the exotic domain pattern that arises when two successive Crlj layers are twisted
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by a small angle to obtain a magnetic Moiré superlattice [27]. The next two chap-
ters delve into two additional use cases: the analysis of the inhomogeneous magnetic
state of single-layer MBE-grown EuGes and the investigation of the exchange bias
in the MnPS3/FezGeTes heterostructure, found to be attributed to an unexpected
anomalous magnetic moment in MnPSs.
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4. Nanoscale Magnetism of
Single-Layer EuGe,

As discussed in the preceding chapter, two-dimensional (2D) van der Waals (vdW)
magnets hold significant potential for novel physical phenomena at reduced dimen-
sionality and offer prospects for new spintronic heterostructures and devices [80].
However, devices based on these materials typically rely on mechanical exfoliation,
resulting in micrometer-sized flakes with poorly defined lateral geometry, severely lim-
iting their scalability and integration into more complex architectures [113]. Issues
such as uniformity, wrinkles, surface contamination, and interfacial bubbles arise dur-
ing exfoliation, severely compromising device quality, especially with increasing area
size and fabrication steps [139]. To overcome these issues, large areas of 2D materials
can be grown by chemical processes such as chemical vapor deposition or molecular
beam epitaxy (MBE) [113].

Various 2D magnetic systems have been successfully grown at wafer-length
scales, including Fe,GeTey [140, 141], chromium chalcogenides [142], chromium
trihalides [116], or lanthanide metalloxenes [143, 144]. Limited control of lateral ge-
ometry by selective nucleation [145, 146] or preferential growth along crystallographic
directions [147] has been achieved. However, despite the atomic-level cleanliness of
these large-area films, nanoscale grain structures commonly form during the growth
process and affect local magnetic properties. For instance, lattice mismatch and
growth-induced defects cause variations in the strain environment, affecting the mag-
netic anisotropy [148]. Therefore, advanced magnetic characterization techniques are
needed to understand the impact of these defect structures on magnetic properties
and to guide the improvement of fabrication protocols for large-area 2D magnetic
materials.

This chapter discusses the magnetic properties of single-layer EuGes MBE grown
on pre-patterned substrates. First, the sample fabrication is presented with a focus
on the patterning of the substrate, enabling the realization of 2D magnets with well-
defined lateral geometry. Subsequently, an in-depth characterization of the average
film magnetic properties is provided, revealing local disorder, which is further inves-
tigated. It is found that a model of a disordered 2D magnet effectively describes
single-layer EuGes, where the disorder manifests as a grain structure, in which each
grain is characterized by an individual critical temperature!.

4.1. Magnetism of EuGe;

EuGey is a layered A-type antiferromagnet (AFM) belonging to the class of lan-
thanide metalloxenes [151]. Its structure comprises a metallic honeycomb lattice

IThese results have been presented in [149, 150].
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Figure 4.1.: Atomic Structure of EuGe,. a Top view of the EuGes structure. The
germanium atoms form a honeycomb lattice with an europium ion in the center. The
latter carries the magnetic moment, which has a ferromagnetic intralayer coupling
with an easy-plane anisotropy. The direction of the moment is set by the external
magnetic field. b Side view of the EuGes structure. The Ge honeycomb lattice
consists of two separate and vertically displaced triangular lattices. The Eu ions are
stacked on top of each other and their interlayer coupling is antiferromagnetic.

formed by germanium with a single europium ion placed at the center of the honey-
comb cell (Fig. 4.1). The honeycomb lattice, formed by the Ge atoms, consists of two
vertically displaced triangular sublattices. Within each honeycomb cell, the Eu ion
is centered, and the distance of two neighboring Eu ions defines the crystallographic
a- and b-axes with @ = b = 0.410nm, while different layers are vertically aligned
along the crystallographic c-axis with ¢ = 0.498 nm. The overall structure exhibits
the trigonal symmetry of the P3m1 space group [152, 153].

The half-filled 4 f-shell of the Eu ion results in a strong magnetic moment J = 7/2.
In bulk, the moments order below a Neel-temperature Ty = 49.6 K with an AFM
interlayer coupling and a ferromagnetic (FM) intralayer coupling with an easy-plane
anisotropy. The strength of the magnetic moment, consistent with the 7up per Eu ion,
yields a saturation magnetization of the single layer of Mg,; = 48.8 ug/nm? [152, 153].

In the few-layer limit, the magnetic properties of EuGes deviate from the bulk
properties. While the easy-plane anisotropy and FM intralayer coupling are preserved,
the AFM interlayer coupling transitions towards FM coupling, resulting in a non-
zero FM moment for even layers of EuGes. The ordering temperature decreases
with decreasing layer number and becomes highly dependent on the applied external
magnetic field. The Eu ion exhibits a reduced magnetic moment, for example around
2up at 2K for the single-layer, indicating the significance of interlayer coupling in
stabilizing long-range FM order [144]. In addition, the single-layer magnetization
shows an AFM field response described by a generalized Brillouin function [117] and
a strong intrinsic exchange bias [154]. The observation of FM order and AFM field
response suggests the coexistence of different magnetic states within a single layer
of EuGe,, potentially manifesting in a nanoscale magnetic structure, resulting in a
nanoscale magnetic stray field signature.
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4.2. Sample Fabrication

Scanning nitrogen-vacancy magnetometry (S-NVM) directly probes the stray mag-
netic field arising from a 2D magnetic sample. It therefore requires a boundary of
the magnetized area within the sample, since a homogeneous magnetization does not
produce a stray field. Such a boundary can be induced, for instance, by a change in
the topography of the sample on a patterned substrate. In this study, a single layer of
EuGe, grown on a pre-patterned substrate is investigated. The pattern is defined by
e-beam lithography and transferred into the substrate by reactive ion etching (RIE).
In the final step, a single-layer EuGes is grown on the patterned substrate by
MBE (Fig. 4.2). This procedure allows the realization of a 2D magnetic film with cir-
cular and rectangular geometries suitable for characterizing the magnetic properties
of the film. It also provides control over the lateral geometry, enabling the realization
of arbitrary geometries for shape-engineering of 2D magnets (Section 4.5.1).

The lateral geometries are defined by e-beam lithography on a commercial (111) Ge
wafer. The orientation is chosen for its surface termination matching the crystalline
symmetry of the Ge honeycomb lattice of EuGesy. Prior to processing, the substrate
is cleaned for 10 min in 37 % HCI solution to surface terminate the Ge with hydrogen
for improved resist adhesion. This termination is required as the common e-beam
resist, hydrogen silsesquioxane (HSQ, commercial name FOX-16, DuPont), exhibits
poor adhesion to Ge [155]. The resist is spun onto the substrate and heated for 5 min
at 120°C. After that, the substrate is exposed with the e-beam (dose 20011C/cm?,

a  e-beam lithography b reactive ion etching ¢ molecular beam epitaxy

HSC? SiOy
d

I I IEuGez

e f

Figure 4.2.: Fabrication of MBE Grown EuGe; on a Patterned Substrate.
a, b, ¢ Schematic of the three-step fabrication process: definition of the pattern by
e-beam lithography, transfer of the pattern to the substrate by reactive ion etching,
overgrowth of EuGes and a protective layer of SiO, by molecular beam epitaxy.
d, e Scanning electron microscope images of the lithographic mask and the patterned
substrate. f Optical microscope image of the final sample with a 1 mm X 1 mm write
field consisting of 400 different structures.
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acceleration voltage 30kV). The exposed film is developed for 30s in 25 % tetram-
ethylammonium hydroxide, resulting in lithographic masks as shown in Fig. 4.2 d.

The mask is transferred to the substrate using an inductively coupled
plasma (ICP) RIE. Ge is etched by an SFg plasma [156], using the commercial
plasma chamber etcher 500 SI 500. SFg¢ is introduced into the plasma chamber
(gas flow 20 sscm, pressure 1.33 Pa) and ionized by an inductively coupled microwave
power (ICP power 100 W). The ions, accelerated toward the substrate by a radio
frequency (RF) magnetic field (RF power 100 W), etch the exposed part of the Ge
wafer not covered by the lithographic mask. Etch times ranging from 30s to 60s
result in structure heights of 180(10) nm to 390(30) nm indicating a linear etch rate.
The remaining mask is removed in a 60 min bath of 2% HF (Fig. 4.2 e).

The patterning process allows the realization of geometries down to feature sizes of
around 500 nm, limited by the e-beam resist and the plasma process as explained in the
following. Although the substrate is hydrogen terminated, the adhesion of the HSQ
remains a limitation for small feature sizes due to the relatively high e-beam doses
needed, leading to overexposure of small features. This issue could be addressed by
using spatially inhomogeneous doses that are optimized for each individual geometry,
taking into consideration that sharp features require a lower dose. Another limitation
arises from the etching process: the SFg plasma etches primarily along the (111)
direction but also slowly along the (110) direction, resulting in an undercut of the
structures. Consequently, small features are lost during the etching process, leading
to less well-defined geometries. The etching process also roughens the exposed Ge
surface, which can be exploited in the MBE process, as an ordered magnetic film
forms only on the unexposed flat surface. Thus, the etching process acts as an effective
spatial filter for the MBE growth.

The final growth of the single-layer EuGes on the patterned substrate by MBE
follows the recipe for film growth published in detail in previous work [143, 144]. The
final film is covered with a 20 nm layer of SiO, to prevent any degradation in air (see
[144] for further details)?.

4.3. Magnetic Properties of the Monolayer

The patterned substrate provides a boundary that allows S-NVM to evaluate the mag-
netic properties of the single-layer EuGes based on its stray magnetic field. However,
it is not immediately apparent whether the patterning process alters the magnetic
properties of the film. The following section demonstrates that the main magnetic
properties of EuGey are preserved and that previously observed anomalies, the re-
duced saturation magnetization [144] and the external field response [117], are repro-
duced. Furthermore, these anomalies can be understood as EuGe, being a disordered
2D magnet.

4.3.1. Easy-Plane Anisotropy

Circular and rectangular structures are well suited for characterization purposes. The
rectangular structure allows an analytical estimation of the magnetization strength,

2The MBE growth has been performed by the authors of the work [144]

40



4.3. Magnetic Properties of the Monolayer 41

while the circular structure is ideal for studying the symmetries of the magnetic
system.

The measured stray magnetic field emanating from the edge of the circular struc-
ture is consistent with the expected easy-plane anisotropy of EuGey (Fig. 4.3). Under
a weak external magnetic field Bext = 5mT applied along the projection of the NV
axis in the in-plane direction, the observed stray field is consistent with an in-plane
magnetized film, with its magnetization direction parallel to Bey (Fig. 4.3 ¢, d).
Conversely, when Byt is applied in the out-of-plane direction, almost no stray mag-
netic field is observed and the remaining weak signal retains signatures of an in-plane
magnetization (Fig. 4.3 e). Consequently, the Zeeman energy is insufficient to tilt
the spins in the out-of-plane direction, and the spins maintain their preferred orien-
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Figure 4.3.: Stray Magnetic Field Images of a Circular Structure. a Scanning
electron microscope image of a circular EuGey structure (viewed at a 70° angle). b
Atomic force microscope image obtained simultaneously with the S-NVM measure-
ment of a structure similar to that shown in a. ¢, e Stray magnetic field image of
the circular structure. An external magnetic field of By = 5mT is applied along the
projection of the NV axis in the in-plane direction (c¢) and in the out-of-plane direction
(e) as indicated by the arrows. d, f Simulation of the stray magnetic field in which
the magnetization direction follows the direction of Bey;. Note that the application
of an out-of-plane field does not result in an out-of-plane magnetization (e, f).
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42 Nanoscale Magnetism of Single-Layer EuGes

tation along the in-plane direction, consistent with the strong easy-plane anisotropy
reported in previous studies of the film properties [144]. Importantly, in all acquired
data sets, where By is applied along an in-plane direction, the magnetization con-
sistently aligns with the direction of Beyt, with no discernible preferred orientation
within the plane. This suggests that any potential uniaxial in-plane anisotropy is
minimal, as evidenced by the absence of a coercive field within the resolution of the
employed vector magnet (see Section 4.4.1).

In addition to the stray magnetic field arising from the edge of the structure, the
interior of the magnetic film exhibits a complex magnetic texture. This texture indi-
cates local variations in the magnetization that may be due to magnetic domains or
structural disorder. Thus, the stray field observed at the edge describes the average
magnetization (M) of the magnetic film. Interestingly, the observed texture is only
present on the top surface of the structures, suggesting that the fabrication process,
in particular the RIE step, serves as a spatial filter: An ordered magnetic film is
selectively and exclusively deposited on areas not exposed to the SFg plasma.

4.3.2. Characteristics of the Average Magnetization
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Figure 4.4.: Stray Magnetic Field of a Rectangular Structure. a Stray mag-
netic field image of a rectangular structure while an external field of Beyt = 5 mT is ap-
plied along the directions indicated by the arrows. b Line cut taken at Beyxy = 200mT
with a (110) NV tip. Stray field from the edge of the structure and an analytical fit to
extract (M) (top panel), taking into account the topography in the line cut (bottom
panel).

The stray field from the edge of a rectangular structure can be calculated analyti-
cally, and thus it is used to determine the average magnetization (M) of single-layer
EuGe,. Similar to the stray field observed at the circular structure, the magnetiza-
tion direction is in-plane and aligned with the external magnetic field (Fig. 4.4 a).
To reliably determine (M), the topography must be explicitly taken into account,
which precludes the use of reconstruction algorithms that assume constant height
measurements of the stray field. However, the stray field from the structure can be
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Figure 4.5.: Dependence of Average Magnetization on External Field and
Temperature. a Dependence of (M) on Bey acquired at T = 4.5 K, the line corre-
sponds to the model of a disordered 2D magnet (see Section 4.3.3). Uncertainties are
estimated by the deviation between measurements under identical experimental con-
ditions. b Magnetic stray field image acquired with an external field Bext = 0.5 mT
applied in the out-of-plane direction to approximate zero field conditions. ¢ Depen-
dence of (M) on T at Bexy = 5mT and Bey = 200mT similar to a. d (M) as a
function of T and Bey as predicted by the model description. Dotted lines represent
isolines for (M) = 5,10, 15 ug/nm?.

approximated by a magnetic edge (according Eq. (3.5), Section 3.3.1). Utilizing the in-
plane symmetry of the magnetic film and the previously determined NV orientation,
the only fitting parameters are (M) and the NV-sample distance dyv. According to
the fit, at Bext = 200mT and T = 4.5 K single-layer EuGey exhibits an average mag-
netization (M) = 11.6(7) up/nm? (dxyv = 63(6) nm, Fig. 4.4 b). This magnetization
is significantly lower than the saturation magnetization of a fully polarized Eu layer
Mgat = 48.8 up /nm?, but is consistent with previous film characterizations [144].

To further explore the characteristics of the average magnetization, the depen-
dence of (M) on Byt is examined (Fig. 4.5 a). For this purpose, several line cuts
are recorded across a fixed sample position at various magnetic fields (similar to

43



44 Nanoscale Magnetism of Single-Layer EuGes

Fig. 4.4 b). The resulting field dependence shows two noteworthy features: First, no
coercive field Bgoer is detected within the precision of the vector magnet, yielding
an upper bound Beoer < 1.3mT. This low coercive field suggests a low uniaxial in-
plane anisotropy, for which the breakdown of long-range magnetic order is expected
in the limit of vanishing anisotropy (see Section 4.3.4). To assess the presence of a
remanent magnetization, the circular structure is imaged at Bexy = 0.5mT applied
out-of-plane to sufficiently split the NV resonances. Even with an in-plane field signif-
icantly less than 0.5mT, the structure exhibits signatures of an in-plane magnetized
film (Fig. 4.5 b). Second, at moderate external fields Beyy > 50mT, (M) does not
saturate, but instead shows a linear dependence on Beyt. This finding is consistent
with previous results from X-ray magnetic circular dichroism measurements, where
this behavior is explained by an AFM contribution to the total magnetization, leading
to the proposal of the coexistence of different magnetic states within the film [117].

The temperature dependence of the average magnetization, obtained by a similar
series of line cuts, also shows a clear field dependence (Fig. 4.5 ¢). Additionally, no
single sharp critical temperature is observed, as would be expected for a homogeneous
FM ordered magnet. Instead, the onset of FM ordering is field dependent, with a
smooth transition to higher temperatures typical of a disordered magnetic film [157].
This interpretation aligns with the nanoscale magnetic texture observed on top of
the structures, suggesting that single-layer EuGey could indeed be described by a
disordered 2D magnet model, as developed in the following section.

4.3.3. Description as a Disordered 2D Magnet

The description of the average magnetization (M) of a disordered 2D magnet is based
on the Arrott-Noakes equation, which describes the FM order of the film, and on the
assumption of a probability distribution of the critical temperature to account for the
observed disorder.

Due to the observed breakdown of long-range magnetic order and the field depen-
dence of the average magnetization, (M) cannot be described by a simple power law
for the critical transition. Instead, an explicit consideration of the external mag-
netic field Beyt is required, and the empirical Arrott-Noakes equation (Eq. (3.3),
Section 3.1) provides a suitable formalism that explicitly accounts for Bey;. However,
this equation would predict long-range FM order at zero field, and thus does not ac-
count for the expected breakdown of long-range magnetic order in systems with low
in-plane anisotropy. Therefore, it is only valid for sufficiently high By to stabilize
the FM system, which reflects the used experimental conditions.

To include disorder in the model, a probability distribution of the critical temper-
ature p(T¢) is introduced, following the approach used for granular films [157]. The
average magnetization (M) is expressed by

(M(T, Boxt)) = /000 p(Te) M(T, Bext, Tc) dTe, (4.1)

where the magnetization M is given by Eq. (3.3). To fit the disorder model to the
measurement of (M), Eq. (4.1) is discretized

(M(T, Bext)) = > pi(Ti) M(T, Bee, Ty) AT, (4.2)
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where p(T¢) is discretized into bins of width AT, and the integral over the distribution
is replaced by the sum over the different bins. Since Eq. (3.3) diverges for T, = 0, the
magnetization in the corresponding bin is replaced by the Brillouin function for the
Eu ion

2J +1 2J +1 1 1
Mr,—o(T, Bext) = Mpwm < + coth < + x) — — coth (x))

2J 2J 2J

_ JgNB cht

o, (43)

where J = 7/2 for the spin of the Eu ion, g the gyromagnetic ratio, up the Bohr
magneton, and kg the Boltzmann constant. Mpy; represents the magnetization de-
scribed by Eq. (4.3) and is interpreted as a paramagnetic contribution to the average
magnetization (M).

The so-defined model is employed to fit the temperature and field dependence of the
average magnetization, as shown in Fig. 4.5. The fitting parameters are summarized
in Table A.1. The overall agreement of the model with the data is reasonable, mostly
within the estimated uncertainty of the measurement. However, systematic deviations
between model and data are observed at small fields Bext < 5mT, indicating that the
simplified model does not fully capture the physics in this field range. This demon-
strates an important limitation of this model, as it cannot reproduce the expected
breakdown of long-range magnetic order for systems with low in-plane anisotropy.

The model contains six fitting parameters and the additional fitting
parameter p;(T¢) for each discretization bin of the critical temperature AT..
Thus, the fitting procedure is prone to the issue of overfitting. However, three
consistency checks support the validity of the fitting procedure and suggest that
numerical artifacts resulting from overfitting are not critical:

1. Although the exact probability distribution depends on the number of bins N
(Fig. 4.6 a), the mean (T.) of the distribution and its variance (T?)'/? converge
well (Fig. 4.6 b). Furthermore, the mean and variance are consistent with an
approximate Gaussian distribution for p(7.), which requires only two fitting
parameters for the probability distribution.

2. For Bext — 0, the model predicts a saturation magnetization of Mgt
a
b

This matches the expected saturation magnetization of a fully polarized Eu ion
of 48.8 ug/nm? within the fit uncertainties.

5
Mgy = Mo (%) + Mpns i= My + Mpy = 43.9(92) g /nm?. (4.4)

3. The obtained scaling parameters 5 = 0.250(27) and v = 2.78(42) agree with pre-
viously reported empirical scaling parameters 8 = 0.227 and vy = 2.2 for similar
low in-plane anisotropy systems [116] and theoretical estimates from the high
temperature behavior of the 2D-XY spin model § = 0.231 and v = 2.4 [158].

The description of single-layer EuGe, as a disordered FM system suggests that only
a small fraction of the Eu spins are FM ordered. Thus, the reduced average mag-
netization is explained by the low overall FM ratio Mpy/Mpy = 16.4(43) %. The
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Figure 4.6.: Convergence of the Probability Distribution of the Critical
Temperature. a Obtained probability distributions p(7) by fitting the model to the
measurements for various numbers of discretization bins N = 6,10, 14, 20. Overfitting
artifacts are observed when N becomes too large (here N > 10), resulting in unstable
probability distributions for N = 14,20. b Mean (T¢) of the probability distribution
as a function of the number of bins N. The dashed line shows the value obtained by
assuming a Gaussian distribution of T.. ¢ Variance (T2)'/2 of the same probability
distributions.

observation that a probability distribution of T; can reproduce the field and temper-
ature dependence of (M) suggests that the observed local inhomogeneities could be
explained by local variations of T, typical for magnetic films with local disorder and
granular structures. Similar observations of a low FM ratio are also reported by Av-
eryanov et al. [117] using non-local X-ray magnetic circular dichroism measurements.
However, in contrast to the presented model, Averyanov et al. propose the coexis-
tence of AFM and FM order in this material as a possible microscopic mechanism.
The next section provides a detailed analysis of the nanoscale magnetic texture to
elucidate the microscopic magnetic description. Before delving into this analysis, the
section on the average magnetic properties of single-layer EuGe, concludes with a
discussion of the observed low or vanishing uniaxial in-plane anisotropy.

4.3.4. Uniaxial In-Plane Anisotropy

In Section 4.3.1 it is shown that single-layer EuGes exhibits an easy-plane anisotropy,
where the spin orientation of the Eu ion aligns parallel to the sample surface. An
unresolved question concerns the presence of a possible additional uniaxial in-plane
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anisotropy, as this factor determines the theoretical model for the 2D EuGes. Two
main observations suggest a very low in-plane anisotropy: first, the orientation of the
magnetization follows the applied external field, indicating that the Zeeman energy is
significantly larger than the intrinsic anisotropy (Fig. 4.3), second, the system exhibits
a low or vanishing coercive field with Beoer < 1.3mT (Fig. 4.5 a). These observations
are consistent with previous reports of low or vanishing anisotropy [144].

In a simple magnetostatic description, the coercive field of an in-plane magnetized
film can be directly related to a uniaxial in-plane anisotropy K, according to the
Stoner-Wohlfarth model [159]. The energy of such a homogeneous FM film contains
two terms, Zeeman and anisotropy energy, which depend on the orientation of the
magnetization M:

AE(()O) = Eanisotropy + EZeceman
=K, Vsin(p —0) — Bext MV cosp (4.5)

where V' is the volume of the magnetized film, ¢ is the angle between M and the
external magnetic field Beyt, and 6 is the angle between the anisotropy axis and Beyt-
The magnetization orients such that the energy is minimized at a given Beyt. In gen-
eral; in a hysteresis measurement, the magnetization does not follow the external field
directly because the anisotropy energy provides an energetic barrier to the rotation of
the magnetization. This barrier is only overcome at the coercive field. The magnitude
of the coercive field then depends only on the strength of K, and the direction of its
axis 0, being largest when By and the anisotropy axis are parallel (6 = 0).

To estimate an upper bound for K, for single-layer EuGes, micromagnetic simula-
tions are performed that resemble the magnetic properties and experimental con-
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Figure 4.7.: Estimate of the Upper Bound of the Uniaxial In-Plane
Anisotropy by Micromagnetic Simulations. a Micromagnetic simulations of
different external magnetic field sweeps with varying uniaxial in-plane anisotropy.
The higher the assumed anisotropy of the system, the higher the coercive field.
b Upper bound of the uniaxial in-plane anisotropy estimated from the upper bound
of the coercive field of the data shown in Fig. 4.5 a with Bcoey < 1.3mT as a function
of the assumed exchange stiffness. As expected from the Stoner-Wohlfarth model, the
exchange stiffness has no significant influence on the upper bound of the anisotropy.

47



48 Nanoscale Magnetism of Single-Layer EuGes

ditions of the field dependent measurements of the average magnetization (M).?
The simulations are performed using the MuMax3 software package, which calcu-
lates the time- and space-dependent magnetization in nanoscale magnets using finite-
difference discretization [160-162]. The EuGey layer is approximated by a 0.2nm
thick layer, comparable to its lattice site, with lateral dimensions of several nanome-
ters. The magnetization value is set according to the experimentally determined
magnetization for a given temperature. The exchange stiffness A is estimated
from the critical temperature T, and the lattice constant a of the EuGey layer to
Aex =~ kpT./2a = 1.5pJ/m [79, p. 235].

Using this MuMax3 model for the single-layer EuGes, the inversion of the
magnetization as a function of K, is simulated, and the resulting coercive field
is used to set an upper bound on K, that is consistent with the upper bound
of the coercive field extracted from the measurement (Fig. 4.5 a). Because the
direction of the anisotropy axis 6 is unknown, the film is approximated by small
areas with uniform but randomly distributed 6. The areas are obtained by a Voronoi
tessellation with structure sizes of ~ 80 nm, reflecting the characteristic length scales
of the observed magnetic texture (details in Section 4.4.1). As expected from the
Stoner-Wohlfarth model, an increasing uniaxial anisotropy K, provides a stronger
energetic barrier to the field reversal of the magnetization (Fig. 4.7 a), resulting
in a larger coercive field Beoer. Using the experimentally determined upper bound
of Beoer < 1.3mT, the uniaxial in-plane anisotropy is found to be smaller than
K, < 0.7kJ/m3, corresponding to < 0.3 peV/Eu ion. This is a remarkably low K,,
because magnetic anisotropies are typically in the range of a few tens to several hun-
dreds microelectronvolts per unit cell [163]. As expected from the Stoner-Wohlfarth
model, the bound depends only weakly on the exact exchange stiffness Ay, since
even a two orders of magnitude variation results in a variation of about 50 % for the
anisotropy (Fig. 4.7 b), justifying the initial basic estimate. Note that this bound
determined here is limited by the resolution of the vector magnet used for the experi-
ments, and it is not excluded that the true uniaxial anisotropy is significantly smaller.

In the limit K,, — 0, the theoretical description of the system transitions to the
2D-XY spin model, where a breakdown of FM order is expected, and instead long-
range spin correlations occur, described by the Berezinskii-Kosterlitz-Thouless (BKT)
transition [164-166]. This system is theoretically described by a lattice consisting of
spin vectors S, of fixed length, confined to the sample plane and sitting at a position r
where they can rotate freely. The state of each spin is defined by a single angle ¢,
relative to an arbitrary axis. The Hamiltonian H of the system is expressed by

H=-"= cos(py — ©y) (4.6)

[r—r’|

where J is the exchange constant and S is the magnitude of the spin vector [164].
Although the energy is minimized for parallel alignment of neighboring spins, favoring
FM order, similar to the isotropic spin model [84], the spin wave excitation spectrum
is gapless, leading to the destruction of FM order even at T'— 0 [166]. However, the
2D-XY Hamiltonian permits long-range spin correlations, which are established by

3micromagnetic simulations are performed by B. Gross.
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the metastable formation of vortex-antivortex pairs, expressed by two vortices with
opposite vorticity ¢ € Ny, described by

]{ap(r) dr = 2mgq. (4.7

The formation of these pairs leads to a non-zero spin correlation length below a critical
temperature T, and resembles a phase transition [165, 166].

However, long-range FM order in the ideal 2D-XY spin system can be stabilized,
for instance, by symmetry-breaking external magnetic fields Bext or finite-size effects.
The former introduces an effective anisotropy axis through the Zeeman energy, open-
ing a gap in the spin wave spectrum that allows for ferromagnetic ordering [22]. Finite
sample sizes similarly constrain the spin wave spectrum, and FM order is established
once the dimensions of the sample decrease below the spin correlation length of the sys-
tem. This is a typical scenario even for micron-sized samples [89]. Once the FM order
is stabilized, the magnetization can be described by the typical scaling parameters g
and v as in Eq. (3.3). The obtained values for single-layer EuGes, § = 0.250(27)
and 7 = 2.78(42), are in good agreement with empirically reported values for low
in-plane anisotropy systems of 8 = 0.227 and v = 2.2[116] and theoretical estimates
of 8 =0.231 and v = 2.4 [158]. However, Eq. (3.3) does not describe the breakdown
of FM order as By approaches zero field, and consequently the disordered model
for EuGe, is expected to hold only for non-zero fields. To describe the breakdown
towards zero-field conditions, further theoretical and experimental work is required
to accurately describe the transition of single-layer EuGes to 2D-XY physics.

Nevertheless, the reasonable agreement of the model with the data shown in Fig. 4.5,
the agreement of the scaling parameters reported in literature, the low coercive field,
and the breakdown of FM order at zero field indicate that single-layer EuGes may
indeed be a suitable material system to study 2D-XY physics in the future. The next
section focuses on the nanoscale magnetic texture that prevents the observation of
2D-XY physics on length scales accessible to S-NVM. It is shown how the texture
results from the proposed critical temperature distribution describing a disordered
2D magnet.
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4.4. Magnetic Grain Structure

In the preceding sections, several observations indicate that disorder within the
single layer of EuGey is an important contribution to the observed stray field:
The magnetic texture on the film suggests local variations in magnetization
(Fig. 4.3 ¢ and Fig. 4.4 a). The dependence of the average magnetization (M) on
the external magnetic field implies a coexistence of PM and FM order in the
film (Fig. 4.5 a, also [117]). In addition, the absence of a sharp critical transition
suggests a local distribution of T (Fig. 4.5 c¢). The latter two observations are con-
sistent with a disordered FM model as discussed in Section 4.3.3. In this section,
the magnetic texture is examined in more detail and a spatial interpretation for the
disordered model is formulated. It is found that a magnetic grain structure with
varying T, adequately describes the anomalies observed on single-layer EuGes,.

4.4.1. Nucleation of the Magnetic Texture

High resolution images, with a pixel size of 10nm, capturing the magnetic tex-
ture are obtained at various sample positions and under different experimental
conditions (Fig. 4.8). The texture is independent of the magnetic field history and
the typical length scale of the inhomogeneities is about 80 — 150 nm. The spatial
pattern is characteristic of a local variation of the magnetization strength.

The nucleation of the magnetic texture is found to be independent of the magnetic
field history, thus it is not a spontaneous process, but is determined by the local
environment of the sample, for example by defects or grains. To elucidate the phe-
nomenology of the nucleation process, the magnetic texture is initialized by a field
cooling cycle (Fig. 4.8 a) and by inversion of the external field (Fig. 4.8 b). The for-
mer process destroys the initial FM order by heating the sample for 10 min to > 10K
above its T,. The latter process reinitializes the order by reorienting the direction of
the FM phase. No change in the magnetic texture is observed in either measurement.
This behavior is typical of defect structures that act as pinning sites for domain for-
mation or the formation of different magnetic phases, or grain structures that exhibit
local variations in the magnetic properties. Structural irregularities of the Ge sub-
strate are a likely source of the defect structure, such as atomic terraces, which have
been reported in previous work on this system [144]. Such terraces separate differ-
ent regions of the magnetized film with a boundary given by the atomic step. The
exact microscopic environment of each region would then give rise to locally varying
magnetic properties, for example induced by finite-size effects [17].

The observed spatial pattern is characteristic of inhomogeneities with length scales
of 80 — 150 nm caused by a variation in magnetization strength. The characteristic
length scale is estimated from the statistics of the Fourier image (Section 3.3.3 and
Appendix A.2 for more details). The mean spatial frequency (k) corresponds to a
typical length scale of 78(12) nm of the pattern shown in Fig. 4.8. However, the length
scales vary between 80 — 150 nm at different positions and geometries, indicating that
the overall underlying defect or grain structure is not homogeneous across the entire
substrate.

An elongation of the magnetic texture is observed, which is perpendicular to the
external field and the NV direction. This is consistent with a local variation in mag-
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Figure 4.8.: Nucleation of the Magnetic Texture. a Consecutive measurements
at the same spatial position in the center of a rectangular structure, taken at 7' = 4.5 K
and Bey = 1.5mT. Between the measurements the sample is heated for 10 min to
> 10K above its T.. b Consecutive measurements at the same spatial position in the
center of a circular structure, taken at T' = 4.5 K and Bey = £5mT. To facilitate
comparison, the color bar of the second image is inverted.

netization strength, but inconsistent with a variation in magnetization orientation.
The latter would result in a more isotropic stray field pattern, which is inconsistent
with the observed magnetic texture (see also Section 3.3.3). Furthermore, the sta-
bilization of locally varying magnetization orientations requires a non-zero uniaxial
anisotropy K, which would lead to an observable coercive field, contradicting the
field dependent measurements of (M) (Fig. 4.5 a). In contrast, the local variation of
the magnetization strength is consistent with a local variation of T¢, because at a given
temperature such a variation results in a variation of the degree of FM ordering and
thus of the magnetization strength. Similarly, the coexistence of different magnetic
phases, such as PM/AFM and FM regions, results in a variation of the magnetization
strength, which is also consistent with the observed stray field pattern.

4.4.2. Simulation of the Magnetic Texture

To replicate the stray field texture, the model of a disordered 2D magnet determined
from the measurements of the average magnetization (M) (Fig. 4.5) needs to be
translated into a spatial representation. In the following, the observed distribution
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Figure 4.9.: Workflow of the Simulation of the Magnetic Texture. a Voronoi
tessellation of the area reflecting the geometric parameter determined from the statis-
tics of the Fourier spectrum. b Each tile is assigned a critical temperature T, accord-
ing to the probability distribution determined from the disordered 2D model (Fig. 4.6).
c At a given temperature and external field, the T, of each tile is converted into a
homogeneous magnetization according to the Eq. (3.3). For the map shown, the PM
and FM contributions are added to each individual tile. d The resulting magneti-
zation map is converted to a stray field map using the previously determined NV
parameter.

of critical temperatures is interpreted as a spatial separation of homogeneous areas,
each exhibiting a single, random critical temperature T.

Initially, the magnetized film is divided into small tiles using a Voronoi tessella-
tion (Fig. 4.9 a), a standard method for simulating nanocrystalline samples or grain
structures. Random seed points are distributed across the simulation area, and the
geometric cells are constructed by assigning each spatial point to its nearest seed.
Consequently, each cell contains all points that are closer to a specific seed than to
any other seed. For a random seed distribution, the size distribution of the cells re-
sembles a Poisson distribution, which is an acceptable approximation of typical size
distributions in nanocrystalline samples [167]. The seed density is chosen so that the
resulting stray field image has the same mean spatial frequency (k) as the measure-
ments of the stray field texture (details in Appendix A.2).

Next, each cell is assigned a critical temperature according to the distribution
obtained by the disorder model (Fig. 4.6). Since the exact distribution depends on
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Figure 4.10.: Comparison Between the Data and the Simulation. a Measure-
ment of the stray field from the rectangular structure (left), its internal magnetic
texture (middle), and the corresponding Fourier image (right). I indicates the origin
of the Fourier spectrum. Measurements are taken at Beyy = 5mT and T = 4.5 K.
b Simulation of the data assigning to each tile of the corresponding Voronoi tes-
sellation both a PM and a FM contribution according to the disordered model of
single-layer EuGes. ¢ Simulation of the data interpreting the PM and FM contribu-
tions obtained by the model as spatially separated regions. The stray field is scaled
by a factor of five to facilitate comparison.
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the discretization of the probability distribution, p(7¢) is approximated by a Gaussian
distribution reflecting the numerically robust mean (7.) and its variance (7;2)'/2.
The corresponding T.-map (Fig. 4.9 b) is converted to a magnetization map using
Eq. (3.3) with the parameter determined by the disordered model, as summarized
in Table A.1. The temperature T and the magnetic field Bey; are set according
to the experimental conditions (Fig. 4.9 ¢). Using the previously determined NV
parameters dnv, ¢nv, Onv, and the easy-plane anisotropy of the magnetization, the
stray magnetic field is calculated using standard Fourier techniques (Fig. 4.9 d and
Section 3.3.1). The resulting stray field images are analyzed by the statistics of
the field and spatial frequency distribution, with uncertainties estimated by several
simulation runs using nominally the same input parameters.

The macroscopic measurement of the average magnetization (Fig. 4.5) does not
define how to incorporate the observed coexistence of FM and PM order into the
model. Two scenarios are considered: first, spatially separated regions with FM and
PM order, and second, regions with simultaneous FM and PM order.

In the first scenario, the different contributions are interpreted as spatially separated
regions, implying that PM and FM phases coexist within the film. This coexistence
of separated phases is proposed by Averyanov et al. [117], but is also compatible
with a grain structure description where individual grains possess either FM or PM
order. For this modeling, each tile is assigned either a PM state described by the
Brillouin function Eq. (4.3) or an FM state described by the Arrott-Noakes equation
(Eq. (3.3)) according to the experimental FM ratio pry/ppym = 16.4(43) % with p;
being the probability to find either FM or PM order. To maintain the correct average
magnetization, the magnetization of each tile is scaled according to its probability,
with MES = Mpy/pevm and similarly MES = Mpy/ppy. Although such a model
reflects the correct (M) and Fourier characteristics, it fails to accurately describe the
stray field statistics because it results in localized spots of large local magnetization
as the main source of the stray field (Fig. 4.10 c¢). This leads to an overestimation
of the maximum stray field strength by a factor of five and to a too inhomogeneous
stray field at the structure edge compared to the measurements. Consequently, the
hypothesis of two separate types of phases or grains coexisting within the film is
incompatible with the data.

In the second scenario, the PM and FM contributions are assigned simulta-
neously to each individual tile. This model accurately reproduces key statisti-
cal parameters of the stray field statistics of the data, including the variance

of the stray field <B§V>1/2 = 19.1(11)pT and the mean spatial frequency

model
(k) model = 18.8(6) pm ™!, which are in reasonable quantitative agreement with the

data ((Bl%vﬁé/ja = 23.2(14) uT, (k)data = 19.8(6) pm~1, respectively). In addition,
the stray field from the structure edge is well captured by the model (Fig. 4.10 b).
Overall, the model is compatible with the (M) measurements and the observed mag-
netic texture.

Although the simultaneous PM and FM order of each tile describes the acquired
data, it raises the question of how to interpret such an order. One plausible expla-
nation is that each tile possesses an internal magnetic structure, with parts of the
tile being FM ordered and other parts being PM ordered, with the typical size of
these parts being significantly smaller than dyvy. A likely internal structure for a
tile is given by a grain structure with a core-shell structure, where only the center of
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the grain forms a stable FM core, surrounded by a PM-ordered shell near the grain
boundary. A plausible origin for such a grain boundary is the reported terraces in the
Ge substrate [144]. Using the obtained dimension dgyain and the FM ratio, the core
diameter dore is estimated using

Qoo Mpm
7 ~ e i (4.8)
erain FM + Mpm

and results in dgore =~ 30 nm for the investigated sample. The core-shell model implies
that the FM ratio is grain size dependent and increases with increasing dgrain. There-
fore, if there is a way to control dgrain, S-NVM could indirectly test this hypothesis,
as the ratio should change in accordance with a change in the Fourier spectrum of
the magnetic pattern. However, such a test is beyond the scope of this thesis.

4.4.3. Magnetic Field Dependence of the Magnetic Texture

The dependence of the magnetic texture on the external magnetic field Beyy further
confirms that the texture is spatially fixed and does not evolve with field changes.
Notably, the strength of the stray field variance does not follow the behavior of the
average magnetization (M), indicating that the film becomes magnetically more ho-
mogeneous with increasing magnetic field (Fig. 4.11). This trend is qualitatively
reproduced by simulating the pattern as a grain structure with varying 7T¢, although
quantitative differences remain at both low and high Beys (Fig. 4.12).

Multiple stray field images are acquired on a rectangular structure to study the
field dependence (Fig. 4.11). Due to the limited performance of the NV sensor in
strong perpendicular fields, two separate NV tips are used: A standard (100) tip is
used for low Beyt, and a special in-plane (110) tip is used for high Beyt, resulting in
two different data sets. Each set is recorded on a different region of a rectangular
structure, while maintaining a constant scan position within each set. The data sets
are analyzed according to the procedure described in Appendix A.2.

No spatial evolution of the texture is observed with Bey, and the mean spatial
frequency (k) remains constant (Fig. 4.11 b). This strengthens the interpretation
that the texture does not form spontaneously, but is pinned by the local environment.
The absence of an evolution indicates local disorder and a variation in the magnetic
properties of the film, as opposed to a pinned separated phase or domain picture.
In the latter case, switching events of single units are expected to be the underlying
mechanism for the film to become more homogeneous [168]. However, such events
locally alter the observed stray field pattern, leading to an evolution of the pattern
with Beyt.

It is worth noting that the elongation of the texture is more pronounced in the
data set recorded with the (110) tip compared to the (100) tip (Fig. 4.11 ¢, d). This
is an artifact of the NV orientation: The (110) tip is more sensitive to the in-plane
stray field component of the texture, which is expected to be less isotropic than the
out-of-plane component (Fig. 3.2 b). However, the average (|k|) is independent of the
NV orientation and thus serves as a reliable indicator of the structural dimensions of
the magnetic texture (Appendix A.2).

The dependence of the stray field variance (BZy)'/? on Bex (Fig. 4.11 a) shows
a different scaling than (M) (Fig. 4.5 a) and becomes relatively more homogeneous
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Figure 4.11.: Field Dependence of the Magnetic Texture. a Dependence of
the variance of the stray field <B§V>1/ 2 on the external magnetic field Bey; of two
different regions on the rectangular structure acquired with a standard (100) tip for
low Bext (c) and a special in-plane (110) tip for high Bexs (d). The line shows
the prediction of the disorder model, which is only valid for non-zero Beys > 0. b
Corresponding mean spatial frequency (k) of the data sets. ¢ Magnetic texture as a
function of Byt acquired with a (100) tip at region 1 on the rectangular structure. d
Magnetic texture as a function of By acquired with a (110) tip at region 2 on the
rectangular structure. The color bar of the data sets ¢ and d is identical.

with increasing field. Both data sets of the stray field variance exhibit a similar qual-
itative trend: at low fields <B§W>1/ 2 increases strongly, since the FM order requires
stabilization by a Zeeman-induced anisotropy, as discussed in the previous section.
Unlike (M), which continues to increase at higher Beyt, (Bﬁlv)l/ 2 gaturates at moder-
ate Bext and then starts to decrease at higher Bext. Thus, the texture becomes more
homogeneous with increasing field relative to (M). This trend can be understood by
a varying T. in different regions: At lower magnetic fields M /OBy and its depen-
dence on T, are larger compared to higher fields. Ultimately, at even higher fields,
the magnetization converges to Mg, independent of T, resulting in a homogeneous
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magnetic film.

Notably, although both data sets of the field dependent texture exhibit the
same qualitative trend, their quantitative strength of (BZy)'/? differs signifi-
cantly by a factor of two (Fig. 4.11 a). This deviation cannot be explained by
the different NV orientations, since the latter have only a small influence on
<B§V>1/ 2. Similarly, the consistent mean spatial frequency in both data sets
indicates consistent NV-sample distances. Therefore, it is likely that the deviation
results from the different spatial positions, indicating that the degree of magnetic
inhomogeneity itself is not completely homogeneous over the entire sample area.

Using the probability distribution for the critical temperature p(T;.) obtained from
the analysis of the average magnetization (M), the corresponding magnetization dis-
tribution p(M) at a given temperature T' and external field Beys is given by

OM (T¢, Bext, T
p(M) AM = p(T.) ((aT>> AT,. (19)
¢ Bext, T
For T' = 4.5K, different magnetization distributions are shown in Fig. 4.12 a.

As expected, (M) increases with increasing Beyxt because the stabilizing effect of
the Zeeman energy becomes larger. In addition, Beys aligns the PM contribution
in the direction of Bey. In contrast to (M), the variance (M?)'/? decreases with
increasing Bex; because the distribution becomes narrower for high external fields.

This behavior can be understood as a result of the variance in T, which describes
the magnetic inhomogeneities. A difference in T, does not affect the saturation mag-
netization Mg,¢, which is the same for all grains in the model. Therefore, in the
limiting case for Bey; — 00, the distribution in M converges to a homogeneous film.
The main effect of a varying T, is that the saturation behavior of each grain is dif-
ferent, meaning the lower T, the less external field is required to fully saturate the
FM order. Since near the critical temperature and close to zero field, the magnetic
susceptibility M /0 Bext is largest, small differences in T. result in relatively larger
differences in M, resulting in a broader magnetization distribution and larger (M 2>1/ 2
compared to larger By, where the susceptibility is smaller. Overall, the proposed
model thus reflects the same qualitative field dependence as the single-layer EuGes,
since for both the data and the simulation the increase in (M) is accompanied by a de-
crease in the inhomogeneities (as expressed by (BZy,)!/? for the data and (M?)/2 for
the simulation).

To quantitatively compare the magnetic inhomogeneities in the model and the data,
(M?)'/2 of the model and (BZy,)'/? of the data must be related. Using the equivalent
Voronoi tessellation, which reflects (k) of the data, there exists a unique Gaussian
distribution of M (characterized by (M?)!/2) that reproduces the (B )'/? of the
data (details in Appendix A.2). This (M?)'/2 is chosen for the comparison shown
in Fig. 4.12 b. Similarly, the same Voronoi tessellation can be used to simulate the
magnetic texture using the obtained p(M) of the model, determining the resulting
(B%y)Y/? and (k) of the model used for the comparison shown in Fig. 4.11 a, b. All
statistical parameters are summarized in Table A.3.

The model and data show good quantitative agreement for (k) and (BZy)'/? at
moderate fields, but significant quantitative deviations remain at low and high exter-
nal magnetic fields. As expected for both simulation and data, (k) is fully reproduced
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Figure 4.12.: Field Dependence of the Magnetization Distribution. a Prob-
ability distribution of the magnetization as a function of Beyt at T = 4.5 K using
Eq. (3.3), the corresponding model parameters, and the distribution of T, determined
from the analysis of (M). b Evolution of the relative variance of the magnetization
(M?)Y/2 /(M) with Bey for the simulation (line) and the data. ¢ Simulation of the
stray field texture with Bey; for single-layer EuGes,.

within the estimated uncertainties, since the spatial frequencies do not depend on the
underlying mechanism of the magnetic inhomogeneity and only reflect the geometry
of the pattern. Moreover, at moderate fields Beyy = 5 — 50mT, the magnitude of
(B%y)/? is well captured and the deviations between model and data are smaller
than the differences within the two data sets at different positions themselves. How-
ever, at low fields, the model predicts overly large values of (By)'/2, indicating that
the low-field behavior and the resulting breakdown of FM order are not captured in
the proposed model, as discussed in the previous section. Conversely, at high fields,
the model predicts a more homogeneous film compared to the data. A possible ex-
planation is that, in addition to the grain structure, there are defects that alter the
saturation magnetization, such as voids in the film or AFM-coupled islands of bilayer
EuGeg. Such defects would follow the scaling of (M) and thus become more pro-
nounced at high fields. To account for the offset of A<B§V>1/2 ~ 5 —10uT, a defect
area of about 5 — 10% (estimated from Fig. A.3 d) is sufficient, which is consistent
with the Mg,; obtained by the model compared to the fully polarized EuGe, layer.
In summary, although the model does not exactly match the observed stray field
quantitatively, it captures the qualitative trend and describes the correct magni-
tude of the stray field pattern. The deviations are of similar order of magnitude
as the deviations between different data sets from various regions, making the pro-
posed description of EuGes as a disordered 2D magnet with locally varying T, a
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reasonable model to describe both the macroscopic (M) and the magnetic texture
characterized by (M?2)'/2.

4.5. Summary and Outlook

In this chapter, the nanoscale magnetism of single-layer EuGe, is investigated using
scanning NV magnetometry. The results reveal that its magnetic properties are well
described by a disordered 2D magnetic film.

The growth of the magnetic material on a patterned substrate by MBE enables the
simultaneous determination of the macroscopic average film properties and the inves-
tigation of the nanoscale magnetic inhomogeneities. A lithographic patterning process
is developed in which geometries of well-defined lateral shape are etched into the Ge
substrate by reactive ion etching prior to the established MBE process. This allows
the realization of appropriate geometries to study the properties of the EuGe, layer:
The easy-plane anisotropy of the material is confirmed on a circular geometry, while
the magnetization as a function of external magnetic field and temperature is deter-
mined on a rectangular structure. Although only an upper bound on the coercive
field is determined, the observed breakdown of the FM order towards zero field is
indicative of magnetic systems with low uniaxial in-plane anisotropy approximated
by the 2D-XY spin model. An upper bound on this anisotropy is estimated using a
micromagnetic model for the film.

Given the local magnetic inhomogeneities observed in the film, a description for
a disordered 2D magnet is developed using the general Arrott-Noakes equation and
a probability distribution of the critical temperature 7,. This model describes the
average magnetization (M) at non-zero external fields where the FM order is stabi-
lized. Similar to previously published results, the reduced saturation magnetization
of the EuGe; film can be understood by a large fraction of spins being PM or AFM
ordered. This model is transferred to the local inhomogeneities by defining grains
with different values of T reflecting the determined distribution for (M). The stray
field statistics of the inhomogeneities are well reproduced and the qualitative field
dependence of the structure is accurately captured. However, this agreement is only
achieved when the PM contribution is attributed to each individual grain, rather than
assuming the coexistence of two separate grain species. Overall, both the macroscopic
average magnetization and the nanoscale inhomogeneities are well described by the
developed model of single-layer EuGes as a disordered 2D magnet.

Important open questions remain about the origin and physical nature of the ob-
served disorder and how it can be controlled to realize larger homogeneous magnetic
regions. One plausible mechanism is that structural disorder from the Ge substrate
is transferred into the magnetic film by atomic steps in the substrate, leading to
line defects that result in a magnetic grain structure. So far, the material has been
studied at the atomic scale, where the honeycomb structure of the material is main-
tained for several unit cells, although atomic steps have also been observed at this
length scale [144]. Atomic force microscopy or scanning tunneling microscopy, both
on the substrate and on the magnetic film at length scales of 80 — 150 nm, are suitable
methods to link the observed magnetic inhomogeneities to their structural origin.
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The coexistence of FM and PM order within a single grain requires further in-
vestigation. One proposed internal spatial structure of a grain involves an FM core
surrounded by a PM shell. However, direct imaging of such a structure requires a
spatial resolution significantly smaller than the grain size < dgrain, a regime currently
inaccessible to scanning NV magnetometry and competing techniques. An indirect
approach to studying the internal structure is to relate dgrain to the FM ratio.

While the proposed description adequately explains the single-layer EuGe, at mod-
erate external fields, it falls short in describing the breakdown of FM order toward zero
field that is expected for the 2D-XY model. Addressing the description of a disordered
2D-XY system, including the finite-size effects related to grain size, poses a complex
theoretical problem beyond the scope of the current work. Nevertheless, single-layer
EuGe,, with its remarkably low uniaxial anisotropy, serves as a good model system to
test various theoretical proposals. In particular, the emergence of vortex-antivortex
pairs associated with the BKT transition is a fundamental phenomenon not yet ob-
served in 2D magnets. Since these pairs do not produce any significant stray field, it
is difficult to image them directly, but the magnetic noise resulting from the creation
and annihilation of these pairs is a suitable target for scanning NV magnetometry.

Further open questions are whether and in which regime the control of the lateral
shape can be utilized to manipulate the magnetic state of the EuGes film, and how
the few-layer magnetism transitions to the AFM bulk properties. Both questions are
briefly discussed in the following two outlook sections.

4.5.1. Shape-Engineering

The demonstrated ability to control the lateral geometry of a 2D magnet paves
the way for shape-engineering these materials into functional forms. Precise con-
trol of the lateral size is crucial for the integration of 2D magnets into more com-
plex heterostructures and represents a severe limitation of mechanically exfoliated
magnets, where the size is defined by the flake shape [113]. On the other hand,
a well-defined geometry offers the opportunity to engineer anisotropy directions by
influencing the dipolar energy resulting from finite-sized samples. This enables, for
example, the realization of bistable magnetic elements, the reliable domain formation
in T-shaped structures [169], or the creation of more exotic spin textures like artificial
spin ices [170].

In 2D systems with low or vanishing crystalline uniaxial in-plane anisotropy, the
equilibrium magnetization direction is determined by the field-induced Zeeman energy
and the dipolar energy resulting from the stray field generated by a magnetized struc-
ture. In an anisotropic lateral geometry, the dipolar energy exhibits a dependence
on the magnetization direction, introducing an effective anisotropy axis referred to as
shape anisotropy. For elliptical geometries, the long axis a defines the magnetically
easy axis, because a stray field arises only from the magnetization component perpen-
dicular to the geometry edge. This projection is smaller for the a-axis compared to
the short axis b, which forms the magnetically hard axis. The magnetization direction
in an external field can be described in the Stoner-Wohlfarth formalism with a shape-
induced anisotropy axis (Eq. (4.5)). Consequently, when the field is applied along the
short axis b, the energetic cost associated with tilting the magnetization away from
the shape-induced anisotropy axis a results in a canting of the magnetization direction
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Figure 4.13.: Shape-Engineering of 2D Magnets. a For an elliptical geometry
without magnetocrystalline anisotropy, the direction of the magnetization is deter-
mined by the competition between the field-induced Zeeman energy and the dipolar
energy resulting from the lateral geometry. b Stray magnetic field arising from an
elliptical structure with an aspect ratio of two. At Beyy = 5mT, the Zeeman energy
is the dominant term and no effect of shape anisotropy is observed. c Stray mag-
netic field arising from a T-shape structure with an aspect ratio of five. No effect
of shape anisotropy is observed. d Canting angle Ay as a function of aspect ra-
tio for different micromagnetic simulations of elliptical structures with different long
axes, ¢ = 0.1 nm (pink) and @ = 1.0 pm (green) at different Bey; encoded by the color
saturation. e Micromagnetic simulation of a T-shape resulting in two spatial domains
with different magnetization orientations separated by a domain wall.

Ay with respect to the field direction (Fig. 4.13 a). A similar anisotropy axis can
be defined for a rectangular structure or for a T-shape. The latter consists of two
spatial regions of the structure with orthogonal anisotropy axes, allowing controlled
nucleation of domain walls between these regions [169].

Utilizing the presented pre-patterning approach, such geometries can be achieved
with feature sizes down to about 500 nm, limited by the etching process itself and the
weak adhesion between the e-beam resist and the Ge substrate (Section 4.2). Stray
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62 Nanoscale Magnetism of Single-Layer EuGes

magnetic field images of an elliptical and a T-shaped structure (Fig. 4.13 b, c¢) show
no deviation between the magnetization direction and the external field, indicating
that at these sizes the dominant energetic term remains the field-induced Zeeman
energy.

To evaluate the regime of the lateral geometry where shape anisotropy induces sig-
nificant canting, the micromagnetic model for single-layer EuGes is applied to various
elliptical structures (Fig. 4.13 d). For a long axis a = 1 pm, large aspect ratios > 10
are required to induce a tilt greater than 30°. For moderate aspect ratios < 5, the
long axis must not exceed 0.1 pm to induce a significant canting of ~ 45°. In conclu-
sion, structure sizes of 10 —50 nm are required to induce a significant shape anisotropy
into single-layer EuGes. This enables the realization of a T-structure as depicted in
Fig. 4.13 e. There are two separate regions of different magnetization orientation,
separated by a domain wall. While the current process is limited to feature sizes of
about 500 nm, further development of the lithographic process and etch chemistry
should make the required regime accessible by e-beam lithography.

4.5.2. Anomalies of the Bilayer

Macroscopic measurements reveal anomalies of the magnetization also for the bilayer
EuGe, and the few-layer limit EuGes: a decrease of the transition temperature com-
pared to the bulk value and a non-zero FM moment for the bilayer are reported, in
contrast to the bulk description where adjacent layers couple AFM, resulting in a zero
net moment for an even number of layers [144].
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Figure 4.14.: Stray Magnetic Field Images of Bilayer EuGe;. a Stray magnetic
field image of a circular structure on which a bilayer of EuGey is grown, acquired
at Bext = d5mT and T = 4.5K. The directions of the NV and the external field
are indicated by the arrows. b Stray magnetic field image of a T-shaped structure
under the same conditions as a. Both structures show a clear FM signal with local
inhomogeneities similar to the case of single-layer EuGes,.

Stray magnetic field images of bilayer EuGes grown on a similar pre-patterned
substrate as described in Section 4.2 confirm a non-zero magnetic moment for
the bilayer, along with magnetic inhomogeneities resembling those observed for
single-layer EuGes (Fig. 4.14). Similar to the single-layer case, the direction of the
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measured magnetization follows the externally applied magnetic field, indicating
that bilayer EuGe, also exhibits an easy-plane anisotropy with negligible uniaxial
in-plane anisotropy. The observed signal strength is approximately one third of that
in the single-layer case, suggesting partial compensation of the magnetic moments
of both layers, consistent with the expected AFM interlayer coupling. However, to
observe a net magnetic moment AM, the two layers must exhibit different magnetic
properties such that AM = |Miop — Mpottom| > 0. The differences between the
two layers could stem from distinct surface effects, considering that the bottom
layer is in contact with the Ge substrate, while the top layer interfaces with the
Si0, encapsulation. An alternative explanation proposed by Averyanov et al. [154]
suggests that AFM and FM phases coexist in the few-layer limit, based on the
observation of intrinsic exchange bias. In this picture, the observed net magnetic
moment results from regions where the interlayer coupling is FM, which can also
explain the local inhomogeneities observed on the sample surface. However, similar
to the single-layer case, the strength of the inhomogeneities seems too weak to
be consistent with the coexistence of strong magnetic moments from FM areas
with a vanishing moment from AFM-coupled areas. Conversely, a description
of a disordered bilayer film equivalent to the single-layer allows for weaker mag-
netic field inhomogeneities that seem more consistent with the stray field images.

In a complementary set of experiments, nanowire magnetic force
microscopy (NW-MFM) images are also acquired on the structured bilayer sample®.
NWs with typical lengths of a few pm and diameters of < 100 nm are excellent force
sensors that can also be exploited for magnetic imaging, similar to conventional
MFM. The final segment of an NW is grown with a magnetic material so that the
NW can interact with a magnetic surface [171, 172]. Contrary to conventional MFM,
the NW is brought into contact in a pendulum geometry in which the two mechanical
flexural modes are thermally excited. The amplitude A and the frequency shift Av
are read out optically and are characteristic of the various interactions of the sample
surface and the NW tip. In the case of a magnetic surface, Av is proportional to
the magnetic force and lateral field gradients, but also to the in-phase magnetic
susceptibility x’, which describes the induced magnetization by the magnetic NW
itself. The damping of the amplitude A/Aj, where Ay is the free amplitude, is
characteristic of the out-of-phase magnetic susceptibility x”, which is typically
associated with dissipative phenomena [150].

NW-MFM images of structured bilayer EuGes samples reveal nanoscale magnetic
inhomogeneities in both frequency shift and damping of the amplitude oscillation,
with a distinct temperature dependence [150]. At B = 0T, the combined resonance
frequency shift of the two flexural modes indicates a phase transition starting at
around 10K with a peak at 6.8 K (Fig. 4.15 a). Since the magnetic field of the NW
tip can be up to tens of mT and no strong signal is observed at the structure edge,
Av indicates a change in x’ rather than a stray field gradient of the bilayer sample.
Similarly, the damping of the oscillation amplitude A/Ay shows a clear temperature
dependence starting at 13 K with a peak at 9.8 K (Fig. 4.15 b), associated with emerg-
ing dissipative phenomena linked to an out-of-phase magnetic susceptibility x”'. Both

ANW-MFM measurements are performed by Mattiat and Schneider and presented in [150].
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Figure 4.15.: Temperature Dependence of the NW-MFM Signal of the Bi-
layer EuGe;. a Temperature dependent frequency shift Av of the two flexural
modes of the oscillating nanowire acquired at Beyy = 0T, averaged over the area of
a rectangular geometry. The signal reaches a maximum at T = 6.8 K. b Tempera-
ture dependent attenuation of the amplitude A/Ag of the two flexural modes of the
oscillating nanowire, averaged over the area of a rectangular geometry. The signal
reaches a minimum at 7" = 9.8 K. c Selection of images showing the damping of
the nanowire amplitude at various temperatures. Local inhomogeneities are visible
with characteristic inverse spatial frequencies of 120 — 900nm. d Selection of im-
ages depicting the frequency shift of the nanowire resonance frequency at different
temperatures. Local inhomogeneities are visible with characteristic inverse spatial
frequencies of 250 — 500 nm (adapted from [150]).

the temperature dependence of Av and A/A, indicate a magnetic phase transition
coinciding with the appearance of an FM moment in bilayer EuGey [144]. In both
data channels of the NW-MFM images (Fig. 4.15 ¢, d) of a rectangular geometry,
local inhomogeneities are present, indicating an inhomogeneous magnetic state con-
sistent with a magnetic grain structure inferred from the S-NVM data. The spatial
frequencies of these images, ranging from 120 — 900 nm, are slightly higher but of sim-
ilar order of magnitude to those estimated from S-NVM measurements on the single
layer, suggesting a plausible common underlying mechanism. In principle, however,
the NW-MFM data are also consistent with other sources of local inhomogeneities,
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such as domain formation, coexisting magnetic phases, or other magnetic disorder.
Despite these findings, a comprehensive understanding of bilayer EuGe, requires
further investigation. Three key questions need to be addressed: First, are there
signatures of disorder in the bilayer, and how would finite-size effects alter its magnetic
properties? Second, can surface effects or disorder modify the interlayer coupling
between the top and bottom layers, allowing simultaneous FM and AFM ordering
within the film? Third, do surface effects significantly change the magnetic properties
of the adjacent layers, leading to different magnetic properties of the top and bottom
layers? Overall, the inhomogeneous magnetic state of EuGey in the few-layer limit
presents intriguing research questions that require future theoretical and experimental
work to provide a comprehensive description of the nanoscale magnetism of EuGes.
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5. Origin of Exchange Bias in
MnPS;/Fe;GeTe, Heterostructure

The stacking of two-dimensional (2D) materials to form van der Waals (vdW) het-
erostructures offers great opportunities to realize novel device architectures with un-
conventional properties and new physical phenomena. The vdW nature of the inter-
layer bonding enables stacking of diverse materials without the lattice mismatch and
strain constraints of conventional heterostructures. It also allows the realization of
atomically sharp interfaces and gives rise to the possibility of controlling the interlayer
coupling by stacking order or twist angle [77]. The extension of the class of 2D materi-
als to magnetic 2D materials presents further promising prospects in the field of spin-
tronics and opto-spintronics [78, 108]. For instance, the observation of giant tunneling
magnetoresistance in Crlz due to its ferromagnetic (FM) intralayer and antiferromag-
netic (AFM) interlayer coupling [173] enables the realization of spin filters [173] and
spin tunneling field-effect transistors [111] as fundamental building blocks for spin-
tronic devices. Finally, the combination of two different 2D magnets with atomically
sharp interfaces gives rise to various interfacial phenomena that can modify the mag-
netic properties of the involved materials by magnetic proximity effects, highlighting
the potential of 2D magnetic vdW heterostructures [23].

Exchange bias (EB) is an interfacial phenomenon that typically occurs between
an FM and an AFM material interface with Curie temperature 7. and Néel tem-
perature Ty. Field cooling of such a heterostructure can lead to pinning of the FM
spins adjacent to the AFM spins, resulting in a shift of the coercive field Beoer of
the FM layer by an exchange bias field Bgg at temperatures < Ty, T.. This state is
typically metastable, but often persists for multiple hysteresis cycles and converges
to a limiting EB field Bgpy after a so-called training effect. EB is of technological
interest because it can stabilize the magnetic order of a FM or facilitate its switching
by controlling the AFM layer, and has been used in read heads of recording devices
and magnetoresistive random access memories [174]. Beyond this simple phenomeno-
logical description, the underlying mechanism of EB is difficult to describe. In most
systems, it involves a magnetic proximity effect changing the magnetism of the ad-
jacent layers, uncompensated surface spins, defects, or grain structures. All of these
mechanisms can similarly lead to observable EB, requiring hard-to-obtain knowledge
of the interface [175].

The clean and atomically sharp interfaces of 2D vdW heterostructures offer a
unique opportunity to study this interfacial phenomenon and open new possibili-
ties to control and tune 2D magnetism. So far, EB has been observed and uti-
lized in several 2D vdW heterostructures: The EB effect in a 2D vdW AFM MnPSes
and vdW FM Fe3GeTey (FGT) heterostructure, attributed to a magnetic proxim-
ity effect, enhances the Curie temperature of the FM system, indicating a path-
way towards room temperature 2D magnetism [101]. In another heterostructure
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formed by the vdW AFM CrSBr and the vdW FM FGT, the exchange bias pro-
vides sufficient symmetry breaking to enable deterministic spin-orbit torque switch-
ing of the magnetic FGT state at zero magnetic field, offering opportunities for spin-
tronic applications [112]. EB has also been observed in an AFM-ordered MnPS3 /FGT
heterostructure. However, the origin of this effect remains unclear, because the
Heisenberg-type AFM order of MnPSs does not break the symmetry at the interface.
Therefore, it has been proposed that uncompensated surface spins are the origin of
the observed EB effect [176].

In this chapter, the origin of the exchange bias in such a MnPS3/FGT heterostruc-
ture is investigated by scanning nitrogen-vacancy magnetometry (S-NVM). It is found
that already isolated MnPS3 possesses a net magnetic moment in addition to its bulk
AFM ordering. The correlation between the temperature dependence of this moment
and the dependence of the EB in the heterostructure indicates that this moment is
the origin of the observed EB'.

5.1. Exchange Bias in FGT/MnPS; Heterostructure

While exchange bias has been observed in FGT/MnPS; heterostructures [101, 176],
the magnetic structure of MnPS3 does not inherently provide magnetic pinning sites
at the surface due to the compensating AFM order of the spins within the layer
(Section 5.2). Consequently, the AFM order does not favor any particular direction
of the FM order in the underlying FGT. Therefore, either the magnetic properties of
the MnPS3 are altered in the presence of the FGT by the magnetic proximity effect,
or the surface of the material deviates from the ideal magnetic structure, providing
uncompensated spins, for example by defects or surface effects, as suggested by Hu
et al. [176]. An additional anomaly in the magnetic susceptibility is observed at
temperatures T' =~ 40 K < Ty by different groups, leading to proposals of an additional
magnetic phase transition: Chaudhuri et al. [178] report an in-plane susceptibility
despite the absence of a net magnetic moment. The temperature dependence of
the observed electron spin resonance in MnPSj3 follows the scaling of 2D-XY model,
suggesting a possible BKT transition. Contrary, Han et al. [179] describe a non-zero
magnetic moment with a coercive field along the out-of-plane direction, indicating an
out-of-plane symmetry. They propose an asynchronous rotation of two AFM-coupled
spins due to the broken symmetry caused by the canting of the spin ground state.
Although such a rotation can describe their phenomenology, it remains unclear why
such a rotation exhibits a hysteresis and a separate phase transition.

In this section, such a heterostructure is investigated and it is found that the occur-
rence of the exchange bias coincides with the presence of an uncompensated moment
in bulk MnPS3, indicating that this moment is the underlying reason for the exchange
bias in this type of heterostructure 2. The sample geometry follows the typical geom-
etry for anomalous Hall effect (AHE) measurements (Fig. 5.1 a, b): The heterostruc-
ture of the metallic FGT and semiconducting MnPS3 2 is placed on several electrical

Lthe S-NVM results are part of the study led by A. Puthirath Balan [177]

2the sample is fabricated and characterized by the collaborators A. Puthirath Balan and A.
Kumar (University of Mainz), who also performed the SQUID measurements

3both MnPS3 and FGT flakes are grown by the collaborators A. Bonanni (University of Linz)
and B. Lotsch (Max-Planck Institute for Solid state Research, Stuttgart)
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Figure 5.1.: Exchange Bias in FGT/MnPS; Heterostructure. a Microscope
image of the investigated device. An FGT flake is electrically contacted in a typical
geometry for anomalous Hall effect measurements. A bias voltage is applied to induce
a current in the FGT, producing an anomalous Hall voltage perpendicular to the
direction of the current flow. A MnPS3 flake is stacked on top of the FGT flake,
which is subsequently encapsulated by a hBN flake. b Schematic top view (i) and side
view (ii) of the investigated flake. ¢ Temperature dependence of the magnetization
of a MnPS3 bulk crystal at Bext = 5mT. The ordering temperature of the magnetic
moment occurs at T ~ 35K <« Tn. d Anomalous Hall effect measurements on the
FGT/MnPSs heterostructure after field cooling at £8 T, showing a clear exchange
bias set by the polarity of the field cooling cycle. e Temperature dependence of the
exchange bias. The onset of the exchange bias coincides with the ordering temperature
of the magnetic moment.

contacts. A bias voltage Vpias applied to the FGT induces a current in the flake. Due
to the broken time-reversal symmetry caused by the FM ordering, the current also
induces a voltage perpendicular to the flow direction Vay, which depends on the FM
state of the FGT and can be described in terms of the AHE [180]. The sample is
encapsulated by an hBN flake to prevent degradation of the heterostructure.

The anomalous Hall Vay depends on the polarity of the FM ordering, and is thus
directly related to the FM state of the FGT. Subsequent hysteresis cycles after field
cooling (FC) of the sample at +8 T show a clear exchange bias in the heterostructure,
as the hysteresis curves are not symmetrically centered around Beyxy = 0T (Fig. 5.1 d).
The observed exchange biases of 128 mT (FC at —8T) and —140mT (FC at +8T)
are set by its polarity, but have the opposite polarity as the FC cycle (negative EB).
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As the magnitude of the FC field is larger than the spin-flip field of MnPSg, it seems
plausible that the direction is set by the spin-flip state of the MnPS3 after FC.

To further explore the observed EB, the temperature dependence of the EB is
investigated. The exchange bias occurs at temperatures below the Neel temperature
of MnPSsat T =~ 35K « Ty = 78K (Fig. 5.1 e). Therefore, the AFM ordering
of the MnPS3 cannot be the direct mechanism for the EB. In addition, bulk crystal
MnPS; is investigated in a superconducting quantum interference device (SQUID)
magnetometer at Bexy = 5 mT as a function of temperature (Fig. 5.1 ¢). In agreement
with previous reports, a phase transition occurs at temperatures around 35K that
results in a non-zero magnetic moment of MnPS;. The occurrence of this moment
coincides well with the onset of EB in the heterostructure, suggesting that this moment
is the underlying mechanism for EB.

For this, the uncompensated moment observed in bulk crystal must persist in
the 2D limit relevant to the heterostructure. Before presenting the S-NVM data
of MnP§S; flakes, the magnetic properties of this material are briefly introduced in the
following section.

5.2. Properties of MnPS;

MnPS3is an exfoliable, layered 2D material with AFM ordering of the
manganese (Mn) ions below a Néel temperature Ty = 78K. Its bulk proper-
ties have been extensively studied by Mossbauer spectroscopy [181] and neutron
diffraction [182], and its properties persist down to the monolayer [183].

MnPS3 possesses a layered crystal structure where the Mn ions form a honeycomb
lattice, each covalently bonded to six surrounding sulfur (S) ions that are vertically
displaced symmetrically to two equivalent atomic planes (Fig. 5.2 a, b). In the center
of each honeycomb cell are two covalently bonded phosphorus ions. They are also
vertically displaced symmetrically from the Mn ions and bonded to three sulfur ions.
Different layers are bonded by vdW forces, with separate layers being horizontally
displaced at an angle of 8 = 107.5° to the layer plane. Consequently, MnPS3 forms
a monoclinic crystal structure of the C2/m space group with lattice constants a =
0.607 nm, b = 1.052nm, ¢ = 0.689 nm, o = v = 90° and § = 107.5° [182].

In this structural configuration, the Mn ion carries a net magnetic
moment of S =5/2. At Ty = 78K, the material undergoes a magnetic phase
transition from a PM to an AFM state. The nearest neighbor coupling is AFM,
forming an ideal Heisenberg AFM on the honeycomb lattice, while the weaker
interlayer coupling between the spins is FM [182]. The magnetic system exhibits
uniaxial anisotropy with the spins almost aligned in the out-of-plane direction.
However, the spins are canted about an angle of § = 25° to its natural symmetry of
the c-axis (=~ 8° to the layer normal, Fig. 5.2 ¢), indicating dipolar and single-ion
anisotropies typical for Mn ions. This canting breaks the magnetic inversion center,
allowing for a linear magnetoelectric effect [184]. Upon application of an external
field along the anisotropy axis, the system undergoes a spin-flop transition at
Bpop = 5.3 T, showing that the anisotropy energy is significantly smaller than the
exchange energy, a property maintained down to the monolayer [183].
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Figure 5.2.: Atomic Structure of MnPS;. a Top view of the MnPS3 structure:
The manganese (Mn) ions form a honeycomb lattice with two phosphorus (P) ions
in the center. Additionally, each Mn ion is bonded to six neighboring sulfur (S)
ions, resulting in the overall monoclinic crystal structure of the space group C2/m.
b Side view of the MnPS3 structure. The Mn ions form the central plane of a single
layer, which is surrounded by two layers of P and S ions, respectively, which are
vertically displaced symmetrically around the Mn layer. The entire MnPSs layer is
vertically displaced along the c-axis, which forms an angle § = 107.5° with the layer
plane. ¢ Magnetic structure of MnPSs: The Mn ions carry a net magnetic moment
of S =5/2, which couples AFM to an ideal Heisenberg AFM within the layer. The
interlayer coupling between the Mn ions is FM. The moments possess a uniaxial
anisotropy, that is canted about § = 25° to the c-axis (about 8° to the layer normal).

5.3. Magnetic Moment of MnPS;

So far, the unusual phase transition and the uncompensated moment have only been
observed in bulk single crystal MnPS3, and it is unclear whether such a phase tran-
sition also occurs in few-layer MnPS3. In this section, it is shown that few-layer
MnPS3 does indeed exhibit a non-zero net magnetic moment at low temperatures,
and its basic phenomenology is characterized.

5.3.1. Symmetry of the Magnetic Moment

S-NVM is performed on both a heterostructure of FGT/MnPS; and isolated
MnPS; at a base temperature of T = 5K < THFS < TFGT. No magnetic signal
is observed from the FGT flake, while both MnPS3 flakes exhibit a clear stray field
signature, indicating a non-zero net magnetic moment of MnPSs.

A microscope image and a schematic of the investigated sample are shown in
Fig. 5.3 a and b, respectively*. The sample consists of two different MnPS3 flakes
of =~ 50nm height with a lateral extent of about 5 — 10pm, typical for flakes used
for spintronics experiments such as the exchange bias studies. One flake is placed on
a thin < 10nm FGT flake, significantly larger than the MnPSj flake, ensuring that

4the samples are fabricated by the collaborators A. Puthirath Balan and A. Kumar (University
of Mainz)
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Figure 5.3.: Magnetic Moment of MnPS3. a Microscope image of the inves-
tigated sample. b Schematic of the sample shown in a: The sample consists of
two MnPS; flakes of similar thickness. The upper one is placed on a thin (3-layer)
FGT flake. The entire sample is encapsulated by hBN. The red box indicates the
scanning area. ¢ Stray magnetic field observed on the MnPS3 at an external field
Bext = 150mT applied parallel to the NV axis at a base temperature 7'~ 5 K (left)
and the simulated stray field of the flake assuming an in-plane magnetization (right).
The FGT flake shows no stray field signature. The line indicates the position of the
line cut shown in d, e. d Topography and photoluminescence (PL) of the line cut
shown in c¢. The flake has a height of about 50nm. The PL is quenched on the
MnPSs3 flake. e Stray magnetic field signal of the line cut shown in c. Various mag-
netization orientations are used to fit the stray field signature. The best fit is found
with the magnetization oriented along an in-plane direction.

potential stray magnetic fields from the edge of the FM-ordered FGT do not affect
the signal from the interface of the heterostructure. To prevent degradation of the
sample due to exposure of air, both flakes are covered with a thin layer of hexagonal
boron nitride (hBN) (= 10nm). The sample is stacked on a conventional silicon oxide
wafer in the inert atmosphere of a glove box.

Stray field images acquired at T = 5K and Beyxt = 150mT applied parallel to the
NV axis on this sample reveal a similar magnetic signature on the MnPS; /FGT in-
terface and on the pure MnPSs, indicating an uncompensated magnetic moment of
MnPS3. At the same time, the FGT shows no magnetic signal. The latter is unex-

72



5.3. Magnetic Moment of MnPS3 73

pected since FGT is known to order FM well above the measurement temperature
of 5K < TFCGT [185], and therefore a strong magnetic signal is expected well above
the image noise level. To exclude negative effects on the magnetization of the FGT
due to S-NVM, out-of-contact scans are performed to avoid any mechanical stress on
the sample and to diminish the laser intensity that exposes the FGT. None of the
measurements show any magnetic signal, indicating that disturbances of NV mag-
netometry are not responsible for the lack of FM ordering of FGT, as suggested by
other S-NVM work on pure FGT [138] and by measurements using more invasive
widefield NV magnetometry [186], both of which report a clear magnetic signal on
FGT. An alternative explanation is oxidation of the flake prior to the measurements
and subsequent degradation of the magnetic properties of the sample. This is typical
for FGT exposed to air [187], although the investigated samples are encapsulated by
hBN.

Although the FGT shows no FM ordering, a clear magnetic signature is observed for
both MnPS; flakes. In the ideal atomic picture (Fig. 5.3 ¢), MnPS;3 forms a Heisen-
berg AFM with neighboring spins compensating each other, hence no net magnetic
moment is expected for this material. However, the stray field images (Fig. 5.3 ¢
and Fig. 5.4) indicate an uncompensated moment in MnPS3 similar to observations
in bulk crystals [178, 179]. To estimate the strength and symmetry of the uncom-
pensated moment, line cuts are taken across the sample edge. The three different
magnetization orientations - parallel to the NV axis, parallel to the out-of-plane axis,
and parallel to the projection of the NV axis to the in-plane direction - are fitted to
the magnetic signal (Fig. 5.3 e, fit results in Table A.2). The best agreement between
the fit and the data is found for an in-plane orientation of the magnetization, ex-
pressed by the lowest mean squared error of the fit. For this model, a magnetization
of M = 2.17(4) up/nm? and an NV distance dyy = 44(2) nm are found. Using these
parameters, a simulation of the stray magnetic field is performed using the shape of
the flake (Fig. 5.3 ¢). The good qualitative agreement between this simulation and
the measurement, together with the good quantitative agreement of the fit results,
indicate that the uncompensated moment points along the in-plane direction and has
an easy-plane anisotropy, consistent with the observed anisotropy observed in the
bulk measurements by Chaudhuri et al. [178], and contrary to the measurements by
Han et al. [179], which indicate an out-of-plane uniaxial anisotropy.

The MnPSj flake also alters the photonic environment of the NV center, caus-
ing a reduction in the collected photoluminescence (PL) intensity when the NV is
in contact with the MnPS3 flake. When the line cut across the edge is acquired,
the topography and the properties of the NV center are simultaneously (Fig. 5.3 d)
recorded. The height of the MnPS3 flake is estimated to be about h = 57.5(45) nm
from the vertical tip motion. Simultaneously, a decrease in PL intensity is observed.
While an average I5EST = 56.1(13) keps is observed at the hBN/FGT interface, only
a IEGT = 45.8(27) keps is measured at the hBN/MnPS; interface, resulting in a PL
difference of Alpr, = 10.3(30) keps. The potential presence of magnetic noise at the
transition frequency of the NV can drive the spin transition and thus increase the
population in the darker upper spin levels [188]. Such a process also acts as a source
of decoherence and is accompanied by an increase in the resonance width év and
a decrease in the optical contrast C. However, within the margin of uncertainty,
neither a change in the resonance width Av = —1.5(42) MHz nor a change in the
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optical contrast AC = 0.9(12) % is observed, indicating that magnetic noise is not
the underlying mechanism of the PL quenching. Hence, the drop in PL is due to a
change in the photonic environment, leading, for example, to an increase in the NV
radiative lifetime or a change in the dielectric properties of the cavity formed by the
apex of the diamond tip and the sample interface. Further investigations are required
to fully understand this phenomenon, such as a direct measurement of the radiative
lifetime of the NV or the dielectric properties of the surface by ellipsometry. However,
these are beyond the scope of this work, which mainly focuses on understanding the
uncompensated magnetic moment of MnPSs.

5.3.2. Remanence of the Magnetic Moment

To further understand the physical behavior of the uncompensated magnetic moment
in MnPS3, its dependence on the magnetic field history is investigated. Close to
zero field, both the bulk crystal (SQUID magnetometry) and the investigated flake
(S-NVM) exhibit a remanent magnetic moment. However, in the bulk crystal the
magnetic moment shows a hysteretic behavior and can be switched, while in the few-
layer limit the state of the magnetic moment remains constant for all tested field
cycles.

To study the field dependence of the observed magnetic moment, a bulk crystal
MnPS3, identical to the crystal used for the sample fabrication, is studied by SQUID
magnetometry at 7' = 5K and a magnetic hysteresis loop is obtained as a function
of out-of-plane and in-plane field (Fig. 5.4 a). Three regimes are observable: At high
external fields Beyy > 100mT, the typical field dependence of an AFM with out-
of-plane uniaxial anisotropy is obtained: No additional magnetization is induced by
an out-of-plane field, because the Zeeman energy for the antiparallel aligned spin is
not sufficient to overcome the energetic barrier set by the anisotropy energy until the
spin-flop field (Bgop = 5.3 T [183]) is reached, where a magnetization can be induced.
Conversely, an in-plane field applied parallel to the hard axis of the magnet leads
to continuous canting of the antiparallel spins, resulting in a linear field response.
At low external fields Beyy < 100mT, a magnetic moment is observed that shows a
linear field response near zero field and saturates at moderate fields (Bext =~ 100 mT),
typical of a PM response. The low saturation field indicates a large total PM moment
J > 5/2 = Sy, which would be significantly larger than the spin moment of the Mn
ion Sy, (Fig. 5.4 a). Finally, close to zero field, the magnetization of the bulk crystal
shows a hysteresis behavior with a remanent magnetization at zero field consistent
with an FM ordered uncompensated moment. Remarkably, the uncompensated mo-
ment found in bulk crystal does not show a specific symmetry axis, as the remanent
magnetic moment is identical for both the in-plane and out-of-plane sweep directions.

A similar hysteresis loop is determined on the MnPSs flake using S-NVM and
a similar remanent magnetic moment is observed, although the moment does not
show the same hysteretic behavior compared to the bulk crystal. Four consec-
utive measurements of the isolated MnPS3 flake are taken with the field applied
along the NV direction, following the hysteresis cycle Beyxy = 150mT — —5mT —
—150mT — 5mT (Fig. 5.4 e). Although the observed magnetization of the flake is
inverted at Bey = £150mT (sign change of Byy at the edge), the magnetization at
Boyy = £5mT exhibits the same polarity, providing direct evidence for a non-zero re-
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Figure 5.4.: Remanence of the Magnetic Moment of MnPS3. a SQUID mag-
netometry data taken on a bulk MnPS3 crystal for a full hysteresis cycle of the exter-
nal field applied along the out-of-plane and in-plane directions. For both directions,
the magnetization shows a linear field dependence with a hysteretic behavior at low
magnetic fields (inset). For comparison, the PM model for the Mn ion with S = 5/2
is added (scaled by 0.02 for comparison). b A schematic of the investigated sample
by S-NVM. The red box indicates the scan area. c¢ Schematic of the magnetic field
history used for the data set in d (orange) and e (green). The arrows indicate the
field history, while the circles indicate the measurement positions. d Exemplary stray
magnetic field map acquired at By = 1mT after various field cycles. No change
in magnetic state is induced by the magnetic field history. e Consecutive stray field
images acquired at various external fields applied along the NV direction following a
hysteresis cycle. Though the magnetization orientation switches at Beyxt = £150mT),
the remanent magnetization remains constant. For comparison, the stray field images
at high field are divided by a factor of two.

manent magnetic moment. Interestingly, the polarity of the remanent moment seems
to be unaffected by a switch in total magnetization induced by a strong magnetic
field. To investigate the possibility of manipulating the remanent moment, a sep-
arate set of images is acquired at the same flake at Beyt = 1mT with changes in
the magnetic field history: Prior to each measurement, either the maximum in-plane
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field of B® £500mT or the maximum out-of-plane field By = £500mT is ap-
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plied in either polarity, limited by the maximum field that is reachable with the used
vector magnet. In all four measurements, the polarity remains the same as shown
in Fig. 5.4 c¢. Consequently, the field required to manipulate the remanent magnetic
state must be greater than Bgi, > 500 mT. Potentially, the remanent magnetic mo-
ment is bound to the AFM state of the MnPSs. In this case, the required field to
flip the moment would be on the order of the spin-flop field Bgop, = 5.3 T. However,
this is in contrast to the bulk measurement, where much smaller fields are sufficient
to flip the polarization of the remanent moment.

5.3.3. Field Dependence of the Magnetic Moment

From the measurements of the hysteresis loop of the bulk crystal as well as the isolated
MnPS; flake, it is apparent that the strength of the uncompensated moment shows a
strong field dependence close to zero field. Successive images at various external fields
show a similar linear dependence as observed in the bulk measurements. The order
of magnitude of the strength of the remanent moment and the linear field response
is consistent between the bulk and the flake, indicating that the moment is a volume
rather than a surface property.
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Figure 5.5.: Field Dependence of the Uncompensated Moment of MnPS;.
a Successive images obtained from the isolated MnPS3 flake at various applied mag-
netic fields along the NV axis, as indicated by the arrows. The dotted lines at
Bext = 240mT indicate the positions of the line cuts, used to estimate the signal
strength. b Signal strength as estimated from the line cuts shown in a. Depicted
uncertainties are the standard deviation between the line cuts. The axis has been
normalized by the magnetization obtained from the line cut shown in Fig. 5.3 e. A
linear function is fitted to the data points.

To investigate the field dependence, several images of the isolated MnPS3 flake are
acquired at the same spatial position as in the previous section, with the field applied
along the NV axis (Fig. 5.5 a). With increasing field, the stray field magnitude of the
flake increases, but also reveals large spatial inhomogeneities over the range of a few
hundred nanometers. The inhomogeneities do not change their spatial location and
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are therefore likely bound to the structure or topography of the flake. To account for
the inhomogeneities, line cuts are taken at separate positions and the signal strength
is estimated from the amplitude of the stray magnetic field signal. The fit to the stray
field (Fig. 5.3 €) is used to calibrate the stray field amplitude. The total magnetization
follows an approximately linear field dependence, so a linear model is fitted to describe
the data (Fig. 5.5 b).

From the stray field signal itself it is not possible to distinguish between a sur-
face and a volume magnetization of MnPS;. However, the comparison with the
SQUID data indicates that the magnetization is a volume property. For compari-
son, the SQUID data are used to extract a remanent magnetic moment and a linear
response for the field dependence near zero field. Assuming a volume magnetiza-
tion, a remanent moment of M3QUIP = 0.30(10)- 1073 g /Mn and a linear response
of (OM OByt )3V = 0.143(3) up/T/Mn are found. These values are in the same
order of magnitude as those extracted from the flake, which exhibits a remanent mo-
ment of Mf2ke = 0.37(35) - 1073 pg/Mn (M = 0.38(35) - 1072 yu3/Mn), determined
from the signal strength of the remanent moment and the linear fit, respectively, and
a linear response of (OM /OBy ) = 0.023(2) ug/T/Mn. The quantitative deviations
seem reasonable considering that one measurement is performed on a bulk crystal
while the other is conducted on a few-layer flake. The agreement in order of mag-
nitude for both the linear response and the remanent moment indicates that the
uncompensated moment is a volume property. Conversely, in the case of surface mag-
netization, due to the different surface-to-volume ratio between the bulk crystal and
the flake, the observed stray field from the flake would have to be significantly larger
to agree with the SQUID data.

In summary, the S-NVM measurements on the MnPSs reveal that the material ex-
hibits a small remanent magnetic moment with a linear field response and an in-plane
orientation, contrary to the ideal Heisenberg AFM picture. A similar observation is
also made on the bulk crystal with SQUID measurements. The agreement in the
order of magnitude of the field response and the remanent moment suggests that this
is a volume property. An important inconsistency remains unexplained, as the bulk
crystal shows a hysteretic behavior, which is not present in the flake. Hence, the
question of how to manipulate this remanent moment in the few-layer limit remains
open for further investigation.

5.4. Summary and Outlook

In this section, the origin of the observed exchange bias in the
FGT/MnPSs heterostructure is investigated. In agreement with previous reports
on bulk crystal MnPS3, S-NVM reveals the presence of a non-zero uncompensated
magnetic moment in the few-layer limit of MnPSs, next to its Heisenberg-type
AFM ordering. This moment exhibits an easy-plane anisotropy, aligning its spins
within the sample plane. Its strength shows a linear field response with a remanence
comparable to bulk crystal measurements, suggesting that the moment is a bulk
rather than a surface property. Unlike in the bulk crystal, no hysteretic behavior is
observed in the few-layer limit. Consequently, the external field required to switch
the polarity of the remanent moment must be greater than Beyt > 500mT in both

7



78 Origin of Exchange Bias in MnPS3/Fe;GeTey Heterostructure

the in-plane and out-of-plane directions. This is in contrast to the bulk crystal where
such fields are sufficient to reveal a hysteretic behavior, a discrepancy that requires
further investigation.

The correlation of the temperature dependence of the uncompensated moment with
the temperature dependence of the exchange bias suggests that the moment is the
underlying mechanism for the latter. The moment potentially acts as a pinning site for
the FM-ordered FGT spins, stabilizing their orientation against the induced Zeeman
energy of a counteracting field, giving rise to an exchange bias in the hysteresis cycle.
Conversely, due to the symmetry of the AFM order of MnPS3, the compensated AFM-
ordered spins cannot act as pinning sites and induce an exchange bias, consistent with
the coincidence of the temperature dependence of the moment and the exchange bias.
Similarly, an exchange bias induced by a proximity effect at the FGT/MnPS3 interface
seems to be an unlikely explanation for the exchange bias, as in this scenario exchange
bias would be observed for all temperatures below Tx.

While S-NVM confirms the existence of an uncompensated moment in MnPSs,
further research is needed to fully understand its properties. Immediate questions
include whether this uncompensated moment is an intrinsic property of MnPS3 or
whether it is due to impurities introduced during the crystal growth process. More-
over, as the uncompensated moment is a bulk property that persists in the few-layer
limit, it is an open question whether this moment persists down to the single-layer
limit and whether it shows a dependence on the layer number. Additionally, to fully
exploit the potential for its use in heterostructures and more complex spintronic de-
vice architectures, it is necessary to understand how the remanent moment can be
manipulated. In particular, it is important to understand whether its polarity is
bound to the AFM state of the MnPS3 and thus can be initialized by it, or whether
it has an independent coercive field unrelated to the spin-flop field of MnPS;3. If it is
bound to the AFM state of MnPSg, it could serve as an indirect probe for nanoscale
investigations of the magnetic state of MnPS3, which is difficult to do directly due
to its compensated AFM order. Finally, since the moment can induce exchange bias
in the FGT/MnPS; heterostructure and does presumably not depend on the details
of the FGT interface, MnPS3 may be a suitable material to induce exchange bias in
other 2D magnetic systems.

In conclusion, the confirmed existence of an uncompensated moment in the 2D vdW
material MnPS3 by S-NVM raises many further questions about the fundamental
nature of the moment and opens the prospect of exploiting such a moment for further
integration into 2D vdW heterostructures.
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6. Conclusion

Two-dimensional magnetic systems represent an emerging research field for both fun-
damental studies and technological advancement [80]. The stacking of different 2D van
der Waals materials with atomically clean interfaces to form heterostructures offers
a rich landscape of physical phenomena, such as the proximity effect or the exchange
bias [23]. However, due to their atomically thin nature, they exhibit a weak magnetic
signal and a fragile magnetic state, posing significant challenges for characterization
techniques [24]. In this thesis, scanning NV magnetometry is shown to be a suitable
tool for the investigation of this class of materials. S-NVM is capable to shine light on
anomalies observed in macroscopic measurements, as demonstrated in the study of the
coexistence of different magnetic orders in MBE grown EuGesy and in the exploration
of the origin of the exchange bias in the MnPS3/FesGeTey heterostructure.

In the first part of this thesis, the applicability of S-NVM to the study of 2D mag-
netism is evaluated. The unique properties of the NV, including its all-optical spin
initialization and spin state readout, its long spin coherence, and the linear Zeeman
effect of the spin triplet, make it a suitable qubit for precise and calibration-free mea-
surements of the external magnetic field. Integration into an all-diamond AFM tip
facilitates the NV to be brought into close contact with a magnetic surface, allowing
the recording of the arising stray field with a resolution of tens of nanometers. While
the stray field does not uniquely define a 2D magnetization, it can be quantitatively
inferred under common experimental constraints. The sensitivity provided is sufficient
to detect even weak ferromagnetic order, while the spatial resolution permits the study
of various nanoscale phenomena. Although the photophysics of the NV restricts the
operating range of S-NVM in an intermediate temperature range (20 — 60 K), S-NVM
can probe 2D magnets over the entire relevant temperature range from a few kelvins
to above room temperature by applying an appropriate external magnetic field. A
major limitation for the exploration of the magnetic phase space is the fact that mag-
netometry is only possible in an external field parallel to the quantization axis of the
NV. This requires the use of multiple tips with different NV orientations to probe
2D magnetizations along their intrinsic symmetry axes. Although S-NVM operation
requires AFM contact, exposure of the sample to optical power and microwave radia-
tion, the perturbations induced by S-NVM operations are generally negligible, leaving
the magnetic state of the sample undisturbed, establishing S-NVM as a competitive
imaging technique for 2D magnetic systems.

As a first example, S-NVM is employed to study the single layer of the MBE grown
2D magnet EuGe,. Consistent with previous macroscopic characterizations, the av-
erage magnetization is reduced with respect to a fully saturated magnetic layer and
exhibits an additional paramagnetic response. EuGe; is described by an easy-plane
anisotropy with negligible uniaxial in-plane anisotropy, as inferred from the vanishing
coercive field. Therefore, EuGey is a potential candidate for an XY magnet. Ad-
ditionally, S-NVM reveals a complex, spatially fixed magnetic texture attributed to
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structural disorder. Both the macroscopic properties and the microscopic texture are
well described by a disordered model based on the general Arrott-Noakes equation
and a grain structure with an individual critical temperature for each grain. However,
the observed additional paramagnetic response is inconsistent with spatially coexist-
ing magnetic order, but consistent with an intrinsic property of each grain. This could
imply an internal structure of such a grain with a PM shell and an FM core below
the spatial resolution of S-NVM. Similar disorder is observed in the bilayer EuGe,,
suggesting that disorder is crucial for understanding the transition from the bulk
properties of EuGe, to the few-layer limit. Finally, the study concludes by exploring
the introduction of an anisotropy axis into the system through the lateral geometry
of the 2D magnet. No relevant shape anisotropy is induced with the created geome-
tries, and micromagnetic simulations suggest that structures on the scale of tens of
nanometers are required to induce a relevant anisotropy axis in the 2D magnet.

In a second example, the high sensitivity of S-NVM is exploited to elucidate
the origin of the exchange bias in the MnPS3/FGT heterostructure. Although the
magnetic order of MnPS3 does not provide pinning sites for the FM order of FGT,
anomalous Hall effect measurements reveal an exchange bias in FGT. Temperature
dependent SQUID magnetometry data on bulk MnPS3 show the appearance of a
weak magnetic moment below the Néel temperature, which correlates well with the
temperature dependence of the exchange bias. S-NVM confirms the presence of this
moment in the few-layer limit relevant to the heterostructure. The moment points
along the in-plane direction, and its strength and field dependence are consistent with
the moment being a bulk property. Notably, while the orientation of the moment is
rotated by the external field, its remanent moment remains unaffected by the field
conditions accessible in the setup. It remains an open question how to manipulate
this remanent moment. However, field cooling cycles of the heterostructure suggest
that the orientation of the moment may be linked to the AFM state of MnPSs.
Although the origin of the uncompensated moment itself remains unclear and
is subject of further experimental and theoretical work, it presents a plausible
mechanism for the observed exchange bias in the MnPS3/FGT heterostructure.

Overall, the two examples presented, along with other work on 2D magnetism using
S-NVM demonstrate its viability for exploring this exciting new class of materials.
This thesis concludes with a brief outlook on the future of S-NVM for the study of
2D magnetism: What aspects of S-NVM need to be addressed to make the technique
more viable for the study of 2D magnets? What open questions in the field of 2D
magnetism could be addressed in the future?

Several technical developments are of interest for exploring 2D magnetism
by S-NVM. General improvements in the technique in terms of sensitivity and spatial
resolution (see Section 2.5 for a discussion of the various viable approaches) will ben-
efit future studies of 2D magnets: While the current sensitivity is already sufficient
to detect the weak magnetic signal from single-layer materials, higher sensitivity will
speed up the imaging process. Improvements in spatial resolution could facilitate
the resolution of the internal structure of spin textures such as skyrmions, domains
or grains, although this will require the stabilization of near-surface NVs and novel
tip designs. Although the NV is most commonly used for magnetometry, its ground
state splitting is also sensitive to electric fields and temperature, allowing nanoscale
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imaging of these quantities as well [189, 190]. Multimodal sensing would allow the
correlation of the magnetic state with a local electric field or temperature, useful, for
example, in nanoscale studies of 2D multiferroics [191]. One of the major advantages
of S-NVM is the low impact of the method on the fragile magnetism of the sample.
However, the optical and microwave power can still perturb the magnetic state of
the sample. By exploiting the ground state level anticrossing, microwave-free magne-
tometry is feasible [192], and the required optical power can be significantly reduced
by resonant excitation [193]. Although such schemes have been demonstrated, fur-
ther development is required to apply them in relevant measurement scenarios. As
seen in Section 3.4.1, the photophysics severely limits the operating range of S-NVM.
Since the exact positions of the anticrossings depend on the strain and electric field
experienced by the NV, electronic gating of the NV could be used to move the anti-
crossings to a field and temperature range that is not relevant for a given measurement
scenario. Alternatively, other defects in diamond are suitable for single-spin magne-
tometry, such as the tin-vacancy [194] or the silicon-vacancy center [195], which can
circumvent some of the limitations of the NV.

One of the major advantages that S-NVM can offer in the field of 2D magnetism is
the ability to quantitatively image nanoscale magnetic phenomena [25]. For example,
the observation of domain formation and evolution in CrBrs has allowed to assign
this process to the presence of pinning sites and defects [103]. The study of domain
walls and their propagation in more pristine flakes could reveal further fundamental
information about the material, such as exchange and anisotropy constants, which
determine the micromagnetic behavior. The observation of a magnetic phase wall
and its propagation in bilayer CrSBr could be an interesting model system to study
the micromagnetic landscape [102].

2D magnets can also host non-trivial chiral spin textures that result from
the antisymmetric exchange Dzyaloshinskii-Moriya interaction, as reported in
CraGegTeg [105]. However, such DMIs can also be engineered in 2D vdW heterostruc-
tures, where a 2D magnet is stacked on a 2D material containing heavy elements that
induce strong spin-orbit coupling [106]. Heterostructures also allow the application of
a strong electric field that breaks the inversion symmetry in the 2D material, allowing
the existence of chiral spin textures [196, 197]. S-NVM could probe these textures
by directly imaging them and thus determine their size, internal structure, or local
distribution. Magnetic correlations arising in Moiré patterns also give rise to non-
trivial spin textures that are difficult to image directly [99, 198]. Although S-NVM
has already shown that it is possible to image a magnetic Moiré pattern in Crlg [27],
the typical low Moiré periodicity of just a few nanometers pushes S-NVM to its spa-
tial resolution limit. However, the great promise of such patterns in fundamental
physics [107], motivates further experiments with S-NVM.

An interesting topic in the field of 2D magnetism is the study of spin dynamics and
spin waves, because they allow the determination of important material parameters
such as exchange interaction, magnetic anisotropy, spin-orbit coupling, and govern
the dynamics of spintronic devices [137]. First experiments using the NV center have
been demonstrated to study the spin wave noise spectrum [199] and to directly image
their propagation through a magnetic film [19, 20]. However, direct imaging of spin
waves by NVs requires that their frequency spectrum overlaps with the electron spin
resonance of the NV. This is difficult to achieve in practice since typical spin wave
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frequencies are on the order of tens of gigahertz, but AFM 2D CrCls shows a spin
wave spectrum that could be probed by S-NVM [200]. Instead of directly imaging
spin waves, the NV is also susceptible to magnetic noise, e.g. by a reduction of its
longitudinal spin relaxation time [188]. This could be used to study the incoherent
magnetic noise arising from a thermal spin bath. It could even be used as an indirect
measure to study the proposed creation and annihilation of vortex-antivortex pairs
associated with the BKT transition in XY magnets [164, 165].

This thesis demonstrates that exploiting quantum theory to realize the unique mea-
surement technique of scanning nitrogen-vacancy magnetometry provides fascinating
insights into the emerging field of 2D magnetism. Although many technical challenges
remain to be overcome and require further experimental and theoretical afford, the
great promise of 2D magnets in both fundamental physics and technological develop-
ment will motivate and inspire future work of researchers. “The important thing is not
to stop questioning. Curiosity has its own reason for existence” (Albert Einstein').

LOld Man’s Advice to Youth: ’Never Lose a Holy Curiosity, LIFE Magazine, p. 64 (1955).
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A. Appendix

A.1. Experimental Setup

The scanning NV magnetometry setup used to acquire the data of this thesis, consists
of a commercial atomic force microscope system (AttoCube, ASC500) with a home-
built implementation of NV magnetometry embedded in two different commercial
cryostat solutions (AttoCube, attoLiquid1000 and attoDry2200).

For the experiments, NV tips are fabricated according to the recipe published else-
where [29, 64]. The NV is embedded in an all-diamond atomic force tip, which is
shaped into a parabolic reflector with a base diameter of 200-500 nm to facilitate op-
tical collection efficiency. For the high-field measurements discussed in Chapter 4, a
commercial tip with the NV axis oriented in-plane (QNami) is used.

For the excitation path, the emission of a 532nm laser (Laser Quantum GEM)
is controlled by an acousto-optic modulator and connected by optical fibers to a
home-built optical head. The laser beam is collimated by a 0.81 NA objective
(Attocube LT-APO) and subsequently focused onto the NV. A typical laser power
of 10-100 uW is applied. The resulting fluorescence is collected by the same objective
and separated by a dichroic mirror (Thorlabs DMLP567). The photons are detected
by an avalanche photodiode (Excelitas SPCM-AQRH-33) after passing an additional
long pass filter (Thorlabs FELH0600).

A microwave signal is used to drive the NV spin transition, which is generated
by a signal generator (SRS SG384), modulated and controlled by an 1Q modulator
(Polyphase Microwave AM0350A), amplified (Minicircuit ZHL-42W+) and transmit-
ted to a bond wire at approximately 50-200 pm distance from the tip (Fig. A.1 c).
Both the laser AOM and the microwave are controlled by an arbitrary waveform
generator (Spectrum instrumentation DN2.663-04).

For AFM operation, the NV tip is mounted on a quartz capillary and glued to a
commercial quartz tuning fork (Fig. A.1 b). The tuning fork is operated in shear
mode with amplitude feedback and is controlled by a commercial AFM driver (At-
tocube, ASC 500). A typical setpoint for amplitude modulation is 80 % of the free
amplitude out of contact. For such a setpoint, no damage of the sample is observed
after scanning. The tip and sample are positioned by piezo positioners and piezo
scanners (Attocube), providing a scan range of 15um x 15um at 4.3K (Fig. A.1 e).

To obtain the stray magnetic field image of the sample, the Zeeman splitting of the
NV at each pixel is determined using a pulsed optically detected magnetic resonance
measurement scheme. The NV is excited with a 500 s laser pulse to initialize the
spin to the mg = 0 state. A near-resonant microwave m-pulse is then applied to the
NV, and the resulting spin state is read out by a second laser pulse, which also acts as
a re-initialization pulse for the following cycle. A feedback protocol is used to track
the resonance frequency of the NV (as described in Section 2.4).
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The complete AFM setup is placed inside a sample chamber with a He
atmosphere (100 mbar at room temperature), which is placed in a cryo-
stat. Two commercial cryostats are used for the experiments: The lig-
uid bath cryostat (Attocube, attoLiquid1000) with a base temperature of 4.3K
and a 0.5T vector magnet (described in detail in [136]) and the closed-cycle
cryostat (Attocube, attoDry2200) with a variable temperature insert with a base tem-
perature of 1.8 K and a 1.0 T vector magnet.

compressor lines

MW lines
40 K stage — sample
condenser — heater
1— Piezo scanners
4 K stage
vector magnet — Piezo steppers

VTI

liquid He line

Figure A.1.: Images of the Experimental Setup. a The attoDry2200 sys-
tem installed in the laboratory, consisting of the cryostat and its control unit.
b The AFM head. An NV tip (as shown in Fig. 2.4 b) is attached to a commer-
cial tuning fork. The piezo-driven TF motion results in an electrical signal that is
used for AFM feedback. ¢ Sample chip: The sample is glued to a PCB that can
be contacted with RF lines. An antenna wire is bound close to the area of interest.
d Inside view of the cryostat: Compressor lines cool the vector magnet and various
thermal stages, while the 4 K stage is used to condense helium for the primary cycle
that provides cooling for the sample chamber. e Sample stack consisting of the sample
chip, a heating stage, and the various piezo scanners and steppers. A similar stack is
used to control the tip.

The attoDry2200 operates with two different helium cycles (Fig. A.1 a, d): In the
primary cycle, helium is compressed by an external compressor and then adiabatically
expanded through a heat exchanger, which provides the refrigeration power to cool
the vector magnet, a 4 K and a 40 K stage inside the cryostat. The temperature
limit is set by the liquidation temperature of helium. To achieve an even lower base
temperature, the helium circulates through the secondary cycle, which is thermally
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coupled to the 4 K stage at the condenser, where the Helium of the secondary cy-
cle is condensed. The liquid helium flows to the inlet of the variable temperature
insert (VTI) where it evaporates. The evaporation provides additional cooling power
to the VTI, which cools the sample chamber via exchange gas to a base temperature
of 1.8 K. The VTI itself contains an external heater that can be used to heat the
sample chamber from the base temperature to room temperature, allowing S-NVM
over the full temperature range compared to the attoLiquid system where only oper-
ation near the base temperature is possible. The sample temperature in both systems
is determined by a resistive thermocouple (Cernox) located below the sample and
connected to a resistive heater that provides limited additional temperature control
in the range of a few kelvin.
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A.2. Statistical Analysis of Stray Field Patterns

As discussed in Section 3.3.3, when the changes in magnetization are on the order of
the NV distance dnv, a direct reconstruction of the underlying pattern is impossible
due to the lack of recorded high spatial frequencies. Nevertheless, a statistical analysis
of the stray field pattern is possible. The technical details of such an analysis are
presented in the following.
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Figure A.2.: Characterization of the Stray Field Pattern. a Raw data of an
acquired stray field pattern with pixel size Az = Ay = 10nm. b Stray field pattern
after applying a Hanning filter to the data in a. The cut-off frequency is set to the
NV distance kcy, = 27/dny (here dyy = 63nm). ¢ Fourier image of the filtered stray
field map b. I' indicates the origin. d Probability distribution of the stray field values
shown in the map b. e Probability distribution of the Fourier components of the stray
field map extracted from c.

To study such patterns, nanoscale magnetic field images are recorded with high
spatial resolution (Fig. A.2 a). According to the Nyquist theorem, the sampling
frequency must exceed 2k.,; to record the detectable spatial frequencies k < keyt.
While kcut = 27/dny is set by the NV distance, a pixel size greater than Az = dnvy /2
is required. Here, a pixel size of Az = Ay = 10nm is chosen to comfortably fulfill
this criterion.

In a first step, the distribution of the magnetic field magnitudes and the contained
spatial frequencies are extracted. Due to the high sampling rate, the stray field im-
ages contain spatial frequencies to which the NV center is insensitive (k < 27 /dxv)
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and thus are artifacts of the experimental conditions. These frequencies are typically
rejected by cut-off filters for high frequencies [124]. Here, these frequencies are re-
moved by applying a Hanning filter with the cut-off frequency set by the NV-sample
distance dnv

W(k < 271'/de) =05- (1 + COS(k de/Q))

W(k > 271'/de) =0. (Al)

The filtered magnetic field image and its corresponding Fourier
image (Fig. A.2 b, c) are used to extract the probability densities for the magnetic
field magnitudes Byy and the corresponding spatial frequencies k,ky,ky in the
Fourier spectrum (Fig. A.2 d, e). These distributions P(z) are characterized by
their resulting k-th order moments

(z)* = /Oo (& — (@)")" P(x)da, (A.2)

where © € {Bwv,k, kx,ky}. These moments allow to compare the statistics of
different stochastic magnetic field patterns.

Nanoscale stray field patterns indicate local inhomogeneities in the magnetization.
In general, three different nanoscale mechanisms (Fig. A.3 a) can produce a stray
field pattern: a locally varying magnetization strength, magnetization orientation,
change of magnetic state, or any combination of these three. The distributions of
these inhomogeneities depend on their exact physical origin and can be quite differ-
ent. In the following, the distributions are restricted to a rather general and basic
stochastic model. Stochastic properties are drawn from a Gaussian distribution of the
magnetization strength characterized by its variance (M?2)'/2, orientation (¢?)'/2, or
a paramagnetic and ferromagnetic state is drawn from a binomial distribution char-
acterized by its FM ratio. The spatial pattern is generated by a Voronoi tessellation
with a characteristic tile size.

To gain an understanding of the stray field pattern resulting from different inhomo-
geneities, stray field simulations are performed where the characteristic parameters
are varied in an appropriate parameter range. Different tilings with different char-
acteristic tile sizes are created. Each tile is assigned a random magnetic property
and the corresponding stray field image of the magnetization pattern is calculated
using standard Fourier techniques (see Section 3.3.1 for details). For comparison, the
assumed NV parameters and the average magnetization are kept constant, as these
can typically be well determined in control experiments. The resulting stray field
patterns are characterized by their statistical moments according to Eq. (A.2).

The full parameter searches for the three different stochastic models are summa-
rized in Fig. A.2 ¢, d, e. As expected, the first moment of the spatial frequency
distribution (k) depends mainly on the tiling size of the Voronoi tessellation. Interest-
ingly, this moment is also insensitive to the choice of a particular model (Fig. A.3 b),
allowing to estimate the underlying geometric parameter without any assumptions
about the physical origin of the local magnetization variation. Thus, this estab-
lishes the corresponding tiling size for each experimentally observed stray field pat-
tern. Conversely, the stray field strength depends on the magnetic model and can
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Figure A.3.: Simulation of Different Stray Field Patterns. a Schematic of
different magnetic sources to produce a stochastic stray field pattern: A stray field
arise when the magnetization either varies in strength, orientation, or changes from
a non-magnetic to a ferromagnetic state. b Dependence of the first moment of the
spatial frequencies (k) for the different magnetic models. The characteristic spatial
frequency of a stochastic pattern is to a good approximation independent of the
underlying nanoscale source. ¢ Full parameter searches for a Gaussian distribution of
the magnetization strength characterized by its variance (M?)/2. d Full parameter
searches for a Gaussian distribution of the magnetization orientation characterized
by its variance (¢?)'/2. e Full parameter searches for a binomial distribution of a
non-magnetic and ferromagnetic state characterized by its FM ratio. All maps in c,
d, e have the mean magnetization (M) = 4 up/nm?.
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thus be used to distinguish between different nanoscale sources. For symmetry rea-
sons, the first moment of the field distribution (Bnv) is zero (absence of magnetic
monopoles, V - B = 0). However, the second moment (B%,)'/? is non-zero and in-
dicates the distribution of the magnetic properties. For tiling sizes larger than the
NV distance, <BI%IV>1/ 2 shows a linear dependence on tiling size and increases with
increasing (M?)*/? and (©?)'/? or decreasing FM ratios. For tiling sizes smaller than
the NV distance, the NV becomes less sensitive to the dominant spatial frequencies
and the dependence of (Bl%v)l/ 2 on tiling size is also affected by the spatial filter
function defined by dynv. In general, wider distributions are required to obtain a
similar strength in the field distribution, but (B%,,)'/? still shows a clear monotonic
dependence on the distribution of the magnetic properties in this range.

Consequently, the moments (B%,,)!/2 and (k) can be used to optimize the sim-
ulation of each model to match the empirical data as closely as possible. (k) is a
good approximation of the characteristic length scale and is therefore used to set the
tiling size of the Voronoi tessellation. The model parameters (M?)'/2 (©?)1/2 or the
FM ratio are fixed at a given tiling size according to the second moment of the field
distribution (BZy)'/2. This allows the observed moments of the field dependence of
any stray field data to be related to a well-defined parameter set of one of the three
nanoscale source models (see Fig. 3.3 for an example). If this parameter can be fixed
by control experiments, different nanoscale sources can be distinguished as shown in
Section 4.4. Thus, the stochastic analysis of the stray field pattern can provide valu-
able information about a physical system, although the spatial resolution of S-NVM
is not sufficient to fully reconstruct the underlying magnetization pattern.
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A.3. Data Tables

Table A.1.: Model Parameters for Single-Layer EuGe;. Extracted parameters
from fitting Eq. (3.3) and Eq. (4.2) to the measurements shown in Fig. 4.5. Uncer-
tainties are estimated from the covariance matrix. (7.) and (T2)'/? are obtained by
assuming a Gaussian distribution.

fit parameter

a 0.277(25) T#

b 5.2(13) T#

B 0.250(27)

v 2.78(42)

My 12.2(10)  pp/nm?
Mpum 37.3(92) pp/nm?
(T.) 3.29(17) K
(T2)1/? 0.84(37) K

Table A.2.: Fit Results from the Line Cuts on MnPSj3. Fit results obtained by
fitting the line cuts shown in Fig. 5.3 e to a magnetic edge (Eq. (3.5)), assuming the
three magnetization orientations parallel to the NV axis, parallel to the out-of-plane
direction, and parallel to the projection of the NV axis to the in-plane direction.

direction M dny  mean squared error
(4p/om?)  (um) (uT)

M || NV 2.26(6) 48(2) 7.06

M || z 1.50(14)  51(6) 15.02

M || xy 2.17(4) 44(2) 5.37
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A.3. Data Tables
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