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Abstract
The discovery of two-dimensional (2D) magnetic materials has generated significant
scientific interest due to their distinct properties from their bulk counterparts and
their ability to host exotic phases such as magnetic moiré patterns and novel spin
textures. Understanding 2D magnetism is essential for advancing technologies based
on these materials, which hold great promise for spintronics applications.
To study magnetism in low dimensions, highly sensitive sensors with nanoscale

spatial resolution and cryogenic compatibility are required, as most 2D magnets only
exhibit long range magnetic order at low temperatures. Previous approaches, like
electronic transport measurements and optical imaging, have limitations in terms of
o↵ering only indirect magnetization measurements and limited spatial resolution. To
address these challenges, we use an innovative quantum sensor based on the Nitrogen-
Vacancy (NV) center in diamond, which allows for quantitative magnetic imaging at
the nanoscale under cryogenic conditions. Scanning NV magnetometry, where an
NV center is positioned at the apex of a diamond tip, provides quantitative, high-
resolution (⇠ 50 nm) magnetic stray field maps of measurement probes.
In this thesis, we apply single-spin scanning NV magnetometry to investigate 2D

magnets. We examine the chromium-trihalides (CrX3, X = {I, Br, Cl}) and present
the first quantitative, nanomagnetic imaging of antiferromagnetic (AFM) interlayer
coupling in few-layer CrI3. Furthermore, we showcase our e↵orts towards imaging
magnetic moiré patterns in CrX3 and conclude that magnetic and structural disorder
in the fragile CrX3 compounds currently pose challenges for observing distinct, long
range (> µms length scale) periodic moiré patterns.
Furthermore, we explore the nanomagnetic properties of CrSBr, a newly discov-

ered 2D magnet with promising magnetic stability, down to individual monolayers.
Our results reveal insights into the ferromagnetic (FM) intralayer and AFM inter-
layer magnetic coupling, phase transitions, and anisotropies in few-layer CrSBr. Our
studies demonstrate homogeneous magnetization and stable magnetic order down to
monolayers below the critical temperature of CrSBr. We find that the AFM-FM
spin-flip transition in bilayer CrSBr is driven by the nucleation and propagation of
a phase wall, rather than a continuous rotation of the magnetic moments. Near the
critical temperature of CrSBr, we observe reduced anisotropy in few-layer flakes, and
we image magnetic inhomogeneities in odd-layer flakes, indicating local disorder in
intralayer exchange couplings, potentially masking present 2D-XY behavior. Our
findings show that the 2D magnet CrSBr emerges as a promising platform to study
magnetic spin textures in 2D. With it, we control and image the initialization of AFM
domain walls in bilayer CrSBr. We characterize the spin configuration within the do-
main wall core and gain insight into the underlying spin arrangement of few-layer
CrSBr. This is one of the first observations of AFM domain walls in atomically thin
vdW materials, which is a field that remains largely unexplored to date and is key
for advancing vdW based applications for spintronic devices.
Our results on quantitative, nanoscale magnetic imaging of 2D magnets pave the

way for engineering advanced materials and technological developments based on 2D
systems.
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List of symbols and abbreviations

NV center

✓NV Polar angle of NV axis
�NV Azimuthal angle of NV axis
dNV Distance between NV and source

Ŝ, Ŝx, Ŝy, Ŝz Spin operator and components
S Spin vector
BNV / Bext Magnetic field (along NV axis)
B? Magnetic field (perpendicular to NV axis)
D0 Zero-field splitting

Material Properties

B Magnetic flux density (Magnetic field)
H Magnetic flux intensity
m Magnetic moment
M Magnetization
� Susceptibility

K Anisotropy constant (micromagnetics)
J Exchange parameter (lattice)
a,b,c Crystal axes

Constants

ge = 2.0028 Electronic g-factor
�NV = 28.0MHz/mT Gyromagnetic ratio of NV spin
h = 6.626 · 10�34 m2 kg/s Planck’s constant
~ = 1.055 · 10�34 m2 kg/s Reduced Planck’s constant
kB = 1.381 · 10�23 J/K Boltzmann constant
µB = 9.274 · 10�24 J/T Bohr magneton
µ0 = 4⇡ · 10�7 N/A2 Vacuum permeability



f List of symbols and abbreviations

Abbreviations

2D two-dimensional
AFM Antiferromagnet(ic)

atomic force microscope
BKT Berezinskii-Kosterlitz-Thouless
CrX3 chromium-trihalides
CW Continuous wave
DMI Dzyaloshinskii-Moria interaction
DW Domain wall
FM Ferromagnet(ic)
hBN hexagonal boron nitride
MCD Magnetic Circular Dichroism
MFM Magnetic force microscopy
MOKE Magneto-Optical Kerr E↵ect
MW Microwave
NA Numerical aperture
NV Nitrogen Vacancy
NV� Negatively charged NV center
NV0 Neutral NV center
ODMR Optically detected magnetic resonance
PL Photoluminescence
SQUID Superconducting quantum interference device
vdW van der Waals
ZFS Zero field splitting
ZPL Zero-phonon line
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1. Introduction

Magnetism is a manifestation of one of the fundamental forces in physics and is
crucial to numerous everyday technologies. From the swipe on our smartphones to the
storage of information, magnetic materials play an integral role. Traditionally, these
technologies have relied on bulk, three-dimensional magnetic materials, extensively
studied over the years. For some time it was believed that long range magnetic
order could only stabilize in three dimensions and that two-dimensional magnetism
could not exist, since spin-waves, collective excitations of magnetic moments, would
destroy any long-range order in 2D lattices with continuous symmetry [1]. However,
by breaking continuous symmetry in 2D crystals, the spin-waves only exist at a finite
energy, and thus magnetic order can form and persist down to two-dimensions.
A recent, groundbreaking development in modern condensed matter physics has

emerged as a unique platform to investigate 2D magnetism: the discovery of two-
dimensional (2D) van der Waals (vdW) materials. These materials exhibit distinct
properties from their bulk counterparts and host novel magnetic phases and phenom-
ena, such as magnetic moiré patterns and spin textures, which can be challenging
to realize in bulk systems [2]. The clean interfaces of 2D materials allows for com-
bining and twisting di↵erent materials into heterostructures with atomically smooth
boundaries, which o↵ers countless possibilities of engineering novel material proper-
ties. Studying 2D magnets has the potential to lead to breakthroughs in fundamental
physics and enables the development of advanced technologies, including low-power
spintronic devices and quantum computing components [2, 3].
The field of vdW materials emerged with the discovery of graphene, a single layer

of carbon atoms exfoliated from graphite 20 years ago [4, 5]. These vdW mate-
rials are composed of individual 2D sheets of bound atoms held together by weak
vdW forces, allowing for separation down to single atomic layers and the combina-
tion into new materials with novel properties. Since the discovery of graphene, the
field has rapidly expanded, revealing a diverse ”zoo”1 of 2D materials with various
properties. However, a key member of this family - 2D magnets - was missing until
their recent experimental discovery in 2017 [6, 7]. The identification of 2D mag-
nets has opened new avenues for exploring magnetism in two dimensions, providing
a unique platform for investigating numerous physical phenomena in 2D, such as do-
main wall formation [8, 9], magnetic moiré structures [10–12], and spin arrangements
like skyrmions [13].
To study magnetism of atomically thin 2D magnets, sensitive magnetic probes are

required, which can resolve the underlying physical phenomena on the nanoscale under
cryogenic conditions, as most of the 2D magnets only exhibit magnetic order at low
temperatures. The first studies on 2D magnets mostly relaid on electronic transport,
which lacks spatial resolution and cannot directly image magnetic order, or on optical

1Pay a visit to the zoo in Appendix A.5!



2 Introduction

probes, which su↵er from a limited spatial resolution [6, 7]. A novel approach to
studying 2D magnetic materials involves using a versatile quantum sensor based on
an atomic defect in diamond - scanning Nitrogen-Vacancy (NV) magnetometry. The
high sensitivity of this quantum sensor allows for detailed insight into the yet to be
explored magnetism of 2D materials, which is key for advancing fundamental research
on these newly discovered materials.
Scanning NV magnetometry is a powerful technique for high-resolution magnetic

imaging of 2D materials, including vdW magnets, even under cryogenic condi-
tions [14]. This method utilizes the NV center spin in diamond as a sensitive magnetic
quantum sensor, which can be precisely controlled and read out using optical and mi-
crowave techniques [15]. In scanning NV magnetometry, a diamond tip with a single
NV center at its apex is brought close to the sample surface. By scanning the dia-
mond tip across the sample and measuring the shift of the electron spin resonance
frequency of the NV center, a high-resolution magnetic stray field map is generated.
The non-invasive, versatile nature of this technique, combined with high spatial res-
olution (< 50 nm [16]) and magnetic field sensitivity on the order of µT/

p
Hz [17],

makes scanning NV magnetometry an excellent tool for probing magnetic properties
and phenomena in 2D magnets.
In this thesis, we demonstrate the capability of scanning NV magnetometry to im-

age various magnetic phases in 2D magnets. We first focus on the chromium-trihalide
family, CrX3 (X = {I, Br, Cl}), and present the first quantitative, nanomagnetic
imaging of antiferromagnetic interlayer coupling in few-layer CrI3, one of the earliest
discovered 2D magnets. Magnetic exchange in CrI3 is coupled to the structural order
in the lattice [14, 18]. This e↵ect can be exploited to create magnetic moiré patterns.
Magnetic moirés form an interesting platform to study exotic magnetic phases such
as skyrmions [19, 20], noncollinear spin textures [10], and moiré magnons [10] . We
detail our e↵orts towards imaging moiré patterns in CrX3 and discuss the current
limitations due to magnetic and structural disorder. In order to make 2D magnets
application-ready, it is thus crucial to discover and study more robust 2D magnetic
vdW systems.
In light of the discovery of a novel class of more robust 2D magnets, we study

nanomagnetism in CrSBr, a 2D magnet with promising air-stability. Our studies
provide insights into the magnetic order, phase transitions, and anisotropies in this
system. We observe a remarkably homogeneous magnetization in CrSBr (within our
spatial resolution of ⇠ 50 nm), and ambient stability of the magnetic order down to
individual monolayers. Furthermore, we explore the AFM-FM spin-flip transition in
bilayer CrSBr and find it to be driven by the nucleation and propagation of a phase
wall, rather than a continuous rotation of the layer magnetization. We also examine
the evolution of magnetization near the critical temperature TN of CrSBr, directly
evidencing the reduction of anisotropy as TN is approached. Near TN, we detect the
onset of magnetic inhomogeneities in odd-layer flakes, attributed to local disorder in
intralayer exchange couplings that obscure a possible 2D-XY behavior of CrSBr in
this intermediate temperature regime.
By studying spin textures in few-layer CrSBr, we uncover the presence of AFM

domain walls in bilayer CrSBr. While AFM domains are highly relevant for spintronics
applications due to their reduced susceptibility to magnetic perturbations, they have
primarily been observed in thin films or thick vdWs materials [21–24]. The observation



of AFM domain walls in atomically thin vdW materials remains largely unexplored.
Here, we demonstrate the initialization of AFM domain walls in bilayer CrSBr for the
first time. Combining our measurements with micromagnetic simulations, we evaluate
possible configurations of spins within the domain wall core. Our findings suggest
that the domain wall consists of an AFM core, where spins in the two CrSBr layers
couple antiferromagnetically, but their rotation center is slightly shifted, resulting in
a measurable stray field. We further identify a signature of the creation of an AFM
domain wall in the observation of an FM cusp shaped region which forms in the FM-
to-AFM spin-flip transition. These experiments provide valuable insights into the
spin configuration of individual CrSBr layers and domain wall configurations, paving
the way for developing spintronics applications based on vdW structures.

Structure of this thesis

This thesis has the following structure: Chapter 2 introduces vdW materials, with a
focus on 2D magnets. We give a short overview of various magnetic imaging tech-
niques used for studying 2D magnets and emphasize the advantages of single-spin
magnetometry based on NV centers in diamond. We explain the basic principles and
capabilities of magnetic field sensing using scanning NV magnetometry, demonstrat-
ing its e↵ectiveness by imaging magnetism in the chromium-trihalides, CrX3 (X = {I,
Br, Cl}).
Chapter 3 describes the experimental methods for obtaining 2D magnetic samples

and for setting up a scanning NV magnetometry system at cryogenic temperatures.
For the sample fabrication, we discuss mechanical exfoliation and polymer-free stack-
ing techniques for building vdW heterostructures. For the cryogenic scanning setup,
we detail the components of the NV diamond sensor and summarize the key parts of
the scanning probe cryostat.
Chapter 4 presents our results on imaging nanomagnetism in the novel 2D mag-

net CrSBr. Our studies provide a quantitative, nanoscale analysis of magnetization
strength and anisotropy in few-layer CrSBr samples, addressing two key magnetic
phase transitions through direct magnetic imaging using single-spin magnetometry.
Chapter 5 demonstrates one of the first successful initialization and detection of

AFM domain walls in atomically thin vdW magnets. By combining our experimental
findings with micromagnetic simulations, we extract information on the spin arrange-
ment within the domain wall core and gain insight into the spin configuration of
individual CrSBr layers.
The thesis concludes with a summary and an outlook in chapter 6, on future ad-

vancements in the field of scanning probe techniques for imaging magnetic phenomena
at the nanoscale.
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2. Scanning Nitrogen-Vacancy
Magnetometry of 2D Magnets

2.1. Van der Waals materials

Since the discovery of graphene, a single layer of carbon atoms isolated from
graphite [4, 25] (Nobel Prize in Physics, 2010), the field of two-dimensional (2D)
van der Waals (vdW) materials has rapidly expanded, attracting significant scientific
interest. These materials consist of 2D sheets of bound atoms held together by weak
vdW forces, allowing them to be peeled apart down to monolayers. In the last decade,
the existence of a wide range of vdW materials has been predicted and studied, in-
cluding insulators, metals, semiconductors, superconductors, topological materials,
and magnets [26, 27].
The motivation for studying 2D materials lies in their distinct and often enhanced

physical properties compared to their bulk counterparts. As vdW materials are
thinned to the 2D limit, they exhibit for example changes in the band structure [28] or
crystal stacking order [14, 18], which opens a playground for discovering new physical
phenomena and phases.
One major advantage of vdW materials is the ability to combine di↵erent 2D sheets

into new materials with atomically smooth interfaces. These individual sheets can be
readily exfoliated from bulk crystals using adhesive tape (see section 3.1 for details)
and then combined into so called vdW heterostructures, where di↵erent 2D materi-
als are stacked on top of each other. Additionally, vdW materials can be handled
independently of substrates due their weak interaction with surfaces. They can, for
example, be conveniently placed on pre-patterned electrical contacts, suspended, or
placed on specific substrates, such as diamond surfaces [29, 30], for sensing applica-
tions. Moreover, the twist degree of freedom in combining 2D materials introduces
new phases, as demonstrated by the emergence of superconductivity in magic-angle
twisted bilayer graphene [31]. Such moiré physics has already led to many intriguing
discoveries in condensed matter physics [32–34]. Overall, vdW materials provide an
excellent platform for discovering novel magnetic phases in two dimensions.

2.2. Van der Waals magnets

In the first decade following the discovery of vdW materials, 2D magnets were notably
absent. It was only in 2017 that long-range magnetic order in monolayer 2D magnets
CrI3 [6] and Cr2Ge2Te6 [7] was demonstrated. The introduction of 2D magnets into
the family of vdW materials has generated great interest, as - from a fundamental re-
search perspective - 2D magnets open new avenues for investigating phase transitions
and novel magnetic phases in two dimensions [3], such as domain wall formation [8, 9],
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magnetic moiré structures [10–12], and spin arrangements like skyrmions [13]. This is
particularly important because reduced dimensionality can significantly alter the mag-
netic behavior of materials, revealing new physical phenomena that are not present
or are di�cult to observe in three-dimensional systems [2].
Furthermore, integrating 2D magnets into vdW heterostructures allows for the

study of magnetic exchange interactions at interfaces, providing insights into inter-
layer coupling [6, 14], spin transfer and proximity e↵ects [35, 36]. Combing 2D mag-
nets into heterostructures also opens up the potential for tuning magnetic properties
through external fields [37] or strain [38]. These findings can lead to the develop-
ment of novel, vdW materials based devices. From an application-driven viewpoint,
2D magnets therefore hold great potential as building blocks for high-e�ciency, low-
power spintronic devices, such as magnetic components for quantum computing, and
other advanced technologies [2, 3].
In the following sections, we will discuss the origin of magnetic order in vdW ma-

terials and present an overview of di↵erent magnetic phenomena, which can occur
in 2D magnets, such as exotic spin textures or engineered moiré structures. Study-
ing magnetism in vdW materials poses challenges due to the need for measurement
techniques sensitive enough to detect magnetic moments of individual atomic lay-
ers. In section 2.2.3, we will summarize common imaging methods for studying 2D
magnets. We will highlight the advantages of single-spin magnetometry based on
Nitrogen-Vacancy (NV) centers in diamond for studying vdW magnets and discuss
the fundamentals of this imaging technique in section 2.3. Finally, in section 2.4, we
will demonstrate how scanning NV magnetometry can be applied to study magnetism
in chromium-trihalides, one of the first discovered families of 2D magnets.

2.2.1. Magnetism in 2D

Magnetic order in 2D systems can be theoretically described by several models, which
depend on the degree of freedom of the spins/ magnetic moments [39].
The most general case is the isotropic Heisenberg model, where spins can orient in

any direction with the crystal lattice, see Fig 2.1a. The corresponding Hamiltonian
(only considering nearest neighbor interactions) is given by:

HHeisenberg = �

X

i<j

J
⇣
Ŝx

i
Ŝx

j
+ Ŝy

i
Ŝy

j
+ Ŝz

i
Ŝz

j

⌘
, (2.1)

where J is the nearest neighbor exchange coupling and Ŝx,y,z are the spin operators
at the i and j sites. By definition, a material is ferromagnetic (FM) for J > 0 and
antiferromagnetic (AFM) for J < 0. According to the Mermin Wagner theorem [1],
no long range magnetic order can exist in such an isotropic spin system in 2D. This
is because gapless excitations, i.e. thermally excited spin-waves (whose quanta are
denoted as magnons), will prevent any long range order in such systems. However,
by introducing anisotropy in the system and hence opening a gap in the magnon
spectrum, magnetic order can be restored in 2D at nonzero temperatures, up to the
Curie temperature. Anisotropy can be introduced for example by magnetocrystalline
anisotropy, i.e. the interaction between the magnetic ion and its surrounding crys-
talline field.
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Heisenberg model 2D-XY model Ising model

a b c

Figure 2.1.: Magnetic spin ordering models. a In the Heisenberg model, the
magnetic moment can freely rotate within a three-dimensional sphere with out any
energy penalty. b In the 2D-XY model, the magnetic spins can freely rotate within
a plane, i.e. the xy-plane. c In the anisotropic Ising model, the spins are locked to
align along one axis, here depicted for the z-axis.

Reducing the magnetic moment’s degree of freedom to a two-dimensional plane,
results in the 2D-XY model, which is described by the Hamiltonian:

HXY = �

X

i<j

Jxy
⇣
Ŝx

i
Ŝx

j
+ Ŝy

i
Ŝy

j

⌘
. (2.2)

In the 2D-XY model, the spins can point into any direction within, for example,
the xy-plane, see Fig. 2.1b, without any energy penalty. As a result, only ”quasi”
long range magnetic order can be observed in such systems at finite temperature, by
introducing an easy-plane magnetic anisotropy. The corresponding phase transition
is termed Berezinskii–Kosterlitz–Thouless (BKT) transition and can allow for the
formation of spin vortex and anti-vortex pairs.
Restricting the magnetic spin’s degree of freedom further, results in the Ising model:

HIsing = �

X

i<j

JzŜ
z

i
Ŝz

j
. (2.3)

In this model, each spin is restricted to point along an anisotropy defined axis, i.e.
the spin can point up or down for an Ising model with uniaxial anisotropy along the
z-axis, as illustrated in Fig. 2.1c. In the Ising model, long range magnetic order can
be established, because finite energy is required to tilt the spins o↵ axis, which would
destroy their magnetic alignment.
The first realization of 2D vdW magnets was achieved in 2017, where researches

have demonstrated long range magnetic order down to monolayer flakes in CrI3 [6]
and in Cr2Ge2Te6 [7] using optical imaging via the Kerr e↵ect. Together with Raman
spectroscopy on FePS3 [40], these discoveries started the field of 2D magnetism based
on vdW materials. While these materials are all Ising-types of 2D magnets with easy-
axis anisotropy, in the following years more and more 2D magnetic materials have
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been discovered and explored [2, 3, 41, 42], covering also di↵erent spin Hamiltonian
classes, such as CrCl3 for example, which, in the monolayer limit, is a candidate for
the 2D-XY model [43].

2.2.2. Spin textures in 2D magnets

In recent years, significant e↵orts have been dedicated to studying the magnetic
ground states and excitations in 2D magnets. Understanding the formation of
(non-)collinear spin textures, the excitation of spin waves, and the coupling between
lattice, charge, and magnetic moments in vdW magnets is crucial [39]. This knowl-
edge will ultimately enable control over magnetic order, advancing 2D magnets toward
application-ready technologies.

One important aspect of studying 2D magnets is gaining insight into phase tran-
sitions and domain formation, where the domain walls, i.e. the boundaries between
di↵erent magnetic domains, exhibit unique properties and dynamics. Investigating
domain walls in 2D magnets can reveal fundamental mechanisms of magnetism. For
example, the spin-rotation within a domain wall (Bloch wall versus Néel wall) and
the domain wall width can provide important information on exchange interactions
and anisotropy within the material [44]. The domain wall width �DW, for example,
depends on magnetic exchange J and anisotropy K: �DW =

p
J/K. Studying the

evolution of domains [8, 9, 29] in 2D magnets is crucial, i.e. for the development of
new magnetic storage technologies based on vdW magnets.

Furthermore, 2D magnets allow for the exploration of magnetic moiré structures,
which arise when two layered materials with slightly mismatched lattices are stacked,
creating a moiré pattern [10]. In moiré structures formed by twisting vdW materials
with intrinsic magnetism, stacking order-dependent lattice configurations [14, 45, 46]
can lead to a modulation of AFM and FM lattice sites when twisting two adjacent
layers, resulting in a magnetic moiré pattern. Theoretical calculations predict various
novel phases in magnetic moiré structures, including skyrmions [19, 20], noncollinear
spin textures [10] and moiré magnons [47]. Recent experimental works on twisted CrI3
have demonstrated coexisting layered AFM and FM phases [11, 48] and non-collinear
spin textures [49]. This emerging field of magnetic moiré physics holds promise for
discovering many novel phases and physical phenomena.

In the context of magnetic spin textures, 2D magnets provide a platform for study-
ing exotic spin arrangements like skyrmions, which are topologically protected spin
textures. Skyrmions and chiral spin textures can be stabilized by antisymmetric ex-
change interactions, such as the Dzyaloshinskii-Moriya interaction (DMI). Although
few 2D magnets with intrinsic DMI have been discovered (NiI2 has shown spiral mag-
netic order and associated DMI [50]), the thin nature of vdW materials allows DMI to
be induced by proximity, as demonstrated in WTe2/Fe3GeTe2 heterostructures where
skyrmions have been observed [13].

To expand our understanding of the magnetic order in various spin arrangements
and textures in 2D magnets, it is crucial to study them with appropriate measure-
ment techniques. In the next section, we will highlight some common imaging and
microscopy techniques for studying 2D magnets.
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2.2.3. Methods for imaging 2D magnets

Experimental probes adapted to sense signals in small, micron-sized 2D magnetic
samples are essential for investigating magnetism in van der Waals (vdW) materials.
While magneto-transport measurements provide valuable information on electronic
properties and magnetic transitions, for example by tunneling magneto resistance [51–
53], they lack spatial resolution and cannot directly visualize magnetic domains or
local variations in magnetization. Thus, imaging techniques are crucial for a com-
prehensive understanding of 2D magnets. There are two main types of imaging mi-
croscopy techniques for studying 2D magnets: Optical imaging techniques, which are
fast and robust but have di↵raction-limited spatial resolution. And scanning probe
microscopy techniques, which are usually more complex regarding their experimental
realization, but o↵er spatial resolutions from tens of nm down to individual atoms.

Common optical imaging techniques include the Magneto-Optical Kerr E↵ect
(MOKE), which detects changes in polarization due to magnetization, and Magnetic
Circular Dichroism (MCD), which measures di↵erential absorption and the phase
di↵erence of circularly polarized light. These techniques have been used to unravel
antiferromagnetic order in few-layer CrI3 [6], detect the FM onset of magnetization in
Fe3GeTe2 [54] or study optical control of AFM order in MnBi2Te4 [55]. MOKE and
MCD have also been used to study 2D magnetic moiré superlattices, for example in
CrI3, to demonstrate the coexistance of FM and AFM states [48] and non-collinear
spin textures [49]. Another optical imaging technique includes exciton-based imaging,
which probes the interplay between excitons and magnetic order and has been applied
for example to study magnetic order in CrSBr [56, 57]. While these techniques provide
insight into the fundamental magnetism of 2D magnets, they are mostly qualitative
and limited by di↵raction, providing a spatial resolution of a few hundreds of nm, and
are thus not able to spatially resolve features of magnetic moirés or domain walls.

A quantitative, optical microscopy technique for direct magnetic imaging is wide-
field Nitrogen-Vacancy (NV) magnetometry, where an ensemble of NV centers within
a thin diamond membrane sense the stray fields from magnetic probes placed on the
diamond surface. This technique has been used to study various 2D magnets , in-
cluding for example VI3 [29], MnBi2Te4 [58], twisted CrI3 [12] and CrSBr [30]. While
widefield magnetometry can operate in a wide temperature range, it is limited to
spatial resolutions of a couple hundreds of nm (di↵raction limit) and is thus not able
to directly resolve spin structures smaller than 100 nm.

Scanning probe techniques, on the other hand, o↵er higher spatial resolution. Spin-
Polarized Scanning Tunneling Microscopy (SP-STM), for example achieves atomic-
scale resolution and has been used to investigate stacking order dependent magnetism
in CrBr3 [59]. This technique, however, is limited to operation with conductive sub-
strates and extracting quantitative information on the magnetism is di�cult, since
SP-STM mostly measures qualitative contrast between regions of di↵erent magneti-
zation and decoupling interactions from the tip with the sample can be complicated.
Another scanning probe technique is Magnetic Force Microscopy (MFM), which is
based on measuring the interactions between a sharp, magnetic scanning tip and a
substrate. This technique has been employed to image magnetism in thick CrI3 [60]
and VSe2 [61] and thin CrSBr [62]. While MFM operates in a large temperature
range, from cryogenic environments to room temperature and provides < 100 nm
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spatial resolution [62], it is an invasive microscopy technique, as the magnetic tip
can influence/perturb the magnetism of the measured sample. Furthermore, it is
an indirect measurement of the stray field and it is di�cult to extract quantitative
magnetization information from MFM.
One of the most sensitive magnetometry probes are scanning SQUIDs (Supercon-

ducting Quantum Interference Device) [63], which have been used to image, for exam-
ple, orbital magnetism in twisted bilayer graphene (SQUID on tip) [64] and magnetic
textures in few-layer Cr2Ge2Te6 (SQUID on lever) [65]. However, the SQUID sen-
sitivity scales with the SQUID pick up loop size and therefore compromises spatial
resolution. For small pick up loops of scanning SQUID on tips [66] or SQUID on
cantilevers [67], spatial resolutions in the order of 50�100 nm can be achieved. Since
SQUIDS have to operate in the superconducting regime, they are limited to cryogenic
applications.
Scanning NV magnetometry, in contrast, combines high spatial resolution

(< 50 nm) with non-invasive measurement capabilities in a variable temperature
regime, making it a versatile tool to study 2D magnets. In the following sections
we discuss the fundamentals of scanning NV magnetometry.

2.3. Scanning Nitrogen-Vacancy magnetometry

Scanning NV magnetometry is a powerful technique for detailed nanoscale mag-
netic imaging of 2D materials, including vdW magnets, even under cryogenic con-
ditions [14]. This method utilizes the NV center spin in diamond as a sensitive,
magnetic quantum sensor. NV centers are highly responsive to magnetic fields and
can be precisely controlled and read out using optical and microwave (MW) tech-
niques [15]. In scanning NV magnetometry, a diamond tip with a single NV center at
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Figure 2.2.: Illustration of a scanning NV magnetometer measuring the

stray field of a 2D magnet. Schematic of an all diamond scanning probe, hosting a
Nitrogen-Vacancy (NV) center at the apex of the tip for magnetic stray field imaging.
The NV center can be optically excited (green laser light) and read out. Due to the
NV’s spin dependent fluorescence the magnetic stray field of a sample (denoted with
B, black arrows) can be measured. Illustration adapted from [9].
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its apex is brought close to the sample surface, as illustrated in Fig. 2.2. Green laser
light excites the NV center, and the resulting red fluorescence is detected. By scan-
ning the diamond tip across the sample and measuring shifts in the NV center’s spin
resonance, a high-resolution magnetic stray field map is generated. The technique’s
non-invasive nature, combined with high spatial resolution (< 50 nm [16]) and mag-
netic field sensitivity on the order of µT/

p
Hz [17], makes scanning NV magnetometry

an excellent tool for probing magnetic properties and phenomena in 2D magnets.
In the following sections we will first describe the nature of NV centers in diamond

and their ability to sense magnetic field, section 2.3.1. Afterwards, in section 2.3.2,
we discuss the measurement techniques and schemes, which were used to record the
magnetic stray field maps presented in this thesis.

2.3.1. Magnetic field sensing with Nitrogen-Vacancy centers

As stated above, the Nitrogen-Vacancy (NV) center in diamond is a paramagnetic
defect whose spin can be optically prepared and read out, enabling the detection
of local magnetic fields [68, 69]. This solid-state spin system is highly suitable for
high-precision quantum sensing due to its non-perturbative nature [70, 71].
Formation and Structure: An NV center is formed when two carbon atoms

in the diamond lattice are replaced by a nitrogen atom and an adjacent vacancy,
as illustrated in Fig.2.3a. In magnetometry, the negatively charged NV� center is
studied. This configuration includes six electrons: five electrons from the dangling
bonds of three carbon atoms and the nitrogen-vacancy pair and one additional, sixth
electron captured from the lattice [72]. For simplicity, we refer to NV� as the NV
center in this thesis.
Electronic and Spin Properties: The NV center’s localized electronic states

feature a ground state spin S = 1, which can be initialized and read out via optical
transitions. Both the ground state (GS) and excited state (ES) of the NV center
have three spin sub-levels: ms=0 and ms=±1, as depicted in the NV level scheme in
Fig. 2.3b. The zero-field splitting of the GS (ES) is 2.87GHz (1.42GHz) [15], which
results from spin-spin interactions.
Optical Excitation and Fluorescence: The NV spin can be optically excited

with 532 nm laser light into the ES, which has a lifetime of about ⇠ 13 ns [72].
Spin-preserving decays to the GS occur through the emission of a 637 nm photon
in the zero-phonon line (ZPL) or through the emission of phonons and photons in the
phonon-sideband (PSB) extending from ⇠ 650 nm to ⇠ 750 nm. The majority of the
NV luminescence is measured in the PSB and only ⇠ 3% of the emission is detected
in the ZPL [73, 74]. For NV magnetometry the photons from the full NV emission
spectra are collected, in contrast to quantum entanglement applications, which rely
on indistinguishable photons from the ZPL. The non-spin-conserving decay channels
are crucial for the NV spin state’s readout and initialization. These decays pri-
marily occur from the ES ms=±1 states via metastable singlet states with longer
lifetimes than the triplet ES (142 ns at 450K, 462 ns at 4.4K [75]). These pathways
are mostly non-radiative, leading to spin-dependent fluorescence. The ms=±1 states
couple more strongly into the dark, long-lived metastable states, inhibiting immedi-
ate re-excitation. Since the non-radiative decays are not spin-conserving and mainly
occur from the ES ms=±1 states, optical pumping into the ms=0 GS is possible.
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Figure 2.3.: Quantum sensor based on Nitrogen-Vacancy (NV) centers in

diamond. a Illustration of an NV center in diamond, consisting of a Nitrogen atom
(blue) and a Vacancy (black) within the carbon (gray) lattice of diamond. b Level
diagram of the NV’s ground state and excited state. The spin states split in the pres-
ence of an external magnetic field (depicted for the GS), which allows for optically
detected magnetic resonance, c, where the NV photoluminescence (PL) is recorded
while applying a microwave (MW) field. A reduced NV PL is measured (dips in
ODMR trace) whenever the MW is on resonance with one of the NV GS spin transi-
tions, therefore the splitting of the ODMR peaks is proportional to the local magnetic
field BNV projected along the NV-axis.

By illuminating the NV center with 532 nm laser light the system can thereby be
initialized into the ms=0 GS with an 80% yield [75].

Magnetic Field Sensing: A magnetic field along the NV axis (from the nitrogen
to the vacancy) shifts the NV spin sub-levels due to the Zeeman e↵ect [15]. By driving
the spin transition between the GS ms=0 and ms=±1 levels with MW at frequencies,
the magnetic field projection along the NV can be measured via optically detected
magnetic resonance (ODMR), shown in Fig. 2.3c: Illuminating the NV center with
above-resonance laser light and recording the photoluminescence while varying the
MW frequency allows for the detection of the local magnetic field. When the MW
frequency matches a spin transition from GS ms=0 to ms=±1 (denoted as frequency
f1,2 in Fig. 2.3), the system populates the ms=±1 states. Via laser illumination, the
system is then excited into the ES ms=±1 states, from where relaxation back to the
GS via non-radiative pathways occurs, resulting in a reduced NV fluorescence. These
”dips” in photoluminescence in an ODMR measurement occur each time the MW
frequency is on resonance with the NV spin transition. The splitting �f of the two
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ODMR dips is proportional1 to the local magnetic field projected onto the NV axis
BNV [15]:

�f = 2gµB ·BNV, (2.4)

with gµB=�NV =28MHzmT�1 being the gyromagnetic ratio. By measuring the split-
ting of the ODMR dips, i.e. �f, we therefore directly determine the local magnetic
field along the NV symmetry axis. For more details on the NV’s response to magnetic
fields, see Appendix A.1.
The NV center is a sensitive magnetic field sensor. We can determine the NV

sensitivity as follows [15, 76]:

⌘ ⇡
1

�NV

�⌫

C
p
I0
, (2.5)

where C is the optical contrast, I0 is the NV fluorescence rate and �⌫ is the width
of the ODMR Lorentzian. In our experiments, we typically achieve a magnetic field
sensitivity of several µT/

p
Hz, which is su�cient to image stray fields of intrinsically

magnetic vdW materials with typical magnetization of a couple of µB per unit cell2.
Having discussed the basic principles of NV centers for magnetic field imaging, we

turn to the discussion of di↵erent measurement schemes for measuring DC3 magnetic
stray fields with NV sensors in the following section.

2.3.2. Magnetic field imaging techniques

In this section we describe the DC NV magnetometry techniques used to record the
data presented in this thesis. We primarily capture magnetic field images by recording
the full ODMR spectra, c.f. Fig. 2.4a, at each pixel in a 2D plane above the sample.
For this the laser and microwaves are continuously on and we record the ODMR
spectra of one NV transition. We extract the NV frequency (and hence the local
magnetic field, c.f. eq. 2.4) by fitting the ODMR spectra at each pixel to a Lorentzian
function. We can also turn to pulsed ODMR measurements, which reduces the e↵ect
of MW heating and laser illumination and prevents laser-induced line broadening
e↵ects [76]. In a pulsed ODMR sequence we first initialize the NV into the GS ms=0
by applying a green laser pulse. Afterwards, during the free evolution time, we apply
a ⇡-rotation MW pulse when on resonance with the transition. A second, subsequent
laser pulse is used to optically read out the NV state and reinitializes the NV back into
the GS ms=0 state. The advantage of measuring the full ODMR spectrum at each
pixel is the quantitative determination of the local magnetic stray field over a large
bandwidth and the robustness to systematic errors. This measurement technique,
however, is very time consuming and leads to scan duration of multiple days for
magnetic flakes in order of a couple of µms in size, with a rastering of 50� 100 nm.
An alternative, faster imaging technique is (dual) iso-magnetic field imaging (”iso-

B”), where changes of magnetic field are recorded as changes in NV fluorescence. For

1Equation 2.4 is valid provided transverse magnetic fields can be neglected (threshold at 5 mT
for transverse fields). We can neglect the e↵ect of transverse fields in our experiments, where we
apply the external field parallel to the NV axis.

2For more sensitive measurements the NV sensitivity can be pushed to several nT/
p
Hz by using

pulsed sequences [77].
3In this thesis we focus on DC magnetic field sensing only. The NV center can also detect AC

magnetic fields, more details can be found in [78, 79].
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Figure 2.4.: Measurement techniques. a Continuous wave (CW) ODMR where
the NV is excited (and initialized) using 532 nm laser light and microwaves are con-
tinuously applied. b Exemplary ODMR spectrum (black) with Lorentzian fit (blue)
recorded by sweeping the MW frequency across the resonant NV transition. c Illustra-
tion of the pulse sequence used for frequency modulated tracking. An IQ-modulator
is used to combine frequencies such that the applied frequency is shifted between each
readout by a frequency �f . d Exemplary ODMR spectra using the frequency modu-
lation (black) with Lorentzian fits (blue and teal). e Normalized signal from d, which
is used for Iso-B imaging and for frequency tracking, where a PID loop maintains a
normalized signal of 1.

iso-B imaging, the applied MW field is modulated to shift the frequencies by �f to
higher and lower values. An example of such a modulated frequency sequence is shown
in Fig. 2.4c. With this sequence we measure two ODMR traces, which are centered
around the MW frequency f = fisoB , as depicted in Fig. 2.4d. Normalizing the two
ODMR spectra via S = ODMR1

ODMR2
yields a single spectrum as shown in Fig. 2.4e.

For a fast measurement routine (multiple hours for µms sized flakes, measured with
50 � 100 nm pixels), we do not perform a full MW sweep but simply measure the
NV fluorescence change at the modulated frequency around f = fisoB , which we
choose such that when away from the sample the magnetic signal is zero (meaning
we normalize the signal S = ODMR1

ODMR2
= 1 for f = fisoB). Any changes in magnetic

field will then introduce a frequency shift of the NV, which will be reflected in a
change of the signal. While this imaging method is faster compared to the full 2D
ODMR method, described above, quantitative magnetic field information can only be
obtained for signal changes in the linear regime of the signal, i.e. for changes of the
magnetic field which are smaller than the frequency splitting �f . Beyond this, the
magnetic field measurements are only qualitative.

Such an iso-B sequence can, however, be turned into a fully quantitative imaging
mode by introducing a PID loop to lock on the zero point signal to track the central
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frequency of the NV throughout the measurement (quantitatively) [80]. This tracking
however, requires longer integration times per point compared to the iso-B imaging,
in order to minimize e↵ects from the PID loop lagging behind the signal.

In summary, for quantitative magnetic field imaging we either record the full ODMR
spectra at each point in a 2D plane above the sample to determine the NV transition
frequency and hence compute the local magnetic stray field projected on the NV axis
- or we track the central frequency of a frequency modulated sequence (Fig. 2.4c-e)
with a PID loop. Both methods obtain quantitative stray field maps of the magnetic
sample but require multiple hours (to days) of measurement time for µms sized flakes,
measured with 50�100 nm pixels. We can switch to a faster, but qualitative imaging
technique, (dual) iso-B imaging where we only di↵erentiate between the presence (or
absence) of a magnetic stray field of a set value, and where we do not quantitatively
assign a value to the measured stray field at each pixel of the scan. This technique
reduces the overall measurement time to a few hours per scan (for µms sized flakes,
measured with 50 � 100 nm pixels) and is suitable for example to image the evolu-
tion of phase boundaries as a function of applied external field, such as discussed in
section 4.4.1.

Having discussed the basic principles of scanning NV magnetometry, we now turn
to the practical demonstration of this technique by investigating magnetism in the
2D magnetic chromium-trihalides on the nanoscale in the following sections.

2.4. Scanning Nitrogen-Vacancy magnetometry of 2D
chromium-trihalides

In this section we focus on practical examples of studying CrX3 (X = {I, Br, Cl})
down to monolayers with single spin NV magnetometry.

The magnetic CrX3 family has been one of the first discovered vdW magnets [6].
The crystal structure of this material class is depicted in Fig. 2.5a. The magnetic
Cr atoms are bound to their respective halides in a honeycomb structure. While
the crystal structure of the CrX3 members are similar, they di↵er in their magnetic
order, c.f. Fig. 2.5b-d [81]. All three materials exhibit FM intralayer coupling but
show di↵erent interlayer coupling: CrI3 is FM in its bulk form and AFM in the thin
limit with an out-of-plane spin orientation. CrBr3 is also an out-of-plane ising type
FM in its bulk form and can be exfoliated into AFM or FM configurations in the thin
limit [82]. In CrCl3 on the other hand, the magnetic spins align within the xy-plane,
making this material a candidate for observing quasi long range magnetic order in
the 2D-XY phase [43].

All chromium-trihalides materials undergo structural transitions from a high tem-
perature, monoclinic structure to a ”low”-temperature rhombohedral structure in
their bulk form at di↵erent temperatures of T = 210 K (CrI3), T = 420 K (CrBr3),
T = 240 K (CrCl3) [41, 81]. It has been shown that the magnetic order in the CrX3

is stacking order dependent, i.e for CrI3 the interlayer exchange coupling is FM if
the crystal is arranged in the rhombohedral structure and AFM for the monoclinic
structure [18]. This stacking order dependent magnetism can be exploited to create
magnetic moiré materials: by twisting two layers of CrX3 and thus locally altering the



16 Scanning Nitrogen-Vacancy Magnetometry of 2D Magnets

a

b

c

Cr

X = I, Br, Cl

CrI3, Tc = 61 K
CrBr3, Tc = 37 K

CrCl3, TN = 17 K
a b

a
b

c

Figure 2.5.: Magnetic properties of CrX3 (X = {I, Br, Cl}). a Crystal
structure. Cr atom (red) bound to six halogen atoms (blue, X = I, Br, Cl) in an
approximate honeycomb lattice. Black box indicates one unit cell. b Magnetic order
in bulk CrX3. Recreated in analogy to [81].

stacking order and therefore the magnetic coupling, it is possible to create a magnetic
moiré [10].
In the following sections, we will show how scanning NV magnetometry can give

insight into (stacking dependent) magnetic order in CrI3, section 2.4.1. Afterwards,
we explore the possibility of imaging magnetic moirés in CrBr3 in section 2.4.2 and
in CrCl3 in section 2.4.3.

2.4.1. CrI3

This section is adapted from4:

L. Thiel, Z. Wang, M. A. Tschudin, D. Rohner , I. Gutiérrez-Lezama, N. Ubrig,
M. Gibertini, E. Giannini, A. F. Morpurgo and P. Maletinsky
”Probing magnetism in 2D materials at the nanoscale with single-spin

microscopy”

Science, Vol. 364, pp. 973-976 (2019)

CrI3 was among the first discovered vdW magnets [6]. Initial experiments on CrI3
revealed unexpected AFM interlayer exchange coupling at low temperatures, contrary
to the FM order observed in bulk crystals. In the MOKE experiments presented in [6],
a net magnetization has only been observed for odd layers of CrI3, while the signal was
vanishing for even layered flakes (commonly termed as the ”even-odd e↵ect”). While
MOKE is susceptible to magnetic order, it was not possible to extract quantitative
evidence of the even-odd e↵ect in CrI3 and the spatial resolution of the optical probe
is di↵raction limited.
In this section, we present quantitative studies of imaging atomically thin CrI3 on

the nanoscale, using scanning NV magnetometry. To assess the interlayer exchange

4The data presented here has been recorded by L. Thiel and M. A. Tschudin. This work has
been conducted as part of L. Thiel’s PhD studies, M. A. Tschudin’s Master thesis and the early
stages of her PhD studies.

https://www.science.org/doi/10.1126/science.aav6926
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Figure 2.6.: AFM order in few-layer CrI3. a Magnetic stray field map of bi-
and trilayer CrI3 recorded at Bext = 172.5 mT with scanning NV magnetometry. b

Corresponding magnetization map, assuming an out-of-plane magnetization direction
for CrI3, calculated with the Fourier reverse propagation method [14]. c Imaging two
opposite magnetic configurations in trilayer CrI3 at Bext = �172 mT after saturating
the flake in a positive field (Bext,z = 495 mT) and conversely in d at Bext = 172.5 mT
after saturating the flake in a negative field (Bext,z = �495 mT).

coupling in few-layer CrI3 we image a bi- and trilayer flake at 4 K, which is well below
the Curie temperature of CrI3 (Tc = 60 K for bulk, 40 K for monolayer), as shown in
Fig. 2.6a. We observe a magnetic stray field arising at the edges of the trilayer region
and a vanishing signal from the bilayer part5. The prominent positive (negative) stray
field contributions observed along the edges of the flake result from the projections
of the stray field along the NV-symmetry-axis. From the magnetic stray field data,
we can calculate the underlying magnetization map using the Fourier reconstruction
method, described in section A.1. The resulting magnetization map is plotted in
Fig. 2.6b. We find a magnetization of 13.0 ± 2.4µB / nm2, which is comparable to
the magnetization of one fully polarized monolayer CrI3 sheet of 14.7µB / nm2 [81].
Throughout all the samples investigated (from monolayer, to max. nine layer flakes,
see [14] for complete data sets), we consistently and quantitatively find AFM interlayer
coupling in few-layer CrI3.
We investigate the formation of domains in trilayer CrI3, by imaging the flake as

a function of external applied magnetic bias field. Fig. 2.6c,d show the co-existence
of positively and negatively magnetized regions within the trilayer flake at nagtive
(positive) external bias field. To obtain such a multidomain magnetic state, we first
polarize the trilayer in a positive field along the z-axis, Bext,z = 495 mT, and sub-
sequently decrease the field and apply it along the NV axis. At su�ciently negative
fields, parts of the flake change their magnetic orientation, as shown in Fig. 2.6c,
imaged at Bext = �172 mT along the NV axis. Similarly, when initializing the flake
in a negative field along the z-axis, Bext,z = �495 mT, and subsequently increas-
ing the field to Bext = +172.5 mT along the NV axis, shows the inverse magnetic

5The small remanent magnetic field along the bilayer edge could be due to a protruding monolayer
stripe or canting of the spins in bilayer at the edges as an e↵ect of the external bias field.
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configuration, as shown in Fig. 2.6d.
It is notable that the two magnetic regions are split at the exact same location

within the flake and follow a distinct line throughout the sample. The same line can
be observed in the magnetic field image of the trilayer flake, c.f. Fig. 2.6a. It is
therefore highly likely that defects or even local lattice disruptions split the tirlayer
flake into two regions, of which one requires a lower external field to flip the spin
arrangement. In this scenario, the interface of the two opposing magnetic regions is
not due to the formation of a domain wall, but rather an abrupt end of a flake.
Another finding of our studies includes the e↵ect of interlayer exchange coupling

in CrI3: we observe evidence of stacking dependent order in few-layer CrI3 (see [14]
for details). By now it has been well established, that CrI3 indeed exhibits di↵erent
magnetic interlayer coupling depending on the crystalline stacking structure [18, 45,
46]. In the next chapter, we will discuss potentials of imaging moiré magnetism based
on this stacking dependent magnetic coupling.

2.4.2. CrBr3

In this section we discuss the creation of magnetic moiré patterns and the possibility
of imaging such domains with scanning NV magnetometry.
The stacking order dependent magnetism in CrX3, allows for the creation of mag-

netic moiré structures: by twisting two magnetic layers, c.f. Fig 2.7a, spatial variations
in stacking order are created. As discussed before, the magnetic order in CrX3 com-
pounds depends on the stacking configuration [14, 18], and therefore a modulation
of AFM and FM lattice is created by introducing variations in stacking order. If the
twist angle is small (< 0.4�), a moiré wavelength above 50 nm emerges, which can be
resolved by scanning NV magnetometry [11].
In vdW twistronics, moiré stacks are usually fabricated with the ”tear-and-stack”

technique, where a top hBN flake picks up only half of the flake of interest, which is
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Figure 2.7.: Towards imaging magnetic moirés in twisted CrBr3. a Twisting
two layers of CrX3 creates a magnetic moiré due to the local modulation of stacking
order and the associated magnetic order. b Optical contrast (red color channel) of
twisted CrBr3 flakes (3L + 3L,5L with aligned edges, aiming for a twist angle close
to 0�) encapsulated with graphite. c Magnetic stray field map containing the twisted
region in the middle of the scan, recorded at Bext = 155 mT.
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then placed on top of the remaining second half with a twist angle of choice. The
advantage of this method is the precise control over the twist angle between the two
flakes, as they both originate from the same crystal orientation. The disadvantage for
2D magnets is, that the tear-and-stack method leaves an exposed edge behind, which
is detrimental for air-sensitive materials. These stacks therefore require double en-
capsulation during the stacking procedure, which in principle can be achieved inside a
glovebox by choosing appropriate stacking techniques, but during subsequent stacking
the risk of introducing more contaminants into the heterostructures increases. Alter-
natively, it is possible to stack two magnetic flakes from the same crystal orientation
(which can usually be determined from the shape of the flakes after exfoliation) with
aligned edges, i.e. with 0� misalignment. In practice, the imperfection of this stacking
procedure should induce a small twist angle and thus create a moiré.
In order to image magnetic moiré patterns, we investigate twisted CrBr3 stacks, as

shown in Fig. 2.7b. Two 3-layer flakes were stacked with aligned edges and encapsu-
lated in thin (< 10 nm) graphite. We image the twisted area of the flake at 4 K in an
external field Bext = 150 mT, as shown in Fig. 2.7c. The twisted region shows small
changes in magnetic order on a length scale smaller than 100 nm. In contrast, the
non-twisted, adjacent CrBr3 regions show larger domains, in the order of µms in size.
While this data set is too noisy to extract a meaning full periodicity in the observed
domain pattern, it does reveal an e↵ect of di↵erent magnetic coupling in the twisted
region, possibly due to the altered exchange couplings. Unfortunately, this sample
was destroyed after an accidental crash with the scanning NV tip and could therefore
not be studied further.

2.4.3. CrCl3

In this section we discuss our e↵orts towards imaging a magnetic moiré pattern in
CrCl3. We fabricated twisted bilayer ClCl3, by stacking two monolayers with the
same crystallographic orientation with a twist angle of ⇠ 0.1�, as shown in Fig. 2.8a.
The sample was encapsulated in graphite.
Imaging the stack at 2.3 K after zero field cooling, reveals a magnetic pattern in

the twisted region, as shown in Fig. 2.8b. The data set is recorded at Bext = 150 mT.
The magnetic pattern does show a trend to exhibit a periodicity, especially within the
first third of the scan region. If indeed this pattern stems from a moiré, it could be
possible that due to local variations in the twist angle (due to imperfect stacking), the
moiré wavelength could only be resolved in parts of the flake. However, it is di�cult
to confidently extract moiré parameters from this data quality and to disentangle
them with the possibility of measuring magnetic structures due to random disorder
within the stack.
Unfortunately, upon cooling the stack back down in a second cooldown, one week

apart, the stack had degraded, as shown in Fig. 2.8d. Taking a magnetic field image
of the flake at Bext = 200 mT reveals that the material has degraded into individual
magnetic puddles. Correlating the magnetic field map to the height map recorded
with our scanning diamond tip, Fig 2.8e, confirms that the material has merged into
local bubbles filled with magnetic material and possibly dirt and contaminants. While
such bubbles can already form during stacking [83], it has also been shown that during
degradation, CrX3 merges into islands [84]. It remains to be understood, however, why
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Figure 2.8.: Towards imaging moirés in twisted CrCl3. a Optical microscope
image of twisted (1L + 1L) CrCl3. The blue outlines represent the two monolayer
CrCl3 flakes, which where exfoliated along the same crystal orientation and stacked
with a twist angle of 0.1�. b Magnetic stray field map of the twisted region, as indi-
cated with the black box in a. Field map recorded at Bext = 150 mT. c Corresponding
height map recorded with our scanning NV diamond pillar. d and e same as b,c but
data recorded during a second cooldown at Bext = 200 mT, one week apart from
image b. The flake has degraded into magnetic puddles during the second cooldown.

these remaining magnetic bubbles, as observed in Fig. 2.8d, order almost periodically.
One hypothesis is that similarly to buckling of G/hBN stacks [85], the stack degrades
into periodic bubbles.
Our results on imaging magnetic order in twisted CrCl3 shows the delicate inter-

play between magnetic moirés and structural disorder, which can be linked to the
degradation of these materials. For future research, it is therefore crucial to investi-
gate cleaner stacks with long periodicity moiré wavelengths and more air-stable 2D
magnets, which are less prone to defects.

2.5. Conclusion and Outlook

In this chapter, we discussed the advantages of 2D vdW materials, particularly 2D
magnets, which o↵er a rich platform for discovering new physics through their com-
bination into vdW heterostructures.
To investigate magnetism in vdW materials, sensitive magnetic imaging probes are

required. We showed that single spin scanning NV magnetometry is a powerful tool
to quantitatively assess magnetism in 2D materials on the nanoscale. We discussed
the basic principles of NV based quantum sensors for magnetic field imaging and
showed their application to imaging magnetic order in the 2D magnets CrX3 (X = {I,
Br, Cl}). With our scanning magnetometer, we have quantitatively observed AFM
interlayer exchange coupling in few-layer CrI3.



The twist degree of freedom when stacking vdW materials allows for the creation
of magnetic moirés. Recent work on magnetic moirés in CrI3 have recently shown
periodic patterns of AFM and FM domains in twisted trilayer CrI3 by scanning NV
magnetometry [11] and the presence of domains and fluctuations by widefield NV
magnetometry [12]. However, imaging a homogeneous magnetic moiré on µms length
scale and in vdW heterostructures di↵erent to CrI3 remains to be demonstrated.
Here, we presented our e↵orts on imaging magnetic moirés in twisted CrBr3 (3L +
3L,5L) and twisted CrCl3 (two twisted monolayers). While we find a correlation
of local variation of the magnetization in the twist areas in both samples, our data
quality is limiting the reliable extraction of a moiré periodicity and it is di�cult to
di↵erentiate between the observation of local magnetic disorder and moiré physics.
Furthermore, in the case of CrCl3 we found the flake to degrade into periodically
aligned magnetic dirt bubbles upon a second cool down. These findings highlight the
delicate interplay between magnetic (dis)-order, interlayer coupling and degradation
in CrX3 compounds.
For further advances in the field of 2D vdW magnets, especially with respect to

magnetic moirés, it is necessary, to discover and study more air-stable magnetic ma-
terials. While we have demonstrated that the CrX3 family o↵ers a large variety of
interesting phenomena to study, their poor air-stability leads to an inhomogeneous
magnetization, which is prone to defects. Such disorder can mask (and alter) under-
lying spin textures, such as moiré patterns, in these materials. Additionally, the low
critical temperatures of CrX3 (below 70 K), limit their readiness to be incorporated
in applications with vdW materials.
To address these shortcomings, we will study a new, emerging 2D magnetic mate-

rial, CrSBr. CrSBr shows air-stable magnetism down to monolayers and has a higher
critical temperature of 140 K, which makes this material a promising platform to
study magnetic spin textures in 2D. Our results on investigating nanomagnetism and
AFM domain walls in CrSBr are presented in chapter 4 and chapter 5 of this thesis.
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3. Experimental Approach

In this chapter we discuss the experimental approach of fabricating 2D magnetic sam-
ples and the setup components for investigating them via low-temperature scanning
NV magnetometry. We first discuss the fabrication of 2D magnetic van der Waals
(vdW) samples via exfoliation of bulk crystals and a polymer based stacking technique
for vdW heterostructure assembly. Since many vdW magnets are air-sensitive they
require fabrication under an inert atmosphere. We will describe how 2D magnetic
samples can be fabricated in a nitrogen filled glovebox, equipped with 2D stacking
facilities. In the second part of this chapter, we focus on the sensing parts of our
experiments: we will give an overview on the scanning NV-sensors and the cryostat
components required for low-temperature scanning NV magnetometry measurements.

3.1. Van der Waals assembly of 2D magnets

The possibility to isolate and combine crystals in the thin, 2D limit opens new avenues
for exploring quantum phenomena [6, 27, 86]. Assembling individual layers of 2D ma-
terials into heterostructures, however, requires dedicated fabrication techniques and
environments adapted to prevent air-sensitive vdW crystals from degrading. The fol-
lowing two sections will discuss the basic aspects of fabricating vdW heterostructures
in the lab, including their assembly under an inert glovebox atmosphere.

3.1.1. Exfoliation and stacking

VdW materials are composed of 2D sheets of covalently bound atoms, which are
layered and held together by weak vdW bonds. This allows for peeling individual
layers apart and reducing a vdW crystal to a single, atomic monolayer. In this
section we will describe the basic principles of mechanical exfoliation, a technique
used to isolate few-layer vdW flakes from their bulk counterparts via exfoliation with
adhesive tape. Since the successful isolation of graphene from graphite via ”scotch
tape” in 2004 (Nobel Prize in Physics in 2010), mechanical exfoliation became a
standard method for obtaining single, atomic layers of 2D materials [4, 87].

In order to exfoliate 2D materials, we start by placing thin bulk crystals on an
adhesive tape, as shown for the example of the 2D magnet CrCl3 in Fig. 3.1a. After-
wards, a clean piece of tape is lightly pressed on top of the bulk crystals and peeled
o↵ consecutively. The crystals will cleave apart, leaving vdW material on both tape
stripes. This process is repeated until the two tapes are covered with thin crystal



24 Experimental Approach

Figure 3.1.: Exfoliation and optical contrast of 2D materials. a Bulk crystals
of the antiferromagnet CrCl3. b Exfoliation of bulk crystals (here shown graphite)
using adhesive tape. c Optical microscope image of exfoliated CrCl3 flakes on a
Si/SiO2 substrate. d Red color channel contrast of a few-layer a CrCl3 flake on a
90 nm Si/SiO2 wafer. e Optical contrast extracted from the microscope image (red
color channel) to determine the layer thickness of the flake. The contrast of CrCl3
increases in increments of ⇠ 3% per layer in our microscope. The thinnest region
of the flake is a monolayer section (⇠ 2 � 3% contrast). f Microscope image of an
encapsulated (in graphite) CrCl3 flake. Image taken before PC removal. g Schematic
of vdW assembly via polymer stamp based stacking.

pieces, as shown in Fig. 3.1b for graphite1. The tapes are then gently pressed onto a
substrate of choice, most commonly a Si/SiO2 wafer, and slowly peeled o↵. Thereby
we obtain thin vdW flakes (typically ranging from ⇠ 100 nm to monolayer < 1 nm
thicknesses) of various shapes and sizes, as illustrated in the optical microscope image
of exfoliated CrCl3 in Fig. 3.1c. The thickness of individual flakes can be determined
via their optical contrast between the material and the Si/SiO2 substrate: the inter-
ference colors of thin flakes exfoliated onto a Si/SiO2 wafer change compared to an
empty Si/SiO2 surface [4]. This contrast is dependent on the illumination wavelength

1We chose to show graphite tapes to illustrate this step because most 2D magnets, such as CrCl3,
have to be exfoliated in an inert glovebox environment due to their air-instability, which makes it
trickier to nicely capture this step on camera. The exfoliation process is identical. Note that for the
chromium-trihalide exfoliation, less pressure is applied when combining the two tapes (compared to
i.e. graphite) to prevent the soft crystal from breaking and shattering into small pieces.
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and thickness of the SiO2 layer [88, 89]. For 2D magnets, we typically work with
⇠ 90 nm thick SiO2 layers2, which allows distinguishing single layers, as illustrated in
Fig. 3.1d for the 2D magnet CrCl3 (red color channel is plotted). All the 2D magnets
explored in this thesis, specifically chromium trihalides and CrSBr, have an optical
absorption for visible light of around a few % per layer. For the example of CrCl3,
we find an optical contrast of ⇠ 2� 3% per layer (Fig. 3.1e).
Once suitable flakes have been identified, we integrate them into 2D heterostruc-

tures via a commonly used dry-transfer assembly technique [90], where we pick up
individual flakes onto a stamp and release the final stack on a substrate of choice [91].
An example of an encapsulated 2D magnetic flake, CrCl3 encapsulated in graphite3,
is shown in Fig. 3.1f. A schematic of the dry-transfer is shown in Fig. 3.1g. First,
we fabricate stamps for picking up vdW flakes. The stamp consists of a small piece
(⇠ 2 x 2 mm2) of polydimethylsiloxane (PDMS), which is placed on a glass slide and
covered by a polycarbonate (PC)4 film. This stamp is then used to pick up the
first 2D flake of a stack, in our experiment this typically corresponds either graphite
or hexagonal boron nitride (hBN), which acts as inert capping layer for the air-
sensitive 2D magnets. By engaging the stamp on the flake at moderate temperatures
(⇠ 80� 100�C), the flake can be released from the Si/SiO2 substrate and adheres to
the bottom the polymer stamp. Subsequently another vdW flake of choice, in our case
2D magnetic materials, can be picked up by engaging the stamp with the top flake
on the 2D magnet. Since the stamp (glass slide, PC and PDMS) is transparent, the
top flake can be aligned with respect to the target flake. By engaging the two flakes,
the bottom flake will pick up onto the stack due to vdW adhesion: the vdW forces
between the two interfaces are stronger than the weak interaction of the bottom flake
with the rough Si/SiO2 surface. This step can be repeated to include any desired
combination of vdW layers within one heterostructure. The samples discussed in this
thesis typically consist of one magnetic flake encapsulated by graphite or hBN on
both sides to prevent them from degrading when exposed to ambient conditions (as
illustrated in Fig. 3.1f). Once a stack is complete, it can be released on a substrate
of choice by melting the PC around ⇠ 150�C5. Afterwards, the sample is soaked in
cholorform or dichloromethane to dissolve the PC film.
While graphene, hBN and other air-stable materials can be stacked and processed

in ambient conditions, most of the 2D magnets are air-sensitive and require processing
under an inert atmosphere, such as a glovebox. In the following section we will discuss
the fabrication of vdW heterostructures in an inert glovebox environment.

3.1.2. Glovebox environment for air-sensitive 2D materials

In order to handle air-sensitive 2D materials, we set up a glovebox (MBraun, Unilab
Pro SP) with an inert N2 atmosphere, as illustrated in Fig. 3.2a. The concentration

2We work with 001�.005 ohm-cm 525±25µm thick SSP prime grade Si wafers with two semi-std.
flats, 900 Å± 5% dry thermal oxide on both sides from NOVA, Electronic Materials.

3The optical microscope image shows the stack dropped onto a Si/SiO2 wafer, before PC removal
(hence the interference fringes along the graphite flake edges). Unfortunately this stack was destroyed
during PC removal, as the top graphite layer peeled o↵, therefore we show the stack before PC
removal.

4Polycarbonate dissolved in chloroform, see Appendix A.2.1 for details.
5See Appendix A.2.1 for details on vdW assembly parameters for stacking.
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Figure 3.2.: Glovebox environment for working with air sensitive materials.

a Glovebox providing an inert environment for working with air sensitive materials.
Front panel is covered in yellow UV-filter foil to protect materials from blue light
(�filter � 520 nm). b Inside of the glovebox (removed front panel) showing the
three operation zones for vdW assembly: exfoliation, stacking microscope (Graphene
Industries) and an AFM (NanoSurf Flex Axiom). c Filter options for microscope
light to prevent materials from irradiation with specific wavelengths. d Visualization
of a twisted bilayer graphene on hBN moiré pattern via PFM scanning. Sample was
provided by Nanosurf and data was acquired with the Flex Axiom inside the glovebox,
recorded by C. Bippes (Nanosurf) and M. Tschudin.

of water and oxygen in the box is kept below 0.1 ppm, by circulating and filtering
N2 gas. Four glove entrances allow for the manual manipulation of samples within
the box. Our glovebox is connected to a second, previously installed glovebox, via
a big antechamber, which allows to load bulky objects into the box or to transfer
samples and/or equipment from one box to the other without exposing them to air.
The box is additionally equipped with a small loadlock, which is used for bringing in
all the utensils required for making vdW stacks, i.e. the 2D crystals, adhesive tape
and Si/SiO2 wafers for exfoliation and polymerstamps for stacking.
Since some 2D magnets are not only sensitive to air but also to light [92, 93], we

added a yellow UV filter foil (Lithoprotect Self-Adhesive UV-Protection Yellow Foil,
� = 520 nm) to the front panel of the glovebox to filter out any UV-light components.
Additionally, the microscope light is also equipped with various optical filters, which
allows for blocking certain wavelengths form entering the glovebox or which can be
used to optimize the optical contrast between the flake and the substrate [88]. Ex-
amples of a graphite flake illuminated with di↵erent light filters is shown in Fig. 3.2c.
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Our box is divided into three di↵erent zones for vdW assembly as shown in Fig. 3.2b
(picture of the opened glovebox with removed front panel). First, we installed an area
for exfoliating 2D magnets inside the glovebox. The graphite or hBN flakes used for
encapsulation are typically exfoliated in air and once loaded into the glovebox we
heat the chips to above 100� C to bake o↵ any contamination from the surface. After
exfoliation, the vdW stacking assembly is done in a commercially available trans-
fer microscope purchased from Graphene Industries. Stacking in the glovebox works
identical to the process described in the section 3.1.1 above, with the di↵erence that
individual steps during the transfer need to be automated and controlled via exter-
nal controllers outside of the glovebox. Therefore, most components of the glovebox
transfer system can be controlled externally: The microscope objectives and focus,
XY-stage of the sample (including rotation ability), camera settings, and transfer
slide control tower can all be controlled from outside the box via joy-stick controllers.
To characterize our 2D stacks, we installed an AFM (Nanosurf, Flex Axiom) in our
glovebox. This allows for example for the determination of layer thickness (in addition
to the optical contrast) or could be used for cleaning stacks from dirt bubbles [83]
by scanning in contact-mode [94]. We are able to resolve monolayer steps within
our magnetic probes (step height changes or ⇠ 0.7 � 0.9 nm). For more complex
heterostructures, such as twisted devices, the AFM can be used to in-situ probe the
underlying moiré structure [95], for example during device fabrication. For illustra-
tion, the moiré of twisted bilayer graphene on hBN can be visualized in Piezo-response
Force Microscopy (PFM) mode with our glovebox AFM6, as shown in Fig. 3.2d.
This section concludes the information required to understand the experimental

fabrication process of the samples studied in this thesis. In the second part of this
chapter, we will focus on the experimental realization of our quantum sensor and
the cryogenic environment required to reach temperatures cold enough to study mag-
netism in vdW materials.

3.2. Scanning Nitrogen-Vacancy magnetometry at
cryogenic temperatures

In order to study emergent phases of matter in condensed matter systems, often
times a cryogenic environment is required to minimize thermal fluctuations which
would otherwise obscure quantum e↵ects. Especially in the scope of 2D magnetism,
where many 2D magnets show critical temperatures below 200 K, low temperatures
are necessary to probe magnetic signatures in these materials. To this end, we use a
scanning NV magnetometry setup adapted to operate under cryogenic conditions, as
discussed in the sections below. We first explain the experimental key components for
realizing a scanning probe system based on NV centers in diamond and then discuss
the two cryogenic setups (liquid He bath cryostat and closed-cycle He cryostat) used
to achieve measurement environments in the range of a few K.

6Note that while recording this dataset the circulation in the glovebox had to be turned o↵ to
minimize any e↵ect of vibrations during the AFM scan. When working with exposed 2D magnetic
flakes, the imaging time should be kept minimal and ideally the circulation stays on because the
materials can degrade even in glovebox environment. Further isolation of the AFM from vibrations
within the box, for example by adding an enclosure, could therefore be helpful when working with
2D magnets.



28 Experimental Approach

Figure 3.3.: Scanning Nitrogen-Vacancy magnetometry setup. a Schematic of
a scanning NV-cantilever (blue) attached to a tuning fork (orange) via a quartz tube
(gray). The magnetic sample (purple) is scanned beneath the NV center (red arrow).
An optical path (free space) guides green excitation laser light to the NV center and
a dichroic mirror allows for the separate detection of the emitted NV fluorescence
(red). Illustration adapted from [9]. b Scanning electron microscope (SEM) image
of a mounted NV scanning probe and c zoom in on the all-diamond cantilever with
a nanopillar containing an NV center within the apex. Both images are shown with
courtesy of J. Happacher. d Sample holder with integrated microwave lines. To drive
the NV spin a gold wire is bonded across the sample, approximately 50�100µm away
from the 2D magnetic flake of interest.

3.2.1. Setup components

Our NV-scanning probe features an all-diamond tip with an NV center at its apex,
mounted on a tuning fork for AFM-controlled scanning. The key components of a
scanning NV magnetometry setup are summarized in Fig. 3.3a: a diamond scanning
probe hosting an NV center at the apex of the tip (blue cantilever, red arrow NV
spin), AFM control via a tuning fork allowing for close-contact scanning, optics for
NV spin excitation and readout (green and red laser paths) and a MW antenna for
spin manipulation of the NV center (orange circle, indicating the cross section of a
wire bonded antenna). Additionally, an external magnetic field (Bext) will be applied
to the NV center during measurements. The following section provides an overview
of these key features of our low temperature scanning NV setup, more details and
references to the individual components can be found in Appendix A.2.
Tip: Our scanning probe tips consist of all diamond cantilevers, which host one or

multiple NV centers a few tens of nm within the tip apex (typically ⇠ 20 nm for the
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tips used in this thesis). The cantilever dimension a few tens of µm2 in size and the
pillars a few µm in length with a tip diameter of 200-300 nm, as shown in the scan-
ning electron microscope (SEM) image of an all diamond cantilever in Fig. 3.3c. The
tips used to record the data presented in this thesis were fabricated in house following
standard diamond tip fabrication routines [96], or were purchased from Qnami, a com-
pany providing NV scanning probe tips and setups. The tip fabrication is achieved
via nitrogen implantation and annealing of thin diamond membranes (creation of NV
centers), e-beam lithography and diamond etching. Tip fabrication was, however, not
part of this thesis and is described elsewhere in more detail [17, 96, 97]. A challenge
when taking scanning NV magnetometry to cryogenic conditions is the reduced sta-
bility of NV centers: the negatively charged NV center (used for magnetometry) is
less stable at low temperatures and can more easily convert to the neutral charge
state. This phenomenon is not yet fully understood, but current hypothesis assume
that changes in the diamond surface could lead to this instability of NV centers at
low temperatures [98].
Once individual diamond cantilevers are fabricated, they are attached to a quartz

capillary, which is glued on a commercially available tuning fork, as shown in Fig. 3.3b.
The tuning fork AFM control allows for scanning the NV center at a fixed height above
a sample.
AFM control: In order to scan our quantum sensor at a constant height above

a sample and thus following its topography, we monitor the oscillation amplitude (or
resonance frequency shift) of the scanning probe tuning fork. When bringing the
tip into close contact to the sample surface, the tuning fork free amplitude drops
(resonance frequency shifts) and a PID loop is used to maintain a fixed tip to sample
distance. We typically operate at 80% of the free amplitude, which we found to be
a good parameter to reduce the risk of the tip accidentally crashing into a sample
surface when scanning7. The oscillation amplitude in height when scanning in contact
are ⇠ 1� 2 nm for both the liquid and the dry cryostat used for our low temperature
measurements.
Optics: We use a confocal microscope setup to optically excite and read out the

NV center spin state. A green laser (532 nm) is passed through an acousto-optic
modulator and fiber coupled to the optical microscope head, which is mounted at the
entrance of the cryostat (top loading). The laser path is free space coupled into a low
temperature objective that is fixed at the bottom of the cryo stick insert and that
focuses the laser onto the NV center within a diamond scanning probe. The emitted
NV photoluminescence (PL) is collected through the same path and separated from
the excitation light by an dichroic filter and recorded with an avalanche photo diode
(APD). In our experiments we work close to the saturation power of the NV center,
which is on the order of tens of microwatts for our scanning probes [97] (typically
50� 100 µW in our experiments). For all 2D magnets mentioned in this thesis, this
laser power does not have a measurable e↵ect on the measured net magnetization [14].
However, for metastable states in the 2D magnet CrSBr discussed in sections 4.4.3

7Such uncontrolled tip-sample interactions during AFM control happen rarely. In singular cases
this can lead to interesting discoveries, as shown for our results on switching the interlayer exchange
from AFM to FM in the 2D magnet CrI3 upon puncturing the sample [14], but generally either the
tip or the sample get damaged when uncontrollably crashing the tip, hence we operate at moderate
tuning fork amplitude setpoints to reduce the risk of crashes.
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and 5.2.2, we cannot rule out some influence of laser light a↵ecting magnetic ordering
at interfaces.
Microwave control: The MW control for spin manipulation of the NV center is

achieved by applying MWs through a wire bond, which we bond across our samples.
The two low temperature cryostats, which we used to conduct our measurements
presented in this thesis, have inbuilt MW lines, which we couple to our sample holders.
We mount our samples on printed circuit boards (PCB) and wire bond a gold (or
aluminum) wire across, in 50 � 100 µm distance to the NV center. Fig. 3.3d shows
an example of a mounted Si/SiO2 chip covered with 2D magnetic flakes and a MW
antenna bonded across the chip. The samples are fixed with vacuum grease to the
PCB, which will freeze upon cooldown and act as a glue. We use a small amount of
silver paint to additionally glue the chip down on the PCB. The sample chip has to
be properly fixed on the PCB holder to avoid detaching, shifting or lifting o↵ during
cooldown. The MW applied during our experiment can lead to local heating by a
few degrees (measured via resistive temperature readout below the sample plate), as
mentioned in section 4.5.2. Such MW heating is negligible when operating well below
the transition temperature of most 2D magnets, but has a noticeable impact when
studying materials such as CrCl3, with a Néel temperature of only a few degrees above
the base temperature of our cryostats.
External magnetic field Bext: For quantitative magnetometry with NV centers

the external magnetic field, Bext, has to be applied along the NV axis [78]. Orthogonal
fields will reduce the optical contrast of the NV due to spin mixing and thus only allow
for measurements in fields of a few tens of mT [99]. The NV axis is defined by the
crystal structure of the diamond host material. In our experiments we mostly work
with NVs oriented along the h100i axis of diamond, resulting in an angle ✓NV = 54.7�

away from the sample normal. Other orientations of NV centers exist as well, such as
h111i tips with out-of-plane oriented NVs [100] and h110i tips with in-plane oriented
NVs [101] (in-plane tips from Qnami were used for two data sets in this thesis, c.f.
section 5.2.3). The accessible magnetic field range for low temperature magnetometry
is further a↵ected by NV excited state level anti-crossings and by the maximum MW
frequency, which can be applied to drive the NV spin. The excited state anti-crossings
lead to decreased NV contrast at certain magnetic fields as a function of local strain
at the NV center [102]. Most importantly, this a↵ects the NV operation quality as a
function of temperature, where performance is worst in the regime of 20-60 K [103].
This, however, does not limit our measurements since we either operate below (at
2-4 K) or above (120-150 K) for the measurements presented in this thesis. In our
setups we can apply MWs up to a few GHz (around 6 GHz) to the NV center, which
currently limits us to operations in external fields up to ⇠ 300 mT along the NV axis.
Having discussed all the key components of a scanning NV magnetometry setup in

this section, we will turn to the discussion of low temperature cryostat environments
in the following section.

3.2.2. Cryogenic environment

In order to perform NV magnetometry measurements at low temperatures, we operate
two di↵erent cryogenic systems: a liquid He bath cryostat with a base temperature
of 4.2 K (AttoLiquid1000, described in [17]) and a closed-cycle dry cryostat with a
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base temperature of 1.8 K (AttoDRY 2200), as illustrated in Fig. 3.4a. Both cryos
are equipped with a vector magnet (liquid: 0.5 T, dry: 1 T), which allows for aligning
the external magnetic field along the NV axis in our experiments. We use an optical
microscope head (liquid: home build, dry: attocube) to send green excitation laser
light down the microscope stick (free space) and collect the red NV fluorescence
through the same path and guide it to an APD - see the representative schematic
of the microscope insert in Fig. 3.4a. More details on the optical paths and the
corresponding components are described in the previous section under ”Optics” and
summarized in Appendix A.2.2. Control over the position of the sample and the tip
are achieved with two separate piezo stacks mounted at the bottom of the microscope
stick, as depicted in Fig. 3.4b. These consist of coarse XYZ-positioners and XYZ-
scanners. Our maximal scan range is ⇠ 15 x 15 µm2 at base temperature.
While the NV microscope part for the two cryogenic systems is very similar, the

operation regimes vary a lot. The liquid bath cryostat is a very stable system, not
prone to clogging but requires refilling of He every 5-6 days, which periodically in-
terrupts ongoing measurements and thus prevents long, consecutive measurement
times. Variable temperature measurements via locally heating the sample chip can
be achieved in the range of 4-20 K, but the system is limited to measurements in
this low-temperature regime as above 20 K the He boil-o↵ prevents stable in contact

Figure 3.4.: Cryostat for scanning NV magnetometry measurements. a

Schematic of a closed-cycle He cryostat (AttoDRY2200) with a base temperature
of ⇠ 1.8 K and variable temperature control (1.8-300 K). Sample stick insert with
microscope head is depicted on the right. The sample and tip stacks are located at
the bottom of the insert (outlined with a dashed box). b Image of the sample stack
consisting of coarse positioners (XYZ), scanners (XYZ) and the sample holder with
microwave line connections (to drive the NV spin for sensing).
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scanning of the AFM. In contrast, the dry, closed-cycle cryostat can, in principle,
operate at base temperature for several months8 and allows for variable temperature
control from 1.8-300 K.
The cooling mechanism of the closed-cycled cryo is based on two di↵erent He gas

circuits. The primary circuit cools down a 40 K and a 4 K stage in the cryostat
based on periodic compression and displacement of He gas in pulse tubes (c.f. cryo
schematic in Fig. 3.4a). The secondary circuit moves He gas through a cold trap and
condenses the He into a liquid He reservoir. Afterwards, the liquid He is pumped
through a thin, stainless steel tube at the bottom of the cryostat, where it evaporates
through a needle valve into the VTI chamber and hence cooling the VTI space down
to sub 2 K. The He is then pumped back into the condenser line, to keep the circuit
closed. In order to cool down the sample we use He exchange gas for thermal contact
between the VTI space and the sample chamber. The VTI space is equipped with local
heaters, which allows for variable temperature measurements from ⇠ 2 K to 300 K.
The low vibration when scanning in contact is achieved by isolating the microscope
stick from the cold plates (i.e. pulse tubes) via free suspension of the stick within the
sample tube.

3.3. Conclusion and Outlook

In this chapter we have shown the basic principles of vdW heterostructure assem-
bly in an inert glovebox environment. While encapsulating air-sensitive 2D magnets
in protective layers (such as graphite or hBN) prevents them from degrading9 and
thus allows for studying their magnetic properties, these samples do come with certain
drawbacks. First, during the stacking process - even in an inert glovebox environment
- contamination from the environment, such as polymer residues or hydrocarbons,
can be trapped into pockets between the individual layers of a vdW heterostruc-
ture [83, 104]. Such dirt bubbles will locally distort the stack structure and can apply
pressure and/or strain to the device. There are di↵erent ways of cleaning stacks form
such contamination pockets, some of which include annealing the stack at high tem-
perature, pushing the bubbles out via contact mode AFM or stacking at very high
temperatures [94, 105]. While the AFM cleaning can in principle be performed on
2D magnetic stacks, the annealing and high temperature stacking are not an option
since many of the 2D magnets will degrade if exposed to high temperatures (especially
when not fully encapsulated). For future advances in the field it is therefore crucial to
engineer and study more air-stable 2D magnets, such as for example the compound
CrSBr, which will be discussed in the following two chapters. Another interesting
route is the fabrication of vdW stacks in ultra-high vacuum, where contaminants
from the environment are being reduced to a minimum [106].
On the sensor side, we have shown in this chapter how single NV centers can be

incorporated into a scanning magnetometer compatible with operations in a cryogenic
environment. For a more versatile scanning setup it would be beneficial to add the

8At the time of writing, however, the system is very prone to clogging, thus limiting the mea-
surement time at base temperature to maximum a few weeks.

9In principle, a perfect encapsulation preserves the magnetic properties of air-sensitive materials.
In practice, however, encapsulations can sometimes show folds and defects, which can then lead to
degradation of the stacks.



option of twist and rotation functionalities of the sample: since many 2D magnets
have specific magnetocrystalline anisotropy axes along which an external field (and
hence the NV center) needs to be aligned, having an option of in-situ rotation of
the sample with respect to the NV axis would allow for exploring various anisotropy
directions with a single NV center within one cooldown.
For more long term perspectives, there is great e↵ort in the field of NV magne-

tometry to push the spatial resolution to sub ten nm by implanting shallow NVs in
the apex of a scanning tip. The challenge here is to stabilize the NV center into
its negative charge state. Current e↵orts include surface treatment of the diamond
structures [107].
While temperatures of a few K are typically low enough to study intrinsic mag-

netism in 2D vdW magnets, there are plenty magnetic phases in condensed matter
physics, such as orbital ferromagnetism in twisted bilayer graphene [33, 108], which
are most pronounced in sub K temperature ranges. To study these phenomena, scan-
ning magnetometry can be adapted for mK temperatures, where precise MW heat
control and NV stabilization become even more crucial. Proposed approaches for
quantum sensing at mK temperatures include designing on-tip MW delivery lines
or using MW-free, all optical sensing schemes with other vacancy centers, such as
SiVs [109].
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4. Nanomagnetism of CrSBr

Adapted from:

M. A. Tschudin*, D. A. Broadway*, P. Reiser, C. Schrader, E. J. Telford, B. Gross,
J. Cox, A. E. E. Dubois, D. G. Chica, R. Rama-Eiro, E. J. G. Sanots, M. Poggio,
M. E. Ziebel, C. R. Dean, X. Roy, P. Maletinsky
”Imaging nanomagnetism and magnetic phase transitions in atomically

thin CrSBr”

Nature Communications, Vol. 15, pp. 6005 (2024)

4.1. Introduction

The first experimental discovery of 2D magnets in 2017 [6, 7] has created a significant
interest in the scientific community. Many di↵erent applications in spintronics, quan-
tum computing, and magnetic data storage have been suggested based on 2D magnetic
materials ever since [51, 110, 111]. However, in order to advance current research to
application ready tools, the community has been striving to find 2D magnets, which
are more air-stable and have a higher critical temperature than the extremely fragile
compounds such as CrI3 (Tc = 45 K), which where among the first generation of 2D
magnets that were discovered (see section 2.2).

Recently, a new 2D magnetic material has sparked wide interest in the field: the van
der Waals (vdW) magnet CrSBr [53]. This material can readily be exfoliated down to
monolayer, has a critical temperature above liquid nitrogen temperature (TN ⇠ 132 K)
and has demonstrated air stability down to few-layer stacks. CrSBr has attracted a
lot of interest due to its unusual transport properties [112], an intriguing interplay
between magnetic and optical properties [113], and a remarkable tunability of its
magnetism by strain [38]. In order to fully exhaust the potential of CrSBr, however,
it is crucial to understand its fundamental magnetic properties, which, to date, have
not been studied with nanoscale resolution down to monolayer flakes.

In this chapter, we image the 2D magnet CrSBr down to monolayer flakes with a
scanning NV magnetometer. Our imaging method allows for nanoscale insight into
CrSBr’s magnetic behavior at temperatures ranging form 2 K to 150 K. We study the
spin-flip process in bilayer CrSBr and investigate anisotropy and magnetic ordering
in the high temperature regime. Our results will help enable the engineering of novel
electronic and magnetic phases in CrSBr and thus advance the realization of next
generation nanomagnetic devices based on vdW materials.

https://www.nature.com/articles/s41467-024-49717-9
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4.2. The 2D magnet CrSBr

CrSBr is a vdW magnetic semiconductor (band gap ⇠1.5eV [53]) with a Néel temper-
ature of 132 K (⇠ 140 K for thin flakes1) [114]. While the bulk material has already
been studied in the 1990’s [115, 116], CrSBr has recently gained significant attention
in the scope of its vdW characteristics and the possibility of studying the 2D limit.
CrSBr can easily be exfoliated down to individual monolayers. The material pref-

erentially cleaves into rectangular shapes, as shown in Fig. 4.1a. The magnetization
in CrSBr, orientates along the easy-axis, b-axis, of the material, which corresponds to
the short axis of the rectangle. Figure 4.1b illustrates the crystallographic structure of
CrSBr, highlighting the magnetic easy-axis of the material (b-axis), the intermediate-
(a-axis) and the magnetic hard-axis (c-axis). The uniaxial magnetic anisotropy, which
aligns the spins along the b-axis of CrSBr, results from anisotropic exchange interac-
tions [117].
CrSBr is an A-type antiferromagnet, which means that the magnetic moments

within a plane order ferromagnetically and the coupling across two layers is opposite,
i.e. antiferromagentic [53], as illustrated in Fig. 4.1b. The ferromagnetic interlayer
coupling is caused by super exchange interaction between the Cr-S-Cr and Cr-Br-
Cr paths: according to the Goodenough-Kanamori rules [118, 119], ferromagnetic
alignment is dominating for bond angles of ⇠ 90�, resulting in an overall ferromagnetic
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Figure 4.1.: The van der Waals magnet CrSBr a Optical microscope image of
exfoliated CrSBr flakes showing the preferred cleaving direction of the material along
the geometrical long axis, a-axis, of the material. b Crystallographic structure of
CrSBr, where the magnetic easy axis is aligned with the b-axis of the crystal. The
intermediate (strong) axis is aligned with the a(c)-axis of the material, and the mag-
netic coupling between two layers is antiferromagnetic and ferromagnetic within each
of the layers.

1The interpretation of an increase in critical temperature for decreasing layer thickness in CrSBr
results from the presence of an intermediate ferromagnetic state, iFM, where the stronger FM in-
tralayer coupling persists but spin waves along the c-axis can disturb the weaker AFM interlayer
coupling. Thinning down the system confines spin wave excitations along the c-axis, which in turn
stabilizes the AFM interlayer order or in other words, the corresponding TN interlayer approaches
the higher Tc intralayer. [114]
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intralayer coupling in CrSBr 2 [117, 120].
By applying external magnetic fields along the intermediate (hard axis) of CrSBr,

the spins will start to cant away from the b-axis until saturating at fields of ⇠ 1 T
(⇠ 2 T), along the a-axis (c-axis) at 2 K [121]. For bilayer or thicker structures, CrSBr
will undergo a spin-flip transition (where spins align from AFM to FM), induced by
applying magnetic fields along the b-axis. The external field required for such a spin-
flip is around ⇠ 0.2 T for bilayer and ⇠ 0.6 T for bulk CrSBr [121].
The magnetization of a fully polarized monolayer CrSBr sheet is around

36 µB/nm2, as each Cr atom contributes 3 µB and one unit cell contains two Cr
atoms (lattice parameters a = 3.5Å, b = 4.7Å, c = 7.9Å) [117]:

M =
2 ⇤ 3µB

0.35nm ⇤ 0.47nm
⇡ 36µB/nm

2. (4.1)

Magnetic signals from CrSBr arise when cooling the material below its critical tem-
perature: While AFM interlayer order forms below the Néel temperature of 132 K
(⇠ 140 K for thin flakes) in CrSBr [114], the Curie temperature for the FM in-
tralayer order is slightly higher, around 150 K [121]. There have been multiple stud-
ies suggesting a so-called intermediate FM phase emerging at temperatures between
TN < T < Tc [114, 117], where FM intralayer ordering persists while AFM in-
tralayer coupling vanishes. However, the origin of such a high temperature phase and
its magnetic characteristic yet remain to be explored.
Whereas multiple studies have been done on characterizing the triaxial magnetic

anisotropy in CrSBr [53], measuring magnetoresistance properties of CrSBr down to
single layers [121, 122] and studying magnetic properties of thin CrSBr flakes on the
microscale [30, 123], little is yet known about the magnetism of thin (< 5 layers, down
to monolayer) CrSBr on the nanoscale. It remains an open question, for example, if
the spin-flip in bilayer CrSBr occurs as a uniform rotation of all the spins within
a layer, or if it is mediated by domain formations. Furthermore, no local imaging
probe has yet explored the intermediate FM phase of CrSBr at elevated temperatures
(TN < T < Tc).
In the following sections, we will discuss nanoscale magnetization properties of few

layer (< 5 layers) CrSBr flakes down to monolayers. The results are obtained by single
spin scanning NV magnetometry measurements. We will discuss magnetic imaging of
the AFM/FM spin-flip transition in bilayer CrSBr and study anisotropy and magnetic
correlations in the high temperature regime.

4.3. Imaging magnetization of few layer CrSBr on the
nanoscale

In order to study the magnetic properties of CrSBr on the nanoscale, we investigate
various di↵erent CrSBr samples, as summarized in table 4.1. All the samples have
been fabricated by our collaborators at Columbia University from the groups of Prof.
Xavier Roy and Prof. Cory Dean.

2The bond along the Cr-S(Br)-Cr paths along the a-axis is ⇠ 95� (90�). The Cr-S-Cr path
between two Cr layers connect via ⇠ 96� and the Cr-S-Cr path along the b-axis with ⇠ 160�. [117]
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Sample # Label # of Layers Encapsulated

1 S1Air 2, 3, 5 No

2 S2Encap 1, 2, 3 Yes

3 S3Air 1, 2, 4, 5 No

4 S4Air 1, 2 No

Table 4.1.: Description of samples used in this study.

The samples contain di↵erent layer thicknesses of CrSBr, ranging from monolayer to
five layers. Figure 4.2 shows an overview of all four samples studied in this chapter.
Samples S1Air , S3Air and S4Air were not encapsulated and were exposed to air for
several hours to days before measurements. Sample S2Encap was encapsulated with
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Figure 4.2.: Optical sample characterization of the CrSBr flakes. Panels a

to d show the optical microscope images of samples S1Air to S4Air and the extracted
optical contrast used to determine the layer thicknesses. For the sample S2Encap the
encapsulated flake is depicted as well in panel b.
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hBN and served as a reference sample to examine the air stability of few layer CrSBr.
The thickness of individual CrSBr flakes was determined by measuring the optical
contrast between the flakes and the Si/SiO2 substrate: as shown in Figure 4.2, the
optical contrast for flakes thinner than five layers can easily be distinguished and serves
as a good reference. A single layer of this material has an absorption of approximately
15% in our optical microscope. The absorption per layer scales linearly for thin layers
( 3) but reduces for thicker layers (� 5). More precise methods such as AFM
measurements or magnetic characterization will additionally confirm a certain layer
thickness.
In the next section we will present nanoscale magnetization studies of each sample

obtained by single spin scanning NV magnetometry (c.f section 2.3).

4.3.1. Magnetization of CrSBr

We employ our single-spin scanning magnetometer based on an individual NV center
in diamond (see Sec. 2.3.1) – a nanoscale imaging technique that is non-invasive and
sensitive enough to image magnetism in vdW monolayers [14] – to explore magnetic
order in CrSBr in a quantitative way.
The NV spin is situated at the tip of an atomic force microscope and scanned

across the CrSBr flakes to quantitatively image magnetic stray fields generated by
the CrSBr flakes. The NV thereby enables a quantitative determination of BNV [78]–
the projection of the total magnetic field onto the NV axis – which in turn allows us to
determine CrSBr’s sample magnetization down to the monolayer limit, see Sec. 2.3.1
for more technical details. Due to the AFM interlayer coupling the two-dimensional
CrSBr flakes should only exhibit a magnetic stray field for odd number of layers.
We start by investigating few-layer CrSBr samples at T ⇡ 4 K and at low magnetic

fields (B ⇡ 5 mT), where the CrSBr layers exhibit AFM interlayer alignment [53]. The
recorded magnetic stray field map of a bilayer/trilayer CrSBr, sample S1Air , is shown
in Fig.4.3a. The sample was first zero field cooled and subsequently measured at a
temperature of around 4 K, which is well below the Néel temperature of CrSBr. The
external magnetic field was applied along the NV axis (with ✓NV = 53� tilted away
from the c-axis), with the in-plane component approximately aligned along the b-axis
of the CrSBr flake, as indicated by a black arrow in Fig.4.3a. The trilayer section
exhibits a stray field only at the edges, which is expected for uniformly magnetized
samples [124], whereas the bilayer shows no detectable magnetic stay field. This
observation is in agreement with the expected antiferromagnetic interlayer coupling
in few layer CrSBr, where, as a result only the trilayer section is expected to show a
non-zero magnetic stray field.
The magnetic stray field map (Fig.4.3a) shows no defects within our spatial resolu-

tion, which is determined by the NV to sample distance and approximately ⇠ 50 nm
for all the data shown in this chapter. The homogeneous magnetic nature of sample
S1Air is even more apparent in the magnetization map obtained via magnetization
reversal (see section A.1 for details on reverse propagation), as shown in Fig. 4.3b.
The magnetization value obtained for the trilayer is 36± 0.2 µB/nm2, which is close
to the expected value of 36 µB/nm2 per fully saturated layer of CrSBr. In order to
independently determine the magnetization of the trilayer flake, we took a linecut of
the magnetic stray field, shown in Fig. 4.3c. Analytic fits to the stray field profile
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Figure 4.3.: Magnetization characterization of few layer CrSBr. a Magnetic
stray field image of a non-encapsulated bilayer and trilayer flake (Sample 1, S1Air ),
obtained in a low bias magnetic field |Bext| = 5 mT. b Corresponding magnetization
image showing antiferromagnetic coupling of the individual CrSBr layers (indicated
by white/black arrows). c Magnetic stray field linecut through the trilayer section of
sample S1Air , as indicated by dashed arrow in panel a. The extracted magnetization
from a fitting routine described in section A.1 is around 34.5 µB/nm2

d Magnetic
stray field image of an encapsulated multi-layer flake (Sample 2, S2Encap ), obtained
in a bias magnetic field |Bext| = 150 mT strong enough to induce FM ordering in
some bilayer sections. e Corresponding magnetization map obtained from the stray
field data. f Linecuts of the magnetic stray field through 1L, FM coupled 2L and 3L
as measured at locations indicated with dashed lines in d.

(compare section A.1 for details on the fitting routine), allow for extracting the sam-
ple’s magnetization. We find a value of M ⇠ 34.5±0.4 µB/nm2, which is comparable
to the result from the magnetization reversal.
Similarly, we examined an encapsulated CrSBr flake, sample S2Encap , which is

shown in Fig. 4.3d-f. As with the previous sample, the flake was zero field cooled and
subsequently measured around 4 K. We applied an external field of B ⇡ 150 mT along
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the NV axis (✓NV = 53� tilted away from the c-axis), with the in-plane component
approximately aligned along the b-axis of the CrSBr flake. As a consequence, we have
a field component of several tens of mT out-of-plane, which we consider having a
negligible e↵ect on the magnetization orientation, as the field required to cant spins
along the c-axis (out of plane) is very high ⇠ 2 T [122].
We observe stray fields arising from the edges of all the di↵erent regions, 1L, 2L

and 3L, of the flakes, see Fig. 4.3d. To address the question of why the bilayer
section of this particular flake is magnetic, it is helpful to study the magnetization
map (Fig. 4.3e) of sample S2Encap . This shows an increased magnetization in the
bilayer section of roughly twice a monolayer magnetization. We thus conclude that
the external field was strong enough to induce ferromagnetic alignment in the bilayer.
As we will discuss later on in section 4.4, most CrSBr bilayer flakes require a slightly
higher external field to induce FM order (B ⇠ 200 mT). This discrepancy could be
attributed to the encapsulation of the flake, as this could induce some local strain,
which has shown to a↵ect the critical field for inducing FM order [38], or to the
influence of the adjacent, magnetic monolayer sections. Furthermore, we note that
the one trilayer section was magnetized in the opposite spin configuration to the
remaining regions of the flake, see orange trilayer region in Fig. 4.3e. This results
from spontaneous magnetic ordering during zero field cooling and the region stayed
magnetized along the negative b-axis since the external magnetic field applied (B ⇡

150 mT) was below the spin-flip field for trialyer CrSBr (> 200 mT ). Linecuts of the
di↵erent layer thicknesses of sample S2Encap , see Fig. 4.3f, show a trend of increasing
magnetization per layer with increasing layer thickness. To further investigate this
trend, we compare the magnetization of di↵erent sample regions in the following
section.

4.3.2. Layer dependent magnetism in CrSBr

In order to quantify if the interlayer FM coupling of CrSBr exhibits any layer de-
pendence in the thin limit (N < 5), we compare the magnetization of various CrSBr
flakes. We determine the average magnetization through histograms of the recon-
structed magnetization maps, see Fig. 4.4 a,b. All the complete, reconstructed data
sets can be found in the appendix A.3.1. Applying this approach to a series of CrSBr
flakes with increasing layer numbers, we observe an initial increase in the magneti-
zation per layer, independently of whether the sample is encapsulated or not, until
reaching the saturation magnetization at N & 5 layers, close to the expected bulk
value of 36 µB/nm2 (Fig. 4.4c), where µB is the Bohr magneton. To validate our
findings, we independently determined CrSBr’s sample magnetization by performing
analytic fits to the measured magnetic field emerging from flake edges, as shown in
Fig. 4.3c,f, which agrees with our initial approach (see appendix A.3.1 for a complete
overview of all fitted values).
The observed increase of magnetization with the number of layers suggests that

interlayer exchange coupling [125] plays an important role in stabilizing intralayer
FM ordering. Indeed, the scaling of layer magnetization, Ml, with N fits well to
an empirical model (black line in Fig. 4.4c) that assumes a magnetization reduction,
✏, for the outermost layer of Cr atoms, but constant magnetization, M0, for the
remaining Cr layers Ml = M0(N � 2✏)/N . The model yields a bulk magnetization
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Figure 4.4.: Layer dependent magnetization of few layer CrSBr. a Magneti-
zation histograms of encapsulated and non-encapsulated (b) flakes of di↵erent thick-
nesses taken from additional datasets, see Appendix A.3.1. c Extracted magnetiza-
tion per CrSBr layer for encapsulated (orange) and non-encapsulated (blue) flakes as
a function of the number of layers. The dashed line is the expected value (36 µB/nm2)
from bulk measurements and the solid black line is a simplified model fit, which is
further described in the text.

M0 = 36.1(1) µB/nm2, and a reduction factor of 11(4)% for the outermost layers.
We note that our findings are reproduced and near-identical whether we investigate
encapsulated or non-encapsulated flakes. This attests to the remarkable air-stability
of magnetism in CrSBr, which we observe down to monolayers that had been left
exposed to ambient conditions for days. While we have not conducted an in-depth
analysis of monolayer CrSBr’s resilience to air, this already indicates that it has a
notable improvement in ambient magnetic stability when compared to 2D magnets
e.g. chromium and vanadium trihalides [29, 84].

4.4. Imaging the spin-flip transition in bilayer CrSBr

Magnetic anisotropy manifests as the magnetic field required to align the spins along a
crystallographic axis [126, 127]. In materials with strong anisotropy the spins undergo
a first-order spin-flip transition, where the magnetic spins of one antiferromagneti-
cally coupled sublattice directly reorient along the external field. For low anisotropy
systems, the spins align during a spin-flop transition, where the spins first flip perpen-
dicular to the externally applied field before continuously canting towards the applied
field and eventually arranging in an FM configuration.

In the presence of moderate in-plane magnetic fields, CrSBr undergoes such a meta-
magnetic transition from an interlayer AFM to an FM configuration. For fields
applied along the b-axis, this corresponds to a sharp spin-flip transition, while for
fields along the a-axis, a broad transition range indicates continuous canting of the
spins [38, 122]. Past observations of non-symmetric hysteresis curves around the
spin-flip transition [128], suggest the possibility that FM and AFM phases can coex-
ist during the transition. However, whether such a mixed phase indeed exists and how
the spin-flip transitions occur on the microscopic level in CrSBr remains unknown.
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In this section we explore how the spins in bilayer CrSBr flip from AFM to FM
interlayer ordering in the presence of an external field applied mainly along the b-axis,
i.e. the magnetic easy axis of the flake. We find that the spin flip transition in bilayer
is indeed accompanied by a movement of an AFM/FM phase wall through the flake.
The phase wall is stable as a function of applied magnetic field and occurs for both
transitions, from AFM to FM (increasing external field) and vice versa (decreasing
external field).

4.4.1. Spin-flip transition in bilayer CrSBr

To address the physics of the spin-flip transition in bilayer CrSBr and the possibility of
coexisting AFM/FM phases, we initialize a CrSBr bilayer into the FM configuration
by applying a magnetic field Bext = 230 mT along the NV axis, such that the in-plane
projection of Bext is approximately aligned with the sample’s b-axis. The field’s polar
and azimuthal angles amount to (✓,�) = (53�, 16�), where ✓ = 0� corresponds to the
sample normal and � = 0� to the horizontal axis in all images. We subsequently
decrease Bext in 10 mT steps and perform qualitative magnetic imaging to identify
the AFM to FM flipping field. The qualitative ”dual-iso-B” imaging modality, which
yields a magnetic field-dependent signal, allows for faster imaging compared to the
fully quantitative method (see section 2.3.2 for more details on the imaging modality).
This series of images (3 hours per image) is shown in Fig. 4.5. The image region
consists of a bilayer and monolayer section with an adjoining thicker section (� 4 L),
which remains in the AFM state throughout the series (Fig. 4.5 a). We observe that
at Bext ⇡ 200 mT, an AFM ordered region develops in the bilayer section of the flake.
This AFM region grows with decreasing external magnetic field until the flake is fully
AFM aligned at Bext < 160 mT. The boundary between FM and AFM phases that
we term a ”phase wall” (PW) is stable and moves incrementally through the sample
a the external B-field is decreased. The smoothness of this PW motion is evidence of
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Figure 4.5.: Imaging the spin-flip transition from FM to AFM in bilayer

CrSBr. a Schematic of the bilayer flake with adjacent monolayer and multilayer
sections. Dark blue corresponds to the FM coupled state and gray-blue indicates AFM
coupling. b Qualitative NV magnetometry images of the movement of the FM-AFM
phase wall when demagnetizing the sample from the FM state at |Bext| = 200 mT
to the AFM state at |Bext|  160 mT. An additional series of the propagation of the
FM to AFM phase wall can be found in Appendix A.3.2.
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Figure 4.6.: FM to AFM phase wall hysteresis loop in bilayer CrSBr. a Mea-
surement series of the phase wall movement through the material using a quantitative
imaging technique for both increasing and decreasing fields. Turquoise corresponds
to magnetic signal (i.e. FM coupling in bilayer) and white/gray corresponds to no
magnetic signal (i.e. AFM coupling in bilayer). b Illustration of partially flipped
state with thresholding to sum up the pixels in the ferromagnetic state. c Magnetic
hysteresis extracted from the images in a. The dashed line corresponds to data points
extracted from the measurement run depicted in Appendix A.3.2.

only weak magnetic pinning in CrSBr. A second data series of the PW evolution in
bilayer, recorded with a finer spacing of external B-field, is shown in appendix A.3.2
and shows the reproducibility of the PW motion.
The PW appears both when moving from the FM phase into the AFM phase by

decreasing the external field and vice versa for increasing the external field. We
imaged this cycle in external magnetic fields to map out the hysteresis of the PW
movement through the bilayer, see Fig. 4.6a. These images show a clear di↵erence in
the PW position with di↵erent magnetic sweeping directions. In order to calculate the
hysteresis of the phase wall we sum the number of pixels that are in the ferromagnetic
state, as illustrated in Fig. 4.6b, where the ferromagnetic state is define as pixels with
a normalized signal greater than 1.05. We define the magnetic signal as the sum of
the FM pixels normalized by the number of total pixels on the bilayer region, such
that

M =

P
pixelsFMP
pixels

. (4.2)

While this is not a perfect estimation of the FM region it roughly approximates
the percentage of FM alignment within the flake. The final result is normalized by
the state when the flake is purely in the FM state to set this value to be 1. This
results in the hysteresis curve shown in Fig. 4.6c. The resulting curve is consistent
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with previous, macroscopic measurements [128] , which supports the notion that past
hysteresis measurements in the CrSBr spin-flip transition indeed are explained by PW
movement throughout the sample.
While we can conclude that the spin-flip process in bilayer CrSBr is a PW assisted

reorientation of the spins as a function of external B-field (in contrary to a continuous
canting of all the spins), the nature of the PW remains to be understood, i.e. the
factors for why the PW can be stabilized in bilayer CrSBr and an estimation of
the PW width. We will address these questions with additional measurements and
micromagnetic simulations of CrSBr bilayer in the following section.

4.4.2. Analysis of the AFM/FM phase wall in bilayer CrSBr

Imaging the PW in opposite external bias fields, c.f. Fig. 4.7a, shows that the PW
moves through the flake independently of the polarity of the external field.
To provide a deeper understanding of the mechanism behind the formation of the

AFM-FM PW, we performed micromagnetic simulations, taking into account the
known magnetic properties of CrSBr [129–131]. The simulations were performed by
Dr. Boris Gross and more details can be found in the Appendix A.3.5.
The micromagnetic simulations cover the entire size of the imaged flake, i.e. ⇠ µm

sized flake. Whereas atomistic simulations are in general better to account for the
structure of layered CrSBr, they reach a computational limit for simulating such
large flakes. In order to mimic the layered CrSBr structure in the micromagnetic
simulations, we choose the cell thickness of the simulation mesh-grid to be of the
height of one CrSBr layer, i.e. one cell spans over 4 nm x 4 nm x 0.8 nm. In the
simulations we set the intralayer coupling within each layer to be FM and we set
the out-of-plane interlayer exchange coupling to be AFM. The material parameters
for the interlayer exchange coupling strengths are determined in an iterative process,
where we first simulate bulk CrSBr (cube of 200 nm x 200 nm x 200 nm with periodic
boundary conditions) and thereby adjust the parameters until the bulk values for the
saturation fields along the main crystal axes and the spin-flip field [117, 121, 122] are
roughly matched (see Appendix A.3.5 for more details).
For a homogeneous CrSBr bilayer, we are unable to stabilize a PW in our simu-

lations, i.e. the flake immediately switches from FM to AFM (or vice versa) within
one field step at 160mT (195mT). We conjecture that inhomogeneities in the sample
contribute to the stabilization of the PW. We model these by imposing that the in-
terlayer exchange coupling strength Aex,z exhibits a linear variation along the b-axis
that amounts to 24 % across the flake width of 3.3 µm. While other inhomogeneities
or pinning centers could also explain the stability of the PW, a variation of Aex,z

appears plausible, as it can be induced by strain-gradients [38] that commonly occur
in vdW structures [132]. Using literature values [38], we estimate that the variation in
Aex,z we impose can be induced by a realistic 0.4% strain variation across the CrSBr
flake. Furthermore, we introduce a nucleation point (defect) in the top left corner of
the CrSBr flake, to initialize the PW. Figures 4.7b and c show the resulting simulated
sample magnetization and stray field pattern in the presence of the PW, where the
latter shows good agreement with our experimental data. In contrast to the experi-
mentally observed PW, the simulated PW extends perfectly along the a-axis, which
results from the linear gradient in exchange coupling introduced in the simulations.
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Figure 4.7.: Analysis of the phase wall in bilayer CrSBr. a Image of coexisting
FM and AFM phases in a CrSBr bilayer obtained at |Bext| = ±180 mT after de-
magnetizing the sample from higher fields, with a magnetic field axis oriented along
(✓,�) = (53�, 16�). The images were obtained by magnetization reconstruction from
raw |BNV| data . b Micromagnetic simulation of the phase wall under the same
conditions as the right panel in a. c Experimental magnetic stray field image from
the measurement in a and simulated magnetic field from b. d Cross sections of the
magnetization vector across the phase wall (dashed line in b) resulting form the mi-
cromagnetic simulations for both the top and bottom layers. e Comparison of the
experimental measured magnetic field line cut across the phase wall (dashed lines in
c) and the simulation with various NV-sample stando↵ distances. The di↵erent lines
are o↵set for clarity.

Our simulations further show that the magnetization rotation across the PW is
largely confined to the a-b plane (Fig. 4.7d). By fitting the magnetization cross section
Mb to a tanh function, we can extract the phase wall parameter �:

Mb = tanh

✓
b� b0
�

◆
, (4.3)

where b0 represents the PW center along the b-axis and � is the PW parameter.
From this we can extract a phase wall width of �PW = ⇡� = 18 nm (Fig. 4.7e), which
is below the spatial resolution of our method. Yet, the experimental data show good
agreement with the model and their comparison allows us to estimate the NV-sample
distance (that sets the spatial resolution) to ⇠ 50 nm (Fig. 4.7e).
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4.4.3. AFM/FM spin-flip in trilayer CrSBr

To investigate whether the spin flip transition in thicker flakes is also PW assisted, we
image a trilayer section of sample S2Encap , see Fig. 4.8a. The small trilayer section
flips to an FM state in an external magnetic field of B = 300 mT applied along the NV
axis, Fig. 4.8b. Reducing the applied field to B = 290 mT introduces AFM regions
in the trilayer flake, Fig. 4.8c. Unlike in the bilayer case, these regions exhibit a time
dependence, which we observe by re-imaging the flake at the same field (B = 290 mT)
where with every scan the AFM regions extend further. These results are confirmed
by initializing the trilayer flake in the FM state again (applied B = 300 mT) and
subsequently reducing the field to B = 250 mT: AFM regions form and propagate
through the flake, Fig. 4.8d. In contrast to the FM/AFM PW in bilayer CrSBr, which
was stable for multiple hours to days under an external applied magnetic field, the
boundaries of the AFM regions observed in trilayer rapidly change (snapping to new
location within a line scan, t < 20 min). This could be explained by local influence of
our measurement technique, such as laser light induced heating and therefore dragging
of the phase boundary or spontaneous flipping of the magnetization (”jumps”) induced
by scanning across the flake in the meta-stable FM/AFM state. The fact that no
stable PW is observed in trilayer could also relate to the specific geometry of a CrSBr
flake , i.e. the trilayer flake we investigate is narrower (x 0.25) compared to the bilayer
flake, which showed a stable PW during the spin-flip transition. Due to the reduced
surface area of a potential PW along the b-axis in this specific trilayer flake, there is
a lower energy cost of moving such a domain.
It remains to be identified how these phase walls propagate in thicker stacks. For

instance, it is not obvious if in a spin-flip transition all layers of a CrSBr stack will flip
at once or consecutively, or if within the stack the layers will split up in di↵erent AFM
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Figure 4.8.: Phase wall movement in trilayer CrSBr. aMagnetic stray field map
of sample S2Encap measured in an external field of |Bext| = 150 mT. Dashed box marks
the region of the trilayer section shown in panels b-d. b Magnetic field map of com-
pletely FM ordered trilayer CrSBr measured in an external field of |Bext| = 300 mT.
Black arrow marks the extend of the FM 3L region. c Consecutive measurements
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for three times in a row (1st to 3rd measurement). d Analog to c but measured in a
yet lower external B-field of |Bext| = 250 mT.
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coupled regions or not. Our current scanning NV magnetometry setup, however, is
limited to measurements in fields B 300 mT, due to the limit of MW frequency we
can supply to drive the NV, and would need to be upgraded in order to image the
spin flip for stacks with � 4 layers.

4.5. Temperature dependent magnetism in CrSBr

There have been several studies suggesting that CrSBr enters an intermediate FM
phase, iFM, above the Néel temperature and below the Curie temperature [114, 117],
where the FM intralayer order within the individual CrSBr layers persists but without
interlayer correlation. However, no local nanoscale imaging probe has been utilized
yet to explore this magnetic phase and its spin configuration in few layer CrSBr. To
gain further insight into the high temperature regime of few layer CrSBr, we perform
a series of measurements between 120�160 K, with the aim of extracting the in-plane
anisotropy of the material and investigating the loss of long range order.
We study a monolayer/bilayer CrSBr sample, sample S4Air (c.f. Fig. 4.2d), at ele-

vated temperatures. In all measurements (unless otherwise stated) the temperature
was measured by a resistive thermal couple located at the top of the piezo stack which
held the sample. Due to the application of microwaves to drive the NV spin we expect
some o↵set in the real sample temperature compared with that sensor temperature.
This o↵set is MW power dependent and hard to calibrate for a large range of tem-
peratures. As such, we reference the temperature that was measured by the sensor,
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Figure 4.9.: Imaging mono- and bilayer CrSBr below and above the critical

temperature. Full temperature series from T = 120 K to T = 165 K of sample
S4Air . All data sets were recorded in an external bias field of |Bext| = 150 mT
roughly aligned along the intermediate a-axis of the material with an out of plane
angle of approximately 28�.
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Figure 4.10.: Exemplary magnetization reconstruction of the stray field

data at 120 K. The panels from left to right are: The original magnetic field,
the reconstructed magnetic field by the neural network, the magnetization along the
X-direction of the image (corresponds to the easy (b)-axis), the magnetization along
the Y-direction (corresponding to the intermediate (a)-axis) of the image, the magni-
tude of the total magnetization, and the direction of the magnetization.

which means the real sample temperature is few degrees higher than the indicated
temperature.

To investigate the transition from AFM to FM order at higher temperatures we
applied a magnetic field along the intermediate a-axis of S4Air . We then maintained
this magnetic field (B = 150 mT, � = 262�, and ✓ = 62�) while increasing the
temperature, mapping the stray magnetic field at each temperature. The resulting
magnetic images are all shown in Fig. 4.9, with two main observations:

First, the magnetization orientation between the bilayer and the monolayer flake
varies with di↵erent temperatures. At 120 K the bilayer is magnetized along the a-axis
of the material, while the monolayer remains mainly polarized along the b-axis. With
increasing temperature the monolayer magnetization starts to rotate towards the a-
axis, which can be seen from an increase of the stray field at the bottom edge of the
monolayer. We will show below how we can determine the magnetization rotation in
our data sets. By quantifying this magnetization rotation at di↵erent temperatures,
we can infer the anisotropy of monolayer CrSBr, which will be described in Sect. 4.5.1
below.

Second, we observe spatial variations of magnetization in the monolayer flake in a
temperature range around 145 K ± 5 K. This could be an indication of loss of long-
range order in the intermediate FM state of CrSBr. We will further discuss potential
interpretations of these magnetic variations in monolayer flakes in Sect. 4.5.2 below.
Additionally, we extend our discussion to more high temperature images of multilayer-
and also encapsulated flakes to study these magnetic textures and to shed light into
the intermediate FM state of few layer CrSBr.

4.5.1. Determining the anisotropy of monolayer CrSBr

In this section we will determine the anisotropy of monolayer CrSBr from our tem-
perature dependent data series shown in Fig. 4.9 previously. By extracting the mag-
netization direction and magnitude for each temperature and applying the Stoner
Wohlfarth model [133] for anisotropy, we can estimate the e↵ective anisotropy for the
monolayer flake.
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Figure 4.11.: Magnetization direction reconstruction at di↵erent tempera-

tures. Reconstruction [134] of magnetization components along the CrSBr b-axis
(Mb, top panels) and a-axis (Ma, bottom panels) for di↵erent temperatures, under
a magnetic bias field applied roughly along the a-axis ((✓,�) = (65�, 265�)). The
black arrows indicate the overall magnetization direction within the di↵erent layered
regions of the CrSBr flake.

First, we describe how we can determine the magnetization both along the a-axis
(Ma) and b-axis (Mb) of sample S4Air simultaneously using a neural network based
reconstruction method3 (see section A.1). For our data analysis we modified the
neural network reconstruction method to produce two maps, one for Mx and one for
My, as shown in Fig. 4.10. The x-axis (y-) aligns with the easy, b- (intermediate, a-)
axis of the CrSBr flake. The two respective magnetic fields are calculated indepen-
dently and afterward combined to compare with the measured magnetic image. The
reconstructed magnetization can be used to extract the total magnetization and the
magnetization direction for each pixel. Where we determine the magnitude as

|M | =
q
M2

x
+M2

y
, (4.4)

and the direction as

�M = arctan

✓
My

Mx

◆
. (4.5)

To minimize the background noise, two techniques are used: For the lower tempera-
ture case, a mask is introduced to restrict the reconstruction to produce magnetization
only inside the flake. The mask is introduced by edge detection of the magnetic field.
In the case of the higher temperature data (T = 155 and 165 K), the signal is weaker
so instead in the magnetization direction the images have a threshold applied such
that if the total magnetization is smaller than 5 µB/nm2, the pixel is treated as white
background.

3Dr. David Broadway implemented all the analysis code for magnetization direction dependent
reconstruction.
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Here, we present three reconstructed data sets at T = 130 K, T = 145 K and
T = 155 K in Fig. 4.11. The full reconstruction of all the temperature data is
shown in the appendix A.3. The anisotropy would indicate that the spins in the
bilayer (also in the AFM state) should be orientated along the b-axis of the material.
However, we observe magnetism pointing along the magnetic field direction along
the a-axis due to spin-canting, which tends to align spins in both layers towards the
magnetic field direction. In contrast, the monolayer magnetization for our initial
temperature T = 130 K is initially nearly aligned with the easy axis, indicating that
the e↵ective magnetic anisotropy energy, K⇤, exceeds the Zeeman energy. As we
increase T , the monolayer magnetization not only decreases in magnitude but also
reorients towards the a-axis. This reorientation results from a reduction of K⇤ with
increasing temperature [135]. At higher temperatures, the increased thermal-magnon
density perturbs the magnetic spins, which results in a lower e↵ective anisotropy K⇤

because the stability o↵ered from magnetocrystalline anisotropy can now more easily
be overcome with Zeeman energy.

For each temperature, we can determine the magnetization and canting angle of the
monolayer flake, see Fig. 4.12. Using these parameters, we are able to quantitatively
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Figure 4.12.: Method for extracting anisotropy from NV measurements. a

Illustration of a magnetic flake with an easy axis along the b-axis and a magnetic
field at an arbitrary angle (red arrow, dashed for projection onto the a-b plane). b

Illustration of di↵erent energy contributions, where the magnetization points along
a direction that is given by the combination of Zeeman and anisotropy energy. c,d

Magnetization strength (c) and direction (d) dependence as a function of temperature
extracted from the measurement series shown in appendix A.3.3.
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Figure 4.13.: Determination of magnetic anisotropy in a CrSBr monolayer.

a Illustration of the two competing interactions: e↵ective anisotropy (K⇤) and Zeeman
energy (B), and their e↵ect on the magnetization direction of the material. b E↵ective
in-plane and out-of-plane anisotropy of bulk CrSBr measured with vibrating sample
magnetometry by our collaborators at Columbia University. c Extracted e↵ective
in-plane anisotropy (K⇤) from the measurements in Fig. 4.11 and the extrapolated
anisotropy from the bulk measurements in b assuming a linear trend. The dashed
box in b indicates the range of c.

extract K* for monolayer CrSBr based on the Stoner Wohlfarth model [133], which
models the energy of a magnetic system under the influence of a magnetic field using
the expression

E = KV sin2(�� ✓)�MsV Bext cos�, (4.6)

where K is the magnetocrystalline anisotropy, V is the magnet volume, Ms is the
saturation magnetization, Bext is the external magnetic field, � is the angle between
the magnetization direction and the external field, and ✓ is the angle between the
applied field and the easy axis of the material. An illustration of this situation is
shown in Fig. 4.12a,b.

The magnetization direction is in equilibrium if the torques which act on it are
zero, which corresponds to the derivative of the energy with respect to � being equal
to zero:

@E

@�
= 2KV sin(�� ✓) cos(�� ✓)�MsV Bext sin� = 0. (4.7)

We extract the anisotropy by rearranging the equation above to solve for K:

K =
MBext sin�

2 sin(�� ✓) cos(�� ✓)
. (4.8)

Using this equation we determine the anisotropy of the monolayer using the measured
magnetization M (Fig. 4.12c) and direction �, (Fig. 4.12d).

The resulting single spin anisotropy energy as a function of temperature is shown
as the purple points in Fig. 4.13c. To compare our results to reference values, we turn



4.5. Temperature dependent magnetism in CrSBr 53

to bulk measurements of anisotropy in CrSBr4 plotted in Fig. 4.13b. Extrapolating
the bulk anisotropy measurement to higher temperatures (Fig. 4.13c, dashed line)
yields qualitative agreement with our results and indicates that the primary source
of magnetic anisotropy for the monolayer is magnetocrystalline anisotropy.

4.5.2. Imaging magnetic texture in CrSBr near the critical
temperature

From our high temperature data series, c.f. Fig. 4.9, it is evident that the FM order
in monolayer persists well beyond the nominal bulk Néel temperature TN ⇡ 132 K
of CrSBr, consistent with earlier observations of intralayer correlations in CrSBr for
T > TN [62, 122]. To further elucidate the still unclear nature of this intermediate FM
regime [114], we investigate the monolayer region of sample S4Air in a temperature
range slightly above TN and in various external magnetic fields, shown in Fig. 4.14.
In the low field regime (B< 10 mT), shown in the three most left panels in

Fig. 4.14b, clear spatial variations of the magnetization are observed. As mentioned
before, these inhomogenities are only present in a small temperature window, when
TN < T < Tc. It is notable that the adjacent bilayer does not show any spatial vari-
ation in magnetization. This is most likely due to the remaining AFM order in thin
layers above TN, which would compensate for the magnetic ordering. This observation
is consistent with measurements of di↵erent CrSBr flakes at higher temperatures: An
additional data series for sample S1Air is attached in the Appendix A.3.4, and shows
magnetic variations appearing in trilayer CrSBr, whereas its bilayer part stays AFM.
Additionally, we investigate an encapsulated device, sample S2Encap , which will be
described further below.
To explain the origin of the observed magnetization variations, we have to rule out

any potential interference from our measurement technique: There is the possibility
of our AFM tip interfering with the sample surface during scanning, which could alter
the topography and induce folds, which would in turn lead to a variation in measured
magnetization. Given that most of the magnetic texture disappears by applying a
larger external field (B� 200mT), see right panels in Fig. 4.14b, and a mostly uniform
magnetization is restored, we can most likely assume that there was no correlation or
damage induced by our tip. However, to rule out any potential tip induced alternation
of the CrSBr flake, we image an encapsulated CrSBr, where the top encapsulation
layer will protect the CrSBr flake from any tip induced uncontrolled damage.
To this end, we take magnetic images of sample S2Encap at elevated temperatures.

We initialize the flake through cooling below the critical temperature in zero magnetic
field. At T = 120 K we apply a small magnetic field B = (✓,�, |B|) = (55�, 80�, 5 mT)
and image the flake (Fig. 4.15, left panel). As expected for the AFM coupled ground
state of CrSBr at T = 120 K, the odd layer (1,3) regions exhibit stray magnetic
fields at their respective edges and the sample is homogeneously magnetized. This

4The bulk anisotropy measurements were obtained by our collaborators at Columbia University,
NY. They have measured the saturation magnetization and saturation field at di↵erent temperatures
for external fields along either the a-, b- or c-axis. By using the di↵erence between the a- (c-) axis
saturation field and the b-axis saturation field they calculated the e↵ective magnetic anisotropy
energy (K⇤) for the a and c axes based on the Stoner-Wohlfarth model. More details can be found
in the supplementary material of [9].
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Figure 4.14.: Imaging monolayer CrSBr near the critical temperature. a

Magnetic stray field image of sample S4Air at T = 150 K, identical to Fig. 4.9. Dashed
box indicated monolayer section of the flake. b Magnetic stray field images of mono-
layer CrSBr taken at T = 150 K in various external magnetic fields, ranging from
< 1mT to 250mT, highlighting the appearance of magnetic textures in the sub mi-
cron range.

configuration is maintained up at T = 130 K without evidence of deviation. However,
at T = 138 K we observe a notable shift, where magnetic features appear in the
previously pristine mono- and trilayer regions. Increasing the temperature further to
T = 140 K removes many of these features, illustrating the very small temperature
window (�T ⇠ 10 K) that this e↵ect is observable.
In this measurement series, one can observe a gradient in the stray magnetic field

strength across the sample, particularly at higher temperatures (Fig. 4.15, right pan-
els). We attribute this to a temperature gradient that is induced across the sample
due to joule heating from the MW antenna, which is used to drive the NV spin and
is located to the right of these images, approximately 80 µm away from the flake.
Additionally, during this measurement series, the temperature readout to the main
sensor was lost. As such, the temperature quoted was measured further away com-
pared to the other high temperature scans at therefore the sample temperature is
several degrees warmer than the stated temperature.
We have consistently observed a variation in magnetization in odd layered CrSBr,

for both encapsulated and non-encapsulated samples close to the transition temper-
ature. Our experimental observations help us identify the most likely origin of the
inhomogeneities in the intermediate FM phase. First, we note that the inhomo-
geneities appear completely static over the timescale of our experiments of several
days. This excludes critical spin fluctuations near Tc, or the appearance of unbound
meron/anti-meron pairs [136] as their origin. Second, a near-homogeneous monolayer
magnetization can be restored by increasing Bext to around 200 mT (see Fig. 4.14),
indicating that the saturation magnetization is nearly constant across the sample.
Given that the magnetic anisotropy K⇤ is near-vanishing for T & TN variations in K⇤

appear unlikely as the origin for the observed inhomogeneities. This would leave local
variations of intralayer exchange couplings as the most likely explanation for our obser-
vation. These local variations could originate from atomistic defects, strain variation,
or other local disorders that could disrupt the regular crystallographic structure.
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Figure 4.15.: Properties of CrSBr mono- and trilayer near T = TN. Magnetic
field images of Sample S2Encap at T = 120 � 140 K in a bias magnetic field Bext =
5 mT applied along the b-axis (with an out-of-plane component of approximately
35�). The onset of short-range magnetic inhomogeneities at T = 138 K is apparent
in regions with odd numbers of layers.

To further elucidate the nature of magnetic ordering in the intermediate magnetic
phase of CrSBr, we turn to measurements on bulk crystals5. In Fig. 4.16a, we show
the real part 6 of the zero-field AC susceptibility �AC of a bulk CrSBr crystal. Within
the probed parameter range, �AC is frequency independent and displays a single cusp
at TN = 132 K. The absence of an additional higher temperature feature in �AC

indicates that, despite the presence of FM correlations persisting to temperatures
T > TN, no additional short- or long-range intralayer order emerges in CrSBr above
TN at zero-field. However, in the presence of applied bias magnetic fields, a field-
dependent maximum in �AC(T ) emerges (Fig. 4.16b). The magnetic field dependence
of this high-temperature feature can be used to extract critical exponents for magnetic
ordering in CrSBr [137, 138]. Intriguingly, the extracted values of � = 0.22(2) and
� = 2.28(2) are close to the values expected for the 2D-XY model (� = 0.231 and
� = 2.4 [43, 139]). The value of � we determined aligns with values previously
determined by a range of experimental techniques [117, 140] and earlier conclusions
that CrSBr follows 2D-XY-like behavior above TN [136].
Our combined findings indicate that easy-plane behavior of single, FM layers of an

odd-layered CrSBr flake (e.g. 1L, 3L, ..., etc) could exist in a narrow temperature
range above TN and below Tc, in which 2D-XY-like physics could thereby be observed
in CrSBr. However, in our present samples, this behavior is likely masked by the
inhomogeneities in intralayer exchange coupling, as discussed earlier. Future advances
in material purification [141] and isolation from the substrate could therefore o↵er
exciting perspectives for observing 2D-XY spin physics[142] with its accompanying
topological spin textures [136] in monolayers of the CrSBr family.

4.6. Conclusion and Outlook

In this chapter, we provided a quantitative, nanoscale study of magnetization strength
and anisotropy in few layer CrSBr samples and addressed two key magnetic phase

5There experiments were conducted by our collaborators at Columbia University, NY.
6The imaginary part of �AC remains ⇡ 0 over the entire temperature range studied here.
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Figure 4.16.: AC susceptibility of bulk CrSBr at elevated temperatures. a

Real part of the zero-field, AC magnetic susceptibility �AC of bulk CrSBr. The data
indicate a lack of additional magnetic phase transitions for T > TN = 132 K. b Same
as a obtained in nonzero bias magnetic fields Bext. From these data, we extract critical
parameters � = 0.22(2) and � = 2.28(2), both approaching the expected values for
an ideal 2D-XY spin model (� = 0.231 and � = 2.4 [43]). AC susceptibility data
were collected with B parallel to the a-axis with an oscillating field of 1 mT by our
collaborators at Columbia University.

transitions by direct magnetic imaging using single-spin magnetometry. We observed
that the magnetization per CrSBr layer decreases monotonically with layer number,
but remains nonzero even for monolayers, which we find magnetically stable even in
the absence of encapsulation. We further investigated the AFM-FM spin-flip tran-
sition in bilayers and found them to be driven by the nucleation and subsequent
propagation of a phase wall, rather than a coherent rotation of the layer magneti-
zation. Finally, we addressed the evolution of magnetization near CrSBr’s critical
temperature and directly evidenced the reduction of anisotropy when approaching
TN. Near TN, we observed the onset of magnetic inhomogeneities in odd-layer flakes,
which we attributed to local disorder in intralayer exchange couplings that currently
mask a native 2D-XY behavior of CrSBr monolayers.

Future experiments on CrSBr could include the study of the potentially present
2D-XY phase at intermediate temperatures of ⇠ 145 K. In order to observe 2D-
XY like physics in CrSBr, the local disorder in interlayer exchange coupling needs
to be reduced/removed. One route would be to fabricate and examine suspended
CrSBr sheets, to mitigate any interaction with the substrate. Alternatively, di↵erent
fabrication techniques for producing monolayer CrSBr could be explored, in order to
avoid or minimize any strain induced by mechanical exfoliation, which could a↵ect
inhomogeneities in the flake.

In order to study exotic magnetic phases and anisotropy e↵ects in 2D magnetic
systems, it could be interesting to examine orthogonally twisted bilayer CrSBr [143].
The authors of [143] have found via transport measurements that by twisting two
monolayer CrSBr sheets with an 90° twist angle, they can create an interesting spin
configuration where they have observed field induced mutlistep switching. They hy-
pothesize that the observed multistep switching could be due to domain formation in
the twisted region. It would be worthwhile to locally probe the domain formation with
single spin magnetometry and verify if such domains exist. Furthermore, nanoscale



magnetic imaging could give insight into the flipping process of the spins when exter-
nal fields are aligned in between the a- and b-axis, for example at an 45° angle. It is
not known yet, which magnetic field and anisotropy contributions would dominate in
such a scenario and how it would a↵ect the flipping or canting of the spins. Studying
such twisted 2D magnetic heterostructures could open the path for observing and
manipulating exotic magnetic structures, such as skyrmions and merons [144, 145].
To summarize, our results on nanoscale investigations of magnetism in CrSBr un-

derline the material’s significant potential for the development of novel technologies
based on 2D magnets. In particular, the air stability, and large-range uniformity
of magnetization across tens of microns evidence robustness and scalability of this
material, while the highly stable magnetic phase wall we discovered suggest poten-
tial interesting functionalities in the context of spintronics and racetrack memory
devices [146].
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5. Domain Walls in Bilayer CrSBr

This chapter is based on unpublished data recorded in the Quantum Sensing Lab,
University of Basel, Switzerland1.

5.1. Introduction

Domain walls are fundamental concepts in condensed matter physics, defining bound-
aries between adjacent regions within a material where magnetic moments align dif-
ferently. These interfaces, termed domain walls, manifest gradual changes in spin ori-
entation from one domain to another. Studying such domain walls gives insight into a
material’s magnetic properties and dynamics, such as exchange interactions [44, 147],
and is crucial for technological advances in areas such as spintronics, magnetic mem-
ory, and quantum computing [148].
In condensed matter physics and material science, antiferromagnetic (AFM) do-

main walls have gained a lot of interest due to their inherent stability against exter-
nal magnetic fields, which makes them promising candidates for spintronic applica-
tions [149, 150]. Together with the recent development of two-dimensional van der
Waals (vdW) materials, an exciting new playground emerged: The ability to ob-
serve and manipulate AFM domain walls in vdW materials opens up possibilities for
exploring novel magnetic phenomena and developing next-generation spintronic and
magnetic storage devices based on 2D materials.
While researchers have successfully observed AFM domain walls in thick vdW ma-

terials or thin films using various experimental techniques, including scanning tun-
neling microscopy (STM) [21], magnetic force microscopy (MFM) [23], X-ray spec-
troscopy [24] and NV centers in diamond [22], the observation of AFM domain walls
in atomically thin vdW materials remains largely unexplored.
In this chapter we image the creation of an antiferromagnetic (AFM) domain wall

in the 2D magnet CrSBr by single spin NV magnetometry. Based on micromagnetic
simulations we show that the domain walls initiated in bilayer CrSBr most likely
consist of an AFM core of spins with a lateral displacement in the spin rotation in the
opposing layers, however, further theoretical and experimental work will be required to
confirm this hypothesis. Furthermore, we find that the presence of an AFM domain in
bilayer CrSBr induces the nucleation of a ferromagnetic “cusp”-shaped region during
the spin-flip transition. Our results demonstrate for the first time the observation
of AFM walls in an atomically thin vdW magnet and ultimately shed light into the
underlying spin configuration of the magnetic moments within the individual layers.

1Data recorded by M. A. Tschudin, C. Pellet-Mary, D. Dutta, P. Siegwolf (Reiser), C. Schrader
and D. A. Broadway under the supervision of P. Maletinsky. The samples described in this chapter
were fabricated by J. Cox and E. Telford under the guidance of C. Dean and X. Roy and the
micromagnetic simulations were done by B. Gross under the supervision of M. Poggio.
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5.2. AFM domain walls in bilayer CrSBr

In the following sections we will discuss the observation of AFM domain walls in
bilayer CrSBr, imaged via single spin microscopy based on NV centers in diamond.

5.2.1. Bilayer CrSBr flake

In order to study AFM domain walls in thin vdW magnets, we investigate a bilayer
CrSBr flake, c.f. Fig. 5.1. CrSBr is an air stable 2D magnet with a Néel temperature
of ⇠ 132 K [114], as discussed in section 4.2 of the previous chapter. Individual layers
of CrSBr couple antiferromagnetically and the intralayer coupling is ferromagnetic
(FM), i.e. within one layer all the spins align FM. The material has a magnetic
easy-axis (b-axis) along the short, geometrical axis of the flakes, see Fig. 5.1a. More
details on CrSBr, such as the crystallographic structure and origin of magnetism, are
described in section 4.2.
The sample we study consists of a large bilayer section, interfacing mono- and

trilayer CrSBr, as shown in the optical microscope image in Fig.5.1a. The layer
thickness of the CrSBr flake is determined by plotting the optical contrast between the
flake and the Si/SiO2 substrate (Fig. 5.1b). Similarly to the CrSBr samples studied
in the previous chapter (section 4.3, Fig.4.2), we find an absorption of approximately
15% for one single layer of CrSBr in our optical microscope.
For all measurements discussed in this chapter, the CrSBr samples have been zero

field cooled and subsequently measured at around 4 K, except for the data presented
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Figure 5.1.: Few-layer CrSBr flake a Optical microscope image of an exfoliated
CrSBr flake with layer thicknesses ranging from one to three layers. b Optical contrast
extracted from the microscope image to determine the layer thickness of the flake. c
Magnetic field image (qualitative) at |Bext| = 150 mT, where bilayer CrSBr couples
antiferromagnetically and stray fields only emerge from odd layers. The image was
taken at a fixed NV-to-sample distance of 300 nm (out-of-contact scan). d Magnetic
field image (qualitative) at |Bext| = 205 mT, where bilayer CrSBr flips to couple
ferromagnetically. The data was recorded at a fixed NV-to-sample distance of 200 nm
(out-of-contact scan).
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in the high temperature section 5.3, where the flake was imaged at T = 120� 130 K.
For magnetic imaging we apply an external magnetic field along the NV-axis (defined
by the angles �, the azimuthal angle quoted here respective to the b-axis of CrSBr and
✓, the angle away from the c-axis). We either image the flake in a qualitative ”dual-
iso-B” imaging modality (data plotted in pink/purple color scheme), which yields a
magnetic field-dependent signal and allows for faster imaging compared to the fully
quantitative method (see section 2.3.2 for more details on ”dual-iso-B” imaging).
Or we image the flake quantitatively (data plotted in red/blue color scheme), which
requires more measurement time but in turn allows for the quantitative determination
of CrSBr’s magnetic stray field (see section 2.3.2 for more details).
At 4 K and low magnetic field, bilayer CrSBr does not exhibit a considerable

magnetic stray field due to the AFM interlayer coupling, as shown in Fig.5.1c. Imaging
the CrSBr flake in an external field of |Bext| = 150 mT, shows stray field emerging
solely from the odd layered regions, i.e. monolayer and trilayer, as indicated with
the black arrows which denote the plausible spin alignment of the individual CrSBr
layers. The spatial resolution of this data set is ⇠ 300nm, which corresponds to the
NV-to-sample distance (height), which was kept constant for this scan by scanning
out-of-contact2.
However, the bilayer CrSBr can be flipped to a FM configuration by passing through

the spin-flip transition, which occurs around 200mT along the b-axis of the material [9,
121], see Fig.5.1d (measured at a constant height of ⇠ 200nm). We have shown in
the previous chapter that the spin-flip is accompanied by the propagation of a FM-
AFM phase wall through the sample, c.f. section 4.4. These results have shown that
di↵erent spin configurations in CrSBr can be stabilized, which makes this material a
promising platform for studying various spin textures. By studying spin textures in
CrSBr in more depth, we unravel the presence of AFM domain walls in bilayer CrSBr
in this chapter. We show that AFM domain walls induce specific morphologies of
FM regions in the FM-AFM spin-flip transition and our results ultimately shed light
into the underlying spin configuration of the magnetic moments in bilayer CrSBr, as
described in the sections below.

5.2.2. Initialization of an AFM domain wall in bilayer CrSBr

We are able to induce a domain wall in AFM ordered bilayer CrSBr, as shown in the
qualitative magnetic field image in Fig. 5.2a. This scan is recorded in with a NV-to-
sample distance of ⇠ 40�60 nm. In order to induce the domain wall, we initialize the
trilayer flake in an opposing spin configuration to the top part of the bilayer flake (by
applying a negative field along the b-axis and then returning to positive field values) .
To image the domain wall, we subsequently apply an external field of |Bext| = 190 mT
along the NV axis (� = 340�, ✓ = 53�) to flip the bilayer in its FM configuration.
Afterwards, by decreasing the external magnetic field to |Bext| = 170 mT, we observe
two AFM regions in the bilayer, which are separated by a domain wall.
The domain wall extends horizontally across the entire bilayer CrSBr flake, starting

on the right side at the monolayer interface and merges into a remaining FM bilayer
section, which has the shape of a cusp, on the left side. We find the domain wall to

2We determined the contact point with our AFM and retracted the tip by 300 nm afterwards to
scan at a fixed height, out-of-contact.
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be stable over multiple days, as we were able to perform multiple scans at various
fields of the same domain wall. We attribute the small stray field arising at the left
edge of the bilayer flake to spins canting at the edges.

In order to gain insight into the spin configuration of the AFM domain wall and
the correlation to the FM cusp, we turn to micromagnetic simulations of the flake,
implemented by Dr. Boris Gross. Similarly to section 4.4.2, chapter 4, the bi- and
trilayer section of the flake has been implemented in the simulations over a µm sized
range to resemble the actual flake size. The 2D nature of the material was imple-
mented by choosing a simulation mesh-grid with the height of one CrSBr layer, i.e.
one cell spans over 4nm x 4nm x 0.8 nm. The intralayer (interlayer) coupling was set
to FM (AFM) and a strain gradient helped stabilize the FM phase during magnetic
field sweeps in the simulations. More details on the simulation can be found in the
Appendix A.4.

In our simulations we find a domain wall and cusp forming in bilayer CrSBr
when sweeping from high external magnetic fields along the b-axis of the material
(B > 250 mT) to fields below the spin-flip transition. A snapshot of the magnetiza-
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Figure 5.2.: Initialization of an AFM domain wall in bilayer CrSBr a Mag-
netic field image (qualitative) at |Bext| = 170 mT showing the coexistence of an AFM
domain wall and an emerging ferromagnetic region (FM) in bilayer CrSBr. b Simula-
tion of the magnetization of the FM to AFM phase transition in a bi-/trilayer CrSBr
flake showing the emergence of a cusp and domain wall. c Magnetic field linecut of
the domain wall in bilayer CrSBr, location of linecut denoted as dashed line in a. d

Linecut of the simulated magnetic stray field map of the domain projected onto the
NV axis plotted at an NV-to-sample distance of 40 nm. Location of linecut denoted as
dashed line in b. e Illustration of a domain wall in bilayer CrSBr with an AFM core,
where the spins slightly tilt towards to b-axis as a result of lateral displacement of the
domain wall rotation center within the two respective layers (see Appendix A.4.1 for
more details). f Quantitative magnetic imaging of the FM region in bilayer, indicated
with dashed box in a, revealing the shape of a cusp merging into the AFM domain
wall.



5.2. AFM domain walls in bilayer CrSBr 63

tion at Bext = 230 mT is plotted in Fig. 5.2b. Comparable to our measurements, a
domain wall forms along the b-axis in the AFM bilayer section and merges into a FM
cusp. Comparing a linecut of the measured magnetic stray field of the AFM domain
wall, Fig. 5.2c, with a linecut extracted from the simulated stray field, Fig. 5.2d (see
Appendix A.4 for full data set), yields qualitative agreement: the measured stray
field is about ⇠ 140 µT, which is comparable to the stray field of ⇠ 110 µT from the
simulation, when assuming a NV-to-sample distance of 40 nm. The discrepancy of
⇠50 mT between the external field of the simulation and the one of the experiment
stems from the fact, that the spin-flip field in the simulation depends on the input
interlayer exchange values, which could be slightly adapted in future simulation series
to better match our measured fields.

The spin configuration within the AFM domain core, which leads to the simu-
lated stray field plotted in Fig. 5.2d, can be extracted from the simulations (see
Appendix A.4) and is illustrated in Fig. 5.2e. From the simulation we find that our
experimentally measured stray field profile fits best to an AFM domain wall with an
AFM core, where the spin cores in the respective CrSBr layers are laterally displaced
by a few nm, which leads to a measurable stay field on top of the domain wall, as
illustrated with the teal arrows in Fig. 5.2e. Such lateral displacement could re-
sult from di↵erential magnetic ”pressure”, wanting to maximize the regions of spins
aligned with the external magnetic field along the b-axis. This would manifest in a
dependence of the domain wall stray field strength as a function of externally applied
field, which indeed can be reproduced with a simple toy model, see Fig. A.6 and
section below.

We implement a toy model simulation where we construct a simplified bilayer flake
with two opposite AFM regions split by an artificially imposed domain wall with either
FM or AFM core, see Appendix A.4 for more details. We then let the simulation
minimize the energy and assess the final spin arrangement which evolved within the
di↵erent domains. For an FM (AFM) domain wall core, see Fig. A.6 for an illustration,
in zero external bias field we find a stray field of ⇠ 450 µT (⇠ 12 µT) and for an
AFM core with the presence of an external field (hence the spins will tilt towards
the direction of the external magnetic field when rotating in the domain wall) the
corresponding stray field is ⇠ 65 µT (all values extracted at 40 nm height). Though
based on a very simplified system, these findings further support the likelihood of
an AFM core with displaced cores in the respective CrSBr layers, being the internal
structure of our observed AFM domain wall, as the corresponding stray field strength
qualitatively matches our measurement of ⇠ 110 µT best.

From our experiments we find that another signature of the presence of an AFM
domain wall is the creation of a ”cusp” in the FM region during the FM-to-AFM
spin-flip transition, which merges into the domain, see Fig. 5.2f. By creating two
AFM regions separated by an AFM domain wall, the remaining FM bilayer forms
into a cusp-like shape, with the pointy end merging into the domain wall. By in(de)-
creasing the external magnetic field the FM region around the cusp grows (shrinks)
accordingly. Whereas the cusp itself is stable over multiple hours to days in our
experimental setup, its boundary is slightly changing with every scan line, visible
as small strikes in the bottom right edge of the cusp. This could be attributed
to laser induced dragging [151] of the phase boundary when scanning, as the e↵ect
predominantly appears along the fast scanning axis. The shape of the cusp possibly
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Figure 5.3.: Di↵erent FM puddle morphologies a Magnetic field image (qualita-
tive) at |Bext| = 166 mT showing the formation of a cusp in the FM puddle merging
into an AFM domain wall. Possible spin configuration of the individual CrSBr layers
is denoted with black arrows. b Quantitative magnetic field image of a FM puddle
forming in the absence of an AFM domain wall in bilayer CrSBr at |Bext| = 175 mT.
c Same as b but recorded at |Bext| = 180 mT and with the trilayer having the same
orientation as the the adjacent monolayer flake.

results from energetics between the domain wall and the FM/AFM phase boundary
and remains to be studied in more depth.

When transitioning from the bilayer FM ordered state through the spin-flip into
the AFM ordered state by reducing the external magnetic fields, the remaining FM
region can appear in two di↵erent morphologies: either as a cusp connected to an AFM
domain wall, Fig. 5.3a, or as an FM puddle with smooth boundaries in absence of an
AFM domain wall, Fig. 5.3b,c. The creation of the FM puddles is independent on the
relative orientation of the trilayer to the monolayer, compare Fig. 5.3b,c. However,
the magnetic configuration of the trilayer with respect to the bilayer determines if an
AFM domain wall is induced, which ultimately has an influence on the morphology of
the FM region during the spin-flip transition. Our assumption is that in case of the
bottom two layers of the trilayer region sharing the same, uniform spin configuration
as the bilayer, no AFM domain walls are initialized and during the spin-flip transition
the FM region shapes into a puddle with smooth boundaries. In contrast, if the
trilayer is oriented opposite to the bilayer spin configuration in the top part of the
flake (it is not clear yet, what pins the top part of the bilayer flake into certain spin
configuration), we initialize an AFM domain wall in bilayer. In this case, the FM
region forming during the spin-flip transition preferentially nucleates into the domain
wall and exhibits a cusp.

Understanding the link between the AFM domain wall generation and morphology
of the associated FM region during the spin-flip transition will ultimately give insight
into the local spin configuration of the system. However, further theoretical and
experimental work will be required to confirm this hypothesis.
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5.2.3. Reproducibility of domain wall formation in bilayer CrSBr

To di↵erentiate between the observation of an AFM domain wall versus any kind of
defect within the spin lattice, such as a chain of spins canting along a prefixed defect
line within the sample, we show the generation of various, spatially independent
domain walls in bilayer CrSBr in this section.

An illustration of the domain wall and corresponding FM cusp is shown in Fig. 5.4a.
For every measurement run the trilayer region is polarized with an opposite spin
configuration with respect to the top region of the bilayer flake (see black arrows
denoting the spin configuration in illustration Fig. 5.4a). This configuration either
naturally occurs after zero-field cooling or is enforced by applying a large enough field
to flip the trilayer into an opposite configuration. For the data presented in Fig. 5.4b,
we first polarize the trilayer in a negative field roughly along the b-axis of the crystal
and subsequently apply a positive field large enough (Bext ⇠ 200 mT) to reset the
bilayer in its FM state. The di↵erence in spin-configuration within the trilayer and
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Figure 5.4.: Independent events of AFM domain wall creation in bilayer

CrSBr. a Schematic of the coexistence of a domain wall (dashed line) and FM
cusp region (dark purple) in bilayer CrSBr. Adjacent flake regions consist of mono-
and trilayer CrSBr. b Magnetic image (qualitative) at |Bext| = 165 mT showing the
emergence of a DW and an associated FM cusp region forming in bilayer CrSBr. This
data set was recorded with an NV oriented roughly along the b-axis and slightly out
of plane (� = 340�, ✓ = 53�). c Independent, quantitative magnetic field image of
a domain wall and cusp at |Bext| = 150 mT and similarly in d at |Bext| = 140 mT
(qualitative). Data sets in c,d were recorded with an in-plane NV (� = 354�, ✓ = 82�).
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Figure 5.5.: Domain wall imaging below the spin flip transition a Magnetic
image (qualitative) of the domain wall crossing the entire bilayer section at |Bext| =
131.5 mT (NV orientation: � = 340�, ✓ = 53�). b Independent, quantitative magnetic
scan of the domain wall at |Bext| = 135 mT recorded with an in-plane NV (� = 354�,
✓ = 82�).

bilayer leads to the formation of an AFM domain wall. As previously observed, by
reducing the external field thereafter, a FM region with a cusp shape merges into the
domain wall in the FM-AFM spin-flip transition, as shown in Fig. 5.4b.
The FM cusp and associated FM region reduces (grows) with decreasing (increas-

ing) external magnetic field, and always forms around the AFM domain wall, which
possibly acts as an energetically favorably nucleation point for the FM region, as
shown in Fig. 5.4c,d. Additionally, the initialization of the domain wall occurs for
external fields aligned along an NV-axis with an out of plane component (� = 340�,
✓ = 53�, where � is measured from the positive b-axis and ✓ is measured from the
c-axis), as well as for fields along NVs pointing in-plane (� = 354�, ✓ = 82�), see
Fig. 5.4c,d. We can therefore conclude that our observation of the domain wall is
independent of an out-of-plane field induced when measuring with a NV axis pointing
out of plane (✓ = 53�).
We are also able to image the domain wall extending over the entirety of the bilayer

flake by reducing the external field further to Bext ⇠ 130 mT, as shown in Fig. 5.5.
Since the magnetic signal from the domain wall itself is smaller (x 2.5) compared
to the magnetic signal originating from the CrSBr layer magnetization, for clarity,
the domain wall region is plotted with a smaller magnetic signal range as an inset
in both figures. Again, the domain wall is initialized over the entire bilayer flake
independently of the out-of-plane field component being aligned at 53� away from
the c-axis (Fig. 5.5a) versus almost completely in plane at 82� away from the c-axis
(Fig. 5.5b).
While the AFM domain walls form independently at various locations throughout

the sample, they always intersect into the same spot on the left edge of the bilayer
flake, c.f. Fig. 5.4 and Fig. 5.5. This could be explained by local inhomogeneities,
making it energetically favorable for the domain to pin to the same end location
within the bilayer.
We conclude that the observed stray field in our measurements is attributed to a
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domain wall (and not defects) because we were able to show various, independent
initializations of AFM domain walls throughout the same bilayer flake (in contrast, a
chain of spins canting along defects, for example, would always nucleate at the same
location within the sample). Furthermore, the observation of a FM cusp (puddle)
in presence (absence) of a domain wall further strengthens the assumption of our
measurements capturing the stray field of an AFM domain wall. However, since the
domain wall is always pinned to the same end point at the edge of the bilayer, the
e↵ect of defects cannot be completely ruled out. Additionally, the AFM domain walls
are very stable over time (multiple hours to days) and do not move by varying the
direction of the applied magnetic field, making it plausible that local defects could
pin the domain.
In order to probe the presence of observable defects within our sample which could

a↵ect the domain wall formation, i.e. to assess the ”cleanliness” of the bilayer CrSBr
flake, we turn again to high temperature imaging in the intermediate FM phase, iFM
phase, of CrSBr to gain insight into local disorder. It has previously been shown that
spatial variations in magnetization appear in the iFM phase, which are most likely
attributed to inhomogenities from local disorder within the samples [9].

5.3. Imaging the CrSBr bilayer in the iFM regime
above TN

In the previous section we have shown the initialization of AFM domain walls in
a bilayer CrSBr flake. Since we have observed that individual AFM domain walls
are all pinned to the same end point at the edge of the bilayer, we want to assess
the local disorder within the bilayer flake in this section. To this end, we turn to
high temperature imaging of the bilayer flake to unravel potential defect sources, as
explained below.
Previous work on CrSBr has shown that intralayer correlations in CrSBr exist

beyond the Néel temperature [9, 114]. The nature of this so called intermediate FM
regime, iFM, is still under debate: AC susceptibility measurements (Fig. 4.16) suggest
a 2D-XY nature for CrSBr in the iFM regime. In the last chapter, section 4.5.2, we
have shown that spatial variations in magnetization appear in the iFM region, which
we attribute to local variations of intralayer coupling originating from atomic defects,
strain variations or other disorder [9]. This finding in turn implies, that imaging
CrSBr in the iFM regime can give insight into the local disorder - an observation that
we will here exploit to assess disorder in our CrSBr bilayer sample.
In this section we image the CrSBr sample in the iFM regime to gain insight

in the underlying disorder structure. We expect to be able to distinguish between
individually appearing defects, which could possibly pin the AFM domain walls but
not hinder its formation, and between chains of defects forming a connected line,
which could lead to an observation of a stray magnetic field if spins cant along the
defect line.
For all the measurements shown in this section, the CrSBr flake was zero field

cooled below TN and subsequently imaged at various temperatures and in an external
magnetic field of 5 mT, applied roughly along the a-axis of the material with a small
out of plane component due to the alignment with the NV axis. The temperature
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in our experiments was read out by a resistivity thermal couple located below the
sample holder. An o↵set to the actual sample temperature is to be expected, since
the applied microwaves used to drive the NV leads to additional heating. We therefore
assume that the actual sample temperature was several degrees warmer.
Quantitative magnetic field images of the CrSBr sample below and above TN are

shown in Fig. 5.6. At 120 K (Fig. 5.6a) the CrSBr flake magnetically orders in its
AFM ground state, as to be expected for temperatures below TN . The mono- and
trilayer regions are uniformly magnetized, in this particular cool down with opposite
polarity. This can be concluded from the observation of opposite stray field contri-
butions at the monolayer and trilayer edges, i.e. the right trilayer edge has a positive
stray field projection whereas the right monolayer edge generates a negative stray
field projection along the NV axis. Increasing the temperature slightly above TN

3

shows magnetic variations appearing predominantly in mono- and trilayer CrSBr, see
Fig. 5.6b, consistent with the observation of varying magnetization in the iFM regime
described in the last chapter, section 4.5.
Additionally, we observe a defect line in the bilayer section of the flake, which is

plotted in a smaller magnetic field range for clarity in Fig. 5.6c. We indeed see a
small magnetic signal associated with this defect line in our low temperature scans,
see Fig. 5.4b. We attribute this stray field to spins canting along the defect line.
Such defects could result from atomic discontinuities in the CrSBr structure or from
structural defects/changes in the underlying Si/SiO2 surface. It is also apparent, that
on the left side of the bilayer flake some local disorder appears and acts as a strong
pinning site for the AFM domain wall endpoint (c.f. Fig 5.5). In the bilayer region
of observed domain formation there are no observable defect lines.

2
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Figure 5.6.: Imaging magnetic inhomogeneities in few-layer CrSBr above

TN a Magnetic stray field image recorded at T=120K in an external field of |Bext| =
5 mT roughly aligned along the intermediate (a-axis) of the material. b Magnetic
imaging at T� 132K revealing magnetic texture in the stray field close to and within
trilayer CrSBr. c Same as b but plotted with a smaller magnetic field range to
highlight features with stray fields below 50 mT.

3The recorded temperature for this scan is 132 K, but due to the microwave heating we expect
the actual sample temperature to be several degrees warmer.
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We conclude that the magnetic signal of the observed magnetic features extending
mostly along the b-axis (see Sect. 5.2), which we attributed to domain walls, do not
correlate with any observable disorder in the corresponding regime. There is still the
possibility that local defects, which are below our detection limit, are pinning the
AFM domain wall, such as the local disorder observed near the bilayer edge, which
acts as a pinning site of the AFM domain wall endpoint.

5.4. Conclusion and Outlook

In this chapter we have shown the initialization of AFM domain walls in bilayer
CrSBr. One signature of the creation of an AFM domain wall is the observation of
a FM cusp shaped region which forms in the FM-to-AFM spin-flip transition. Our
results show that the FM region appears in two morphologies: a cusp feature merging
into an AFM domain wall or a FM puddle with smooth edges in the absence of AFM
domain walls, consistent with the notion of presence (absence) of di↵erent (same)
spin configuration within the bilayer flake. Comparing our experimental findings
to micromagnetic simulations suggests that the observed domain wall consists of an
AFM core, where the spins in the two CrSBr layers couple AFM but their rotation
is slightly shifted with respect to each other and hence the domain wall exhibits a
measurable stay field.
Studying the interface between the FM region of the FM-to-AFM spin flip transition

and the trilayer flake could give insight into the spin configuration of the system: in
the presence of di↵erent AFM spin configuration within the bilayer, there would be
a spin mismatch at the interface of the bilayer to the trilayer flake on one side of the
domain. It would be worthwhile to image this boundary, as its geometric shape could
depend on the energy cost required to align (anti-align) the spins at the interface. In
contrast, in the absence of AFM domains and under the assumption of a uniform spin
configuration within the bilayer, the interface between FM bilayer CrSBr and trilayer
is expected to show the same spin orientation to minimize the energy required to align
the spins, which might create a distinguishable boundary shape to the anti-aligned
case.
It still remains to be determined what causes the bilayer flake to split up into

di↵erent AFM configurations. In our experiments, we initialized the domain via the
control of the spin orientation between the trilayer and bilayer flake. Micromagnetic
simulations, however, suggest the presence of AFM domain walls in isolated bilayer
flakes with no neighboring layers. Since CrSBr can naturally exfoliate into isolated
bilayer pieces, a follow up measurement would include to image spin textures in such
samples and verify the presence (or absence) of AFM domain walls and examine the
FM puddle morphologies in the FM-to-AFM spin-flip transition.
It is important to distinguish between the observation of an actual AFM domain

wall versus a defect line with canted spins, since both features can lead to a measur-
able magnetic signature but imply profoundly di↵erent physics. By imaging multiple,
spatially varying magnetic field lines within the bilayer CrSBr, which always corre-
late to the presence of a FM cusp region, we have strong evidence of assigning our
observation to an AFM domain wall rather than just a line of defects. This statement
could be reinforced by successful manipulation of the spin configuration within the



70 Domain Walls in Bilayer CrSBr

core of the domain wall. Our toy model simulations (Appendix A.4) show that by
applying a field of ⇠ 300 mT along the a-axis of the material upon the creation of
the domain wall, the magnetic domain wall core will flip from a tilted AFM config-
uration to a completely FM core with alignment along the a-axis. Such a change of
spin configuration will also alter the corresponding magnetic stray field. Since the
simulations suggest that the domain wall remains stable upon lowering the external
magnetic field, even below to spin-flip transition, our scanning NV magnetometer ex-
periments should allow for the detection of di↵erent domain core formations. First,
the AFM domain would need to be initialized and imaged by applying an external
field along an NV with � aligned along the b-axis of the material. Second, the spins
within the domain would be flipped to ± along the a-axis, by changing the direction
of the external applied field4. Afterwards, the external field can be re-aligned with
the NV axis and decreased to any field suitable for measuring with the NV center.
If indeed the core of the domain wall can be manipulated we would expect to see an
increase in magnetic stray field for a FM domain wall core versus an AFM core and
the sign should depend on the polarity of the external field.
Our results mark one of the first realization and observation of AFM domain walls

in atomically thin vdW magnets. With our experiments we ultimately gain insight
into the spin configuration of individual CrSBr layers and domain wall cores. These
findings will help pave the way for spintronics applications based on AFM domain
walls in vdW structures.

4From our simulations we conclude that a field of ⇠ 300 mT along the a-axis is su�cient to flip
the spins within the domain wall into a FM configuration. This field value is well below the field
required to flip the entire bilayer flake by progressively canting the spins to point along the a-axis
(⇠ 1 T [121]) and should hence only have a measurable e↵ect on the spins within the domain wall.
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6. Summary and Outlook

In this thesis, we explore the fundamental properties of 2D magnets using a quantum
sensor based on single spins in diamond for nanoscale magnetic imaging. The study
of magnetism in low dimensions is key for advancing applications based on these 2D
magnets, which form promising building blocks for spintronics and quantum comput-
ing technologies. In our experiments we observe magnetic order in 2D magnets down
to the monolayer limit and gain valuable insight into di↵erent magnetic phases.
Such 2D, vdW magnets are a newly discovered material class that have gener-

ated significant interest for their potential as a novel, atomic scale platform to host
interesting magnetic phases and spin textures [2, 3]. The properties of atomically
thin vdW materials show distinct features, not present in their bulk counterparts,
which make them interesting for exploring novel, fundamental physics. The ability to
combine various vdW materials into new heterostructures with atomically clean inter-
faces opens up avenues for generating unlimited combinations of novel materials with
specifically, engineered properties. Furthermore, the twist degree of freedom between
combined sheets of 2D materials allows for the creation of moiré phases, which has
already led to groundbreaking novel discoveries in condensed matter physics [32–34]
and will continue to o↵er a rich playground for exploring exotic phases in 2D systems.
Studying magnetism in vdW magnets requires precise measurement tools compat-

ible with low temperatures down to a few K, as most of the currently discovered 2D
magnets only exhibit long range magnetic order at cryogenic condition. In this thesis,
we use single spin NV magnetometry, a powerful, non-invasive measurement tech-
nique with high spatial resolution (< 50 nm [16]), great sensitivity (µT/

p
Hz [17]),

and compatibility with cryogenic temperatures [152]. In scanning NV magnetometry,
the spin dependent fluorescence from an atomic defect, the Nitrogen-Vacancy center,
is captured to measure local magnetic fields due to Zeeman splitting [15]. The NV
center is embedded in the tip of an all-diamond scanning probe and can be brought
into close contact to a sample for nanoscale magnetic imaging.
We apply scanning NV magnetometry to study magnetism in the 2D magnet family

of the chromium-trihalides CrX3 (X = {I, Br, Cl}). With our sensing technique we
achieve the first, quantitative study of AFM magnetic order in few-layer CrI3 [14]. We
consistently observe a magnetization for odd layered flakes, which is comparable to
the magnetization of one fully polarized flake. We try to induce and image magnetic
domain propagation in trilayer CrI3. While we are able to flip half of the trilayer
flake into an opposing magnetic configuration by applying an external field along the
easy-anisotropy axis, z-axis of CrI3, it is not possible to detect any domain wall prop-
agation and we hypothesize that the trilayer flake has significant structural defects
acting as a strong pinning site for the magnetization. The observation of phase wall
propagation therefore remains to be explored. In CrX3 the magnetic coupling is con-
nected to the structural order of the material. This e↵ect can be exploited to create
magnetic moiré patterns: by twisting two CrX3 layers with respect to each other,
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local modulation in the interlayer coupling (FM versus AFM) are created due to the
changes in stacking order, which forms a magnetic moiré. Such moirés have thus far
been imaged directly in CrI3 using single spin magnetometry [11] and globally using
widefield NV magnetometry [12]. Here, we show our e↵orts towards imaging mag-
netic moirés in 2D CrBr3 (3L + 3L, 5L) and CrCl3 (twisted monolayers). While we
do register a distinct variation in magnetization in the twisted areas of both samples,
we are unable to extract meaningful moiré parameters from our measurements, as our
magnetic signal is noisy and the material is prone to defects, disrupting any potential
moiré. Furthermore, the unstable nature of the CrX3 makes repetitive measurements
on these systems di�cult because they risk degrading, even if encapsulated1. We con-
clude that it is di�cult to disentangle magnetic moiré signatures from local defects
in thin CrX3 devices and that it is challenging to realize long range magnetic moiré
patterns (> µms) in CrX3 due to their structural and magnetic defects and inherent
instability.
We therefore turn our studies to a novel 2D magnet with promising air-stability:

AFM ordered CrSBr. We employ single spin NV magnetometry to assess the mag-
netism in CrSBr and find remarkably homogeneous magnetization down to monolayer
flakes [9]. Additionally, our measurements confirm magnetic stability for both encap-
sulated and non-encapsulated flakes below the critical temperature of CrSBr. Fur-
thermore, we study the spin-flip transition in bilayer CrSBr by applying an external
field along the easy-anisotropy axis of CrSBr, the in-plane b-axis, which flips the spins
from AFM to FM order with increasing external field. We find this spin-flip transi-
tion to be accompanied by the nucleation and propagation of a phase-wall through
the sample, counter to all spins canting simultaneously. Comparing our results to mi-
cromagnetic simulations shows that a local variation in interlayer exchange coupling,
possibly due to strain, helps stabilize the phase wall in this system. We then move
on to image atomically thin CrSBr in the high temperature regime, near the critical
temperature TN=132 K. We find a reduction in anisotropy close to TN and image
local magnetization variation in odd-layered flakes in a temperature window slightly
above TN . The origin of this magnetic pattern is attributed to local inhomogeneities
resulting from changes in intralayer coupling, which would mask features of a 2D-XY
phase, predicted to appear in CrSBr at higher temperatures. We conclude that due
to the air-stability and robust magnetization of CrSBr below the critical temperature,
this materials forms a great platform for studying spin textures and o↵ers potential
interesting functionalities for novel technologies in the context of spintronics.
In the remaining part of this thesis, we investigate spin textures in few layer CrSBr

and unravel the existence of AFM domain walls. The study of AFM domain walls
is relevant for spintronics applications due to their robustness against magnetic per-
turbations. However, to date, the observation of AFM domain walls in atomically
thin vdW materials remains largely unexplored. Using single spin NV magnetome-
try we image the initialization of AFM domain wall formation in bilayer CrSBr and
characterize the magnetic configuration of the underlying flakes. By comparing our
measurements to micromagnetic simulations, we conclude that the most likely spin
texture within the domain wall core is of an AFM nature, where the domain cores

1In principle, a perfect encapsulation protects the magnetic material from degradation. How-
ever, in practice many contaminants are introduced during stacking and any imperfection in the
encapsulation leads to degrading.



75

within the two bilayer flakes are slightly shifted with respect to each other. This local
shift of the spin rotation centers leads to a measurable magnetic stray field on top
of the AFM domain wall. We can decouple the observation of an AFM domain wall
with signals arising from possible defects present in the sample, by demonstrating the
repetitive initialization of various AFM domain walls throughout di↵erent locations
within a bilayer sample and by imaging the flake in the high-temperature regime,
which gives insight into local magnetic disorder [9]. Our results mark one of the first
demonstrations of the detection of AFM domain walls in atomically thin 2D magnets
and pave the way for developing spintronics applications based on vdW structures.
Overall, this thesis has presented nanoscale magnetic imaging studies of magnetism

in 2D magnets using single spin magnetometry. Our results give insight into magnetic
phases, anisotropies and spin textures, including AFM domain walls, in CrSBr, an
emerging 2D magnet with promising air-stability. Future advances in the field rely
on further engineering material properties in 2D magnets and combining di↵erent
sensing techniques to map out the entire phase space of magnetism in vdW materials.

Outlook

Future advances in the field of 2D magnets rely on the fabrication of defect-free
materials, which allow for the generation of clean, magnetic phases in such systems.
One promising route is the fabrication of 2D magnets samples under ultra high vac-

uum [106]. This technique exfoliates and stacks thin vdW material in an ultra high
vacuum atmosphere, which maximally reduces contamination from the environment
during fabrication. This stacking technique, however, requires a new generation of
stacking stamps, since conventional polymer stacks would introduce too much con-
tamination into an ultra high vacuum chamber. Researchers have therefore developed
a cantilever based stacking procedure using silicon nitride membranes [106]. We have
seen in this thesis that the material family of chromium-trihalides (CrX3, X = {I, Br,
Cl}) provides diverse physical phenomena to explore but su↵ers from many defects
and structural disorder, possibly introduced during stacking and fabrication. Work-
ing with CrX3 in ultra high vacuum could potentially create cleaner samples, which
would be of particular interest for generating longrange magnetic moiré patterns.
Another important tuning knob for turning 2D magnets into versatile components

for quantum applications is the control of magnetic coupling and anisotropy within the
material. One way is designing new compositions by halogen substitution, i.e. through
Cl alloying in CrSBr, which has shown that the magnetocrystalline anisotropy can
be reduced and that chemical tuning of the interlayer coupling (AFM vs FM) can be
achieved in such compounds [141].
In terms of future directions of employing NV magnetometry to study 2D magnets,

a diverse spectrum of magnetic phases could be explored within those materials.
It is for example possible to study spin waves using NV centers [153, 154]. Both
the 2D magnets CrCl3 [155] and CrSBr (near the critical temperature) [135] exhibit
spin waves in the frequency regime close to the NV center transition frequency and
are thus promising candidates for studying spin waves in the atomically thin limit.
Furthermore, NV centers could give insight into skyrmionic structures and spiral
spin textures in vdW materials [13, 156]. As these structures tend to emerge on
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lengthscales below 50 nm, it is crucial to push the spatial resolution of scanning NV
magnetometry down, which can be achieved by stabilization of shallow implanted NV
centers in all-diamond scanning probes. While di↵erent imaging techniques exist to
probe 2D magnetism, c.f. section 2.2.3, future advances in the field will improve by
finding appropriate synergies between the individual platforms, as discussed with an
example of investigating strain in the 2D magnet CrSBr below.

Strained CrSBr flakes

Here we present magnetic imaging of strained CrSBr flakes by using the complemen-
tary techniques of scanning NV magnetometry and scanning SQUID-on-lever. This
section is based on unpublished data recorded in the Quantum Sensing Lab and the
Poggio Lab, University of Basel, Switzerland2. Manuscript under preparation.

A key ingredient for turning 2D magnets into applications is gaining control over
di↵erent magnetic phases. One way of achieving such control over the magnetic
order is via applying in-situ strain: Recently, it has been shown that uniaxial tensile
strain in CrSBr (20 nm thick) a↵ects the interlayer exchange coupling [38], leading
to FM exchange coupling at zero external bias field. In order to gain insight into the
mechanism of strain induced magnetic transitions, we image strained CrSBr flakes.
Strain has been applied by pushing a CrSBr flake with a graphene marker and thus
bending the flake, as depicted in Fig. 6.1a and described in [157].
We employ scanning NV magnetometry to image a strained, 8 nm thick CrSBr flake,

as shown in the topography image in Fig. 6.1b. Recording the magnetic stray field of
the strained CrSBr flake at 4 K, in 150 mT after zero field cooling shows homogeneous
magnetic order3, with the exception of one magnetic dirt residue towards the middle
of the scan area. We do not see any apparent e↵ect of strain within this sample,
possibly because the strain values are not high enough to perturb the AFM interlayer
exchange coupling in the ground state. Imaging such strained devices during the spin-
flip process would yield more insight into the e↵ect of strain on the magnetization.
Our scanning NV magnetometry setup is, however, limited to operations in fields
below ⇠ 300 mT, which is not enough to induce FM order in multilayer CrSBr [121].
Additionally, imaging full flakes with sizes of several µms is very time consuming and
often times the flakes do not fit entirely in our maximal scan range of 15 x 15µm2.
Therefore, we turn to scanning SQUID magnetometry of strained CrSBr flakes. We
investigate a 18-layer, strained CrSBr flake, as shown in Fig. 6.1c. Using a SQUID-on-
lever, in analogy to [67], we image the magnetization of the CrSBr flake as a function of
increasing in-plane field along the easy-anisotropy axis (b-axis) within the material.
We find that the magnetic switching from the AFM ground state to FM order is
linked to the strain in the sample: as shown in Fig. 6.1d, the region with maximal

2NV Data recorded by M. A. Tschudin, C. Schrader and D. A. Broadway under the supervision
of P. Maletinsky. Scanning SQUID data recorded by A. Vervelaki, K. Bagani, and D. Jetter under
the supervision of M. Poggio. The samples described in this chapter were fabricated by A. De-
varakonda under the guidance of C. Dean and X. Roy and the micromagnetic simulations were done
by A. Vervelaki and B. Gross.

3The faint stray field lines crossing the CrSBr flake result from a thin (⇠3 nm) CrSBr flake
which was stacked on top of the strained flake for creating a magnetic moiré. The twist angles are
however too large (> 5�) to induce a moiré periodicity which could be resolved with scanning NV
magnetometry.
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Figure 6.1.: Imaging magnetism in strained CrSBr flakes. a Straining CrSBr
via AFM controlled bending of the flake using a graphite marker, similarly to as
described in [157]. b Topography of a strained, 8 nm thick CrSBr flake (only bottom
part of flake is shown). c Scanning NV magnetometry imaging of the flake in b,
recorded at |Bext| = 150 mT pointing roughly along the b-axis (geometrical short axis)
of the flake and out of plane (✓NV = 54�) to align it to the NV axis. d Topography of
a 18-layer thick CrSBr flake, strained using the same technique as depicted in a. The
corresponding stain profile was calculated according to [157]. e Scanning SQUID-on-
lever imaging of the flake shown in d, revealing a correlation between maximal strain
and FM order during the spin-flip process in CrSBr. The external magnetic field is
applied in-plane along the b-axis (geometrical short axis) of the flake.

strain (region of maximal bend) switches first and a phase wall progressively extends
throughout the flake, similar to our observations in bilayer CrSBr, c.f. section 4.4.
Eventually, all the layers flip into a FM configuration between B = 350� 400 mT.
While scanning SQUID magnetometry has nicely outlined the correlation of strain

and magnetic switching in multilayer CrSBr, this technique is not able to resolve the
magnetic structures visible as ”wiggles” in Fig. 6.1e, mainly occurring at B = 350 mT.
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Micromagnetic simulations of this structure suggest the presence of AFM domain walls
and corresponding FM cusp regions, similar to our observations of AFM domain walls
in bilayer CrSBr, c.f. section 5.2. Therefore NV magnetometry can provide crucial
information about underlying spin textures in such systems. This example illustrate
the beneficial synergy between di↵erent sensing modes, which is required to fully map
out the magnetic phases in 2D magnets.

There are various routes for combining di↵erent imaging and sensing techniques.
One possibility is to combine Magneto-Optical Kerr E↵ect (MOKE) with scanning
NV magnetometry: MOKE could allow for a fast overview scan, probing areas of
di↵erent magnetic orientations, which is especially useful when studying larger 2D
magnetic flakes. Additionally, the added optics could be used to probe excitons in
2D magnets [57]. Afterwards, scanning NV magnetometry can be applied to gain
local, nanoscale magnetic resolution images of spin textures such as domain walls
or skyrmions, which are typically below the spatial resolution of MOKE. Another
possibility is the integration of an all-diamond scanning probe in a quantum twisting
microscope (QTM) [158]. In such a configuration, the NV center could directly probe
the local magnetic moiré of in-situ twisted stacks. Alternatively, a translucent tip,
such as an all-diamond scanning probe, could be used as the base for an hBN capping
layer with embedded hBN defects for sensing [159–161] in a QTM setup.
In conclusion, combining diverse imaging and sensing techniques is crucial for fully

understanding and controlling the magnetic phases in 2D magnets, paving the way
for advanced technological applications.



A. Appendix

A.1. NV ground state Hamiltonian and magnetization
determination

Magnetic field response of NV centers

The NV’s response to magnetic fields can be understood by looking at the NV’s
ground state Hamiltonian [15]:

Ĥ/h = D0Ŝ
2
z
+ �NVBŜ, (A.1)

where h is the Planck constant, D0 is the zero field splitting between the ms=0 and
the ms=±1 spin states (2.87 GHz), �NV = 28 MHz/mT is the gyromagnetic ratio,
Ŝx,y,z are the spin matrices for S = 1, and B = (Bx, By, Bz) denoting the magnetic
field amplitudes defined by the NV coordinate system, where the z-axis corresponds
to the NV symmetry axis. We neglect the contribution of the strain induced mixing of
the ms=±1 and hyperfine interactions with nuclear spins in diamond, as we typically
do not resolve this in our measurements due to power broadening. Writing eq. A.1 in
Matrix form yields:
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For magnetic fields parallel to the NV axis (Bx, By = 0), the NV ODMR frequencies
are linearly shifted, which leads to the Zeeman splitting of �f = 2�NV ·Bz, between
the two ms=±1 states, as stated in eq. 2.4 before. Orthogonal fields will induce spin
mixing, where the ms=0 and ms=±1 states will no longer be good eigenstates. Such
spin mixing will decrease the NV fluorescence and ODMR contrast, which makes
quantitative magnetic field sensing impossible for orthogonal fields above ⇠ 10 mT
(however, qualitative sensing is still possible in this regime) [99]. For the measure-
ments in this thesis we apply the external fields along the NV-axis and we operate in
transient fields below 10 mT.
Magnetization determination

The magnetic stray field maps of 2D magnetic samples, recorded with our scanning
NV magnetometer, can reveal information about the underlying source magnetization.
While a magnetization source leads to a well defined magnetic stray field (forward
problem), the inverse calculation, i.e. determining the magnetization corresponding
to a given stray field map has no unique solution (reverse problem) and can thus only
be solved, if certain assumptions about the system, such as the magnetization direc-
tion, are given [162]. With reconstruction methods, it is possible to link a magnetic
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stray field of a 2D magnetic system map to a corresponding magnetization [79]. The
magnetic field B(r) at a position r induced by a magnetization is defined as [29, 162]:

B(r) =
µ0
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Assuming the stray field is measured at a fixed height above a 2D magnetic source
with a magnetization M pointing along ✓M away from the z-axis and 'M within
the x-y-plane, the stray field arising at the edge (x=0, magnetization y extending to
infinity) is given by [14, 44]:
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In scanning NV magnetometry, the measured stray field is a projection along the
NV-axis:

BNV (x, y) = sin(✓NV ) cos(�NV ) ·Bx+sin(✓NV ) sin(�NV ) ·By +cos(✓NV ) ·Bz (A.5)

In our experiments, we determine ✓NV and �NV by iteratively sweeping the external
magnetic field (vector field) along ✓ and � and determining the maximal splitting
of the two ODMR peaks (i.e maximal alignment of the external magnetic field).
Assuming a certain orientation of the magnetization (for example ✓M = 90 and 'M =
0 for in plane magnetization measured along the anisotropy axis of the magnetic
system) allows for fitting linecuts to the stray field profiles measured along the edge
of a 2D magnetic flake, and hence determining the corresponding magnetization M.
To reconstruct the magnetization corresponding to an entire stray field map of a

2D magnetic sheet, the following correlation in Fourier space can be used (Fourier
reconstruction method):

B(k) = D(k) ·M(k), (A.6)

where D is the dipolar tensor [17, 153, 163]:

D(k) =
µ0

2
ke�kz

0

BB@

�
�
kx
k

�2
�

kxky

k2 �ikx
k

�
kxky

k2 �

⇣
ky

k

⌘2
�iky

k

�ikx
k

�iky

k
1

1

CCA . (A.7)

It is apparent from eq. A.6 that the magnetic field can be determined from a given
magnetization, but the inverse problem is ill defined. However, the reconstruction
of the magnetization from a stray field map is possible, if enough constraints are
introduced, such as fixing the magnetization direction and applying suitable filters.
The magnetization data presented in this thesis were obtained via the Fourier recon-
structed method mentioned above and as described in more details in [14, 17] or via a
neural network approach [134], which determines an inversion transformation matrix
to produce a magnetization image from a stray field scan based on a machine learning
neural network (more details can be found in the supplementary of [9]).
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A.2. Experimental Setup

In this section we list details of the vdW assembly (section A.2.1) and of the low
temperature scanning NV magnetometry setups (section A.2.2).

A.2.1. VdW assembly fabrication parameters

Table A.1 summarizes the optical contrast measured in our microscope for the
chromium-trihalides (CrX3) exfoliated on 90 nm Si/SiO2. For the vdW assembly
of these materials, we typically encapsulate the magnetic flakes in thin (<15 nm)
graphite. The graphite flakes are exfoliated outside of the glovebox on 285 nm Si/SiO2

wafers and then transferred into the glovebox. Before picking up the flakes for stack-
ing inside the glovebox, the Si/SiO2 chips containing the graphite flakes are heated
on a hot plate (⇠ 120�C) for a few min to evaporate any remaining water molecules
from the surface. When picking up the CrX3 flake, we keep the temperature below
70�C at all times to prevent the non-encapsulated flake from degrading. Once the
flake is fully encapsulated in graphite (or hBN) we release the stack by melting the
PC film at ⇠ 160�C.

Material Contrast 1L (red color channel) Contrast 2L (red color channel)

CrI3 7� 8% 16%

CrBr3 5% 8� 9%

CrCl3 2� 3% 5� 6%

Table A.1.: Optical contrast in our microscope (100x) for CrX3 exfoliated on 90 nm
Si/SiO2.

The sources of the 2D materials used in this thesis are summarized in table A.2
below.

Material Source 1 Source 2

CrI3 Dr. Enrico Giannini, University of Geneva HQGraphene

CrBr3 2Dsemiconductors

CrCl3 HQGraphene

CrSBr Group of Prof. Xavier Roy, Columbia University

G NGS Flaggy Flakes, graphit.de

Table A.2.: Crystal sources for the 2D materials presented in this thesis.

PC transfer slides: The following recipe explains, how we fabricate the polymer
stamps (PC slides) used for vdW stacking.

• take PDMS (Gel-Pak DGL-20/17-X4) and fine tip tweezers (sharp tip end)
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• use fabrication wipes as surface to work on

• get PC solution1 (6%)

• get clean micrscope holder glass slides (can clean them with acetone and IPA)

• use a plastic pipette to put a line of PC droplets on a glass slide, put another
glass slide on top, slightly press down and slide o↵ the upper glass slide

• let PC film dry2

• prepare new glass slides, take tape (double sided, we use scotch double sided
tape) and punch a hole through the tape with a hole puncher. Put the tape
with the hole centered on the top of the glass slide, cut o↵ edges of remaining
tape with a razor blade

• cut out PDMS stripes with a new, clean razor blade, put the stripe on a glass
slide and cut out small squares (only use clean material!). PDMS square size:
⇠ 2 x 2 mm2

• Place the PDMS square on the glass slide, in the hole of the double sided tape

• Punch a hole into a new stripe of tape (single sided, we use scotch magic tape)
and place it on a clean area on the PC film (hold slide against the light to clearly
see clean areas)

• Press the tape down on the PC film, cut o↵ the edges of the PC film along the
tape and peel o↵ the tape. Now you should have a thin PC film spanning across
the hole in your tape.

• Place the tape with the PC film on the PDMS square: align the PC film to
span across and around the entire PDMS square

• Gently press down the tape with the PC film onto the double sided tape and
remove trapped air bubbles using tweezers. Be careful to keep the delicate PC
film/PDMS stamp area clean and free from damage.

• Extra: in case your stamp blows up when bringing into the glovebox (during
vacuum pumping), puncture the PC film next to the PDMS square with a razor
blade before transferring.

A.2.2. Setup specifics

This section is adapted from the supplementary material of [9] and lists the key
components of the two low temperature scanning NV magnetometry setups used to
record the data presented in this thesis.

1Polycarbonate (PC) was dissolved in chloroform: 1.74 g of PC in 20ml of chloroform (⇢ChCl3 =
1.49g/ml, V=20ml, concentration c = mPC

mChCl3
).

2avoid making PC slides in a dry environment because it will get too sticky. One can take a
fabwipe, dip it in water and place the wet towel next to the PC films when drying to provide some
extra humidity.
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The magnetic images shown in this thesis were taken using two di↵erent Attocube
cryostats, an attoLIQUID 1000 for measurements around T = 4K and an attoDRY
2200 for variable temperatures T = 2 � 300K measurements. The NV electronic
spin is excited using a 532 nm laser (attoLiquid - Laser Quantum 532 Gem, and
attoDry - Laser Quantum 532 Torus). The green laser light passes through an acousto-
optical modulator (AOM), which we control via an arbitrary waveform generator
(AWG) (Spectrum instrumentation DN2.663-04). The photoluminescence (PL) of
the NV spin is separated using a dichoric mirror which is detected with an avalanche
photodiode (Excelitas SPCM-AQRH-33). The microwave control is performed using a
signal generator (attoLIQUID - SRS SG384, attoDry - Rhode Schwartz SMBV100B)
and the AWG. To maintain the optical readout of the NV spin, the sample is scanned
while the diamond tip remains static.
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A.3. Nanomagnetism in CrSBr

A.3.1. Histograms

To determine the magnetization of the CrSBr flakes we use two separate methods:
The first method is fitting the magnetic stray field of a 1D line cut across the edge of a
flake and the second method is taking a histogram of the reconstructed magnetization
image of a CrSBr flake. Details on the fitting routines are described in section A.1.
In the following paragraph we show the histograms of the studies CrSBr used for
extracting the magnetization and we summarize all the results, including all values
from analytical 1D linefits in table A.3. Comparing these results shows that both
methods for determining the magnetization give a similar value of magnetization for
a specific layer thickness of CrSBr.
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Figure A.1.: Histograms of the magnetization reconstruction for layer dependent
magnetization determination. a Magnetization reconstruction for sample S1Air with
region for where histogram is taken. b Histogram from a, where the fit to the his-
togram is shown in black. c Magnetization reconstruction for sample S2Encap . d

Histograms from c, where blue is monolayer, orange is (FM) bilayer, and green is tri-
layer. e Magnetization reconstruction for sample S3Air . f Histograms from e, where
blue is monolayer and orange is (FM) bilayer.
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#L Sample State M (µb/nm2) M/ layer B (mT) Height (nm) Method

1 S2Encap AFM 28 ± 1 28 ± 1 150 63 ± 1 Line cut

1 S2Encap AFM 29 ± 2 29 ± 2 150 66 ± 4 Line cut

1 S2Encap AFM 28 ± 3 28 ± 3 150 70 Histogram

1 S3Air AFM 30 ± 1 30 ± 1 230 48 ± 2 Line cut

1 S3Air AFM 27 ± 2 27 ± 2 150 60 Histogram

1 S3Air AFM 30 ± 6 30 ± 6 230 60 Histogram

2 S2Encap FM 58 ± 2 29 ± 1 150 70 Line cut

2 S2Encap FM 58 ± 3 29 ± 1.5 150 70 Histogram

2 S3Air FM 64 ± 3 32 ± 1.5 180 55 ± 2 Line cut

2 S3Air FM 61 ± 8 30.5 ± 4 170 100 Histogram

2 S3Air FM 63.3 ± 0.2 31.6 ± 0.1 180 60 Histogram

2 S3Air FM 58 ± 7 29 ± 4 230 60 Histogram

2 S3Air FM 58 ± 2 29 ± 1 230 46 ± 2 Line cut

3 S1Air AFM 34.5 ± 0.4 34.5 ± 0.4 150 63 ± 1 Line cut

3 S1Air AFM 36.7 ± 0.2 36.7 ± 0.2 5 60 Histogram

3 S2Encap AFM 31 ± 0.7 31 ± 0.7 150 69 ± 2 Line cut

3 S2Encap AFM 33 ± 3 33 ± 3 150 70 Histogram

3 S2Encap FM 98 ± 5 33 ± 2 300 73 ± 5 Line cut

5 S3Air AFM 37 ± 3 37 ± 3 172.5 111 ± 10 Line cut

5 S3Air AFM 38 ± 3 38 ± 3 170 100 Histogram

5 S3Air AFM 37 ± 2 37 ± 2 160 100 Histogram

Table A.3.: Measurements of the magnetization of di↵erent layer thicknesses at a
temperature of approximately 4K. Blue color highlights data points used in Fig. 4.4c.

A.3.2. FM to AFM spin-flip

A full Iso-B imaging series of the phase wall movement in bilayer CrSBr is shown
below.
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Figure A.2.: Measurement series of phase wall movement through bilayer CrSBr going
from high field (200 mT) to low field (165 mT). Measurements were taken with single
point ”Iso-B” imaging, method described in Section 2.3.2.

A.3.3. Magnetization reconstruction at di↵erent temperatures

The results from the magnetization reconstruction using a neural network approach,
implemented by Dr. David Broadway, are shown below.
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Figure A.3.: Magnetization reconstruction of all the magnetic images taken at dif-
ferent temperatures from Fig.4.9. The panels from left to right are: The original
magnetic field, the reconstructed magnetic field by the neural network, the magneti-
zation along the X-direction of the image, the magnetization along the Y-direction of
the image, the magnitude of the magnetization, and the direction of the magnetiza-
tion. The bottom two rows have the data multiplied by two to make the data visible.
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A.3.4. Magnetic structure of di↵erent CrSBr flakes near Tc

We performed a smaller temperature scan on Sample S1Air , over a region containing
both a bi- and trilayer. At T = 4K and low applied magnetic fields, the bilayer was
observed to be perfectly AFM, with no observable stray magnetic field, while the
trilayer was uniformly magnetized over regions of 10s of microns, shown in Fig. A.4a.
When heated to near the Néel Temperature (T = 130K ⇡ TN) the trilayer showed
evidence of spontaneous reordering of the magnetization direction. This is observed
in the small red section of the left hand side in Fig. A.4b. The change in magnetic
field direction indicates that for a few lines (image taken by scanning with a faster
horizontal axis and a slow vertical axis) the magnetization direction had flipped. We
also observed for a previous smaller scan at the same temperature that the magneti-
zation direction was opposite to the scan shown in b. We suggest that the system was
close enough to the Néel temperature that small local perturbations in temperature
may have resulted in a flipping of the magnetization direction through heating above
TN and then cooling back down.
By increasing the temperature further to above the Néel Temperature (T = 140 K),

we observed the bi-layer to become weakly FM, which results in a small stray field
even for weak applied magnetic fields. While the trilayer became significantly weaker
in strength and formed small magnetic textures similar to the samples discussed in
section 4.5.2.

T  =  140K > TN

x4

B = 10 mTB = 10 mT

T = TN = 130K

B = 150 mT

T > TN=  140KT = 4K

B = 10 mT

3L

2L

a b c d

Figure A.4.: Temperature series for tri- and bilayer flake. a Magnetic image at T =
120K with trilayer in the FM state and the bilayer in the AFM state. The rough state
of the material is illustrated below the image. b Magnetic image at T = 130K ⇡ TN

showing the same state as in a except for one region that had the opposite sign.
This was concluded to be a short term flip of the entire flake rather than a local
domain, see text for details. c Magnetic image at T = 140K where both regions
are in the FM state but now have zero remnant field, resulting in a reduced field
strength. d Magnetic image at T = 140K measured at a higher field B = 150mT
which magnetizes the layers to a similar strength to before the Néel temperature. All
measurements are performed with a magnetic field pointing approximately along the
CrSBr b-axis with a small ⇠ 30� out of plane component.

A.3.5. Micromagnetic simulations of CrSBr

We employ computational micromagnetic simulations [129–131] to investigate the
formation of AFM-FM phase boundaries. To do so, we simulate the fraction of the
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CrSBr flake that has been imaged using the scanning NV magnetometer and is shown
in Fig. 4.7.
To estimate material parameters, we consider a 200 nm x 200 nm x 200 nm

simulation volume with periodic boundary conditions in all three dimensions, rep-
resenting a bulk CrSBr crystal. The corresponding cell sizes are 4 nm x 4 nm x
0.8 nm, respectively. As a starting point, the in-plane exchange sti↵ness is esti-
mated by Aex,xy ⇡ kBTc/(2(a + b)/2) = 2.35 pJ/m [164] using a = 0.350 43 nm,
b = 0.473 79 nm, and Tc = 140K. The saturation magnetization is set to its bulk
value of Msat ⇡ 36 µB/nm2. Then, interlayer exchange coupling and strength of
crystalline anisotropy axes (a and b axes of the material) are estimated in an iterative
process: The relative strength of the two uniaxial crystalline easy anisotropy axes is
taken from Fig. 4.13b, and interlayer exchange coupling Aex,z is known to be negative
and small compared to Aex,xy. With this input these three parameters are adjusted
until the bulk values for the saturation fields along the main crystal axes and the
spin-flip field [117, 121, 122] are roughly matched. This leads to Ka = 106 098 J/m3,
Kb = 40 244 J/m3, and Aex,z = �0.008 ·Aex,xy.
For the simulations of the flake we use black and white images of each layer that

are deduced from optical images of the flake as geometry. The finite element mesh
is set to a size of 825 x 2525 x 6 cells with corresponding cell sizes of 4 nm x 4 nm x
0.8 nm, respectively.
An x (along b-axis) gradient in Aex,z of about 1.25 aJ/m/nm is introduced to the

simulation, which facilitates gradual movement of the AFM/FM phase boundary
through the flake with external field. This corresponds to Aex,z = �0.008 ·Aex,xy on
the left hand side and Aex,z = �0.0105 ·Aex,xy right hand side of the flake. Further,
a small ‘defect’ in the top left corner of the flake, namely a spot with positive Aex,z,
serves as nucleation point for the FM domain.
The saturation magnetization is set to our measured value Msat ⇡ 30 µB/nm2, and

Aex,xy = 1.75 pJ/m is adjusted in an other iterative process to match the field range
of phase boundary movement, while the gradient field of Aex,z is kept at constant
relative value.
Unlike in experiment, the simulated phase boundary is perfectly vertical, except

if in proximity to an edge of the sample. This is owed to the perfect orientation of
the gradient in Aex,z with x. We have tested diagonal gradients leading to diagonal
boundary orientations, implying that the irregular boundary in the experiment may
originate in an equally irregular gradient in Aex,z.
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A.4. AFM Domain Walls in Bilayer CrSBr

We turn to micromagnetic simulations to study the internal spin structure of horizon-
tal AFM domains in bilayer CrSBr. The simulations have been conducted by Dr. Boris
Gross. The material parameters and setting of the CrSBr unitcell is identical to the
simulations described in A.3.5. In this section we discuss two di↵erent simulation
sets: First, we discuss the stray field emerging from an AFM domain wall in a bilayer
CrSBr flake, which has been imaged using the scanning NV magnetometer (Fig. 5.2).
Afterwards, we show simulations of a simplified CrSBr bilayer geometry to assess the
di↵erence in magnetic stray field arising for di↵erent domain core formations (FM
versus AFM).

A.4.1. Simulations AFM domain wall in bilayer CrSBr

The reconstructed magnetic stray field corresponding to the simulated magnetization
map of the bi-/trilayer CrSBr flake shown in Fig. 5.2b is plotted in Fig.A.5a.
The stray field is projected along the NV-axis (� = 340�, ✓ = 53�) and calculated

at 40 nm above the sample. A linecut of the AFM domain wall stray field is plotted
in Fig.A.5. Note that this is the same linecut as shown in Fig. 5.2d, plotted on a
larger x-range. To minimize the background introduced by the trilayer stray field,
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Figure A.5.: Micromagnetic simulation of an AFM domain wall in bilayer CrSBr in an
external field of Bext = 230 mT along the b-axis. a Reconstructed magnetic stray field
along the NV-axis (� = 340�, ✓ = 53�) generated from the magnetization calculated in
mumax, see Fig. 5.2b. b Linecut though the magnetic stray field of the AFM domain
wall (extracted at an NV-to-sample-distance of 40 nm), as indicated by the dashed
line in a. To minimize the background, only the stray field for the bilayer flake is
plotted here, neglecting any contribution from the third layer in the simulation, which
corresponds to the trilayer. c Linecuts of the simulated magnetization components
of the individual CrSBr layers within the bilayer showing an o↵set of the DW core
within the two layers.
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Figure A.6.: Toy model simulation of a horizontal domain wall in bilayer CrSBr. a

Simulating an area of ⇠ 1x1 µm2 bilayer CrSBr with two di↵erently coupled AFM
regions separated by a domain wall (white line in the middle). The spin orientation of
the individual regions are indicated by black arrows. b Implementing the simulation
with a FM domain wall core, where the spins of both layers point along the y-axis ath
the domain wall core (a-axis for CrSBr). c Same as b but with an AFM core, where
the spins in the di↵erent layers point into opposite directions within the domain core.
A lateral displacement of the domain wall core is observed within the two layers, which
leads to a measurable magnetic stray field of such an AFM domain wall (as indicated
by the two teal arrows, which sum up to a net magnetization contribution). d Linecuts
of the domain walls for the three di↵erent configurations: FM (AFM) domain wall
core at zero external bias field, creating a stray field of ⇠ 450µT (⇠ 12µT) and an
AFM core in an external bias field of Bext = 200 mT generating a stay field of ⇠ 65µT.
All stay field profiles are plotted for an NV-to-sample distance of 40 nm.

we only plot the stray field of the bilayer (layer 1 and 2 in the simulation) for the
domain line cut. In order to visualize the lateral displacement of the domain wall core
within the CrSBr sheets, we show the simulated magnetization component profiles as
a linecut through the domain wall in Fig.A.5c. Our simulations suggest a lateral o↵set
of ⇠ 8 nm between the spin alignment within the domain.

We simulate the stray fields arising for di↵erent domain wall core spin configura-
tions, i.e. spins coupling FM or AFM within the domain wall core of two adjacent
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Figure A.7.: Toy model simulation of the spin reorientation in the domain wall core
from AFM to FM. a Magnetization component of the flake along the a-axis (y-axis
in the simulation) plotted as a function of an external magnetic field applied along
an NV center parallel to the a-axis (� = 90�, ✓ = 53�). The spins within the flake
will progressively tilt and at ⇠ Bext = 325 mT (indicated by jump in My), the spins
within a horizontal domain wall with an AFM core will flip into a FM arrangement,
i.e. to a FM core. Retracting the external field to zero will leave the spins in a FM
configuration aligned with the a-axis of CrSBr. b Color code used in the micromag-
netic simulation software mumax for the spin orientation [165]. c Snapshot of the spin
orientation of bilayer CrSBr with an AFM domain at ⇠ Bext = 325 mT, where the
spins in the domain core have flipped from an AFM to a FM configuration pointing
along the a-axis of the material (indicated by black arrows) and green color code. d

Same as c but after sweeping the external field back down to zero.

monolayers CrSBr sheets, shown in Fig.A.6. Comparing these results with the mea-
sured stray field strength of the domain wall (Fig. 5.2c) allows for qualitatively assign-
ing a most likely spin structure to the observed domain wall. Since this ”toy model”
simulation is reduced to a simplified version of a ⇠ 1x1 µm2 bilayer CrSBr flake with
a manually induced domain wall and no neighboring flakes, we expect a mismatch be-
tween the obtained stray field values from the simulation versus the measured values
and only qualitative comparisons can be drawn.
In the simulations, we implement two di↵erent AFM regions in bilayer CrSBr with

opposite spin alignment per CrSBr layer, as shown in Fig. A.6a. The regions are
separated by a manually induced domain wall, which we choose to have spins aligning
along the a-axis (y-axis of the plots) in either a FM or AFM configuration. Af-
terwards, the simulation finds the energy minima of each configuration, where in all
configurations the domain wall core settles to approximately a width of ⇠ 15�20 nm.
Fig. A.6b,c show the spin configuration of the domain wall in each CrSBr layer after
minimizing the system’s energy: FM core (b) versus AFM core (c). In the presence
of an external field Bext = 200 mT along the NV-axis (� = 340�, ✓ = 53�), the spins
within the AFM core domain wall will rotate towards the external field. The lateral
displacement of the two domain walls within the layers leads to a measurable stray
field. The corresponding magnetic stray field profiles of the domain walls (along the
NV axis, at 40 nm above the sample) are shown in Fig. A.6d. We conclude that
the stray field of a tilted AFM core (⇠ 65µT) qualitatively fits best to our observed
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domain wall with a stray field of ⇠ 140µT. The discrepancy between the toy model
simulation of a tilted AFM domain core (⇠ 65µT) and the value extracted from the
simulation of the full flake geometry (⇠ 110µT) could stem from the simplification
of the bilayer flake in the toymodel (smaller flake size, artificially introduced domain
wall, no neighboring layers) and the di↵erence of external field direction and magni-
tude employed in the two di↵erent simulation series (toy model: 200 mT applied along
� = 340�, ✓ = 53�, full flake simulation: 230 mT applied along � = 0�, ✓ = 90�).
We use our toy model simulation to assess if the AFM domain wall core can be

switched into a FM configuration by applying an external field along the a-axis (y-axis
in simulation) of the material. Fig. A.7 summarizes our finding that applying a field
of ⇠ 300 mT along the a-axis is enough to change the spins within the domain wall
core into a FM configuration.
These simulations start o↵ with a horizontal induced AFM domain with an AFM

core in the presence of an external magnetic field pointing along the b-axis. After-
wards, the direction of the external field is changed to point along an NV pointing
along the a-axis of CrSBr and slightly out of plane (due to the diamond lattice struc-
ture, i.e. � = 90�, ✓ = 53�) and is swept from 0 mT to 0.5 T and back to zero.
Fig. A.7a shows that the spins within the domain core change their configuration to
align FM at B = 325 mT. A snapshot of the spin alignment at this field is shown
in Fig. A.7c. The green color code denotes spins orienting along the a-axis of CrSBr
(c.f. color code of mumax plotted in Fig. A.7b) and is additionally highlighted with
black arrows. After reducing the field back to 0 mT, the FM alignment within the
domain wall core remains stable, see Fig. A.7d.

A.4.2. Cusp in Bilayer CrSBr sample S3Air

We have previously observed a FM cusp in sample S3Air , when measuring the mag-
netization during the AFM-to-FM spin-flip transition, shown in Fig. A.8. The obser-
vation of the cusp would indicate the presence of an AFM domain wall, however, we
were unable to resolve any potential feature above noise emerging form the cusp in
our measurement series, see Fig. A.8b.
Plotting the same data on a more restricted magnetic field range of 300 µT (signal

of AFM domain wall is expected to be 60�150 µT), Fig A.8c, shows a slight increase
in magnetic noise along the cusp tip, which could result from an AFM domain wall.
It could be plausible that an increased NV-to-sample distance in this specific mea-
surement series made it impossible to detect a stray field from a potential domain.
However, these are only speculations and it is not possible to conclude from this data
set whether domain wall was present in this flake or not.
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Figure A.8.: Observation of a FM cusp in bilayer CrSBr sample S3Air . a Schematic
of sample S3Air illustrating the formation of an FM region in bilayer CrSBr region.
b Magnetic image at 160mT, showing the nucleation of a FM region at the interface
of 2,3 and 4 layers. Magnetic image at 170mT (180mT) showing the emergence
(expansion) of a FM cusp shaped region within the bilayer flake. c Magnetic field
data recorded at 170mT plotted on a smaller field range to highlight magnetic signals
below 300 mT. There is a faint increase in magnetic noise once at the bi-/four-layer
interface and once as a horizontal line emerging from the cusp end. It is, however,
not possible to conclude weather this signal corresponds to a domain wall or not.
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A.5. The zoo of 2D materials

When talking about vdW materials, scientists sometimes refer to them as the zoo
of 2D materials, due to their large variety of di↵erent material properties. When
working with such vdW crystals, it gets quickly apparent that another interpretation
of the zoo of 2D materials exists, as shown in Fig. A.9.

Figure A.9.: An artistic interpretation of the zoo of 2D materials. Depicted are
graphite, hBN and CrX3 flakes, all in the size of several µms. The black brush
drawings help spark imagination.
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S. Mañas-Valero, H. S. J. van der Zant, and T. van der Sar, Nitrogen-vacancy
magnetometry of CrSBr by diamond membrane transfer, npj 2D Materials and
Applications 7, 62 (2023).

[31] Y. Cao, V. Fatemi, S. Fang, K. Watanabe, T. Taniguchi, E. Kaxiras, and
P. Jarillo-Herrero, Unconventional superconductivity in magic-angle graphene
superlattices, Nature 556, 43 (2018).

[32] Y. Cao, V. Fatemi, A. Demir, S. Fang, S. L. Tomarken, J. Y. Luo, J. D.
Sanchez-Yamagishi, K. Watanabe, T. Taniguchi, E. Kaxiras, R. C. Ashoori,
and P. Jarillo-Herrero, Correlated insulator behaviour at half-filling in magic-
angle graphene superlattices, Nature 556, 80–84 (2018).

[33] A. L. Sharpe, E. J. Fox, A. W. Barnard, J. Finney, K. Watanabe, T. Taniguchi,
M. A. Kastner, and D. Goldhaber-Gordon, Emergent ferromagnetism near
three-quarters filling in twisted bilayer graphene, Science 365, 605 (2019).

[34] H. Polshyn, J. Zhu, M. A. Kumar, Y. Zhang, F. Yang, C. L. Tschirhart, M. Ser-
lin, K. Watanabe, T. Taniguchi, A. H. MacDonald, and A. F. Young, Electrical
switching of magnetic order in an orbital Chern insulator, Nature 588, 66–70
(2020).

[35] D. Zhong, K. L. Seyler, X. Linpeng, R. Cheng, N. Sivadas, B. Huang,
E. Schmidgall, T. Taniguchi, K. Watanabe, M. A. McGuire, W. Yao, D. Xiao,
K.-M. C. Fu, and X. Xu, Van der Waals engineering of ferromagnetic semicon-
ductor heterostructures for spin and valleytronics, Science Advances 3 (2017).

http://dx.doi.org/10.1021/acs.nanolett.4c00804
http://dx.doi.org/10.1038/nature04235
http://dx.doi.org/10.1038/s41565-017-0035-5
http://dx.doi.org/10.1126/science.aac9439
http://dx.doi.org/10.1103/PhysRevLett.105.136805
http://dx.doi.org/10.1002/adma.202003314
https://doi.org/10.1038/s41699-023-00423-y
https://doi.org/10.1038/s41699-023-00423-y
http://dx.doi.org/10.1038/nature26160
http://dx.doi.org/10.1038/nature26154
http://dx.doi.org/10.1126/science.aaw3780
http://dx.doi.org/10.1038/s41586-020-2963-8
http://dx.doi.org/10.1126/sciadv.1603113


100 Bibliography

[36] L. Ciorciaro, M. Kroner, K. Watanabe, T. Taniguchi, and A. Imamoglu, Ob-
servation of magnetic proximity e↵ect using resonant optical spectroscopy of an
electrically tunable MoSe2/CrBr3 heterostructure, Physical Review Letters 124
(2020).

[37] S. Jiang, L. Li, Z. Wang, K. F. Mak, and J. Shan, Controlling magnetism in 2D
CrI3 by electrostatic doping, Nature Nanotechnology 13, 549 (2018).

[38] J. Cenker, S. Sivakumar, K. Xie, A. Miller, P. Thijssen, Z. Liu, A. Dismukes,
J. Fonseca, E. Anderson, X. Zhu, X. Roy, D. Xiao, J.-H. Chu, T. Cao, and
X. Xu, Reversible strain-induced magnetic phase transition in a van der Waals
magnet, Nature Nanotechnology 17, 256 (2022).

[39] Y. Ahn, X. Guo, S. Son, Z. Sun, and L. Zhao, Progress and prospects in two-
dimensional magnetism of van der Waals materials, arXiv:2401.13781 (2024).

[40] J.-U. Lee, S. Lee, J. H. Ryoo, S. Kang, T. Y. Kim, P. Kim, C.-H. Park, J.-G.
Park, and H. Cheong, Ising-type magnetic ordering in atomically thin FePS3,
Nano Letters 16, 7433–7438 (2016).

[41] M. McGuire, Crystal and magnetic structures in layered, transition metal di-
halides and trihalides, Crystals 7, 121 (2017).

[42] K. S. Burch, D. Mandrus, and J.-G. Park, Magnetism in two-dimensional van
der Waals materials, Nature 563, 47–52 (2018).

[43] A. Bedoya-Pinto, J.-R. Ji, A. K. Pandeya, P. Gargiani, M. Valvidares, P. Sessi,
J. M. Taylor, F. Radu, K. Chang, and S. S. P. Parkin, Intrinsic 2D-XY ferro-
magnetism in a van der Waals monolayer, Science 374, 616 (2021).

[44] J.-P. Tetienne, T. Hingant, L. Mart́ınez, S. Rohart, A. Thiaville, L. H. Diez,
K. Garcia, J.-P. Adam, J.-V. Kim, J.-F. Roch, I. Miron, G. Gaudin, L. Vila,
B. Ocker, D. Ravelosona, and V. Jacques, The nature of domain walls in ultra-
thin ferromagnets revealed by scanning nanomagnetometry, Nature Communi-
cations 6 (2015).

[45] T. Li, S. Jiang, N. Sivadas, Z. Wang, Y. Xu, D. Weber, J. E. Goldberger,
K. Watanabe, T. Taniguchi, C. J. Fennie, K. Fai Mak, and J. Shan, Pressure-
controlled interlayer magnetism in atomically thin CrI3, Nature Materials 18,
1303–1308 (2019).

[46] T. Song, Z. Fei, M. Yankowitz, Z. Lin, Q. Jiang, K. Hwangbo, Q. Zhang, B. Sun,
T. Taniguchi, K. Watanabe, M. A. McGuire, D. Graf, T. Cao, J.-H. Chu, D. H.
Cobden, C. R. Dean, D. Xiao, and X. Xu, Switching 2D magnetic states via
pressure tuning of layer stacking, Nature Materials 18, 1298–1302 (2019).
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