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Abstract

The characterization of two-dimensional materials, which have different prop-
erties compared to those of their bulk counterparts, has intensified in the last
two decades. Moreover, the ability to stack atomically thin sheets into het-
erostructures is enabled by the van der Waals interaction, which weakly binds
atomic layers together within a broader class of van der Waals materials. Fas-
cinating two-dimensional physics, in addition to the relative ease of fabricating
atomically thin van der Waals heterostructures of high structural quality, has
arguably made two-dimensional materials the most studied area of condensed
matter physics in recent years. Despite the rich physics, technical challenges will
likely limit the implementation of two-dimensional materials to niche purposes,
and will more generally obfuscate their incorporation in practical devices. Nev-
ertheless, the integration of two-dimensional materials into nascent technolo-
gies such as quantum computing strongly motivate further characterization and

subsequent device optimization.

The two-dimensional magnet is a relatively recent addition to the broader van
der Waals class, consisting of two-dimensional semiconductors, ferroelectrics
and superconductors. In particular, two-dimensional ferromagnetism is gener-
ally stabilized by a large magnetic anisotropy. This thesis examines if such an
anisotropic magnetic state can be tuned in the atomically thin limit, and if other

magnetic states exist in two dimensions.

Firstly, it is shown that ferromagnetism is fundamentally distinct in two dimen-
sions compared to in the bulk. In detail, the magnetic orbital moment m; and
magnetic spin moment m; are estimated for CrSiTes;, a 2D Ising ferromagnet
for which the magnetic exchange interaction is mostly limited to within the ab
plane. An enhancement of the m;/m; ratio in atomically thin CrSiTe; demon-
strates that even for a 2D Ising ferromagnet with limited interlayer interactions,

dimensionality effects are non-negligible.

Secondly, a novel method of tuning the magnetic state in Fe;GeTe,, a van der

Waals ferromagnet with a large unaxial anisotropy, is demonstrated. In partic-



ular, the inclusion of a-In,Se;, a van der Waals piezoelectric, is shown to strain
Fe;GeTe,, resulting in a reduced critical temperature and domain wall energy.
The straining of other van der Waals materials with a-In,Se;, including graphite,

is also demonstrated.

Thirdly, a search for two-dimensional magnetic states with weak anisotropy is
thoroughly discussed. In particular, magnetic domains are characterized in few-
layer FesGeTe,, a van der Waals ferromagnet with a small unaxial anisotropy
compared to its counterpart Fe;GeTe,. The observation of such domains in two-
dimensional FesGeTe, is counterintuitive, as the magnetic anisotropy energy is
usually too large to accomodate domain walls. These domains, as well as devi-
ations from the easy axis, are discussed in terms of different energetic quanti-
ties and domain wall pinning. It is concluded that for Fe;GeTe;, the magnetism
is characterized by intercompetition among the magnetic anisotropy and stray
field energy, meaning that it should be possible to stabilize magnetic domains

with varying properties in the atomically thin limit.

Lastly, easy-plane ferromagnetism is considered for Fe;GeTe,. In detail, a

temperature-induced magnetostructural transition is utilized to induce easy-
plane magnetic anisotropy in FesGeTe;. In the atomically thin limit, magnetic
domains with an in-plane orientation, as well as magnetic vortices and antivor-
tices are observed. This is a significant finding which demonstrates the forma-
tion of spin textures in an atomically thin 2D material, potentially for the first
time. Future work includes the characterization of the topological properties of
these spin textures, as well as incorporating them in ferromagnet-superconductor
van der Waals heterostructures to test proposals regarding the Majorana bound

state, which holds relevance for quantum computing.

Vi
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1| Introduction to Two-Dimensional Materi-

als and Ferromagnetism

1.1 Background

Research of layered van der Waals (vdW) compounds has intensified since pio-
neering characterizations of atomically thin graphene [1] and transition metal
dichalcogenides (TMDs) [2, 3], which demonstrated changes in fundamental
properties in the atomically thin limit, compared to that of their bulk coun-
terparts. However, questions regarding the stability of two-dimensional (2D)
magnetic order at any finite temperature have been postulated by the Mermin-
Wagner theorem, which states that within the thermodynamic limit, long-range
magnetic order of the Heisenberg type cannot exist in two dimensions or less [4].
Thus, initial studies were mostly limited to epitaxially grown ultrathin films of
transition metals, for which three-dimensional (3D) island-type growth modes
and substrate-induced film morphology limited the characterization of 2D mag-

netism [5].

The discovery and characterization of magnetism in 2D vdW materials has oc-
curred only within the last five years [6-8]. In detail, a large uniaxial anisotropy
opens a gap in the magnon dispersion, helping to stabilize 2D magnetism at fi-
nite temperatures. Indeed, the initial studies of magnetism in vdW materials

focused on bulk compounds with strong magnetocrystalline anisotropy [6-8].

Magnetic vdW materials have several advantages compared to conventionally
grown thin films. Firstly, the anisotropic crystal structure means that it is pos-
sible to exfoliate atomically thin flakes of vdW magnetic materials of extremely
high structural quality. Additionally, interfacial diffusion is negligible due to the
intrinsically weak vdW interaction, meaning that vdW heterostructures with

atomically smooth interfaces can be created.

However, several technical aspects need to be considered. Specifically, exfoliated

vdW materials are limited in lateral size, and typically span only some tens of



pm, limiting their scalability for wafer-scale applications [9, 10]. Another techni-
cal issue is the general lack of reproducibility from sample to sample. Interfacial
strain and relaxation of the lattice at a vdW heterointerface are two outstand-
ing problems which heavily influence the lattice structure, and electronic and

magnetic properties [11].

In general, vdW interfaces are characterized by atomic abruptness and lack of
interfacial diffusion. However, a central question is to what extent interfacial
coupling between different vdW materials occurs at a vdW interface. For ex-
ample, exchange splitting on the order of 10 T of the otherwise degenerate spin-
polarized K and K’ valleys have been observed at the interface of Crl; and WSe,
[12]. In essence, interfacing two atomically thin crystals together will change
properties such as lattice potential, Fermi surface, electron or hole effective mass,
dipole field, and other fundamental quantities. In other words, despite a struc-
turally weak interaction between adjacent vdW layers, it is possible to funda-
mentally alter the properties of vdW interfaces. This is most famously demon-
strated by the observation of superconductivity [13], ferromagnetism [14], and

ferroelectricity [15] in magic angle graphene and TMDs.

Many ferromagnetic vdW materials have large magnetic anisotropy, as demon-
strated by their implementation in magnetic tunnel junctions (MT]Js) [16], where
(anti)-parallel magnetizations in adjacent magnetic layers form the °0’ and ’1’
states in magnetic memory. For MT]Js, it is necessary for the magnetization to
be strongly anisotropic for the magnetoresistance ratio to well-defined. A way
to tune the magnetic properties of vdW materials with such large anisotropy
is desirable. A strain-modulated interface between Fe;GeTe,, an easy-axis vdW
ferromagnet, and o-In,Se;, a vdW piezoelectric, is demonstrated in Chapter 4 of
this thesis.

For 2D vdW magnets with large uniaxial anisotropy, the magnetic domains point
(anti)-parallel to the anisotropy axis, while a smooth transition between the
magnetic domains are found within the domain walls. In the atomically thin
limit, the uniaxial anisotropy will usually force a single domain state [6, 8, 17].

The characterization of atomically thin materials with easy-plane anisotropy



is less straightforward. Strictly speaking, easy-plane anisotropy is insufficient
to stabilize long-range 2D magnetic order. Instead, Berezenskii [18], Kosterlitz
and Thouless [19] predicted vortex-antivortex pairs to form at finite tempera-
tures. Such vortices have been observed in bulk FesGeTe, [20], but not in the
2D limit, for which the strong magnetic anisotropy would likely confine non-
collinear spin textures to within the domain walls. The experimental observation
of vortex-antivortex pairs in a monolayer material would verify the Berezenskii-
Kosterlitz-Thouless (BKT) theory, and would also demonstrate the intercompe-
tition of the magnetic anisotropy [6, 8], demagnetization [21, 22] and dipolar
interaction [23], rather than a dominant anisotropy. These vortex-antivortex
pairs can be used as information bits in magnetic memory [24, 25], and could
also form topological qubits based on Majorana bound states when coupled with
a superconductor [26]. The characterization of easy-plane ferromagnetism, vor-
tices and antivortices in atomically thin FesGeTe, will be discussed extensively
in Chapter 6.

1.2 Two-dimensional Heisenberg model

Fundamental aspects of magnetism, including domain energetics and dimen-
sionality effects, will be discussed extensively in this thesis. In order to facilitate
such a discussion, it is necessary to introduce several models describing mag-
netic behavior. The most fundamental of these is the isotropic Heisenberg model
(Figure 1.1a), which considers the microscopic behavior of neighboring spins. In

detail, for spins arranged in a lattice,

H=-Y]5"5 (1.1)
ij

where the exchange interaction (J;;) between spins on the i and j™ lattice sites
are summed. For this particular case, the spins are isotropic, meaning that the
dimensionality D of the order parameter is 3. Although Mermin and Wagner [4]
postulate the lack of a phase transition at finite temperature for a 2D Heisenberg

lattice, this prediction applies only for astronomical sample sizes; the finite size



Figure 1.1: Schematic diagrams of 2D a) Heisenberg and b) Ising models. In the
thermodynamic limit, a ferromagnetic phase transition at finite temperatures
occurs only for b), the 2D Ising model.

of real experimental systems precludes the application of the Mermin-Wagner

theorem in most cases [27].

A special case of the isotropic Heisenberg model is the Ising model (Figure 1.1b),
for which the spins are constrained to point only up or down by a magnetic

anisotropy. In this case, D = 1, and the Hamiltonian can be written as:
H=-Y J§-. (1.2)
ij

For a 2D lattice of Ising type, a phase transition to a magnetically ordered state
is possible at finite temperatures regardless of sample size, as the magnetic
anisotropy induces a gap in the magnon dispersion. The temperature at which

ferromagnetic order is stabilized is known as the Curie temperature (T¢).



1.3 Mean field theory and critical exponents

Consideration of interactions on macroscopic length scales is also helpful for
developing models describing ferromagnetism. Particularly, mean field theory,
which assumes that all magnetic spins are subject to an identical exchange field

from its neighbors, is implemented in Landau’s theory of magnetism, where

ao(Tc —T)r (1.3)

M:i[ 2b

for T < Tc. The constants a, and b are positive.

Mean field theory adequately describes the magnetic behavior of systems for
temperatures above or below Tc. However, the magnetism for temperatures
close to T¢ is characterized by fluctuations, rather than long-range order, and
is best described by the characteristic length scale of such fluctuations, other-
wise known as a correlation function. For temperatures below T, the correlation

function will diverge to infinity.

More generally, mean-field theory can be refined by defining a set of critical

exponents [28]. In detail,

X & (T-Tc)”" T >T¢ (1.4)
M o (T = T)f T <Tc (1.5)
M « (T = T¢)? T=Te (1.6)

Here, y is the magnetic susceptibility. The critical exponents of the Ising and
Heisenberg models are tabulated in Table 1.1. Critical behavior of CrSiTe;, a
vdW ferromagnet described by the 2D Ising model, will be discussed in greater
detail in Chapter 3.



Model B Y é

2D Ising 1/8 7/4 15

3D Ising 0.326 | 1.2378(6) | 1.388(3)
3D Heisenberg | 0.367 1.388 4.78

Table 1.1: Critical exponents f, y and § for Ising and Heisenberg models [28].
In the thermodynamic limit, there is no phase transition for the 2D Heisenberg
model.

1.4 Mermin-Wagner theorem

In the thermodynamic limit, the stabilization of long-range 2D magnetic order is
fundamentally constrained by the formalism postulated by Mermin and Wagner
[4]. In detail, a uniaxial anisotropy is required to stabilize long-range magnetic
order in a 2D lattice at finite temperatures. Without the uniaxial anisotropy,
gapless magnon modes, which are quantized fluctuations of the magnetic mo-
ment, will prevent the formation of long-range magnetic order [4]. However, the
Mermin-Wagner theorem applies only for astronomical sample sizes; real exper-
imental 2D materials can still undergo a phase transition at finite temperature
even without a magnetic anisotropy [27], as demonstrated by the stabilization
of ferromagnetism in atomically thin bilayer CrGeTe; with soft ferromagnetism

and Heisenberg-type behavior [7].

1.5 XY model and Berezenskii-Kosterlitz-Thouless

theory

The 2D Heisenberg and Ising models describe the interaction among spins with
D = 3 and D = 1, respectively. In magnetic systems, such dimensionality is
determined by the magnetic anisotropy. As stated above, there is no phase tran-
sition at finite temperatures for the Heisenberg model, for which D = 3. It is
worth examining the behavior of a 2D lattice for which D = 2. In other words,
the spins are constrained to lie within the xy plane in the so-called XY model

(Figure 1.2) [18]. Ferromagnetic materials for which D = 2 are said to have



easy-plane anisotropy. The Hamiltonian for the XY model can be expressed as

H==Y JySi-S== heos(d— ) (1.7)
ij ij

where ¢; and ¢; are the azimuthal angles of the i and j spins, respectively.
Counter-intuitively, the XY model is not sufficient to induce a transition to 2D
long range order [18]. Instead, a quasi-ordered state for which the correlation
length decays algebraically is found at low temperatures. The correlation length
at high temperatures decays exponentially, resulting in a disordered state. In
between the low temperature and high temperature regimes, bound pairs of
vortices and antivortices have been predicted to be thermally stable. In detail,
the Helmholtz free energy of the system is the difference between the energy of

the vortices and the entropy,

F = (n] — 2kgT)In(R/a). (1.8)

Here, R is the size of the system and a is the lattice parameter. F is negative for
temperatures below the Kosterlitz-Thouless transition, Tyt < 2kgT /], at which
a divergence of the magnetic susceptibility has been predicted [19]. At temper-
atures below Txt, vortices and antivortices are bound to one-another, while at
temperatures above Txr, vortices and antivortices will dissociate into isolated

constituents [28].

Figure 1.2: 2D XY model, for which the magnetic spins are constrained to lie
within the xy plane.



1.6 Ferromagnetic domains and domain wall en-

ergy

The magnetization in materials will often break up into smaller domains, each
with their own magnetic orientation. For magnetic materials with uniaxial mag-
netic anisotropy energy K, and exchange stiffness A, one may question why such
domains, which incur an additional domain wall energy o, < JAK, [21], form
at all. Here, A is a material-dependent constant quantifying the strength of the
exchange interaction and T within the material rather than among microscopic
spins [21]. In such materials, it is energetically favorable for the magnetization
to separate into smaller domains, as this minimizes the demagnetization energy

within a volume V [21],
1 — —
v

which originates from the interaction between the magnetization M, and the
stray field produced by this magnetization, Hy. For magnetic materials, Ky is

minimized at the expense of oy,.

1.7 Ferromagnetic hysteresis

The magnetic domain structure within a material is dependent on the exter-
nal magpnetic field. In zero applied field, the magnetization will generally break
up into domains and the material will remain in a demagnetized state. Upon
application of an external field Hy,pied, the magnetization exhibits a hysteretic
response (Figure 1.3) [29]. In detail, the magnetization will initially follow the
field, transitioning from a demagnetized state to a saturated state at H = B;. Af-
ter saturation, the magnetization only switches polarity at a coercive field, H..
For a certain saturation field Hy,>H,, the magnetization will fully point in the
direction of H,ppliea. For zero magnetic field, there will be a remnant magnetiza-
tion B,. H. characterizes the field required to switch a ferromagnet, and gives

insight into fundamental parameters and characteristics, including the magnetic



anisotropy (Chapter 4) and domain wall pinning (Chapter 5).

Magnetic induction (CGS)
B=H +47M

Magnetic field H

Figure 1.3: Ferromagnetic hysteresis with coercive field H,, saturation magne-
tization B, and remnant magnetization B,. Figure adapted from Ref. [29].

1.8 Bloch and Néel-type type domain walls

Magnetic domains are separated by domain walls. Within a domain wall, the
magnetization smoothly varies, facilitating a continuous variation of the mag-
netization between adjacent domains. Furthermore, domain walls can be cate-
gorized as Bloch-type or Néel-type domain walls. For Bloch-type domain walls,
the magnetization at the center of the wall points perpendicular to the direction
of the wall, while for Néel-type domain walls, the magnetization at the center of
the wall points parallel. The magnetism in a material will be separated by Bloch
or Néel domain walls depending on the total energy. In detail, for Bloch walls,
the magnetic dipoles remain separated along the wall, meaning that the dipolar
energy is satisfied at the expense of Ky. In other words, Bloch-type domain walls
are favorable for thicker films for which the stray field from a domain wall are
negligible. However, K4 becomes relevant for thin films, for which Néel domain

walls are preferable [29].
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Figure 1.4: Bloch and Néel-type domain walls in an easy-plane ferromagnet.
Figure adapted from Ref. [29].

1.9 Thesis outline

The aims of this thesis are to characterize intrinsic properties of 2D ferromag-
netism in atomically thin vdW materials, as well as to develop methods of tuning
such intrinsic magnetic properties in the 2D limit. Additionally, this thesis also
utilizes the analysis of magnetic domain structures to make inferences regarding

fundamental parameters including K,, Ky and T.

In Chapter 3, changes in fundamental properties in CrSiTes;, a 2D Ising-type
vdW ferromagnet, are characterized as a function of layer thickness. In detail,
an enhancement of the ratio of the spin magnetic moment (m;) to the orbital
magnetic moment (m;), is found in atomically thin CrSiTes;, demonstrating a
non-negligible interlayer exchange interaction for this 2D Ising-type ferromag-

net.

In Chapter 4, the strain-tuning of magnetism is demonstrated at an interface be-
tween a uniaxial vdW ferromagnet, Fe;GeTe,, and a vdW piezoelectric, a-In,Se;.
Specifically, a reduction of T and oy, are observed for Fe;GeTe, which is inter-
faced with a-In,Se;. Strain-tuning by implementation of o-In,Se; is also demon-

strated for graphite.

In Chapter 5, thickness-dependent domain structures in FesGeTe;, a vdW ferro-
magnet which can have weak K, suggest intercompetition of energy terms in
the atomically thin limit rather than ferromagnetism stabilized by K;. Domain
wall pinning is found to be the dominant mechanism in the magnetic hysteresis,

resulting in an enhanced H. in the atomically thin limit [30].
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In Chapter 6, easy-plane ferromagnetism, and vortices and antivortices are char-
acterized in atomically thin Fe;GeTe,. In detail, vortices and antivortices are
found within close proximity to one-another in 4L FesGeTe,. These spin tex-
tures could potentially be topologically non-trivial. Future work includes the
characterization of topological properties and implementation in hybrid

ferromagnet-superconductor heterostructures.

11



2| Methods

2.1 Surface-sensitive microscopies

Mechanically exfoliated 2D materials usually have small lateral sizes and atomic
thickness, making characterizations of atomically thin magnetism somewhat
challenging. It is important to select characterization techniques with high sur-
face sensitivity, which are capable of resolving small flakes. These constraints
preclude macroscopic characterization techniques, such as bulk vibrating sam-
ple magnetometry based on the superconducting quantum interference device
(SQUID), which does not have the capability to spatially resolve the magnetic
signal. This is contrast to scanning SQUID microscopy, which consists of scan-
ning a SQUID with a small pickup area over the sample surface [31]. X-ray and
neutron-based scattering techniques, which depend on 3D structure factors [32],

would also struggle to detect magnetic order in the atomically thin limit.

This thesis utilizes surface-sensitive microscopies to characterize magnetic or-
der in 2D vdW magnetic materials. In detail, X-ray photoelectron emission mi-
croscopy (XPEEM), which is used to obtain spatial images of the X-ray mag-
netic circular dichroism (XMCD) [33], and nitrogen-vacancy center scanning
magnetometry (NVSM) [34], which employs a single-spin magnetometer to de-
tect stray fields, are employed to image the magnetic domains in 2D magnets.
Other methods, including magneto-optical Kerr effect (MOKE) microscopy [6,
8] and transport measurements have also been used to characterize the ferro-
magnetism in 2D vdW magnets [17, 35]. However, the advantages of real-space
imaging include direct visualization and characterization of magnetic phenom-
ena with weak or indirect signatures, such as domain pinning (Chapter 5) or

non-collinear spin textures (Chapter 6).

2.2 Mechanical exfoliation

The commonly used mechanical exfoliation techniques are well-documented in

the literature [36-38]. In short, bulk vdW materials are mechanically separated

12



into thin layers with adhesive tape. The tape holding the exfoliated material
can be placed over a substrate and slowly peeled, leaving behind atomically thin
sheets on the substrate. Alternatively, the tape can also be placed and peeled
over a polymer stamp, allowing for the deterministic placement of 2D materials

onto a target substrate [36, 37].

Conversely, exfoliation over Au films significantly improves the size and yield of
atomically thin layers [39], but does not allow for the deterministic placement

of thin flakes.

Several technical issues exist for mechanically exfoliated 2D materials. Con-
tamination from polydimethylsiloxane (PDMS) residues [38] and the presence
of interfacial contaminants, which coalesce into blisters, can degrade properties,
such as the carrier mobility, in 2D materials. An alternative is to use a polypropy-
lene carbonate liftoff technique [36], for which the atomically thin layers do not
come into contact with the polymer. However, this technique only works for
vdW materials with low cleavage energy, as the material must first be exfoliated
over SiO, or some other inert substrate. Direct exfoliation of few-layer Fe; ;GeTe;

is not feasible over bare Si/SiO, substrates, as the cleavage energy is too large.

Methods of limiting the degree of contamination from the polymer residue in-
clude transferring layers as slowly as possible at temperatures of 150° C or higher
[38]. By employing this technique, the contaminants migrate towards the sides

of the flake, and interfacial contamination can be greatly reduced.

The air sensitivity of magnetic 2D materials [40] necessitates their exfoliation
within an inert environment. The samples discussed throughout this thesis were
prepared in a glovebox filled with Ar, with oxygen and moisture levels less than
10 parts per million (ppm). Furthermore, the flakes must be encapsulated be-
tween thin layers of hexagonal boron nitride (hBN). The flakes must be com-
pletely encapsulated, leaving no parts exposed. Furthermore, only capping the
flakes with top hBN will not prevent degradation [40], necessitating complete

encapsulation from both above and below.
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Figure 2.1: Optical microscopy of thin hBN flakes a-d), which are semi-
transparent in the atomically thin limit. Bulk hBN flakes, each with a char-
acteristic reflectance resulting from constructive interference of light reflected
from the top and bottom interfaces, are visible in c). Scale bar=50 pm. Bulk sin-
gle crysals were provided by Dr. Takashi Taniguchi and Dr. Kenji Watanabe at
the National Institute of Materials Science.

2.3 Optical characterization

Although the thickness of 2D materials can be determined by atomic force mi-
croscopy (AFM) (Section 2.4) or transmission electron microscopy (TEM), it can
be difficult and time-consuming to locate a small flake on a substrate. For TEM,

additional steps are required, further adding to this lengthy process.

Thicknesses of 2D materials are readily estimated by their reflectance under a
reflected light microscope. For bulk vdW semiconductors and metals with a skin
depth of some tens of nm, all of the incident light will be completely reflected.

For wide-gap bulk vdW semiconductors which are optically transparent such

14



as hBN, reflection from the top and bottom interfaces will result in construc-
tive interference for path length differences which are integer multiples of the
wavelength A. Therefore, for bulk hBN flakes of varying thickness, the reflected
optical contrast will simply differ in color when exposed to white incident light
(Figure 2.1c).

In the atomically thin limit, vdW materials will generally become semi-transparent,
regardless of their optical properties in the bulk limit. For such bulk vdW ma-
terials, light is reflected from the top and bottom interfaces. However, there is
no constructive interference from atomically thin 2D materials, as the thickness
d < A. When light is incident upon an interface, a change in electrical permit-
tivity and the refractive index leads to the refraction of the light as it propagates
across the interface. In the case of the substrate-2D material interface for which
the thickness of the 2D material is atomically thin, an effective permittivity can
be empirically determined [41]. In practice, the refraction and reflectivity can

also be optimized by proper substrate selection.

It is common to place 2D materials over Si substrates with an oxide thickness
of 300 nm. The correlation between the number of layers and the reflectance
can be determined for a given wavelength of incident light. Such a correlation
is also dependent on the material. For example, hBN will progressively become
more transparent as the thickness is reduced (Figure 2.1). Monolayer hBN has an
extremely weak optical contrast even when placed over oxidized Si substrates,

making the identification of monolayer hBN an extremely challenging task [42].

2.4 Atomic force microscopy

AFM utilizes the mechanical interaction between a nanoscale tip mounted on a
cantilever and the sample to characterize the surface topography, which is useful
for the determination of layer thicknesses of 2D materials. Moreover, different
types of tip-sample interactions, including magnetic and electrostatic interac-
tions, are implemented in magnetic force microscopy (MFM) and piezoresponse
force microscopy (PFM) (Chapter 4) in the characterization of ferroic materials.

For all cases, the spatial resolution is limited by the diameter of tip, and varies
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Figure 2.2: AFM data showing surface topography and thickness of a flake
of FesGeTe, encapsulated between hBN. a) Optical micrograph of the sample.
Scale bar = 50 pm. b) Surface topography of the encapsulated flake. The loca-
tion is indicated by the scale bar in a). c) The thickness of the Fe;GeTe, flake
is determined to be approximately 9 nm, or 11 monolayers [46], as shown by
the line profile. Bulk FesGeTe, crystals were provided by Dr. Andrew May at
Oak Ridge National Laboratory, and the bulk hBN crystals were provided by Dr.
Kenji Watanabe and Dr. Takashi Taniguchi at the National Institute of Materials
Science.

from 10 to 100 nm. AFM measurements can be performed in ambient condi-
tions, allowing for the characterization of 2D materials without the stringent re-
quirements posed by ultrahigh vacuum techniques (UHV). However, the lateral
resolution is limited compared to UHV techniques including scanning tunneling
microscopy, which can spatially resolve individual atoms, defects, and moire po-
tentials [43]. Moreover, the detection of stray fields emanating from atomically
thin materials with MFM is also challenging. Several reviews [44, 45] can be

referenced for a detailed explanation of the basic working principles of AFM.

An exemplary AFM measurement of exfoliated FesGeTe, encapsulated between
thin hBN is shown in Figure 2.2. The atomically smooth surface topography of
hBN is in marked contrast to that of the encapsulated FesGeTe,, also a nominally
atomically smooth 2D material. Reasons for the enhanced surface roughness
within the encapsulated FesGeTe, could be some trapped interfacial contami-
nants [38] or lattice relaxation resulting in local strains. Strained vdW hetero-

junctions will be discussed extensively in Chapter 4.
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2.5 Raman microscopy

Raman microscopy, which probes vibrational modes of atoms characteristic of
certain phenomena or properties such as strain [47, 48], magnetic state as a
function of temperature [49], oxidation state [40], surface degradation [40] and
carrier doping [50], is an indispensable method for characterizing 2D materials,
as it is non-destructive and is also relatively quick. Several extensive reviews [51]
discuss the application of Raman microscopy to graphene and other 2D vdW ma-
terials. Exemplary Raman data obtained from a heterostructure of a-In,Se; and
graphite are shown in Figure 2.3. In detail, spatial maps of the graphene D mode
reveal a finite defect density in the graphene lattice. The Tuinstra-Koenig rela-
tion, given by the intensity ratio of the D and G modes, I(D)/I(G), show that
incorporating a-In,Se; reduces the defect density in graphene. Raman spec-
troscopy can be used to determine other fundamental quantities including the

number of layers in graphite [51].
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Figure 2.3: Spatial mapping of the a) 2D, b) G and ¢) D Raman modes and d)
the Tuinstra-Koenig relation, I(D)/I(G), in a graphite/a-In,Se; heterostructure.
The Tuinstra-Koenig relation is sensitive to the defect concentration in graphite.
Bulk a-In,Se; crystals were provided by Dr. Daniel Mayoh and Prof. Geetha

Balakrishnan at the University of Warwick. The graphite was purchased from
HQ Graphene.
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2.6 X-ray magnetic circular dichroism

XMCD is a spectroscopy technique used for the characterization of magnetic
materials. In short, the empty states above the Fermi level are split into spin-up
and spin-down states in a magnetic material. X-rays with right circular polar-
ization (RCP) and left circular polarization (LCP) will resonantly excite spin-
polarized electrons from core level states to above the Fermi level, where there
exists an imbalance in spin population because of the magnetization of the ma-
terial. In other words, XMCD probes the population imbalance of spins above

the Fermi level by utilizing the 2p-3d transition.

Photons with RCP (LCP) will preferentially excite 2p core levels with spin-up
(spin-down) polarization. The 2p core levels are split by the spin orbit coupling
into 2ps/, and 2p/, states, resulting in two distinct resonances in the X-ray ab-
sorption spectroscopy (XAS) spectra, which are the L; and L, absorption edges.
From the 2p;/, core level, photons with RCP will excite 62.5% of spin-up elec-
trons, while photons with LCP will excite 37.5% of spin-up electrons. However,
for the 2p,/, core level, photons with RCP will excite just 25% of spin-up elec-

trons, while photons with LCP will excite 75% of spin-up electrons.

Next, the electrons must find an empty 3d state. If the 3d states are spin-
polarized, then an imbalance in the differential absorption of photons with op-
posing circular polarizations, which is the XMCD, will occur. Because the tran-
sition probabilities for spin-up electrons vary in an inverse sense between the
2ps/; and 2py/, core levels, the XMCD at the L; and L, edges will be opposite in

sign.

2.6.1 Sum rule analysis

XMCD finds application in the estimation of the magnetic spin moment m; and
magnetic orbital moment m; in transition metal atoms. In detail, relations be-
tween mg; and m; and the integrated areas of the XAS and XMCD spectra [53,
54] are listed in Equations 2.1-2.3.
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Figure 2.4: a) XMCD is a spectroscopy which employs the 2p to 3d transition
as a probe of the spin imbalance of empty 3d states above the Fermi level. In
detail, spin-orbit coupling splits the 2p states into 2ps/, and 2p;/, core levels.
For photons with RCP, 62.5% of spin-up electrons are excited from the 2ps/, core
level, while only 25% of spin-up electrons are excited from the 2p; , core level. b)
XAS spectra obtained at RCP and LCP, and the XMCD, which is obtained from
the difference, is shown. The net effect of the differing transition probabilities
from the core levels is that the XMCD signals at the L; and L, edges, which
respectively originate from the 2p;/, to 3d and 2p;/, to 3d transitions, will be
of opposite sign, as seen in the XMCD spectra. c) The sum of the XAS spectra
obtained at RCP and LCP is shown. The integral r, which is implemented in the
sum rules, is explicitly denoted. d) The XMCD is shown once more, with the
integrals p and q explicitly denoted. Figure adapted from Ref. [52].
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p= L(u——u )dE 1)

q=[g(u—u)dE+L(u—u)dE (2.2)
r= (u +p")dE (2.3)
L3+L,

The values p and q are related to the integrated areas of the XMCD (¢~ — u*)
over the L; and L; + L, edges, respectively, and r, which is the integrated area
of the sum of the XAS spectra (1~ + u*) over the Ls; + L, edges (Figure 2.4d), are

used to determine m; and my:

4
m_ 24 (2.4)
ny 3r
mo_ 0P~ (2.5)
n, r '

Here, ny, the number of 3d holes, is usually estimated by first-principle band
structure calculations [55]. Generally, a background subtraction in the form
of a step function is implemented for the sum of the XAS spectra prior to the

calculation of r [55]. The ratio,

my 1

m, (072 3 (26

which is independent of the number of holes ny, is a particularly useful indicator
of electronic and magnetic properties. This ratio will be implemented to char-
acterize changes in the ferromagnetic and electronic ordering in atomically thin
CrSiTe; (Chapter 3).
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2.7 X-ray photoelectron emission

microscopy

XPEEM is a technique based on XMCD (Section 2.6) used to characterize the
magnetic and chemical states of materials on microscopic length scales. In other
words, it can be considered as a type of XMCD-based microscopy. For magnetic
materials, XPEEM can be used to obtain images of magnetic domains. In detail,
the XMCD signal is proportional to m - k, where i is the magnetization vector

and k is the propagation vector of the incoming X-ray beam [33].

In practice, the angle of incidence of k¥ with respect to the sample surface is
16°, which means that 28% of the sample’s OOP magnetization component is
projected alongz [56]. The XMCD asymmetry is defined as (o_—o0,)/(0_+0,),
where o_ and o, are spatially resolved images of the XAS spectra taken with

LCP and RCP X-rays, respectively.

XPEEM has several distinct advantages regarding 2D materials, including being
able to determine the oxidation state of transition-metal based compounds, such
as Fe;GeTe; or FesGeTe,, which is not possible with other techniques as they are
not simultaneously sensitive to both the chemical composition and magnetic

state.

In XPEEM, it is also possible to characterize complex magnetic phases by the
construction of vector maps of the magnetization. In practice, this is done by
obtaining XMCD images taken at different azimuths, and determining the az-

imuthal dependence of the XMCD signal as a function of real space.

In detail, for samples with an easy-plane anisotropy, the orientation of in-plane
(IP) magnetic domains is readily resolved by the vector addition of the XMCD
images taken at 0° and 90° azimuths [33]. For samples with easy-axis anisotropy,
IP and OOP components of the magnetization can be resolved by subtracting
the XMCD images taken at 0° and 90° azimuths [22]. In practice, an algorithm is
applied to correct for distortions of the images obtained at 0° and 90° azimuths.

Vector mapping will be used extensively to characterize the magnetism in few-
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Figure 2.5: Microscopic images with fields of view ranging from = 3 to 50 pm are
obtained with RCP and LCP photons. The XMCD signal is obtained by subtract-
ing the images obtained with RCP from those obtained with LCP. For XPEEM,
it is preferable to place the sample on a conductive substrate which is used to
ground the sample to the sample holder. For 2D materials, a capping layer is also
necessary to prevent oxidation, but must be thin enough to allow secondary pho-
toelectrons to reach the detector.

layer FesGeTe, in Chapter 6.

2.8 Nitrogen-vacancy center scanning magnetom-

etry

NVSM utilizes a nitrogen substitution adjacent to a lattice vacancy in diamond,
which acts as a single-spin defect, to sense the magnetic stray fields emanating

from the surface of a sample. In detail, the energy levels within the defect, mg =
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+1 and mg = —1, undergo a Zeeman splitting which is linearly proportional
to the external field present along the NV axis. This splitting can be optically
read out, or addressed, with a laser. Thus, stray fields can be determined by the
splitting of energy levels of the ms = +1 and ms = —1 states, otherwise known
as the optically detected magnetic resonance (ODMR). The sensitivity of NVSM

-1/2

ranges from pT-uT Hz "?, and sub-nm spatial resolutions have also been achieved

-1/2

[57]. For comparison, SQUIDs have sensitivities on the order of fT Hz'"* and a

spatial resolution of approximately 100 nm.

One limitation of NVSM is the inability to apply large fields in-situ, or to detect
stray fields larger than 100 G, which quenches the spin readout [34]. In practice,
a small bias field is applied to distinguish the polarity of the stray field, allowing
for the spatial mapping of the stray field and estimation of the spatial magneti-
zation via an inverse Fourier transform. Despite the aforementioned condition,
NVSM is an extremely successful technique for characterizing static domain ar-
rangements and field-induced domain motion [11, 30], domain walls [58], and
static currents [59]. A detailed and comprehensive review regarding the work-
ing principles of NVSM and its application to condensed matter systems can be
found in Refs. [34, 60].

The NVSM measurements and analysis in Chapter 5 were performed by Dr.
Michael Hogen, Dr. Anthony K.C. Tan, and Prof. Mete Atatiire at the Cambridge
Nanoscale Sensing and Imaging Suite (CANSIS) at the University of Cambridge.
In detail, the setup consists of a confocal optical microscope and AFM housed

in a closed-cycle cryostat (attoDRY 1000, Attocube Systems).
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3| X-ray spectroscopy of atomically
thin CrSiTe;

3.1 CrSiTe;: A quasi-two-dimensional ferromag-

netic semiconductor

CrSiTe; is a vdW ferromagnetic semiconductor belonging to the R3 space group
with a bulk T¢ of 31 K with a weak OOP magnetic anisotropy [61]. Compared
to CrSiTes, CrGeTes, a closely related vdW ferromagnetic semiconductor, has
a smaller vdW gap, resulting in an enhanced bulk T¢ of 61K and critical expo-
nents which suggest that the magnetism is described by the tricritical mean-field
model, where the phase transition lies on a 2D to 3D tricritical point [62]. In a
seminal characterization of the magnetic properties of atomically thin CrGeTes
[7], a small bias field was applied to open a gap in the magnon dispersion, sta-

bilizing magnetism down to the bilayer.

Although somewhat varying reports of the magnetic critical behavior of CrSiTe;
exist in the literature [63, 64], the magnetic interactions are mostly limited to
within the ab plane below T¢, in contrast to the magnetic interactions described
by the tricritical mean field model in CrGeTes. In detail, the critical exponents
B = 0.170 £ 0.008, y = 1.532 £ 0.001, and § = 9.917 + 0.008 [63] are consistent
with the 2D Ising model coupled with exponentially decaying long-range inter-
actions. Apart from a reduction of T, the weakly coupled vdW layers and insu-
lating character of CrSiTe; below T¢- suggest that the magnetic properties should
not strongly depend on the number of layers. Indeed, conventional character-
ization techniques, which suffer from limited magnetic sensitivity and spatial
resolution, would be unable to distinguish changes in the few-layer magnetism.
Here, high-field XMCD shows that despite the weak interlayer coupling, the
magnetic moments m; and m; strongly depend on the thickness, demonstrating
that magnetism in the few-layer limit is not as trivial as a simple reduction in
Tc even for weakly coupled vdW materials. In detail, the ratio m;/m; increases

in magnitude for CrSiTe; below 10 L, potentially indicating an enhanced Cr-Te
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hybridization in the atomically thin limit [65].

3.2 Methods

3.2.1 Crystal growth and exfoliation of bulk CrSiTe;

Single crystals of CrSiTe; were grown with chemical vapor transport (CVT) by
Xiaofei Hou and Prof. Yanfeng Guo at ShanghaiTech University. More details
regarding the growth methods can be found in Ref. [61]. To produce atomically
thin CrSiTe; flakes, the adhesive interaction between a thin Au film and vdW
chalcogenides was utilized to exfoliate atomically thin CrSiTe; flakes across rel-
atively large length scales of several hunded pm. In detail, bulk CrSiTe; crystals
were cleaved with adhesive tape inside of a glovebox. The tape loaded with
the cleaved crystals was then placed over oxidized Si wafers covered with a
Au (10 nm) film deposited over a Cr (3 nm) adhesion layer. The wafer was then
heated at 100° C. After allowing the sample to cool to room temperature, the
tape was slowly removed, leaving behind large flakes of atomically thin CrSiTes.
More details can be found in Ref. [39].

3.2.2 High-field X-ray magnetic circular dichroism

XAS and XMCD measurements were performed at the HECTOR endstation

(BOREAS) at BL29 at the ALBA Synchrotron. The beam size was reduced to
13x58 pm?. A spatial map of the sample was obtained by raster-scanning the
beam over an area with large CrSiTe; flakes. XAS spectra at the Cr L,; edges
(570-590 eV) were recorded with RCP and LCP at normal incidence in a magnetic
field of £6 T applied along the beam. The XAS signal Iy, is defined as I”+I* with
I" = Z[ Lcp(H) + Irep(=H) | and I* = [ Iicp(=H) + Ircp(H) |. The XMCD signal
is defined as I” — I [66]. The measurements were performed in total electron
yield (TEY) mode at a temperature of 10 K. The photon energy was calibrated

using a Cr,05 reference sample.

The spin and orbital moment, m; and m;, were estimated with sum rule analysis

(Chapter 2.6.1) [67]. In detail, p and g were obtained by integrating the XMCD
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spectra over the L; and L, 3 edges. The normalization factor r was obtained by
integrating I,, over the L,; edges. Taking into account the number of d holes,
n, = 10 — ng, the spin and orbital moments per Cr atom are m; = —(25.¢¢.) =
—(6p — 49)Cny,/r, where C = 2 is a correction factor for Cr [68] and —(L,) =
—3qny/r. The effective spin moment (2S,7;.) = (2S.) + (7T), where (2S;) is the
isotropic spin moment and (T}) is the z component of the magnetic dipole term
T =Y. ;5 — 37 - §), where §; and 7 are the spin and positition of the i* electron
in the atom [53]. The tensor T gives the anisotropy of the spin moment due to
coupling with the charge quadrupole moment, and can be finite for non-cubic

environments.

3.3 Spatial mapping of large-scale exfoliated
CrSiTe3

Bulk CrSiTe; was exfoliated using a Au-assisted exfoliation method [39] inside of
a glovebox. The optical micrograph shows few-layer flakes (Figure 3.1a). AFM,
which was performed after the experiment, demonstrates that the flakes range
in thickness from 1-10 layers. The thickness of one monolayer of CrSiTe; is
0.7 nm [69]. After the exfoliation of large-area few-layer flakes was confirmed
by optical microscopy, the sample was transferred in-situ to the high-field end-

station.
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Figure 3.1: a) Spatial map of the magnetic asymmetry obtained at the Cr L;
edge at 10K in zero applied field. These data were obtained by Ryuji Fujita and
Dr. Javier Herrero-Martin at BOREAS (BL29) at ALBA Synchrotron. b) Optical
micrograph of exfoliated few-layer CrSiTe; flakes. c¢) An ex-situ AFM measure-
ment demonstrating a bilayer (1.4 nm) step height. Thicknesses for each optical
contrast were determined with AFM accordingly. Different layers are demar-
cated by the white dashed lines in b).

3.4 Layer-dependent X-ray absorption
spectroscopy and X-ray magnetic circular

dichroism of atomically thin CrSiTe;

XAS (Figure 3.2a) and XMCD (Figure 3.2b) measurements of different thick-
nesses of CrSiTes; (1L, 3L, 10L and bulk) were performed at 2K in an applied
OOP field of 3T . Although the XAS spectra qualitatively look similar, slight
deviations in the Cr L; pre-edge and L, higher-energy edge occur for 10L and
below. Contrarily, the XMCD signal progressively decreases in magnitude for
the thinner flakes (Figure 3.2a). In Figure 3.2b, which shows the XMCD spectra
from the different thicknesses normalized to the respective peak amplitudes, a
small Te Ms peak can be seen at a photon energy of about 574 €V, confirming
a hybridization between the Te 5p and Cr e, bonding states. This is in contrast
to CrGeTe;, which has a larger single-ion anisotropy and much smaller XMCD
signal at the Te M5 edge [70]. In CrSiTes, the hybridization and superexchange
between the Cr and Te could reflect the 2D aspect of the magnetic ordering,

which manifests as 2D Ising-type ferromagnetism in the bulk limit [63, 64].
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Figure 3.2: a) Cr L5 XAS and XMCD data of 1L, 3L, and 10 L and bulk CrSiTe;
obtained at 10K in an applied field yyH =3T. The inset shows the experimental
geometry consisting of normally incident X-rays and a field H applied along the
beam. In TEY mode, the drain current is recorded. A small layer dependence of
the XAS can be seen at photon energies of 574.5—574.9 eV and 584.4—585.6 eV.
On the other hand, the XMCD show a clear thickness dependence when normal-
ized to the corresponding XAS, which originates from changes in the saturation
magnetization M. These data were obtained by Ryuji Fujita and Dr. Javier
Herrero-Martin at BOREAS (BL29) at ALBA Synchrotron. b) Comparison of the
theoretical multiplet spectrum at the Cr L, 5 edge for CrSiTe; with bulk (black),
10L (red), 3L (green), and 1L (blue) CrSiTe;. When normalized to their respec-
tive maxima, the spectral shape of the peaks look similar, and do not have an
obvious thickness dependence. For comparison, an experimental Cr L, spec-
tra of bulk CrGeTej; is shown, for which a reduced Te Ms peak (indicated by the
black arrow) indicates Cr-Te hybridization.

3.5 Layer-dependent spin and orbital magnetic

moments

The spin and orbital magnetic moments m; and m; were determined for 1L, 3L,
10 L and bulk CrSiTes at 3T using the sum rules [67]; m, was scaled with (A; —
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2A,), where A; and A, are the integrated areas beneath the L; and L, peaks,
respectively, and m; was scaled with (A; + A,). Here, A; and A, have opposite
signs as the spin and orbit are coupled oppositely for p;/, and p, /, core levels. For
the bulk layer, taking the number of 3d electrons to be ny = 3.5, m; = (—0.055 +
0.05) up/Cr atom and my = (2.86 + 0.25) pp/Cr atom [65]. The values for m; and
m; are listed in Table 3.1; m; monotonically decreases for the thinner layers, in

accordance with the commonly observed reduction of T¢ [4, 6-8].

1L 3L 10L | Bulk

mq (up/Cr atom) | 1.7 1.89 | 2.17 | 286

m; (ug/Cr atom) | -0.033 | -0.036 | -0.041 | -0.055
m;/m (1072) -1.94 | -191 | -1.89 | -1.92

Table 3.1: Spin and orbital moments of the Cr atom in atomically thin and bulk
CrSiTes; at 10K in an applied OOP field pyHoop=3T. The XAS and XMCD spectra
were obtained by Ryuji Fujita and Dr. Javier Herrero-Martin at BOREAS (BL29)
at ALBA Synchrotron.
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Figure 3.3: a) Spin (m;,) and b) orbital (m;) moments of Cr in atomically thin
and bulk CrSiTe; at 10K in an applied field ggHoop = 3T. ) The ratio m;/m;
monotonically increases in magnitude for thicknesses below 10 L.

3.6 Layer-dependent ferromagnetic hysteresis

Magnetic hysteresis loops obtained at the Cr L; edge show soft ferromagnetism
for bulk, 10L and 3L CrSiTes;, while no opening of the hysteresis loop can be
observed for 1L CrSiTes;, demonstrating that monolayer ferromagnetism is not
stable for this material at 10 K (Figure 3.4) [71]. Bulk CrSiTe; undergoes a

paramagnetic-ferromagnetic phase transition at o = 33K with a weak easy-
axis anisotropy [61]. The soft bulk ferromagnetism, which is characterized by
extremely small H. and remnant magnetization, also has wasp-waist character-

istics, which can originate from domains of different sizes with different mag-
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netic orientations as found in superparamagnetic nanoparticles with a blocking
temperature below 300 K [72]. In other words, the bulk hysteresis is a combina-
tion of a paramagnetic response described by the Langevin function, along with

the more open hysteresis of domains of varying orientation.
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Figure 3.4: Ferromagnetic hysteresis obtained at the Cr L; edge for 1L, 3L, 10L
and bulk CrSiTe;. While H. is finite for 3L, 10 L and bulk CrSiTes, the hysteresis
loop is closed for 1L CrSiTes, and strongly resembles a paramagnetic response.
The solid lines represent a rolling average over the measured data points. Spu-
rious low-field data points, which originate from changes in the photoelectron
emission at low applied magnetic field, are disregarded in the rolling average.
The measurement temperature was 10 K. The data were obtained by Ryuji Fujita
and Dr. Javier Herrero-Martin at BOREAS (BL29) at ALBA Synchrotron.
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3.7 Saturation magnetization and spin moment

The decrease of the spin moment m; (Table 3.1) and decrease of Hg, (Figure 3.4)
for thinner layers of CrSiTe; correspond to a reduction of T¢ in the atomically

thin limit and also varying magnetic domain structures.

In detail, for bulk CrSiTe;, the relatively large spin moment m; = 2.86 pg/Cr atom
and large Hg,; increases Ky, for which it is more energetically favorable for the
magnetism to break up into domains. However, for atomically thin CrSiTes, the
reduction of m; and Hg,; makes it less energetically costly for the magnetization
to be uniform across larger length scales, resulting in single domains with easy-

axis anisotropy for atomically thin flakes.

3.8 Orbital to spin moment ratio

The ratio m;/m; reveals some fundamental parameters in magnetic systems, in-
cluding the magnetic anisotropy, (T}), or e, character in the 3d wavefunction.
These parameters can be correlated to changes in the ratio m;/m;, of Cr 3d elec-
trons, as several effects, including n, and changing H, cancel out in this ratio.
Figure 3.3 and Table 3.1 show that the magnitude of m;/m; increases below 10 L.
The magnitudes of m; and m;, decrease for thinner flakes, which is expected as
my; and my are coupled by spin-orbit coupling. The opposite sign of m; and m; are

expected by Hund’s rule, for which m; and m; are aligned antiparallel for a less

than half-filled d shell [73].

For 10L CrSiTes, m;/m; = —0.019, while the magnitude of m;/my increases by
about 2.5% for 1L. This enhancement of m;/m; in the atomically thin limit could
originate from an enhanced easy-axis anisotropy, as the easy magnetization di-
rection always has the largest orbital moment [66]. However, this is rather un-
likely, as the ferromagnetic hysteresis loops in Figure 3.4 progressively become
more soft in the atomically thin limit; contrarily, magnetic materials with large
anisotropy are characterized by rectangular hysteresis loops, where all of the

magnetization switches at H. [8, 17].
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An increase in (T,), where the tensor T gives the anisotropy of the spin moment
m; due to the coupling between the spin and charge quadrupole, is also plausible;
structural changes within the atomically thin limit [74] could induce changes in
(T,). A quick way to check for such changes is Raman spectroscopy where shifts
in Raman peaks and also peak profile can be correlated to structural changes in

2D materials, and will be discussed in greater detail in Chapter 4.

The enhancement of m;/m; in the atomically thin limit could also originate from
increased hybridization between Cr e, and Te 5p electrons, which is corroborated
by the Te M; peak in the XMCD, meaning that there are spin-polarized holes in
the Te 5p band. The inset in the top panel of Figure 3.2a shows that the Cr
XMCD L; spectra and L, spectra gain intensity at 576.5—580 eV and 585—587 eV,
respectively, roughly coinciding with increased intensity at the high energy sides
of the absorption peak for multiplet calculations which account for hybridiza-
tion. Therefore, the increase in m;/m; could indicate pronounced hybridization

between Cr and Te in atomically thin CrSiTes.

3.9 Conclusion

High-field XAS and XMCD spectroscopy was used to characterize changes in
the magnetic moments m; and ms, and the ratio m;/m; as a function of layer
thickness for CrSiTes, a vdW ferromagnet with 2D Ising-type ferromagnetism in
the bulk. Although subtle, the enhancement of the ratio m;/m; in the atomically
thin limit demonstrates a layer-dependence of magnetic properties beyond a
trivial reduction of T¢ even for magnetic vdW materials with weak interlayer

coupling, which could be due to enhanced hybridization.
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4| Strained ferromagnetism at a Fe;sGeTe,/a-

In,Se; heterojunction

4.1 Magnetism in bulk and two-dimensional
Fe;GeTe,

Fe;GeTe, is a prototypical vdW ferromagnet with a relatively high bulk T¢ of
220 K and a monolayer Tc of 130 K [8]. The ferromagnetism is characterized by
competition between the large perpendicular magnetic anisotropy (PMA) and
dipolar interaction, producing meander-style domains in the bulk limit and a
single domain in the atomically thin limit, as the large PMA makes the formation
of domains energetically costly, forcing a uniform magnetization. As a result, the
magnetic hysteresis is characterized by large H. on the order of 1T for atomically

thin single-domain Fe;GeTe, [8, 17].

Several properties including large H., PMA, and metallic conductivity make few-
layer Fe;GeTe, unique among atomically thin vdW magnets, which are usually
insulators in the magnetic state. Current-induced reduction of H, and electrical
control of the magnetic anisotropy in Fe;GeTe; has already been experimentally
demonstrated [17, 25, 75]. The large anisotropy and metallic conduction also
make Fe;GeTe, an ideal material for MTJs [16]. For the other atomically thin
vdW magnets [6, 7, 76, 77] which are wide-gap semiconductors, the electrical
control of magnetic properties is more challenging. A general method which
can tune the magnetic properties of atomically thin vdW magnets, regardless of

their electrical conductivity, would be ideal.

4.2 Strain-tuning of two-dimensional materials

Strain-tuning of properties including bandgap [78] and carrier mobility [79] for
a large range of TMDs, as well as H. in Fe;GeTe, [80] and VI3 [77] has been
demonstrated. Specifically, the application of tensile strain enhances H, and

Tc [81], while compressive strain suppresses the ferromagnetic ordering [82].
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Density functional theory (DFT) calculations predicts a nearly linear correlation
between the average magnetic moment of the unit cell and a biaxial tensile strain
[83].

In most cases, the strain is formed or is applied by means of lattice mismatch at
an epitaxial substrate-thin film interface [78], flexible substrate [77, 84-86], pat-
terned substrate, local deformations made by AFM, or utilizing a piezoelectric
substrate. However, inducing strain in 2D materials is challenging due to the
intrinsically weak vdW interaction [87], meaning that some slippage will occur
between adjacent layers [88]. Although the utilization of flexible substrates [77,
81, 89, 90] and piezoelectric substrates such as PMN-PT [47, 91] enables proof-
of-principle investigations of strain-tuned magnetism in 2D materials, it is more
difficult to investigate their intrinsic properties, as all of these methods rely on
forces fundamentally different from the vdW interaction to induce strain. An
outstanding question is whether it is possible to induce strain in a 2D material
within the confines of an atomically smooth environment provided by hBN en-
capsulation. In this chapter, a novel method of straining Fe;GeTe, by interfacing

it with a-In,Ses, a vdW piezoelectric, is demonstrated.

4.3 Methods

4.3.1 Single crystal growth

Fe;GeTe, and a-In,Se; crystals were grown by Dr. Daniel Mayoh and Prof. Get-
tha Balakrishnan with CVT at the University of Warwick. Single crystalline
hexagonal platelets of approximately 3 x 3mm? in the case of Fe;GeTe, [92]
and 2 x 2 mm? sized hexagonal silvery-blue platelets in the case of o-In,Se; [93]
were obtained. The o-In,Se; crystals were characterised by x-ray diffraction
(XRD) and energy-dispersive x-ray spectroscopy (EDX). Compositional analy-

sis of the crystals was carried out using EDX analysis, and was estimated to be

ln1‘96(5)533‘04(5)-
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4.3.2 Mechanical exfoliation

Bulk a-In,Se;, Fe;GeTe,, graphite and hBN flakes were mechanically exfoliated
in a glovebox with oxygen and water concentrations below 10 ppm. Thin flakes
were identified via optical microscopy (Chapter 2.3), and were sequentially stacked

over a conductive Si substrate by a PDMS-assisted transfer method [36].

4.3.3 Piezoresponse force microscopy characterization of a

a-In,Se3 heterojunction

PFM measurements were performed by Dr. Alexander Kang-Jun Toh, Prof. Anjan
Soumyanarayanan and Dr. Pin Ho at the Institute of Materials Research and

Engineering (IMRE) in Singapore.

4.3.3.1 Instrumentation and setup

Single frequency vertical PFM measurements were performed on an exfoliated
o-In,Se; flake (75-125 nm) encapsulated in between top hBN (10 nm) and bot-
tom hBN (17 nm) layers placed on a conductive p-Si substrate. In short, the
setup consists of a scanning probe microscope within a variable temperature
cryostat (Attocube systems). The employed Pt-Ir conductive tip (Nanosensors)
had a radius of curvature <25 nm, spring constant of =3.6 N/m, and resonance
frequency of 67.2kHz. PFM measurements were performed at temperatures of
50 and 294 K with a stability of <20 mK.

4.3.3.2 Measurement procedures

First, the flake of interest was located via contact mode AFM imaging. Next, an
a.c. drive voltage of V,, = 10V was applied to the tip while in contact with the
sample surface to excite piezoresponse at an off-resonance frequency of 80 kHz
(contact resonance =335 kHz). Off-resonance PFM was used to minimize to-
pography crosstalk [94-96]. The amplitude and phase-shift of the tip-sample
excitation, corresponding to the PFM signal, were detected using a lock-in am-

plifier. PFM images were acquired at each imaging temperature over a 20 um
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region with 256 sampling points.

4.3.4 Raman characterization of a-In,Se; heterojunctions

Access to the Raman instrumentation was granted by Dr. Tina Geraki of 118 at
the Diamond Light Source. hBN-encapsulated Fe;GeTe,, a-In,Se;, and graphite
flakes were characterized with Raman spectroscopy at room temperature. The
data were collected using an objective lens with 100x magpnification. The laser
wavelength was A = 473nm. The laser power was limited to 3.5 mW to limit

laser-induced damage of the sample. The accumulation time was 120s.

4.3.5 Density functional theory calculations of effective ex-
change interaction, uniaxial anisotropy, Curie temper-

ature and lattice parameter

First-principles DFT calculations with fully relativistic projected augmented wave
pseudopotentials were performed with Quantum ESPRESSO [97] by Dr. Gau-
tam Gurung at Trinity College, University of Oxford. The exchange and correla-
tion effects were treated within the local density approximation (LDA). Gener-
ally, the exact formulation of the exchange-correlation functional is unknown,
and approximations of various sophistication, including LDA and generalized
gradient approximation, have been used to model electronic structures in vari-
ous vdW ferromagnets. The main drawback of LDA is its failure to accurately
model many-body electron-electron potentials, which can manifest as under-
estimations in bandgap and inaccurate calculations of electronic structures in
correlated materials [98]. While dynamical mean-field theory is better-suited to
model such many-body interactions, it is computationally more expensive than
DFT calculations based on approximations of the exchange-correlation func-
tional [98]. Alternatively, a functional inspired by the Hubbard model, LDA+U,
may also be incorporated in calculations of the electronic structure in correlated
materials [98]. For Fe;GeTe,, DFT calculations incorporating LDA were found
to be most consistent with experimental results [99]. The plane-wave cut-off

energy of 70 Ry and a 18 x 18 x 1 k-point mesh in the irreducible Brillouin zone
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were used in the calculations. Spin-orbit coupling was included in all electronic

structure calculations.

Tight-binding Hamiltonians were constructed using Wannier90 [100] and then
TB2J [101] was used to calculate the exchange parameters considering nearest
neighbors within 4.80 A. Tc was calculated by using atomistic spin dynamics as

implemented in Vampire [102].

4.4 Magnetic domain structure in a Fe;GeTe,/o-

In,Se; heterojunction

Ferromagnetism within Fe;GeTe,/a-In,Se; heterojunctions were characterized
with XPEEM at the UE49-PGMa beamlime at BESSY Il (Helmholtz-Zentrum
Berlin) [103] and at beamline 106 at Diamond Light Source. In detail, XPEEM
measurements at the Fe L; edge (706.2 eV) were performed from 50-200 K.

o-In,Se; crystallizes in the R3m structure and has piezoelectric domains with
both IP and OOP polarizations at room temperature [84]. Notably, such piezo-
electric polarization is retained down to the monolayer [86]. In addition, ferro-
electric field effect transistors made from o-In,Se; have a high on-off ratio [104],
which, in combination with its robust piezoelectric properties, make it a strong
candidate material for in-memory computing applications which overcome the
von Neumann bottleneck [105]. These favorable properties of a-In,Se; motivate

its incorporation in magnetic vdW heterojunctions.

For a heterojunction consisting of a Fe;GeTe, flake of 9 nm thickness and an
o-In,Se; flake of 22 nm thickness (Figure 4.1), there is a significant increase in
the density of domain walls compared to the surrounding area, which consists
entirely of decoupled Fe;GeTe, (Figure 4.2b). The magnetic domain structure
within the decoupled Fe;GeTe, homojunction is characterized by meander do-
mains, which form as a result of the competition between K, and K; (Figure
4.2b). The enhanced density of domain walls within the heterojunction could
reflect a change in Kg, which is proportional to M2, [21]. For the class of itiner-

~

ant vdW ferromagnets Fe,GeTe, (x = 3,4,5), Mg, varies from 1.4 pg/Fe [106] to
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Figure 4.1: AFM scans of surface topography of a Fe;GeTe,/a-In,Se; hetero-
junction at room temperature. Line profiles of the Fe;GeTe, (blue) and a-In,Se;
(green) show that the thicknesses are 9 nm and 22 nm, respectively.

1.9 p/Fe [107].

If there is a reduction of ]\7Isat within the heterojunction, there would also be
a corresponding decrease in the XMCD signal. However, a comparison of line
profiles of the XMCD values within the heterojunction and homojunction shows
that there is no discernible difference in the XMCD (Figure 4.3). In other words,
if Msat of Fe;GeTe, changes when interfaced with o-In,Ses, the change is below

the detection threshold of XPEEM at a measurement temperature of 50 K.
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Figure 4.2: a) Side-view schematic showing the Fe;GeTe,/a-In,Se; heterojunc-
tion encapsulated between thin hBN layers. A graphite electrode provides a
conductive pathway to the XPEEM sample holder. b) XPEEM image of interfa-
cial coupling within the Fe;GeTe,/a-In,Ses heterojunction obtained at 50 K. Scale
bar = 3 um. The heterojunction is shaded in pale blue. The XPEEM data were
obtained by Ryuji Fujita, Dr. Alevtina Smekhova, Dr. Mohamad A. Mawass and

Dr. Florian Kronast at the UE49-PGMa beamline at BESSY II.
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Figure 4.3: a) XMCD line profiles of the Fe;GeTe,/a-In,Se; heterojunction and
Fe;GeTe, homojunction obtained at 50 K. The line profiles are shown in b). Scale
bar = 3 pm.

Alternatively, the increase in domain wall density may also be due to reduced A,

which would also reduce oy,
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more domains per unit area. Also, a slight reduction of K, will also reduce o
However, the lack of any intermediate XMCD contrast in Figure 4.2b indicates

that a large uniaxial anisotropy is retained within the heterojunction.

4.5 Reduction of ferromagnetic Curie tempera-

ture in a Fe;GeTe,/a-In;Se; heterojunction

For reduced A, a reduction in Tc, which is proportional to A, should also occur
[21]. XPEEM images of the magnetic domains were obtained at temperatures
varying from 145 to 190 K (Figure 4.4). At 145K, magnetic domains are present
in both the heterojunction and homojunction, while at 170 K, small areas en-
circled by the white dashed line appear to be no longer magnetic. At 175 to
190 K, these non-magnetic patches continue to expand in area, until there is
barely any magnetic signal remaining in either the Fe;GeTe, homojunction or
the Fe;GeTe,/a-In,Se; heterojunction (Figure 4.4f). The maximum difference be-
tween the Tc of the heterojunction and that of the homojunction is determined
by noting the initial observation of non-magnetic areas at 170 K, and the nearly
total disappearance of all XMCD at 190 K, and is estimated to be about 20 K.

At 177.5K, the domains which are encircled by the pale blue line, which lies
within the heterojunction, are modulated by geometric features shown by the
green arrows, which resemble a three-fold rotational symmetry, which is consis-
tent with the R3m spacegroup of a-In,Se; [86]. Presumably, the ferromagnetic

domains are coupling to the underlying piezoelectric domain structure.
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Figure 4.4: Reduction of ferromagnetic Tc in a Fe;GeTe,/a-In,Se; heterojunc-
tion (shaded in pale blue). XPEEM images of ferromagnetic domains in the het-
erojunction and homojunction were collected at a) 145K, b) 170K, ¢) 175K, d)
177.5K, e) 180 K and f) 190 K. At 170 K, the magnetic contrast vanishes in a small
area indicated by the white dashed line, which then expands to a larger area at
175 K. At 177.5 K, the magnetic domains encircled by the pale blue line are mod-
ulated by geometric features indicated by the green arrows. Scale bar = 3 pm.
The XPEEM data were obtained by Ryuji Fujita, Dr. Alevtina Smekhova, Dr.
Mohamad A. Mawass and Dr. Florian Kronast at the UE49-PGMa beamline at
BESSY II.
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4.6 Density functional theory calculations of
effective exchange interaction, uniaxial
anisotropy and estimation of ferromagnetic
Curie temperature for varying lattice

parameter

A lattice strain corresponding to a reduction of T by 20 K, as explained above,
was estimated by DFT calculations and atomistic spin dynamics. Specifically,
DFT was used to calculate the effective exchange interaction J = ), Z,J; [108]
and K, for monolayer Fe;GeTe, as a function of lattice parameter a. Subse-
quently, J and K, were used to estimate the Ti corresponding to varying a. A
linear fit of the data in Figure 4.5c show a compressive strain € = 0.4% corre-
sponds to a decrease of 20 K, from 95 to 75 K. Here, € is calculated with respect

to the lattice parameter of the homojunction, a, = 4.01 A [92].
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Figure 4.5: DFT calculations of K, and J at the Fe; site for varying strain e.
a) lllustration of Fe; and Fe, sites and respective exchange interactions J;; and
Ji2 for monolayer Fe;GeTe,. Exchange interactions amongst nearest neighbors
are considered for r = 4.80A. b) K, and J are shown for varying strain €. c)
Tc as a function of strain €. A decrease of 20K, from 95 to 75K, corresponds
to a compressive strain € = 0.4%. The DFT calculations were performed by Dr.
Gautam Gurung at Trinity College, University of Oxford.
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4.7 Enhancement of magnetic coercivity in a

Fe3;GeTe,/u-In,Se; heterojunction

Within the Fe;GeTe,/a-In,Se; heterojunction, H. increases (Figure 4.6). Field
reversal is only observed for the homojunction, while the heterojunction retains
its initial magnetization. In detail, a magnetic state was initialized by cooling the
sample across Tc from 300 to 50 Kin an OOP field pyyHoop = —13.2 mT, saturating
the magnetization in the antiparallel direction relative to the surface normal.
A subsequent field pulse of opposite polarity, goHoop = +88 mT, was applied,

resulting in only a partially field-reversed state.

4.0
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Figure 4.6: Enhanced H. within the Fe;GeTe,/a-In,Se; heterojunction at 50 K.
a) The magnetic state is initialized by cooling the sample from 300 to 50K in a
field poHoop = —13.2mT, as shown in (b). At 50K, a field of opposite polarity,
HoHoop = +88 mT, is applied, resulting in a partially field-reverse state, shown
in (c). Scale bar = 3 pm. The XPEEM data were obtained by Ryuji Fujita, Dr.
Alevtina Smekhova, Dr. Mohamad A. Mawass and Dr. Florian Kronast at the
UE49-PGMa beamline at BESSY II.

As a first approximation, consideration of the Stoner-Wolfarth model, for which
H, is proportional to K,, [109] implies an increase in K, within the heterojunction.
However, the increased domain wall density in the virgin state (Figures 4.2b
and 4.4) would incur an additional energy cost o, < /AK,. In addition, an
increase in K, would likely result in an enhanced T¢ [17], which is contrary to
the temperature-dependent magnetization data shown in Figure 4.4. Instead, it

is rather likely that extrinsic effects including magnetostriction are behind the
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enhanced H,.

4.8 Interfacial strain in o-In,Se; heterojunctions

Interfacial strain within the Fe;GeTe,/a-In,Se; heterojunction is characterized
by comparison to structural changes revealed by Raman spectroscopy in a

graphite/a-In,Se; heterojunction. In particular, the Tuinstra-Koening relation,
1/L, < I(D)/I(G), where I(D) and I(G) are the respective intensities of the D
and G Raman peaks and L, is the crystallite size, indicates the amount of disorder
in graphite [110]. Such disorder can originate from point defects induced by ion
bombardment [111, 112] and dislocations [113], or grain boundaries [114] in
nanocrystalline graphite. The chances of a chalcogen diffusing across the vdW
gap between graphite and o-In,Se; are negligible. Therefore, I(D)/I(G) can be
considered to characterize the concentration of grain boundaries in graphite/o-

In,Ses, rather than point defects.

In detail, the Raman spectra of graphite include the 2D, G and D peaks, indicat-
ing the presence of finite disorder [110]. The lack of a D’ peak, peak attenua-
tion, or broadening [111] indicate that the amount of disorder is between that
of graphite and nanocrystalline graphite, for which the Tuinstra-Koening rela-
tion is valid [51]. The lack of peak shifts or splittings (Figure 4.7), as observed
for graphene films strained over a flexible substrate [89, 90], can be attributed
to sample-dependent piezoelectric polarization as well as the superlubricity of

incommensurately stacked graphite [115, 116].
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Figure 4.7: D, G and 2D Raman modes collected from different areas within
the graphite homojunction and graphite/a-In,Se; heterojunction at 300 K. Nor-
malized 2D peak intensities obtained from the different areas are shown in the
inset. No mode shifts or peak splittings are visible among these spectra.

The reduction of I(D)/I(G) for the left part of Figure 4.8a suggests a reduction
of the density of grain boundaries in response to a compressive strain, while
a slight enhancement of I(D)/I(G) at the tip of the a-In,Se; flake implies an
increase in the density of grain boundaries, which would originate from a tensile
strain. The variation of I(D)/I(G) may be a result of varying polarization of the
underlying piezoelectric domains within the o-In,Se;, which could be due to
varying thicknesses as seen in the AFM scan of the surface topography (Figure
4.9).

In one Fe;GeTe,/a-In,Se; heterojunction sample, shifts of the Raman modes of
Fe;GeTe, indicate a tensile strain (Figure 4.8d). Specifically, a blueshift of the
Fe;GeTe, Efg mode, Aw; = +3.5 cm™, and a redshift of the Fe;GeTe, A}g mode
[117], Aw, = —9.2 cm™ are observed at 300 K. A direct comparison to other
TMDs, including MoS, and WS,, indicate a remarkably large tensile strain of
2-3% (Table 4.1).
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Figure 4.8: Interfacial strain within o-In,Se; heterojunctions. a) Plot of
I(D)/I(G) of a graphite/o-In,Se; heterojunction encapsulated between hBN ob-
tained at 300 K. There is a significant reduction of I(D)/I(G) within the left part
of the flake, while a marginal enhancement is observed near the tip. The o-In;,Se;
flake is outlined by the dashed black line, corresponding to the optical micro-
graph shown in the inset. Scale bar = 5 pm. b) PFM phase response of an o-In,Se;
flake encapsulated between hBN obtained at 294 K. The a-In,Se; flake thickness
varies between 60 and 140 nm. Preferential orientations of piezoelectric domains
are indicated by green arrows. Scale bar = 5 pm. PFM data were obtained by
Dr. Alexander Kang-Jun Toh, Dr. Pin Ho and Prof. Anjan Soumyanarayanan
at A"STAR. ¢) XPEEM image of magnetostrictive ferromagnetic domains within
the Fe;GeTe,/a-In,Ses heterojunction (shaded in pale blue) obtained at 100 K.
Preferential alignment of ferromagnetic domains is indicated by green arrows.
XPEEM data were obtained by Ryuji Fujita, Dr. Angadjit Singh, Emily Heppell,
Dr. Dirk Backes and Dr. Francesco Macherrozzi at the 106 beamline at Diamond
Light Source. Scale bar = 4 pm. d) Raman spectra of a Fe;GeTe, homojunction
and Fe;GeTe,/a-In,Ses heterojunction obtained at 300 K. The E; mode blueshifts

by Aw; = +3.5 cm™, and the A, mode redshifts by Aw, = —9.2cm’.
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Raman mode do /| de
Graphene (G*,G™) | -31.4+ 2.8 cm /%, -9.6 + 1.4 cm™'/% [89]

o-In,Se; (A;(LO + TO)) -1.97 cm™/% [119]
MoS, (E’) -3.8cm™/% [88]
WS, (E,) -5.4 cm™/% [120]

Table 4.1: Changes in Raman shift and corresponding applied tensile strain for
various 2D materials.
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Figure 4.9: a) Optical micrograph of graphite/a-In,Se; heterostructure. b) AFM
topography scan of area indicated by the black square in a).

It has been found that interfacial charge transfer within Fe;GeTe,-CrGeTe; het-
erostructures can modify the ferromagnetic coercivity in the Fe;GeTe, layer [118].
Specifically, the transfer of electrons from Fe;GeTe, to CrGeTe; reduces H.. On
the other hand, DFT calculations of Fe;GeTe,-a-In,Ses heterostructures predict
a rigid shift of the Fe;GeTe, bands due to the change in the Fermi level, inde-
pendent of ferroelectric polarization [99]. In comparison, the temperature de-
pendence of ferromagnetic domains (Figure 4.4) show inhomogenous couplings
with varying Tc, which cannot be accounted for by the charge transfer alone.
Therefore, the Raman shifts (Figure 4.8d) and Table 4.1 are attributed to interfa-

cial strain.

Evidently, structural changes and strain in graphite and Fe;GeTe, are caused by
the piezoelectric polarizations of the domains in a-In,Ses. To gain an idea of how
large the piezoelectric domains are, PFM was performed on an o-In,Se; flake en-
capsulated between thin hBN. The phase response data obtained at 300 K (Figure

4.8b) show piezoelectric domains which are 5-15 pm in length, sharing a com-
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Figure 4.10: PFM characterization of o-In,Se; encapsulated between hBN. a,b)
Topography of the a-In,Se; flake and profile line-cut (green dotted line) showing
a step height of =87 nm. c¢,d) PFM phase contrast of the flake at 294K, and
profile line-cut of the up-polarized domain (blue) showing a domain extension of
~1.2um and phase jump of 40°. e,f) PFM phase of the flake at 50 K, and profile
line-cut of the up-polarized domain (blue) showing a domain size of =2.2pm
and a phase jump of 20°. This figure, which shows temperature-dependent PFM
data, is the courtesy of Dr. Alexander Kang Jun Toh, Dr. Pin Ho, and Prof. Anjan
Soumyanarayanan at the A*STAR in Singapore.

mon length scale with the modulations observed in the XMCD data at 177.5K
(Figure 4.4d). The piezoelectric domain walls are on the order of some nm [121],

and are much too narrow to account for the size of these modulations.

The piezoelectric domains in Figure 4.8b also are preferentially oriented. For
the hypothetical case where the piezoelectric domains lie fully IP, the domains
should exhibit a three-fold rotational symmetry, in accordance with the R3m
space group [122, 123]. The OOP phase shift is only about 40°, as opposed to
180° for oppositely oriented OOP domains (Figure 4.10), implying the simulta-
neous existence of OOP and IP piezoelectric components [122, 123]. Thus, the
preferential alignment of piezoelectric (Figure 4.8b) and ferromagnetic (Figure

4.4d) domains originates from a finite IP piezoelectric polarization.
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4.9 Magnetostriction effects in a Fe3GeTe,/o-In,Se;3

heterojunction

In general, strain can induce magnetostriction in ferromagnets. When coupled
to the piezoelectric a-In,Ses, the magnetic domains in Fe;GeTe, preferentially
align along directions which are defined by a finite IP piezoelectric component
within the a-In,Se; layer. Such magnetostriction of materials with strong PMA
in response to an IP strain could be explained by a small IP magnetization com-

ponent induced by the stress anisotropy K.

For such a case, the magnetostriction constant needs to be relatively large [21].
Full spin reorientation transitions have been observed for crystalline ferromag-
nets, for which the magnetic domain walls are commensurate with grain bound-
aries of the neighboring stress states [124-127]. For the Fe;GeTe,/a-In,Se; het-
erojunction, the magnetostriction (Figure 4.8c) is comparatively weak, as no full
spin-reorientation transition is observed. Nevertheless, the previously derived
compressive strain € = 0.4% can still induce a stress anisotropy K; = %ASG =0.38

meV/Fe atom along the stress axis [21].

In detail, for a Fe;GeTe, unit cell to experience a compressive force € = —0.4%
along a, a force F = C;;Al = 2.7 x 107" N is required along a [21], where Cy; =
134 N/m, Al = 0.004a, and a = b = 4.01 A. For this force, the stress 0 = F/A =
6.0 meV/A3, where A = \/3a/2 x ¢/2 is the cross-sectional area of the Fe;GeTe,
monolayer (@ = 4.01 A and ¢ = 16.3A). The stress anisotropy constant is Ky =
3/2A0 = 5.05meV/A® [128], where A, = —559 x 107° [128]. Finally, for the
compressed unit cell, there are three Fe atoms in the unit cell volume V = 226 A3,
Thus, the stress anisotropy constant K; = 0.38 meV/Fe atom. This is less, but
within the same order of magnitude as K,= 0.844 meV/Fe atom [128], and is
large enough to cause a reduction of the total magnetic anisotropy energy for
compressive strains [128]. A deviation of the easy axis could be one reason for

the enhanced H. observed in Figure 4.6.

The presence of IP magnetization induced by the stress anisotropy K; can be

confirmed by the azimuthal dependence of the XMCD signal, which is propor-
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Figure 4.11: Schematic of Fe;GeTe; unit cell. A force is applied along the a axis.
The perpendicular cross-section has width +/3a/2.

tional to 7 - k. Specifically, for domains which are OOP, the XMCD signal is
constant, while for domains which are IP, the XMCD signal is sinusoidal. In the
present case, the IP magnetization was characterized for both the homojunction
and heterojunction by collecting the XMCD signal at 0° and 90° azimuths [22]
at 100 K, for which a reduction of the XMCD amplitude can be observed within
the heterojunction (Figure 4.12b). This likely reflects a reduction of the average
magnetic moment as the temperature of the sample approaches the T¢ of the
heterojunction. Correspondingly smaller values of A and K, may facilitate an IP

magnetization component within the heterojunction.

53



FeszGeTe,/a-In,Ses L4
= Fes3GeTe;

Distance (um)

Figure 4.12: a) XMCD image showing preferential alignment of ferromagnetic
domains within the Fe;GeTe,/a-In,Se; heterojunction at 100 K. The heterojun-
tion is demarcated from the homojunction by the blue dashed line. Scale bar =
3 um. b) Line profiles, as indicated in a), of XMCD obtained from the hetero-
junction (blue) and homojunction (orange). These XPEEM data were obtained
by Dr. Dirk Backes, Dr. Angadjit Singh, Emily Heppell and Ryuji Fujita at the
106 beamline at Diamond Light Source.

A pronounced dependence of the XMCD signal on the azimuthal angle can be
observed for the heterojunction (Figure 4.13); the difference between the XMCD
signal collected at 0° and 90° azimuths, Axmcp, exceeds a threshold § = 0.55%
10 out of 35 times within the heterojunction, compared to only 1 out 16 times
for the homojunction. However, the presence of astigmatism in the XMCD data
collected at 90°, which also contributes to Axmcp, as well as the generally small
width of the domains, obscures a definitive conclusion regarding the presence

of IP magnetization within the heterojunction.
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Figure 4.13: a) Line profiles of XMCD obtained within the heterojunction and
homojunction at 0° and 90° azimuths. For the homojunction, a threshold § =
0.55% is exceeded 1 out of 16 times, while for the heterojunction, § is exceeded
10 out of 35 times. XMCD images obtained at azimuthal angles of b) 0° and c)
90° at 100 K. Scale bar = 2 pm. These XPEEM data were obtained by Dr. Dirk
Backes, Dr. Angadjit Singh, Emily Heppell and Ryuji Fujita at the 106 beamline
at Diamond Light Source.
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4.10 Conclusion

The strain-tuning of magnetism in the vdW ferromagnet Fe;GeTe, was demon-
strated via interfacial coupling to the vdW piezoelectric o-In,Se;. Despite the
weak vdW interaction, changes in the ferromagnetic domain structure and Ra-
man modes of Fe;GeTe, were confirmed. In addition, the implementation of
a-In,Ses in straining graphite was also demonstrated. The incorporation of o-
In,Se; has the advantage that it may be readily incorporated into vdW het-
erostructures encapsulated between hBN, which plays an indispensable role in
providing an atomically smooth environment and protection from ambient expo-
sure. a-In,Se; could potentially be integrated into a broader class of strain-tuned

atomically thin vdW heterostructures such as MT]Js.
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5| Layer-dependent magnetic domains in

atomically thin Fe;GeTe,

5.1 Fe;GeTe,;: a weak-anisotropy van der Waals

ferromagnet with high Curie temperature

As discussed in Chapter 1 and in Chapter 3, the magnetic anisotropy can play
a large role in stabilizing 2D ferromagnetism, as the OOP exchange interaction,
J., is greatly reduced in atomically thin vdW magnets. For example, in Fe;GeTe,,
a large PMA forces a homogeneous magnetization for thin flakes [8]. It would
therefore be interesting to see if a bulk vdW magnet with weak PMA can retain
magnetic order in the atomically thin limit. In this chapter, the ferromagnetism

in the weak-PMA vdW magnet, FesGeTe,, will be discussed in detail.

FesGeTe; has a relatively high bulk Tc ranging from 270 — 330 K, depending on
the thermal history of the sample. Quenching Fe;GeTe, in an ice-water bath
from the growth temperature will reduce the stacking fault density, and fur-
ther cooling below 100 K will enhance T¢ to 310 K [46] (Chapter 6.3.1). The unit
cell of Fe;GeTe;, which has three Fe sublattices and split Ge sites (Figure 5.1b),
likely hosts strong intralayer exchange interactions, which are confined to one
monolayer of Fe;GeTe,. Therefore, the thermal expansion or contraction of the
lattice will influence the 2D ferromagnetism [129]. Note that there are respec-
tively two and three inequivalent Fe sites in Fe;GeTe, and FesGeTe,, which are

not explicitly shown for the sake of simplicity.

Thus, the magnetism of Fe;GeTe, is far from trivial, and a consistent picture
describing the magnetism has not been established for even the bulk limit [46,
130, 131]. For example, crystals procured from Prof. Yanfeng Guo (ShanghaiTech
University) have a weak easy-axis anisotropy [22], while those obtained from
Dr. Andrew May (Oak Ridge National Laboratory) have a easy-plane anisotropy
[46]. Even for a given group of crystals procured from the same source and

synthesized under the same conditions, the magnetism cannot be described by
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(a) Fe;GeTe, (b) FesGeTe,

Figure 5.1: Monolayers of a) Fe;GeTe, and b) Fe;GeTe; viewed along the a axis.

a single universality class [130].

However, general observations which are consistent include T near room tem-
perature, a smaller PMA than Fe;GeTe, [22, 46] and the prevalence of stacking
faults [46, 132]. While large-PMA magnets such as bulk Fe;GeTe, and CrGeTes
can be described by the 2D Ising and the 2D-to-3D tricritical mean field models
respectively, bulk magnetism in Fe;GeTe, is closest to the 3D Heisenberg model,
despite the existence of vdW gaps [130]. Due to the high-Tc magnetism which
cannot be accounted for by magnetic anisotropy alone, it would be instructive to
characterize the ferromagnetism in FesGeTe, for the atomically thin limit. This
chapter will discuss the XPEEM-based characterization of magnetic domains
in few-layer FesGeTe, and NVSM of field-induced domain motion in few-layer
Fe;GeTe,.

5.2 Synthesis and preliminary characterization of

few-layer Fe;GeTe,

Single crystals of FesGeTe, were grown by Dr. Zhengxian Li and Prof. Yan-
feng Guo at ShanghaiTech University with CVT [130]. Due to the large vdW
cleavage energy in Fe;GeTe, and FesGeTe,, it is extremely difficult and unlikely
to obtain atomically thin flakes by standard mechanical exfoliation [8, 17, 35],
highlighting the need for alternative synthesis techniques. Here, a gold-assisted

exfoliation method [39] was used to exfoliate few-layer flakes (Chapter 2.2).

Due to the air-sensitivity of FesGeTe,, optical characterization (Chapter 2.3) is

particularly useful because it is non-invasive and can be done inside of a glove-
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box. However, calibration samples are required to first establish the necessary
parameters. To address this, a calibration sample of FesGeTe, was first exfoli-
ated. Optical microscopy was used to confirm the presence of few-layer flakes
with lateral dimensions of some tens of pum (Figure 5.2). AFM was used to mea-
sure the thicknesses of several flakes. The measured monolayer-to-bilayer step
height of 0.66 nm is somewhat less than the nominal monolayer thickness of
¢/3 = 0.8 nm [46]. The exact lattice parameters can vary between crystals pro-
cured from different sources. Moreover, vdW gaps exist between each mono-
layer within one unit cell, meaning that the thickness of one exfoliated Fe;GeTe,
monolayer is bounded by an upper limit which is equal to ¢/3. Note that data
obtained from previous AFM measurements of CrSiTe; (Figure 3.1) agree well
with those found in the literature [69, 71].

The optical contrasts and thicknesses from different flakes were compared to
each other to derive a linear relation between the optical contrast and the num-
ber of layers (Figure 5.2) [6]. For the XPEEM measurement, a new sample was
made, as the calibration sample had been exposed to air during AFM measure-
ments. The linear contrast-thickness relation described above was used to de-
duce that flakes up to 4 L in thickness were present within this new sample. Note
that this was performed inside of the glovebox to avoid oxidation. The sample

was then capped with a thin amorphous Se layer [22].
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Figure 5.2: a) Optical micrograph of FesGeTe, made with gold-assisted exfo-
liation. b) AFM scan of a monolayer-to-bilayer step. c) Optical contrast in a)
measured as a function of the number of layers. The exfoliated samples were
prepared by Ryuji Fujita. The bulk parent compound was synthesized by Dr.
Zhengxian Li and Prof. Yanfeng Guo at ShanghaiTech University.

5.3 X-ray photoelectron emission microscopy

characterization of Fe;GeTe,

5.3.1 Ferromagnetic domains in bulk Fe;GeTe,

The ferromagnetism in bulk FesGeTe, is characterized by labyrinth-type do-
mains (Figure 5.3a). These domains have a qualitative resemblance to labyrinth-
type domains found in bulk Fe;GeTe, (Figure 5.3b), which form because of in-
tercompeting uniaxial anisotropy energy K, and stray field energy Ky [8, 133].
The data shown in Figures 5.3a and 5.3b for bulk FesGeTe, and Fe;GeTe, were
collected at 60 K and 50 K respectively.
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However, the labyrinth domains found in bulk Fe;GeTe; are much more narrow
compared to those found bulk Fe;GeTe,. This may be because of the reduction
of PMA in FesGeTe, compared to Fe;GeTe,. In detail, the domain wall energy
ow < JAK, and the domain wall width Wy « \/m For reduced K, it is less
energetically costly for the magnetization to be broken up into narrow domains,

and an increase in Wy should also follow.

On the other hand, the characterization of Wy is challenging. Qualitatively, the
average Wy can be expected to be larger in Fe;GeTe, than in Fe;GeTe,. However,
the characterization of domain walls with XPEEM requires a magnetization vec-
tor map constructed from the XMCD contrasts obtained at different azimuths
[33], which was not done here due to a limited amount of beamtime. Addition-
ally, much higher magnifications are required to resolve domain walls. It should
be noted that even at high magpnifications, images of domain walls will be con-
voluted by the spatial resolution of XPEEM, which is around 30 nm. Therefore,
any attempt to characterize Wy from Figures 5.3a or 5.3b alone would not be
meaningful. Other techniques, such as NVSM, are more well-suited, and will be

discussed in Section 5.4.

Alternatively, domain branching mechanisms may also be at play. It can be seen
that compared to Fe;GeTe, in which the stripe domains are mostly continuous
and are parallel to each other (Figure 5.3b), there is a larger degree of domain
branching in FesGeTe, (Figure 5.3a). Generally, domain branching occurs when
it is energetically preferable to reduce K4 by increasing the number of domains
near the surface at the expense of o, < JAK, [21]. It is useful to consider two

cases, which include closure domains and two-phase domain branching.

Closure domains occur when the easy axis is not parallel to the surface of a ma-
terial. This is sometimes referred to as a misoriented surface. To minimize Ky
near the surface, closure domains form. This is best visualized with the Landau
model for uniaxial material [134]. Here, we consider an infinite plate which has
uniaxial anisotropy K,. Wy o \/m is small compared to the plate thickness
D. Furthermore, K, is small compared to Ky. Under these conditions, the forma-

tion of IP closure domains at the surface reduces the energy density compared
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to a domain structure with only up and down magnetization directions. For ma-
terials with larger anisotropy where K, is similar or larger than Ky, the closure

domains consist of a large OOP component and a small IP component [21].

Two-phase domain branching occurs for strongly misoriented surfaces, in which
bulk domains branch off into finer domains at the surface to minimize K at
the expense of oy,. However, the key difference between closure domains and
two-phase domain branching is that in two-phase domain branching, the fine
domain patterns at the surface consist of OOP domains which do not include
any IP component. In contrast to closure domains, two-phase domain branching

occurs in strongly uniaxial materials for which K, > Kj [21].

In bulk Fe;GeTe,, the observed domains resemble prototypical labyrinth do-
mains, indicating large K,,. There is no obvious evidence for IP closure domains,
which should show up as an intermediate contrast in the XPEEM image [135].
Two-phase domain branching is a more likely explanation for the finer domain
features in FesGeTe,. In Fe;GeTe,, a larger K, would dominate Ky, meaning that
refinement of the surface domain structure would not be as favorable and that
the domain structure is homogeneous along c. This should also be the case for
atomically thin flakes of Fe;GeTe,, as the atomic thicknesses are much less than

typical Wy of some tens of nm [136].
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Figure 5.3: a) XMCD image of bulk FesGeTe, obtained at 50 K. The labyrinth
domains indicate a large uniaxial anisotropy, although a high density of domain
walls suggest smaller o, and K, compared to Fe;GeTe,. Scale bar = 2 uym. b)
XMCD image of bulk Fe;GeTe, obtained at 50 K, showing a labyrinth domain
structure indicating a large uniaxial anisotropy. Scale bar = 2 pm. Bulk single
crystals were synthesized by Dr. Zhengxian Li and Prof. Yanfeng Guo at Shang-

haiTech University.
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5.3.2 Ferromagnetic domains in atomically thin Fe;GeTe,

The ferromagnetic domain structure of atomically thin flakes differ greatly from
that of the bulk. Before this is discussed in further detail, it is worth pointing
out some general, yet important aspects of the XAS and XMCD data of 4L and
3L FesGeTe; flakes presented in Figure 5.4.

Firstly, the role and contribution of non-magnetic defects will be discussed in
detail. XAS data is sensitive to the chemical composition as well as the sur-
face topography for a given sample. For the atomically thin 4L and 3L flakes
of Fe;GeTe,, the XAS data show small pockets which have lower photoemission
yield from the Fe L; edge compared to other regions (Figure 5.4a). This has no
apparent effect on the XMCD image, where magnetic domains are visible across
the entire sample and are continuous across these pockets. Therefore, changes in
surface topography, such as holes, and local charging may be ruled out. Further-
more, any change in the chemical environment, such as Fe deficiencies (Section
5.5), which have significant effects on the magnetic properties, may also be ex-
cluded. One possibility is locally thick Se capping, as this would simply offset
the intensity of the XAS, given by the sum of the intensities obtained with LCP
and RCP, without changing the XMCD, which is given by the difference.

Second, compared to the bulk magnetic labyrinth domain structure in which
the domains are either pointing up or down, the magnetization of 3L and 4L
Fe;GeTe, varies considerably (Figure 5.4). Some parts of the flake have larger
XMCD than other regions (Figure 5.4b). As discussed above, the XAS data (Fig-
ure 5.4a) do not support any signs of spatially varying chemical composition
or surface topography, other than the pockets with low intensity which have
no correlation with the XMCD (Figure 5.4b). Therefore, the spatial variation of
the XMCD is likely to be of magnetic origin. One possibility is that the magne-
tization varies across the flake due to defects, such as stacking disorder or Fe
vacancies, as explained in Section 5.1. Alternatively, these regions may have a
finite IP magnetization component. For the situation where this IP component
is isotropic and can point in any direction, the XMCD would appear be large in

some regions, and small in others, because the XMCD is proportional to m - k.
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However, as noted previously, the characterization of magnetization directions
is not possible with one single XMCD image alone, and requires at least two
images which are taken at azimuths of 0° and 90°. This will be revisited further
below (Section 5.6) and in Chapter 6.

Third, the XMCD intensity from 3 L Fe;GeTe; is generally smaller than the XMCD
intensity from 4 L. This is most obvious in Figure 5.6a. As discussed above, the
XAS image shows there are no topographical features or changes in the chemical
profile between 3 L and 4 L Fe;GeTe,. In principle, the reduced XMCD in 3 L may
be due to low photoelectron emission because of reduced scattering volume in
the atomically thin limit. Photoelectrons emitted in XPEEM have an informa-
tion depth of 5-10 nm [137]. Therefore, less photoelectrons will be emitted per
unit volume for samples which are just a few atoms thick, compared to a bulk
single crystal. However, there is no change in the XAS intensity between 3L
and 4L Fe;GeTe, (Figure 5.6a), so the reduced XMCD does not originate from

layer-dependent photoelectron emission.

The reduced XMCD in 3 L FesGeTe, must therefore be of magnetic origin; some-
how, the magnetic moment in 3L is smaller than that of 4L. NVSM is used to
confirm the reduction of magnetic stray fields for 2L compared to 3L, which
means that the magnetization in 2L is less than in 3L (Section 5.4). This is at
least partially due to layer-by-layer dependence of T¢ for atomically thin mag-

nets, which is a consequence of the Mermin-Wagner theorem (Chapter 1.4).

In the following, the magnetic domain structures in 3L and 4 L Fe;GeTe, will be
characterized in terms of K, K4, and the presence of magnetic bubble domains.
Here, it is useful to begin by comparing the domain structure in 3L and 4L
FesGeTe, to the domain structure of atomically thin Fe;GeTe,, which has a single
domain state in the atomically thin limit due to extremely large K, [8, 133]; the

formation of any domains would be energetically costly in this case.

We begin by analyzing the 4 L magnetic domain structure presented in Figure
5.4b. In contrast to the homogeneous magnetization found in atomically thin
Fe;GeTe, [8], there are small domains in 4L Fe;GeTe,. The domain structure

qualitatively resembles a partially, but not fully demagnetized easy-axis ferro-
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Figure 5.4: a) XAS image of 3L and 4L FesGeTe,. Areas with locally reduced
Fe L; signal are denoted as A and B. These areas most likely come from inho-
mogeneities of the Se capping layer. b) XMCD image of 3L and 4L FesGeTe,
obtained at 50 K. The 3L domain structure shows increased competition be-
tween K, and Kj. Scale bar = 2 uym. Bulk single crystals were synthesized by
Dr. Zhengxian Li and Prof. Yanfeng Guo at ShanghaiTech University.
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Figure 5.5: a) XAS of 3L and 4 L FesGeTe,. Dark areas with reduced photoemis-
sion yield from Fe L; edges are present. These areas are also present in Figure
5.4a, and have no correlation with the XMCD. b) XMCD of 3L and 4 L Fe;GeTe,
obtained at 50K. In 4L regions, bubble domains are found. In 3L regions, a
mixed distribution of stripe domains and bubble domains form. The magnetic
domains abruptly stop at the 3L-4L boundary. Scale bar = 2 pm. Bulk single
crystals were synthesized by Dr. Zhengxian Li and Prof. Yanfeng Guo at Shang-
haiTech University.
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magnet, which would have an even distribution of up and down domains. In
a binary approximation, 88% of the magnetization points up, while the remain-
ing 12% of the magnetization points down. Moreover, the minority domains are
characterized by magnetic bubbles with diameters of 300 — 500 nm. These bub-
bles are distinct from those which nucleate from band domains upon application

of an OOP field, as no field was applied during the experiment [21].

The existence of these minority bubble domains constitutes evidence of compe-
tition between K, and Kj. This is unusual for 2D vdW magnets, which usually
have a very large K, in the atomically thin limit [6-8, 17]. However, K, is still
large, preventing the formation of stripe domains as seen for bulk FesGeTe,,
which would further reduce Kj at the cost of o,. The domain structures of 3L
and 2L Fe;GeTe, will now be analyzed in terms of K, and Ky, and their relative

contributions.

For 3L, the magnetization further breaks up into more domains (Figure 5.4b),
which is in contrast to atomically thin Fe;GeTe, and other large-PMA 2D mag-
nets [6, 7]. In a binary approximation, 52% of the magnetization points up, and
48% of the magnetization points down, meaning that the domain structure now
resembles an almost fully demagnetized easy-axis ferromagnet. In 3 L Fe;GeTe,,
it seems that K, and Ky compete with each other on an even basis, meaning that
it is more energetically preferable to reduce Ky by forming larger bubble domains
and stripe domains at the expense of oy, and K. Bubble domains with diameters
ranging from 500 — 600 nm coexist with stripe-like domains. Moreover, it seems
like the stripe domains consist of interconnected bubble domains, again point-
ing to the competition between K, which would encourage the smaller bubble
domains to congregate into larger stripe domains, and Ky, which generally pro-
motes the separation of larger domains into smaller domains to minimize the

stray field.
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Figure 5.6: a) Ferromagnetic domains at the 3L-4L boundary in Figure 5.4b.
Nearly all domains (outlined by red dashed lines), except for one sole exception
(circled by yellow dashed line), do not cross the 3L-4 L boundary. b) Ferromag-
netic domains at the 3 L-4 L boundary in Figure 5.5b. The 3L XMCD intensity is
less than that of 4 L, indicating a reduced magnetization in 3 L. Here, all domains
(outlined by red dashed lines) abruptly stop at the 3L-4 L boundary. These data
were obtained at 50 K. Scale bars = 1 um.
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An analysis of the domain structure at the 3L-4 L boundary also gives insights
into the layer-dependent energy terms. The 3L-4L boundary is characterized
by the abrupt discontinuity of magnetic domains (Figures 5.5 and 5.6), with the
exception of one single domain (circled by yellow dashed line), which crosses
the boundary (Figure 5.6a). This domain may be pinned to an intrinsic defect
in the FesGeTe, or a defect resulting from the interaction with the substrate. In

Figure 5.6b, all domains abruptly stop at the 3 L-4 L boundary.

The discontinuity of magnetic domains at the 3L-4 L boundary can be under-
stood as a result of the sudden change in the layer-dependent domain wall
energy ol = JAK at the 3L-4L boundary, where K! is the layer-dependent
magnetic anisotropy for the it" layer. The discontinuity in o%; results in strongly

pinned domains and domain walls at the 3 L-4 L boundary [138].

In 2L FesGeTe,, the magnetization continues to break up into domains to an
arguably greater extent than 3L or 4 L (Figure 5.7). In contrast to the 3L and 4L
flakes, the relatively low photoelectron yield, which can be seen from the XAS
image, in combination with the reduced magnetization, contributes to reduced
XMCD. Nevertheless, magnetic domains are unambiguously present. Similarly
to 3L, the domain structure resembles that of a fully demagnetized easy-axis
ferromagnet. In a binary approximation, 53% of the magnetization points up,
while the remaining 47% of the magnetization points down. Here, no magnetic
bubbles can be discerned, which could be due to a further reduction of the easy-

axis anisotropy, which is required to stabilize bubble domains [21].

The topological nature of the observed magnetic bubbles in Figures 5.4 and 5.5
needs to be addressed. Skyrmions and merons, which are magnetic objects with
non-trivial topology, have been observed in bulk Fe;GeTe, [23] and FesGeTe,
[20]. However, no topological spin textures have been observed in atomically
thin magnets to date, and the observation of these objects in few-layer 2D ma-
terials would be seminal. First, more conventional magnetic bubble domains,
including those formed by domain wall pinning, will be discussed in the follow-

ing section.
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Figure 5.7: a) XAS of 2L Fe;GeTe, (outlined by yellow dashed line). Photoemis-
sion yield is reduced compared to 3L or 4L Fe;GeTe,. b) XMCD of 2L FesGeTe,
obtained at 50 K. Despite the reduced photoemission yield, ferromagnetic do-
mains are nevertheless present. Bulk crystals were synthesized by Dr. Zhengx-
ian Li and Prof. Yanfeng Guo at ShanghaiTech University. Scale bar = 2 pm.
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5.4 Nitrogen-vacancy center scanning magnetom-
etry study of domain pinning in few-layer

Fe;GeTe,

The characterization of topological spin textures requires the measurement of
their chiral property. The high sensitivity of NVSM makes it the ideal tool to
determine if the magnetic bubbles observed in Section 5.3.2 have an associated
chiral property. NVSM data were obtained and analyzed by Dr. Michael Hogen,
Dr. Anthony K.C. Tan, and Prof. Mete Atatiire at the Cambridge Nanoscale
Sensing and Imaging Suite (CANSIS) at the University of Cambridge [30].

The presence of magnetic domains was confirmed with NVSM on a freshly pre-
pared sample of atomically thin flakes of FesGeTe, (Figure 5.8). The parent bulk
crystal was synthesized by Dr. Zhengxian Li and Prof. Yanfeng Guo at Shang-
haiTech University. The domain structure measured with NVSM bares a quali-
tative resemblance to the domain structure of 4L, 3L and 2L Fe;GeTe, charac-
terized by XPEEM (Section 5.3.2), for which stripe and bubble domains form.

Reduction of the magnetic moment per unit area is confirmed by reduced stray
fields emerging from the saturated state (Figure 5.9). For 3L and 2L FesGeTe,,
M,y is estimated to be (67 + 2.5) ug/nm? and (37 + 1.3) pg/nm?, respectively,
corroborating the reduced XMCD observed in 2L FesGeTe, (Section 5.3.2). For
comparison, ]\7lsat of bulk Fe;GeTe, at similar temperatures is estimated to be

approximately 80 pg/nm? [106].
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Figure 5.8: Stray fields from a) 3L and b) 2L FesGeTe; measured at 4K. The
bulk crystals were synthesized by Dr. Zhengxian Li and Prof. Yanfeng Guo
at ShanghaiTech University. The NVSM measurements were performed by Dr.
Michael Hogen, Dr. Anthony K.C. Tan and Prof. Mete Atatiire at the University
of Cambridge. The figure is the courtesy of Dr. Hogen, Dr. Tan and Prof. Atatiire
at the University of Cambridge. Scale bar = 500 nm.
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Figure 5.9: Demagnetization of 3L and 2L Fes;GeTe,. a-e) Fields of decreasing
magnitude and alternating polarity were applied to demagnetize the sample.
Domain nucleation, indicated by black arrows, occur at approximately -2T and
1T for 2L and 3L FesGeTe,, respectively. The stray field maps were acquired
at 4K. Scale bar = 500 nm. The NVSM measurements were performed by Dr.
Michael Hogen, Dr. Anthony K.C. Tan, and Prof. Mete Atatiire at the University
of Cambridge. The exfoliated samples were synthesized by Ryuji Fujita. The
bulk crystals were synthesized by Dr. Zhengxian Li and Prof. Yanfeng Guo at
ShanghaiTech University. The figure is the courtesy of Dr. Hégen, Dr. Tan and
Prof. Atatiire at the University of Cambridge.

Furthermore, Hy, is estimated to be greater than 2T for 2L and 1T for 3 L. This
is inferred from Figure 5.9, in which a demagnetization sequence was applied to
determine the layer-dependent Hg,. Domain nucleation is observed at -2 T for
2L and 1T for 3L, indicating that magnetic saturation occurs at larger fields.
This is illustrated by Figure 5.10, in which the layer-dependent hysteresis was
estimated. For 2L and 3 L FesGeTe,, H,, is rather large and is comparable to Hgy,

found in atomically thin Fe;GeTe, [8].
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Figure 5.10: Estimated magnetic hysteresis for 3L and 2L Fe;GeTe, at 4K. The
saturation fields were estimated from Figure 5.9. The figure is the courtesy of Dr.
Michael Hogen, Dr. Anthony K.C. Tan and Prof. Mete Atatiire at the University

of Cambridge.

AvdW magnet can be idealized as a defect-free, atomically thin single-crystalline
sheet isolated in vacuum (Figure 5.1a). Hence, domain wall motion under such
ideal conditions should be unimpeded by domain wall pinning. The attainment
of such ideal conditions in actual experiments is challenging, and FesGeTe; is
characterized by a large density of intrinsic defects such as stacking disorders
(Section 5.1) and Fe vacancies (Section 5.6). The most direct and straightfor-
ward method of characterizing the prevalence of pinning centers and their role

in the magnetic hysteresis is to measure the field dependence of the domains

with NVSM.
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Figure 5.11: Field-dependent magnetization of 3L Fe;GeTe,. Representative
pinning centers are denoted as A’ and ’B’. The stray field data were acquired
at 4K. The NVSM measurements were performed by Dr. Michael Hogen, Dr.
Anthony K.C. Tan, and Prof. Mete Atatlire at the University of Cambridge. The
exfoliated samples were synthesized by Ryuji Fujita. The bulk crystals were syn-
thesized by Dr. Zhengxian Li and Prof. Yanfeng Guo at ShanghaiTech University.
The figure is the courtesy of Dr. Hogen, Dr. Tan and Prof. Atatiire at the Uni-
versity of Cambridge. Scale bar = 500 nm.

Field-dependent magnetization data from 3L FesGeTe, is presented in Figure
5.11. In detail, the sample was first saturated in an OOP field Hoop = —3 T before
target fields, Hyypiied, ranging from 1-2T was applied. After applying Hy,piied, the

stray fields from the sample were measured at remanence.

The magnetization of 3 L Fe;GeTe; begins to switch upon application of Hyppjieq =
1.1T. Application of larger fields ranging from 1.1-1.4 T show multiple pinning
centers, which remain at fixed positions. Two representative pinning centers,
denoted as ’A’ and ’'B’, are indicated in Figure 5.11. A relatively large field of 1.5T
is required to switch the magnetization at pinning centers A and B. Magnetic
hysteresis data, which was derived by plotting M, in the yellow dashed rectangle
in Figure 5.11 as a function of the different fields, show a wasp-tail contribution
to the magnetic hysteresis at fields larger than 1.5 T, which are due to ’A’, 'B’,
and other pinning centers (Figure 5.12).
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Figure 5.12: Field-dependent magnetic hysteresis of 3L FesGeTe, obtained at
4 K. The magnetization M, which is calculated from the region outlined in the
yellow rectangle in Figure 5.11, is normalized to the saturation magnetization
]\7Imt. Pinning sites contribute to an enhancement of Hg, from approximately 1.2
to 2T. The figure is the courtesy of Dr. Michael Hogen, Dr. Anthony K.C. Tan
and Prof. Mete Atatiire at the University of Cambridge.

The non-negligible contribution of defects and pinning centers suggests that at
least some of the magnetic bubbles observed in the XPEEM data (Figures 5.4 and

5.6) could be pinning centers.

The topological properties of magnetic bubble domains can be determined by
analyzing the magnetic domain walls. In detail, thin films with sizable PMA have
domain walls which are Bloch-type for the presence of little to no Dzyaloshinskii-
Moriya interaction (DMI), while domain walls which are Néel-type are found in
thin films with large DMI, often resulting from broken inversion symmetry [139].
Figure 5.13 shows Bloch-type domain walls, for which the divergence of the IP
magnetization component V - AjIxy = 0, thus limiting the stray field emanating

from Bloch-type domain walls.
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Figure 5.13: Simulation of bubble domains in 3L Fe;GeTe, observed at 4K. a)
A spatial map of the stray field, Byy, shows bubble domains after cooling in
zero field. b) A simulated stray field, for which the domain walls are Bloch-type,
matches the experimental data shown in a). ¢) The magnetization corresponding
to the stimulated stray field map in b) is shown. The figure is the courtesy of Dr.
Michael Hogen, Dr. Anthony K.C. Tan and Prof. Mete Atatiire at the University
of Cambridge.

The simulated stray fields from Bloch-type domain walls closely resemble the ex-
perimental data. On the other hand, Néel-type domain walls, for which V-ﬁxy *
0, are not representative of the experimental data. These data further support
that the observed bubbles in atomically thin Fe;GeTe, result from domain wall

pinning, rather than a chiral DMI [140, 141].

Here, W; is estimated by extracting line profiles across multiple domains. For
3L, the average of W; is approximately 135 nm (Figure 5.14), which is two orders
of magnitude greater than the flake thickness, suggesting the domains are ho-
mogeneous along c. This is in contrast to thicker Fe;GeTe, samples in which the
surface oxide contributes to a surface DMI and skyrmions [142]. Additionally,
Wy of 3L Fe;GeTe, is broad compared to that of Fe;GeTe,, for which Wy spans
only some tens of nm [136]. This could be due to the smaller PMA in Fe;GeTe,

compared to Fe;GeTe,.
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Figure 5.14: Estimation of Wy in 3L Fe;GeTe,. a) Normalized OOP component
of magnetization m, calculated from 3L stray fields. Scale bar = 500 nm. b)
Extracted line profiles across multiple domains found in a). The average of Wj is
estimated by fitting the line profiles with the fit in red. An exemplary line profile
is shown in yellow in a). The figure is the courtesy of Dr. Michael Hogen, Dr.
Anthony K.C. Tan and Prof. Mete Atatiire at the University of Cambridge.

These NVSM data suggest that the observed magnetic bubbles are not skyrmions
resulting from a chiral DMI. Rather, some of the bubbles could be pinning cen-
ters due to the presence pinning sites and defects, including Fe vacancies and

excesses, which will be discussed in more detail in the next section.

5.5 Defects and magnetism in atomically thin

Fe;GeTe,

As mentioned in Section 5.1 and in the previous section, FesGeTe, is character-
ized by a large density of defects, including stacking disorder and variations in
the Fe concentration. The latter has a direct and measurable effect on the ferro-

magnetism, which will be extensively discussed in this section.

A bulk FesGeTe; crystal provided by Dr. Zhengxian Li and Prof. Yanfeng Guo
(ShanghaiTech University) was freshly exfoliated into atomically thin flakes.

AFM measurements taken after the XPEEM measurements confirm that 4-6 L
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FesGeTe; is present within the sample. Apart from some localized wrinkle-like
features, the sample is free from significant variations in the surface topography,
meaning that any changes in ferromagnetism for a given layer thickness must

originate from variations in the chemical composition or lattice.
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Figure 5.15: AFM of 4L-6L Fes;GeTe,, which show homogeneous and well-
defined thickness for a given number of layers. A localized wrinkle-like feature
is indicated by the black dashed line.

Indeed, variations in the Fe content are revealed by the XAS data; an Fe-deficient
region (bounded by the blue triangles) is present (Figure 5.16). This Fe-deficient
region also has straight edges, giving the impression that this specific region is
a metastable phase of Fe,GeTe,, where n = 3, 4 or 5 [129]. It is difficult to infer
the exact change in the lattice in this Fe-deficient area based on XPEEM alone.

Nevertheless, some general estimations can be made.
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Figure 5.16: XAS of FesGeTe,. A region which is Fe-deficient is indicated by
the cyan arrows. A region which has an excess amount of Fe is bounded by the
dashed green line. 4L-6L and 5L-6L boundaries are indicated by the yellow
and orange dots, respectively. The XPEEM measurement was performed by Dr.
Mohamad A. Mawass and Dr. Florian Kronast at UE49-PGMa at BESSY II. The
measurement temperature was 50 K. Scale bar = 2 pm.

Firstly, it can be seen that the Fe-deficient region has an enhanced XMCD (Fig-
ure 5.17). This applies for both the OOP (Figure 5.17a) and IP magnetization
components (Figure 5.17b), meaning that the magnetization of the Fe-deficient
region is enhanced, rather than an IP canting resulting in a larger XMCD sig-
nal. This is especially obvious for the IP magnetization component, as can be
seen by the greater contrast in the IP XMCD image (Figure 5.17b). This behavior
is counter-intuitive; one would expect a reduction of the magnetic moment for
materials with smaller concentrations of magnetic transition metal ions. There-
fore, the metastable Fe;GeTe, phase can be excluded, as this large-PMA material

[8] would have no IP magnetization in the atomically thin limit, and would also
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likely have a smaller magnetic moment than FesGeTe, [106].

In general, the deterministic synthesis of Fe;GeTe, and FesGeTe, with particu-
lar compositions is extremely challenging. Instead, the structural and magnetic
properties of Fe;GeTe, and Fe;GeTe, which have been doped with transition
metals including Co and Ni can be referenced. For Fe;,.;5Co;5GeTe,, the unit
cell is smaller compared to undoped Fe;GeTe,. Rietveld refinement of the X-ray
diffraction data shows that the lattice parameter a changes from 4.01293(8) to
3.92613(7) A, while ¢ changes from 16.3427(4) to 16.2227(4) A. Correspondingly,
Tc decreases from 225K to 70 K upon the Co substitution [92].

For Fes..,Ni,GeTe,, the saturation magnetization changes from 1.80 pg to a max-
imum of 2.11 pg in Fey11Nig50GeTe, [132]. Rietveld refinement of X-ray diffrac-
tion data shows that the increase in saturation magnetization corresponds to
shrinkage of the c-axis, while T¢ is relatively constant. Therefore, the enhance-
ment of the magnetic moment upon a slight Fe vacancy in FesGeTe, is not nec-

essarily inconsistent with previous findings [132].
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Figure 5.17: a) OOP and b) IP magnetization components of 4L, 5L and
6L FesGeTe,. The XPEEM measurement was performed by Dr. Mohamad A.
Mawass and Dr. Florian Kronast at UE49-PGMa at BESSY Il. The measurement

temperature was 50 K. Scale bar = 2 pm.
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For Fes«GeTe,, where x < 1, the magnetic parameter space is extremely large.
For instance, a large PMA [143] and a helical ground state [144] are just two of
the many possible ground states. Gate-tuning may be one way to access similar

magnetic phases across samples prepared differently from one another [145].

5.6 Spin Reorientation in 5L and 6 L Fe;GeTe,

The magnetic domain structures in 2L, 3L and 4L Fe;GeTe, strongly suggest
competition between K, and Kj as the layers become thinner. This behavior
is unusual, because in most vdW magnets [6, 8, 17], the magnetic anisotropy

energy becomes much larger than other terms, forcing a uniform magnetization.

This anisotropy reduction requires further experimental verification. In XPEEM,
a change in the anisotropy can be confirmed by comparing the OOP and IP
magnetization components (Chapter 2.7) as a function of layer thickness for
atomically thin Fe;GeTe,. For the sample discussed in the previous section, the
IP and OOP XPEEM images demonstrate that there is an IP spin canting which
occurs in a 5L flake, whereas the magnetization in 6 L is nearly fully OOP, thus

demonstrating the reduction of K, for thinner layers (Figure 5.17).

It should be noted that in contrast to the Fe-deficient region bounded by blue
triangles, the photoemission yield from the Fe L; edge is homogenous, and there
is no evidence of a change in chemical composition across the 6 L-5 L boundary.
The change in K, seems to originate from the change in the layer thickness.
However, this decrease in K, is not universal; there is no clear change in the IP
magnetization at the 4 L-6 L boundary, meaning that unlike 5 L, the 4 L magneti-
zation is mostly OOP. These data should be interpreted as a proof-of-principle of
stabilization of complex magnetic domains in atomically thin Fe;GeTe,, rather
than a absolute and definitive characterization of the magnetic properties of
Fe;GeTe,.
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5.7 Conclusion

Thickness-dependent ferromagnetic domains were characterized for bulk and
atomically thin FesGeTe,, a high-Tc vdW ferromagnet with a weak PMA.

Labyrinth-type domains in the bulk are indicative of competition between K,
and Kj. However, in contrast to uniaxial ferromagnets such as Fe;GeTe, for
which a single domain is the most energetically preferred state, the magneti-
zation in atomically thin Fe;GeTe; is characterized by many domains, imply-
ing an enhancement of Kj relative to K,, in the atomically thin limit. However,
NVSM reveals the presence of pinning sites, which contribute to enhanced H,
in the few-layer limit [30]. The domain structure in atomically thin Fe;GeTe,
could therefore simply show the pinned domains. However, the XPEEM data
show domains in demagnetized Fe;GeTe,, as no field was applied, meaning that
layer-dependent domain structures likely originate from changes in relative en-
ergy contributions. Moreover, domain wall motion (Figure 5.11) and hysteresis
(Figure 5.12) revealed by NVSM demonstrates that the pinning sites constitute
a finite, yet limited contribution to the magnetic response; a direct correspon-
dence between domains in demagnetized FesGeTe, and pinning sites is rather
unlikely. Thus, the thickness dependence of the ferromagnetic domain structure
as well as IP spin canting for 5 L FesGeTe, demonstrate intercompeting K, and

Ky in the few-layer limit.
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6| Vortex-antivortex pairs in atomically thin
Fe;GeTe,

6.1 Easy-plane ferromagnetism in Fe;GeTe,

The 2D magnetic materials thus far considered, including CrSiTes, Fe;GeTe,, and
Fe;GeTe,, have an easy-axis magnetic anisotropy. However, 2D easy-plane mag-
netism has not yet been discussed. For Fe;GeTe,, the magnetic anisotropy is
weak compared to Fe;GeTe,, and varies between easy-axis [22] and easy-plane
[46] for differing stoichiometric compositions, temperatures and thicknesses. In
detail, bulk FesGeTe, has an easy-plane anisotropy from room temperature to
190 K. However, in between 190 and 112 K, the anisotropy axis transitions to the
easy axis [146, 147]. This chapter will discuss ferromagnetism and magnetic do-
mains in 4 L Fe;GeTe,, for which the demagnetization energy (K4) and uniaxial
anisotropy energy (K,) are likely to compete with one another [22]. This may
result in a shape-induced easy-plane anisotropy for a broader range of temper-

atures.

In particular, easy-plane magnetism which is otherwise isotropic within the plane
is described by the XY model (Chapter 1.5) [18]. Counter-intuitively, the 2D XY
model is not sufficient to induce a transition to long range order [18]. How-
ever, bound pairs of vortices and antivortices have been predicted to form on
shorter length scales below a finite temperature, coinciding with a divergence
of the magnetic susceptibility (Chapter 1.5) [18, 19]. In the case of atomically
thin Fe;GeTe,, for which ferromagnetism is observed down to 4 L (Section 6.4), it
is unclear whether the magnetism is strictly 2D due to the exchange interactions
among the many Fe atoms within the unit cell [129]. In addition, deviations of
the magnetization away from the easy plane are conceivable due to the weak
anisotropy of Fe;GeTe, [22] or the presence of DMI [20, 148]. Nevertheless,
easy-plane magnetic domains and pairs of magnetic vortices and antivortices
are observed in 4L FesGeTe,, and will be extensively discussed in Section 6.4.

The magnetic behavior of CrCls, a bulk easy-plane vdW antiferromagnet, for

86



which a ferromagnetic monolayer is antiferromagnetically coupled to its adja-
cent neighbors, is also well-described by the XY model [149, 150]. In particu-
lar, easy-plane anisotropy which is otherwise isotropic in the ab plane has been
confirmed [149]. However, no real-space imaging of the magnetism has been

performed in atomically thin easy-plane vdW magnets to date.

6.2 Vortices in magnetic systems

In general, the magnetization within spatially confined particles including nan-
odisks [151], island-type growths [152], and patterned thin films [133] will as-
sume different arrangements compared to that of their macroscopic counter-
parts. In detail, it is energetically favorable for the system to reduce Ky, while
the enhanced anisotropy in such nanoparticles prevents the separation of the
magnetization into smaller domains. The optimal magnetization configuration
is that of a whirling vortex, for which both domain wall energy (o) and Ky are

simultaneously reduced.

Merons, which are quasiparticles with a topological index of N = +1/2, are
topologically equal to one-half of the well-studied skyrmions for which N = +1
[153]. In real space, merons appear as a winding of the local magnetization with
helicity w (Figure 6.1). Furthermore, merons, which also have cores polarized in
the OOP direction, are topologically inequivalent to trivial magnetic vortices for
which the magnetization lies completely IP. As a consequence, merons form in
pairs in order to maintain an integer topological unit in magnetic systems [154]
(Section 6.4). For such bimerons, the two cores have opposite polarizations with
respect to one another. Magnetic bimerons can form ordered lattices [153] or

stochastic arrangements [154] depending on properties of the magnetic system.
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Figure 6.1: Spin textures with N = +1/2. For a given spin texture, N is char-
acterized by w and the OOP polarization at the core. Figure adapted from Ref.
[155].

6.3 Methods

6.3.1 Bulk sample characterization

Single crystals of Fe;GeTe, were grown with CVT by Dr. Andrew May at Oak
Ridge National Laboratory [46]. The crystals were immediately quenched in an
ice-water bath from a growth temperature of 1023 K and subsequently cooled be-
low 100 K. For these quench-cooled (QC) crystals, the quenching step improves
the crystallinity, as demonstrated by sharper diffraction peaks compared to non-
quenched (NQ) furnace-cooled crystals [46]. The cooling step below 100K in-
duces magnetostructural changes in the lattice. Specifically, a decrease in c¢/a
near 100 K and an increase in T¢ from 270 to 310 K are observed. The enhance-
ment of T¢ is permanent, meaning that it remains for repeated thermal cycling
until at least 380 K. No significant differences in the anisotropic behavior of the
magnetism exist between the NQ and QC types, although it could be argued
that the easy-plane anisotropy is slightly more prominent for the QC type for
temperatures of 190 K and greater. This inference is made based on the isother-

mal magnetization data in Ref. [146].
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6.3.2 Exfoliation of atomically thin Fe;GeTe,
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Figure 6.2: a) Optical micrograph of the exfoliated Fe;GeTe, flake encapsulated
between top and bottom hBN. An image of the flake on PDMS is shown in the
inset. Scale bar = 50 um. b) AFM topography map of the encapsulated Fe;GeTe,
flake obtained after the XPEEM measurement. c) Line profiles obtained from
the AFM topography map. d = 3.6 nm corresponds to 4 L of Fe;GeTe,, which
has a monolayer thickness of 0.8 nm [46]. The additional height of 0.4 nm may
be due to artificial enhancement from the surrounding blisters in the hBN.
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Single crystals of hBN, graphite and QC-type Fe;GeTe, [46] were mechanically
exfoliated with a PDMS-assisted transfer method [36] in a glovebox with oxygen
and moisture levels below 10 ppm. Thin flakes of hBN were stacked on top of a
conductive Si substrate. Next, a thin graphite flake was placed on top, forming a
conductive pathway to the substrate. Next, a thin flake of FesGeTe;, was stacked
on top of the Si/hBN/graphite heterostructure. Finally, another thin flake of hBN
was placed to encapsulate the Fe;GeTe,, forming Si/hBN/graphite/Fe;GeTe,/hBN.

6.4 Vector imaging of vortex-antivortex pairs in

4L Fe;GeTe,

0.0 0.4 -12.0 12.0
XAS (arb. u.) XMCD (%)

Figure 6.3: a) X-ray absorption spectra (XAS) and b) X-ray magnetic circular
dichroism (XMCD) images of 4 L Fe;GeTe, obtained at an azimuthal angle of 0°.
The field of view is 10 um. These data were obtained by Dr. Florian Kronast, Dr.
Alevtina Smekhova and Ryuji Fujita at UE49-PGMa, BESSY II. The thickness of
the FesGeTe, sample was 4 L (approximately 3.6 nm). The measurement temper-
ature was 50 K. The photon energy was 706.2 eV (Fe L; edge). Scale bar = 2 pm.
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Figure 6.4: a) X-ray absorption spectra (XAS) and b) X-ray magnetic circular
dichroism (XMCD) images of 4L FesGeTe, obtained at an azimuthal angle of
90°. The field of view is 10 pm. These data were obtained by Dr. Florian Kronast,
Dr. Alevtina Smekhova and Ryuji Fujita at UE49-PGMa, BESSY Il. The thick-
ness of the Fe;GeTe, sample was 4 L (approximately 3.6 nm). The measurement
temperature was 50 K. The photon energy was 706.2 eV (Fe L; edge). Scale bar =
2pm.

XPEEM measurements at the Fe L; edge (706.2 eV) were performed at 50 K (Chap-
ter 2.7). The IP vector images were acquired from XMCD images at 0° (Figure
6.3) and 90° (Figure 6.4) azimuthal angles. Note that these vector images only
show the orientation of the IP magnetization, and not the full IP and OOP pro-
jection, for which data sets from at least three azimuthal angles are required. An
IP demagnetization sequence of a maximum amplitude of 100 mT was applied
at 50 K prior to the XPEEM measurement.

Many instances of vortices and antivortices can be observed in the vector images
of the IP magnetization for 4 L FesGeTe,. Moreover, the XMCD image obtained
at 0° (Figure 6.3) differs significantly from the one obtained at 90° (Figure 6.4),
indicating that the magnetization lies predominantly within the sample plane.

Strictly speaking, it is not possible to determine if these vortex-antivortex pairs
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are meron-antimeron pairs from the IP vector maps alone, as merons have an

OOP-polarized core.

6.4.1 Vortex-antivortex formation in 4 L Fe;GeTe,

The in-plane magnetization in 4 L Fe;GeTe, was characterized with XPEEM vec-
tor imaging. The measurement temperature was 50 K. In general, it can be seen
in Figures 6.5 and 6.6 that the magnetization consists predominantly of ferro-
magnetic domains with planar anisotropy. Within the sample plane, the mag-
netization appears to be isotropic, compared to other planar vdW ferromagnets
with magnetostructural anisotropy [156, 157]. Moreover, there is a distribution
of vortices and antivortices. This distribution is stochastic, as predicted in Monte
Carlo simulations performed by Augustin, et al [154]. This is particularly exem-
plified in Figure 6.6, in which the nucleation of vortices and antivortices appears
to be random, and is independent of any magnetic anisotropy or the underlying
crystal structure. The stochastic nucleation of vortices stands in contrast to the
so-called meron crystals for which the vortices and antivortices form a periodic
lattice as a result of multi-Q ordering [158, 159]. Among the vortices shown in
Figure 6.5 and Figure 6.6, the helicity varies between Bloch and Néel-type mag-
netization arrangements [158]. For example, in Figure 6.5, the vortex labelled
as 3 could be a Néel-type meron [160]. The variable chirality could indicate the

lack of a strong DMI, as was the case in Chapter 5.
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Figure 6.5: XPEEM vector image of ferromagnetic domains in 4L Fe;GeTe,
showing vortices and antivortices labelled as 1, 2, 3 and 4. A close-up of the mag-
netization shown in 3 reveals a Néel-type magnetization ordering [160]. These
data were obtained by Dr. Florian Kronast, Dr. Alevtina Smekhova and Ryuji
Fujita at UE49-PGMa, BESSY II. The thickness of the FesGeTe, sample was 4 L
(approximately 3.6 nm). The bulk parent compound was synthesized by Dr. An-
drew May at the Oak Ridge National Laboratory. The measurement temperature
was 50 K. Scale bar = 100 nm.
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Figure 6.6: XPEEM vector image of the magnetization in 4 L Fe;GeTe, showing
vortices (labelled as 2, 3, 5 and 8) and antivortices (labelled as 1, 4, 6 and 7).
The nucleation of vortices and antivortices appears to be stochastic, and inde-
pendent of an underlying anisotropy or crystal structure. Some of the domain
walls, particularly in between 5 and 6, spans some hundreds of nm, which may
reflect a reduction of the exchange interaction energy or magnetic frustration
[154]. These data were obtained by Dr. Florian Kronast, Dr. Alevtina Smekhova
and Ryuji Fujita at UE49-PGMa, BESSY II. The measurement temperature was
50 K. The thickness of the Fe;GeTe, sample was 4 L (approximately 3.6 nm). The
bulk parent compound was synthesized by Dr. Andrew May at the Oak Ridge
National Laboratory. Scale bar = 100 nm.

94



6.4.2 Localized vortex-antivortex pairs in 4L Fe;GeTe,

Vector images of the in-plane magnetization in 4L Fe;GeTe, were obtained at
a measurement temperature of 50 K, and are shown in Figures 6.8, 6.9, 6.10,
6.11 and 6.12. These figures show vortices and antivortices which are contained
within larger domain walls. The magnetization shown in these figures also
demonstrate the lack of a magnetic anisotropy within the XY plane, a charac-
teristic of the XY model (Chapter 1.5).

Qualitatively, there seems to be little energetic cost associated with the planar
deformation of the magnetization on local length scales. For example, in Fig-
ure 6.7, a domain is shown in green and another domain is shown in violet.
These two domains are adjacent to one another, and a domain wall shown in
blue facilitates a continuous transition of the magnetization between the two
domains. This domain wall accommodates a rotation of the magnetization of

approximately 90°.
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Figure 6.7: XPEEM vector image of the magnetization in 4L Fe;GeTe,, which
shows a localized deformation of the magnetization within the blue domain wall.
Avortex (labelled as V) and antivortex (labelled as A) can be found on the ends of
this localized deformation, and could signify a change of the exchange energy, or
magnetic frustration [154]. These data were obtained by Dr. Florian Kronast, Dr.
Alevtina Smekhova and Ryuji Fujita at UE49-PGMa, BESSY II. The thickness of
the FesGeTe, sample was 4 L (approximately 3.6 nm). The bulk parent compound
was synthesized by Dr. Andrew May at the Oak Ridge National Laboratory. The
measurement temperature was 50 K. Scale bar = 100 nm.
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However, a local deformation of the magnetization within the domain wall can
be found at the center of the image (Figure 6.7). A vortex (labelled as V) and
an antivortex (labelled as A) can be found at the ends of this local deformation.
Relative to the domain wall shown in blue, this deformation contributes an ad-
ditional planar rotation of 90°, accommodating a total rotation of 180° across the
magnetization shown in green, yellow and red (Figure 6.7). One may question
why it is energetically favorable for there to be a local deformation of the mag-
netization, which deviates from the magnetization profile of the surrounding

domain wall.

When considering the origins of such magnetization textures in easy-plane fer-
romagnets, we can evaluate the effects of long-range dipole interactions and mi-
croscopic exchange interactions. In thin films, dipole fields will usually induce
an easy-plane anisotropy. Furthermore, Augustin, et al. predict the formation
of long-range dipole fields which interconnect vortices and antivortices. Such
dipole fields span some tens to hundreds of nm [154], suggesting that they play

a key role in the stabilization of vortices and antivortices.

On atomic length scales, exchange interactions among the lattice sites influence
the magnetism. In particular, for 1L CrCls, higher-order exchange interactions,
which compete with one another, are considered up to the 3rd nearest neighbor
[154]. The exchange interaction for the 3rd nearest neighbor is predicted to be
antiferromagnetic relative to the 1st and 2nd nearest neighbor. This is a form of
magnetic frustration, and is also predicted to contribute to local deformations

within domain walls, and the formation of vortices and antivortices [154].
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Figure 6.8: a, b, c) XPEEM vector images of localized pairs of vortices and an-
tivortices. In each case, the vortex-antivortex pair is part of the larger domain
wall, and can be characterized as significant deviations in the local magnetiza-
tion. These data were obtained by Dr. Florian Kronast, Dr. Alevtina Smekhova
and Ryuji Fujita at UE49-PGMa, BESSY II. The thickness of the Fe;GeTe, sam-
ple was 4 L (approximately 3.6 nm). The bulk parent compound was synthesized
by Dr. Andrew May at the Oak Ridge National Laboratory. The measurement
temperature was 50 K. Scale bars = 100 nm.
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Figure 6.9: a) XPEEM vector image of vortices (labelled as 2 and 4) and antivor-
tices (labelled as 1 and 3). Compared to Figure 6.8, the vortices and antivortices
form over comparable length scales of some hundreds of nm. These data were
obtained by Dr. Florian Kronast, Dr. Alevtina Smekhova and Ryuji Fujita at
UE49-PGMa, BESSY II. The thickness of the FesGeTe, sample was 4 L (approxi-
mately 3.6 nm). The bulk parent compound was synthesized by Dr. Andrew May
at the Oak Ridge National Laboratory. The measurement temperature was 50 K.
Scale bar = 200 nm.
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Figure 6.10: a, b) XPEEM vector images of vortices and antivortices within close
proximity to each other. These local deviations of the magnetization could sig-
nify a reduction of the exchange energy, or magnetic frustration [154]. These
data were obtained by Dr. Florian Kronast, Dr. Alevtina Smekhova and Ryuji
Fujita at UE49-PGMa, BESSY II. The measurement temperature was 50 K. The
thickness of the Fe;GeTe, sample was 4 L (approximately 3.6 nm). The bulk par-
ent compound was synthesized by Dr. Andrew May at the Oak Ridge National
Laboratory. Scale bars = 100 nm.

Figure 6.10b shows a vortex-antivortex collision. Assuming that the observed
vortex-antivortex pairs are a manifestation of BKT theory, such a strong binding
among vortices and antivortices suggests that the measurement temperature of
50 K is below Tk, for which strong binding, collision and subsequent annihilation
of vortex-antivortex pairs is predicted [18, 19]. The data presented in Figure 6.10b
bear a qualitative resemblance to meron-antimeron collisions [154] considered
by Augustin, et al. However, such collisions are dynamic processes occurring on
short time scales, meaning that domain wall pinning in FesGeTe, [30] may be
preventing subsequent vortex-antivortex annihilation. Conversely, a potential
follow-up measurement should consist of warming the sample above 50K to

search for the dissociation of vortex-antivortex pairs into isolated constituents.
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Figure 6.11: a) XPEEM vector image of a vortex (labelled as 1), antivortex (la-
belled as 2) and a deformation of the domain wall profile (shown in blue). The
vortex (1) and antivortex (2) are separated by a longer distance, compared to
Figures 6.8, 6.9, and 6.14. In between 1 and 2, a localized deformation of the
magnetization, shown in blue, spans some hundreds of nm. These data were
obtained by Dr. Florian Kronast, Dr. Alevtina Smekhova and Ryuji Fujita at
UE49-PGMa, BESSY II. The measurement temperature was 50 K. The thickness
of the sample is 4 L (approximately 3.6 nm). The bulk parent compound was syn-
thesized by Dr. Andrew May at the Oak Ridge National Laboratory. Scale bar =
100 nm.

Figure 6.12: XPEEM vector maps of the magnetization in 4 L FesGeTe,, showing
a vortex (labelled as 1) and antivortex (labelled as 2). Compared to Figure 6.11,
the separation between the vortex (1) and antivortex (2) is even greater, and
exceeds 1pum. These data were obtained by Dr. Florian Kronast, Dr. Alevtina
Smekhova and Ryuji Fujita at UE49-PGMa, BESSY Il. The measurement tem-
perature was 50 K. The thickness of the sample is 4L (approximately 3.6 nm).
The bulk parent compound was synthesized by Dr. Andrew May at the Oak
Ridge National Laboratory. Scale bar = 200 nm.
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6.4.3 Helicity variations in vortex-antivortex pairs

The vortices described in Section 6.4.2 are characterized by either a right-handed
or left-handed helicity, which is characteristic of Bloch-type spin ordering [160].
However, a small minority of vortices are characterized by a reduced helicity.
Such vortices, which occur 4 out of 38 times for an investigated area of 10 um
x 10 um, are characteristic of Néel-type magnetization [160], and are shown
in Figures 6.13 and 6.14. However, they are rather scarce in occurrence com-
pared to the Bloch-type vortices which are characterized by a right-handed or
left-handed helicity (Section 6.4.2). These Bloch-type vortices are usually found

within a larger domain wall together with an antivortex (Sections 6.4.1and 6.4.2).
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Figure 6.13: a) XPEEM vector image of vortices (labelled as 2 and 4) and an-
tivortices (labelled as 1 and 3). The vortex labelled as 2 shows a Bloch-type
magnetization, while the vortex labelled as 4 shows a Néel-type magnetization
[160]. The varying vortex helicity could reflect the spatial variation of the DMI
[161]. These data were obtained by Dr. Florian Kronast, Dr. Alevtina Smekhova
and Ryuji Fujita at UE49-PGMa, BESSY II. The measurement temperature was
50 K. The thickness of the sample is 4 L (approximately 3.6 nm). The bulk parent
compound was synthesized by Dr. Andrew May at the Oak Ridge National Lab-
oratory. Scale bar = 100 nm.

It is possible to make some qualitative inferences and predictions regarding the
dynamic behavior of the vortices and antivortices by observing that a vortex

and antivortex is always contained within a domain wall. This is particularly
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exemplified by Figures 6.8, 6.10 and 6.11, in which a localized deviation of the
domain wall accommodates the vortex and antivortex. These deviations vary in
length from 100 to 1000 nm, which implies that the vortex and antivortex initially

nucleate from a singular point within the domain wall.

However, according to the BKT formalism, vortices and antivortices stochasti-
cally nucleate for temperatures above Tyt [154]. Below Txr, these vortices and
antivortices will combine into vortex-antivortex pairs which share close mutual

proximity.

Yet another viewpoint considers the effect of the DMI on the spatial profile of
meron-antimeron pairs. In detail, Bachmann, et al. finds that for the weak-
DMI limit, merons and antimerons form tightly bound pairs, otherwise known
as bimerons, while in the large-chirality limit, further separation and eventual
detachment of merons is predicted. The localized nature of vortices and antivor-
tices shown in Figures 6.8 and 6.10 may reflect a relatively small DMI contribu-
tion, while vortices and antivortices separated by somewhat longer distances,
such as those shown in Figure 6.9, may reflect a stronger DMI contribution. In
other words, the variations of the spatial profiles of vortices and antivortices
shown in Sections 6.4.1, 6.4.2 and 6.4.3 could reflect a spatially varying DMI,
which has been observed in Fe;GeTe,. Indeed, this material is characterized by
a high density of structural irregularities and stacking faults [46, 148]. Further-
more, domain wall pinning [30] may also affect the spatial profile of the vortex

and antivortex.
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Figure 6.14: a) XPEEM vector image of a Néel-type vortex [160] (labelled as 1)
in close proximity to an antivortex (labelled as 2). b) XPEEM vector image of a
vortex (labelled as 1), which may be characterized as having a slightly reduced
chirality compared to other Bloch-type vortices, such as those shown in Figures
6.10 or 6.13. The vortex (1) is in close proximity to an antivortex (labelled as
2). The variable chirality may indicate either a weak or spatially varying DMI
[161]. These data were obtained by Dr. Florian Kronast, Dr. Alevtina Smekhova
and Ryuji Fujita at UE49-PGMa, BESSY II. The measurement temperature was
50 K. The thickness of the sample is 4 L (approximately 3.6 nm). The bulk parent
compound was synthesized by Dr. Andrew May at the Oak Ridge National Lab-
oratory. Scale bars = 100 nm.

6.5 Conclusion

Easy-plane ferromagnetism and pairs of vortices and antivortices were found in
4L Fe;GeTe,. These findings demonstrate the formation of magnetic domains
which may be influenced by a reduced exchange energy, or magnetic frusta-
tion [154], in contrast to single domains separated by well-defined domain walls
which are found in atomically thin easy-axis vdW ferromagnets. Furthermore,
bound pairs of vortices and antivortices may be a manifestation of predictions
made by Berezenskii [18], Kosterlitz [19] and Thouless regarding the 2D XY
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model. Future work include the characterization of the topological properties of
vortex-antivortex pairs by measuring the OOP magnetization component and
searching for signs of thermally induced dissociation into isolated constituents

above Txr.

Moreover, these findings could be used to test proposals of characterizing Majo-
rana bound states in hybrid superconductor-ferromagnet heterostructures [26],
for which limited quenching of the superconductivity [162, 163], as well as the
atomic flatness of FesGeTe,, could be advantageous for synthesizing a vdW het-
erostructure. In this regard, a particularly well-suited vdW superconductor may
be NbSe, [162], which has a critical temperature of 5 K and can be readily exfo-

liated down to the monolayer.
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7| Conclusions and outlook

Despite fundamental constraints which have been thought to prevent the sta-
bilization of magnetic order in the 2D limit (Chapter 1.4), ferromagnetism has
been observed for 2D materials with significant uniaxial anisotropy. In fact, 2D
vdW materials have specific properties which make them conducive to charac-
terize fundamental magnetic properties; the ability to stack 2D materials on top
of one another, mechanical flexibility, electrostatic tunability, and susceptibility
to optical excitation motivate the inclusion of magnetism in the broader family
of vdW materials. In this thesis, ferromagnetism in atomically thin vdW mate-
rials is characterized. Specifically, methodologies of modifying the intrinsic fer-
romagnetic domain structure in uniaxial vdW ferromagnets, and of stabilizing
magnetic domains which are governed by fundamentally different interactions
compared to those found in uniaxial vdW ferromagnets, are demonstrated. In
particular, XMCD spectroscopy and magnetic domain analysis are implemented
to make inferences regarding fundamental characteristics of easy-axis and easy-
plane vdW ferromagnets. Moreover, this thesis encourages future implemen-
tation of atomically thin vdW magnets to test several outstanding hypotheses
in condensed matter physics, which has so far been unfeasible due to a lack of
suitable material platforms. Specifically, several aspects of 2D Fe;GeTe,, an easy-
plane vdW ferromagnet, could be implemented to evaluate proposals regarding

topological spin textures and quantum computation.

7.1 Summary of results

In detail, this thesis begins by considering how Ising-type ferromagnetism

changes as a function of layer thickness in Chapter 3. High-field XMCD spec-
troscopy is utilized to characterize the ferromagnetism in CrSiTe; as a function
of layer number. It is found that T¢ is dependent on the number of layers; no
monolayer ferromagnetism is observed at 10 K, while finite H. is observed only
for 3L and thicker, implying a small, yet non-negligible interlayer exchange in-

teraction for this vdW ferromagnet which has 2D Ising-type critical behavior in
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the bulk limit. In addition, the ratio m;/m, increases for thinner CrSiTes, which
could be a sign of enhanced Cr-Te hybridization in the atomically thin limit [65].
These results show that even for a vdW magnet with 2D Ising-type ordering in

the bulk, magnetic properties still vary as a function of layer thickness.

Chapter 4 demonstrates a novel method of tuning the magnetic properties of
Fe;GeTe,, a vdW ferromagnet with meander-type domains which form as a re-
sult of the large magnetic anisotropy. For Fe;GeTe,, the metallic conduction
makes electrostatic gate-tuning difficult to implement [17], motivating other
methods of tuning the ferromagnetism. Specifically, the incorporation of o-
In,Ses, a vdW piezoelectric, compressively strains Fe;GeTe,, reducing Tc and
ow. These inferences are made by analyzing the magnetic domain structure at
varying temperature with XPEEM. Furthermore, Raman microscopy reveals a re-
duction of the Tuinstra-Koening relation, I(D)/I(G), in a graphite/o-In,Se; het-
erostructure, demonstrating that strain-tuning with o-In,Se; can be extended
to a broader class of vdW heterostructures, as well as graphene-based moire
systems. For MT]Js [24, 25], the in-situ strain-tuning of the magnetoresistance
ratio may be one way to realize energy-efficient magnetic memories at relatively
high temperatures. Furthermore, a direct coupling between ferromagnetic and
piezoelectric domains may enable the magnetic state to be written by electri-
cal means, which is comparatively easier to implement in devices compared to

applying a magnetic field.

The influence of the uniaxial anisotropy of ferromagnetism in 2D vdW mag-
nets are covered in Chapters 4 and 5. In Chapter 5, FesGeTe;, a vdW ferro-
magnet with a weak uniaxial anisotropy and a bulk T¢ near room temperature
is discussed. In detail, XPEEM measurements reveal labyrinth-type domains in
the bulk limit. The high density of domain walls compared to bulk Fe;GeTe,
suggests that FesGeTe, has a smaller domain wall energy (oy), and thus uni-
axial anisotropy compared to Fe;GeTe,. In the atomically thin limit, a large
density of magnetic domains are found in 2L and 3L FesGeTe,, rather than a
single domain state as observed in other vdW ferromagnets with large uniax-
ial anisotropy. Such layer-dependent domains imply intercompetition between

uniaxial anisotropy energy (K,) and demagnetization energy (Ky) in atomically
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thin FesGeTe,, which is further corroborated by a finite IP magnetization com-
ponent within 5L compared to that of 6 L [22]. However, domain wall pinning
is found to enhance H, in atomically thin Fe;GeTe, [30], meaning that the do-
mains previously described could simply be pinned domains. Nevertheless, an
explicit layer dependence of the magnetic domain structure in the demagne-
tized state, as well as a limited density of pinning sites revealed by NVSM [30]
suggest that the layer dependent domain structures which were observed in the
XPEEM measurements [22] originate from changes in the relative contributions
from K, and K4. More importantly, the results motivate further investigation of
magnetic textures beyond conventional single domains in atomically thin vdW

materials.

Chapter 6 discusses easy-plane ferromagnetism and vortex-antivortex spin tex-
tures in atomically thin FesGeTe,. Counterintuitively, there is no magnetic phase
transition for the 2D XY model, for which the magnetization is constrained to
lie within the xy plane [18]. Instead, bound pairs of vortices and antivortices
are predicted to form below a finite temperature [18, 19]. A vdW ferromag-
net with easy-plane anisotropy is an ideal candidate material to test for these
vortex-antivortex pairs, as proposed by Berezenskii [18], Kosterlitz and Thou-
less [19]. In detail, bulk Fe;GeTe, crystals were quenched in ice water directly
from the growth temperature of 1023 K, and were subsequently cooled below
100 K. The combination of these steps induces a magnetostructural transition,
resulting in an enhanced Tc of 310K [46]. Magnetic domains with easy-plane
anisotropy were observed in 4 L of FesGeTe,. Moreover, magnetic vortices and
antivortices were observed. Several proposals call for ferromagnetic vortices to
be interfaced with their superconducting analogues, for which the binding be-
tween a ferromagnetic vortex and superconducting vortex is energetically favor-
able and could host the Majorana bound state [26]. In this regard, NbSe,, a vdW
superconductor [162, 163], could be interfaced with atomically thin FesGeTe, to
test the possibility of stabilizing Majorana bound states in hybrid ferromagnet-

superconductor heterostructures.
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7.2 Outlook and perspective

Broadly speaking, this thesis demonstrates the stabilization and modulation of
ferromagnetic domain structures in atomically thin 2D vdW materials. In de-
tail, this thesis demonstrates that it may be possible to tune or stabilize ferro-
magnetic domain structures with varying properties. The main findings of this

thesis, as well as potential perspectives, are outlined below:
« Chapter 3: X-ray spectroscopy of atomically thin CrSiTe;

- Summary: XAS and XMCD spectroscopy was performed by Ryuji
Fujita, Dr. Jieyi Liu, and Dr. Javier Herrero-Martin at BOREAS BL29
at ALBA Synchrotron. The exfoliated samples were synthesized by
Ryuji Fujita. The bulk parent crystals were synthesized by Xiaofei
Hou and Prof. Yanfeng Guo. The results were analyzed by Ryuji

Fujita, Prof. Gerrit van der Laan and Prof. Thorsten Hesjedal.

- Results: the magnetic spin moment (m;) and magnetic orbital mo-
ment (m;) was estimated as a function of thickness in atomically thin
CrSiTe; with XAS and XMCD spectroscopy. Signs of an enhanced hy-

bridizations were found for 10 L and below.

- Outlook: the enhanced hybridization in the few-layer limit should
also be evaluated for other vdW ferromagnets, including CrGeTe;
and Fe;GeTe,.

« Chapter 4: Strained ferromagnetism at a Fe;GeTe,/0-In,Se; heterojunction

— Summary: XPEEM imaging of Fe;GeTe,/a-In,Se; heterostructures were
performed by Ryuji Fujita, Dr. Mohamad A. Mawass, Dr. Alevtina
Smekhova and Dr. Florian Kronast at the UE49-PGMa beamline at
BESSY II. Additional XPEEM measurements were performed by Ryuji
Fujita, Dr. Angadjit Singh, Emily Heppell, Dr. Dirk Backes and Dr.
Francesco Maccherozzi at the 106 beamline at Diamond Light Source.
Density functional theory calculations were performed by Dr. Gau-

tam Gurung at Trinity College, Oxford. The exfoliated sample was
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synthesized by Ryuji Fujita. The bulk parent crystals were synthe-
sized by Dr. Daniel Mayoh and Prof. Geetha Balakrishnan at the
University of Warwick, and by Dr. Kenji Watanabe and Dr. Takashi
Taniguchi at the National Institute for Materials Science. The results
were analyzed by Ryuji Fujita, Dr. Gautam Gurung, Prof. Gerrit van

der Laan and Prof. Thorsten Hesjedal.

— Results: the ferromagnetic domain structure of Fe;GeTe, was charac-
terized with XPEEM. In particular, it was found that interfacial cou-
pling with a-In,Se; alters the domain structure and reduces T¢. Ra-
man spectroscopy reveals the presence of interfacial strain in both

Fe;GeTe,/a-In,Se; and graphite/a-In,Se; heterostructures.

- Outlook: A poling voltage should be applied to the a-In,Se; layer to
see if it is possible to control the ferromagnetic by electrical means.
This should be simultaneously evaluated with an imaging method,

such as XPEEM or NV magnetometry, and Raman microscopy.
« Chapter 5: Layer-dependent magnetic domains in atomically thin FesGeTe,

- Summary: XPEEM imaging of atomically thin FesGeTe, was per-
formed by Ryuji Fujita, Dr. Mohamad A. Mawass and Dr. Florian
Kronast at UE49-PGMa at BESSY Il. Micromagnetic simulations were
performed by Pedram Bassirian at Oxford. The exfoliated samples
were synthesized by Ryuji Fujita. The bulk parent crystals were syn-
thesized by Dr. Zhengxian Li and Prof. Yanfeng Guo at ShanghaiTech
University. The results were analyzed by Ryuji Fujita, Prof. Gerrit

van der Laan and Prof. Thorsten Hesjedal.

- Results: ferromagnetic domains, instead of a spatially homogenous
magnetization, were observed in few-layer Fe;GeTe, with XPEEM.
Moreover, the domain structure was found to depend on the number
of layers. Domain wall pinning and Bloch-type domain walls were

confirmed with NV magnetometry.

— Outlook: it remains unclear whether the bubble domains observed in
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few-layer FesGeTe, are skyrmions. More exfoliated flakes produced
from furnace-cooled Fe;GeTe, should be characterized to evaluate

the reproducibility and domain wall profile of the bubble domains.
« Chapter 6: Vortex-antivortex pairs in atomically thin Fe;GeTe,

- Summary: XPEEM imaging of few-layer Fe;GeTe, was performed by
Ryuji Fujita, Jheng-Cyuan Lin, Dr. Alevtina Smekhova and Dr. Flo-
rian Kronast at UE49-PGMa at BESSY Il. The exfoliated samples were
synthesized by Ryuji Fujita. The bulk parent crystals were synthe-
sized by Dr. Andrew May at Oak Ridge National Laboratory. The
results were analyzed by Ryuji Fujita, Jheng-Cyuan Lin, Prof. Gerrit

van der Laan and Prof. Thorsten Hesjedal.

- Results: the magnetization of 4L FesGeTe, was characterized with
XPEEM at a temperature of 50 K. The sample was produced from
FesGeTe, synthesized with the quench-cool protocol [46]. The pres-
ence of planar magnetic domains, vortices and antivortices was con-

firmed.

— Outlook: the vortices and antivortices may be merons and antimerons,
which have a core polarized in the out-of-plane direction. This should
be confirmed by characterizing the magnetization profile with XPEEM

and NV magnetometry.

The findings of this thesis will lead to future investigations, including the im-
plementation of o-In,Se; in ferromagnetic MT]Js, the further characterization of
topological properties of vortex-antivortex pairs in FesGeTe, and eventual incor-
poration of FesGeTe, in hybrid ferromagnet-superconductor heterostructures,
which may host Majorana bound states which are necessary for topological

quantum devices.
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