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ABSTRACT OF THE DISSERTATION

Investigating van der Waals Magnetism With Scanning Probe Techniques

by

Brian Anthony Francisco

Doctor of Philosophy, Graduate Program in Physics
University of California, Riverside, March 2024

Dr. Yongtao Cui, Chairperson

Since the discovery of graphene in 2004 a host of materials has been growing in

the 2D limit including semiconductors, superconductors, and topological insulators, all of

which exhibit a range of unique properties. These crystals are defined by consisting of few-

atom-thick sheets which can be stacked upon one another into a myriad of combinations

of heterostructures with atomically sharp interfaces that effectively become fundamentally

new quantum materials. But it wasn’t until 2017 that long-range magnetic ordering was

observed in such systems. Bringing magnetism to the 2D regime similarly opens many

doors. For example, magnetic anisotropy introduces novel interactions, and topological

phenomena are more easily observed.

In this thesis, I present experiments on magnetic van der Waals (vdW) materials

that share similar properties such as perpendicular magnetic anisotropy (PMA) and the

presence of topological spin textures. My main method of probing these phenomena is

a scanning probe technique known as magnetic force microscopy (MFM), a 2D imaging

technique which is sensitive to the stray fields of the spins within a magnetic sample. I

vii



also employ a relatively new approach to probe the interlayer exchange coupling of such

magnetism using a quartz tuning fork (QTF) as a strong oscillator rotated within an external

magnetic field to perform Differential Torque measurements. The results show incredible

promise for a family of materials that can exhibit similar behaviors with their own unique

flavors under varying circumstances.

As the synthesis of vdW magnets becomes more routine, the techniques utilized in

these studies help to establish a workflow for characterizing and probing the many unreal-

ized magnetic materials on the horizon. Additionally, the skyrmions observed in Fe3GeTe2

pave the way for spintronic techniques and applications. Finally, the topological magnetic

textures imaged from Fe-doped TaS2 provide insight and additional contribution to a rel-

atively young and every growing body of knowledge in the facet of magnetically doped

transition metal dichalcogenide (TMD) systems.
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Chapter 1

Introduction

Many everyday tools and machines utilize magnetism in some way. Conventional

hard drives use magnetism to store information and credit cards are read via a magnetic

strip. The brush motor in a generator, the wire-bound pickups of an electric guitar, the step

motors of a 3D printer, sensors in your phone and the joysticks on a video game controller

all use magnetism to perform their tasks.

As one investigates further into the origin of the phenomena within these mech-

anisms, they find they is governed by the spontaneous alignment of electron spins within

the materials, a mechanism that cannot be understood by classical physics alone. Probing

these magnetic materials offers us an opportunity to gain a deeper understanding of the

dynamics and interactions of these spins. My graduate work focused on the investigation of

magnetism in the nigh atomically thin layered two-dimensional (2D) van der Waals crystals.

I will introduce the broad family of van der Waals materials in the coming sections, with

a focus on its magnetic candidates. Chapter 2 will discuss the materials pertinent to this
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dissertation, Fe3GeTe2 (FGT) and Fe-doped TaS2. Chapter 3 outlines different techniques

used to study magnetism in this 2-dimensional limit. Chapter 4 then details my experiments

probing magnetic order in the van der Waals magnets. Chapter 6 discusses new findings

and insights since my measurements were performed, shining new light on the data and

nigh begging for further investigation. And finally, Chapter 7 will conclude the thesis with

specific issues and opportunities presented from my research.

1.1 van der Waals Materials

In most 3D crystals we are used to seeing strong ionic and covalent bonds holding

the atoms of the material together within the structure. In a van der Waals material, these

bonds are present within a plane defined by two axes within the crystal (usually labeled

the a-b plane), whereas the bond along the third axis (typically denoted as the c-axis)

is maintained by the substantially weaker van der Waals force. The disparity in bonding

strength along the a-b plane and that along the c-axis allows us to easily peel layers of the

material from one another, keeping the crystal periodicity of this sheet (the a-b plane) in

tact, Fig 1.1 shows an example of two layers of a van der Waals material, hexagonal Boron-

Nitride (hBN). By far, the most well-known example of these is graphene, which gained

notoriety in 2004 when researchers first isolated it using a method known as exfoliation to

separate the layers [1, 2], which ultimately lead to the 2010 Nobel Prize in Physics.

Aside from graphene, there have been thousands of other van der Waals materials

that have either been discovered, experimented upon, or predicted [3]. These materials cover

a wide range of beneficial applications and categories, including metals, semiconductors,
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Figure 1.1: Two Layers of Hexagonal Boron-Nitride.

insulators, semimetals, superconductors, topological insulators, and magnets. Investigations

from the late 2010s have revealed exotic materials presenting quantum phases with relatively

accessible tunability within a single device [4, 5]. Notably, reducing the interactions to the

2D space alters the band structure [6], crystal structure [7] and phase transitions [8] from

what is seen in the bulk of the same materials, revealing unique and new physical properties.

While in this few layer limit, the devices and materials can also exhibit a layer dependence

to these properties. As an example, a single layer graphene is a semimetal with a linear

dispersion at the Fermi level [1, 2]. Conversely, bilayer graphene is a semimetal with a

quadratic dispersion at the Fermi level and can have a tunable band gap controlled by a

vertical electric displacement field [9].
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1.1.1 Advantages of 2D Materials

2D materials offer a range of appealing characteristics that confer distinct advan-

tages compared to both their 3D crystalline counterparts and thin films generated through

bottom-up synthesis methods.

For one, the ability to transfer few-layer crystals atop one another offers the po-

tential to create a multitude of novel synthetic compounds, referred to as van der Waals

heterostructures, see Fig 1.2. Being only a few atoms thick, these crystals exhibit high

sensitivity to their local environment resulting in proximity effects that can lead to the

alteration of a few-layer crystal upon direct atomic contact with another substance. For

instance, studies have unveiled proximity-induced spin-orbit coupling (SOC) in graphene

on WS2 [10, 11], the anomalous Hall effect (AHE) and the Zeeman spin Hall effect (ZSHE)

in graphene on thin films of the magnetic insulators yttrium iron garnet (YIG) and EuS

[12, 13], and valley splitting by induced magnetic field on WSe2 on CrI3 [14].

Secondly, in contrast to bulk crystals, 2D materials display a heightened suscepti-

bility to gate voltages, which can be harnessed to tailor their characteristics. Consider the

example of constructing a parallel-plate capacitor. Employing the 2D insulator hexagonal

boron nitride (hBN) as a gate dielectric and either graphene or a metallic thin film as the

opposing electrode we can independently adjust the carrier density n of the flake and apply

a displacement electric field D⃗⊥. Here we have achieved real-time control over the device’s

Fermi level, band structure, and their dependent properties. As a comparison, adjusting the

doping level of a bulk crystal would require we substitute elements throughout the entirety

of the crystal lattice (as seen with high-Tc cuprate superconductors). For bulk crystals,
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every doping level requires a new single crystal to be grown with the desired properties,

rather than our in situ gate voltage adjustment method described above.

We also see that van der Waals materials exhibit an ambivalence for substrate

choice in most situations. For comparison epitaxially grown films, which possess many

of the same properties we seek to explore with van der Waals materials, must adhere to

whichever lattice they are deposited to. This greatly limits the substrate choice in most

cases, which may make it difficult to match the requirements of the particular experiment

being proposed. These thin films can also form covalent bonds with the substrate, altering

the properties of the thin film itself which may not be desirable in some cases. Van der

Walls materials grant the opportunity of substrate choice to suit the needs of the experiment,

rather than restricting the choice to avoid undesirable effects to the sample.

As a final example of their advantages, van der Waals structures which are formed

by stacking layers offer a new degree of freedom in the relative lattice orientation between

layers, we call this the twist degree of freedom. Stacking layers with a misalignment due to

one layer ”twisted” with respect to the other forms a moiré superlattice which introduces

a new electrostatic potential that has the same periodicity as the moiré unit cell, which

can be on the order of tens of nanometers. Compare this to the lattice spacing of graphene

which is in the low hundreds of picometers. A larger periodicity in the potential shrinks

the Brillouin zone, potentially renormalizing the band structure of the sample. We saw

this phenomena reveal some rich physics when graphene was placed on boron nitride [15,

16]. And in twisted bilayer graphene we’ve seen the aptly named magic angle of 1.1o

unveil superconductivity [17] and correlated insulator states [18], opening more doors in the
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Figure 1.2: Exfoliation of van der Waals Materials. Van der Waals layers may be exfoliated
and layered with other such materials. (From Flexy, Flat and Functional Magnets by Park,
J.G. https://phys.org/news/2018-10-flexy-flat-functional-magnets.html)

realm of tunable moiré physics [19, 20]. Anticipated strides in experimental methodologies

and theoretical comprehension of these systems are poised to unfurl a tapestry of novel

revelations for the community of condensed matter physics in the forthcoming years.

1.1.2 Fabrication of van der Waals Devices

Because the van der Waals forces providing the interlayer force to hold together

individual sheets of van der Waals crystals is much weaker when compared to the intralayer

coupling of the sheets, we can easily isolate these sheets by way of mechanical exfoliation.

This is quite a technical and fancy sounding name for such a simple process as it begins

by placing bulk 3D crystal onto a piece of adhesive tape, usually the same tape used for

gift wrapping. With a second piece of tape placed on top, or even folding this same tape

over onto itself, layers will be cleaved from the bulk as the new tape face is removed. This

process can be repeated several times to repeatedly remove layer after layer. When the
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desired thickness or amount is on the tape it can be pressed onto a substrate (Si coated

with SiO2 is the typical choise) and slowly removed. This deposits some of the layers

present on the tape to the substrate, resulting in varying shapes and thicknesses of crystal

that usually measure tens of microns in visible top-down area and are typically below 100

nm in thickness measured normal to the substrate surface. Thickness of each piece can be

determined through optical microscopy, comparing the optical contrast between pieces [21].

After identifying the desired layers, they can be stacked into a heterostructure

device by employing one of many van der Waals assembly processes. A common method is

the dry-transfer [22] which involves a poly(bisphenol A carbonate) or PC film is stretched

over a block of polydimethylsiloxane (PDMS) mounted on a standard glass slide. With the

application of a moderate amount of heat, the first flake can be picked up from the substrate

and onto the PC film. Since PC and PDMS are transparent, an optical microscope can assist

the fabricator in positioning the first flake with the next flake onto a second substrate by

use of micropositioners. The van der Waals forces between two flat 2D crystal layers are

stronger than the interactions between the crystal and the substrate, so this second flake

may be easily removed again with the application of mild heating. Once all layers are

assembled as desired, one need only stack them to the final substrate and remove the PC.

PC will melt at 160-170o C, and any remaining residue can be removed via soaking with

chloroform.

This process and the others employed by many labs are pivotal to the field when

it comes to creating new heterostructure devices that combine different layered materials

in unique assemblies. Another trick picked up in this field is to exploit the relatively inert
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and insulating hexagonal boron nitride (hBN). With its large band gap and aversion to

interactivity, hBN has become the go-to material to screen charges from the underlying

SiO2/Si substrate in such devices [23]. because SiO2 can introduce charge inhomogeneities

through its rough atomic surface and dangling bonds, this makes hBN just as pivotal as

the overall assembly process. It is also most often employed as a capping layer to protect

air-sensitive samples from degradation due to oxygen and moisture exposure.

1.2 van der Waals Magnets

For much of the rise of cleavable 2D materials, long-range magnetic order within

few layer materials was noticeably absent from the growing list of unique and intriguing

properties discovered. There was a clear interest to introduce this phenomenon to achieve

long-standing goals for fundamental physics, such as the quantum anomalous Hall effect

(QAHE) [24], as well as those for applications including low-power spintronics devices and

topological quantum computing [25].

The Mermin-Wagner theorem [26] states that at extremely low but finite temper-

atures, spin-wave fluctuations prohibit long-range magnetic order in two dimensions unless

there is a form magnetic anisotropy introduced. This would convince many that the idea of

magnetism in a 2D regime was a mere pipe dream. However, magnetocrystalline anisotropy

and spin-orbit coupling are able to stablize the magnetic ordering at low finite temperatures.

From the early 2000s to the early 2010s, while many previously studied bulk ma-

terials were being re-evalutated in the light of the 2D boom, some new two-dimensional ma-

terials were being synthesized via chemical stoichiometry. One such material is Fe3GeTe2,
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better known as FGT. It was originally obtained from a series of experiments aimed at the

syntheses of new mixed-valence compounds with transition metals related to those com-

pounds with main group elements [27]. In 2022, we published work from our magnetic force

microscopy experiments on the heterostructure of metallic FGT and insulating Cr2Ge2Te6

(CGT) where we were able to directly image a periodic skyrmionic structure corresponding

to a Topological Hall transport signal (see Chapter 4). Combined with earlier work exhibit-

ing the high efficiency of FGT magnetization switching via spin-orbit torques [28], the spin

and spin-texture related works on FGT have solidified its place and that of van der Waals

magnets in general as promising options in the pursuit of consumer level spintronic devices.

Several van der Waals magnets have been proposed, validated, and investigated

in the monolayer, few layer and bulk regimes. I intend to provide an overview of some of

these examined magnetic materials. While the repertoire of materials within this category

continues to expand steadily, there are more comprehensive reviews of 2D magnets to be

found in existing literature [29].

My graduate studies were focused primarily on van der Waals materials with

magnetic moments provided by iron (Fe), whether by stoichiometric synthesis (FGT) or

Fe-doping (FexTaS2). Both exhibit strong perpendicular magnetic anisotropy (PMA) and

strong in-plane ferromagnetic coupling. FGT and FexTaS2 also both exhibit ferromagnet

ordering between their vdW planes [30, 31, 32, 33].

It is of interesting note that the iron-based magnetic materials in this dissertation

exhibit metallic resistivity [30, 32, 34]. As one might expect, there are magnetic van der

Waals materials which are classified as insulators and semiconductors as well, one featured
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Material Coupling TC/TN (K) Resistivity Regime

Cr2Ge2Te6 Ferromagnet 60 [38] Insulator

Fe3GeTe2 Ferromagnet 220 [39] Metal

CrI3 Ferromagnet*1 [35] 45 [32] Insulator

CrCl3 Antiferromagnet 17 [40] Insulator

MnBi2Te4*
2 Antiferromagnet 25 [41] Topological Insulator

Table 1.1: A summary of magnetic van der Waals materials and their properties. *1, CrI3
has been shown to possess a layered antiferromagnetic state in few layer samples at the
surface. *2, The MnBi2+2nTe4+3n family of materials are all topological insulators with
different values of TN .

in Chapter 4 is Cr2Ge2Te6 (CGT) [8], an out-of-plane ferromagnetic semiconductor. In

addition to the ferromagnetic metals and insulators, an entire realm of antiferromagnetic

coupled materials have been discovered and investigated. Such materials include insulating

CrI3, which was orinally labeled a ferromagnet but has been shown to possess a layered anti-

ferromagnetic state at its surface in many layered samples [35]. Insulating antiferromagnet

CrCl3 has been investigated in (anti-)ferromagnetic resonance setups [36], and antiferro-

magnetic family MnBi2+2nTe3+4n have garnered interest as magnetic topological insulators

with an effective way of tuning interlayer exchange [37]. As mentioned, the realm of 2D

magnets is vast and would be a tiresome task to comprehensively relay here. Table 1.1

summarizes the properties of several common and actively researched magnetic van der

Waals materials.

1.3 Skyrmions and Topology

As the bulk of the results discussed later in this thesis will refer to topological

textures known as skyrmions, it will be important to establish a foundation of knowledge

on these domain structures. Topology and skyrmions are rooted in advanced fields of

10



Figure 1.3: Visual representation of spins in magnetic skyrmions. a, Néel-type skyrmion
and b, Bloch-type skyrmion. (Adapted with permission from Karin Everschor-Sitte and
Matthias Sitte (https://commons.wikimedia.org/wiki/File:2skyrmions.PNG), 2skyrmions,
https://creativecommons.org/licenses/by-sa/3.0/legalcode)

mathematics and particle theory but have much narrower scopes in the realm of condensed

physics and specifically 2D magnetic systems, my aim within this section is to provide the

necessary background of these topics in that particular context.

Magnetic skyrmions are topologically stable nanoscale spin textures which were

first theoretically predicted by Tony Skyrme in the context of particle physics in the 1960s,

but their discovery in condensed matter systems did not occur until much later [42, 43].
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Skyrmions typically appear in magnetic materials with broken inversion symmetry

and strong spin-orbit coupling and are often facilitated and stabilized by the Dzyaloshinskii-

Moriya interaction [44, 45, 46, 47]. They are characterized by a swirling arrangement of

magnetic moments, forming localized, vortex-like structures as pictured in Fig 1.3. The way

in which this vortex is formed categorizes the skyrmion into one of two types: The spins

that make up Néel-type skyrmions rotate 180o from center with their rotation occurring in

the plane parallel to the radial direction, while those of the Bloch-type skyrmion do so in the

plane perpendicular to the radial direction. They possess a nontrivial topological charge

which results in skyrmions being highly stable and resistant to external perturbations,

making them promising candidates for information storage and processing in spintronic

devices [48]. Moreover, skyrmions can be manipulated and moved with remarkably low

energy input [49, 50, 51], which holds promise for ultra-low-power computing applications.

Their are ongoing efforts toward investigating various aspects of magnetic skyrmions,

including their formation mechanisms, stability, dynamics, and interactions with external

fields. Research in the past decade has sought to and succeeded in creating and controlling

skyrmions at room temperature in cobalt multilayers [52], and more recent efforts have seen

similar success in their formation and manipulation in the room temperature van der Waals

ferromagnet Fe3GaTe2 [53].
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Chapter 2

Fe-based vdW Magnets

In this chapter, I will focus on the van der Waals materials I have primarily studied

over the course of my PhD in which the magnetic moment for the material is provided in

some way by the introduction of iron atoms. In the following sections, I will detail the

various properties of the bulk materials, chapter 4 will detail the specifics of magnetic

ordering in the few-layer limit where applicable

2.1 Fe3GeTe2

Iron-Germanium-Telluride, Fe3GeTe2, or simply FGT is an intrinsically magnetic

2D material. Meaning that it is a stoichiometrically attainable single crystal that naturally

possesses ions which contribute a net magnetic moment. FGT boasts a relatively high Curie

temperature (the temperature below which it transitions from paramagnet to a ferromagnet)

at around 230 K for bulk samples, as well as the useful trait of being metallic when many

earlier discovered intrinsic van der Waals magnets were insulators. Its high transition
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Figure 2.1: The crystal structure of Fe3GeTe2 (From A Van der Waals Interface Hosting
Two Groups of Magnetic Skyrmions by Wu, Y., et. al. Used and edited with author
permission).

temperature makes it a promising candidate for many applications and makes for slightly

easier experimental parameters in some cases. Its metallic nature allows us to very easily

read its magnetic state directly through Hall measurements.

As a van der Waals material, FGT is ordered in layers. Each layer consists of 5

sublayers, the top and bottom of which consist of tellerium with the remaining three hosting

the iron atoms, the central layer containing germanium along with the iron as showin in

Fig 2.1. This quintuple sublayer structure makes up what we refer to as a monolayer

of FGT. In order to preserve the 2D long-range ferromagnetic ordering supplied by the

iron atoms and their associated exchange interaction, magnetocrystalline anisotropy must

exist to break through the Mermin-Wagner limit, as the Mermin-Wagner theorem precludes

long-range magnetic ordering in the one- and two-dimensional limit of an isotropic magnetic

system [26]. The perpendicular magnetic anisotropy is relatively strong with an anisotropy
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energy of ∼ 107 erg/cm3. In varying thicknesses of FGT, electrical transport [31], magnetic

force microscopy [32], and scanning tunneling microscopy [54] are all useful techniques for

investigating magnetic phases in the system.

As I mentioned earlier FGT boasts metallic resistivity, allowing us to investi-

gate much of its spin and charge features via magnetotransport. Such investigations have

brought to light a large anomalous Hall current resulting from topological nodal lines [55].

Researchers have also seen the itinerant ferromagnetic ordering in FGT persisting in mono-

layer form, retaining the out-of-plane magnetocrystlaline anisotropy and were able to raise

the Curie temperature of four-layer FGT to room temperature by way of ionic liquid gating

[31]. In a five layer FGT structure, researchers witnessed a transformation from 3D to 2D

Ising ferromagnetism accompanied by a rapid decrease in Curie temperature from 207 K

to 130 K. Interestingly, we see that as the FGT thickness exceeds 15 nm or so the typical

magnetoresistance curve lacks a square hysteresis which we now know is due to the forma-

tion of labyrtinthine domains. The ability to directly measure Hall resistivity in an FGT

sample allows us to link secondary measurements directly to a magnetic state visible in the

resistance curve.
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Figure 2.2: The crystal structure of Fe-doped TaS2. a, TaS2 in its 2H phase. b, Fe in-
troduced into TaS2 van der Waals gaps at a concentration of 1/4. c, Fe in TaS2 with
concentration 1/3. (From Electronic chirality in the metallic ferromagnet Fe1/3TaS2 by

Fan, S., et. al. DOI: 10.1103/PhysRevB.96.205119)

2.2 Fe-doped TaS2

Tantalum disulfide (TaS2) is a van der Waals material which falls in the particular

subcategory of transition metal dichalcogenide which, as the name suggests consists of a

transition metal bonded to two atoms of a chalcogen element. Tantalum disulfide has three

common polymorphs 1T-TaS2, 2H-TaS2, and 3R-TaS2, representing trigonal, hexagonal,

and rhombohedral symmetries respectively. The 1T and 2H phases both exhibit supercon-

ductivity and charge-density wave states.[56]

It has been shown that in both its 2H and 1T phases TaS2 can have its super-

conducting critical temperature increased [57] by way of iron (Fe) doping. In the early

2010s researchers investigated the effects of intercalating iron atoms into the 1T phase TaS2

and the interplay between its charge density wave (CDW) phase and its superconductivity
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[58]. More recently we have seen that Fe-doping the 2H phase of TaS2 can introduce what

appears to be a topological hall effect (THE) contribution to the magnetoresistance curve,

demonstrating a strong transport evidence of sizable DMI and the emergence of Bloch-type

spin textures such as skyrmions or chiral domain walls. When considering the system’s

symmetry, the doping level of Fe is of particular import as the Fe-concentration can either

maintain or break the spatial inversion symmetry of the naturally symmetric TaS2 [59].
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Chapter 3

Probing van der Waals Magnetism

The introduction of ultrathin van der Waals magnets has spurred investigation

into new methods to study magnetism in these crystals just a few atoms thick. Fortunately,

many of the techniques originally employed for thin magnetic films were able to be adapted

for van der Waals magnets over the past several years. Here I highlight two of these

techniques, both of which shall be discussed in detail in their respective later chapters

3.1 Magnetic Force Microscopy

3.1.1 Fundamentals

Magnetic force microscopy (MFM) is an imaging method derived from the same

principles and hardware of atomic force microscopy (AFM). In this technique, a finely

pointed magnetic probe traverses a specimen’s surface, revealing the magnetic configuration.

Due to the magnetic force’s extended reach compared to atomic forces, MFM frequently
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employs a non-contact approach. MFM is not susceptible to surface impurities and is

conducive to operation under ambient conditions.

MFM, much like AFM is performed by tracking the resonant frequency of an os-

cillating tip as it scans across a sample. The stray magnetic fields emanating from the

spins within a sample will interact with a magnetized tip on the end of a scanning probe

cantilever, shifting the resonant frequency up or down depending on the direction of the

torque applied to the tip by these fields, which is in turn dependent upon the out of plane

magnetization direction of the spins. This frequency shift, in effect measures a derivative

of the vertical component of the force F⃗ between the scanning tip and the magnetic sam-

ple. The motion of the cantilever follows the equation of motion for a damped harmonic

oscillator,

m
d2z

dt2
+ γ

dz

dt
+ ks∆z = FD(t) + FMz(z) (3.1)

where m is the mass of the cantilever, γ is the damping coefficient of the oscillation, ks is

the stiffness or associated spring constant of the cantilever, ∆z is the displacement of the

cantilever from its equilibrium position (z0), FD is the external driving force providing the

oscillation, FMz is the z-component of the force applied to the cantilever through magnetic

torque from the sample. Considering only magnetic force on the cantilever, we can integrate

FMz(z) over the entire volume of the magnetized cantilever probe,

FMz =
∂

∂z

∫
tip

(m⃗tip · H⃗) dV (3.2)

where m⃗tip is the magnetic moment of the tip and H⃗ is the stray field from the

spins within the sample.
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Figure 3.1: An example of a typical MFM signal line across two oppositely polarized do-
mains. (From: Coexistence of Magnetic Orders in Two-Dimensional Magnet CrI3 by Niu,
B., et. al. DOI: 10.1021/acs.nanolett.9b04282. Used and edited with author permission)

When FMz is sufficiently small we may Taylor expand Eq. 3.1 to obtain,

m
d2z

dt2
+ γ

dz

dt
+ ks∆z = FD(t) + FMz(z = z0) +

dFMz

dz

∣∣∣∣
z=z0

∆z (3.3)

where can now define an effective spring constant keff ≡ ks − dFMz
dz and rewrite Eq. 3.1 as:

m
d2z

dt2
+ γ

dz

dt
+ keff∆z = FD(t) + FMz(z = z0) (3.4)

The resonant frequency of this oscillator under the present conditions is given by,

f ′
0 =

1

2π

√
keff
m

(3.5)

which can be Taylor expanded to obtain a shift, ∆f from natural resonance, f0,

2k
∆f

f0
=

∂FMz

∂z
(3.6)
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where ∆f = f0 − f ′
0, with f0 being the natural resonance of the cantilever in zero

magnetic field. With ∆f proportional to
∂FMz
∂z , the MFM imaging is sensitive to a change in

magnetization direction as seen in Fig 3.1 and is therefore useful for imaging multidomain

states.

3.1.2 Specific Instrumentation

What has been left out in the description of the MFM procedure is how to track

the phase and frequency of the oscillating MFM probe. In room temperature situations,

standard atomic force microscopes (AFM) can track a magnetized cantilever just as with

any other probe; a laser (usually red) is deflected from the cantilever to a 4-quadrant

photodetector, the deflection of the laser can be determined from the laser’s location on

this photodetector and the parameters of its oscillation can be calculated from it.

In our Janis VariTemp cryostat insert, many complications arise that make the

room temperature AFM laser deflection setup impossible. At base temperatures ( < 10

K) we can’t have visible light introducing heat to the measurement area. Additionally, the

2 inch (∼5 cm) diameter area which contains the sample and its probe does not offer the

space necessary for deflection and an additional detector. To circumvent these issues, an

interferometer is used in place of the deflection setup.

To construct the interferometer tracking for our MFM, we closely followed a pro-

cedure laid out in the PhD thesis by A. E. Pivonka [60] and adapted it to our needs. In

our setup a 1550 nm laser is processed through the interferometer pictured in Fig 3.2. It

first goes through a Faraday isolator (ThorLabs IO-H-1550 - Fiber Isolator) in order to
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Figure 3.2: Schematic of Optical Interferometer for MFM Cantilever. The 1550 nm laser
is split in a 90:10 coupler, with the smaller portion of power being directed toward the
cantilever while the greater portion is routed to the photodetector as reference. The main
signal to the photodetector is the interference of the two reflections within the cryostat area
(dashed line box), which differ in path length by twice the distance from the bare fiber to
cantilever. (Image is derivative from Nanoscale Imaging of Phase Transitions with Scanning
Force Microscopy by Pivonka, A. Adapted with permissions)
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avoid optical feedback into the laser source. The signal is then split via a 2x2 90:10 split

coupler (TW1550R2A2 - 2x2 Wideband Fiber Optic Coupler) where 10% of the signal is fed

through the cryostat to the cantilever, and the other 90% is redirected to the photodetec-

tor for reference (after attenuation through a VOA50-APC - SM Variable Attenuator), the

purpose of which is to reduce noise from fluctuations in laser power output. The attenuator

is adjusted to roughly match the incoming power of the main signal that reaches the other

end of the photodetector. The end of the optical fiber which is fed through the cryostat

and hits the cantilever probe arm itself has been cleaved for a clean normal endpoint, which

will provide a point of reflection for the laser, which is again processed through the coupler,

where 90% is fed to the other end of the photodetector, the other 10% is essentially lost

with its reflection toward the laser source being stopped by the isolator. In the cryostat,

the portion of light that is not reflected at the fiber cleave will continue and reflect off

the cantilever, entering the fiber again and returning to the interferometer along with the

original reflection from within the fiber. These two reflections interfere with one another en

route back to the photodetector at the end of the interferometer and differ in path length

by twice the distance to from fiber to cantilever. We can adjust this distance with a stack of

piezoelectric material that holds the optical fiber in place (ThorLabs PK4FXH3P2 Piezo-

electric Stack with Through Hole), adjusting this position via a DC voltage to a point of

maximum sensitivity to changes in this signal (maximizing the derivative of the signal).

With the interferometer sensitive to small changes in the cantilever-fiber distance, now the

finer oscillation of the cantilever can be detected.
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Figure 3.3: The Optical Signal Plotted Against the Applied Voltage to Piezoelectric Stack.
Top: Direct readout of optical interferometer signal from photodetector, oscillating as dis-
tance between cantilever and optical fiber changes. Bottom: Oscillation amplitude measure-
ment as a function of applied voltage, as the derivative of the top graph appraoches zero,
the sensitivity to the oscillations is reduced until they cannot be detected. The maximum
sensitivity is at points of maximum derivative.
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As mentioned before, the distance between bare fiber and cantilever can be finely

adjusted by use of a piezoeletric chip stack which holds the optical fiber. By applying

a strong DC voltage (ranging 0-15V at room temperature, 0-40 V below 20K) to this

piezo stack, we can have the end of the optical fiber finely approach or retract from the

cantilever. We use Nanonis software and High Voltage Amplifier to apply this voltage

and read both the applied voltage and the photodetector signal, as seen in Fig 3.3. The

piezo stack will expand under positive voltage, approaching the fiber to the cantilever,

decreasing the distance. The optical signal will oscillate between its minimum value at

path length difference ∆ℓ = (n + 1
2)λ and its maximum value at ∆ℓ = nλ. Since the path

length difference is twice the distance from fiber to cantilever, ∆ℓ = 2s, where s is the

fiber-cantilever separation, The spatial difference between these extrema corresponds to a

distance of 1
4λ. From this information we can extract the sensitivity of the optical readout,

calculating a calibration factor in units of m/V. When the attenutator is adjusted such that

the power of the reference signal is equal to that of the main signal’s incoming power to the

photodetector, the photodetector’s signal, Vphoto can be described as

Vphoto =
Vpp

2
cos

(
4πs

λ

)
(3.7)

Where Vpp is the peak-to-peak voltage of the photodetector readout, s is the fiber-

cantilever separation distance, and λ is the wavelength of the laser source (1550 nm in this

case).

∣∣∣∣dVphoto

ds

∣∣∣∣ =
2πVpp

λ
sin

(
4πs

λ

)∣∣∣∣
s=λ

8

=
2πVpp

λ
(3.8)
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The calibration factor is taken from setting the magnitude of this derivative to it’s

maximum value, which from Eq 3.8 can be seen to occur at s = λ
8 . Taking the reciprocal

of this expression we have the calibration factor of λ
2πVpp

m/V. At 1550 nm we can achieve

a relatively desirable calibration of ∼ 50nm/V with a Vpp ∼ 5V.

With a laser in the infrared regime and no guarantee that 100% of the laser will

avoid the sample, we wish to reduce heating effects while still maintaining a good signal

strength. More systematic tests could optimize this, but we’ve so far had a very good signal

with no heating effects at initial laser power of ∼0.3 mW.

3.1.3 Thickness Dependence of MFM Signal

The earlier section details the fundamental theory of MFM detection; however,

the MFM signal was found to be proportional to the thickness of the ferromagnetic layers

that exhibit a net vertical moment when in the saturated single domain state [35]. This is

shown via finite element simulation in COMSOL in Fig 3.4. In the simulation, I kept the

probe at a fixed height of 150nm above the simulation sample, but increased the thickness

of the sample by adding layers below and sampling the dBz
dz signal. Each layer is saturated

magnetization, thus as the thickness increases from 0 to 1000 nm, the net magnetic moment

that is probed increases. In the region we typically have our samples (< 200nm), the MFM

signal is basically linear. This implies that each subsequent layer roughly contributes equally

to the overall signal, contrary to intuition suggesting that the 1
r dependence of field strength

would make lower layers less important. This is because when the magnetic state is uniform

in a relative wide but thin magnetic flake, the magnetic field near the flake surface decays

very slowly, recall that our tip-sample separation is orders of magnitude smaller than the

26



Figure 3.4: Finite Element Simulation of MFM Signal vs Sample Thickness. The derivative
is evaluated at a fixed height (150 nm) from the top surface of the flake.

lateral size of our typical samples. While the field, Bz decays slowly as a function of z at

these lengths, dBz
dz decays even more slowly. Hence, one must consider what is happening

within the sample and not just the surface conditions.

3.1.4 Fourier Analysis of MFM Data

When analyzing the visual MFM data, especially when investigating topological

phenomena, it may be important to discern whether or not the features appear at some

discrete spatial frequency. That is, are these features regularly sized and regularly spaced

apart in some measurable and predictable way? This is important because topological
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domains will resist the effects of spatial defects and maintain particular sizes and distances

from other such features as dictated by the forces that bring them about [61]. Therefore, the

existence of phenomena occurring at regular spacing and sizes can be another indicator that

what we are seeing is in fact topological in nature. One particularly effective and accessible

way to extract the frequency of their occurrence is to take a 2D Fourier transform of the

visual data. The resulting image will be a sort of heat map of frequencies present in the

image, with the value in the center representing how much of the image is unique, unrepeated

features.

The FFT spectra can also be used to filter images and extract a more clear view

of what is being detected. Noise and other undesirable features can be masked out in the

FFT spectra before performing and inverse transform to reconstruct a new MFM image.

For example, random noise generally contributes to a central gaussian peak in the FFT,

reducing the weight of this peak in the inverse transform will recreate the MFM image

with less of the noise present in the original image. Hinging on this same concept, periodic

features of interest found in the FFT may be isolated and reimaged in order to see how

they show up in the MFM frame.

The 2D Fast Fourier Transform data in this dissertation was performed, masked,

and filtered using the Gwyddion SPM data visualization and analysis tool, as well as the

Numpy package for python.
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Figure 3.5: Individual skyrmions captured with MFM imaging. (From Individual
skyrmion manipulation by local magnetic field gradients by Casiraghi, A., et. al.
http://creativecommons.org/licenses/by/4.0/.

3.1.5 Imaging Skyrmions with MFM

Due to the MFM signal depending on the height derivative of magnetic force

on the magnetic moment of the cantilever probe, a selection of out-of-plane or in-plane

sensitivity must be made and increasing sensitivity to one will reduce it to the other.

In most setups, including our own in this thesis, the probe is most sensitive to out-of-

plane magnetization. This is ideal for magnets with perpendicular magnetic anisotropy

(PMA), but could add difficulties when imaging domains with in-plane projection to their

magnetization, as is the case with skyrmions. Without the assistance of additional spatial

magnetic probing techniques such as Lorentz transmission electron microscopy (LTEM), it

may not be possible to discern the alignment of the sections of in-plane magnetization in

skyrmions through MFM alone. As such, skyrmions present as circular bubble-like features

in the MFM image, with a strong polarization in the center and an oppositely aligned

circumference at some radial distance determined by the skyrmion size [62]. Examples can

be seen in Fig 3.5
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Figure 3.6: Torque Magnetometry and Torque Differential Magnetometry modeled as mass-
on-spring oscillators a, standard torque magnetometry. b, torque differential magnetometry.
(From: Theoretical model for torque differential magnetometry of single-domain magnets
by Kamra A., et. al. DOI: 10.1103/PhysRevB.89.184406)

3.2 Torque Differential Magnetometry

An attractive method for measuring magnetic interactions in bulk materials is

torque magnetometry. The measurement is relatively straight-forward; an externally ap-

plied magnetic field exerts a magnetic torque on the sample which is at the end of a me-

chanical oscillator. The orientation between the external field and the sample plane of

choice is rotated and the torque exerted by the constant field can be recorded to map out

its dependence upon relative angle. Being as torque can be expressed as the derivative of

free-energy density, this data can be a tool in extracting the constants which parametrize

F, such the exchange interaction strength and the anisotropy strength [63].
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As with any mechanical oscillator, we can begin modeling the torque differential

experimental setup as a mass on a spring as in Fig 3.6. Just as with the mass on a spring

example, we can refer to the magnetic sample’s displacement from equilibrium as x while

expressing its resonant frequency in terms of an effective mass (meff ) and spring stiffness

(keff ).

f = 2π

√
keff
meff

(3.9)

For sufficiently small displacements about the equilibrium point, the restorative

force may be expressed as the sum of elastic force Fe(x) with the magnetic force Fm(x),

which is an effective force representing the effect of the torque component of torque perpen-

dicular to the plane of oscillation, τ⊥m(x) exerted on the magnetic sample by the external

magnetic field, Hext.
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With the distance from the magnetic sample on the tip to the the fulcrum of

oscillation being L, a Taylor expansion of τ⊥m(x) around equilibrium results in retorative

force given by

Fres = −kx +
1

L

dτ⊥m
dx

|eqx = −kelx− km(Hext)x, (3.10)

with kel and km representing stiffness in the contexts of elasticity and magnetism respec-

tively and are the contributors to keff = kel + km. The linear derivative can be written to

instead be dependent on angular displacement β where x = Lβ and dx = Ldβ to obtain

km(Hext) =
−1

L2

dτ⊥m
dβ

|eq (3.11)

When assuming km << kel we can write a frequency shift due to magnetic torque as

∆f

fel
= fel

∆km
2kel

= − fel
2kelL2

dτ⊥m
dβ

|eq (3.12)

showing that the shift in resonant frequency can be considered to be directly proportional

to the torque derivative [64].

3.2.1 Magnetometry with a Tuning Fork and the QPlus Mode

Quartz tuning forks (QTFs) have gained popularity in use for scanning probe

microscopy because of the surprisingly high quality factor (Q factor) resulting in a low

frequency variation. Aside from these uses, QTFs have the potential for high-sensitivity

magnetometry for the same reasons as well as their high sensitivity [65]. In previous can-

tilever experiments, the readout of the magnetization signal usually involves some method

to drive the mechanical oscillator and typically detection of cantilever deflection is done

with some form of optics, resulting in a cumbersome setup that is sensitive to environmen-
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Figure 3.7: A piece of bulk Fe3GeTe2 attached to the end of one prong of a quartz tuning
fork.

tal factors [66, 67]. As such, it would be beneficial to develop an easy-to-set-up and highly

sensitive magnetometry with a QTF.

But, affixing a mass to the end of one prong of a two prong system introduces

asymmetry to the QTF, greatly reducing the once high Q factor (see Fig 3.7. It has been

shown that an alternate mode of use for the QTF can result in a mitigation of such an

effect, by holding one prong of the QTF stationary, essentially making it an electrically

driven cantilever [68]. More recent work has seen success with this single prong QTF mode

33



Figure 3.8: A quartz tuning fork in qPlus configuration. (From Torque Differential Mag-
netometry Using the qPlus Mode of a Quartz Tuning Fork by Chen, L., et. al. DOI:
10.1103/PhysRevApplied.9.024005)

(dubbed qPlus) in use for torque differential magnetometry [69]. An illustration of a QTF

in qPlus mode can be seen in Fig 3.8.

The torque differential magnetometry measurements presented in this dissertation

were performed in a Quantum Design Physical Property Measurement System (PPMS) with

data collected through a custom interface designed in LabVIEW from National Instruments.

The details of this setup can be found in Chapter 5.
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Chapter 4

MFM Measurement Results

Here I detail the procedures and results of the measurements made with the mag-

netic force microscopy technique. Section 4.1 is adapted with permission from a previously

published work I co-authored (DOI: 10.1002/adma.202110583). In the adaptation presented

here I have expanded on the discussion of the data and the use of the Fourier transform in

the data analysis.. Section 4.2 details a work-in-progress that I plan to draft and publish

in the coming year.

4.1 Imaging Magnetic Skyrmions in Fe3GeTe2

4.1.1 Introduction

Two dimensional (2D) magnetism was recently discovered in van der Waals (vdW)

ferromagnets [30, 31, 32] and antiferromagnets [39, 70, 71], providing unprecedented op-

portunities for exploring magnetism, and towards spintronic applications in the 2D limit

[72, 73]. Among all the interface engineered heterostructures based on vdW layered systems,
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magnetic proximity effect is integral to manipulating spintronic [74, 75, 76], superconduct-

ing [77, 78, 79] and topological [80, 81, 82] phenomena. Topological magnetic skrymions

have been well studied due to their nontrivial topology, which lead to many interesting

fundamental and dynamical properties [83, 61, 48]. These have been reported mostly for

non-centrosymmteric single crystals [84, 43, 85], ultrathin epitaxial system [86, 87], and

magnetic multilayers [88, 89, 90, 91, 92]. Recently Néel-type skyrmions were observed in a

vdW ferromagnet interfaced with an oxidized layer [93] or a transition metal dichalcogenide

[51] with a control of the skyrmion phase through tuning of the ferromagnet thickness.

Furthermore, with a variety of vdW magnets, skrymions phase could be created in their

new interfaces with unique properties.

Materials hosting multiple skyrmion phases add richness to the field, with an ad-

ditional degree of freedom in designing devices. Such a degree of freedom adds value as a

means to lower the error rate in racetrack memories with skyrmions as information carriers

[94, 95]. Multiple skyrmion phases have been reported in FeGe grown on Si(111) at low tem-

peratures [96] and in Ir/Fe/Co/Pt multilayers[94]. Different from these thin film systems,

vdW heterostructures possess well defined and ordered atomic layer range of thicknesses,

atomically sharp interfaces and easy electrical field control. Forming a heterostructure of

two vdW ferromagnets allows breaking of inversion symmetry at the interface [61], with

skyrmions expected inside both these two ferromagnetic layers in the context of strong spin

orbit coupling. So far, there are no direct observations of the multi groups of magnetic

skyrmions at a vdW interface.
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Figure 4.1: Structure and magnetic properties in FGT and CGT crystals. a, Crystal struc-
ture of CGT. b, Crystal structure of FGT. c, DMI is induced at the interface of CGT and
FGT. d, X-ray diffraction pattern of CGT. e, The temperature dependent magnetization
profile of CGT. f, Magnetic hysteresis of CGT with applied magnetic field H // c-axis. g,
The temperature dependent magnetization profile of FGT.

In this work, we demonstrate a vdW interface, i.e. Fe3GeTe2/Cr2Ge2Te6

(FGT/CGT) interface, can host two groups of magnetic skyrmions. The initial signature

for this comes from the observation of the topological Hall effect (THE). Below the Curie

temperature (TC ∼ 65 K) of CGT, Hall resistivity shows two sets of kinks, due to the
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magnetic skyrmion phase formation on CGT and FGT sides. Above 60 K, there is only one

set of kinks seen in the Hall resistivity, likely arising from the skyrmion phase on the FGT

side. To ascertain and understand the origin of THE, magnetic force microscopy was used

to image the skyrmion lattice directly. These observations could provide a new platform

for designing a robust skyrmion-based memory and computing architectures by coding the

information in multiple groups of skyrmions.

4.1.2 Ferromagnetic Fe3GeTe2 and Cr2Ge2Te6 thin layers

CGT is a soft, 2D layered ferromagnetic crystal, with rhombohedral structure

and vdW stacking of hexagonal layers. As illustrated in Fig. 4.1a, a layer of Cr atoms is

sandwiched between two Ge-Te layers, forming a monolayer of CGT. Its lattice parameters

are a = 6.826 Å and c = 20.531 Å. Among the 2D magnets, FGT is a ferromagnet with

a strong perpendicular magnetic anisotropy. Bulk FGT consists of weakly bonded Fe3Ge

layers that alternate with two Te layers with a space group P63mmc as shown in Fig. 4.1b

with lattice parameters a = 3.991 Å and c = 16.333 Å [97]. For both pristine CGT and

FGT crystals, the inversion symmetry is preserved inside the bulk. However, by forming an

interface between these two materials, the inversion symmetry is broken. With spin-orbit

coupling present, Dzyaloshinskii-Moriya interaction (DMI) is induced at the interface as

shown in Fig. 4.1c, both at FGT and CGT interfacial layers. The DMI between two atomic

spins S1 and S2 can be expressed as: HDM = −D12 · S1 × S2.

38



The crystal structure of grown CGT crystal was analyzed by using X-ray diffraction

studies as depicted in Fig. 4.1d. Typical peaks corresponding to the (003), (006) and (0012)

planes in CGT were observed. These peaks indicate that the layered CGT crystal with

good quality is achieved. The Tc for CGT was around 65 K, as seen from magnetization

measurement using a magnetometer(Fig. 5.1e). The ferromagnetic order in CGT develops

at low temperatures upon cooling down both without and with an out-of-plane magnetic

field. The magnetic hysteresis is shown in Fig. 5.1f, where the ferromagnetism disappears

above 65 K. Compared to CGT, FGT has a much higher Tc of around 200 K, as shown in

Fig. 4.1g.

4.1.3 Two Sets of THE Signals

THE can arise from the accumulated Berry phase acquired by electrons in the

adiabatic limit as they encounter a skyrmion along their path. However, recent experiments

offered an alternative interpretation of the topological Hal effect reported in topological

insulator heterostructures; they attribute the topological Hall signals to the overlapping of

two anomalous Hall signals with opposite signs. A similar reasoning was used to explain

the topological Hall-like signatures (one peak and one dip) in SrTiO3/SrRuO3/SrTiO3 [98]

heterostructures. In such a scenario, the competing anomalous Hall signals contributing

to topological Hall-like signatures originate either from the coexisting surface and bulk

magnetic phases in the magnetic topological insulator system [99], or two interfaces in the

heterostructures. As opposed to previous systems, this current FGT/CGT bilayer system

might facilitate the demonstration of THE for three reasons: (1) only one interface is

formed between the two materials; (2) two sets of kinks, a signature for THE at both sides
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of an interface, are observed when the temperature is lower than the TC of CGT; and (3)

skyrmions are imaged directly by magnetic force microscopy (MFM).

In the transport measurements, CGT/FGT thin films were transferred onto pre-

pared Hall-bar bottom electrodes under a microscope inside the glove box (N2 atmosphere),

and the resistivity was measured with lock-in technique. The CGT layers for the transport

measurement have a thickness between 30 nm and 40 nm, which is relatively insulating

compared to metallic FGT layers. Magnetic field was applied perpendicular to the sample

plane. As shown in Fig. 4.2a, 20-layer (20L) FGT exhibits square hysteresis loop when

the temperature is below 200 K, demonstrating a strong perpendicular out-of-plane mag-

netic anisotropy. When FGT thickness was reduced to 5L, interface coupling between FGT

and CGT gave rise to pronounced peaks and dips near the magnetic transition edge, the

signature of THE. Different from previously reported systems, two sets of THEs (as indi-

cated by blue and orange circles in Fig. 4.2b) are observed in this heterostructure of two

ferromagnets.

The topological Hall resistivity value is related to carrier density n, and an effective

field Beff generated by skyrmion lattice
(
ρTHE
xy ∼ 1

neBeff

)
[100]. The different magnitude

of the topological Hall resistivity value indicates two groups of skyrmions with different

sizes. These two sets of THEs coexist when the temperature is below the TC of CGT.

One set indicated by the orange circles vanishes at 60 K and above, is attributable to

the disappearance of ferromagnetic order in CGT with increasing temperature. It may be

noted that, this THE is only observed in CGT/5L FGT sample. The absence of THE in this

heterostructure with thicker FGT can be due to the high carrier density. With larger carrier
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Figure 4.2: Hall resistivity (shifted for clarity) of a CGT/FGT heterostructure with different
FGT thickness of a, 20L, and b, 5L. A magnetic field was applied perpendicular to the sample
plane. A square hysteresis loop indicates the perpendicular magnetic anisotropy. Peaks and
dips appear in heterostructure with 5L FGT, signifying the existence of topological Hall
effect.

density in thicker FGT samples, the topological Hall resistivity is dwarfed in comparison.

For example, for 20L FGT at 20 K, the estimated topological Hall resistivity contribution is

less than 10−3 Ω, assuming a skyrmion lattice with a size of 100 nm. This resistivity value
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is more than two orders of magnitude smaller than the anomalous Hall resistivity, and thus

tends to be buried in the anomalous Hall signals.

Figure 4.3: Skyrmions at both sides of Fe3GeTe2/Cr2Ge2Te6 interface imaged by MFM.
a, Schematic illustration of MFM measurements. b, Two sets of THE signals observed for
temperatures lower than 60 K. The peak and dip features of THE resistivity indicating
the skyrmions with opposite polarity. c, Skyrmion lattice observed on CGT side with a
magnetic field of 200 mT and a temperature of 20 K. Scale bar: 1 µm. d, Skyrmions on
FGT side start to appear with a magnetic field of 50 mT at a temperature of 100 K. Scale
bar: 1 µm.

4.1.4 Directly Imaging the Skyrmions with MFM

To further examine the origin of THE arising at the FGT/CGT interface, we

performed low-temperature MFM measurements under applied magnetic fields. (resolution

of the MFM measurement can be found in Chapter 3) In MFM, the magnetic stray field

originating from nanoscale features on the surface of a sample is detected by a scanning
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nanoscale magnetic tip (Fig. 4.3a). Note that in our topological Hall resistivity, two sets

of kinks were observed, attributable to magnetic skyrmions on FGT side and CGT side,

respectively (Fig. 4.3b). In our MFM measurement geometry, the MFM signal characterizes

the second order derivative of the out-of-plane component of the stray magnetic field, i.e.,

∂2Hz
∂z2

. For samples with out-of plane magnetization, MFM responds both inside individual

domains and at the domain walls. Fig. 4.3c shows a series of MFM images taken on

CGT/FGT device (same device as in Fig. 4.2b) with applied perpendicular magnetic fields

at 20 K. As the field increases from zero, the image shows a labyrinth domain feature.

Upon increasing the field to 160 mT, skyrmionic features started to form as indicated by

the yellow circles in Fig. 4.3c. At 200 mT, skyrmion lattice with a size of ∼ 130 nm was

directly imaged. This skyrmion lattice disappears and the sample enters into a uniform

single domain as the field is increased to 250 mT). This observed magnetic skyrmions are

expected to occur at the interface close to CGT side for three reasons: (1) with CGT on top

of FGT, MFM signals would be dominated by the magnetic fields generated by the CGT

layer, (2) the magnetic signal from 5L FGT under multilayer CGT is too weak or screened

to be observed, and (3) the formation of magnetic skyrmion lattices exactly matches the

magnetic field which lead to the development of THE on CGT side (the dip at a positive

magnetic field in Fig. 4.2b and 4.3b).

With a reversed sample structure, i.e., FGT on top of CGT, MFM measurements

show domain images in FGT side in Fig. 4.3d. At 100 K, FGT shows similar labyrinth

domain feature at 25 mT but with a larger domain width, compared to CGT case at 20

K. When the field was increasing, skyrmions started to appear, as indicated by the yellow
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circles. The skyrmion size was estimated to be ∼ 180 nm (100 K and 60 mT) and decreasing

as the temperature went down.

The skyrmion lattice in CGT/FGT develops with the magnetic field. When sweep-

ing from a negative field (−2 T) which is large enough to saturate CGT magnetization at 20

K, the skyrmions develop at ∼ −50 mT (Fig. 4.4a). Interestingly, the magnetic skyrmions

are seen to persist when the applied magnetic field is turned off, in the remanent state.

Emergence of magnetic skyrmion at 0 T magnetic field has been predicted to be a possible

signature of Moiré skyrmions [101]. The real reason and mechanism of zero-field mag-

netic skyrmions is not clear in our case at present. One should also consider the role of

the exchange coupling between CGT and FGT, where FGT provides an effective field at

the interface. When the magnetic field was further increased to 120 mT, skyrmion lattice

emerged forming a hexagonal pattern. Further increasing the magnetic field to 140 mT, the

skyrmion images switched to opposite contrast due to the flip of tip magnetization by the

external magnetic field.

The skyrmion size was extracted from THE and the skyrmion images by MFM

measurement (Fig. 4.4b). The skyrmion size for both FGT and CGT side decreases with

decreasing temperature. The error bars for data points in the MFM measurement (dots and

squares with dashed lines) are due to the variation of skyrmion size under applied magnetic

field. The skyrmion size extracted from the THE (dots and squares with solid lines) offers

an order of magnitude estimate, which is around one order of magnitude smaller than that

from MFM measurement.
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Figure 4.4: Magnetic skyrmions showing up as a function of magnetic field (even at zero
field) and skyrmion size dependence on the temperature. a, Skyrmion lattice on CGT side
at 20 K. Scale bar: 1 µm. b, Skyrmion size extracted from topological Hall effect (an order-
of-magnitude estimate) and from magnetic force microscopy images.

4.1.5 Expanding on the Data

A more detailed account of the skyrmion lattice formation on the CGT side of

the heterostructure at 20 K can be seen in Fig 4.5. The sample is saturated with a large
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Figure 4.5: Skyrmion Lattice Formation and Evolution in CGT/FGT Heterostructure. Do-
mains evolve from labyrinthine at zero field to labyrinths with few to many dots, eventually
to a honeycomb lattice of skyrmions. The skyrmions are undetectable beyond 270 mT ex-
ternal field. Scale bar 2 µm

negative field of -9T, and then the external field is ramped upward. The zero field image

shows the typical labyrinthine domains that are usually seen in these materials. At 140

mT we begin to see seemingly sporadic dot-like features appear among these labyrinthine

domains. Further increasing the field to 180 mT we see a larger density of these dots until

we reach 200 mT where they become tightly packed enough to form a honeycomb lattice.

We see in the 220 mT image that increasing field increases the number of features as well

as their size, but a source of noise or some other distortion to the features is introduced.

Eventually the features are all but gone by the time external field reaches 270 mT.
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4.1.6 Fourier Analysis of MFM Data

It would be beneficial to the case of labeling such features as skyrmions if we could

find convincing evidence to their periodicity beyond visual inspection. A useful tool in this

effort is the 2D Fast Fourier Transform (FFT). A 2D FFT would give us a spectrum of the

spatial frequencies at which features recur in the original image, allowing us to rest assured

that rather than sporadically placed dots these are features of regular size and placement,

features more akin to skyrmions than unspecified magnetic bubble domains. The FFT

spectra for a perfect honeycomb lattice of pont-like features would yield that same image

back; the reciprocal lattice is itself. If we have some variation in the placement of these

features, and when they have some measurable finite size, the spectra would look more like

a doughnut or a ring with some separation from center [102]. An example can be seen in

Fig 4.6.

With this in mind, we are equipped to interpret the Fourier spectra of the MFM

images collected for the heterostructures. The images from Fig 4.5 are shown alongside

their FFT spectra in Fig 4.7. The first point of interest is that the zero field image pos-

sesses a strong periodicity all its own, a dispersed ring with a finite radius to be exact.

So the seemingly random labyrinthine domains are already possessing some order. As the

skyrmions appear at 140 mT, and increase in number at 180 mT the strength of the Fourier

signal increases (refer to the color bar inset along the left edge) while the radius decreases;

that is, the labyrinthine domains occur periodically at a spatial frequency larger than the

skyrmions. By 200 mT we have a honeycomb lattice of skyrmions, the ring in the Fourier

spectra is at its strongest, but it may be difficult to differentiate from the noise that con-
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Figure 4.6: Example of Fourier Spectra. Top: An ideal triangular lattice yields an-
other triangular lattice in the Fourier transform. Bottom: A distorted triangular lattice
transforms into a ring-like feature in the Fourier transform. (From: Hyperuniform disor-
dered waveguides and devices for near infrared silicon photonics by Milos̆ević, M., et. al.
http://creativecommons.org/licenses/by/4.0/).

tributes to the central gaussian. An example of almost pure noise resulting in the central

gaussian can be seen in the 270 mT Fourier spectrum.

To further investigate the honeycomb lattice, we can filter out features in the 200

mT and 220 mT images by applying a mask to the central gaussian and performing an

inverse Fourier transform, resulting in a filtered MFM image with whatever contributes to

the central gaussian omitted. The results of this filtering are seen in Fig 4.8. When we

mask out all but the strongest features a finite radius away from the central gaussian (a

2 sigma separation is used) we see the honeycomb lattice survives the inverse transform,

indicating that this is what contributes most strongly to the Fourier features that are not
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Figure 4.7: 2D Fourier Transforms of CGT/FGT Heterostructure MFM images. The
labyrinthine domains show similar periodicity in a ring-like spectra, but the strength of
the feature increases as the lattice forms, though noise is introduced. The nearly flat re-
sponse MFM image yields the expected result of nearing a 2D Gaussian.
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Figure 4.8: Fourier Filtering of Skyrmion Lattice. The original MFM images are shown to
the left, the center images are the result of the inverse Fourier transform of the targeted
features, the right images are the inverse Fourier transform of the omitted features. Scale
bars are 2 µm.

the central gaussian. The omitted features in the right images show that it is mostly noise

and artifacts that have been ignored.

It should be noted that the DMI can facilitate and stabilize features other than

dot-like skyrmions. It has been shown previously that FGT systems with emergent DMI

that anisotropic stripes occur. Lorentz Transmission Electron Microscopy (LTEM) shows

these stripes possess Néel type domain walls and are therefore chiral in nature [94]. We see
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Figure 4.9: Stripe Domains in FGT/CGT at 20K. Stripes appear at low negative field after
saturating at large negative field (-9 T) and persist until 95 mT. Some stripes disappear
at 140 mT and even more at 160 mT. Saturation to single domain occurs between 160 and
170 mT. Scale bar is 1µm.
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Figure 4.10: Domain Evolution in FGT/FGT at T = 45 K. Left (column): Stripes evolve as
magnetic field is increased. Scale bar is 2 µm. Right (single): A large region of the sample
at 60 mT. Scale bar is 3 µm.
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such stripes in our FGT/CGT heterostructure (FGT atop CGT). In Fig 4.9 we can see the

evolution of such stripes as magnetic field is increased at T = 20 K. The stripes appear as

early as -30 mT after saturation at large negative field (9 T) and persist until about 140

mT where they begin to thin out and eventually the system enters the single domain state

beyond 160 mT. In Fig 4.10 we see the evolution of the stripes at T = 45K, where they

no longer align along the same direction, but seem to have two preferred directions with a

clear separation of domains where stripes prefer one direction in one domain and another

direction in the other. There is no topographical feature corresponding to this domain wall.

It is possible that domains like this existed in the T = 20 K case, as it was later observed

that different regions of sample exhibited different formations, but time constraints had

us keep the region of interest fixed. We see in Fig 4.11 that the system defaults to its

labyrinthine domains when the temperature goes above the TC of CGT at T = 75 K. So

the anisotropic stripe domains are dependent upon the magnetic state of the underlying

CGT. The Fourier spectra for the T = 45 K and T = 20 K images with the strongest stripe

features are shown in Fig 4.12 and should be noted for comparison with the images in the

next section for the Fex-TaS2 sample.

An interesting bit to note here is that there seem to be two sets of of periodic,

nonrandom features contributing to the FFT spectra in both the 20 K and 40 K cases.

When we isolate peak features 2 σ from the central gaussian we see that these correspond

to the prominent stripe pattern from the original image, but there are peaks that are isolated

and separate from center in the omitted features image as well. One possibility is that we

are imaging strip domains throughout the FGT flake while skyrmions form at the interface
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Figure 4.11: Domain structure of FGT/CGT at 75 K. The stripe domains are not present
above the TC of CGT and do not form before saturation occurs. Scale bars are all 2µm.

within the underlying CGT, and the warping of the stripes at particular fields are not

actually the strip domains undergoing any change but the underlying skyrmions summing

their stray fields with those of the top area stripes. We understand this effect to be possible

due to the long-range nature of the magnetic probe.

4.1.7 Summary and Outlook

We explored the ultrathin FGT/CGT heterostructures as a platform for hosting

small and tunable two groups of magnetic skyrmions. In this system, the inversion symmetry

breaking near the FGT/CGT interface gives rise to an emergent DMI, thereby creating

robust magnetic skyrmions. By harnessing the interface between two vdW ferromagnets,

we achieved magnetic skyrmions on two sides of an interface.

The multi groups of skyrmions in FGT/CGT heterostructures allow versatility

when designing and fabricating skyrmion-based devices. Due to the atomically thin nature

of vdW materials and their easy control by electrical gating, one can foresee manipulating

the skyrmions on each side with dual electric gating by which the skyrmion phase can be
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Figure 4.12: FFT Spectra for Stripe Domains at 20 K and 40 K. When peak features 2
sigma from center are targeted it appears to be a superposition of two sets of features.

turned on or off. Furthermore, the twist angle between FGT and CGT may be tuned,

where a new functionality could be added for manipulating skyrmions in atomically thin

vdW heterostructures. With an accurate determination of twist angle between FGT and

CGT layers, magnetic skyrmions from DMI or Moiré pattern may be differentiated. This

versatile advantage offers a fertile playground for exploring emergent phenomena arising

from hybrid interfaces, leading to magnetic skyrmions with additional functionalities.

4.1.8 MFM Details

The MFM measurements were performed in a home-built low-temperature scan-

ning probe microscope using commercial MFM probes (Bruker MESPV2) with a spring

constant of k = 3 N m−1 , a resonance frequency f0 ∼ 75 kHz, and a Co-Cr magnetic coat-

ing. MFM images were taken in a constant height mode with the tip scanning plane at ∼
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100 nm above the sample surface. The MFM signal, the change in the resonance frequency,

is measured by a Nanonis SPM Controller using a phase-lock loop. The magnetic moment

of the probe is nominally in the order of 10−16 A m2 .

4.2 Imaging Domains within Fe1/3TaS2

4.2.1 Introduction

A category of particular interest in layered van der Waals materials is that of

the transition-metal dichalcogenide (TMD). As their name suggests, these van der Waals

materials consist of a transition metal ion strongly bonded to two of the same atom from

the chalcogen column of elements. The three atomic planes form a honeycomb lattice with

threefold symmetry and the possibility of mirror and/or inversion symmetry [103]. The

array of intriguing properties presented by TMDs is expanded with the intercalation of

new atoms within the van der Waals gaps of their structures [104, 105], particularly the

introduction of a 3d-element such as Fe into a tantallum TMD such as TaS2 can introduce

long-range magnetic ordering that was otherwise absent [106].

4.2.2 Fe-Doped TaS2

The doping of Fe into TaS2 at different concentrations can bring about different

phenomena corresponding to the symmetries offered by the level of doping. For a baseline,

we may refer to two commensurate values of x = 1/4 or 1/3 for the compound FexTaS2,

where for every 1/x unit cells, 1 will have an Fe atom within the van der Waals gap. In one

of these ideal cases of x = 1/4 resulting in Fe1/4TaS2, previous works have observed hard
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ferromagnetism with perpendicular magnetic anisotropy (easy-axis along c-axis) with sharp

switching at low temperatures when coercive field HC is approached [107, 108, 109]. This

sharp switching can be softened when introducing iron in excess of x = 1/4, indicating that

stoichiometry influences the magnetic ordering [109].

Of particular note is the ideal concentration of x = 1/3 in Fe1/3TaS2, where the

hexagonal structure of 2H-type TaS2 along with the newly introduced Fe atoms belong

to the noncentrosymmetric chiral space group P6322 [110]. This breaking of the inversion

symmetry regularly present in TaS2 and Fe1/4TaS2 creates an environment in with the

antisymmetric exchange interaction known as the Dzyaloshinskii–Moriya interaction (DMI)

can emerge [111, 112, 43] and the possibility to observe topological phenomena is presented.

In the results presented below, we observe signatures of the Topological Hall Effect

(THE) in the magnetotransport measurements of bulk Fe1/3TaS2, indicating the possible

presence of topological magnetic textures within the sample. This is further investigated

by the imaging technique Magnetic Force Microscopy (MFM), where a magnetic cantilever

probe is rastered across the bulk, interacting with the stray fields originating from the spins

within and imaging the shift in its resonance frequency from these interactions. Periodic,

regularly shaped features are detected and their regularity and periodicity are confirmed

with the fast Fourier Transform (FFT) spatial frequency analysis method. These observa-

tions point to the existence of skyrmions within bulk Fe1/3TaS2 which are not observed in

other concentrations of FexTaS2.

57



Figure 4.13: Fe1/3-TaS2 Sample 132A on the PCB Board arranged for Hall Resistivity

Measurement

4.2.3 Analyzing the THE Signal

Two bulk samples of Fe1/3TaS2 were prepared for Hall resistivity measurements

by soldering thin conductive wire to the ends of a rectangular sample in a Hall probe

configuration as seen in Fig 4.13. A Current of Iab = was sent through the sample within

the a-b plane with probes arranged perpendicular to the current measuring voltage Vxy.

An external magnetic field, HEXT parallel to the c-axis was ramped from -9 T to +9 T.

The results are pictured in Fig 4.14. The Hall voltage (proportional to the Hall resistivity)

shows contributions from both the classical Hall Effect and Anomalous Hall Effect (AHE)

as seen by the linear skew of the overall plot and the signature of hard magnetic switching at

coercive field B (near 3 T for 5K and 2 T for 10K). At the hard switching we see signatures

of the Topological Hall Effect (THE) in the anticipatory dips and peaks just before the

switch as well as the slight overshoot of saturation magnetization MS just at the end of

switching.
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Figure 4.14: Transport measurement data from Fe1/3-TaS2 Samples 131C and 132A. Mea-

surements taken at 5K and 10K with external field parallel to sample c-axis

4.2.4 Directly Imaging Domain Formation with MFM

To further examine the origin of THE arising within the bulk Fe1/3TaS2, we per-

formed low-temperature MFM measurements under applied magnetic fields (resolution of

the MFM measurement can be found in 3). Fig 4.15 shows a series of MFM images taken

on the 162 µm Fe1/3TaS2 device (pictured in Fig 4.13) with applied perpendicular magnetic

fields at 8K. The sample is first saturated to a high field of 9 T, as the field is brought

down toward 0 T and beyond magnetic domains begin to form. At Hext = 2 T we begin to

see regularly sized features that appear in a periodic spacing. Upon further decreasing the

field we see at Hext = −5 T that the smaller features all but disappear and we are left with

larger features that may belong to a stripe-like set of domains. These features appear much

more weakly than typical topological textures imaged in few-layer van der Waals materials.

These could be due to two main reasons: the skyrmions are occurring in 3D space and
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Figure 4.15: A series of MFM images on Fe1/3-TaS2 with ramping magnetic field. The
sample was saturated with 9 T external field, images were taken at field intervals as field
was ramped downward. Features appear in the low positive fields approaching zero field
where they nearly disappear before reemerging as the negative coercive field is approached.
The features are gone after the transition point indicated by transport measurements.
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are not confined to a 2D plane, so the formation of a skyrmion lattice is more difficult to

image as it is not guaranteed that the entirety of the bulk is forming such features and they

may be screened by larger domains in the upper layers of sample [113]. Secondly, the top

most layers could be arranged in their own domains that distort the images made of the

underlying skyrmions. It is seen in Fig 4.13 that after the skyrmionic features are washed

out at −5 T that there remain larger, stripe-like domains, the signals from which would be

stronger if they exist on the layers in closer proximity to the probe.

As a means of control, we performed the same measurement on a sample of

Fe1/4TaS2, that is Fe-doped TaS2 where the Fe concentration is 1 Fe atom for every 4

unit cells. Aside from topographic anomalies effecting the signal, the MFM shows a sig-

nature of a multidomain state present in the bulk; however, it is one of seemingly random

orientation and domain shape (see Fig 4.16. Again, the sample was saturated at a high

magnetic field and images were taken at increments of decreasing magnetic field. We see

that at the transition field range (between -2 T and -5 T) that we see no interesting domain

formation. There perhaps exists multiple domains, but there is no obvious periodicity or

regularity to their structure. To further investigate this, we can use the FFT analysis from

earlier in this chapter.

4.2.5 FFT Filtering the MFM Images

Due to the complications of imaging magnetic domains that occur within a bulk

material, we need to devise a way to focus on the features from the noise of the rest of the

bulk. We again can turn to the Fourier analysis. By performing a fast Fourier transform
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Figure 4.16: The MFM images for the Fe1/4-TaS2 sample at key field values. The sample
was saturated at a large negative field (-9 T) before the field was ramped up as images
were taken. There are no features of note beyond those affected by topography. There
is a multidomain state visible at -1 T, but it quickly saturates and looks nothing like the
multidomain states accessible in Fe1/3-TaS2.
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Figure 4.17: An example of using 2D Fast Fourier Transform filtering on an MFM image.
Left: Raw MFM data. Center: FFT of MFM data. Right: MFM data filtered from FFT

(FFT) on the spatial MFM data, we can categorize the features by periodicity. Using a

set of criteria to ignore artifacts and random noise (we ignore the central most peak in the

FFT which will correspond to a frequency of zero, as well as scan direction and piezo drift

artifacts which show up as vertical and horizontal stripes) we can create a region of interest

(ROI) in the FFT spectra, then perform an inverse FFT to retrieve a real space MFM

image that corresponds only to the underlying magnetic domains, instrumental artifacts

and random noise excluded, an example can be seen in Fig 4.17.

Aside from its role as an image filter, the FFT spectra itself should be noted for

each image. As discussed earlier in section 4.1 we can interpret the nature of the periodicity

of the features with this spectra. The random noise across the image will show up as a

contribution to the central (0, 0) centered peak in the FFT spectra, whereas the far outliers

in the spectra are representative of singular features scattered about the image. It’s the

area surrounding the central peak that is of interest; features that are removed enough from

the central peak as to not be direct contributions to it, but close enough that they are not
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among the outliers. We saw the near ideal case in section 4.1, a dispersed ring at a finite

distance from the center indicated the presence of a distorted hexagonal lattice. Here, our

images from the Fe1/3-TaS2 yield two distinct symmetric peaks separate from the central

noise peak, located in quadrants 2 and 4 if the FFT spectra is viewed from the perspective

of a typical 2D x-y plane (the (-x, +y) and (+x, -y) quadrants). Conversely, the FFT

images generated from the Fe1/4-TaS2 sample, while they vary in exact size and shape, are

simply 2D Gaussian peaks centered at origin. From comparing these sets of FFT spectra

we have determined that the multidomain states present in each compound differ in the

category of periodicity.
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4.2.6 Summary and Conclusion

We have seen clearly that a multidomain state exists in the Fe-doped TaS2 with

a concentration of Fe1/3 that does not exist in the Fe1/4 concentration. This multidomain

state appears as a periodic array of regularly sized features that, when compared to the THE

signal present in the transport data may be interpreted to be skyrmions. The reasoning

to label these features as topological in nature is their periodic arrangement coupled with

their occurrence at the fields coinciding with the topological Hall signal in transport mea-

surements. It is hypothesized that this particular concentration of Fe-doped TaS2 gives rise

to such features because of its broken inversion symmetry opening the doors for the DMI to

introduce antisymmetric exchange between neighboring spins, thus coercing the formation

of skyrmions. Adjusting magnetic doping to induce topological features unlocks avenues

to observe topological phenomena that are more accessible than intrinsic van der Waals

magnets, removing the need for clean interfaces or vacancy- or imperfection-free crystals to

bring these features about.
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Chapter 5

Torque Differential Magnetometry

and Interlayer Exchange

5.1 Preliminary Results

Using an experimental setup similar to that described in Chapter 3, we performed

tuning fork torque differential magnetometry measurements in a Quantum Design Physical

Property Measurement System (PPMS) using a stepper motor controlled rotating insert.

Fig 5.1 shows the sample space of the insert. The sample stage is rotated from 0-360o by

a gear assembly attached to a rod which runs through the center of the insert to the top

where it rests outside of the PPMS cryostat. A stepper motor assembly called the rotator

head is attached to the top and rotates the sample via rotation of the inner rod (See Fig

5.2). A tuning fork was prepared by epoxying it to a ceramic base which was epoxied atop

a ThorLabs piezoelectric chip. The piezo chip was driven with an oscillating AC voltage to
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Figure 5.1: The PPMS Rotator Insert. Left: The PPMS rotator insert sample space with
coaxial cables fed through. Right: The rotator sample space with tuning fork in qPlus
configuration.
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Figure 5.2: The rotator head containing stepper motor for insert.
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Figure 5.3: Preliminary results for torque differential magnetometry (TDM) measurements.

”shake” the tuning fork at resonance, which was wired to read the output current to track

the oscillations. A chunk of van der Waals ferromagnet Fe3GeTe2 was glued to the end of

one prong (see Fig 3.7).

Using a custom LabVIEW VI and scripts written in python, the PPMS rotator

system was set to measure the resonant frequency of the tuning fork by sweeping +/- 30 Hz

from resonance at set angles between 0 and 360o for magnetic field values which incremented

from 0 to 4 T, allowing us to use these parameters to find phase shift ∆f0 as a function of

69



Figure 5.4: 200k and 230K TDM results for field of 4 T

Hext and θ, ∆f0(Hext, θ). The preliminary results of these measurements are found in Fig

5.3.

In order to find the frequency shift to apply to the frequency-dependent angle

measurement we should treat each frequency sweep as a Lorentzian distribution. We can

fit parameters of each peack using the general form,

L(x; y0, ymax, x0, w) = y0 +
ymax

π

[
w

(x− x0)2 + w2

]
(5.1)

where y0 is the baseline value, x0 is the center value of the Lorentzian peak, ymax

is the peak value of the Lorentzian, and w is the width measured at half y0. See Fig 5.6 for

labels on an arbirtrary Lorentzian distribution.
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Figure 5.5: Two Linecuts from the Magnetometry Data. Line cuts at 90o and 180o to
highlight the difference in line shapes at extreme values.

Figure 5.6: Sample Lorentzian with Fitting Parameters. Baseline value, y0 noted with
dashed green line, center value x0 noted with vertical dashed blue line, width, w indicated
by dashed red line.
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5.2 Summary and Future Experiments

The measurements were short-lived, hence the dataset is not very robust. We

needed to move to another PPMS setup which required use to provide our own means to

drive the rotator head on the insert and provide leak protection to the insert with home

grown solutions. Interestingly, the original dataset did have two instances of data to put

our eyes on, those of 200K and 230K angle dependence at 4 T field seen in Fig 5.4. We

can see two symmetric and incremental shifts in frequency occurring between the strongest

peaks at 0 and 180o. These measurements were done in the standard two-prong oscillation

mode of the QTF. We look forward to performing this measurement in qPlus mode and

with more exotic magnetic systems.
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Chapter 6

New Insights

6.1 Fe-Vacancies Contribute to Broken Inversion Symmetry

In recent work with Fe3GTe2, researchers have found that introducing iron vacan-

cies can contribute to breaking inversion symmetry in the system. Fe-deficient Fe2.9GeTe2

and Fe2.8GeTe2 were probed via second harmonic generation technique [114]. Light was

shone on the samples at two polarizations, 45o and 0o with respect to the surface, intensity

of the 2ω reflected light was plotted as a function of sample rotation. The tell-tale sign

of symmetry breaking is a high intensity three petal feature in the polar plot, with the 0o

mode yielding a low intensity isotropic result. Moreover, the results show that while the

Fe2.8GeTe2 sample shows the strongest signal of symmetry breaking, there exists a faint

signature of the same effect in Fe2.9GeTe2 and Fe3GeTe2, showing that FGT’s inversion

symmetry may be broken inherently, see Fig 6.1. This sheds new light on the origins of
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Figure 6.1: SHG evoution on Fe-deficiency.a-c, Three petal feature most prominent in
Fe2.8GeTe2, but faintly present in Fe2.9GeTe2 and even Fe3GeTe2. d, Relative sharpness
of each SHG normalized plot. (From Broken Inversion Symmetry in Van Der Waals Topo-
logical Ferromagnetic Metal Iron Germanium Telluride, by Zhang, K-X., et. al., used with
publisher’s permission).

FGT’s spin-orbit coupling as well as the ways by which topological features may be stabi-

lized in the system.

6.2 Fe-Vacancies Present in Pristine FGT

A recent X-ray Diffraction (XRD) study has performed goodness of fit(GOF) pa-

rameter mapping across a sample of FGT regarding the positions of Fe atoms adjacent to

Ge atoms in the FGT crystal structure [115]. Fig 6.2 shows the rsults in a contour map.

Regions of low GOF indicate areas of misaligned or missing Fe atoms in the designated

position. This sample of stoichiometrically prepared FGT was able to host Néel skyrmions

without the introduction of a heterostructure or oxidized layer. This is more evidence
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Figure 6.2: Contour map of GOF versus site occupancies of Fe atoms #5 and #6. The
global minimum is indicated by the white cross. The dashed diagonal indicates the condi-
tion Θ(5) = Θ(6) in the case of a centrosymmetric space group for which a local minimum
at Θ = 0.83 is found. The white area corresponds to the condition GOF ¿ 1.24. (From Mag-
netic Skyrmions in a Thickness Tunable 2D Ferromagnet from a Defect Driven Dzyaloshin-
skii–Moriya Interaction, by Chakraborty, A., et. al., open access article distributed under
the terms of the Creative Commons CC BY license)

that FGT alone may be able to host many unique topological phenomena under certain

conditions.

6.3 The Future of vdW Magnetism

Among the many systems and materials on the horizon for van der Waals mag-

netism are two materials I would like to briefly highlight here; the family of topological

insulator antiferromagnets MnBi2+2nTe4+3n (MBT) and the room temperature itinerant

ferromagnet Fe3GaTe2 (FGaT).
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Among the many attractive features of a topological magnetic van der Waals

material, one obvious one is possibility for the Quantum Anomalous Hall Effect (QAHE),

which has been reported in MBT in the past [41]. More interestingly though, MBT is a

family of materials, septuple layers (SLs) of MnBi2Te4 stacked with topological insulator

Bi2Te3, the quintuple layer (QL). With the magnetic moment provided by the Mn ion,

this spacing with the QLs increases the distance between magnetic moments and therefore

decreases the interlayer coupling strength between SLs [37]. This tunability of exchange

interaction makes for a veritable playground for correlated electron related physics and

topological magnetic phenomena.

Room temperature ferromagnet Fe3GaTe2 (FGaT) shares many properties with

Fe3GeTe2 [116]. FGaT possesses strong spin-orbit coupling, strong perpendicular magnetic

anisotropy and ferromagnetic coupling. It, too has a relatively high transition temperature,

just as FGT was known for, but FGaT transitions above room temperature at close to

TC = 350K. Since its emergence in the field, many of the works done with FGT are being

repeated on FGaT, opening the door to a somewhat familiar yet exciting area to explore.
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Chapter 7

Conclusions

The works I have presented here uncovered many interesting secrets of the ma-

terials Fe3GeTe2, Cr2Ge2Te6, and Fex-TaS2. More importantly, the works have not fully

explained each phenomena, but have led to further questions that require answering, es-

pecially when considering the more recent work of other researchers. I would like to see

more topological textures images in FGT alone, under various circumstances. Thickness

dependence of feature size would be an interesting thing to bring to the table for systems

without heterostructure or other assistance in breaking symmetry.

For Fex-TaS2, more work needs to be done in even the current study underway.

Temperature dependence on the x = 1/3 sample to show the features disappear with the loss

of magnetic ordering is necessary. Thickness dependence and even few-layer measurements

can provide insight and clearer imaging of the magnetic domains as well. Do the features

exist in the in-between concentrations of 1/4 < x < 1/3? All of these scenarios would be

interesting to pursue.
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My tuning fork magnetometry measurement was always meant to target MBT and

its interlayer exchange coupling. In the coming weeks after publishing this I hope to begin

that measurement, or at least work everything out so a future student can jump right into

it.

As with all things, the MFM setup in our lab can be improved upon. A big

problem is the probe and fiber being perfectly aligned at room temperature, but losing

alignment during loading and cooldown. With no way to adjust this, the only solution is

to unload the sample and redo everything, a very lengthy and wasteful process. It might

be a bit ambitious, but an array of piezoelectric chips could provide fine tuning of either

fiber or cantilever position. An alternate route for improvement is to meticulously design

and machine a cantilever seating onto the probe holder.

With questions unanswered and improvements in mind, the study of van der Waals

magnetism appears as though it plans on sticking around for a while.
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[66] D. P. Weber, D. Rüffer, A. Buchter, F. Xue, E. Russo-Averchi, R. Huber, P. Berberich,
J. Arbiol, A. Fontcuberta i Morral, D. Grundler, and M. Poggio. Cantilever magne-
tometry of individual Ni nanotubes. Nano Letters, 12(12):6139–6144, November 2012.

[67] B. C. Stipe, H. J. Mamin, T. D. Stowe, T. W. Kenny, and D. Rugar. Magnetic
dissipation and fluctuations in individual nanomagnets measured by ultrasensitive
cantilever magnetometry. Phys. Rev. Lett., 86:2874–2877, Mar 2001.

[68] Franz J. Giessibl. High-speed force sensor for force microscopy and profilometry
utilizing a quartz tuning fork. Applied Physics Letters, 73(26):3956–3958, December
1998.

[69] Lu Chen, Fan Yu, Ziji Xiang, Tomoya Asaba, Colin Tinsman, Benjamin Lawson,
Paul M. Sass, Weida Wu, B. L. Kang, Xianhui Chen, and Lu Li. Torque differen-
tial magnetometry using the qplus mode of a quartz tuning fork. Phys. Rev. Appl.,
9:024005, Feb 2018.

[70] Xingzhi Wang, Kezhao Du, Yu Yang Fredrik Liu, Peng Hu, Jun Zhang, Qing Zhang,
Man Hon Samuel Owen, Xin Lu, Chee Kwan Gan, Pinaki Sengupta, et al. Raman
spectroscopy of atomically thin two-dimensional magnetic iron phosphorus trisulfide
(FePS3) crystals. 2D Materials, 3(3):031009, 2016.

[71] Jae-Ung Lee, Sungmin Lee, Ji Hoon Ryoo, Soonmin Kang, Tae Yun Kim, Pilkwang
Kim, Cheol-Hwan Park, Je-Geun Park, and Hyeonsik Cheong. Ising-type magnetic
ordering in atomically thin FePS3. Nano Letters, 16(12):7433–7438, November 2016.

[72] Kenneth S. Burch, David Mandrus, and Je-Geun Park. Magnetism in two-dimensional
van der waals materials. Nature, 563(7729):47–52, October 2018.

[73] A Avsar, H Ochoa, Francisco Guinea, B Özyilmaz, BJ Van Wees, and Ivan J Vera-
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