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Chaptlenrt rlooduct i on

1.1 The Rise of TweDimensionalvander Waals Materials

The emergence of twdimensional (2D) van der Waals (vdW) materials has
ignited a revolutionary paradigm in the field of materials science and condensed matter
physics. For centuries, scientific exploration and technological advancements have
been primary focused on thredimensional bulk materials, where strong covalent or
ionic bonds between atoms hold the material in all direstibncontrast, 2D vdW
materials consisting of 2D sheets of tightly bound atoms that are only held together by
weak vdW foces, exhibit truly unique properties that open up new avenues for
innovation across a spectrum of scientific and technological disciplines.

The pioneering breakthrough that paved the way for the investigation of 2D
materials occurred in 2004 with the successful isolation of grapli¢éneventually
leading to the Nobel Prize in 2010. The finding of graphene motivated extensive study
of other 2D materials, showing a vast array of thousands of distinct materials in the 2D
family. Researchers uncovered materials like transition metal dadrexhides (TMDs)

[2, 3], hexagonal boron nitridg4], and phosphorengs], each possessing its own
distinctive properties that could be harnessed for novel applications.

For example, many 2D materials, such as graphene and TMDs, have excellent
electronic propertiesuch as high electron mobility, tunable bandgaps, and long carrier
lifetime [6-10]. These properties make them ideal for use in electronic devices such as
transistors, sensors, and photodetectors. Additionally, 2D materials have been shown
to exhibit superior mechanical properties such as high flexibility, strength, and

1



elasticity, which make them suitable for use in flexible electronics and other
applications that require mechanical robustfi&%s15]. In addition to their electronic
and mechanical properties, being able to stack a few layers of crystals atop each other
creates an exciting opportunity to build numerous novel artificial materials, known as
vdW heterostructurefl6-19]. More interestingly, people recently founket twist
degree of freedom in vdW crystals leads to a large par@nsgtace, offering an
extensve opportunity for uncovering exciting and unexpected physics.

Overall, the rise of 2D materials represents a transformative advancement in the
realm of materials science, offering a plethora of exciting possibilities and applications

that extend across multiple scientific disciplines and industries.

1.2 The Development of Tw®imensionalvan der Waal$lagnetc Materials

Magnetism is a fascinating natural phenomenon, and certain materials have the
ability to attract or repel other materidigsed on their magnetic propertiéor
centuries, scientists and engineers have studied magnetism to gain insight into its
principles and innovative applications that shape modern techesldgom the
simplest magnetbar to the complex interactions between subatomic particles,
magnetism continues to play a vital role in our exploration of the natural world and our
everyday lives.

In the upsurge of exploring 2D materials, the lsagge magnetic order in 2D
materials has attracted widespread attention, which could realiz¢dionggoals of
fundamental physics and applications, including-fmwer spintronic devices and
topologicalquantum computing. The Pauli Exclusion Principle prohibits two electrons

from occupying the same quantum state. If two electrons have the same state in space,
2



their spins must be opposite. The exchange interaction originates fundamentally from
electrostatic forces and leads to an antisymmetric wave function of electrons. The large
energy of the exchange interaction overcomes the thermal energy, thereby rsgabilizi
the threedimensional magnetic moment. However, the MeriMagner theorem
demonstrated that thierromagnetic(FM) and antiferromagneticAFM) order in
reduced dimensions based on an isotropic Heisenberg model cannot be stabilized at
any nonzero tempeature due to the enhanced thermal fluctugt&ti. At first, people
attempted to induce magnetic response within nonmagnetic 2D materials by different
approaches, such as defect modulaj@t—23], magnetic doping[24, 25, and
proximity effects[26, 27. However, thee magnetisms in nonmagnetic 2D materials

are weak and challenging to control, which does not meet the needs of future
spintronics applications.

Later, the discovery of intrinsic 2D magnetic materials in 2017 completely
reshaped people understanding of 2D magneti§28, 29, where magnetic anisotropy
opens up a gap in the magnon spectrum and stabilizes thealogg magnetic order.
Figure 11 shows the development timeline of the representative intrinsic 2D vdW
magnetic materialr.GexTes andCrls were the first two reported intrinsic 2D vdW
magnets discovered in 20178, 29, and since then, other 2D magnets HeGeTe
[30, 31, andFesGeTer [32, 33 have also been discovered and studied successively.
The discovery of intrinsic 2D vdW magnetic materials not only introduces an
exceptionally suitable platform for the exploration of the underlying mechanisms,
interactions, and responses that govern the magnetic behavior on the nanoscale, but

also paves thavay for potential applications in emerging technologies, sparking



innovative advancements in fields like spintronics, data storage, and quantum
computing.

First observed 2D magnet — Cr,Ge,Teg Itinerant 2D magnet— Fe;GeTe,

10FT=330K
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0
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-05 0

Figure 1.1: Development timeline of representative intrinsic 2D vdW magnetic
materials: C1Ge2Te, Crls, FesGeTe, and FeGeTe [28-32]. Figures adajeid with

permission fronspringer NatureandAmerican Chemical Society
1.21 Intrinsic Magnetism in TweDimensionalvander WaalsViaterials

(1) CroGeTes

Cr.GeTes (Chromium GermaniumTelluride) is one of the first reporte@D
vdW magnetianateriat that has gained significant attention in the field of condensed
matter physics and materials science due to its intriguing magnetic properties and
potential applications in spintronics and magnetic deviées.a nearly ideal2D
Heisenberg ferromagnetvith very small magnetocrystalline anisotropyhe
collectively alignedspin momergin Cr.Ge:Tes canbe orienedto all directiors with
small energy differenceThe small magnetocrystalline anisotropy in the-abplane
direction of Cr.GexTes originates from the slight distortion of the-Tes octahedral

cage inCr.GexTes and the spivorbit coupling on the Cr ionéig. 1.2. The out-of-
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plane directions along the @xis, while a-axis and baxisare inplane directionsThe
previous stugl showedthat Cr.GeTes is aFM insulator withCurie temperaturelt)
valuesof 66 K (Kelvin) for bulk. Even though the vdW spacing suggests weak
interlayer interactions, there is noticeable interlayer magnetic coupling. This is evident
from pronounced dimensional effects, resulting in layeendent variations in tAe,
coercive field(Hc), and magnetic anisotropy 6r.GeTes [28]. Cr.GeTes exhibits a
FM ground state, and its magnetic properties can be controlled by external fields or
through dopingwhich will be discussed latg84-38].
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Figure 1.2: Side (left) and top (right) viewsf Cr.GeTes crystal structure

(2) Crls

Crlz (Chromium Triiodide)s another 2D vdW magnetic materialsodiscovered
in 2017.Crlz consists of layers of chromium atoms sandwiched between layers of
iodine atoms. Each chromium atom has an unpaired electron, which gives rise to its
magnetsm (Fig. 1.3) The out-of-plane direction is along theaxis, while aaxis and

b-axis are iAplane directionsThe exchange anisotropy stemming from the -spbit
5



interaction of iodine facilitatethe superexchange between chromium ions, leading to
considerable magnetic anisotropy@nls. The layers are held together by relatively
weak vdW forces, making it possible to isolate individual layers and study their
properties independentlbit temperatures belowe, Crlz undergoes a phase transition
from a paramagnetic phase td-®l phase. In the paramagnetic phase, the spins are
randomly oriented, resulting mmacroscopiecnagnetic moment of zerd he pevious
study slowed thaflc values ofCrlz are 61 K in bulk and 45 K in monolay&9. Crlz

can bewell describedas the 2D Ising A-type antiferromagnetvith intralayer FM
couplingand interlaye AFM coupling[30, 4Q. The unique combination of magnetic
ordering in different layers reveals the potential of: @t tunable magnetism and
magnetic phase transitiopél, 43.
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Figure 1.3: Side (left) and top (right) views ofrls crystal structure

(3) FeGeTe
FeGeTe (Iron Germanium Telluridels a metallic 2D magnet exhibiting strong

magnetic anisotropy31]. By changing the iron concentrationdc and Tc of the
6



FeGeTe can be modified43, 44. Two representative materials 6&GeTe are
FesxGeTe andFesGeTe. ForFesGeTe, there exist three quintuple sublayers composed
of iron atoms, where the top and bottéi® atomsare equivalent, and the centfa
atomis different (Fig. 1.4(a)). The out-of-plane direction is along theaxis, while a

axis and baxis are irplane directionsThe iron atoms exhibit uneven crystallographic
surroundings both parallel and perpendicular to the basal plane, resulting in a
substantial magnetocrystalline anisotropy. Remarkablytis 3d electronic system
people also observed the existencéheKondo lattice inFesGeTe. These two pieces

of evidence suggest that, in tliesGeTe, itinerant electrons and local magnetic
moments coexist and interaataking t an intriguing 2D material platform with the
potential to give rise to numerous emerging phases and applic&m@eTe also
exhibits strong interlayer and intralay&M coupling, leading to the magnetic
properties ofFesGeTe being highly dependent on the number of lay&@g, [45.
Compared to th€r.GeTes andCrls, FesGeTe has a relatively highéfc of 220 K for

bulk and 75 K for monolaygB0, 31. Later, as people increase the iron concentrations
in FeGeTe, FesGeTe (Fig. 1.4(b)) has beeshownto possessoomtemperaturéc,

as reported in recent studig22, 44. The discovery of roortemperaturesdW FM
materials significantly enhances the possibilities for various potential applications and
enhances the feasibility of integrating 2D ferromagnets into existing technologies.
These properties make J8&Te a promising material for potential applications in
spintronics and magnetic data storage, and its tunable magnetic behavior offers

opportunities for future research in the field.
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Figure 1.4: Side and top views oFesGeTe (a) and FeGeTe (b) crystal structure

5) Other 2D magnets

In addition to the abovmentioned several 2D magnets, many 2D magnets
including ferromagnets and antiferromagnets (Table[28,29, 31, 4#5(], have also
been discovered and studied with the vigorous development of this field. From metals
to insulatorseach2D magné has its own unique electronamd magnetiproperties.
Traditional bulk magnets have 3D structures, but when materials are reduced to just a
few atomic layers, their properties can change significantly due to quantum effects and
altered electronic structures. The abundant exotic phenomena ogcurridW
magnets show sensitivity to external stimuli, such as electrostatic dfgongtq,
optical dopind51, 53, proximity effecf53, 54, and strain engineeririg2, 59, which

could lead to engineerabladiversatile spintronics with atomically thin thicknesses.



2D vdWwW macCrrdetri cal t@nopTgy

FePRS Anti ferromagnédafimnol)ayer
Ni RS Ant i ferr omalgdngmd n c | )aly6e@@ u) k
Cr gl Anti ferromagnetlifbi | pyer

Cr Br Ferromagnet2iQmonol)a3ydru) k

Table 1.1: Magnetic order and corresponding critical temperatures of several

representative 2D vdW magnets.

1.3 Characterizationof Two-Dimensional Magnetism

1.3.1 Optical Probes of TwDimensional Magnetism

Optical probes have revolutionized our ability to study and understand various
physical phenomena in materials science. When it comes to investigating 2D
magnetism, two prominent techniques that stand ouhamagneteoptic Kerr effect
(MOKE) and reflectance magnetic circular dichroism (RMCD) [56-58]. These
techniques are nedestructive and sensitive methods that allow people to investigate
the magnetic properties and interactions within 2D thin films, surfaces, and other
magnetic structuresdore impotantly, due to the unique advantages of optical probes,
both MOKE and RMCD are powerful methods with high spatial resolution for the local
investigation of the magnetic properties of 2D magnset€h aslc, Hc, magnetic
anisotropy, andhagnetic domain patterns, which is not feasible in traditional electrical
measurementszigure 1.5 shows the recent studies conducted by MOKE and RMCD
to measure the magnetic properties of2[lW magnets@r-GeTes andFesGeTe) [28,

31]. Both manners are wetluited for reatime imaging, dynamic studies of domain
behavior, makinghemuseful for studying complex materials and interfaces. Utilizing

optical probedo detectmagnetism solves the lorgganding problem thateople have
9



faced when attemptinfine magnetic measurements on small regiwih small

magnetic responsehich provides great convenience for people to prove and 3iidy

magnetism.
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Figure 1.5: The hysteresis logpand magnetic domain pattesrof Cr.Ge:Tes and
FesGeTe obtained by MOKE (a) and RMCD (b) measuremgzt, 31. Figures
adapted with permission from Springer Nature.

(1) MOKE

The MOKE occurs when light interacts with a magnetized surface during
reflection, potentially altering both the polarization and the intensity of the reflected
light [59]. This has led to the development of MOKE as a specialized technique for

studying the magnetic properties of thin films and surfaces, including 2D materials.
10



Advances in technologies such as lasers and optics have made MOKE an important
tool for studying magnetisnWhen s or p polarized light is incident upon a magnetic
material a rotation and change in ellipticity may be induced upon the reflectegd beam
where theotation is known as the Kerr rotatidfigure 16 shows theblock diagram
of the setup of the MOKE measurement for detedt@mgomagnetism in 2D magnets.
One critical component in the setup is the photoelastic modulator (PEM), which can
precisely modulate the polarization state of lightlera certain frequency. When the
incident |inear |light is incident at 45° tc
the light will be periodically modulated into left circularly, right circularly, and
elliptically polarized light, as shown in Fig71

The powerstabilized light originates from a 633 nm HeNe laser and is polarized
linearly at a 45°angle relative to the slow axis of the PEM. Once it transmits through
the PEM, the light undergoes sinusoidal phase modulation at the modulation frequency
of PEM, withdelayfrom A /td -\ /| 4 . Foll owing this phase mo
directed onto the sample at a perpendicular angle. Whenever the ligtinsmarly
polarized (CP), reflection from the magnetic sample causes a rotation in the
polarizationaxis (considered the long axis for elliptically polarized light), denoted as
t he Ker rk. Thisrefledted l@imt is hen separated from the incident path by a
non-polarizing beamsplitter cube for the laser line and projected onto thesPddv
axis via aotherpolarizer. With a noiz e rkpthe8lowaxis component depends on
the polarization and oscillates at twice the modulation frequency with an amplitude that
i's proportional to the Ker rg, refledtiang areo n . To

capured using an amplified photodiode connected to two-inckmplifiers. One of

11



these amplifiers is tuned to twice the modulation frequency to capture the Kerr rotation,
while the other is tuned to the chopping frequency, serving to normalize the Kerr signal

with respect to fluctuations in laser intensity and the sampédlectivity [29).

Lock-in Photodiode
amplifier
Lock-in /l\
amplifier
1f |: | Polarizer
Polarizer 2 /\

633 nm Beam
HeNe > splitter
laser

Chopper PEM /N
Sample

Figure 1.6: Block diagram of the MOKE measurement on 2D FM sample

N4
-A4
- 4 1 ¥ » ¥ -
4 . “ S ¢ .
Figure 1.7 The pol ari zation states of the | inear

the sl ow axis of the PEM with a A/ 4 retard
(2) RMCD

RMCD measurement detecthe difference in reflectance between-laitd
right-circularly polarized light due to the Faraday effect when it interacts with magnetic

materiak. Figure 18 shows thédlock diagram of the setup of the RMCD measurement
12



for detectingferromagnetism n 2D magnets. The | inear | i gh
the sl ow axis of t heTo&eEMinathetvilue af RMCD4anr et ar d
amplified photodiode connected with two leickamplifiers captured the intensity of
the light. One of these amplifiers is tuned to the modulation frequency to capture the
RMCD value, while the other is tuned to the ppimg frequencyto normalize the
RMCD signal to laser intensity, reflected off the sample
The main difference between the two detection methods is that the frequency
of the lockin amplifier is ¥ for RMCD and 2 for MOKE. Figure 19 shows the
schematic illustration of the polarization stabéshe light modulated by PEMNNd the
projection of the electric field on horizontal axis with or without magiogtical effect
[56]. When Kerr rotation is present, the plane of the linearly pola¢lzefight rotates,
resulting in a change in the projection of the electric fieldile the projection othe
CP light remains the same. Thus, a component witHirégquency appears in the
projection. In contrast, when RMCD exists, the vector lemgththe leftcircularly
polarized and rightircularly polarized light will differ, leading to the appearance of a

component with frequency in the projection.
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Figure 1.8: Block diagram of the RMCD measurement on 2D FM sample
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Figure 1.9: Schematic illustration of whiyHz and 2 Hz components represent MOKE
and RMCD measurements, respectijeh]. Figure adapted with permission frd@P
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1.32 Electrical Probe oTwo-Dimensional Magnetism

The exploration of magnetism through electrmabes has a long and decades
long history. Before delving into the field @D magnetism, the Hall effect was an
important tool for the measurement of magnetic properties on traditional 3D magnetic
materials. The Haléffect, a fundamental phenomenon discovered by Edwin Hall in
1879, involving the generation of a voltage perpendicular to both the direction of an
electrical current and an applied magnetic fi@d. By quantifying the Hall voltage,
people camet important properties of matesasuch as the sign and size of the charge
carriers (electrons or holes) responsible for conducting electricity inside the material.

To address the magnetism2id FM materialsresearchers turned wtilize the
anomalous Hall effect (AHHp1, 63. In materials with intrinsic magnetizatiohHE
resulting intransverse voltage componémthe absence of an external magnetic field
This effect is particularly useful when studying 2D magnetism, as it provides insight
into the complex interplay between electron spin and the atomic structure of materials.
This invaluable technique allows researchers to reveal the fundamental magnetic
propeties of materials ranging from metals to semicondug&sst5|.

In the measurement of tieHE, two important electrical resistances are often
discussed: longitudinal resistance x)Rand transverse resistance )R These
resistances provide valuable information about the behavior of charge carriers in a
magnetic field and are associated with the unique characteristics of the AHE«The
is the resistance of a material along the direction of the applied electrical current. In the
presence of a magnetic field, tRg quantifies the usual Ohmic resistance experienced

by charge carriers as they move through the material. This resistance is due to scattering
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events, impurities, and lattice defects that hinder the flow of charge carheiRyy is
associated with the transverse voltage or Hall voltage that develops perpendicular to
both the direction of the applied electrical current and the magnetic figlds R
measure of how easily charge carriers can be deflected by the magnetic field. In the
context of the AHE, R is crucial because it reveals the strength and nature Afike

In a material exhibiting the AHE, &is directly related to the magnedimon of the
material and its spHorbit coupling strength. jgcan be positive or negative depending

on the details of the material and its magnetic properties. The sigg iodRates the

type of charge carriers (electrons or holes) responsible for the Ribilze 1.10 shows
arecent studyn FesGeTe through AHE measurement, whelre curves oRx and

Rxy show the phase transition from paramagnetism to ferromagnetism and the

hysteresis loopat different temperaturg81].
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Figure 1.10: AHE measurement of aResGeTe flake [30]. Figures adapted with

permission from Springer Nature.
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1.3.3 Other Probes of TwbBimensional Magnetism

Besides the optical and electrical probes, several advanced techniques and tools
are employed tanvestigate 2D magnetism, such as Magnetic Force Microscope
(MFM) [66-68], NitrogenVacancy center (N\¢enter)[69], and Raman spectroscopy
[55]. These methods provide high spatial resolgisansitivites and complementary
information, allowingpeople to explore the magnetic properties of atomically thin
materials.

MFM is a powerful microscopy technique used to visualize and manipulate
magnetic domains and nanostructures at high spatial resolution. It works by detecting
the magnetic force between the magnetic tip and the sample surface. When scanning
the tip over a P material, it can detect variations in magnetic field strength and
direction, revealing the presence of magnetic domains or defects.

NV centers are defects in the diamond lattice where nitrogen atoms replace
carbon atoms adjacent to the vacancies. These defects have unique electronic and
magnetic properties that make them excellent sensors for detecting nanoscale magnetic
fields. By plaing diamonds with NV centers in close proximity to the 2D magnets,
magnetic field changes induced by the magnetism of the 2D material can be detected
and quantified with high sensitivity. This enables the characterization of subtle
magnetic behavior in 2Bystems.

Raman spectroscopy is a rdestructive technique that involves shining a laser
onto a sample and measuring the scattered light to obtain information about its
vibrational and electronic properties, which can indirectly provide valuable insights

into the magnetic properties of 2D materials. The interaction of magnetic moments with
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phonons in 2D materials can lead to shifts or changes in the Raman peaks. These shifts
indicate magnoiphonon coupling and can be used to infer the presence and character

of magnetic ordering in 2D materials.

1.4 Control of TweDimensional Magnetism

1.4.1Femtosecond Laser Pulse Control of Tildonensional Magnetism

Femtosecond laser pulse manipulation of 2D magnetism represeapsda
control method in the fields of materials science and condensed matter physkE3,

70, 7]. The technology uses ultrafast laser technology to induce rapid and precise
changes in the magnetic properties of 2D matenelsch allows for the exploration

of magneteoptical interactions and opens up applications in 4siged spintronic
devices.Compared with other control methods, optical control has the following
obvious advantages.

(1) Speed and precisiorltrafast laser pulses can induce changes in the
magnetic state of 2D materials on femtosecond time scales. This ultrafast speed allows
precise manipulation of magnetism with extremely short temporal resolution.

(2) High spatial resolutiarUltrafast laser technology can provide high spatial
resolution, allowing researchers to selectively control the magnetisnicoin-scale
regions within 2D materials. This level of control is critical for exploring local changes
in magnetism.

(3) Noncontact Laserbased 2D magnetic control is a roontact technology,
meaning it does not physically contact the material. This maintains sample integrity

and eliminates the risk of contamination or damage.
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(4) Tunability. A lot of parameters in optical control can be tailored, such as
wavelength, intensity, and duration to achieve specific magnetic effects in 2D
materials. This tunability provides versatility for exploring a variety of magnetic
phenomena.

Two recent work$rave successfully demonstrated the effective control of the
magnetization and thk: of the 2D magnetgb1, 53. Figure 1.11 shows the study that
utilizes the femtosecond laser to switch the magnetization in the atomicall@rthin
triggered byCP light pulses.The switching of magnetizatiorhighly depends on the
photon energy and polarizatioim correspondence withxciton transitions irCrls,
indicating that the switching process is related to the spin angular momentum transfer
from the photoexcited carriers to the local magnetic moméigure 1.12 shows that
the magnetization and the magnetic anisotropy energy (MAE) efdfgsvedFesGeTe
arestrongly modulated by a femtosecond laser pllke.lighttunable ferromagnetism
is attributed to the changes in the electronic structure due to the optical doping effect,
leading to the emergence of ligitiven roomtemperature ferromagnetism in 2D vdW
FesGeTe.

Neverthelessa lot of opportunities remain unexplored in the realm of optically
manipulating 2D magnetism. One intriguing question is about the necessity of
employing highpower density femtosecond lasers to exert optical control over 2D
magnetism. This question ha®ppted us to investigathe control o2D magnetism
with a low-powerdensity continuous waveC{V) laser, which will be discussed in

detail in Chapter 3.
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eV, and obvious modifications on both Kerr rotations and coercivities are shown in all

the thicknessd®1]. Figures adapted with permission frétmerican Physical Society

1.4.2Electrostatic Doping Control of TwDimensional Magnetism

Electrostaticdoping control of 2D magnetism is a rapidly growing area of
innovation that explores the manipulation and modulation of the magnetism of 2D
materialg 30, 39, 4(. Thanks tathe unique electronic and structural properties of 2D
magnets people carachieveeffective electrostatic dopingontrol of their magnetic
behavior, which allows for the investigation of the magnetoelectric effect and the
application of nexgeneration magnetic memorie€ompared with other control
methods, electrostatic doping control hasftlewing obvious advantages.

(1) Reversibility: Changes in magnetic properties caused by electrostatic
control are generally reversiblenaking it a versatile tool suitable for a variety of
applications.

(2) Fabrication and integration: Electrostatic control devices are relatively
simple to fabricate and integrate into experimental setups. Meanwhile, it also provides
the possibility to integrate with traditional electronic devices and circuits. This
compatilility opens the door to hybrid systems in which 2D magnetic materials can
become part of a larger electronic system, thereby enhancing its functionality.

Two recent works have successfully demonstrated the effective control of the
Tc and the magnetic order of the 2D magrié, 39. Figure 1.13 shows the ionic
gaing control of Tc of 2D FesGeTe, whichincreases thd&c of the atomically thin
FesGeTe to room temperature, much higher than the bidk The charge transfer

between lithium ions and the host crystal induces electron doping up to the order of
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10" cm per layer. High doping levels produce significant changes in the
ferromagnetism oFesGeTe flakes, leading tahe roomtemperaturéc. Figure 1.14
shows vertical heterostructures Gfls and graphene used to control the magnetic
properties ofCrlz by electrostatic doping. For monolay€rls, electrostatic doping
induces changes in saturation magnetization, coercivity, Tandror bilayer Crls,
electron doping beyondbout 2.5X103 cm™ induces a transition fro’AFM stateto

FM state. These findings highlight the significant impact of doping on interlayer
exchange coupling, thereby promoting robust magnetization switching in balger

by applying gate voltages.

However, it is noteworthy that previous studies involving electrostatic
modulation of 2D magnetism have primarily focused on volatile control mechanisms.
Achieving nonvolatile control over 2D magnetism remains a significant challenge
within the field. Theferroelectriccontrol of 2D magnetism, however, presents a
promising avenue toward addressing this challenge. This recent discovery offers
substantial potential for resolving the issue of-mofatile control and offers a broad

platform for thedevelopmehof magnetoelectric devices.
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Figure 1.13 Gatetunable ferromagnetism iResGeTe. (a) The schematic of the

FesGeTe devicewith theionic gate. (b) Phase diagram of the trilayeGeTe sample
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Figures adapted with permission from Springer Nature.
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1.4.3 Strain Engineering of Twbimensional Magnetism

Strainengineeing of 2D magnetism is an exciting field focused on
manipulating the magnetism of 2D materials through the application of mechanical
strain or deformatiof4l, 42, 55, 7R This method exploits the unique mechanical
flexibility of 2D materials to fineune their magnetic properties, which provides an
ideal platform for studying magnetic coupling and developing magnetic sensors.
Compared with other control methods, stramgineeing of 2D magnetism has the

following obvious advantages.
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(1) Effectiveness: Strain engineering is very effective in tuning the magnetic
properties of 2D materials. The magnegiropertiesn 2D magnets are very sensitive
to the changes in the crystal structure, which means that even small amounts of strain
can cause significant changes in the mater

(2) Reversibility:With the reversible strain devices like strain apparatus, the
effects of straiinducedphase transitionn 2D magnetism can be reversible. This
means that researchers can dynamically switch the magnetic state of the material by
modulating the strain, making it a versatile tool for various applications.

Two recent works have successfully demonstrated the effective control of the
magnetic phase of the 2D magnet8, 53. Figure 1.15 shows the modification of the
stacking orderinvdVCriswi t h appl i ed hydr BasAnaterlager pr es s ur
AFM-to-FM transition is observed in atomically thi@rls, accompanied by a
monoclinicto-rhombohedral stackingrder changerigure 1.16hows strain tuning of
the magnetic properties of thetppe layeredAFM semiconductor CrSBr achieved by
a strain apparatus that can apply continuous, in situ uniaxial tensile strain to 2D
materials. A reversible strainducedAFM-to-FM phase transition and strain control
of the spiRcanting process arealizedthrough thestrain apparatysvhich creates new
opportunities for harnessing the strain control of magnetism and other electronic states
in low-dimensional materials and heterostructures.

Nonetheless, achieving precise local control of 2D magnetism through strain
engineering remains a significant challenge. One avenue worth exploring is the use of

nanopillar as a potential method to selectively introduce strain gradi@idsnmagnetic
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materials. This also has the potential to induce hybrid magnetic phases within one 2D

magnetic material, which will be thoroughly studied in Chapter 4.
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Figure 1.15: Pressurénducedmagneic phase transition in atomically thidrls. (a)
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Springer Nature.
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Figure 1.16: Reversible straiinduced magnetic phase transition in CrSEa)
Schematic of the CrSBr sample suspended over a microseetie gap in th8iO,/Si
substrate. The strain is aligned with the crystal (a) axis of the CrSBr. The red and blue
arrows indicate the AFM interlayer coupling that produces &yp& layered AFM
structure(b) PhotolumirescencgPL) spectra at 0.9% (black) and 1.4% strain (blue).
Inset, optical micrograph of the sample. (c) Select PL spectra as the strain is swept up
and then down.The strain is ramped up from 0.7% (bottom) to 1.5% (middle)esnd th

back down to 0.7% (todp5]. Figures adapted with permission from Springer Nature.
1.5 Outline

The previous sections have contributed to establishing the foundational
background of this dissertation work. In the following chapters oftligsis, we will
discuss the approaches we have studied to efficiently control the magnetic properties
of the 2D magnets.

In Chapter 2, we first study the ambient effect for 2D magnets, which delivers
practical guidance on how to protect 2D magnets and how to rationally engineer 2D
magnetic propertiesVVith the general environmental sensitivity of the metallic 2D
magnets, the magnetic properidshe 2D FeGeTe changeobviouslyin the air, while

the thick FeGeTe exhibit selfprotection. We also observe the exchange bias effect
27



through surface oxidization, triggering us to utilize atomic layer depogibD) to
deposit an oxidation layer, which realizes controllable exchange bias in 2D magnets.

In Chapter 3, we focus on training magnetic domain formation in 2D magnets by
optoelectronic trainingWe introduce a novel and efficient approach to achieve optical
training of domain formation with remarkably low power density, leveraging the
magneticdomain formatiorprocess. The power density of our CW laser is five orders
of magnitude lower than the previous work, which relied on intense femtosecond pulse
lasers for controlling 2D magnetism. We find the sizes of the domain can be effectively
enlarged B light incidence, and the domairientationcan be deterministically
controlled by light helicity. Furthermore, we conduct different approaches to
demonstrate the general inhomogeneity in practical 2D magnets, which can help us
understand the mechanism behind the magnetic domain formation prodessight
incidence.

In Chapter 4, we focus on the strain engineering of 2D magnetism. We fabricate
the nanopillar arrays, thereby locally inducing strain gradients in layered 2D magnets.
This endeavor realizes the hybrid magnetic phasgrained Fg&eTe and resultant
clear exchange bias effect. We scan the exchange bias mappuirigaman shift
mappingto confirm the direct correlation between exchange bias and lattice strain. We
also find that the exchange bias exhibits a marked dependence on the pillar height,
suggesting afeasible knob to engineer hybrid magnetic phases, which can be
specifically tailored for different physical positions.

In Chapter 5, we conclude the main findings of this dissertation work and discuss

the further directions related to tlissertation
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ChaptAemb i EBinfteerc®tur fOxaal i @m T wo

Di mensi onsal Magnet

2.1 Introduction

The discovery of 2D vdWnagnetshas revolutionized our understanding of
atomically thin crystal§28, 29, 7375. These materials have opened the door to a
fascinating concept: the existence of lemagge magnetic order within these ultrathin
structures. In this unique platform, magnetic and structural order coexist and intricately
interact, all on an atomic scaleroviding abroademlatformto efficiently control the
2D magnetismConsequently, it's critical to recognize that various factors influencing
the atomic structure of these 2D materials can significantly impact their magnetic
behavior. One unique feature of 2D materials is their exceptionally high stwface
bulk ratio. Ths characteristic renders them highly susceptible to interactions with their
surroundings, including gas molecules and various chenjit@/s7/]. Among these
environmental factors, oxygen fand water (kO) molecules play pivotal roles. The
vulnerability of 2D materials to these ambient conditions, particularly when exposed
to air, contributes to the observed instability in materials like black phospHéretg
and Crk[79].

Understanding the evolution of 2D magnetic materials in ambient conditions
holds practical significarinsightsthatcan guide strategies fprotecting2D magnets
and rationally controlling their magnetic properties. Initially, one might expect that
metallic 2D magnets would withstand environmental disturbances and local defects due

to itinerant electrons, responsible fél¥l interactions, being able to navigate around

29



atomicscale imperfectiong80]. However, the phenomenon of the in Fe; xGeTe
varying with stoichiometry underscores the critical role of defects in metallic 2D
magnets[32, 43, 8]. Moreover, the considerable variation in reporifedfor 2D
FexGeTe samples with nominally identical thickness highlights the sensitivity of these
properties to specific sample processing nuaf@@s31, 45.

Furthermore a recent investigation hatemonstratedhe existenceof the
exchange biasffectwithin vdW FM FesGeTe after beinganneatd in the aif82).

This observation suggests the intriguing prospecutdizing surface oxidization
processes to transform tHeM FexGeTe layers into AFM oxidized FesGeTe
counterpartsThis inteesting phenomenoimpels usto use ALDto createhe AFM
phase i2D magnetsComparedwith the intricate procedure of thermal annealing in
ambientconditionscontaining various gases, ALD emerges adeaner and more
rigoroustechnique characterized lig use ofpure gas precursors (e.ga®or &) and
the precise time control of each oxidant gas pulse.

In our research, wirst employed systematic studies using RMCD to examine
FesxGeTe samples of varying thicknesses under controlled exposure levels to ambient
conditions. Our findings reveal a stark degradation in thikregbeTe samples (e.g.,
three or four layers) upon initial exposure to air, while thicker samples (e.g., eight
layers or bulk) only exhibit slight property changes initially and subsequently tend to
stabilize. This suggests that thickeesGeTe becomes selprotected following the
initial reactions with the ambient environment. Notalyg growing noAmagnetic
oxides by ALD, we demonstrate giant exchange bias in a vdW ferronfagsTe.

We successfully created exchange bias of 300~T&06ted O€) in FesGeTe/Al 203,
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FesGeTe/ZnO, andFeGeTe/V 205 heterostructures. Our systematic work elucidates
the essential role of ALEnabled oxidization oFeGeTe in the formation of
exchange bias, and established ALD of oxides as a facile, controllable, and generally
effective approach to create giant exchange bias in vdW magnets, representing an

integral advance towards practical vdW spintronic devices.

2.2 Sample Characterizations

2.2.1 Sample Preparati@md Thickness Characterizations

The bulk FesGeTe and FesGeTe single crystals were synthesized by the
chemical vapor transport method. Fewyer samples were mechanically exfoliated
onto 266nm-thick-SiOx/Si chips without other capped materials. To avoid unintended
exposure to oxygen, the samples were cleaved and stored inside a Fitlegen
glovebox with oxygen and moisture levels below 0.1 ppm. For all the measurements,
the samples were loaded in ttrigostat with vacuum level below 2@ orr, which could
also avoid unintentional sample degradation.

Layer numbers of 2D B&eTe samples were identified by examining the
optical contrast and th&c (Fig. 2.1). Figure2.1 (a) shows a linear dependence of
optical contrast on layer numbers in the ultrathin region. The assignment of three and
four layers (3L and 4L) to the two samples (optical images shown in the inset of Fig.
2.1 (a) is further confirmed by theifc values of about 120 K and 145 K, similar to
the previously reportedc values of the 3L and 4L E@eTe of similar crystal
stoichiometry with our$30]. The thickness of the 8L EBeTe is identified by the

combination of atomic force microscopy and optical conaaatysis
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Figure 2.1: Optical images, optical contrasts, and the normalized RMCD ofdgar
FesGeTe. (a) Grey channel optical contrasts and optical images of the 3L and 4L
FesGeTe. The optical contrasts of the 3L and He;GeTe follow the linear
dependence on layer numbers. The grey dashed line serves as an eye guide. Scale bars
in the insets, 5 pmkesG4Te of different tiekhesseseThe RMCD o
Tc values of the 3L and 4EesGeTe are at about 120 K and 145 K, similar with the
reported values in previous literature.
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Figure 2.2: Optical image and atomic force microscopy characterization of the eight

layer (8L) FesGeTe. (a) shows &esGeTe flake consisting of regions of different

thicknesses. Optical contrast analysis shows that sample+eg@a3LFe:GeTe. (b)

shows theAFM profile across regiol® andregio2 (i ndi cated by the de
in the optical image), where there is a 1L step height. (c) shows the AFM height profile
acrossregio and regionl (indicated by the dash
where here is a 4L step height. Given thBove evidence, the layer thickness of the

region 3 is 8L (3L + 4L + 1L).
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2.2.2 Magnetic Propees Characterizations

T h e s a mpflplre snagoetization was probed by RMCD under the out
of-plane magnetic field up to 30illitesla (mT) in a Montana cryostat (< 20T orr).
A HeNe | aser (633 nm, optical power of 7 p\
objective of numerical aperture 0.5 to achieve amaigyometer spot siz&.he whie
light source folbwsthe same optical path before enteringdbgective lens by flipping
the mirror. A PEMat 50 kHz was used to modulate the helicity of the optical excitation
between left and rightThe photodiodeand chargecoupled device @CD) camera
detected the reflecte@d laser and whiteght from the sampléor RMCD detection
andimaging, respectivelyThe RMCD was determined by the ratio between an AC
signal at 50 kHz and a leWwequency AC signal at 237 Hz of the reflected light
intensity, which was measured by two different lkackamplifiers. We have re
engineered our cryostat to accommodate d@bgential oubf-plane magnetic field
application. Our modifications include tailoring the cold finger and lids of the cryostat,
enabling precise positioning of the sample at the center of the electromagnet coil to
maximize the magnetic field strength. tharmore, we have incorporated a soft iron
element into the cold finger, elevating the magnetic field strength at the sample
location, achieving a maximum of 300 mT. In the context of scanning RMCD mapping,
the objective is securely mounted on a piezogtestage, allowing for precise 200 nm

stepsize adjustments
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Figure 2.3: Optical path setup for RMCD characterization

2.3 Ambient Effect oiMagnetic Propertiesf FesGeTe

2.3.1 Ambient Effect on the Curie Temperaturé-eiGeTe

TheFesGeTe samples of different thicknees are heated in the air at66lsius
(€C)for the study of the ambient effects. Th
heating at 5@ in the air, unless defined elsewhere. Givbat50 € does not suffice
to trigger any phase changefmGeTe either between different crystal structures or
between solid and liquid states, the difference betwee@ &Ad room temperature
treatments can be simply reflecteddy r h e ni u s AexpftiEyesT) wierek ix =
the reaction ratél is the preexponential factor that describes the collisiomirency
of the “air HaGeTe e isehe Boltamann ltonstant is the

temperature, anfa is the reaction energy barrier. Therefore, the heating duration at 50
34



€ can be translated to a longer duration of exposure to the air at texmmperature,
without extra complexity.

The FesGeTe samples of different thickness behave distinctly upon the
treatments. Figur.4 (a) shows thé@c value of bulkFesxGeTe remains constant at 190
K after 30minute(min) heating in the air. Th&c value of the 8LFesGeTe drops by
about 10 K (from 165 K to 155 K) in the first-bdin treatment, and continues to stay
constant during additional 4@in and 260min treatments (Fig2.4 (b)). This suggests
the interiorFesGeTe is protected upon the initial reaction between the surface of the
8L FeGeTe and the ambient. In stark contrast, fhe value of a 4LFeGeTe
progressively decreases with the increased durations of treatniégis2(4 (c),
untreated: 145 K; Xin treatment: 132 K; 2@nin treatment: 118 K; 3@nin
treatment: 90 K). More dramatically, tfie value of a 3LFesGeTe quickly drops from
120 K to 100 K after onlynin treatment(Fig. 2.4 (d)) It is clear that 2[Fe:GeTe
degrades more dramatically than thicker or beékGeTe. The Tc drop of the 4L
FexGeTe by 30min treatment (from 145 K to 90 K) clearly indicates that rrbaa
onelayerFesGeTe degrades, which will be further discussed later.

For 2D FesGeTe samples, the general trend is that the treatments cause the
zercafield cooling(ZFC) induced RMCD signal at 80 K to decrease. Theoretically, the
decreased RMCD may arise from two reasons. First, the optical reflectance of
FesGeTe may be altered by treatments. Specifically, the RMCD would change if the
optical reflectance of lefand rightcircularly polarized lights is affected differently by

treat ment s. Il n this scenari o, the evol

uti o

optical prper ti es, not necessarily the sampl es
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RMCD will certainly change if the magnetization &&:GeTe is affected by
treatments. The first scenario of optical property change cannot account for the
monotonical decrease of the RMCD signal for the progressively treatEe:GeTe

as shown in Fig. .2 (c), for the saturated RMCD signal of the same set of treated 4L
FexGeTe (will show inFig. 2.6 (b)) does not follow the same behavior of monotonic
decrease. Therefore, threatmentinduced decrease in RMCD in Fig4 (c) reflects

the decreased magnetization of the treate&&GeTe.
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Figure 2.4: Temperaturelependent RMCD of E&eTe of different thicknesses with
progressive treatments and the treatmant thicknesslependent magnetic domain
behaviors (a-d) show the temperature dependent RMCD of bulk, 8L, 4L and 3L
FesGeTe with progressive treatments. The temperatiependent measurements are
done inZFC process. (e) shows the ratio of tAEC induced magnetization and the
saturated magnetization at 80 K as a dependence of the treatment duration for 8L, 4L,

and 3LFesGeTe samples, respectively. For bulk samples, the data in (e) is taken at
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120 K, as the coercivity field of bulkesGeTe at 80 K becomes larger than our
affordable magnetic field. The inset of (e) is an illustration of multiple magnetic

domains in 2CFesGeTe, promoted by the oxygen adsorbates.

2.3.2 Ambient Effect on the Magnetic DomainFegGeTe

We further analyzed the ambient effects on magnetic domain behaviors by
normalizing theZFC-induced RMCDvalue(Mzrc) to the saturated RMCizalue(Ms)
at 80 K (Fig. 24 (e). These fractional ratios indicate the domain formations iZHt
process (Note that the measurement of the bulk samptaducted at 120 K as the
coercivity field of the bulkFesGeTe at 80 K becomes larger than our affordable
magnetic field). First, for untreated buflesGeTe, Mzrc is 90% of M, indicating the
formation of an almost single domain within the laser spot size. However, for untreated
thinner samples, the ratio drops noticeably-60% for both the 8 L and 4 L ones, and
further drops to ~30% for the 3 L one, indicating the increasing tendency to form
multiple domains under the laser spot for thinner samples (at 80 K).

It is also clear that the ambient effects promote the formation of multiple
domains more for thinner samples than for thicker samples. As shown in4{g) 2
the 30min treatment causes negligible effects on thedWs ratio for the bulk, but
reduces the ratio for the 8 L sample by 12% (from 60% to 48%) and thaefdrL
sample by 50% (from 62% to 12%). For the 3 L sample, a quicknStreatment
reduces the Wkc/Ms ratio by 17% (from 31% to 14%). This suggests the treatments
cause more nucleationtess on the surface of thiResGeTe for the formation of
multiple magnetic domains (as illustrated in the inset of F#§y(&). The lesambient

effects on the domain formation in thicker samples are likely caused by the less reaction
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between the air and thicker samples. It is also possible that the exchange coupling
bet ween different “puddl es” of martamedr eact ed
via the layers underneath, leading to the lageedomain in thicker samples than in
thinner samples.

To directly visualize the magnetic domains and the ambient effect on the
domain formation, we scanned the RMCD images of anotheFé®&eTe sample at
130 K after theZzFC process. The appearance of multiple adjacent yellow and light blue
regions ofirregular shapes after a-blin treatment (Fig2.5 (c) is in stark contrast
with a nearly uniform blue area before the treatment kb)), clearly showing the
emergence of multiple magnetic domains in the treateB&&eTe (the optical image
shown in kg. 2.5(a). This result serves as direct evidence that the ambient treatment

promotes the formation of multiple magnetic domains.

(b) (©)
- ! ‘“
0.8

Figure 2.5: Optical image and magnetic domain patterns of aH&GeTe. (a) 4 L

(@)

=)

(%) aowy

FesxGeTe flake whose contour is circled out in the white dashed line. (b and c) Scanned
RMCD images of the corresponding 4 L flake before and after-mitGreatment,
respectively. The data is taken at 130 K up@#&. Scale barsin(af c) , 3 uym.

2.3.3 Ambient Effect on the Coercivity B&sGeTe

The thicknesslependent ambient effects are also evident in the evolution of the

coercivity fields. Consistent with th& behaviors, the coercivity field of the 8 L
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sample decreases slightly in the initial exposure to the air (i.e., the fistinl0
treatment) and tends to stabilize in additionahii@ and 26min treatments, as shown
in Fig. 2.6 (a) and (d)It is worth noting thatve also observexchang bias effectn
the samplafter the treatments, which indicates exesience ofan AFM phasefrom
oxidized FeGeTe. However, for the 4 L sample, the coercivity field drops quickly and
monotonically with the progressive treatments and becomes vanishingly small upon a
30-min treatment, as shown in F&6 (b) and (e) More strikingly, for the 3 L sample,
a 5min treatment already causes a substantial reduction of the coercivity field.6Fig.
(f)). For each sample, treatments do not cause obvious changes in the linear slopes of
the temperaturdependent coercivity fields in the temperature range vebdvibTc,
which indicates the probed magnetism arises from the undegFasl@dTe sheets.
This provides evidence that the treatmentaatacause the degradation ofdbGeTe
layers as a whole, but primarily of the surface layers.

As pointed out above, thie: drop of the 4 LFesGeTe by the 30min treatment
(from 145 K to 90 K) clearly indicates that more than one layer of the sample degraded,
which suggests the degradation can occur from both top and bottom surfaces. Due to
the weltknown SiO, surface roughness and the weak coupling between exfoliated 2D
materials an&®iOy, the space between Zlakes andSiO; allows the air to diffuse into
the rough interface and trigger the degradation of 2D flakes from underneath. One prior
studyshowed that the substrateluced roughness activates the sifgler graphene
and promotes its etchinguch faster than bulk graphif83], of which the topmost
graphene sheet has decoupled from the r&iGh substrate and remained chemically

inert (as illustrated in the insets of Fi&y6 (d and f).

39



(a) (b) (c) (d)

T T T T T T T T T
- == Untreated
4L e2r
T 015 |
— [

==30min - 0.15
Untreated] Untreated

/
L.
/

== Untreated
= 10min ]
=20 min
=30 min
Leyered FGT

01

4
=) b
T
m
=
=
1 1
o
=) 3

1 1 1 [P PR B
- 120 140 160 180 80 100 120 140 160

T(K) () T (K)

T L) L] T L)
=fi=Untreated =fli=Untreated
=10 mn o 01} 5 min -

RMCD (a.u.)

=

:
S?E
: @

20 min

1 =
=
o
| _ I
0.05 |
30 min
b, 30 min

02 -01 00 01 02 02 01 00 01 e
B(T) B(T) T(K) T(K)

Figure 2.6: Magnetic hysteresis loops and temperatigpendent coercivity fields of

Leyered FGT
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00s | sio:
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FexGeTe samples of different thicknesséaandb) Magnetic hysteresis loops at 80 K
for the 8L and 4LFesGeTe samples with progressive treatmerftsf) Temperature
dependent coercivity fields of the bulk, 8L, 4L, and BeGeTe samples with
progressive treatments. The inset¢d)fand (f)show the top surfaces of thick and thin
FesGeTe samples o1siO; are relatively flat and rough, respectively.

Our systematic study of the metallic vdW magnet@Ge&de shows the

prominent thicknesdependent ambient effects. The of the 3L and 4L F&GeTe
continuously drop as the samples are exposed to the air, bt dfithe 8L FeGeTe

only drops by 10 K in the initial exposure and tends to stabilize afterward. The ambient
treatments are found to promote the formation of multiple magnetic domains in 2D
FesGeTe, but not in bulk FgGeTe. The oxidized surface of bulk f&eTe prevents

the layers underneath frofurther degradationMoreover, the observation of the
exchange bias effect after ambient treatnaésd trggersour interest inexploring the

AFM phase iroxidized surfaceof 2D magnets



2.4 Surfacexidization-Induced ExchamgBias inFesGeTel

As pointed out abovegur results angbrevious studyshow that the exchange
bias was observed in vdW FM d&xTe after being heated in the air, indicating the
possibilities of using surfaaxidizationto convert FM 2D layered magnets into AFM
phase byoxidization By growing nonmagnetic oxidekroughALD, we observethe
existence of a giant exchange bias in the vdW ferromaga&eTe, a promising
candidate material for achieving rogemperatur@D magnetismThe exchange bias
in the Fe&sGeTe/Al O3 structure reaches 460 Oe at 130 K after field cooling, and this
effect persists at 160 (ig. 2.7) The strong exchange bias can be reproduced by ALD
of ZnO and \{Os onFesGeTe, which stems fronthe interface betweehFM oxidized
FesGeTe and unoxidizedM FesGeTe layers Notably, we effectively enhanced the
exchange biaeld (He) (up to approximately 1500 Oe) by increasing the reaction time
of the oxidant HO with FesGeTe or utilizing Oz as a stronger oxidant during ALD.
These observations strongdyggest the critical role of initi@xidizationin forming
and enhancing the exchange bias. Our results demonstrate a facile, controllable, and
generally effective method to generate large exchange biases for vdW spintronic

devices.

I This part of work was led by Dr. Jierui Lianghd authoiis responsible for the fabrication and
measurement of some devices.
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Figure 2.7: Schematics of thEesGeTe/Al 203 heterostructure consisting of oxidized
FesGeTe. At theinterfacebetweenFesGeTe and AbOs, FesGeTe layersare likely
oxidized by the ALD oxidants and serve as &ieM pinning layers to induce the

exchange bias.

2.4.1Metal Oxides DepositioRroces

The metal oxide layerswere depositecby ALD in BENEQ TFS 500 reactor
with a base pressure of 2 mbAlCH3)zand BO, as the aluminum precursor and the
oxidizing agent,were used for ALD of AIOs, respectively. The modulation of
Al(CH3)3 or H2O pulses was achieved through the regulation of standard ALD valves.
These valves inducedzNhto the precursor supply vessel, creating a controlled vapor
pressure environment for AI(GH or H20 in the N headspace. Subsequently, the gas
from the headspace was injected into the downstream ALD valves. The deposition of
a 10nm-thick layer of AbOs occurred at a temperature of 150€, involving 87 cycles.
Each cycle comprised a Gs2cond (spulse of Al(CH)s, followed by a 0.5 N2 purge,
then a 0. H20 pulse, and finally a 0.8N> purge.For the ALD process targeting a
10-nm-thick layer of ZnQ all parameters remained consistent with the&bAbrowth
conditions, including a 20@sH-0 pulse duration. However, in the case eDYALD,

VO(OCsH7)s served as the vanadium precursor, while ozone replaced water as the
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oxidant. A stable 17.3 wt% fwas supplied by a MKS O3MEGA ozone delivery
subsystem, sourced from pure. @eposition of \Os, also at a thickness of 10n,
occurred at a temperature of 170€C, encompassing 222 cycles. Each cycle involved a
0.5 s pulse of VO(OGH?7)3, a 1s N2 purge, a & Oz pulse, and a 5 N2 purge, as
previouslyreported 84].

Moreover, in order to investigate the influence of ALD oxidants on the
exchange bias effect, we fabricated&eTe/Al.Os samples with varying ¥D pulse
durations per ALD cycle, specifically 200 ms, 800 ms, and 1600 ms, while maintaining
all other parameters constant. To prevent the incomplete removaDofie extended
the N purge duration to 4 s after the®i pulse in each ALD cycle. Additionally, we
conducted a comparative analysis of the exchange bias in two disg@eTegAl .03
heterostructuresaeh featuring AlOz growth via different oxidants, namely.@ and
Os. To ensure equitable comparisons, we employed a uniform procedure for growing
10-nm-thick Al>Oz layers at 150 €, involving 87 cycles. Each cycle encompassed a

0.2sAl(CH3)3 pulse, a 0.5 N2 purge, a 0.2 H20 or G pulse, and a 0.5N> purge.

2.4.2Characterizations of Exchange Bias in&GeTe/Al .03 Heterastructure

FesGeTe flakes (~3680 layerg with lateral areas above 8 x 8 |frwere
mechanically exfoliated onto the 280n-SiO)/Si substrates The outof-plane
hysteresis loopvas probed by RMCD at 1301r a pristine FeGeTe flake after ZFC
where the magnetic hysteresis loop remains symmetric, indicating the absence of
exchange bias in pristine f&eTe (Fig. 2.8 (a))

Subsequently, we proceeded to deposit-arhghick Al2Os layer using ALD

on top of the F&5eTe flakes [85, 8. Following this deposition, we conducted
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magnetic hysteresis loop measurements of te&&Ba/Al Oz heterostructure at 130

K, following both positivefield cooling (PFC) and negatideeld cooling (NFC). In
contrast to theymmetric hysteresis loggbserved in pristine E€eTe, we observed
pronounced shifts in the magnetic hysteresis loops in multip&eHe/Al .03
heterostructures after PFC and NFC. These shifts serve as clear and compelling
evidence of the emergence of exchange biasha@asnin Figure 2.8 (b). Furthermore,
exchange bias effés were also detected insaeTe/Al 03 heterostructures following

ZFC, displaying random signs and amplitudes.en that A}Os is nonrmagnetic, the
observed exchanggems from the exchange coupling betweenaoxidizedFe;:GeTe

(FM phase) anaxidized FeGeTe layers(AFM phase)that are formed during the

ALD process for AIOs deposition.

(@) _ (b)
3 o -~ After ALD of Al,O,
& Pristine = PF‘C T T 130K
c ' ' ' = —
S |[ZFC S / /
g g ....... .‘
o 2 /-390 Oe
o 2 '
@© g [ T—
2 E INFC g 7
B | S /4#; ________
530 15 0 15 30 E / )
5 -30 -1. 5 30 E : 4270 Oe
ZB HoH (kOe) £30 15 0 15 30

HoH (kOe)

Figure 2.8: Magnetic hysteresis loops of pristinesGeTe (a) and A}Ox/FesGeTe
heterostructure (b)fhe red (blue) dashed line in (b) highlights the shifted center line
of the magnetic hysteresis loop after PFC (NFC) with the magnitude of 3000 Oe of the
cooling field. After ALD of 10-nm-thick Al.Oz on FeGeTe, negative (positive)
exchange bias emerged after PFC (NFC) in the heterostructure.
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2.4.3 Temperature Dependence of the Exchange Bias in Three Types of

FesGeTe/Oxide Heterostructures.

We proceeded with a systematic investigation of the temperaépendent
behavior of both the magnetic hysteresis loops and the exchange bias phenomenon
within a representative EB8eTe/Al 203, F&GeTe/ZnO [87], andFesGeTe/V20s [86]
heterostructure(Fig. 2.9 (a). Highertemperature induces a reduction in thedue to
the increased influence of thermal fluctuationdiere a similadecreasing trend is
observed in the behavior oHe as temperature risesFor FeGeTe/Al>O3
heterostructuresle reactes 460 Oe at 130 K following NFC and remains present up to
160 K with a magnitude of 50 Oe. This behavior impiieblocking temperaturelg,
at which exchange bias effect diminishegthin the range of 160 to 170 Khe similar
exchange bias effexin F&sGeTe/ZnO and FeGeTe/V 05 heterostructureshow that
our method to generate exchange bias is not espeeificThese findings strongly
suggest thatobust exchange bias with a relatively highis a consequence tifie

oxidizationof top FeGeTe layers during the ALD process.
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Figure 2.9: Temperature dependence of the exchange bias in three types of
FesGeTe/oxide heterostructures, #$&eTe/Al20s (a), FeGeTe/ZznO (b), and
FesGeTe/V20s (c). Positive shifts ofhysteresis loops emerged after NFC for all
FesGeTe/oxides systemsdff) He as a function of temperature for the three types of
FesGeTe/oxides. Error bars represent the standard deviation on top of the mean of the

extracted data.

2.44 OxidantTunnedExchange Biag FesGeTe/Al.Oz Heterostructures

Wefirst conducted a study to investigate the influence of varying the ALD pulse
duration of the oxidant, ¥D, on the strength dde. Specifically, we increased the®
pulse duration per ALD cycle from 200 to 1600 ms while keeping all other parameters
constant, including temperature, the pulse duration of the precursor Al(CH3)3, and the

number of cycles. The results (left panel of Fig. 2.10), provide a summaryhbf all
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measurements taken at 130 K following NFC for multiple samples randomly selected
for each HO pulse duratiorRemarkably, as theJd@ pulse duration was extended from
200 to 1600ns, He exhibited a substantial increase of approximately 170%, ascending
from 290 +130 Oe to 790 +230 Oe. This demonstrates the effectiveness of adjusting
the duration of the ALD oxidant's pulse to finely tune the resulting strength of the
exchange bias.

Next, weinvestigated the exchange bias strengths iGE€e/Al.O3 samples
by two different ALD oxidants (i.e., ¥D and Os). All other ALD parameters were
maintained at identical settings. When employing the same oxidant pulse duration of
200 ms, the statistical analysis summarized in the right panel ofZi@reveals a
remarkable increase ig, increasingirom an average of 290 £130 Oe with® to
870 £120 Oe with Q. It is well-knownthat G, as astrongerxidant,is morereactive
with many vdW materials during the nucleatistageof ALD [89-91], potentially

leading toa more pronouncedxidizationand consequently enhancing the exchange

bias effect.
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Figure 2.10: Tuning the exchange bias in s&&Te/Al.Os heterostructures by
adjusting the oxidants during ALD Summary of He in FeGeTe/Al.O3

heterostructures where oxides were prepared using@@tise durations of 200, 800,
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and 1600 ms per ALD cycle (left panel) or using different ALD oxidant©(ts. Q)
(right panel). For each set ofJ&eTe/Al 03 heterostructures, three to five randomly
selected sample flakes were measured at 130 K after NFC to show the variance. The
averageHe for each set is shown by the histogram, with the original data points shown
on the left and the error bar representing the standard deviation on top of the mean.
2.5 Summary

In summary, our systematic investigation into the metallic vdW magnets
FesGeTe and FeGeTe shows prominent ambient effects and surface oxidization on
itinerant 2D magnets. ThE: of the 3L and 4L F&eTe consistently decrease upon
exposure to ambient air, while tfie of the 8L FeGeTe exhibits only a modest 10 K
decrease initially and subsequently stabilizes. Remarkably, ambient treatments are
found to effectively promote the formation of multiple magnetic domains in 2D
FesxGeTe, which is not observed in bulk f#&eTe. We found that the oxidized surface
of bulk FeGeTe prevents the layers derneath from further degradation and induces
the exchange bias effect. To study this phenomenon further, we employed ALD of
oxides to realize a facile integration of the exchange bias effect into the vdW magnet
FesGeTe. By utilizing ALD of Al>Os, we induced a notable exchange bias of 460 Oe
at 130 K. The reproducibility of the exchange bias effect was confirmed through ALD
with two other oxides, ZnO and.®s, thus affirming the general effectiveness of our
approach. In addition, we observed that the gtierof the exchange bias can be
enhanced either by increasing the oxidant pulse duration within each ALD cycle or by
utilizing the stronger oxidant£The understanding of the aatalyzed evolution of
Curie temperatures and magnetic domain behaviors of 2D magnets, together with one
step ALD integration of giant exchange bias inG&Te, represent an important step
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towards practical vdW spintronic devices. These studies reveal the detailed relationship
between the chemical, atomic, and magnetic properties of 2D magnets, providing the
scientific community with fundamental insights into chemically decorating and

manipuating 2D magnets.
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Chap3tOprt oel ectronic Training of

For mat i e menn sTiwon 3 | Magne

3.1 Introduction

Analogous to chemical synthesis that follows the governing of thermodynamic
energetics and reaction kinetics, phase transitions of a matter also occur under the
synergistic influences of overall thermodynamic trends and detailed kinetic pathways.
While a nagnetic material transits from paramagnetid-t phase during thermal
cooling, the resultant magnetic properties lean towards the groun{b&fatget could
be trapped at metastable states. A magnetic material, when dressed with distinct
metastable spigonfigurations (e.g., different domain patterns), can host a variety of
topological phenomena such as chiral domain wWaB$, skyrmions[94], and exotic
fermions[95], thereby essentially constituting distinct guantum matters. Therefore, the
ability to prepare metastable spin microstructures without changing lattice structures
can enable facile, nechemical approaches to diversifying quantum matters and
phenomena. Hoewer, to this end, previous efforts have focused on utilizing intensive
energy [72, 96, 97] to alter the already established spin configurations such as
magnetization switching, but little has been achieved regarding how to tailor the phase
transition kinetic pathway[®8-100]to efficiently guide the formation of distinct spin
configurations.

The recently emerged 2D layered magn@®, 31, 32, 73Jopen up new
prospects because their properties can be modified with unprecedented freedom

through various external stimul80, 51, 52, 101, 102Jamong which the optical
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incidence could prompt nondestructive manipulation without adding device
complexities. Itinerant magnets, in which conduction electrons are responsible for the
long-range magnetic ordg¢R4], provide intriguing platforms where spin and charge
degrees of freedom are intricately coupled, potentially allowing efficient electrostatic
and optoelectronic control of magnetism. While electrostatic doping can modulate the
low-energy electrons at thesfi surface, optical excitation can populate the -igh
energy eletons, both locally and globally, thus holding unique characteristics in
mediating itinerant 2D magnetism.

Here, we report higlefficiency optoelectronic training of 2BesGeTe — a
prototypical itinerant 2D ferromagnet. Through scanning RMCD microscopy, we find
that while both electrostatic gating and optical incidence iF2feTe during the
ZFC process can cause the formation of lagied magnetic domains, the latter
approach is markedly more efficient (i.e., with similar domain enlarging effect, the
needed doping level by optical incidence is three orders of magnitude l@amethtt
by electrostatic ging). Remarkably, with ultralow power density (i.e., ~20 W fn
the LP light enlarges the magnetic domain size randomly of both spins, whi@Rhe
light can deterministically cause the formation of single domain, with its magnetization
orientation determined by the optical helicity. The helical optical effect on magnetic
domain formation can be attributed to the photoexcitedpplarized electronsvhich
behave as the initial magnetic nuclei for the single domain growth nedg.tl@@ur
ultralow-intensity optical control of magnetic domain formation in itinerant 2D
magnets paves the new route for efficient preparation efliavensional spin textures

for emergent quantum phenomena and ultracompact spintronic devices.
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3.2 Sample Preparation and Characterizations

3.2.1 Sample Preparation

The bulk FesGeTe single crystals were synthesized by the chemical vapor
transport method. Felayer samples were mechanically exfoliated and deposited onto
260-nm-thick-SiOy/Si chips without other capped materials. To avoid unintended
exposure to oxygen, the samples were cleaved and stored inside a Fitlegen
glovebox with oxygen and moisture levels below 0.1 ppm. For all the measurements,
the samples were loaded in tirgostat with vacuum level below 2@ orr, which could
also avoid unintentional sample degradatidre hysteresis loops of tkesGeTe (Fig.

3.1) clearly show the great quality of the sample with prominent hysteresis loops. The
neglectable difference before and after all the measurenssn indicates no
detectable degradation or magnetic structural damage during the measurement.

Here, the electrodeswere fabricated with higkresolution electroeam E-
beam) lithography. First, the 260n-thick-SiO,/Si chips were cleaned bicetone,
Isopropyl alcohol (IPA), and deionized water. After drying, the positive photoresist
polymethyl methacrylate (PMMA) was spaoated on chips for 1 min with 4000 rpm,
resulting in around 2066mt hi ck photoresi st. After baki ng
min, the chips were loaded into theifR e-line to define the pattern of tledectrodes
Then, the chip were developed in the solution with Methyl isobutyl ketone (MIBK):
IPA 1:3 for 30 s. After the lithography procetsp electrode (Cr/Au 5 nm/50 nm) was
deposited by the thermal evaporator for wire bonding. A highdgped Si substrate

served as the bottom electrode. The device was mounted on alilvakiocket sample
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stage with silver paint, with both top and bottom electrodesareled to sockets for

applying gate voltage (Figu®&2).
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Figure 3.1: The hysteresis loops of thesBeTe flake at 90 K before and after all the
measurementsvhere the sample remained the same as the loop of this sample before
any measurement, indicating no detectable degradation or magnetic structural damage

during the measurement.

Top electrode | Fe,GeTe,

Si++

l Bottom electrode

Figure 32: lllustration of the baclgateFesxGeTe device The gate voltages are applied
between the top Au/Cr electrode and the bottom higidgged Si substrate electrode.

3.2.2Thickness Characterizatisn

Each FesGeTe monolayer consists o FeGe slab sandwiched by two Te
layers (Fig. 3.3 (a)), with a strong enftplane magnetic anisotropyesGeTe samples
of three four, and fivelayers (3L, 4L, 5L) were identified by examining the optical
contrast and further confirmed by the terahertz Raman spectroscopy. Eigui®

shows a linear dependence of optical contrast on layer numbers in the ultrathin region,
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consistent with the prior workKL04]. Layer numbers of 2D flakes were identified by
examining the optical contrasthich is defined as (§&mpleGsubstraty Gsubstrate Where
Gsample and Gubstrate are intensities of the reflection on sample and substrate,
respectively, in the green channel of the optical image.

The acquisition of Raman spectraFeGeTe flakes was done with an Andor
Shamrock 500i imaging spectrometer. The laser (excitation wavelength 532 nm) was
focused on the samples loaded in a Montana cryostat via a 50x objective with a
numerical aperture of 0.5. One bandpass filter (OptiGrate Gogs.used to clean up
laser spectral noise, and three Bragg notch filters (OptiGrate Corp.) were used to
suppress the Rayleigh line bandwidth down to ~8 .clthe Raman interlayer shear
mode (Fig 3.3 (c) exhibits a blueshift with increasing layer numbers in the ultrathin
region € 5L), agreeing well with the cosine functibi=fsc 0 s ( 1/ 2 MB)is,thewh er e
shear mode frequency of buflesGeTe experimentally measured at 21.3°¢nand N
is the layer number of ultrathifesGeTe [105. Besides, w alsomeasured the
temperaturalependent RMCD 08L and 4LFesGeTe sampleswhich confirms the
Tc of 3L and 4LFesGeTe samplego be 120 K and 145 KespectivelyFigure 3.4).

These results areonsistent with the previs report orFesGeTe [30], which could

also serve as evidence to support the thicknesses of the samples.
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Figure 3.3: Thickness characterization of atomically tlkiegGeTe. (a) Side and top

views of the atomic structure of monolayeeGeTe. (b) Green channel optical
contrasts of the 3L4L, and 5L FesGeTe. The optical contrasts of the 3L and 4L
FexGeTe follow the linear relationship between the optical contrast and layer number
crossing the zero point. The blue dashed line serves as an eye guide. Error bars
represent the standard deviation of the statistical analysis of the optical cqojrast.
Raman interlayer shear modes in flayer and buld-esGeTe. The left panekhows

the shear mode peaks BBEsGeTe of different thicknesses, and the right panel
summarizes the cosine trend in the blueshift of the peak frequency with increasing layer

numbers.
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Figure 3.4: Temperaturedependent RMCD of 3L and 4EesGeTe samplesTheTc
values of the 3L and 4EesGeTe are at 120 K and 145 K, respectively, agreeing well
with the previously reportetc values.

3.2.3Experimentalptical Path Setup

To directly visualize the impact of ligiricidenceon the domain structures in
FexGeTe, webuilt the optical path for the 633 nm detection laser to scan the RMCD
images of the sample, and the 532 nm incident laser to optically manipulate the
magnetic domain formation of the sample, as shown in Fig. 3.5.

The RMCD characterization of magnetization was conducted by focusing a
powerstabilized HeNe laser (633 nm, ~5 WWhorlabg on the samples loaded in the
Montana cryostat (vacuum below4Torr). An objective of numerical aperture 0.5
was used to focus the beam down to amidrometer spot size on the samples with a
power density of ~6 W pr?. The reflected light was collected by the same objective
and detected by a photodiode. 2D magnetic materials witbfeqplane magnetization
have different reflectece for normally incident LCP and RCP lights. To obtain the
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RMCD signal, the helicity of the incident laser was modulated between left and right
by a PEM at 50 kHz and the intensity of the incident laser was modulated by a
mechanical chopper at 237 Hz. The RMCD was determined by the ratio of an AC signal
at 50 kHz (measured by a leagk amplifier) and a lowfrequency AC signal at 237 Hz
(measured by anothtock-in amplifier) of the reflected light intensity. For the RMCD
mapping, we focused on the large uniform area in the flake away from the regions of
many edge$o avoid the influence of the complex edges.

The optical training of magnetic domain formationFe&GeTe is conducted
through the532 nm green laser (Laser Quantum). TW green laser first goes
through the polarizer to creatd® light. Based on the measurement requirement, a

guarterwaveplate is placed at 4%o the transmission axis of the polarizer to create the

CPlight. To swtich the left or righ€P light, a halfwave plate was placed behind the
guarterwave plate. The flip mirror controls the green laser to follow the same path as
the red laser into the beam splitter. The reflected green light is received 6¢Zhe
thereby indicating the size of the laser spot. We intentionally defocus the green laser to
get a larger incident region on the sample, which can be controlled by tuning the

distance between the objective and the sample.
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Figure 3.5: Schematic of the experimental setup for optical training and RMCD
scanning of F&eTe flake. For optical training of magnetic domain formation, the
532 nm polarized (LP or CP, controlled by waveplate) CW laser shined upon the whole
FexGeTe flake during the entire ZFC procesBhe green lasewas intentionally
defocugdto get a larger incident region on the sample, which can be controlled by
tuning the distance between the objective and the samplenaintain the power
homogeneity and stability across the flake, the laser spot was monitored for a constant
spot size during the whole cooling pess. For RMCD scanning, the 633 nm CW laser

was focused down to a sulicrometer spot size on thedaeTe flake at 110 K. The
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AC signal of the reflected 633 nm laser was detected by a photodiode and measured by

two locki n ampl i fiers at PEM and chopper freq
waveplate, BE, beam expander, C, chopper, PEM, photoelastic modulator, BS, beam
splitter,CCD, chargecoupled device camera, PD, photodiode. Inset of lower left panel:

optical image of the E&eTe flake; the region circled by the dashed line. Scale bar, 5
pm.

3.3 Optical Control of Magnetic Domain Formation in TRéanensional Magnets

3.3.1 Control Magnetic Domains Formation esGeTe by Electrostatic

Doping duringZero-field Cooling

We first fabricated backate 4LFesGeTe device (Fig 3.2), where the charge
doping level inFesGeTe can be modulated by the applied gate voltages. The device
was cooled down to 110 K (well below¢) under zero magnetic field without gate
voltage and the lowpower 633 nm cw laser was focused into micrometer size for
scanning RMCD measurements of the E&GeTe. As shown in Fig3.6 (a) the
RMCD mapping ofFesGeTe flake with zero gate voltage shows ~44% spn
domains (yellow regions) and ~56% spiown (blue regions) domains at 110 K after
ZFC. Next, we heated up the sample to well abwim vacuum ér demagnetization
and repeated the same cooling process under 50 V gate voltage. After cooling down to
110 K and switching off the gate voltage, we observed a clear enlargement of domains
size as shown in Fig3.6 (b) where the coverage of spip domains observably
increases to ~65%. These results indicate that electrostatically induced electrons in
FesGeTe could enhance the 2D itinerant ferromagnetism, which therefore manipulates

the domain structure during the formation process.
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We further applied different gate voltages and calculated induced electronic
doping level during each cooling process for a systematic s8idgeFe:GeTe is
conductive, we could directly use the classical capacitor model to calculate the induced
electron doping level iffesGeTe, whereFesGeTe serves as the top capacitor plate
and the highlyp-doped Si substrate serves as the bottom plate. Then the induced
electron doping level can be calculatgd b
_®

Q
where¢ and0 are the surface charge density (doping level) and total charge in

o:| (el

FesGeTe induced by gate voltages, respectivélyis the area of thEesGeTe flake,

is the relative permittivity o8I0, (3.9), is the vacuum permittivity (8.854 x10
2EmY), wis the applied gate voltage, afds the thickness of th8iO; substrate (260
nm). In our case, the calculated electron doping level is up to ~# ¢’ under 50
V of gate voltage. Note that we did not consider unintentional doping in the as
fabricated device. Even with the unintentional doping included in consideration, the
modulated doping level change (as a relative value) remains the same as the above
estimation.

As summarized in Fig3.6 (c) increasing electron concentrationAesGeTe
causes a monotonic increase in the proportions of thensgjority domains, which
implicates a feasible approach to control the domain formation through controlling the
charge doping level. It is worth noting that even with the 50 V gate voltage applied o
the F&sGeTe, the induced doping level is on the order of?I@n?, still oneto-two
orders of magnitude lower than the required doping level (i.e.*~a@?) for

effectively altering the grounstate exchange interaction or magnetic anisotropy in
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FexGeTe [30, 5]. Thus, the notable tuning effect here is not through altering the
ground state properties, but is attributed to the increased density of mobile electrons,
diffusing around to couple nearby regions for the laggge domain formation.
Microscopically, whie a local region of slightly highéfc enters thé-M phase first
during the cooling process, the sialarized electrons in this region of itinerant

ferromagnets can move around to guide the nearby regions to enter the same spin

orientaton.
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Figure 3.6: Increasing the magnetic domain sizé-@mGeTe by electrostatic doping
during ZFC (a and bRMCD mappings and schematics of #®GeTe device after

ZFC in the dark with the applied bagate voltages of 0 V (a) and 50 V (b),
respectively. The scanning RMCD was conducted at 110 K after withdrawing the
applied voltage. Inset in (a), optical image of the device; the region circled by the
dashed line, RMD mapping region for (a,b); scale bar, 10 o) Proportions of the
spirrmajority domains as a function of the electron doping levétesGeTe. The
increased electron concentrations are shown to monotonically increase the proportions
of the spirmajority domains. The error bar represents the standard deviation from the

proportions of spirmajority domains measured in the RMCD mappings.
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3.3.2 Control Magnetic Domains FormationAeGeTe by Linearly Polarized

Light Incidence duringero-Field Cooling

We first examined the RMCD mapping of thesGeTe: flake after ZFC in the
dark, which showsnultiple spirup (yellow regions) and spidown (blue regions)
domains at 110 K (Fig3.7(a). Next we heated up the sample to well abdven
vacuum for demagnetization and cooled it to 110 K again under the incidence of the
LP light of 13.8)W pm "2 which covered the entiféesGeTe flake. After turning off
the optical incidence of the 532 nm laser and subsequently scanning RMCD mapping,
we observed a clear enlargement of the domain size3Figh), with the coverage of
spinup domains (yellow) higher than that of spiown domains (blue). The RMCD
mapping after another ZFC in the dakg 3.8 shows a similar domain pattern to Fig.
3.7(a) which confirms that the enlargement of the domain is induced by the light
incidence but not a random resWe further applied the LP light of different power
densities during each cooling process for a systematic study. As summarized in Fig.
3.7(c) increasing the power density leads to a monotonic enlargement in the size of the
largest and secoHddrgest domains in thEesGeTe flake. This result indicates that
optically injected electrons strengthen the dmgpof nearby regions ifresGeTe,
enlarging the formed domain size.

Furthermore, w estimated the optically induced charge doping level and
summarized the proportions of the largest and setamést domaisin Fig. 3.7(d).
The largest laser power used here is 20 (W3which can in total supply 5.4 x &
photons per square centimeter per second. Given tk@efFe are metallic materials

with zero band gailL06, 107], the estimation of the photoexcited carrier density could
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be directly converted from the incident photon density without considering the
wavelength of the photon. Next, assuming the quantum efficiency is &0d%tre
photon absorption is 100 in our case (setting the upper bound for the subsequent
estimation) the photoexcited carrier density can be estimated by:
Eo & p A-

where¢ 0 is the photoexcited carrier density at tilmeé is the photoexcited
carrier density at the steady state, amslthe lifetime of photoexcited electrons. Given
the absence of knowledge Din 2D FesGeTe, we used the one in Fe thin film (=10
125) for an estimatioand he lifetime of Fe we choose here is among the largest value
(e.g., 101-10%? s) [108-110], which maximizes the estimated optically induced
electron doping level. Then, the calculated carrier density) (excited by our
continuous wave laser is up to 21n2. Furthermore, the optically induced doping
level is five orders of magnitude lower than the required level (i.e!}ef?) that can
effectively alter the fundamental exchange interaction and magnetic anisotropy in
FesGeTe [30, 51] Given this estimation is the upper bound rather than the lower bound
of photoexcited carrier density, it is evident that our optical training of itinerant 2D
magnetism irfFesGeTe is not caused by the dopimgodified ground state properties
such as exchange interaction orgmatic anisotropy, but essentially caused by the
enhanced itineracy near the critical point that alters the phase transition kinetics

Meanwhile, wesurprisingly observed thdhe orientations of the largest and
secondargest domains, as highlighted by the symbol colors in Fig(d) remain
randomthroughout the repetitive experiments with increasing power densities. These

nonselective enlargements of magnetic domaunggests that the LP photons can
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enhance the formation of largeized magnetic domains, whereas the competition

between spiopposite domains within a limited area could result in a larger portion for

either spin randomlyit is well known that vaenCPlight interacts with electronfight

exerts a torque on the electron's spin due to the oscillating electric field. The torque can

cause the electron's spin to proceed around the direction of the applied toghte.

can effectively transfer angular momentum to the electron’s spin. Tdteoals spin

changes its direction and becomes gmlarized. This observation triggers the

interesting question regarding whether CP photons can enable selective enlargement of

magnetic domains of one specific spin orientation for deterministic control.
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Figure 3.7: Enlarged magnetic domain sizefkmGeTe by LP light incidence during
ZFC. (a and b) RMCD mappings of a AesGeTe flake without (a) and with (b) the
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incidence of LP light throughout tlZ#C process. The scanning RMCD was conducted

at 110 K. The LP photons are shown to effectively enhance the formation of larger
sized domains. (c) The largest and seelangest domain area as a function of the
power density of the incident LP light. The LPopbns are shown to monotonically
increase the size of the largest and sedargkst domains with higher power densities.

(d) Proportions of the domains as a function of the electron doping level/power density
of theincident LP light. Symbol colors represent the orientations of magnetic domains
(yellow for spinup, blue for spirdown). The competition between spip and spin

down photoexcited electrons results in enlarged domains with random spin orientation
duringdifferent cycles of the repetitive cooling processes. The error bar represents the
standard deviation from the proportions of spiajority domains measured in the

RMCD mappings.
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Figure 3.8: RMCD mappings of th&esGeTe flake at 110 K under repeated ZFC in
the dark The heating and cooling cycles were repeated on the Ba@eTe sample

without light incidence.
3.3.3 Control Magnetic Domains Formation FeGeTe by Circularly
Polarized Light Incidence duringero-Field Cooling

To examine our scenario that CP light incidence can selectively control the
domain formation iFesGeTe, we shined the CP light onto the entire B&GeTe
flake during ZFC down to 110 K, after which we turned off the 532 nm CP light and

used 633 nm probing light to conduct the RMCD mapping. Remarkably, a single
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domain with its magnetization orientation determined by optical helicgit(or left
circular polarization,o. o r +) was achieved. Figur8.9 clearly demonstrates the
progressive evolution towards a siongl e
o+ photons. Specifically, at the power density of 21.0 pW$nCP photons of both
hel i cli ©icase thé formation of a nearly single magnetic domain (> 90%
proportions of spirup/spinrdown domains). For CP light experiments, the spin
orientations of the spimajority domains exhibit a deterministic correlation with the
optical helicity, which isn stark contrast to the results of the LP light experiments.
Figure3.9 (b) summarizes the coverage of the spiajority domains as a function of

the power density of CP light, indicating a higher efficiency for CP light in promoting
the single domain fonation than LP light. Specifically, FiguBf(b) shows the overall
steeper slopes and higher proportions of the-sgjority domains for the case of 21.0

W pm Zincidence than that the case of LP light experiments shown in Bgucb)

This observation agrees with the fact that CP photons preferentially excite electrons of
one spin orientation (either spip or spindown, depending on the optical helicity),

thereby promoting the single domain formatio
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Figure 3.9: Controlling magnetic domains in #&eTe by CP light incidence during
ZFC. (a) RMCD mappings of the 4L g@eTe flake with the incidence of CP lights of
different power densities during ZFC. (b) Proportions of the-spjority domains as

a function of paonwdeligbtsdespestively.iUader higter power
densities of CP photons, the spirajority magnetic domains increase monotonically
in size with their magnetization orientations determined by the optical helicity. The
error bar represents the standard deviatimmfthe proportions of spimajority
regions mesured in the RMCD mappings.

Such an optical effect occurs primarily in the optically shined area, and due to
the limited spin diffusion length, the optical effect cannot noticeably extend to the dark
region. As we shined the CP light to partially covefFasGeTe flake, after the ZFC
process, only the domain pattern inside the incidence region exhibits the optical training
effect (Fig. 3.10, while the dark region remains unaffected. This indicates the
prospects of our optical approach, together with nanophotonic structures, in selectively
addressing distinct physical regions for exquisite patterning of 2D magnetism. Finally,
we reproducedhis deterministic control of domain structures in 3L and-8iGeTe,
and another 2D itinerant magnets6eTe with higherTc (Fig. 3.11and Fig. 3.1},
showcasing the general effectiveness and robustness of our optical training of 2D
itinerant ferromagnetism.
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Figure 3.10: Controlling local magnetic domains FesxGeTe by partial incidence of

CP light. (a) Optical image of the fedayer FesGeTe flake (RMCD mapping area
circled out by the black dashed line). The green solid circle highlights the region
irradi at ed _hght (b) RMCDappingmhihéeGeTe flake at 110 K
without light incidence during the ZFC proce&d.RMCD mapping of the same flake

at 110 K aft er.lighhie thel gneen aifcted cegion during @FC.
Compared with the domain pattern in (b) only the domain pattern in the incident region

clearly differs, whiclsuggests the spatial addressability of this optical training.

(a) RMCD (%)
0 W pm-2 27.3 yW um2 g_ 27.3 YW um2 o, 0.2

27.3 yW um2 o,

Figure 3.11: Controlling magnetic domains in 3L and besGeTe by CP light during
ZFC. (a and b)RMCD mappings of the 3L (a) and 5L (B&GeTe flake at 100 K.
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Panels from Il eft to right repress€ight ot he do

incidence during the ZFC process, respectively. Without light incidence, both flakes
form multiple magnetic domai nsa nadligdl 00
incidence during ZFC foster single domain in 3L and=&tGeTe with clear helicity
dependent domain orientation, similar to our observation inF&GeTe, which

indicates the general effectiveness of our optical training iRGBeTe flakes. Insets:

optical images of 3L (a) and 5L (B=GeTef | a k e, respectivel y.
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Figure 3.12 Controlling magnetic domains fesGeTe by CPlight duringZFC. (a)
Optical image of the fedayer F&sGeTe flake (RMCD mapping area circled out by
the black dashed linejb) RMCD mapping of thd-esGeTe flake at 110 K without
light incidence during the ZFC proceg¢s.and d)RMCD mappings of the same flake
at 110 K aft era ntdHigat duringZFd, eespectvely Similar to the
control effect orFexGeTe, theCP photons enable a deterministic control of the spin
orientation of the resultant approximate single domaiReyGeTe, which indicates
the general effectiveness of our optical training of 2D itinerant ferromagnetism.

In addition, we also conducted a new experiment to spatially define domain

patterns in an B&eTe flake, which could achieve the magnetic domain with less than
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1 pm di ameter. First, we confirmed that, f
magnetic field (> 10 Oe) cooling or RCP light incidence (> 27.3 (W3ander ZFC

led to spiRrup single domain formation (i.e., positive RMCD value), while the negative

magnetic field cooling or LCP light incidence under ZFC led to-gomn single

domain formation. Next, we cooled thesBeTe flake with a +12 Oe external

magnetic field and focused the LCP light (63.7 WfHn on t he spot (<1 pm
of theflake. As shown in Fig. 3.13, the LCP light incidence under positive field cooling

results in a small circular domain at the incidence position with the opposite spin
orientation to the other region. Figure 3.13 (b) shows the Zndine scan, which

cleaty shows a circular spjd o wn domain pattern in the cen
diameter. Similarly, Fig. 3.13 (c) shows the domain pattern usideiOe external

magnetic field cooling with LPC light incidence on the samgGEd e flake, which

shows an opmite domain pattern. These skyrmilike magnetic domain pattertny

whirlpools of magnetic spird i a me t e rinduyced Xhropgm pur optical training

method reveal the unique advantage of our optical method for tailoring magnetic
configurations at the submicretale level, which holds significant potential in various

applications, including data storage, spintron@sl quantum computing.
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Figure 3.13: RMCD mapping of afresxGeTe flake under focuse@P light incidence

with opposite magnetic field coolinga) RMCD mapping of akesGeTe flake with

63.7 W pm= focused LCP light incidence under +12 Oe external magnetic field
cooling. The incident region shows slown magnetization (blue) while the other

region shows spHup magnetization (yellow). Inset, optical image of B@eGeTe
flake. Scal e bar , -indife-scanRMCDH mmappang dearlazy )the Z o o m
incident region. The magnetization under LCP light with the positive external magnetic

field cooling (b) has the opposite spin orientations to 68 Rght incidence under the

negative magnetic field cooling (c).

3.4 Mechanism Discussion afithomogeneityof Two-Dimersional FesGeTe

The mechanism underlying our lgpower optical training of magnetic
domains fundamentally differs from those conventional optical switching of
magnetization in the previous wofR6, 111114]. It is important to note that our
optical radiance is throughout the cooling process, rather than only being shined at low
temperatures while materials are alreadyh phases. First, our observation cannot
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be explained by photdoping induced changes in the fundamental magnetic coupling
strength inFexGeTe, since the photoexcited carrier density in this work is on the order
of 1&° cm?, five orders of magnitude lower than the required doping level (i.el*~10
cm?) for substantially altering the fundamental magnetic couplirgiGeTe.

Second, the inverse Faraday effect (IFE) is not applicable here. The largest laser
power density (21.0 W uif) is sixto-eight orders of magnitude lower than the
needed instantaneous power density-1® W pm ) for a noticeable induced static
magnetization, which is usually caused by the strong femtosecond laser pulses. This
stark contrast in power densities highlights the distinct underlying mechanisms
between previous work based on IFE and our work. Alsoshittild be based on CP
light and cannot eain our LP light experiments. Furthermore, we tested the field
cooling effect for a quantitative comparison with the optical training experiment. We
found it required about ~10 Oe external magnetic field to reach the single domain
formation in a 4LFesGeTe sample that our ~27 W pm CP light incidence during
ZFC achieved, suggesting that if the IFE is the dominant mechanism our adopted ~27
W pm -2 CP light would generate ~10 Oe effective magnetic field. Howgvevious
studies showed that femtosecdaders with CP photons could generate the IFE and
thus act as effective magnetic fidiids [115-117], which can be estimated by

3 rA K
wherekE is the electric field of the light wavhj is the vacuum permittivity, and

B i s t h-epticalsugcemilility. Th& of light is related to the light intensitl,
by'O - sA 'Ks, wherecis the speed of light in vacuum. Given the absence of

knowl edge BefGeT@, we used 2hB one in Fe (2 x%0m/A) for an
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estimatiod. Within this approximation, a CP laser with power density of 20 W pm

2 can only generate an effective magnetic field= 3 =g Which again rules out

the IFE as the main mechanism underlying our observations. Last, the magnetic circular
dichroism mechanism relies on the repetitive unequal heating of domains of opposite
spins by ultrafast CP pulsgd413, 114] which is also not applicable for our
experiments.

As we consider thenhomogeneity of the practical magnet due to many
inevitable factors, including substrate roughngk¥8], nonuniform unintentional
doping[119], and random impurities and imperfectiq@0], the promising scenario
underlying our optical training of magnetic domain formation can be as follows.
Practical inhomogeneity can easily interrupt the interaction between local regions of
the 2D magnet flake, resulting in each region having its own Taegfig. 3.14 top
left). Therefore, during ZFC in the darkpseated by regions of lowdk that are still
in the paramagnetic phase, the regions with the higheenter theFM phases
independently, thereby forming multiple magnetic domains @it, top right). For
the case of LP light, during ZFC, the local regions of the higheStst enter theFM
phase randomly. Afterwards, the LP light excites the-ppiarized electrons of these
FM local regions of the highe3t, and these excited sppolarized electrons diffuse
to nearby regions, causing the formatidhargersize domains (but not single domain)
by LP light[121]. For the case of CP light, the optically excited gpaharized electrons
serve as the initial magnetic nuclei to decide the spin orientation of each region (Fig.
3.14 bottom left). When the temperature drops across eachToectle electrons in

these local regions couple with the initial magnetic nuclei through exchange
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interaction, leading to the formation of domains of the same spin orientation in different
local regions (i.e., single domain, F&14 bottom right), analogous to the adoption of

seeds for chemical vapor deposition of lasgge single crystals.
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Figure 3.14: lllustrations of the domain formation process of a practical 2D magnet in
thedark (top) and under CP light incidence (bottom) during ZF@p panels: as the
temperature decreases, regions with different [deauccessively enter the magnetic
phase. The regions of the highey will independently enter thEM phase and form
multiple domains, separated by the lowerregions that remain in the paramagnetic
phase. Bottom panels: the optically induced gmlarized electrons act as initial
magnetic nuclei (yellow arrows) to align the orientations of the neighboring spins,
resulting in the formation of the single domaimith its magnetizatin orientation

determined by the optical helicity.

3.4.1 Temperaturddependent Coercivity Mappings B&GeTe

To experimentally demonstrate such inhomogeneity of RZEGeTe and
measure resultant locat variance, we scanned hysteresis loops a@ossl 0 x 10
region in a 4L FeGeTe flake and summarized the temperatdependentHc

mappings of this region (Fi§.15 (a). We selected a region characterized by a uniform
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sample thickness to avoid the thickn@ssuced magnetic properties variations. With

a 2 K interval, the locaH. was read out from the hysteresis loop measured at each
position during the ZFC proces the dark. As the temperature drops, 1zeno Hc
appears successively at different positions, indicating that these positientheFM
phase. Figur&.15 (b)summarizes the distribution of locat in the scanned region
with ~8 K T¢ variance, which will likely facilitate multidomain formation during the

ZFC process
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Figure 3.15. Temperaturalependent coercivity mappings of BesGeTe flake. (a)

TemperaturelependenHc ma ppi ngs scanned over a 10

FesGeTe f | ak e, with the w<eéreH apsearg succesdivelylat p m.

different positions as the temperature decreases from 150K to 142K. The grey blocks
in Hec mappings represent the positions out of the flake. (b) Summary ofcthe
distribution in the scanned region in thesGeTe flake. Practical inhomogeneity
interrupts the interaction between local regions, resulting in ~8 K Tecahriance in

the scanned region. Inset: optical image offieTe flake. The dashed line circles

the scanned region fétc mapping ina. Scal e. bar , 5 um

3.4.2 Temperaturddependent Hysteresis LoopskkGeTe

We selected a uniforfiesGeTe thin flake and locally measured temperature

dependent hysteresis loops at two different positions on this flake by RMCD. The
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hysteresis loops from two positions (P1 and P2) show diffétenalues at the same
temperature (Fig3.16), which indicates the inhomogeneity of magnetism in these two
positions. As we increased the temperature, the coercivity of P1 dropped to Z90 at 1
K while the coercivity of P2 dropped to zero coercivity 46 K, suggesting the local

Tc values of P1 and P2 have a 7 K differermansistent with th&c variance value in
Fig. 3. B.
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Figure 3.16: Temperaturaependent hysteresis loops from two positions in a uniform

FesGeTe flake. (a) Temperaturdependent hysteresis loops from position 1 and

position 2 (P1 and P2) in a unifofr@GeTe flake. The clear differences in coercivity

at the same temperature indicate the inhomogeneity éfed@eTe flake. (b) Optical

image of thd=esGeTe flake. Two red dots indicate the positions where hysteresis loops
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are obtained by RMCD. Scal e bar, 20 um.
temperatures. The black and red arrows indicate the temperatures where coercivities

drop to zero, suggesting a ~7 K differenc@dof these two positions.

34.3 FirstOrderReversalCurve measurement 6&GeTe

Next, to confirm such inhomogeneity is universal in BeGeTe flake, we
conducted firsbrderreversalcurve (FORC) measurement to analyze thidc
distribution in the 2D magnet, which is a very common method to provide detailed
information on the magnetic reversal mechanigg®[ 123. FORC measurement was
conducted to providél. distribution information in the measured redibff, which

indicates the inhomogeneity of the H&sGeTe. The 633 nm RMCD detection laser

was expanded on a r egi ofFmGelé. The h&gnefization n di am

(M) of the measuredegion was represented by the RMCD value. A FORC was
measured by saturating the sample in a magnetic fiklg,(decreasing the field to a
reversal field K;), and then sweeping the fieltl back toHsatin a series of regular

field steps. The magnetization of the measured region was recorded during each cycle.
This process was repeated for different valuell;ofalues with equal field spacing,
which yields a series of FORCEhe FORC distribution is then defined by a mixed
secondorder derivative:

pl 0 "ORO o O 0 o O O
¢ 1TOr'™©O C C

" "OhO

FORC diagrams can be constructed that
local coercivity,Hc, and the bias fieldil,. Our results in Fig3.17 show that théHc
distribution in the scan region is arouf@0-620 Ceat 110 K, which also indicates the

inhomogeneity of th&esGeTe flake.
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Figure 3.17: FORC measurement on BesGeTe flake. (a) A family of FORC curves
for a region in aresGeTe flake obtained at 110 K by RMCD. Inset: the optical image
of the measureBe;GeTe flake. The red dashed circle indicates the scan region. Scale

bar, 20 pm. (b) The <corr es HgHycoondmpatds.ORC di s

The black dashed lines indicate tHedistribution in the scan region is ~4%820 Oe
at 110 K, which clearly shows the inhomogeneity ofRagseTe flake.

3.4.5 Coercivity Mappings from DiffererfesGeTe

Last, to prove the universality of such inhomogeneity in 2D magnets, we further
examined thedc mapping of five differenEesGeTe flakes (Fig.3.18). From the Hc
mappingswhere all theHc mappings show arourttindred Oe of Hc differenceat
different temperaturesndicating the inhomogeneity and the logalin 2D FesGeTe

is a universal phenomenon.
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Figure 3.18: Coercivity mappings of fivd=esGeTe flakes (ae) Coercivity of five
FesGeTe flakes at 90, 100, 100, 110, and 110 K. The coercivity mappings from
different flakes at different temperatures show clear coercivity variance, which
indicates the inhomogeneity and the different lokain 2D FesGeTe is a universal
phenomenon.
3.5 Summary

In conclusion, this study has demonstrated the-kffjbiency optoelectronic

training of itinerant 2D magnetism. The results indicate that both electrostatic and
optical doping duringZFC effectively foster the formation of largeized magnetic
domains, with optical incidence yielding significantly more efficient control. The use
of LP photons was found to increase domain sizes of both spins, GRifghotons
deterministically promoted the formation of single domains according to the optical
helicity. This study has shown that this higftiiciency optoelectronic training of
magnetic domains by circular photons is enabled by photoexciteebaliainzed

electrons, which can serve as initial magnetic nuclei throughout the 2D samples to

guide the single domain formation. This approach employs minimal energy to tailor the
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phase transition kinetics near the critical point to guide the magnetic domain formation,
in contrast to the traditional optical training of magnetism that focuses on ground state
alternation by dumping intensive energy into materials. As different spiotstes,

even if residing on the same atomic structures, can host distinct topological and
guantum phenomena, this ultralgpewer optoelectronic training of itinerant 2D
magnetism opens nerhemical, reversible routes to the plethora of new quantum
mattes and phenomena. The findings presented in this study have significant
implications for the development of efficient optoelectronic training methods and the

exploration of novel quantum phenomena in itinerant 2D magnetism.
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ChapSetrr ain Engineering of Hybri

Tw®i mensi onal Magnet s

4.1 Introduction

The vdW heterostructure engineering has recently harvested prominent success
in generating novel electronic, optical and magnetic properties, which would otherwise
not exist in singlgphase materialgl6]. The outstanding examples include interlayer
excitons in transition metal dichalcogenide heterobilayé&4, 125, emergent
superconductivity and magnetism in trilayer graphene in junction with hexagonal boron
nitride [126, 127] and topological spin textures in layered magnets interfacing with
strong spi-orbit-coupling materialg[53, 128] It has been well known that the
exchange bias effefi29] stems from the interfacial exchange coupling betwedn
and AFM materials, leading to the functional magnetic heterostructures underpinning
a variety of norvolatile spintronic devices such as spin val{i£30, 131] magnetic
memories[132, 133] and tunneling magnetoresistance devifE34, 135] The
exchange bias has been recently demonstrated in vdW versions of ferremagnet
antiferromagnet heterostructuds86-138], paving the significant step towards ron
volatile vdW spintronics.

The demonstration of exchange bias in vdW heterostructures highlighted the
significance of the interlayer exchange coupling despite the large vdW spacing between
layers. This knowledge agrees well with the rich interlayer magnetic configurations in
the vdWmagnets reported to date, such as the sensitive stacking order dependence of

interlayer magnetism irls [139, 140] Given the sensitivity of magnetism towards
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structural parameters, whether nonuniform strain across different layers of a vdwW
magnet can cause mixed magnetic phases represents a new perspective to synthesize
hybrid magnets without the need for assembling or epitaxially growing
heterostructures. Onseiccessful, this development potentially opens up a large space

of unexplored magnetic phenomena and ushers in the novel mageetanical
spintronic devicefs5].

Here we report the FM\FM hybrid phases with strong exchange bias in vdwW
magnets through intralayer strain with a vertical gradient across layers. By placing
layered vdW ferromagnet&&GeTe and FesGeTe) onto nanopillars, we produce a
vertical gradient of intralayer strain, which leads to the partialt&dMFM phase
transition in the engineered magnets (Hid) — that is, the more stretched layers in
close contact with nanopillars are converted into the interlayer AFM phase, while the
less stretched ofully relaxed layers atop separated from the direct contact with
nanopillars remain the interlayer FM phase. Through scam¥M@D microscopy, we
find that itinerant vdW magnets of boffesGeTe and FexGeTe exhibit the clear
exchange bias on nanopillars, suggesting the formation eAFM hybrid phases. By
registering the images of thdg] mapping and phonon frequency mapping, we reveal
the direct correlation between exchange bias and lattice strain. Finally, we find that the
exchange bias exhibits a rkad dependence on the pillar height, suggesting a feasible
knob to engineer hybrid magnetic phases, which can be specifically tailored for
different physical positions. Our nanoscale strain engineering of hybrid magnetism

provides a fundamental understargliof interlayer vdwW magnetism, and opens new
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avenues to developing novel magnetechanical devices such as strain sensors and

spintronic transducers and actuatdsl, 142]

FM-AFM ™ ™ FM
hybrid phases 1 single phase
1 He
é o
w : B
|

Figure 4.1: Schematics of a layered vdW magnet (é=gsGeTe or FesGeTe) on a
nanopillar and the illustrated hysteresis loops in different regibms layers become

the interlayer AFM phase in the relatively higisérain region in close contact with the
nanopillar, whereas the layers remain in the interlayer FM phase in the relatively lower
or vanishingstrain region (i.e., the layers either vertically or lateraillyay from the
direct contact with the nanopillar, as indicated by the blue color region in the bottom
illustration). The interfacial exchange coupling between AFM and FM phases results
in the exchange bias (i.e., the shift along theme#g field axis in the hysteresis loop;

top left panel).

4.2 Device Fabrication and Characterizations

A nanopillar array is a special nanostructured device consisting of closely
spaced, vertically arranged pillars or pillars at the nanoscale, which has a wide range
of applications in various fields due to their unique properties and structures. These

arrays are often manufactured using nanotechnology including lithography, deposition
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and etching processes. The size and height of nanopillar arrays can vary greatly
depending on the intended application and the materials used. Typically, the diameter
of the pillars ranges from tens to hundreds of nanometers, and their height can range
from hundreds of nanometers to several micrometers. Nanopillar arrays could be
applied in various fields. For example, in photovoltaics, nanopillar arrays can enhance
light absorption and efficiency in solar cells; in sensors, nanopillar arrays are used in
chemical and biological sensors due to their high surface area and sensitivity; in
plasmonics, metal nanopillar arrays enable surface plasmon resonance for applications
in spectroscopy and sensing; biotechnology, nanopillar arrays can be used for cell
growth, drug delivery, and biomolecule detection.

In the field of strain engineering, nanopillar arrays also play an important role,
especially when it comes to 2D materials. Strain engineering involves applying
mechanical deformations to these 2D materials to alter their electronic, optical, and
structual properties. Nanopillar arrays are an effective tool for applying controlled
strain to 2D materials, and more importantly, due to the extreme mechanical flexibility
of 2D materials, nanopillar arrays could induce strain gradients in 2D materials , which
cannot be achieved by other approaches.

In our work, he nanopillar array was fabricated with higisolutionE-beam
lithography following the process described in.RBig. First, the 26enm-thick-SiO,/Si
chips were cleaned by acetohBA, and deiorded water. After drying, the positive
photoresist PMMA was spinoated on chipsor 1 min with 4000 rpm, resulting in
around 200omt hi ck photoresist. After baking in t

were loaded intahe Raith e-line to definethe pattern of the nanopillar arrays. fhe
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the chips were developed in the solution with MIBK: IPA 1:3 for 3@\fter the
lithography process, the thermal evaporator was used to depositnar-thick
chromium metal maskn the chipsA reactive ion etching tool (Oxford Plasmalab
System 100) was used to etch $i1€, without the metal mask by 10 sccriFgplasma,

and the height of the nanopillar was controlled by the etching time. After dry etching,
chromium metal masks were removed with chromium etcHanaur works, e
nanopillar dimensions aré pm diameter, 120 nm height, and 2 pm separation
throughout this work unless explicitly mentioned elsewh&he 2 yn separation of

the nanopillars is designed to ensure that the vdW materials can be anchored on the
substrate but not suspended above the substrate.

The thin F&GeTe and FesGeTe flakes were mechanically exfoliated on
polydimethylsiloxane (PDMS) and then deposited onto thefgimecated SiO;
nanopillar arrays through an-alty viscoelastic transfer technique, as illustrated in Fig.
4.2. The mechanical transfer process with pressing force anchors the flake on the
substrate, creating stretching strain in the pillar region due to defornibidj Note
that the compressive strain in vdW flakes here is unlikely due to the flake buckling and
folding isswes. Typically, the bottom layers in direct contact with the pillars are
stretched, while the top layers separated from the direct contact with the substrate could
relax as a result of interlayer sliding. Figure 4.3 (a) shows the optical microscopy and
scaming electron microscopy (SEM) images of a thesGeTe flake on an array of
nanopillars, showing that tHeasGeTe flake is poked yet not pierced or torn by the
underlying nanopillars. The SEM image displays the pithgrregion (i.e., the bright

circular region in the center) and tdike region (i.e., the darker circular belt region
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surrounding the nanopillar) in tlesGeTe flake. Figure 4.4 shows the optical images
of the representative devices and the corresponding atomic force microscopy results
indicating the thicknesses of tlfesGeTe and FesGeTe are 11 nm and 9 nm,

respectively.

1. Spin coating 2. E-beam lithography
Photoresist
SiO, SiO,
3. Metal mask deposition 4. Lift-off
N o, ] Cr
[ ] ] [ |
SiO, SiO,
5. SiO, etching 6. Metal mask etching
Cr
[ [ ]
SiO, SiO,
7. 2D magnets transferring 8. PDMS removing

PDMS 2D magnet

TN

Sio, SiO,

Figure 4.2: Schematic of the device fabrication processesPositive photoresist
polymethyl methacrylate (PMMA) was spaoated on a 26@m-thick-SiOy/Si chip

and annealed in air at 120 for 2 min. 2. Highresolution electrofeam lithography

was usd to define the pattern of nanopillar arrays. 3. Metal masks (chromium, 5 nm)
were deposited by thermal evaporation. 4. Photoresist was lifted off by acetoste. 5. C
reactive ion etching was used to etch the uncov@i®g The height of the nanopillar
was controlled by etching time. 6. Chromium masks on nanopillars were removed with
chromium etchant. 7. The layered vdW magnet was mechanically exfoliaRid\8

and then transferred onto the nanopillar array by using tlaeyalliscoelastic stamping
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procedure through a transfer stage under an optical microscope. 8. PDMS was removed

by being mechanically lifted up, leaving vdW magnets on nanopillar arrays.

(a)

(b)
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Figure 4.3: Characterization dfesGeTe on a nanopillar arraya) The optical image

of aFesGeTe flake on a nanopillar array and the SEM image of a selected pillar region.
The diameter, height, and separation of the nanopillars are 1 pm, 120 nm, and 2 pm,
respectively. Both images indicate the integrity offagseTe flake with no piercing

or torn sheets while being poked by the nanopillar. Scale bar of the SEM image, 500
nm. (b) Left panel: an atomic force microscopy image oF@GeTe flake on a
nanopillar. Right panel: atomic force microscopy height profile, measured along the
dashed line cut ithe left panel. The pink and blue regions indicate the strained and
relaxed regions dfesGeTe, respectively.
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Figure 4.4. Optical images and atomic force microscopy characterizations of vdwW
magnets on nanopillar array®) and (b) Left panels: optical imagede§GeTe and
FesGeTe flakes on 12ehm-high nanopillar arrays. Solid blue lines indicate the edges
of the flakes. Right panels: atomic force microscopy height profilés®eTe and
FexGeTe flakes, measured along the black dashed lines in optical images, showing that

the thicknesses of tesGeTe andFesGeTe flakes are 11 nm and 9 nm, respectively.

4.3 Strairninduced Magnetic Phase Transition in FieomensionaMagnets

4.3.1 Exchange Bias iResGeTe andFesGeTe on Nanopillars

To measure the magnetic properties of the vdW magnet on nanopillars locally,
we performed RMCD with a 633 nm excitation laser with amitrometer focused

spot size perpendicularly shined upon the sample. We first measured-tifeptarie
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hysteresis loops of an Zimthick FeGeTe flake on the nanopillar array.
Interestingly, after positive field cooling (PFC) under 300 mT magnetic field down to
145 K, we observed an asymmetric hysteresis loop with a sizable horizontal shift of
about-38 mT from the pillapokedFesGeTe flake (indicated by the red arrow and red
dashed line in Figh.5 @)). To confirm our observed asymmetric hysteresis loops were
not caused by the laser spot drift or defocusing during the course of the magnetic field
sweejing, we carefully conducted two types of analyses. First, we kept monitoring the
laser spot on the sample image while varying magnetic fields, and no noticeable laser
spot drift or defocusing was discerned throughout the process. Second, we varied the
histories of sweeping fields for multiple measurements (the comparative sweepings
started from positive and negative 300 mT fields, respectively), and consistently
observed the same sign of the hysteresis loop shifts regardless of the field sweeping
histories.These analyses ruled out the possible artifact caused byrfiklded laser
spot drift or defocusing.

Remarkably, after negative field cooling (NFC) uneB0 mT magnetic field
down to 145 K, the hysteresis loop shifted horizontally by about +42 mT, with the
similar magnitude yet opposite sign to the hysteresis loop shift after PFE38.mT),
as show in the bottom panel of Figl.5 @). The opposite shifts upon PFC and NFC
strongly confirm the observation of exchange pi&6]. It is worthwhile to highlight
that this approach of generating exchange bias is also found effective in another type
of vdW magnetFesGeTe (Fig. 4.5 (b)) we demonstrated a similar coolifigld-sign

dependent exchange bias effect inran®thick FesGeTe flake at 100 K on a nanopillar
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array, which showcases the general effectiveness of this approach to creating exchange

bias in FegGeTe systems.
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Figure 4.5: The exchange bias ifasGeTe andFesxGeTe on nanopillars(a) and (b)
Coolingfield-sign dependence of the enftplane hysteresis loops of a strained
FeGeTe and FesGeTe flake on nanopillas measured at 145 kand 100 K,
respectively Loop shifts 0f38 mT/-50 mTand +40 mT+48 mTare clearly observed
in F&sGeTe/FesxGeTe after PFC (red curve) and NFC (blue curve), respectively. Inset
of (a) illustrations of the exchange coupling between AR#GeTe and FM
FesGeTe layers after PFC and NFC, respectively.

4.3.2 Temperatur®ependent Exchange Bias hesGeTe and FesGeTe on

Nanopillars

We continued to study the temperatdependent hysteresis loops of the
strainedFesGeTe andFesGeTe on nanopillars, with a set of detailed loops shown in
Fig. 4.6 (a). The temperatudependent coercivityHk|) and exchange biasig|) of
the F&sGeTe andFesGeTe flakes on nanopillars are summarized in Fig. 4.6 (b). As
expected, bothHc| and He| decrease with the increasing temperature: Ha¢ §f
FesGeTe andFesGeTe disappear at 188 K and 150 K, respectively, whereasithje |

of F&GeTe andFesGeTe disappear at 178 K and 140 K, respectively. Compared with
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FexGeTe, in FesGeTe the Hc| and Heg| can persist at higher temperatures, in
agreement with the stronger itinerant magnetisniF@GeTe (e.g., higherTc) as
reported in previous work32]. The similar critical temperatures fddg and Hc|
suggest the robustness of the established interfacial exchange field between the AFM
and FM phases, implying prospect of our approach to enabling ~atatile vdwW
spintronics at elevated temperatures.

It has been well known that exchange bias stems from the interfacial exchange
coupling between FM and AFM materigd29]. Our observations of exchange bias in
FesGeTe andFesGeTe on nanopillars suggest that some layers eGE&e (x =5 or
3 here) were converted into the interlayer AFM phase while the remaining layers of
FeGeTe stay in the interlayer FM phase, as illustrated in the insets of Fig. 4.5 (a).
Considering the strain gradient from bottom layers (in direct contact with nanopillars)
to top layers (decoupled from nanopillars), a possible scenario is that the bottom layers
of FesGeTe experience large stretching strain that causes the formation of the
interlayer AFM phase, while the top layerske#GeTe experience less or vanishing
strain, thereby remaining in the interlayer FM phase. Under the intralayer strain with
vertical gradient, the bottom AFM phase and the top FM phase couple through an

exchange field, giving rise to exchange bias.
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Figure 4.6. Temperatur@lependent exchange bias FesGeTe and FesGeTe. (a)
Temperaturelependent hysteresis loops feeGeTe (left) andFesGeTe (right) on

nanopillars. Both materials show strong exchange bias effects in the nanopillar region.
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(b) Hc| and He| as functions of temperature fBesGeTe (orange) and-esGeTe

(green), respectively. The arrows indicate the temperatures WHefeand He|
disappear. TheHc| of FesGeTe and FesGeTe disappear at 188 K and 150 K,
respectively. TheHe| of F&sGeTe and FesGeTe disappear at 178 K and 140 K,
respectively. Error bars are smaller than the plotted points and represent the standard

deviations of multiple measurementstag||and He| from the same position.

4.3.3 Exchange Bias Mapping ¢fesGeTe on a Nanopillar

To elucidate the relationship between nanopil@uced strain and the
resultant exchange bias, we scanned the hysteresis loops and Raman spectra of a
FesGeTe flake across the nanopillar region. Figdr& @ shows the SEM image of
the scanned region, where three representative points (P1 to P3) along the radial
direction were selected for analysis to represent the high (the edge of the nanopillar),
moder at e (“tent?” region) , &spectivelyowe (r el ax
summarized theHg| mapping 6FesGeTe at 145 K after PFC, as shown in Hg7(c).

FesGeTe exhibits clearly highHg| values of about 400 mT in the strained region

(the red area in the black dashed circle in &ig ()) and negligibly lowHg| values

of 0-10 mT in therelaxed region (the blue area outside the black dashed circle.in Fig
4.7 (). Figure4.7 d) shows the hysteresis loops acquired at three representative points
(P1 to P3), where théif| decreases from 60 mT to O mT with the decreasing tensile

strain (the decreasing strain will be verified by Raman shift mapping later).
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Figure 4.7: Exchange bias mapping B&GeTe on a nanopillar(a) The SEM image

of aFeGeTe flake on a nanopillar. The black dashed circle denotes the strain region,
and three selected positions for the study are marked as P1, P2, and P3. P1 is located
in the region with the large strain (edge of the nanopillar); P2 is located in the region
withmoderate strain (“tent” region); P3 1is
the substrate). The strain F&sGeTe increases along the radial direction from P3 to

P1, as indicated by the bhie-red arrow. Insetillustration of three selected positions

on the flake. b, lllustrations of interlayer exchange coupling in different strain regions.
The large strain at P1 causes the formation of the AFM phase with strong coupling at
the FMAFM interface (represented bige black arrows in the top panel), associated
with a large exchange bidsg]. Moderatestrain at P2 still causes the formation of the

AFM phase yet with a weaker coupling at the-AKMM interface (represented by the

gray arrows in the middle panel), associated with a moderate exchangéebid$¢

lowest or vanishing strain at P3 maintains the FM phase throughbai@#Te layers
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with vanishingHg|. (c) [He| mapping oFe&GeTe around the nanopillar at 145 K. The
region within the black dashed circle represents the strained region, in whittz|the |
is noticeably higher than that in the relaxed reg(dhHysteresis loops dfesGeTe
measured from P1, P2 and P3. THe| [from the three positions exhibit a marked
dependence on the positions of different strain, where a ldegeoff ~60 mT was
observed at P1, a moderate||of ~33 mT at P2, and a negligibté:] of ~0 mT at P3.

4.34 Raman Mapping oFesGeTe on a Nanopillar

We scanned the Raman spectra of the same area to qlss@gTe’ s st r ai n
distribution nearby the nanopillar regifi¥3-145]. The strain inFesGeTe produced
by the nanopillar poking is tensile, since vdW flakes here cannot have noticeable
compressive strain owing to the flake buckling or folding issues. Figure 4.8 (a) shows
the Raman shift mapping ¢fesGeTe, where the phonon frequency is lower in the
strained region (the red area in the dashed circle in Fig. 4.8 (a)) than in the relaxed
region. A redshift ~2 crhfrom P3 to P1 (see Fig. 4.8 (b)) confirms the increasing strain
in FesGeTe from the relaxed region off the nanopillar to the strainedregn the
nanopillar. The direct comparison between Fig. 4.8 (c) and Fig. 4.8 (a) shows the clear
relationship between theld| and Raman shift, which delivers strong evidence that the
pillar-induced lattice strain causes the formation of the AFGeTe and thus the
observed exchange bias. FGeTe on nanopillars, we observed a similar effect as
in FesGeTe: first, there is a on®-one correspondence between tHe| |and the
Raman shift (Fig. 4.9); second, the phonon frequency of the flaketremelaxed
region off the nanopillar to the strain region on the nanopillar exhibits a clear

monotonic redshift of ~2 cth
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Figure 4.8: Raman shift mapping of EBeTe on a nanopillar(a) Raman shift
mapping ofFesGeTe around the nanopillar at 145 K. The scanned region is the same
as that in Fig. 4.7, where the black dashed circle encompasses the strained region. The
redshift of the phonon frequency within the circled region with respect to the outside
of the circled rgion confirms the tensile strain FesGeTe induced by the nanopillar.

(b) Raman spectra ¢fesGeTe measured from P1, P2 and P3. A red shift of ~2lcm

is observed from the relaxed region (P3) to the large strain r@@ignreflecting the

tensile strain induced by the nanopillar.
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Figure 4.9: Hysteresis loops and Raman spectra BésseTe flake measured along

the radial direction of the nanopillafa) The optical image of BesGeTe flake on a
nanopillar array. The white arrow indicates the radial direction from the relaxed region
to the strained region of tHeGeTe on a representative nanopillar; five measured
positions (P5 to P1) are marked with white dots along the white arrow. (b) and (c)
Hysteresis loops and Raman spectra ofRag&eTe from P5 to P1 at 100 K. The
Raman peak at ~122 cheorresponds to thexgmode ofFesGeTe [146]. (d) Summary

of |He| and the Raman shifts of.Emode of theFesGeTe from P5 to P1. The
monobnically increasedHe| and decreased phonon frequency from P5 to P1 show a
direct correlation between exchange bias and lattice str&ies@eTe, in agreement

with the findings from th&e;GeTe flake on the nanopillar.
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4.4 Calculated Nanopillamduced Strain aniflagneticCouplingin Two-Dimensional

Magnet$

4.4.1Quantitative Analysis of the Experimental and Calculated Raman Shifts

Next, we estimate the quantitative value of strain by comparing the
experimental and calculated Raman shifig translate the Raman shift into the strain
amplitude, we calculated the shift of phonon frequencidsaiGeTe under biaxial
tensile strain by DFT (Fig..40). Under zero strain, the calculated phonon frequencies
at 163 cmt and 141 crt suggest that our experimentally observed broad feature at
~150 cm' (Fig. 410 (d) encompasses two different phonon modes @lame (163
cm?l) and outof-plane (141 cm) vibrations. We conducted polarizatioesolved
Raman spectroscopy dmsGeTe and the two deconvoluted peaks confirmed the
theoretically suggested scenario (FiglGt(d): due to the selection rul@47], the
substantially suppressed intensity of the ~141* gmak measured under the cross
polarization configuration compared to that under the pafadiilrization
configuration suggests this ~141 ¢mphonon is the owbf-plane mode. As shown in
Fig. 410 (c) the frequency shifts for both phonons exhibimilar neasflinear
dependence on the applied strain (i.e4, em'/1% tensile strain), which could serve
as a guide to estimate the amplitude of the experimental strain based on the observed
Raman frequency difference between the strained and relaxed rEd@&hsHence,
the experimentally obtained ~2 dnredshift between two regions (Fig.8 (b)

suggests ~0.5% strain dtesGeTe induced by nanopillars, assuming theGeTe

2The calculation part was done by Kaixin Zou from Nankai Univeristy. The author is responsible for
the explanation and discussion of the calculation results
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flake on the substrate has negligible unintentional strain. Nevertheless, it should be
noted that the experimentally obtained Raman frequency of thentthick FesGeTe

on the nanopillar is an average result including both the bottom stretched layers and the
top relaxed layers. Therefore, the net tensile strain of the bottom layers should be larger
than 0.5%, while the strain of the top layers should be less than 0.5%.

We further examined this scenario by transferring a monolayer tungsten
disulfide (WS) flake on the same nanopillar array and compared the PL of WS
between strained and relaxed regidrig.(4.1). A ~20 meV shift of the excitonic PL
peak from strained to relaxed regions indicates a ~1.5% strain on the monolayer WS
in direct contact with a nanopill§t49, 150] considerably larger than the estimated
average strain of 0.5% in the-hin-thick F&sGeTe on the nanopillar. The combination
of the calculated pinon frequencies and experimental Raman shifts indicate that the
actual strain of the bottofesGeTe layers in close contact with the nanopillar can be

reasonably expected in the range 0f0.5%.
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Figure 4.10: DFT calculations of the straidependent phonon frequencyraEGeTe.

(a) lllustration of the lattice deformation iIResGeTe by tensile strain. (b) The
calculated irplane and oubf-plane phonon dispersisof FesGeTe a | o AMgpath

as functions of biaxial tensile strain. The solid, dashed, and dotted lines represent the
phonon dispersions under 0%, 0.25%, and 1% strain, respectively. (c) The calculated
biaxial tensile strain dependence ofplane and oubf-plane phoon frequencies at
the I point. |l nset s: t he -planeand aibf-plandr at i on
phonon modes calculated by DFT. (d) Linear polamzratesolved Raman spectra of
FesGeTe. The Raman spectra were excitedUsylight and collected in cpolarized
(linearly parallel, solid yellow line) and cregslarized (linearly perpendicular, solid
green line) geometries, respectively. The deconvoluted results (yellow and green
dashed lines) show that the peak at ~141'dmsubstantially suppressed when the
scattered light is perpendicular to the incident light, indicating the vibration of ~141
cmit represents an owtf-plane phonon mode accordingtte selection rule. These
results confirm that our observed Raman broad feature at ~I5%a@ncombination

of in-plane and oubf-plane modes corresponding to the two modes revealed in (b) and

(©).
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Figure 4.11: PL spectra of a mnolayer tungsten disulfide (WSlake from theelaxed
and strained region in a nanopillar arrég) Optical image of a monolayer W8ake
(encircled with a yellow dashed line) on a 4#@-high nanopillar array. The black and
red dots represent the measured positions of the relaxed and strained3p&tively.
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b, PL spectra of relaxed (black) and strained (redpVC®mpared with that from the
relaxed region, the spectrum from the strained region shows a redshift of PL peak and
lower intensity, owing to the strainduced band structure change in monolayer.WS
According to the previous reports, the ~20 meV redshift of the PL peak here indicates
~1.5% tensile strain applied in WSSuch results suggest the general strain level of
vdW materials in close contact with the nanopillar, serving as important guidance th
the net strain of the bottom layers ofkGeTe in close contact with the nanopillar
should be larger than 0.5% derived by the Raman shift in the main text, which is the
“average” st r geTeindddinghath theibdttanyseatcheld yers and

the top relaxed layers.

4.4.2 Calculated StraibDependent Interlayer Magnetic Coupling oivo-

Dimensional Magnets

To evaluateethaypbBB&EMbarsiti o@eTten stret
we carried out DFTUasapprobahi 666AwWst an &GSARO
gradi ent appUskxamdsdibtog @audl omb iUWiteractio
usually consideredei.,g-FlddeceaogoMep@tlé&d] syst e
We first tWwadlededitid eirderilriafnyg EeGed@ My pr opr i ¢
cal cutlmd ienmer gy di ff er en ¢gEadpetf weoem 1E M 9a redv
to 1.40 eV wheGeledeneinsuee tde FM ground st

FesGeTeand el ectrons s FeiGeTe.geWUnddri ntem@ancgpit és
Uval ues, our DFT calcul ations suggest t ha
FeGeTeunder gaesF MFMr ansi t-1 0% wthemsiOl.e&t strain
(blue to black curkF&séede, i nouki g.esd.lt > (seh)o)w. tF
tensil e stafai2@oaisndd workedaFsM t ransition (Fig.

Therefore, t he mo d e KGaetTeblayy es tsr aiinn ed o nbtoatctto m
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Figure 4.12: The energy difference between interlayer AFM phase and interlayer FM

phase as a function of the biaxial tensile strain in bildeGeTe and FesGeTe.

Curves of different colors represent the cases of difféfeadues, indicating 0-4L.5%

tensile strain can lead to the interlayerfAFM phase transition.

4.5 Exchange Bias Effect in Twidimensional Magnets on Nanopillars of Different

Heights

Last, we studied the exchange biasefGeTe flakes created by nanopillars

of different heights. To eliminate the flake variance, we transfémstele Te flakes on

nanopillar arrays consisting of pillars of three different heights (40, 80, and 120 nm, as
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illustrated in Fig 4.13). The diameters of all these nanopillars are 1 §&M image

show that after transferrirtge flake orpillars of different heights, the flakes were not
puncturedFigure4.13 (b) and Fig. 4.4 (b) show the representative hysteresis loops of
the strainedFesGeTe andFesGeTe flake on nanopillars of different heights measured
after PFC. Thd-esGeTe flake exhibits He| of 5, 26, and 36 mT on 40, 80, and 120
nm-high nanopillarsat 145 K respectivelyThe FesGeTe flake exhibits He| of 5, 26,

and 36 mT ord0, 80, and 12@dm-high nanopillars at 145 K, respectivellyor
FesxGeTe on the same pillar array, we observed a similar trenHgfdt 100 K The
FexGeTe flake exhibits He| of 5, 24, and 32 mT on 40, 80, and 4#f-high
nanopillarsrespectivelyFigure4.13 (c) shows a histogram of thidg| from aFesGeTe

flake at 145 K (solid bar) andresGeTe flake at 100 K (dashed bar) on the nanopillar
arrays. In botFe&sGeTe andFe;GeTe flakes, He| increases with higher nanopillars,

in agreement with our findings in Fig.7that a higher strain causes a largt.| These
findings, together with the versatile nanostructure design of nanopillars, suggest a
promising engineering approach to spatially tailor magnetic phases in vdW magnets.
The prominent dependence of the exchange bias on the nanopillar height suggests a
practical prospect of implementing different nanopillars on the same chip to engineer

positionspecific hybrid magnetic phases for enriched spintronic and magnonic circuits.
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Figure 4.13. Exchange bias effect ifesGeTe and FesGeTe on nanopillars of
different heights(a) Schematic of an array of nanopillars of different heights. Inset:
SEM images of &eGeTe flake on nanopilles of different heights (40, 80, and 120
nm). All the nanopillars have the same diameter of 1 pm. Scale bar, 1(lyn.
Hysteresis loops of a straindtesGeTe flake on nanopillars of different heights
measured at 145 K after PFC. The straiRefeTe flake showsHE| of 5, 26, and 36
mT on 40, 80, and 120m-high pillars, respectively. Inset: the optical imagethad
FesGeTe flake on the arnaof nanopillars of different heights. Blue, orange, and red
dashed lines indicate the 40, 80, and-h&®high nanopillars, respectively. Scale bar,
5 pun. ¢, Summary of theHe| from strainedFesGeTe and FesGeTe flakes on
nanopillars of different heights. Theg of F&GeTe andFesxGeTe weremeasured at
145 K and 100 K after PFC, respectivelg||is effectively enhanced by increasing the
nanopillar height. For each height, three to five different nanopillars were selected
measure theHg| to indicate the variance. The averagg for each height is shown in
the histogram, with the original data points fesGeTe plotted with error bars

representing the standard deviation from the mean.
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Figure 4.14: Hysteresis loops of BesGeTe flake on nanopillars witlkariousheights

(a) A schematic (top) andpdical image (bottom) of &esGeTe flake (indicated by

blue dashed line in the optical image) on an array with nanopillars of different heights
(40, 80, and 120 nm) and the same diametgn(L (b) Hysteresis loops of the strained
FexGeTe flake on the nanopillars of different heights, measured at 100 K after PFC.
[He| rises from 5 mT to 32 mT with the increasing height of the nanopillar, consistent
with the trend ofHig| from the straineBlesGeTe flake on the nanopillar array discussed

in the main textThese findings reveal the general effectiveness of our approach to
engineering hybrid magnetic phases irG&le, with a prospect of tailoring positien

specific magnetic bits on the same chip.
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4.6 Summary

In summary, we reported strain engineeringhef FMAFM hybrid phases in
layered vdW magnet8y transferringayered vdwW magnetaGeTe (i.e.,FesGeTe
andFesGeTe) onto prefabricated nanopillars, we locally induced a vertical gradient
of intralayer strain in vdW magnetsd thus enabled partial Fib-AFM phase
transition. The coexistence of the FM and AFM phases in multilayesgieFe on
the nanopillars resulted in the exchange bias effect. Exchange bias mapping, together
with phonon frequency mapy, revealed the direct correlation between the formed
exchange bias and the nanopiiladuced strain in k&eTe. Our DFT calculations
further confirmed our experimentally accessible moderate strain-if.6% can cause
the interlayer FMo-AFM phase transition in kK€eTe. Finally, we demonstrated that
the exchange bias can be effectively manipulated by engineering the nanopillar
dimension. Our discovery of hybrid magnetism under gradient strain not only provides
the fundamental understanding of theertayer magnetism in vdW magnets, but also

promises novel strain sensors, spintronic actuatorsnagtietemechanical devices
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ChapptCorncl usi omMarkd Fut

In this dissertation, we worked on a comprehensive exploration effibient
control of 2D magnetism, from various aspects using various external stimuli. These
explorations have led to some important discoveries and insights that not only improve
our understanding of 2D magnetic materials, but also open up excitingeavimu
future research and practical applications. In this concluding chapter, we summarize
the key contributions of our work and outline potential directions for future
investigations.

Chapter 2 illuminated the crucial role of the ambient environment and
oxidization in influencing the properties of 2D magnets. Our elucidation regarding how
Curie temperatures and magnetic domains in 2D magnets are influenced by thickness
dependent aicatlyzed evolution, offers essential insights for the chemically
decorating and manipulating 2D magnets. Additionally, our investigation into surface
oxidizationrinduced exchange bias effect, as a facile, controllable, and generally
effective approach, rements an integral advance towards practical vdW magnetic
devices.

Chapter 3 introduced an innovative and efficient approach to manipulate
magnetic domain formation in 2D magnets using optoelectronic training. Our work
demonstrated that optical training of domain formation can be achieved with
remarkably low power densitgignificantly differingfrom previous methods reliant
on intense femtosecond pulse lasers. Given that different spin structures, even if
residing on identical atomic structures, host unique topological and quantum

phenomena. Our ultralepower optoelectmic training of itinerant 2D magnetism
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establishes nenhemical, reversible pathways for the efficient generation of low
dimensional spin patterns, facilitating the emergence of quantum effects and the
development of highly compact spintronic devices.

Chapter 4 focused on the strain engineering of theAHW hybrid phases in
layered vdW magnets. We found nanoptiladuced vertical gradient of intralayer
strain in vdW magnets and resultant partial -E&MAFM phase transition. Our
discovery of hybrid magetism under gradient strain not only provides the fundamental
understanding of the interlayer magnetism in vdW magnets, but also opens new
avenues to developing novel magnetechanical devices such as strain sensors and
spintronic transducers and actuator

The realm of control of 2D magnetism is a vast and multifaceted field, and this
dissertation works represent merely a fraction of its potential. This field harbors ample
opportunities for further exploration, with the potential to yield groundbreaking
disooveries. Our work here still has a lot of room for further investigation. For example,
electrically manipulating oxygen ion mobility within the ion layer of 2D magnets holds
promise for achieving efficient, reversible control over magnetic properties.
Furthermore, optical training techniques have the capacity to tailor spin textures,
including the formation of magnetic bubbles or skyrmions. These advancements are
poised to play a pivotal role in data transmission within the frameworks of future
devices. Addionally, the strategic application of strain engineering stands as another
intriguing frontier, offering precise control over the strain of 2D magnets. This

approach has the potential to extend the capabilities of-tauéti data storage.
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Beyond these avenues, there are many unexplored prospects in this field that
are both fascinating and important. For instance, the assembly of heterostructures
composed of 2D materials presents a fertile ground for unveiling novel physics and
unprecedenteghenomena, where vdW magnetic heterostructures offer a wide range
of tuning possibilities, including phenomena such as twisted moiré patterns, the
realization of multiferroic heterostructures, and the development of tunnel junctions.
These prospects, whiare significantly valuable for advancing our comprehension of
fundamental physics, simultaneously hold the key to ushering in the next generation of
transformative devices. The journey of exploration in this field is far from complete,
promising to opemp exciting new frontiers in scientific discovery and technological

innovation.
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