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Abstract
Two dimensional (2D) magnetic materials have emerged as promising platforms

for next-generation 2D spintronic devices due to their intrinsic two-dimensionality,
tunable magnetism, rich band structures, and ease of integration with other lay-
ered materials while maintaining atomically sharp interfaces. A key advancement
in the field has been the demonstration of room temperature ferromagnetism in
itinerant ferromagnetic materials such as Fe5GeTe2 and its doped species with
tunable magnetic anisotropy and ground state, as well as in Fe3GaTe2 with per-
pendicular magnetic anisotropy, overcoming previous temperature limitations. In
this work, it is shown that these van der Waals (vdW) magnets exhibit low mag-
netic damping, anisotropic spin dynamics, and efficient spin injection and detec-
tion when combined with graphene. Integrated into lateral spin valve devices,
these materials reveal robust spin signals, negative spin polarization, and com-
plex spin orientations at the interfaces. Additionally, engineered heterostructures
allow for all-electrical detection of spin textures, enabling multi-level switching
behavior and expanding device functionality. New vdW ferromagnet, Fe3GaTe2,
also display strong nonlinear Hall responses and self-induced spin-orbit torques,
opening avenues for electrically driven magnetization control. Together, these
developments position 2D magnets as a versatile foundation for spintronic and
quantum devices operating at ambient conditions.

Keywords: spintronics, 2D magnets, graphene spin valves, spin orbit torque, van
der Waals heterostructures, graphene, magnetization dynamics
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Abbreviations and Symbols

2D Two-dimensional
vdW van der Waals
PMA Perpendicular magnetic

anisotropy
SOT Spin orbit torque
FGT Fe5GeTe2

CFGT (Co0.15Fe0.85)5GeTe2

NFGT (Ni0.40Fe0.60)5GeTe2

SPV Spin valve
SOC Spin-orbit coupling
SOT Spin orbit torque
SSOT Self-induced spin orbit

torque
FMR Ferromagnetic resonance
AHE Anomalous Hall effect
PHE Planar Hall effect
ST Spin texture
SD Single domain
Symbols
Ms Magnetization saturation
TC Curie temperature
TN Néel temperature
HC Coercive field
Hk Anisotropy field
Meff Effective magnetization
HR Resonance field
γ Gyromagnetic ratio

g Landé g-factor
∆H0 Linewidth broadening
α Gilbert damping con-

stant
τs Spin lifetime
Pin Injector’s spin polariza-

tion
Pde Detector’s spin polariza-

tion
σxx longitudinal conductivity
Ds Spin diffusion coefficient
λgr Spin diffusion length in

graphene
Lch Channel length
ω Larmor spin precession

frequency
θSH Spin Hall angle
σxy Anomalous Hall conduc-

tivity
σSHC Spin Hall conductivity
HDL Damping-like SOT field
HDL Field-like SOT field
Constants
e Electron charge:

e = 1.602 × 10−19 C
ℏ Reduced Planck’s con-

stant
µB Bohr magneton:

µB = 9.274 × 10−24JT−1

ix





Contents

Abstract iii

Acknowledgements v

List of publications vii

Abbreviations and Symbols ix

Contents xi

1 Introduction 1

2 State of the art: van der Waals magnets in spintronics 5
2.1 Magnetism in the two-dimensional limit . . . . . . . . . . . . . . . 5
2.2 Spintronic phenomena with van der Waals magnets . . . . . . . . . 9

2.2.1 Spin valve devices with van der Waals magnets . . . . . . . 9
2.2.2 Spin orbit torque and magnetization dynamics in van der

Waals magnets . . . . . . . . . . . . . . . . . . . . . . . . . 11

3 Beyond room temperature itinerant van der Waals ferromagnets 15
3.1 Fe5GeTe2 and its doped variants . . . . . . . . . . . . . . . . . . . 15

3.1.1 The room temperature itinerant ferromagnet Fe5GeTe2 . . . 16
3.1.2 Co-doped Fe5GeTe2 . . . . . . . . . . . . . . . . . . . . . . 17
3.1.3 Ni-doped Fe5GeTe2 . . . . . . . . . . . . . . . . . . . . . . . 19

3.2 Ferromagnetic resonance in Fe5GeTe2 and its doped variants . . . 21
3.2.1 Probing magnetic resonance under an in-plane magnetic field 21
3.2.2 Probing magnetic resonance under an out-of-plane magnetic

field . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
3.2.3 Anisotropic g-factor in Fe5GeTe2 and (Co0.15Fe0.85)5GeTe2 . 27

4 Van der Waals ferromagnet/graphene spin valve heterostructures 29
4.1 Spin valve devices with Fe5GeTe2 and (Co0.15Fe0.85)5GeTe2 . . . . 29
4.2 Graphene spin valves with Fe5GeTe2 . . . . . . . . . . . . . . . . . 30

4.2.1 Spin injection and detection in Fe5GeTe2 . . . . . . . . . . . 30
4.2.2 Canted magnetism in Fe5GeTe2/graphene . . . . . . . . . . 34
4.2.3 Spin polarization at the Fe5GeTe2/graphene interface . . . . 35

4.3 Graphene spin valves with (Co0.15Fe0.85)5GeTe2 . . . . . . . . . . . 37

xi



4.3.1 Spin injection and detection with (Co0.15Fe0.85)5GeTe2 . . . 37
4.3.2 In-plane anisotropy in (Co0.15Fe0.85)5GeTe2 . . . . . . . . . 40
4.3.3 Spin polarization at the (Co0.15Fe0.85)5GeTe2/graphene inter-

face . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
4.4 Interface assessment and conductance mismatch in FGT/graphene

and CFGT/graphene . . . . . . . . . . . . . . . . . . . . . . . . . 42

5 Detection of spin texture in Fe5GeTe2 by graphene spin valve 45
5.1 Spin texture spin valves in graphene-based devices . . . . . . . . . 45
5.2 Hanle spin precession measurements . . . . . . . . . . . . . . . . . 51
5.3 Spin parameters and spin injection efficiency of Fe5GeTe2 . . . . . 53

6 Self-induced spin orbit torque in Fe3GaTe2 55
6.1 Large anomalous Hall effect in Fe3GaTe2 . . . . . . . . . . . . . . 55
6.2 Field assisted current-induced magnetization switching of Fe3GaTe2 57
6.3 Spin orbit fields in Fe3GaTe2 probed by second harmonic technique 58

7 Summary and outlook 65

References 69

Appended papers 87

xii



1 Introduction
Spintronics, or spin electronics, utilizes the electron’s spin degree of freedom to
write, store, and read information in solid-state devices [1]. Giant magnetore-
sistance (GMR)[2, 3], tunnel magnetoresistance (TMR) [4, 5], and spin transfer
torque (STT) [6, 7] have become the core concepts in efficient generation, manip-
ulation, and detection of spin-polarized current within metallic materials. GMR
and TMR describes the change in the electrical resistance of a multilayer stack
as a result of the relative magnetic or spin orientation of the ferromagnetic layers
while STT is used to change this relative orientation by using a spin polarized
current to directly transfer angular momentum and switch the ferromagnet’s ori-
entation. Additionally, spin orbit torque (SOT), an emerging technology, drives
a transverse spin current from a high spin orbit material to manipulate an adja-
cent ferromagnet. Unlike conventional purely charge-based electronics, spintronics
offers nonvolatile operation leading to minimal standby power, and the possibil-
ity of integrating logic and memory to overcome the von Nuemann architecture
achieving faster processing speeds.

Figure 1.1: Timeline of key discoveries in the field of spintronics towards
the realization of the work done in this dissertation.

In more than two decades, spintronic devices, particularly memory devices, have
matured from a fundamental proof of concept to commercially available compo-
nents. Spintronics offers a range of promising options such as magnetic random
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2 Chapter 1. Introduction

access memories(STT and SOT) [8–11], racetrack memory [12], spin logic [13],
magnonic devices [14], and neuromorphic computing. Despite these advances,
several critical challenges remain. One of the fundamental problems in spin-
tronics is overcoming the spin conductance mismatch between ferromagnets and
nonmagnetic materials to maintain efficient spin injection and detection. Inter-
face engineering has also become a key factor as interdiffusion, interface degra-
dation, and uncontrolled hybridization at the interfaces limit device performance
and reproducibility. Moreover, conventional spintronic devices use ultrathin ferro-
magnets such as CoFeB to obtain interfacial perpendicular magnetic anisotropy.
Although perpendicular magnetic anisotropy (PMA) ferromagnets are desired for
high density devices, they are achieved through complicated multilayers of alter-
nating magnetic and nonmagnetic layers, making them more sensitive to surface
and interface effects. Atomically thin quantum materials like two dimensional
(2D) magnets are a promising solution to address these challenges.

Van der Waals magnets

The isolation of graphene in 2004 [15] initiated the exploration of atomically
thin materials with properties that are distinct compared to their bulk coun-
terparts. Until 2017, magnetic order in purely two-dimensional (2D) crystals
remained elusive due to Mermin-Wagner theorem [16], which forbids long-range
magnetic order in an isotropic 2D Heisenberg system at finite temperatures. This
barrier was overcome by the discovery of intrinsic ferromagnetism in monolayer
and few-layer van der Waals (vdW) crystals, which was first demonstrated in CrI3
[17] and independently in Cr2Ge2Te6 [18]. In these seminal works, they have re-
ported clear hysteresis loops and layer-dependent remanent magnetization down
to the monolayer limit, firmly establishing a magnetic class of 2D layered materi-
als stabilized by magnetocrystalline anisotropy. Throughout this dissertation, the
terms vdW magnet and 2D magnet will be used interchangeably.

Since those initial reports, the library of 2D magnets has grown rapidly to
include ferromagnets, antiferromagnets, ferrimagnets, and materials exhibiting
more exotic spin textures [19–21]. These inlcudes metallic Fe3GeTe2 [22], semi-
conducting VI3 [23], insulating MnPS3 [24], and topological insulator MnBi2Te4
[25], among others, which highlights the diversity in magnetic anisotropy, mag-
netic ground state, electronic structure, and spin-orbit coupling strength.

Moreover, 2D magnets exhibit thickness-dependent magnetism, where their
magnetic ordering can drastically change in few-layer or bilayer forms, leading
to fascinating interlayer effects [26]. Pressure, strain, or electrostatic gating can
also tune the magnetic order of these materials, effectively controlling phase tran-
sitions between paramagnetic, ferromagnetic, and antiferromagnetic states [27–
31]. Beyond these intrinsic 2D magnets, heterostructures that combine them
with graphene, transition metal dichalcogenides (TMDs), or topological insula-
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tors (TIs) have revealed proximity-induced magnetic effects, spin filtering, and
even novel quantum states that could be harnessed for future quantum technolo-
gies [26, 32–35].

Van der Waals magnets in spintronics

Despite these exciting discoveries, several challenges remain before 2D magnets
can be fully integrated into practical applications. One major limitation is the low
Curie temperatures (Tc) of most known 2D magnets, which typically require cryo-
genic conditions to maintain magnetic order. Achieving robust room-temperature
magnetism is a key goal for the field, with promising candidates such as Fe5GeTe2
and Fe3GaTe2, and their doped counterparts, exhibiting relatively high Curie tem-
peratures and tunable magnetic properties. Beyond technological considerations,
the exploration of fundamental phenomena in 2D magnets is an exciting avenue
for research [36–38].

This dissertation investigates the physical properties of 2D magnets, including
spin polarization, doping-dependent magnetization and anisotropy, magnetization
dynamics, and intrinsic spin orbit torque. First, the static and dynamic proper-
ties of beyond room temperature 2D magnets were studied independently. After
which, they were integrated into spintronic devices such as graphene spin valves
and SOT devices, where their magnetic properties can be controlled, probed, and
manipulated. This thesis is structured as follows:

Chapter 2 presents a comprehensive overview of related research studies on 2D
magnets to contextualize the impact and contributions of the thesis at a broader
perspective.

Chapter 3 introduces the vdW itinerant ferromagnets Fe5GeTe2 (FGT),(Co0.15
Fe0.85)5GeTe2 (CFGT), and (Ni0.40Fe0.60)5GeTe2 (NFGT). The static and dynamic
magnetic properties of these vdW ferromagnets in bulk form is presented. From
temperature-dependent superconducting quantum interference device (SQUID)
measurements at different magnetic field orientations, we were able to identify the
Curie temperature, TC , magnetic saturation, coercivity, remanence, and anisotro-
pies. Broadband ferromagnetic resonance (FMR) spectroscopy was conducted in
the 5−30 GHz frequency range at room temperature to further examine their mag-
netization dynamics (Paper IV ). Relevant magnetic dynamic parameters such as
effective magnetization, anisotropy field, Gilbert damping constant, and gyromag-
netic ratio (or equivalently the Landé g-factor) were extracted. For spintronics
applications, the aim is to maintain thermal stability while lowering power con-
sumption which can be achieved by materials with high spin polarization, moder-
ate magnetic saturation, and anisotropy field but with low damping constant. The
results show that NFGT exhibits enhanced effective magnetization and a higher
damping constant while FGT, and CFGT demonstrate lower effective magnetiza-
tion, anisotropy, and damping constant. Further analysis of their gyromagnetic
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ratios suggests a potential orbital contribution to their magnetization.
In Chapter 4 we continue to probe FGT and CFGT by incorporating them into

spin valve devices. Spin injection and detection of FGT (Paper I ) and CFGT
(Paper II ) in graphene spin valves is presented. Room temperature spin trans-
port measurements in non-local spin valve configuration enable the observation of
characteristic spin valve switching for both FGT/graphene and CFGT/graphene
devices. The room temperature spintronic properties of FGT and CFGT are
characterized by negative spin polarization while dynamic measurements reveal
canted magnetic moments in FGT and in-plane magnetic anisotropy in CFGT,
highlighting the modulation of spin polarization and magnetic anisotropy with
magnetic doping.

Chapter 5 discusses engineered spin textures in graphene from FGT. We in-
vestigated the injection, transport, and detection of spin current with distinct
spin textures originating from FGT with constrictions and notches (Paper III )
in graphene spin valves. This results in spins with special textures in graphene
which are then detected by conventional cobalt ferromagnets. This approach en-
ables the electrostatic control and detection of spin polarizations associated with
different spin textures, leading to anomalous multi-level spin valve switching and
Hanle spin precession signals. The analysis suggests that the presence of notches
or constrictions in FGT disrupts magnetic domains, resulting in the coexistence
of spin textures and conventional single domain structures in FGT.

In Chapter 6, we investigate the high TC PMA ferromagnet Fe3GaTe2 (Pa-
per V). Results show a strong nonlinear Hall effect and self-induced spin-orbit
torque in Fe3GaTe2, which remains magnetic up to 370 K. Temperature-dependent
anomalous Hall effect measurements and scaling analysis reveal large anomalous
Hall angle while second harmonic Hall measurements were performed to quantify
the self-induced spin-orbit torque (SSOT) which is dominated by the damping-like
torque. Switching experiments demonstrated that SSOT can partially switch the
magnetization when assisted by an in-plane field, consistent with the expected
spin orbit torque geometry.

Lastly, in Chapter 7, a summary of the thesis will be presented together with
future perspectives or outlook towards further studies on vdW magnets in spin-
tronics.



2 State of the art: van der Waals
magnets in spintronics

The successful demonstration of intrinsic magnetism in two-dimensional (2D) lay-
ered materials in 2017 marked a major breakthrough in understanding magnetic
order at the 2D limit. Building on decades of progress in spintronics, the inte-
gration of 2D magnets with emerging material platforms such as graphene and
other 2D quantum materials has opened new directions, not only for uncovering
novel physical phenomena and enabling next-generation device concepts, but also
for probing magnetism at the atomic scale and advancing fabrication techniques.
Together, these developments are tranforming spintronics research.

This chapter provides an overview of the recent developments and the current
state of magnetic van der Waals (vdW) materials. Specifically, we focus on recent
advancements in spin valve (SPV) devices, and the fundamental interactions that
govern their functionality. In addition, we also discuss the state of the art in
spin orbit torque (SOT) with 2D magnets and the emerging self-induced spin
orbit torques (SSOT) in 2D ferromagnets. These lay the groundwork for future
all-vdW spintronic architectures.

2.1 Magnetism in the two-dimensional limit
Magnetic order originates from the antisymmetric nature of the electron wave-
function and is determined by exchange interactions between neighboring spins.
Direct exchange occurs when the electron wavefunctions on neighboring atoms
overlap significantly, where the degree of overlap determines the kind of mag-
netic order [39]. In contrast, superexchange describes the magnetic interactions
in insulating and semiconducting materials, where the coupling is mediated by
non-magnetic anions. In such systems, the magnetic ground state is largely dic-
tated by bond geometry, while the strength of the interaction is predicted by
orbital occupancy [40]. In itinerant magnets, magnetic coupling is described by
the Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction, where conduction elec-
trons mediate long-range exchange. This mechanism can stabilize ferromagnetism,
antiferromagnetism, and even complex spin structures such as spin spirals [41–43].

Motivated by the robust magnetism found in bulk systems such as Fe, Co, Ni,
and their alloys, extensive efforts have been made to realize magnetic order in

5



6 2 State of the art: van der Waals magnets in spintronics

Figure 2.1: Magnetism in the two-dimensional limit and the library of van
der Waals mangets. a. Evolution of magnon density of states (DOS) for a 2D
isotropic Heisenberg ferromagnet for different number of layers. Uniaxial magnetic
anisotropy (UMA) opens a spin-excitation gap, stabilizing long range magnetic order.
Adapted from [20]. b. MOKE measurements for monolayer (top), bilayer (middle)
and trilayer (bottom) CrI3, indicating ferromagnetic intralayer and antiferromagnetic
interlayer order. Adapted from [17] c. Optical image (top left) and Kerr rotation
signal (top right) of a few layer Cr2Ge2Te6 under 0.075 T magnetic field showing
magnetic order in bilayer Cr2Ge2Te6 at 28 K. Layer dependent TC (bottom panel)
from experimental (MOKE) and theoretical calculations revealing strong dimension-
ality effect [18]

.

reduced dimensions through epitaxial thin films of these bulk magnetic materi-
als. However, at low dimensions these films often encounter inherent limitations,
including surface inhomogeneity, irregular morphology, interfacial hybridization,
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and poor reproducibility of their magnetic properties [44–46]. Moreover, in the
context of 2D magnetism, the Mermin–Wagner theorem poses a fundamental lim-
itation. It predicts that strictly 2D systems with continuous spin symmetry and
short-range interactions cannot exhibit long-range magnetic order at finite tem-
peratures, due to divergent long wavelength spin wave fluctuations[16]. In other
words, at finite temperatures, the abrupt onset of the magnon density of states
(DOS) prevents the persistence of long-range magnetic order in such a system.
However, magnetic anisotropy, typically arising from spin orbit coupling, breaks
the continuous spin symmetry and opens a gap in the spin wave spectrum. This
gap suppresses thermal excitations at low energies, enabling the stabilization of
long-range magnetic order in 2D (Figure 2.1)a.

This explains the breakthrough observation of intrinsic magnetism in atomi-
cally thin van der Waals magnets such as CrI3 and Cr2Ge2Te6 [17, 18], where the
presence of uniaxial magnetic anisotropy allows magnetic order to persist at finite
temperatures. While the Mermin–Wagner theorem highlights the intrinsic insta-
bility of 2D magnetic order in isotropic systems, it also underscores the essential
role of magnetic anisotropy in stabilizing magnetism in 2D materials.

CrI3 is a semiconductor Ising antiferromagnet, demonstrating a strong out-of-
plane magnetic anisotropy which originates from the large spin orbit coupling in
iodine [76]. Magnetic order was reported to persist down to a monolayer up until
45 K, as observed through magneto-optical Kerr effect (MOKE) [17]. Additionally,
layer-dependent magnetism was shown where odd-even effects are prominent due
to ferromagnetic intralayer and antiferromagnetic interlayer ordering as shown in
Figure 2.1b. For even number of layers, a metamagnetic transition is observed,
which has been shown to be controllable with gate [77, 78].

In an independent study, ferromagnetic order in Cr2Ge2Te6 was also reported
through ferromagnetic loops measured by MOKE measurements, which revealed
ferromagnetic hysteresis loops with small but finite remanent magnetization (Fig-
ure 2.1c). Due to its inherently weak mangetic anisotropy, an external magnetic
field is used to stabilize long-range order to achieve a finite Curie temperature
(TC) [18]. Under an applied field of 0.075 T, a bilayer CGT undergoes a ferro-
magnetic transition at about 30 K (68 K in bulk). More importantly, Cr2Ge2Te6
is one of the first experimentally confirmed 2D Heisenberg ferromagnets.

Since these reports, more 2D magnetic compounds have been realized, building
a whole library encompassing not only ferromagnets such as Fe3GeTe2 [22] but
also antiferromagnets including MnP3 [68] and FePS3 [48]. A summary of 2D
magnets are presented in Figure 2.2, showing a wide variety of magnetic orders
and electronic behaviors. These systems also host different anisotropies, and tun-
ability, establishing a versatile platform for both fundamental studies and device
explorations.

Another critical milestone was the realization of room temperature ferromag-
netism in Fe5GeTe2 [51] and in Fe3GaTe2 [47]. This highlights the potential of
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Figure 2.2: The library of van der Waals mangets. Current library of van der
Waals magnets and their highest reported TC or TN . These includes ferromagnets
(circles) and antiferromagnets (squares) with different electrical properties: insulating
(cyan), semiconducting (yellow), metallic (magenta) [17, 18, 22, 47–75]

integrating 2D magnets into practical spintronic devices that operate at ambient
temperatures. On-going progress is anticipated in stabilizing more high-TC 2D
magnets through doping and strain engineering. However, a central challenge
moving forward lies in bridging advances in fundamental physics with scalable
and reliable fabrication pathways to enable future commercialization.
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2.2 Spintronic phenomena with van der Waals
magnets

2.2.1 Spin valve devices with van der Waals magnets
Spin valves represent one of the most important spintronic device architectures,
exploiting the giant magnetoresistance (GMR) [2, 3] or tunneling magnetoresis-
tance (TMR) [4, 5] effects to achieve magnetic field-dependent electrical resistance.
Spin valves are typically constructed from bulk ferromagnetic electrodes separated
by either a metallic or insulating spacer, enabling controlled spin-dependent elec-
tron transport. By contrast, spin valves built from two-dimensional magnets
open a new avenue for device engineering: the atomically thin nature of layered
materials, combined with their atomically sharp van der Waals interfaces, offers
cleaner and more tunable junctions. This eliminates issues of lattice mismatch
and interfacial disorder that commonly limit traditional heterostructures.

Magnetic tunnel junctions (MTJs) or vertical tunneling spin valves are devices
with ferromagnet and insulating spacer stacked vertically, as shown in Figure 2.3.
These devices rely on the change in tunneling resistance as the magnetization of
the FM electrode changes. The tunneling current is proportional to the electron
density of states (DOS) of the electrodes which in ferromagnets is intrinsically
spin split, meaning that the majority (spin-up) and minority (spin-down) bands
exhibit different DOS profiles depending on the magnetization direction. As a re-
sult, the junction resistance varies with the alignment of the FM layers. When the
magnetizations are parallel, spin-polarized electrons tunnel efficiently, yielding the
lowest resistance state (RP ).Conversely, when the magnetizations are antiparallel,
spin filtering suppresses tunneling, leading to the highest resistance state (RAP ).
The relative contrast between these two states defines the tunneling magnetore-
sistance (TMR) ratio, a key performance metric for MTJs:

TMR = RAP − RP

RP
× 100% (2.1)

Wang et al. [79], demonstrated a tunneling spin valve device (shown in Fig-
ure 2.3a using few nanometer thick Fe3GeTe2 ferromagnetic electrodes separated
by an atomically thin hexagonal boron nitride (hBN) as a tunnel barrier. The
device exhibited a tunneling magnetoresistance (TMR) ratio as high as 160%, cor-
responding to a spin polarization of 0.66 for the FGT electrodes. This enhanced
performance, surpassing conventional magnetic tunnel junctions, was attributed
to the atomically sharp and clean interfaces formed between the electrodes and the
hBN barrier. Replacing hBN with graphite yielded Fe3GeTe2/graphite/Fe3GeTe2
heterostructures exhibiting antisymmetric MR with an intermediate resistance
state, explained by Rashba SOC–induced spin–momentum locking at the inter-
faces [93]. Depending on the relative alignment between spin polarization and
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Figure 2.3: Van der Waals magnets in spin valves a. Tunneling spin valve
from Fe3GeTe2/hBN/Fe3GeTe2 showing the spin valve effect corresponding to tun-
neling magnetoresistance of ∼ 160% measured at 4.2 K. Adapted from [79] b. Spin-
filter effect in graphene/CrI3/graphene tunnel junction with TMR reaching 19,000%
at 2 K. Adapted from [26] c. All-vdW lateral spin valve with Fe3GaTe2/graphene
heterostructure, with the nonlocal spin valve signature measured at 100 K. Adapted
from [80]. d. Summary of 2D magnet-based spin valve devices which includes mag-
netic tunnel junctions, spin filter magnetic tunnel junctions, and lateral spin valves.
The data were obtained from [26, 79–92].

magnetization at the two interfaces, low, intermediate, or high MR states were
obtained. These results highlight the ability of vdW heterostructures to uncover
unconventional spin transport phenomena. Importantly, room-temperature oper-
ation with TMR ratios of 50% has been achieved inFe3GaTe2/WSe2/Fe3GaTe2
junctions [90] demonstrating the practical viability of 2D MTJs for memory ap-
plications.
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Song et al. [26] and Klein et al. [94] demonstrated that magnetic tunnel
junctions employing a magnetic insulator as the tunnel barrier can yield giant
tunneling magnetoresistance, reaching values as high as 19,000% [26]). This be-
havior arises from the spin-filter effect, where tunneling through a magnetic in-
sulator produces spin-dependent barrier heights, leading to different tunneling
rates for spin-up and spin-down electrons. Consequently, the observed mag-
netoconductance strongly reflects the exponential sensitivity of tunneling cur-
rent to the barrier’s electronic structure. A notable example is the graphite/
CrI3/graphiteheterostructure (Figure 2.3b), which acts as a multilayer spin-filter
device due to the interlayer antiferromagnetic ordering and metamagnetic tran-
sitions in CrI3. Beyond enabling enhanced device performance, such structures
also provide a powerful platform to probe the intrinsic magnetic properties of 2D
magnets, offering an electrical alternative to conventional microscopy techniques
such as MOKE and Lorentz transmission electron microscopy (TEM).

For lateral spin valve devices based on graphene transport channels, the first
demonstration of room-temperature spin injection and detection using a vdW
magnet was achieved with Fe5GeTe2-graphene heterostructures [81]. Efficient spin
injection was observed, with a negative spin polarization of 45% in Fe5GeTe2. This
large interfacial polarization arises not only from the high saturation magnetiza-
tion of Fe5GeTe2 benefitted not only from the high magnetization saturation of
Fe5GeTe2 but also from the atomically sharp interface and vdW gap, with en-
hanced tunneling barrier properties compared to conventional thin films. Angle-
dependent spin precession measurements further revealed that Fe5GeTe2 exhibits
canted magnetization at room temperature. More recently, Pan et al. [80], re-
ported the first all-vdW heterostructure lateral spin valve using Fe3GaTe2 (Fig-
ure 2.3c) with robust nonlocal spin valve signals persisting up to 320 K. Together,
these advances highlight the potential of vdW ferromagnet/graphene interfaces
for efficient spin injection. Moreover, the sensitivity of spin valves and nonlo-
cal measurements geometries at the ferromagnet/graphene interfaces opens new
possibilities for an all-electrical probe of spin textures.

2.2.2 Spin orbit torque and magnetization dynamics in van der
Waals magnets

Spin orbit torque is a promising approach for energy-efficient magnetization switch-
ing in next-generation spintronic devices. The discovery of 2D magnetic materials
has pushed forward research in SOT devices, providing a platform for exploring
novel spin orbit phenomena. This section examines the current state of spin orbit
torque research in 2D magnetic systems, as well as the emerging self-induced spin
orbit torque.

For next-generation nonvolatile, magnetic memory devices, SOT has been es-
tablished as an improvement over spin transfer torque (STT) based technolo-
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Figure 2.4: Van der Waals magnet-based spin obit torque devices a. A
van der Waals heterostructure spin orbit torque device. The high spin orbit coupling
material provides the spin orbit torque that acts to switch the magnetization M of
the ferromagnet. b. A comparison of the critical switching current density in 2D
magnet-based SOT devices. The operating temperature of the devices are shown in
the x-axis. Data were obtained from [95–111]. c. An all van der Waals heterostructure
of a memory component, integrating a magnetic tunnel junction for the read-out and
an SOT device for magnetization switching. Higher operating temperature and lower
switching currents are desired.
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gies. For both SOT and STT, magnetization is switched using electrical current
induced-torques, which is attractive for integration in electronic devices. STT
has already been successfully utilized in magnetic random-access memory (STT-
MRAM) [112]. However, several problems are limiting its performance and device
integration: (1) high switching current, (2) slow switching time in few nanosec-
onds, and (3) device instability due to coupled read and write paths [113]. In
contrast, SOT-based devices are implemented in a three terminal magnetic tun-
nel junction (MTJ) design, where a high in-plane pulse current is introduced to
switch the magnetization and a low vertical current is used to detect the magne-
tization state, separating the read and write paths. The separation of read and
write paths significantly improves device enudrance and reliability [11, 114].

For SOT, two layers are needed to build a device (as illustrated in Figure 2.4a).
First is a high spin orbit coupling (SOC) material as a spin source layer, which
converts charge current to spin current, via spin Hall effect (SHE) or Rashba-
Edelstein effect (REE) [115]. Conventional spin sources include heavy metals
(HM) such as Pt, Ta, W, and their alloys - materials exhibiting giant spin Hall
effect. In addition to this, recent works have been directed towards exploring
other van der Waals materials with high SOC and rich band structures; such
as topological semimetals and insulators, and transition metal dichalcogenides
(TMDs) where charge-to-spin conversion could originate from bulk, surface, or a
combination of both [116]. The second layer is the magnetic layer, which provides
the switchable magnetization states corresponding to the memory states.

In conventional magnet/HM heterostructures, a charge current is injected (along
the y-axis) to the high SOC material resulting to a propagation of spin current
in the out-of-plane direction (z-axis). Spin current from the spin source layer will
propagate to at the interface to the magnetic layer and by the transfer of angu-
lar momentum, can switch the magnetization direction of the magnet. In high
spin orbit coupling materials that are characterized by conventional charge-to-spin
conversion, given the device geometry, the resulting spin polarization is along the
x-axis leading to in-plane torques (field-like and damping-like) and hence can only
deterministically switch an in-plane magnet. Ideally, magnets with perpendicular
magnetic anisotropy (PMA) are desired to achieve fast (sub-nanosecond) switch-
ing and high-density devices. So, to utilize the in-plane damping torque in switch-
ing a PMA magnet, a small in-plane magnetic field is used to break the symmetry
of the device. Field-assisted switching has been successfully demonstrated in
Cr2Ge2Te6/Ta [96], Cr2Ge2Te6/Pt [95], Fe3GeTe2/Pt [99], Fe3GeTe2/Bi2Te3[117],
Fe3GaTe2/Pt [110], and in all-vdW heterostructures of Fe3GeTe2/WTe2 [100].

As field-assisted switching add further complications to device design, efforts
have been directed towards circumventing this limitation. Among the solutions,
is the utilization of low symmetry materials with unconventional charge-to-spin
conversion such as WTe2 and TaIrTe4 to obtain out-of-plane torques [118–120].
Successful field-free switching have been demonstrated in Fe3GeTe2/WTe2 [101],
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Fe3GaTe2/WTe2 [111], Fe3GaTe2/TaIrTe4 [91]. Another way to realize deter-
ministic switching is through exchange bias in antiferromagnet/ferromagnet het-
erostructures such as demosntrated in Co-doped Fe5GeTe2/Pt [106] and CrSBr/
Fe3GeTe2/Pt [121] as well as employing intrinsically canted magnets like Fe5GeTe2
[104]. With exchange bias or a canted magnetism, the magnetic inversion symme-
try is broken which normally requires the external magnetic field for deterministic
magnetization switching.

Another exciting direction in the study of spin orbit torques in 2D magnets, are
the emerging reports of self-induced spin orbit torques in 2D ferromagnets, elim-
inating the traditional requirement of a spin source layer. Recent experimental
works have revealed SSOT in Fe3GeTe2 and Co-doped Fe5GeTe2 [92, 122] origi-
nating from crystal symmetry breaking. Materials sharing analogous structural
motifs, layer stacking arrangements, or symmetry-reducing atomic environments
could potentially demonstrate similar phenomena, providing a rational framework
for expanding the library of intrinsic SSOT materials beyond the current exam-
ples.



3 Beyond room temperature
itinerant van der Waals
ferromagnets

This chapter focuses on the static and dynamic magnetic characterization of
room temperature itinerant ferromagnets, Fe5GeTe2 (FGT), (Co0.15Fe0.85)5GeTe2
(CFGT), and (Ni0.40Fe0.60)5GeTe2 (NFGT). First, their static magnetic proper-
ties are systematically investigated using superconducting quantum interference
device (SQUID) magnetometry. Measurements of magnetization as a function of
temperature and applied magnetic field provide insight into their magnetic phase
transitions, anisotropy, Curie temperatures, and coercive fields. In the second sec-
tion, the magnetization dynamics of FGT, CFGT, and NFGT is explored through
broadband ferromagnetic resonance (FMR) spectroscopy over the frequency range
of 5-30 GHz at room temperature (Paper IV ). From these measurements, key dy-
namic magnetic parameters such as the g-factor, effective magnetization, magnetic
anisotropy field, and Gilbert damping constant are extracted, offering a founda-
tional understanding of their suitability for spintronic applications.

3.1 Fe5GeTe2 and its doped variants
The family of iron germanium tellurides, FenGeTe2, n = 3, 4, 5, has attracted at-
tention owing to its relatively high TC , perpendicular magnetic anisotropy (PMA),
and metallic conductivity [22, 51, 54, 123]. While Fe3GeTe2 was the first itin-
erant vdW ferromagnet to demonstrate robust magnetism down to the mono-
layer limit, and Fe4GeTe2 further extended the TC closer to room temperature,
Fe5GeTe2 composition pushes these boundaries even further.A defining character-
istic of Fe5GeTe2 is its room-temperature ferromagnetism, with TC reaching up to
310 K depending on synthesis method, thermal history, and Fe vacancy ordering
[51, 124–126]. This tunability arises from its complex crystal structure, which
includes multiple inequivalent Fe sublattices, and potential Fe site deficiencies
(Fe5−xGeTe2), leading to metastable magnetic phases [127, 128].

As illustrated in Figure 3.1a, Fe5GeTe2 crystallizes in layered structure, where
five inequivalent Fe sites form buckled honeycomb sublayers separated by Ge-Te
bilayers, in a rhombohedral symmetry with space group R3m. Fe1 split sites
(1U and 1D) and Ge split sites are shown with half-filled spheres. This complex

15
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stacking not only yields enhanced exchange interactions, responsible for its itin-
erant ferromagnetism at elevated temperatures, but also gives rise to rich spin
textures, including Néel type domain walls and chiral spin structures mediated by
Dzyaloshinskii-Moriya interactions [129, 130]. Moreover, the interplay between
itinerant electrons and localized moments in Fe5GeTe2 leads to pronounced mag-
netotransport effects, such as large anomalous Hall conductivity and gate-tunable
coercivity [131, 132].

Figure 3.1: SQUID measurements of Fe5GeTe2. a. Fe5GeTe2 unit cell, showing
a layered structure where Fe and Ge atoms are sandwiched between Te planes. The
interlayer gap between the Te planes defines the van der Waals gap. Fe and Ge split
sites are illustrated in half-filled spheres. b. The magnetic moment (M) of bulk
Fe5GeTe2 as a function of temperature under an applied in-plane magnetic field of
50 mT. c. Temperature-dependent magnetic hysteresis loops of the Fe5GeTe2 from
10 K to 300 K. d. Enlarged magnetic hysteresis loops measured at 300 K reveal finite
remanence and coercive fields for both out-of-plane and in-plane response indicating
weak anisotropy at room temperature.

3.1.1 The room temperature itinerant ferromagnet Fe5GeTe2

Superconducting quantum interference device (SQUID) magnetometry was used
to study the static magnetic properties of Fe5GeTe2 as shown in Figure 3.1b-



17

d. SQUID measurements were performed on bulk crystals, which have a planar
geometry which allows the orientation of magnetic field along the ab-plane and
perepndicular to the plane. Magnetization as a function of temperature (M(T))
under an applied in-plane field of 50 mT is shown in Figure 3.1b. From the
M(T) data, we observe a complex temperature dependence with multiple magnetic
transitions occurring above 300 K, at 130 K, and at 100 K. The magnetic transition
at above 300 K corresponds to the transition from paramagnetic to ferromagnetic
state. Further cooling to 130 K reveals a dip in magnetization which corresponds
to a spin glassy phase [133], similar to previous reports for quenched FGT crystals
[128]. After which, an increase in magnetization is observed at around 100 K,
which has been determined to be a magnetostructural transition from a meta-
stable phase before cooling [51, 126, 129]. In reports with further thermal cycling,
the magneto-structural transition vanishes and the TC is enhanced up to 310 K
[128, 129]. This complicated behavior is linked to magnetostructural transitions
related to the reorientation of the Fe1 moments [51, 134].

The isothermal magnetic hysteresis loops M(H), measured at various temper-
atures with both in-plane (H||ab) and out-of-plane magnetic fields (H||c), are
presented in Figure 3.1c. In contrast to earlier reports [51], our results reveal an
easy-plane magnetic anisotropy in FGT. This behavior has also been observed
in MBE-grown FGT films [135] and Fe-deficient crystals [124]. The hysteresis
loops persist up to room temperature, although the magnetic moment decreases
with increasing temperature. Enlarged M(H) loops at 300 K are shown in Fig-
ure 3.1d. Both in-plane and out-of-plane measurements exhibit finite remanence
and coercivity, suggesting possible canted magnetization at room temperature.
This observation is consistent with earlier findings by May et al., who reported
very weak anisotropy at elevated temperatures [51, 124].

3.1.2 Co-doped Fe5GeTe2

In Co-doped Fe5GeTe2, the magnetocrystalline anisotropy and Curie temperature
(TC) are strongly dependent on Co doping [53, 136, 137]. As schematically il-
lustrated in Figure 3.2a, up to doping concentrations of 20%, Co atoms prefer
to substitute to the outermost Fe sublattices (Fe1 split sites), which are labeled
FeU and FeD species (dark blue color) (Paper II). This agrees with other studies
showing that Fe split sites are most prone to defects [51, 138].

Co concentration and magnetic anisotropy energy (MAE) are found to have a
direct correlation, where doping alters the magnetocrystalline anisotropy from a
weak out-of-plane or canted magnetization to a stronger easy-plane magnetiza-
tion. In the pristine FGT, the outermost Fe has the largest contribution to the
out-of-plane MAE. The Fe atoms towards the center of the monolayer have a de-
creased out-of-plane magnetic anisotropy (Fe5, Fe2), while Fe4, and Fe3 exhibit
large in-plane MAE. Hence, the change in the magnetic anisotropy with Co doping
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Figure 3.2: SQUID measurements of Co0.15Fe0.85)5GeTe2. a. Schematic il-
lustration of Co-doped Fe5GeTe2 crystal structure with increasing Co concentration.
Co, Fe, Te, and Ge atoms are represented by dark blue, orange, yellow, and light
blue spheres, respectively. The right panel provides a detailed view of the atomic la-
bels and their spatial arrangement along the crystallographic c-axis, highlighting the
substitutional of Co into the Fe sublattice, with Fe(1) site as the most preferential
doping site. b. The magnetic moment (M) of bulk CFGT as a function of temper-
ature in logarithmic scale under an applied in-plane magnetic field of 50 mT. The
inset displays the corresponding M(T) dependence on a linear scale. c. Temperature-
dependent magnetic hysteresis loops of the CFGT crystal from 10 K to 300 K further
demonstrate the persistence of strong in-plane ferromagnetic ordering throughout the
measured range. d. Enlarged magnetic hysteresis loops measured at 300 K reveal a
clear distinction between in-plane (orange) and out-of-plane (light blue) magnetic re-
sponses, indicating anisotropic magnetic behavior sustained up to room temperature.
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can be understood from the substitution of the large out-of-plane magnetization
in FeU and FeD with in-plane magnetization in CoU and CoD, and consequently
the reduced MAE in Fe5 and Fe2, establishing a strong easy-plane anisotropy in
Co-doped FGT for Co concentration up to 20% [83]. This easy-plane anisotropy
together with enhanced TC and magnetic anisotropy have been reported for Co-
doping below 30% . Higher doping concentrations (>30%) lead to a change in
lattice structure from rhombohedral to primitive cell as well as a change in mag-
netic ground state from ferromagnetic easy-plane anisotropy to antiferromagnetic
perpendicular magnetic anisotropy [53, 136, 137].

To probe the magnetic properties of Co-doped FGT, we focus on (Co0.15Fe0.85)5
GeTe2, which is still ferromagnetic but with higher TC . The temperature-dependent
magnetic moment of a bulk Co0.15Fe0.85)5GeTe2 crystal was measured with a
SQUID magnetometer. The M(T) curve in Figure 3.2b shows that a higher TC has
been achieved evidenced by a finite magnetic moment above 300 K. In contrast to
FGT, the M(T) curve only show one transition-the paramagnetic to ferromagnetic
transition at 310 K. The spin glassy phase transition and magnetostructural tran-
sition at lower temperatures are not observed in CFGT. This is a consequence of
the preferential occupancy of Co-dopants to the defect-prone outermost Fe sites,
which contributes to the low-temperature transitions.

Isothermal magnetic hysteresis loops M(H) measured from 10 K to 300 K for
both in-plane (H||ab) and out-of-plane (H||c) orientations of the magnetic field
(Figure 3.2c) show that strong easy-plane anisotropy is maintained up to room
temperature. The magnified hysteresis loop at 300 K (Figure 3.2d) shows a clear
remanence in the in-plane direction (H||ab), while the magnetic hysteresis almost
vanishes for the out-of-plane orientation (H||c).

3.1.3 Ni-doped Fe5GeTe2

Similarly, for Ni-doped Fe5GeTe2, TC and magnetic anisotropy are greatly affected
by Ni dopants which preferentially substitute to the outermost Fe split site (FeU
and FeD). However, in contrast to CFGT, the ferromagnetic ground with easy
plane magnetic anisotropy is maintained with an increase in TC and saturation
magnetization peaking at 40% of Ni doping (with a record TC close to 500 K)
[52, 117]. After which, further increase of Ni concentration results to the dilution
of magnetic moments leading to the decrease in TC and magnetization saturation
until the onset of paramagnetic state with doping concentrations beyond 86% [52].
Structural transformations have been observed in Ni-doped Fe5GeTe2, marked by
a transition from ABC rhombohedral stacking to AA trigonal stacking. At higher
doping levels, phase segregation emerges, giving rise to distinct Fe-rich and Ni-rich
regions. Additionaly, itinerant ferromagnetism in the system is enhanced due to
electron doping, as Ni atoms donate additional carriers to the system [52]. These
findings underscore the strong interplay between magnetic behavior, electronic
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structure, and lattice configuration [139].

SQUID measurements for (Ni0.40Fe0.60)5GeTe2 are shown in Figure 3.3. Due to
the high TC , the paramagnetic to ferromagnetic transition was not observed on the
range of measurements performed. By fitting the M(T) data to M(T ) ≈ (TC−T )β,
we obtain a TC of 482 ± 2 K using a critical exponent of β = 0.33, which has been
reported for AA stacked Fe5GeTe2 [140]. Similar to CFGT, the transitions at
lower temperatures are also not observed for NFGT. M(H) curves in Figure 3.3b at
different temperatures show strong easy-plane anisotropy persisting even beyond
room temperature.

Figure 3.3: SQUID measurements of (Ni0.40Fe0.60)5GeTe2 a. The magnetic
moment (M) of bulk NFGT as a function of temperature under an applied magnetic
field of 1 T from 2 K to 400 K. b. Isothermal magnetic hysteresis loops of the NFGT
crystal from 10 K to 350 K showing beyond room temperature ferromagnetism with
strong in-plane anisotropy. c. Magnified magnetic hysteresis loops measured at 300 K
reveal a clear distinction between in-plane (purple) and out-of-plane (cyan) magnetic
responses.
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3.2 Ferromagnetic resonance in Fe5GeTe2 and its
doped variants

Broadband ferromagnetic resonance experiments over a wide range of frequencies
were performed on bulk crystals of FGT, CFGT, and NFGT at room tempera-
ture using a Phase FMR system with a coplanar waveguide (CPW) for microwave
field excitation (Paper IV ). Microwave excitation fields hrf with frequencies in
the range of 5 − 30 GHz were applied along the ab-plane of the crystals, while
the DC magnetic field was applied along the ab-plane and c-plane of the crystals
to investigate both their in-plane and out-of-plane response. The bulk vdW fer-
romagnetic crystals have a planar geometry, with the exception of NFGT (with
a more granular structure), which allows us to orient the magnetic field parallel
and perpendicular to the plane.

3.2.1 Probing magnetic resonance under an in-plane magnetic
field

The sample position on the coplanar waveguide (CPW), applied in-plane magnetic
field H, microwave excitation field hrf , and the effective magnetic field Heff ,
are shown in the schematic illustration in Figure 3.4a. When the frequency of
precession matches the frequency of the applied microwave excitation field, the
ferromagnet absorbs maximal microwave power. The power derivative of the
FMR absorption spectra for FGT, CFGT, and NFGT is shown in Figure 3.4b-d,
together with the fits to the sum of the symmetric and antisymmetric Lorentzian
derivatives as described below[141]:

dP

dH
(H) = −8C1∆H(H − HR)

[∆H2 + 4(H − HR)2]2 + 2C2[∆H2 − 4(H − HR)2]
[∆H2 + 4(H − HR)2]2 (3.1)

where H, ∆H, HR, C1, and C2 correspond to the applied magnetic field, the full
width at half maximum (FWHM) of FMR absorption, resonance field, and the
symmetric and anti-symmetric fitting parameters of the Lorentzian derivatives,
respectively.

Achieving resonance for FGT, CFGT, and NFGT confirms their ferromagnetic
behavior at room temperature. From the FMR absorption spectra, it is observed
that resonance conditions are obtained for FGT and CFGT for a broader range
of frequencies up to 30 GHz within the applied field range of 1 T. NFGT, on
the other hand, shows resonance conditions for the measured frequency range of
5 − 18 GHz.

By fitting the FMR absorption spectra at each frequency to Equation 3.1, we
obtain the frequency (f) dependence of the resonant field (HR), as shown in
Figure 3.4a, together with fits to Kittel’s equation [142]:
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Figure 3.4: In-plane ferromagnetic resonance (IPFMR) spectra for FGT,
CFGT, and NFGT a. Schematic diagram of ferromagnetic resonance (FMR) mea-
surements on a vdW bulk ferromagnet on a coplanar waveguide (CPW) where a
microwave field (hrf ) in the range of 5-30 GHz and an in-plane magnetic field up
(H) to 1 T is applied. Representative data of ferromagnetic resonance response of b.
FGT, c. CFGT, and d. NFGT corresponding to the power derivative of the FMR
absorption spectra with an in-plane field at room temperature. The hollow symbols
are the raw data, and the solid lines are the fits to Eq. 3.1

f(H||ab) = γµ0

2π

√
(HR − Hk)(HR − Hk + Meff) (3.2)

where γ = gµB

ℏ is the gyromagnetic ratio with g as the Landé g-factor and µB

is the Bohr magneton, Hk is the in-plane magnetic anisotropy field, Meff is the
effective magnetization of the sample, and µ0 is the permeability of vacuum. γ,
Hk, and Meff are allowed to be free fitting parameters. The extracted values of
g, µ0Hk, and µ0Meff for FGT, CFGT, and NFGT are summarized in Table 3.1.

Generally, the total magnetic moment M of a material is determined from the
contribution of both spin (S) and orbital angular momentum (L) which can then
be represented by an effective spin (S′) and where the g-tensor takes into account
the different g-values in each crystallographic direction [143]:

M = −µB(L + 2S) → gµBS′ (3.3)
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Figure 3.5: Resonance and linewidth analysis for FGT, CFGT, and NFGT
under an in-plane magnetic field at room temperature. a. Frequency depen-
dence of the resonant field for FGT (purple), CFGT (green), and NFGT (orange).
The hollow symbols correspond to the experimental data, and the line is the fit to
Kittel’s equation (Eq. 2.), where anisotropy field (µ0Hk), gyromagnetic ratio (γ/2π),
and effective magnetization (µ0Meff ) were extracted. b. Linewidth analysis for FGT
(purple), CFGT (green), and NFGT (orange). Hollow symbols correspond to the ex-
perimental data while the solid line is the fit to Eq. 3, where the linewidth broadening
(∆H0) and damping constant (α) were extracted.

For which, g = 2.0023 corresponds to a pure electron spin contribution to the
magnetic moment. For H||ab, FGT, CFGT and NFGT have Landé g-factors that
are greater than 2, indicating possible orbital contribution or spin-orbit interac-
tion. Large Berry curvature has already been reported for Fe3GeTe2[144] and
Fe3GaTe2 [145], while self-induced spin-orbit torque was observed in Co-doped
Fe5GeTe2 [92]. To evaluate the orbital contribution to the g-factor we calculate
for the ratio of orbital (µL) to spin (µS) contribution [146] µL/µS = (g − 2)/2,
which comes out to be 0.18 for FGT, 0.165 for CFGT, and 0.15 for NFGT.

Interestingly, by doping FGT with Co and Ni, the effective magnetization is
increased significantly, especially for NFGT with µoMeff,NF GT = 0.960T. Among
the three, NFGT has the highest effective magnetization and TC . These enhance-
ments were attributed to a more pronounced lattice reorientation with Ni-doping
compared to Co-doping [52].

In addition, by analyzing the frequency dependence of the linewidth, ∆H, we
can extract the effective Gilbert damping constant α, and the inhomogeneous
broadening, ∆H0, of the FMR spectra by fitting the ∆H versus f shown in
Figure 3.5b to [147–149]:

∆H = ∆H0 + 4παf

γµ0
(3.4)

Equation 3.4 is used to fit the experimental values by having both ∆H0 and α
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Material g-factor µ0Meff (T) µ0Hk (T) α ∆H0 (T)

Fe5GeTe2 (FGT) 2.36±0.01 0.11±0.02 0.08±0.01 0.041±0.002 0.061±0.002

(Co0.15Fe0.85)5GeTe2 (CFGT) 2.33±0.01 0.31±0.02 0.23±0.01 0.040±0.001 0.053±0.001

(Ni0.40Fe0.60)5GeTe2 (NFGT) 2.30±0.04 0.96±0.03 0.95±0.06 0.104±0.005 0.003±0.002

Table 3.1: Dynamic magnetic parameters extracted from broadband IPFMR mea-
surements.

as adjustable fitting parameters, achieving a good fit to the experimental data.
The extracted values of ∆H0 and α are summarized in Table 3.1. Resonance
peak linewidths in FMR give us information on the relaxation times and mag-
netic uniformity of the sample. A broader linewidth indicates the presence of
inhomogeneities in the sample. On the other hand, a narrow linewidth is ex-
pected from a highly uniform sample. FGT and CFGT have a Gilbert damping
constant in the range of 0.04, comparable to earlier reports on FGT [150], while
NFGT has a higher damping constant of 0.104. This makes FGT and CFGT
attractive for high-frequency magnetization dynamics applications, while NFGT
is more suitable for highly stable magnetic applications.

Another important parameter is the inhomogeneous linewidth broadening, ∆H0,
which behaves independent of the frequency. ∆H0 may be caused by defects in
the material, grain boundaries, domain structures, and other scattering processes
[33]. NFGT shows minimal linewidth broadening of 0.003 T, a magnitude lower
than FGT and CFGT with 0.061 T and 0.053 T, respectively. This indicates
better magnetic uniformity in NFGT compared to FGT and CFGT. Two-magnon
scattering (TMS) is another factor that can lead to linewidth broadening and may
influence the effective damping constant obtained from our measurements [151].
Although TMS is known to exhibit a nonlinear dependence on frequency, our
data show a linear relationship between linewidth and frequency across a broad
frequency range. This suggests that the contribution of TMS, if present, is likely
small but cannot be completely ruled out.

3.2.2 Probing magnetic resonance under an out-of-plane
magnetic field

Next, we measured FMR with an applied out-of-plane magnetic field as schemat-
ically shown in Figure 3.6a. Figure 3.6b and c show the representative resonance
spectra for FGT and CFGT, respectively. For FGT, the resonance spectra show
sharp resonance signatures almost like the in-plane spectra. As earlier studies
reported canted magnetism for FGT [81, 104], this could explain the distinct res-
onance curves obtained for both in-plane and out-of-plane applied magnetic fields.
On the other hand, CFGT shows broader and a more dilute resonance spectra
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Figure 3.6: Out-of-plane ferromagnetic resonance (OPFMR) of FGT and
CFGT a. Schematic diagram of ferromagnetic resonance (FMR) measurements on
a vdW bulk ferromagnet on a coplanar waveguide (CPW) where a microwave field
(hRF ) in the range of 5 − 30 GHz and an out-of-plane magnetic field up (H) to 1 T
is applied. b. Representative data for the ferromagnetic resonance response of FGT
under an out-of-plane magnetic field showing resonance condition from 5 − 20 GHz.
c. Representative data for the ferromagnetic resonance response of CFGT with an
out-of-plane field at a frequency range of 10 − 20 GHz. The hollow symbols are the
raw data, and the solid lines are the fits to Eq.3.1

under an out-of-plane field compared to the in-plane configuration. As CFGT
has an easy-plane magnetic anisotropy, the weaker signals are expected in FMR
signals with a small out-of-plane magnetic field of 1 T. For NFGT, with a strong
easy-plane anisotropy, evident from the anisotropy field and effective magneti-
zation we extracted, resonance conditions under an out-of-plane magnetic field
cannot be obtained within a 1 T field range.

Similarly, the ferromagnetic resonance spectra at each frequency are fitted to
Equation 3.1, and the obtained HR versus f is shown in Figure 3.7a together with
fits to the out-of-plane Kittel’s equation [142]:

fH||c = γµ0

2π
(HR − Meff) (3.5)
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Figure 3.7: Resonance and linewidth analysis for FGT and CFGT under an
out-of-plane magnetic field at room temperature. a. Frequency dependence
of the resonant field for FGT (purple) and CFGT (green). The hollow symbols are
the experimental data and the solid line is the fit to Kittel’s equation (Eq. 4). b.
Linewidth analysis for FGT (purple) and CFGT (green), where the linewidth broad-
ening (∆H0) and damping constant (α) were extracted from the fitting to Eq. (3).
The hollow symbols are the experimental data points.

Since the Meff is sample dependent, we use the Meff extracted in the in-plane
FMR in Equation 3.2. The g values for FGT and CFGT under an out-of-plane
field are summarized in Table 3.2. The frequency dependence of the linewidth was
analyzed using Equation 3.4 with the extracted γ from the out-of-plane Kittel
fitting, as shown in Figure 3.7b. The extracted values of ∆H0 and α are also
listed in Table 3.2.

Material g-factor µ0M∗
eff (T) α ∆H0 (T)

Fe5GeTe2 (FGT) 2.012
±0.003 0.11 0.034

±0.004
0.102

±0.004

(Co0.15Fe0.85)5GeTe2 (CFGT) 1.752
±0.009 0.31 0.051

±0.002
0.095

±0.003

Table 3.2: Magnetic dynamic parameters extracted from broadband OPFMR mea-
surements.

From the out-of-plane Kittel fitting we obtained a corresponding g-factor of
2.012 for FGT, and 1.752 for CFGT. Inhomogeneous linewidth broadening has
increased for both FGT and CFGT at 0.1024 T and 0.0953 T, respectively, com-
pared to the in-plane configuration. When measuring using out-of-plane magnetic
field, the spins are aligned against the preferred easy axis, leading to enhanced
spin fluctuations and inhomogeneous broadening. Although TMS contribution is
suppressed, other effects such as surface inhomogeneities could also contribute to
the linewidth broadening [43].
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3.2.3 Anisotropic g-factor in Fe5GeTe2 and (Co0.15Fe0.85)5GeTe2

Measurement of g-factor from FMR with the magnetic field applied in different
directions could reveal orbital contributions to the total magnetic moment, which
could be different for different crystallographic directions. Figure 3.8a and b show
the frequency dependence of the resonance field for FGT and CFGT under an in-
plane field (H||ab) and (H||c) out-of-plane field. We observe anisotropic g-factor
for both FGT and CFGT as evident from the different slopes in the f versus HR

plots.

Figure 3.8: Anisotropic g-factor for FGT and CFGT. a. Comparison of the
HR vs f for FGT under an in-plane and out-of-plane field. b. HR vs f for CFGT at
different field orientations.

To maintain magnetism at reduced dimensions, like in vdW ferromagnets, uni-
axial magnetic anisotropy is needed which could stem from crystal structure.
This could reflect anisotropic behaviors. For FGT, the in-plane g-factor is 2.36
(µL/µS = 0.18) and the out-of-plane g-factor is 2.012 (µL/µS = 0.006) , while
for CFGT it is 2.33 (µL/µS = 0.165) and 1.752 (µL/µS = −0.124), respectively.
This drastic change in g-factor may be related to anisotropic spin-orbit coupling
as orbital effect seems to be opposing spin in out-of-plane direction. The observed
deviations of the g-factors from the free-electron value suggest a substantial orbital
contribution to the total magnetic moment, with pronounced anisotropy in FGT
and CFGT. These results highlight the role of spin–orbit coupling and crystal
symmetry in governing the magnetization dynamics of vdW ferromagnets.

In summary, we have investigated the magnetization dynamics of van der Waals
ferromagnets FGT, CFGT, and NFGT at room temperature using broadband
ferromagnetic resonance (FMR) spectroscopy. From these measurements, we ex-
tracted key dynamic parameters including the g-factor, effective magnetization,
in-plane magnetic anisotropy field, and Gilbert damping constant. A compari-
son of damping constants and other parameters for several vdW ferromagnets are
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presented in Table 3.3.

Material α µ0Meff (T) µ0Hk (T) Technique Temp. Ref.

(Ni0.40Fe0.60)5GeTe2 (NFGT) 0.104 (IP) 0.96 0.95 B-FMR 300 K This work

(Co0.15Fe0.85)5GeTe2 (CFGT)
0.040 (IP)

0.051 (OP)
0.31 0.23 B-FMR 300 K This work

Fe5GeTe2
0.041 (IP)

0.034 (OP)
0.11 0.08 B-FMR 300 K This work

Fe5GeTe2 0.035 (OP) – – B-FMR 300 K [150]

Fe5GeTe2 0.0513 (IP) 0.054 – B-FMR 300 K [152]

Fe4.8Co0.2GeTe2 0.0526 (IP) 0.050 – B-FMR 300 K [152]

Fe3GaTe2 0.075 (OP) 0.083 4.00 TR-MOKE 300 K [153]

Fe3GeTe2 0.058 (OP) – – ESR 185–210 K [154]

CrBr3 0.009 (OP) ∼0.15 ∼0.2 FMR 30 K [155]

Cr2Ge2Te6 (10.5 nm flake) 0.006(OP) – 0.125 TRFR 10 K [156]

Permalloy (3 nm thin film) 0.013 (IP) – – FMR 300 K [157]

Table 3.3: Summary of magnetic damping constant (α), effective magnetization
(µ0Meff), anisotropy field (µ0Hk) for different van der Waals magnets. Measurements
were performed on bulk crystals unless otherwise specified. B-FMR: broadband fer-
romagnetic resonance spectroscopy; ESR: electron spin resonance; TR-MOKE: time-
resolved magneto-optical Kerr effect; TRFR: time-resolved Faraday rotation.



4 Van der Waals
ferromagnet/graphene spin valve
heterostructures

In this chapter, we continue to probe the vdW ferromagnets Fe5GeTe2 (FGT)
and (Co0.15Fe0.85)5GeTe2 (CFGT) by integrating them into spintronic devices.
We demonstrate the robust room temperature operation of lateral spin valve
(SPV) devices using FGT (Paper I ) and CFGT (Paper II ) in heterostructures
with graphene to evaluate their properties as spin sources, as illustrated in Fig-
ure 4.1. We performed room temperature spin transport measurements in nonlo-
cal spin valve configuration and observed characteristic spin valve switching for
both FGT/graphene and CFGT/graphene devices. The room temperature spin-
tronic properties of FGT and CFGT are measured at the interface with graphene,
characterized by a negative spin polarization. Hanle spin precession measure-
ments provide additional insights by probing the spin dynamics at the vdW mag-
net/graphene interface, revealing canted magnetic moments in FGT and in-plane
magnetic anisotropy in CFGT. These findings open opportunities for vdW inter-
face design and applications of vdW-magnet-based spintronic devices at ambient
temperatures.

4.1 Spin valve devices with Fe5GeTe2 and
(Co0.15Fe0.85)5GeTe2

In vdW ferromagnet/graphene spin valves, exfoliated FGT and CFGT flakes are
used as spin injector or detector on a graphene spin transport channel (chemical
vapor deposited CVD [158] or exfoliated graphene), with additional ferromagnetic
cobalt (Co) contacts, and reference nonmagnetic gold (Au) contacts. An optical
micrograph of a representative SPV device is shown in Figure 4.1b. The well-
studied spin properties of Co contacts help to isolate and characterize the spin
properties of the vdW ferromagnets. The nonlocal (NL) spin valve and Hanle spin
precession measurements are sensitive to the vdW ferromagnet/graphene interface
and should allow probing of the different spin polarization components (Sx, Sy,
Sz). The spin valve measurements with the magnetic field (By) sweep along the
y-axis can provide information about the in-plane spin polarization (Sy) along

29
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Figure 4.1: Room temperature graphene spin valves with vdW ferromag-
nets a. Schematic illustration of vdW ferromagnet/graphene spin valves (SPV) show-
ing spin injection/detection in graphene with Co/TiO2 as a reference ferromagnetic
contact. b. Optical micrograph of a representative SPV device showing the vdW fer-
romagnet, Co electrode, graphene channel (recolored for visibility), and Au reference
electrodes. The scale bar is 3 µm.

the y-axis, whereas the Hanle spin precession measurements with Bx(z) along the
x(z)-axis is a reliable approach to extract the (initial) spin polarization Sy and
Sz(x) and spin dynamic properties.

4.2 Graphene spin valves with Fe5GeTe2

4.2.1 Spin injection and detection in Fe5GeTe2

Figure 4.2a show the nonlocal SPV signal for FGT injection and detection, with
the inset showing the corresponding nonlocal measurement set-up. In the FGT
injection case, a current bias Idc is applied between the FGT and Au contact. Spin
accumulation occurs at the FGT/graphene interface, which then diffuses towards
the Co detector. The nonlocal voltage is measured in the Co detector with respect
to another Au contact, which relates to the magnitude of spin current detected
by the Co contact. In the case of FGT detection, Idc is applied between Co and
Au and the nonlocal voltage is measured between FGT and another Au contact.
The nonlocal geometry allows the segregation of the charge current pathway from
that of the spin current. By sweeping a magnetic field along the long axis of both
FGT and Co, in this case along the y-axis, the relative orientation of the magnetic
moments of FGT and Co is tuned depending on their coercive fields (HC), leading
to a low resistance state (parallel) and to a high resistance state (antiparallel).
By separately characterizing a reference Co (injector)-Co(detector) spin valve the
switching fields (HC) for the Fe5GeTe2 and Co contacts can be confirmed. In this
case, the sharp switch at 5 mT corresponds to FGT and the switch at 27 mT
corresponds to the Co contact. The observation of robust spin valve signals with
sharp switching demonstrates the presence of an in-plane spin component Sy at
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the Fe5GeTe2/graphene interface at room temperature.

Figure 4.2: Spin injection and detection by Fe5GeTe2 a.The measured nonlocal
(NL) spin valve signal Rnl = Vnl/Idc for spin injection from FGT with parallel (P) and
antiparallel (AP) alignment of FGT and Co electrodes (red and blue arrows) on CVD
graphene channel with an applied bias current Idc across the FGT/Gr junction and
NL voltage Vnl measured by the Co detector, as shown in the measurement geometry
in the inset. The reference Au/Ti contacts on FGT and graphene are represented
by the black dots. The bottom panel shows the data for FGT as the detector and
Co as an injector (schematic in the inset). The red (blue) dashed arrows show the
magnetic field sweep directions. The switching fields for FGT and Co electrodes in the
spin-valve measurement are indicated. The measurements were performed in Device
1 at room temperature. b. Schematics for the spin injection and extraction process
at FGT/Gr interface, showing the accumulation of “down” and “up” spins in the
graphene channel, respectively. c. Bias dependence of the FGT-Co2 and Co2-Co3
spin-valve signal magnitude in the spin injection and extraction regime and the linear
fittings, respectively. Co2 and Co3 are the reference Co electrodes. The error bars
are calculated from the standard deviation of the measured data. d. Comparison of
the measured spin valve signals of FGT-Co2 and Co2-Co3 spin devices. The signals
are shifted along the y-axis for clarity. e. Calculated spin-polarized total DOS for
Fe5GeTe2/graphene heterostructure (solid lines) and projected onto Fe5GeTe2 (color-
shaded area).
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To examine the sign of the spin polarization of the Fe5GeTe2/graphene inter-
face, results from current bias dependence measurements of FGT-Co spin valve
were compared to results obtained for the standard Co-Co spin valve (Figure 4.2c).
Reversing the bias current polarity (+Idc/−Idc) results in the spin accumulation
with opposite spin polarization in graphene due to spin injection and extraction at
the Fe5GeTe2/graphene interface, as illustrated in Figure 4.2b. In the spin injec-
tion case, the majority spin population in FGT will be accumulated in graphene
while in the spin extraction case, the matching spin majority population in FGT
will be extracted from the graphene channel leaving an accumulated opposite
spin population in graphene. This explains the spin signal inversion with the sign
inversion of the current bias. Moreover, the magnitude of the spin valve signal
scales linearly with the applied bias current for Fe5GeTe2 and Co contacts. More
importantly, we notice that the sign of the spin signal for the FGT-Co spin valve
is opposite compared to that of the standard Co-Co spin valve, which implies neg-
ative or opposite spin polarization of the Fe5GeTe2/graphene interface compared
to Co/TiO2/graphene. Such a negative spin polarization is found to be robust
and could be reproducibly observed in all devices. These observations agree with
the density of states (DOS) obtained from DFT calculations (Figure 4.2e), where
Fe5GeTe2 shows a negative spin polarization at the Fermi energy (EF ) with the
DOS of the “spin-down” channel being larger than that of the “ spin-up” channel
at the Fe5GeTe2/graphene interface.

To figure out the anisotropic characteristic of the Fe5GeTe2/graphene interface,
an angle-dependent in-plane spin valve measurement was performed from +90° to
−90° in the xy-plane as shown in Figure 4.3a-c. We observe that the switching field
of the Co detector increases with the magnetic field rotation angle Φ, consistent
with the strong uniaxial magnetic anisotropy of Co in a narrow stripe geometry.
The measured spin valve signal is the result of the projection of the FGT spin
polarization on the Co magnetic moment (MCo). Note that, MCo remains along
the y-axis in the small B field range (±0.1 T). The saturation field of FGT is
minimum at Φ = 0, with a coercive field HC ≈ 5 mT, which is much smaller
compared to that of Co. By extracting the antisymmetric precession and stage-
like components from the in-plane results, we plot the angle dependence of the
spin polarization Sz and Sy (Figure 4.3d and e). The measurements show that the
in-plane magnetic moment of Fe5GeTe2 (and the corresponding spin polarization
Sy(x)) can be easily rotated in the xy-plane by a small magnetic field; however, it
has a robust out-of-plane spin polarization Sz. Similar results have been observed
in the FGT detector configuration and in an additional device.

It should be noted that the spin valve data reflects the interfacial properties
of the Fe5GeTe2/graphene and does not exactly match the bulk properties of
Fe5GeTe2. This is due to the weak interlayer magnetic interaction in FGT [125,
132], resulting to only a few layers of Fe5GeTe2 at the interface with graphene
which contribute to the spin valve signals. Moreover, the Fe5GeTe2/graphene
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interface area in different devices has a size of ≈ 1 − 3µm2, comparable to the
expected Fe5GeTe2 magnetic domain size,[130, 131] which can explain the non-
zero remanence at the injection/detection areas.

Figure 4.3: Angle dependence and spin precession in Fe5GeTe2/graphene
heterostructure at room temperature. a. Left: Schematic top view of the spin
valve device with in-plane Bip magnetic field sweep in the xy-plane with an angle Φ
relative to the y-axis. Right: Schematic side view of the device for magnetic moment
configuration in FGT with an external Bx field. M is the magnetic moment with
components Mx (Mz) along the x(z)-axis. Sx and Sz are the corresponding injected
spin orientations. b. and c. In-plane angle dependence of the spin valve signal with
angle Φ = 0 to −90° and 0 to +90°, respectively. The switching of injector FGT
and detector Co electrodes in the spin valve signal are shown by the black and blue
arrows, respectively. A linear y-axis shift is added to the signals for clarity, and a
small hysteresis of ≈ 3.5 mT from the magnet is corrected using control experiments
of reference Co-Co Hanle measurements. d. and e. Normalized spin valve signal
components Sz(y) and comparison with the sine (cosine) function with the in-plane
Bip rotation angle Φ. The error bars were calculated from the background noise of the
signal. The insets are the top view of the schematic for the in-plane magnetic moment
Mip projection on the axes, where Sz(y) are injected spins from magnetic moments
Mz(y) of FGT. The measurements were performed in Device 1 at room temperature.
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4.2.2 Canted magnetism in Fe5GeTe2/graphene
To probe different spin polarization orientations at the Fe5GeTe2/graphene inter-
face, we performed spin precession experiments in both the x-axis Hanle (xHanle)
and the z-axis Hanle (zHanle) measurement geometries [159]. Figure 4.4a schemat-
ically shows the expected xHanle lineshape for different spin components (Sx, Sy,
Sz) injected from Fe5GeTe2 with different magnetic moments (Mx, My, Mz). The
injected out-of-plane spins Sz should result in an antisymmetric xHanle curve,
whereas the spins along Sy should generate a symmetric xHanle signal. However,
the spins along the Sx direction should not precess, resulting in the absence of
a signal due to a collinear relationship with Bx. A sine-shaped xHanle signal is
observed in the FGT-Co device (Figure 4.4b), indicating a possible out-of-plane
spin Sz injection from the Fe5GeTe2/graphene interface due to the perpendicular
magnetic anisotropy (PMA) of Fe5GeTe2 in remanence [160, 161]. The magnetic-
moment-dependent xHanle signal shows a sign change with the parallel (P) and
antiparallel (AP) states, also offering us a method to eliminate the non-spin pre-
cession related background.

Figure 4.4: Hanle spin precession in Fe5GeTe2/graphene heterostructure
at room temperature. a. and c. Schematics of xHanle and zHanle measurement
geometries with Bx and Bz field sweeps respectively, and the expected lineshape of
the spin precession signal for all the possible FGT magnetization scenarios (Mx, My,
and Mz). b. and d. Measured xHanle and zHanle signals in the FGT-Co spin valve
with different magnetic configurations (P/AP) of the electrodes. The averaged (Avg)
Hanle signal and extracted symmetric (Sym) and antisymmetric (Asym) components
are presented with a shift on the y-axis for clarity.
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The difference in resistance between P and AP states Ravg = [Rnl(P )−Rnl(AP )]/2
was averaged (avg) and then decomposed into symmetric (sym) and antisymmet-
ric (asym) components with Rasym = [Ravg(B)+Ravg(−B)]/2; Rsym = [Ravg(B)−
Ravg(−B)]/2, corresponding to the spin components Sy and Sz, respectively. No-
tably, there is no symmetric Hanle component, suggesting no remanent Sy com-
ponent when a Bx is applied, which is due to the soft magnetic property of the
Fe5GeTe2 magnetization. This is consistent with a small HC and a narrow minor
loop observed for the Fe5GeTe2 in the spin-valve measurements. These xHanle
measurements suggest an out-of-plane magnetic anisotropy at the Fe5GeTe2/
graphene interface with spin polarization Sz in remanence.

Similarly, the in-plane spin polarizations Sy(x) in the FGT-Co device were eval-
uated based on the symmetric and antisymmetric characteristics of the measured
zHanle curves (Figure 4.4c). In contrast, the Sz spin polarization should not result
in a signal, as it is collinear with Bz. The measured zHanle signal of the FGT-Co
spin valve device (Figure 4.4d) suggests the injection of both spins, Sx and Sy,
from the Fe5GeTe2/graphene interface. Measurements with the different magne-
tization directions of the magnetic moments (P/AP) result in the sign reversal
of the Hanle curves, which are then averaged (Ravg) and decomposed into sym-
metric (Sym) and antisymmetric (Asym) components, corresponding to the spin
components Sy and Sx, respectively. However, the magnitude of the Sx and Sy

signals are much smaller than the measured Sz signal, confirming stronger out-of-
plane magnetic moment in remanence at the Fe5GeTe2/graphene interface. The
presence of canted magnetism can offer such multidirectional spin polarization in
Fe5GeTe2.

4.2.3 Spin polarization at the Fe5GeTe2/graphene interface
Finally, the spin polarization of the Fe5GeTe2/graphene interface was calculated
by considering both the spin valve and the Hanle signals. The magnitude of the
spin-valve signal can be defined as:

Rnl = Pip,F GT PCoλgrRsqexp(−Lch/λgr)
2wgr

(4.1)

where only the in-plane spin polarization of Fe5GeTe2, Pip,F GT , is unknown;
and the other parameters are extracted from the Co-Co reference zHanle measure-
ments [159] (PCo is the spin polarization of Co contacts, λgr is the spin diffusion
length, Rsq is the square resistance of graphene, Lch the channel length and wgr

the width of the graphene channel).
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The magnitude of the Hanle signal is defined as:

Rnl(B⊥) = ±Pz,F GT PCoRsq

wgr

∫ ∞

0

√
Ds

4πt
exp

[
− L2

ch

4Dst

]
cos(ωt) exp

[
− t

τs

]
dt (4.2)

ω is the Larmor precession frequency, Ds is the spin diffusion constant, and τs is
the spin lifetime. From the xHanle, the out-of-plane spin polarization of Fe5GeTe2
is calculated Pz,F GT .

The calculated in-plane spin polarizations for the different devices cover the
range |Pip,F GT | = 1.2 − 44.9%, while the calculated out-of-plane spin polarization
was extracted to be |Pz,F GT | = 3 − 9.5%. It should be noted that the saturated
in-plane spin polarization is different from the out-of-plane remanence spin polar-
ization in Fe5GeTe2. Detailed spin parameters of the different measured devices
are summarized in Table 4.1. The observed variation of the spin polarization in dif-
ferent devices can be due to compositional variations between different Fe5GeTe2
flakes [130] as well as different Fe5GeTe2/graphene interface conditions[162, 163].

4.3 Graphene spin valves with (Co0.15Fe0.85)5GeTe2

To experimentally verify the in-plane magnetization and spin polarization in
(Co0.15Fe0.85)5GeTe2 (CFGT), we fabricated lateral graphene spin valve devices
using exfoliated CFGT flakes similar to the FGT/graphene spin valves. In this
case, spin current can be injected/detected by CFGT on a CVD graphene channel
and detected/injected by a reference ferromagnetic Co contact. As the aspect ratio
of CFGT is an important factor in determining the magnetic shape anisotropy and
the easy axis of magnetization, a very narrow CFGT flake (WCF GT ∼ 0.7µm and
thickness of ∼ 30 nm) was used to achieve a stronger magnetic shape anisotropy
and a nearly single magnetic domain state at the interface with graphene.

Similarly, the lateral CFGT/graphene heterostructure spin valve device can
probe the interfacial spin polarization and, hence, the magnetic anisotropy of
thin CFGT flakes. We performed nonlocal spin transport measurements on a
graphene spin valve to quantify the injected (detected) spin current by a thin
CFGT flake.

4.3.1 Spin injection and detection with (Co0.15Fe0.85)5GeTe2

Figure 4.5a illustrates the nonlocal measurement configuration, where the cur-
rent is passed through the Co-graphene interface (injector circuit), and voltage
is measured at the CFGT-graphene interface (detector circuit). Figure 3b shows
the nonlocal spin valve data for the detection of spin current by CFGT (Device 1)
with the magnetic field sweep along the y-axis (By) at room temperature. This
allows the control of the relative orientation of the magnetic moment of the injec-
tor (Co) and detector (CFGT) from parallel to antiparallel orientations resulting
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in the spin valve signal with two resistance states. Since the reference Co contacts
have a magnetic easy axis along the y-direction, the observation of a spin valve
signal confirms the detection of in-plane Sy spins by the detector CFGT con-
tact. Noticeably, the CFGT shows sharp switching with a clear remanence and
hysteresis in the spin valve signals, indicating the presence of dominant Sy spin
polarization. This is also replicated in minor loop measurements with forward
and backward field sweeps before reaching the Co coercive field (Figure 4.5c).
The data measured in the two magnetization configurations show an apparent
memory effect. Spin detection by CFGT using a different contact inDevice 1 is
and spin injection by CFGT in another device (Device 2) was also measured.

We performed control measurements to probe the sign of spin polarization at the
CFGT/graphene interface and compared it to the standard Co/graphene contacts
by measuring a purely Co-Co (injector-detector) device. It is well-established that
Co has a positive spin polarization, which means that the majority of spins at the
Fermi level are parallel to its bulk magnetization [164]. However, we observed
a reversal of the spin-valve signal when we compared Co-CFGT to Co-Co at
the same bias condition (Figure 4.5d). We plot the detailed bias-dependent spin
signal for Device 1 in Figure 4.5e, where the polarity of the spin-valve signal for
the Co-CFGT and Co-Co devices changes according to the polarity of the bias
current and follows a linear trend for the range of current considered. Note that
the opposite polarity for the measured spin-valve signals for Co-CFGT and Co-
Co remains consistent throughout the bias range considered. For different current
bias polarities, the mechanism for spin accumulation at the interface of the injector
magnet and the graphene transport channel changes between spin injection (+Idc)
or spin extraction (−Idc). Considering the Co injector, for positive bias, spin-
polarized electrons tunnel from Co into the graphene channel, accumulating a
spin population at the interface with polarization in accordance with the spin
polarization of Co. On the other hand, when we apply a negative bias, electrons
from graphene tunnel into the injector. In this case, since there are more available
states for majority spin electrons in Co, more majority spin electrons will be
extracted from the graphene channel, creating a nonequilibrium spin population
in graphene dominated by minority spin electrons, as illustrated in the inset of
Figure 4.5d. This can further be analyzed by looking at the expression for the
amplitude of the nonlocal spin-valve signal as described in Equation 4.1 [165].

The opposite nonlocal spin valve signals observed in these devices indicate op-
posite spin polarizations of the Co and CFGT contacts on graphene. This means
that CFGT has a negative spin polarization and that the minority density of
states is larger than the majority density of states at the Fermi level. In this case,
when we apply a bias on the Co injector, and align the magnetic moments of Co
and CFGT, the spin polarizations of the detector and injector have opposite di-
rections, hence opposite signs are expected for the Co Co and Co-CFGT devices.
This observation is further substantiated by calculations of the density of states
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Figure 4.5: Lateral spin valve with CFGT/graphene heterostructure at
room temperature. a. Schematic diagram for nonlocal spin valve for Co(injection)-
CFGT (detection) configuration for Device 1. (b) Measured spin valve signal for
Device 1, showing sharp switching for both CFGT and Co magnetic contacts. The
arrows represent the direction of magnetization of CFGT and Co through a magnetic
sweep. (c) Minor-loop measurements of CFGT. The arrows indicate the CFGT mag-
netic moment switching under the up- and down-sweep of the magnetic field. (d)
Comparison of measured nonlocal spin valve signals of Co-CFGT and Co-Co devices,
showing the opposite sign for the same polarity of applied bias current of 100 µA. The
signals are shifted along the y-axis, and the signal for Co-Co was rescaled by ×0.01
for clarity. (e) Bias dependence of the spin signal for both Co-CFGT and Co-Co spin
valve devices in the spin injection and extraction regimes, showing opposite spin po-
larization for Co and CFGT contacts. The error bars are estimated from the standard
deviation of the measured data. The insets show the detection mechanism of the spin
current for Co1-CFGT and Co1-Co2 devices. (f) DOS (solid black line) and pDOS
(colored shaded) for 20.1% doped CFGT, where orange represents the density of Fe
states and magenta represents the density of Co states.

(DOS) and the projected density of states (pDOS) for CFGT Figure 4.5e. The spin
polarization can be calculated by using the expression spin polarization = N↑−N↓

N↑+N↓
where N is the density of states at the Fermi level (solid vertical black line),
and the arrows ↑ and ↓correspond to the majority and minority spin directions,
respectively. Accordingly, a negative spin polarization of -2.1% and -7.9% was
calculated for 20.1% and 13.4% Co doping, respectively. Right at the Fermi level,
the Co atoms have a positive spin polarization (magenta-shaded curve), which
competes with the overall negative polarization of the Fe atoms, decreasing the
magnitude of the negative spin polarization. Consequently, the magnitude of spin
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polarization should decrease as the Co atom concentration increases, hence CFGT
has a smaller spin polarization, compared to pure FGT.

4.3.2 In-plane anisotropy in (Co0.15Fe0.85)5GeTe2

Figure 4.6: Hanle spin precession measurements in the CFGT-graphene
heterostructure at room temperature. a. and c. Measured symmetric zHanle
spin precession signal and the data fitting for Device 1 (CFGT as detector) and Device
2 (CFGT as injector), showing the dominant Sy spin polarization component of CFGT
at room temperature. A linear background is subtracted from the measured data. b.
and d. The measured symmetric xHanle spin precession signal and data fitting for
Device 1 and Device 2 show the dominant Sy spin polarization component of CFGT
at room temperature. A linear background is subtracted from the measured data.

To unambiguously prove the spin signal in our devices, we conducted Hanle
spin precession experiments in both the z-axis (zHanle) and the x-axis (xHanle)
geometries [159]. This helps to evaluate the spin lifetime and diffusion length in
the graphene channel and to estimate the spin polarization of the CFGT/graphene
interface in different orientations, which provides a direct probe to the direction
of the magnetic moment of CFGT. In zHanle, the out-of-plane magnetic field
Bz drives the injected spins to precess in the x-y plane. Spin precession results
in a Bz-dependent evolution of the nonlocal spin signal. The measured nonlocal
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Hanle signal is proportional to the spin polarization of injector and detector (Rnl ∝
PinPde), with Pin(de) being the spin polarization of the injector (detector), and a
symmetric (antisymmetric) signal corresponds to an initial Sy(x) spin state.

As presented in Figure 4.6a, for Device 1, the data for the nonlocal zHanle
signal constitutes a symmetric curve suggesting a parallel state of the injected
spins Sy with the magnetic moments of the CFGT detector. For Device 2 (Fig-
ure 4.6c), the signal is obtained by presetting the injector (CFGT) and detector
(Co) to parallel and antiparallel states. The decomposed average zHanle signal
shows only symmetric components, which means that, like Device 1, the injected
spins by CFGT have only components along the y-axis, Sy. Similarly, the xHanle
measurement is performed with the external Bx field applied along the x-axis, in-
ducing a spin precession in the yz-plane. The observation of a symmetric xHanle
curve in Figure 4.6b and d, for Device 1 and Device 2, demonstrates the dominant
in-plane spin component Sy at the CFGT/graphene interface. From these pre-
cession measurements, we excluded any out-of-plane (Sz) contributions for both
Device 1 and Device 2, proving the strong in-plane magnetization of CFGT. In
addition, by choosing flakes with the long axis along the y-direction, we were
able to obtain only Sy components, which translates to a magnetic moment in
CFGT that is along the y-direction (My). This is different from earlier reported
Hanle precession measurements in Fe5GeTe2/graphene spin valve, where contri-
butions from Sx, Sy, and Sz were observed pointing to a canted magnetization of
Fe5GeTe2.

By fitting the measured signal using the Hanle formula (Equation 4.2) [165],
we evaluate the spin lifetime and the spin diffusion length in graphene channel
from zHanle to be τs = 194 ± 29 ps and λgr = 2.1 ± 0.3 µm for Device 1; and
τs = 533 ± 20 ps and λgr = 4.27 ± 0.2 µm for Device 2. From xHanle, we extract
comparable spin transport parameters: τs = 176 ± 14 ps and λgr = 2.5 ± 0.2 µm
for Device 1; and τs = 451 ± 18 ps and λgr = 3.42 ± 0.1 µm for Device 2.

4.3.3 Spin polarization at the (Co0.15Fe0.85)5GeTe2/graphene
interface

We can extract the spin polarization at the CFGT/Gr interface (for Device 2) to
be 4.93% and 4.5%, using Equation 4.1 and Equation 4.2, respectively, considering
a measured spin polarization of 4.8% in the reference Co/TiO2/Gr contact. The
spin injection efficiency can be influenced by the conductance mismatch and spin
absorption effects between the ferromagnet and graphene. Since the resistance in
graphene and ferromagnets differ by a few orders of magnitude, usually a tunnel
barrier is introduced to improve conductance matching [166].
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4.4 Interface assessment and conductance
mismatch in FGT/graphene and
CFGT/graphene

Conductance matching between the ferromagnetic contact and the channel mate-
rial is a basic requirement for efficient spin injection and detection. The difference
in the spin resistance of the ferromagnet Rs,Co and the nonmagnetic channel mate-
rials Rs,gr is the basic physical parameter, where Rs,F M = ρF MλF GT /(tF GT wF GT )
and Rs,gr = ρgrλgr/(tgrwgr) = Rsqλgr/wgr [167, 168]. By adopting the analyt-
ical formulation based on the drift-diffusion model proposed by Takahashi and
S. Maekawa [169], we can calculate the nonlocal spin valve signals for parame-
ters obtained in FGT-Co spin valves on CVD and exfoliated graphene devices
(Figure 4.7a) and in CFGT-Co devices on CVD graphene (Figure 4.7b). As the
interface resistance of FGT/graphene is in the range of 6-8 kΩ, it is good enough to
overcome the conductance mismatch issue, showing nearly optimal signals for both
devices. However, for FGT/graphene devices with lower interface resistance the
conductance mismatch issue can be more obvious. Similarly, for CFGT/graphene,
Device 1 has a higher interface resistance of around 2 kΩ, which shows that the
spin valve signal is not affected. Device 2, on the other hand, has a more transpar-
ent interface resistance of 200 Ω, resulting to a nonlocal signal that is lower than
the nominal, reflecting a more pronounced effect of conductance mismatch. These
analyses show the effect of interface resistance variations in the FGT/graphene
and CFGT/graphene heterostructures on the nonlocal spin signal and spin injec-
tion efficiency.

To further elucidate the effect of FGT and CFGT on spin relaxation in graphene,
we calculate the spin absorption rate Γ with a simplified model [170, 171]:

Γ = RsqDs

ρFMλFM + RiA
≈ RsqDs

RiA
(4.3)

where Rsq, and Ds are the graphene channel square resistance and spin diffu-
sion constant, respectively; ρF M and λF M are the resistivity and spin diffusion
length of the ferromagnet, respectively; Ri is the interface resistance and A is the
interface area of vdW ferromagnet/graphene heterostructure, where ρF MλF M is
negligible compared to RiA. Based on the experimental parameters of the CVD
and exfoliated graphene devices, we can further calculate the spin lifetime from
the spin absorption rate. i.e. τs,abs = 1/Γ and the total spin relaxation time is
given by 1/τs,tot = 1/τs,SOC +1/τs,abs. One can see that the spin absorption contri-
bution (Rabs/tot = τtot/τabs) is less than 8% for FGT/grapheneDevice 1 or 5% for
Device 2 (Figure 4.7b). On the other hand, spin absorption is more pronounced
in the CFGT/graphene devices (Figure 4.7)b. We obtained a spin absorption con-
tribution of 80% for Device 1 and 61% for Device 2. The higher spin absorption
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Figure 4.7: Conductance mismatch and spin absorption at the
FGT/graphene and CFGT/graphene interfaces a. and c. Calculated nonlocal
spin signal as a function for FGT/graphene and CFGT/graphene devices, respectively.
Ri is the interface resistance in the vdW FM/graphene heterostrcuture. Dashed lines
indicate the measured interface resistances in our devices. b. and d. Calculated
spin absorption ratio as a function of the interface resistance Ri and square resistance
Rsq of the graphene channel for FGT/graphene and CFGT/graphene devices, respec-
tively.

for Device 1 is due, in part, to the high graphene channel resistance of ≈ 3.3kΩ,
which is one order of magnitude higher, compared to the channel resistance in
Device 2. Further optimization of the interface resistance by using appropriate
2D tunnel barriers can provide higher spin injection efficiency in graphene and
minimize spin absorption.





5 Detection of spin texture in
Fe5GeTe2 by graphene spin valve

In this chapter, we demonstrate room temperature electrical detection of magnetic
spin textures in the van der Waals magnet Fe5GeTe2 (FGT), in a graphene-based
spin valve device. Spin texture nucleation was enabled by Fe5GeTe2 nanolayer
flakes with structural features such as constrictions or notches. These engineered
geometries enable the injection of varied spin orientations into the graphene chan-
nel, leading to anomalous multilevel spin valve switching and the observation of
Hanle spin precession. Our findings offer key insights into electrically probing
magnetic spin textures in Fe5GeTe2 through graphene-based spintronic platforms.

5.1 Spin texture spin valves in graphene-based
devices

The schematic diagram of the lateral spin valve device with an Fe5GeTe2 electrode
with constriction is shown in Figure 5.1a, with the corresponding optical image
and the nonlocal measurement geometry of Device 1 in Figure 5.1b. In this study,
we employ a nonlocal spin valve device comprising of two electrodes: (1) ferro-
magnetic electrode featuring a spin texture (ST) in the vdW ferromagnet FGT,
and (2) a conventional cobalt (Co) electrode exhibiting a quasi-single domain (SD)
configuration. FGT is known for its non-centrosymmetric

√
3×

√
3 surface super-

structures [81, 130] and the presence of exotic chiral spin configurations, such as
stripe domains and skyrmionic textures which arise from Dzyaloshinskii-Moriya
interaction (DMI) [129, 172]. However, these spin textures often form sponta-
neously across the film. To achieve controlled nucleation of domains or skyrmions,
structural patterning techniques such as introducing constrictions, notches, or en-
gineered defects are commonly used [173].

In our device, we use an FGT nanolayer flake with a constriction to localize
and stabilize the spin texture (Figure 5.1b). Spins originating from this textured
FGT region are injected into the graphene channel, where they propagate and
are ultimately detected by the Co electrode. The well-characterized magnetic
switching behavior of the Co reference electrode in graphene spin-valve systems
[174] serves as a reliable baseline for detecting and analyzing the spin textures
introduced by the FGT electrode.

45
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Figure 5.1: Spin texture spin valves in graphene-based devices. a. Schematic
illustration of spin injection in graphene by Fe5GeTe2 with spin texture (ST) and
single domain (SD) components. The arrows represent the spin textures and spins on
the graphene channel. b. Optical image of Device 1 consisting of Fe5GeTe2 with a
constriction to host magnetic spin textures, which is used for spin injection into CVD
graphene channel with reference magnetic cobalt (Co) and nonmagnetic gold (Au)
contacts. Current (I−/I+)and voltage (V−/V+) configurations for the nonlocal spin
valve measurement geometry is indicated. The right panel of b shows a magnified
microscope picture of the FGT flake with a constriction.

First, we schematically explain the expected differences between conventional
and spin texture spin valve signals as a function of the external magnetic field (Fig-
ure 5.2a). The FGT with a constriction should have a region with spin textures
as well as a region of aligned magnetic domains. Compared to the conventional
single domain (SD-SPV) spin valve signal with one switching for FGT and the
other for Co (Figure 5.2a, top panel), the spin-texture (ST-SPV) spin valve signal
is expected to have multi-state switching (Figure 5.2a, bottom panel). In ST-
SPV, a sharp switch from low resistance (stage I) to an intermediate resistance
state (stage II) occurs at the −By range due to spin textures of FGT. At the low
positive field (+By), a gradual switch to the high resistance state due to spins
aligning from the SD component in FGT (stage III) is followed by a sharp switch
back to the intermediate state due to the Co electrode (stage IV), and upon fur-
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ther increase of the magnetic field, another switch from the intermediate state to
the low resistance state occurs due to the realignment of the spin texture in FGT
(stage V).

Figure 5.2: Electrical detection of spin textures in Fe5GeTe2. a. Illustration
of the conventional single domain (SD) (top panel) and spin textures (ST) (bottom
panel)with their corresponding spin valve signals. b. Measured spin-texture spin valve
(ST-SV) signal using constricted FGT as the injector and Co as the detector at room
temperature in Device 1. Stage I-V corresponds to different spin-texture statuses as a
function of By. The black arrow indicates the SD component. The green and orange
arrows represent the effective sub-domain structures of the ST component projection
along the y-axis. Dashed arrows show the field sweep direction.

Specifically, the FGT spin texture spin valve (ST-SPV) data measured at room
temperature as a function of By is presented in Figure 5.2b. Multi-state switching
is observed for both forward and backward magnetic fields By sweep. First, we
explain the forward magnetic field sweep curve (indigo color), where at both large
negative and large positive field ranges (state I and V), all magnetic domains are
reoriented to align with the field into a single magnetic moment in parallel with
the Co detector, leading to low resistance states of the spin valve signal. How-
ever, at low fields (stage II), the spin texture state of FGT is maintained as it is
more energetically favorable near zero fields, thereby resulting in a near zero net
magnetization and, equivalently, an intermediate resistance state (stage II) in the
spin valve signal. After crossing the zero field from −By to +By, the transition
from stage II to III is attributed to the conventional magnetic domain switching
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of FGT. It should be noted that the slow decrease in stage IV is due to the re-
alignment of the canted domain with the y-axis. This is in agreement with our
previous work on stripe-like FGT/graphene heterostructure[31]. These observa-
tionsbindicate the coexistence of spin textures and canted magnetic domains in
the constricted FGT at room temperature. Therefore, strictly speaking, stages
IV and II are not due to the same magnetic domain state, though they have al-
most the same signal magnitude. A further increase in the magnetic field (around
60 mT) breaks the spin texture and aligns all of them to form a single domain
again (stage V). When the magnetic field sweeps back, a similar signal can still
be observed, proving the robustness of the spin textures spin valve signals.

By comparing the conventional Co-Co and FGTstripe-Co spin valves single do-
main spin valves, we can distinguish the contribution of the conventional SD and
ST components in the spin valve signals more clearly. Figure 5.3a and b show
the constricted FGT-Co1 and Co-Co1 spin valve configurations and signals, where
both configurations share the same Co1 contact as the detection electrode. The
same coercive field of Co1 contact suggests that the separation of stage III and
stage IV is merely due to the Co magnetization reversal (Figure 5.3b). That is,
stage III and stage IV comes from the same type of magnetic domain in FGT,
due to a continuous realignment from its tilt easy axis to +By [31]. A further
repeating observation of the spin texture spin valve signal with different Co de-
tector and measurement geometry confirms the robustness of the spin injection
of ST and SD components in such constricted FGT. Moreover, a comparison of
the constricted FGT and the stripe FGTstripe-Co spin valve signal (Figure 5.3c
and d) shows that the constriction in FGT does not affect the behavior of the
SD component, specifically its magnetic anisotropy and coercive field. Instead, it
helps to pin the spin textures leading to different magnetic domains.

Low temperature spin valve measurements were also performed for Device 1.
In Figure 5.3e, the low temperature (60 K) spin valve measurement is compared
with the room temperature (300 K) signal. The magnitude of the spin valve
signal is significantly amplified at the lower temperature, and the coercive fields
are shifted to higher fields. Finer switching features, both at low fields and high
fields, become evident, which can be attributed to the multiple domains in FGT.

For the SD contribution, the coercive field (stage II to stage III) has increased
as expected due to enhanced magnetic anisotropy at lower temperatures, similar
to that of the Co contact. Noticeably, we also observe a non-uniform shift in
the coercive fields of the ST component. As highlighted with the dashed lines
and arrows in Figure 5.3e, the ’recover field’ of the ST component, which refers
to the transitions from stage I to stage II, does not change with temperature.
However, the coercive field (stage IV to stage V) has increased. This observation
is consistent during both the forward-sweep and backward-sweep of the magnetic
fields. This behavior of the spin texture is quite different from that of conventional
FM domains like Co and SD counterparts in FGT. This may be due to the pinning
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Figure 5.3: Comparison of spin texture spin valve (ST-SPV) with conven-
tional quasi single domain spin valve (SD-SPV) signals. a., b. Spin valve
measurements schematics and signals for constricted FGT-Co1 and reference Co-Co1
device in Device 1. c.,d. Representative spin valve measurement geometry and signal
for stripe-like FGTstripe-Co device with only SD component. e.Temperature depen-
dent spin texture spin valve signals at 60 K and 300 K of Dev 1 at a bias current of
+30 µA. f. ST spin-valve signal for opposite current polarity (± 30 µA) of Device 1,
resulting in the reversal of the signal.
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effect of the spin textures caused by the constriction. Figure 5.3f shows the effect
of different bias polarities, where the sign of the nonlocal voltage signal reverses
but the signal magnitude stays comparable.

Figure 5.4: Spin-texture spin valve signal from Fe5GeTe2 with a notch. a.
Schematics and optical image of Device 2 using an FGT with a nothc. b. Mea-
sured spin-texture spin-valve signals with a notched FGT. SD and ST components
are marked with different background colors. c. Bias dependence of the SD and ST
components. d. Minor loop measurements of the spin valve signal. Light (dark)
magenta curves are the forward (backward) sweep, respectively. Insets show the cor-
responding domain structures at critical field range. The black arrow indicates the SD
component. The green and orange arrows represent the effective domain structures
of the ST component projection along the y-axis.

Next, we investigated a spin texture spin valve device with a notch in the FGT
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electrode (Device 2) (Figure 5.4a), which shows the same multi-state switches
(stages I-V) with the coexistence of ST and SD states (Figure 5.4b). A further
detailed bias dependence of the SD and ST components shows a linear trend as
a function of the bias (Figure 5.4c), proving the linear regime spin injection of
both SD and ST components at the small bias range. Detailed investigation of
the minor loop measurement (Figure 5.4d) in Device 2 shows the hysteresis or
memory effect of the ST and SD components [159]. The top panel shows that
the ST component has a large hysteresis effect. Noticeably, it always displays
the same ’alignment’-coercive field and ’recover’-coercive field no matter how the
magnetic field is swept (dark magenta and light magenta). The middle panel of
Figure 5.4c proves the hysteresis effect of the conventional ferromagnetism (SD
component) of FGT; while the bottom one confirms the hysteresis effect for both
SD and ST components. This hysteresis effect in both SD and ST components
exhibits a similar magnetic nature in response to the external field.

5.2 Hanle spin precession measurements
Hanle precession measurements are conducted to analyze the spin components
with an out-of-plane magnetic field (zHanle) to assess in-plane spin polarizations
(Sx and Sy). While xHanle measurements were carried out with a magnetic field
applied along the graphene channel (x-axis), resulting in the precession of spins in
the yz-plane and providing information on the injection of Sy and Sz polarizations.
Figure 5.5a and b illustrate the zHanle signal in reference to the By spin valve
signal, displaying the spin states from the components of the constricted FGT
near zero field. Interestingly, by comparing it with the spin valve signal (By), the
Hanle signal (Bz) indicates that the main contribution arises from spin injection
from the SD part of the FGT. Furthermore, both symmetric and antisymmetric
Hanle components extracted from the Hanle signal suggest the presence of Sy and
Sx spin polarizations, aligning with the canted magnetization of FGT[104]. Since
the spin texture at low fields have almost zero net magnetization, the contribution
of the ST component to the Hanle signal at low fields is negligible.

More carefully controlled z(x)-Hanle experiments were performed with the pre-
initiation of the parallel (P) and antiparallel (AP) magnetic alignments of the
Co and the SD component of FGT (Figure 5.5c and d). In the zHanle signals
of Device 2, it is confirmed that the SD contribution dominates for both P and
AP configurations. Furthermore, the ST contribution to the zHanle signal can
be ruled out by comparing the Hanle signals (P and AP) with the reference
(By) spin valve signal magnitude (Figure 5.5d). The extracted symmetric and
antisymmetric signals from the averaged signal Rnl = [Rnl(AP ) −Rnl(P )]/2 indicate
that both Sy and Sx spin polarization exist simultaneously in the SD component
of the notched FGT as well (Figure 5.5h).

Furthermore, by comparing the xHanle signals (AP and P) with the reference
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Figure 5.5: Hanle spin precession measurements of spin-texture spin valve
devices. a., b. Measurement geometry and comparison between the nonlocal zHanle
signal and the By spin valve signal of Device 1. c. Extracted symmetric and antisym-
metric components from the zHanle in b., d. Schematics and e. zHanle measurements
in the notched FGT-Co spin valve with parallel (P) and anti-parallel (AP) magnetic
moment of Co and SD of FGT. f. Extracted symmetric and antisymmetric compo-
nents from the zHanle in e.. g. Schematics and h. xHanle signals with parallel (P)
and anti-parallel (AP) configurations in Device 2. i. Symmetric and antisymmetric
components from xHanle in Device 2. Reference spin valve signals with the magnetic
field By are overlaid for comparison. For precision, no shift along the y-axis was made.
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spin valve signal (By) in Figure 5.5f, we can confirm that the contribution is mainly
from the SD component at a lower field as well. However, at the high field range
of the xHanle signals, the switching behavior for both P and AP configurations
behaves similarly to the reference (By) spin valve signal with a larger coercive
field, which suggests the realignment for both SD and ST components. By aver-
aging the xHanle P and AP signals, we can remove the non-spin-precession-related
contributions [31]. The extracted symmetric and anti-symmetric components of
the averaged signal are trivial at a large field range. In agreement with the zHanle
signal, the xHanle spin precession is dominated by the mainly symmetric compo-
nent, showing that the majority of the spins injected are oriented along y, and
with a finite Sz spin population (Figure 5.5i). In summary, the detailed x(z)-Hanle
signals with multiple spin polarizations confirm the tilted magnetization of the
SD component in the constricted FGT [81] . While the ST component is more
clearly observed in the By spin valve and magnetization rotation-induced Hanle
signals. Furthermore, the observation of anomalous multi-level spin-valve switch-
ing and Hanle spin precession signals suggests that such a constriction/notch in
FGT disrupts magnetic domains, enabling spin textures to persist alongside the
conventional single magnetic domains.

5.3 Spin parameters and spin injection efficiency of
Fe5GeTe2

To quantitatively describe the spin injection efficiency of Fe5GeTe2 in the graphene
channel, we computed the spin polarization of FGT in the devices, with the results
summarized in Table 5.1. Since we consider two active components for spin in-
jection, the corresponding spin polarization, PF GT,SD and PF GT,ST , are extracted
exclusively for each ST and SD component. The corresponding measurement of
∆RNL,ST and ∆RNL,SD are marked in Figure 5.2 of the main text. The spin
polarization of Co electrodes (PCo), spin diffusion length λgr and spin lifetime
τs are extracted from the reference Co-Co z(x)Hanle measurements. Using the
Equation 4.1, we can extract spin parameters like spin polarization for the ST
and SD components of the constricted/notched FGT, respectively [175].

Compared with conventional stripe-like FGTstripe-graphene and Co-Co nonlo-
cal spin valve, the constricted/notched FGT-Co spin valve shows a clear ST spin
injection, besides the normal SD counterpart. Furthermore, the spin injection
efficiency of SD and ST was also evaluated from the spin valve signal (Table 5.1),
it shows that both SD and ST have comparable spin injection efficiency PSD up
to -20%, suggesting the ST component injection process behaves very similarly to
conventional SD ones.
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Parameter Device 1 Device 2

Rsq (Ω) 950 818
Lch (µm) 3.4 4.4
wgr (µm) 1.9 2.0
λgr (µm) 2.0 1.9
τs (ps) 123 266
Rhetero. (kΩ) 4.0 2.7
∆Rnl,tot (Ω) 0.59 1.4
∆Rnl,SD (Ω) 0.31 0.59
∆Rnl,ST (Ω) 0.28 0.84
PCo (%) 8.1 10.0
PFGT,SD (%) -6.1 -14.3
PFGT,ST (%) -5.6 -20.4

Table 5.1: Spin parameters extracted from the injection of FGT on the
graphene channel at room temperature. Rsq, Lch, wgr, λgr, and τs are the
graphene square resistance, channel length, channel width, spin diffusion length, and
spin lifetime, respectively. Rhetero is the interface resistance of FGT/graphene, and
PF GT,ST (SD) is the spin polarization of the ST and SD components of FGT



6 Self-induced spin orbit torque in
Fe3GaTe2

In this chapter, the strong nonlinear Hall effect and self induced spin orbit torque
(SSOT) in the above-room-temperature ferromagnet Fe3GaTe2 with strong per-
pendicular magnetic anisotropy (PMA) are investigated. The nonlinear Hall effect
in Fe3GaTe2 is examined through temperature dependent measurements. Scaling
analysis reveals large anomalous Hall angle while second harmonic Hall measure-
ments indicate a damping-like self-induced spin orbit torque (SSOT) in Fe3GaTe2.
Furthermore, partial magnetization switching, assisted by an in-plane magnetic
field, is demonstrated, consistent with the SSOT geometry.

6.1 Large anomalous Hall effect in Fe3GaTe2

A van der Waals (vdW) ferromagnet with large perpendicular magnetic anisotropy
(PMA) and above room-temperature Curie temperature (TC) has been greatly
anticipated to bridge the fundamental challenges in successfully realizing vdW
based room temperature spintronic devices. Since the first report on Fe3GaTe2,
a strong PMA ferromagnet with a record TC of ~350-380 K and high saturation
magnetization [47], several spintronic devices and proof-of-concept studies have
already been reported taking advantage of these properties [108, 111, 176, 177].

Fe3GaTe2 belongs to the space group P63/mmc with a hexagonal structure,
similar to Fe3GeTe2. Fe and Ga atoms are sandwiched between Te slabs while
adjacent Te layers are separated by the vdW gap as shown in Figure 6.1a.

To perform electrical transport measurements, Hall bar devices were fabricated
on exfoliated flakes. Hall measurements were performed at different temperatures
using Quantum Design Dynacool physical property measurement system (PPMS)
with an SR830 lock-in amplifier at a frequency of 213 Hz to probe the magnetic
properties of Fe3GaTe2. The first harmonic response was measured to extract the
anomalous Hall resistance, which depends on the equilibrium magnetization along
the out-of-plane direction.

Figure 6.1b shows the anomalous Hall effect in Device 1, which is obtained
from the first harmonic response after the subtraction of the linear ordinary Hall
background. We calculate the magnitude of the anomalous Hall signal by taking
the difference in the resistances at the positive and negative field saturation as
expressed by the following: RAHE = (R(xy,+M) − R(xy,−M))/2, obtaining RAHE =
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Figure 6.1: Large anomalous Hall effect in Fe3GaTe2. a. Layered crystal struc-
ture of Fe3GaTe2. b. Anomalous Hall effect in 62 nm thick Fe3GaTe2 flake (Device 1)
at different temperatures after subtracting the linear ordinary Hall effect background.
c. Solid symbols show the magnitude of the anomalous Hall extracted from b at differ-
ent temperatures while the solid line is the fit to RAHE(T ) = RAHE(0)(1− (T/Tc)a)β.
d. Longitudinal resistance of Device 1 as a function of temperature. e. Scaling anal-
ysis of the anomalous Hall conductivity with the longitudinal conductivity showing
two distinct behaviors: (I) Bad metal regime and (II) flat regime. f. Anomalous Hall
of Fe3GaTe2 angle at different temperatures.

2.79Ω. Since the anomalous Hall component directly relates to the magnetization
of Fe3GaTe2, we can analyze its temperature dependence to estimate the TC . The
solid symbols in Figure 6.1c show the temperature dependence of RAHE while the
line is the fit to RAHE(T ) = RAHE(0)(1 − (T/TC)a)β from which we extract the
TC =371.35±2.34 K, a=2.08, and β=0.34 which is consistent with earlier report
[178].

Figure 6.1d displays the longitudinal resistivity of Fe3GaTe2 from 2 K to 360 K,
which exhibits metallic behavior down to 60 K, below which an upturn n resistivity
is observed. From the scaling analysis of the anomalous Hall component in Fig-
ure 6.1e, we observe a large anomalous Hall conductivity increasing from σA

xy=363
Ω−1cm−1 at room temperature to σA

xy=730 Ω−1cm−1 at 2 K - 50 K. Additionally,
we observe two distinct regimes of anomalous Hall transport: (I) monotonic in-
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crease with increasing longitudinal conductivity, σxx and (II) a nearly saturating
behavior for larger σxx. The first regime observed at high temperatures (50 K -
300 K) corresponds to the bad metal hopping regime, where the scaling relation
follows σA

xy~σ1.66
xx [179, 180] (grey dotted lines in Figure 6.1e). In this regime, the

transport is due to inelastic scattering of conduction electrons in the channel. In
the second regime, the transport is characterized by the intrinsic anomalous Hall
effect which originates from the Berry curvature. Additionally, we also extracted
the anomalous Hall angle (θAHE = σA

xy/σxx ), as shown in Figure 6.1f, which
quantifies the efficiency of the anomalous Hall effect in Fe3GaTe2. Compared to
previous report on Fe3GaTe2 [144], we observe an anomalous Hall angle almost
two times larger in Fe3GaTe2.

6.2 Field assisted current-induced magnetization
switching of Fe3GaTe2

Switching experiments were performed to find out how the SSOT in Fe3GaTe2
could contribute in current-induced switching for SOT applications. Figure 6.2a
shows the AHE loop for Device 2 shows sharp switching with a small component
characterized with a broader tail before saturation. The magnitude of the signal
is RAHE=1.28 Ω with a coercive field of HC=0.11 T. The switching experiments
were performed by presetting the magnetization at −M at sufficient negative
magnetic field to obtain initiation points at −M saturation before applying the
assisting field and pulse current with a pulse width of 50 ms. A current of 200
µA was then used to read out the the magnetization state.

Figure 6.2b shows the current induced switching loops at different in-plane
assisting fields. Switching was achieved at a critical current density of ~7x1010

A/m2. For all the loops, the initiation points match the RAHE at −M saturation.
We do not observe a loop zero assisting field, but a stronger loop is observed
with applied in-plane fields. Moreover, the polarity of the switching loop (or the
switching direction) reverses for positive and negative assisting fields. For posi-
tive assisting fields, the switching loop is in the clockwise direction and reverses to
counterclockwise for negative fields. This behavior is opposite of what has been
reported for Fe3GaTe2/Pt [110]. The switching percentage is summarized in Fig-
ure 6.2c. The field-assisted current-induced switching behavior observed agrees
with the geometry of SSOT measured using second harmonic technique discussed
in the next section. The decrease in switching percentage after ± 60 mT may
be attributed to domain formation in Fe3GaTe2, at higher in-plane fields. Time-
dependent switching experiments were also performed on Device 3 as shown in
Figure 6.2d, with a more uniform response in the +M compared to −M , which
could be caused by pinned domains.



58 6 Self-induced spin orbit torque in Fe3GaTe2

Figure 6.2: Field-assisted deterministic current-induced switching in
Fe3GaTe2. a. Anomalous Hall effect in Device 2 without any background sub-
traction. b. Switching curves at different applied fields showing opposite switching
directions for positive and negative assisting in-plane field. c. Magnetization switch-
ing percentage achieved for Device 2 at different assisting fields. d. Time dependence
of Ipulse (upper panel) and the corresponding transverse resistance normalized to the
RAHE. Measurements were performed on Device 3.

6.3 Spin orbit fields in Fe3GaTe2 probed by second
harmonic technique

Similar to Fe3GeTe2, Fe3GaTe2 has a hexagonal crystal structure of space group
P63/mmc. Hence, we expect the effective spin orbit field in Fe3GaTe2 to follow
the same form as that of Fe3GeTe2 [122]:
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HSOT = Γ0 [(mxJx − myJy)x̂ − (myJx + mxJy)ŷ] (6.1)

where Γ0 relates to the strength of the SOT, Jx (Jy) is the current density along
x− (y−) directions, and mx (my) are the magnetization components along the
x− (y−) directions. The self-generated SOT can then be written as:

τ = −|γ|m × Γ0 [(mxJx − myJy)x̂ − (myJx + mxJy)ŷ] (6.2)

where γ is the gyromagnetic ratio. This is quite different from the conventional
damping-like (τDL ≈ m×(s×m)) and field-like torque (τF L ≈ s×m) generated in
ferromagnet/spin orbit material heterostructures. s is the spin polarization and
m is the magnetization vector.

To evaluate the current-induced self-torques in Fe3GaTe2 we performed har-
monic Hall measurements on Fe3GaTe2 Hall bars (Device 1) [181]. The second
harmonic Hall component detects the oscillation of the magnetization around its
equilibrium position generated by the periodically changing spin-orbit fields due
to the applied sinusoidal current. More specifically, we can determine the strength
of the self-generated torque by performing angle-dependent and field-dependent
measurements.

From field-dependent measurements, we can extract the effective damping-like
(HDL) and field-like (HF L) fields using the following expression, valid for Hx>Hk

[182]:

R2ω
xy = RDL + RF L + Rthermal (6.3)

with
RDL = RAHE

2
HDL

|Hx| − Hk
(6.4)

RF L = RPHE
HFL + HOe

|Hx|
(6.5)

Rthermal = αONE|Hx| + RANE+SSE (6.6)

where Hk is the anisotropy field, Hx is the externally applied magnetic field,
Hoe is the Oersted field contribution, RP HE is the planar Hall resistance, αONE

is related to the ordinary Nernst effect, and R(ANE+SSE) refers to the anomalous
Nernst and spin Seebeck contributions. The two latter components arises from
the thermal gradients in the sample.

The inset in Figure 6.3a shows a schematic diagram for the measurement set-up
where the applied field is aligned with the current direction along the x-axis. By
applying a magnetic field higher than Hk, the magnetization of Fe3GaTe2 aligns
along the plane. This magnetization oscillates because of the spin orbit torques
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Figure 6.3: Field-dependent harmonic Hall measurements in Device 1. a.
In-plane anomalous Hall effect for Fe3GaTe2 at room temperature. The inset shows
the schematic diagram the Hall bar device. The current direction is along the x-axis.
b. Second harmonic transverse resistance (R2ω

xy ) as a function of external magnetic
field Hx at room temperature, with ac current bias of Iac =2.75 mA. c. In-plane mag-
netic field dependence of R2ω

xy with different applied currents. Solid symbols represent
the raw data while the solid lines are the fits to Equation 6.1. d. Corresponding
effective damping-like field extracted from the field dependence of R2ω

xy shown in c.

resulting in the modulation of the second harmonic signal, which eventually sat-
urates at higher in-plane fields.

The first and second harmonic field dependences are shown in Figure 6.3a and
b, respectively. From the first harmonic measurements, we extract the anisotropy
field of 2.75 T and the in-plane anomalous Hall resistance of 1.55 Ω, which were
used to fit the second harmonic signal using Equation 6.3.

Figure 6.3c presents the R2ω
xy vs Hx curves at different currents with the fits to

Equation 6.3 showing an increasing magnitude of signal with increasing current.
From the raw data, we note that the ONE contribution is negligible. However, a
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significant ANE contribution can be extracted from the R2ω
xy vs Hx curves where

RANE = [R2ω
xy,sat(+Hx) − R2ω

xy,sat(−Hx)]/2 [105]. The RANE contribution at room
temperature increases with the current and ranges from 0.17 to 0.22 mΩ. By ex-
tracting the damping-like RDL and field-like RF Lcomponents for different currents,
allowing us to determine the corresponding effective fields. The damping-like com-
ponent is two orders of magnitude larger than the extracted field-like component.
From the slope of HDL vs.Jc in Figure 6.3d, we extracted the effective damping-like
field to be 0.086 mT/(MAcm−2 ).

Another technique to evaluate the spin orbit torques is by performing angular
sweep in the plane of the sample at H > Hk as shown in Figure 6.4a. The first
harmonic signal provides information on the planar Hall effect of Fe3GaTe2, as
shown in Figure 6.4b. The planar Hall effect (PHE) describes the modulation
of Hall signal by varying the azimuthal angle between the magnetic field and
current. In our case, we determine RP HE to be 11 mΩ, which is two orders of
magnitude smaller than the RAHE. This agrees well with the earlier report of
PHE in Fe3GaTe2 [92].

Moreover, the angular dependence of the second harmonic Hall measurement
reveals the damping-like and field-like components since both exhibit different
angular symmetries. For H > Hk, the second harmonic Hall voltage varies with
the angle φ between the current and the in-plane magnetic field direction as follows
[183, 184]:

V 2ω
xy = (VDL + Vthermal) cos φ + VF L cos 2φ cos φ (6.7)

with VDL = IacRDL, VF L = IacRF L, and Vthermal = IacRthermal. The damping-
like and thermal components follow a cosφ, while the field-like component follows
cos2φcosφ dependence.

Figure 6.4c shows the V2ω
xy vs. φ under different magnetic fields exceeding Hk.

Clearly, we observe a dominant damping-like torque contribution given by the
cosine dependence of V 2ω

xy . Moreover, as the external magnetic field increases
the second harmonic signal decreases, and gradually saturates at higher fields.
This behavior is consistent with the field-dependence data. By fitting the data to
Equation 6.7, we find that the field-like component is negligible and not required to
describe the data. To extract the effective damping-like field we plot V 2ω

xy,DL+thermal

as a function of 1/(Hx−Hk) for different current densities, as shown in Figure 6.4d.
The slope of the linear fit gives effective damping-like field of 0.108 mT/MAcm−2

which agrees with the value obtained from the field-dependence data.
The SOT efficiency, ξDL, at room temperature can then be evaluated using the

following equation [181]:
ξDL = 2e

ℏ
MstFM

µ0HDL

Jc
(6.8)

where e is the elementary charge, ℏ is the reduced Planck’s constant, Ms =2.2x105

A/m[108] is the saturation magnetization of bulk Fe3GaTe2, and tF M=62 nm is
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Figure 6.4: Angle-dependent first and second harmonic Hall measurements
in Device 1. a. Schematic diagram of angle-dependent harmonic Hall measurements
under an external magnetic field. The azimuthal angle φ is measured between the
direction of current Iac and applied field H. b. Planar Hall resistance (R1ω

xy ) as a
function of φ, with Iac =2.75 mA and H =3.7 T. c. Angular dependence of second
harmonic Hall voltage V 2ω

xy at different magnetic fields with Iac=2.75 mA. The curves
are vertically offset for clarity. d. Damping-like component V 2ω

xy,DL+thermal plotted
against 1/µ0(H − Hk) for different current densities corresponding to Iac =2.25, 2.5,
2.75 mA. e. Damping-like field (HDL) as a function of current density, extracted from
the linear fits d.
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the thickness of the ferromagnet. From the field-dependence data, we calculate
the SOT efficiency to be 0.356 while the angle-dependence data gives a value of
0.448. These values are comparable to reported values for Fe3GaTe2/Pt [110]. We
can further calculate the spin Hall conductivity σSHC = σCξDL, where σC is the
charge conductivity. Using σC=6.14×105 Ω−1m−1 we obtain the σSHC values of
2.19×105 ℏ/2e Ω−1m−1 and 2.75×105 ℏ/2e Ω−1m−1, from the field- and angle-
dependence, respectively.





7 Summary and outlook
Summary

Van der Waals (vdW) magnetic materials have emerged as compelling candi-
dates for investigating spin transport, magnetization dynamics, and proximity ef-
fects in two-dimensional (2D) heterostructures. In this thesis, extensive focus was
given to Fe5GeTe2 (FGT) and its doped variants, (Co0.15Fe0.85)5GeTe2 (CFGT)
and (Ni0.4Fe0.6)5GeTe2 (NFGT) due to their high Curie temperatures and tunable
magnetic characteristics compatible with graphene-based spintronic architectures.

Broadband ferromagnetic resonance (FMR) measurements conducted at room
temperature on FGT, CFGT, and NFGT yielded critical dynamic parameters
such as the g-factor, in-plane magnetic anisotropy, effective magnetization, and
Gilbert damping constant. Among these, FGT and CFGT exhibited low damping
values (∼0.04), favorable for energy efficient and high speed device integration.
In contrast, NFGT demonstrated higher effective magnetization and thermal sta-
bility, although with slightly increased damping. Deviations in g-factors from the
free-electron value across all materials indicated substantial orbital contributions,
revealing a pivotal role of spin orbit coupling and crystal symmetry in modulating
their dynamic magnetic responses.

The practical implications of these dynamic properties were realized through
spin-valve devices constructed from FGT/graphene and CFGT/graphene het-
erostructures. In FGT-based devices, room-temperature spin injection, transport,
and detection were successfully demonstrated, with negative spin polarization (up
to Pip =44.9% and Pz =9.5%) observed at the FGT/graphene interface. The pres-
ence of multidirectional spin polarization suggested a canted magnetization at the
interface, distinct from the bulk behavior of FGT. FGT exhibits strong remanent
magnetization and magnetic softness at room temperature, which makes it desir-
able for field-free spin orbit torque (SOT) applications.

CFGT/graphene devices further confirmed the capability of Co doping to reori-
ent magnetic anisotropy from out-of-plane to in-plane. Negative spin polarization
(∼5%) and symmetric Hanle curves validated robust in-plane magnetization and
coherent spin transport at the CFGT/graphene interface. These results empha-
sized the tunability of magnetic anisotropy via site-specific doping, positioning
CFGT as a prototype for in-plane vdW ferromagnetic integration in graphene
spintronic devices.

Another notable advancement was the realization of spin-texture spin valves
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using FGT/graphene systems, wherein electrical signals directly reflected the cre-
ation and dynamics of non-collinear magnetic textures, such as spin domains and
possible skyrmionic states. Devices with notches or constrictions in the FGT
layer exhibited multiple switching signatures, which were linked spin texture for-
mation. These spin textures were shown to survive and coexist with conventional
single-domain configurations, and their interaction with injected spin currents
was electrically detected through spin valve swithcing and Hanle precession in
graphene. This strategy opens the door to electrical control and detection of spin
textures, offering promising pathways for memory and logic circuits in spintronics.

Complementary to these studies, Fe3GaTe2, another Fe-based vdW magnet,
with strong PMA and high TC , displayed robust room temperature spin orbit
torque behavior. A large anomalous Hall angle (up to 0.13 at 2 K) and a self-
induced damping-like SOT efficiency (0.35-0.44) were observed through harmonic
Hall resistance techniques. The spin Hall conductivity (σSHC) reached values
as high as ∼ 2.75 × 105 ℏ/2e (Ωm)−1 for 62 nm-thick Fe3GaTe2, illustrating its
potential as a single layer spin orbit device. The observed partial switching of mag-
netization using self-torque in combination with in-plane assisting fields further
confirmed the viability of this material for SOT-driven magnetization dynamics.

In summary, this dissertation demonstrates how Fe-based vdW magnets serve as
robust platforms for studying and utilizing spin transport, spin–orbit interactions,
and magnetization dynamics at room temperature. In future, their integration
with scalable devices can establish a strong foundation for energy-efficient, ultra-
fast, and reconfigurable spintronic technologies.

Outlook

Looking ahead, several exciting directions remain open. First, the demonstra-
tion of room-temperature spin transport and magnetization dynamics in FGT
and its Co/Ni-doped variants offers great relevance for practical applications in
on-chip non-volatile memory, magnetic logic gates, and spin-based interconnects
in low-power electronics. Future efforts could focus on improving interface qual-
ity and scaling down devices without sacrificing performance. Second, magnetic
anisotropy and magnetodynamic parameter engineering through site-specific dop-
ing, as demonstrated in CFGT and NFGT, opens new opportunities for materials
design. This enables the exploration of alternative dopants and compositional
gradients that targets to achieve key figures of merit for specific device applica-
tions.

The all-electrical detection of nontrivial spin textures in FGT/graphene spin
valves could be utilized for further development of topologically robust spin mem-
ories and logic circuits, or for multilevel spin memory and logic devices.

Further exploration of interfacial effects in hybrid vdW heterostructures and
twist angle dependent phenomena could unlock even more complex spin configu-
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rations and exotic transport signatures. These effects can induce novel phenom-
ena like reconfigurable magnetic states, moiré-induced exchange fields, valley-
dependent spin transport or spin filtering, with implications for quantum spin
logic and neuromorphic computing platforms.

In addition to the exciting physics, to transition from laboratory proof-of-
concept to commercial relevance, vdW magnets must overcome challenges in am-
bient stability, wafer-scale synthesis, and contact resistance engineering. Improve-
ments in CVD growth, and encapsulation techniques will be crucial for enabling
industry-compatible devices.
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