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摘要

二維材料與磁性自旋閥的整合被期望能夠開啟自旋電子學裝置的潛力。然而，

目前的實際情況仍然偏離預期。大多數研究將這樣的差距歸因於在二維材料與其

鐵磁性電極界面之間的汙染。我們研發了能製作超高潔淨界面的製程方法。通過

在真空環境中一次性且同步地沉積非對稱鐵磁電極在懸浮的二維材料上，可以有

效地避免氧化和界面汙染的負面效應。在我們的研究中，基於石墨烯的自旋閥在

界面與鐵磁材料呈現強烈的相互作用，產生比起以往的實驗結果更高的磁阻值。

不僅如此，鐵磁性電極可以展現固有的矯頑力，而不受污染物干擾，這使我們能

夠藉由額外的反鐵磁材料來製造具有可控矯頑力的自旋閥。此外，基於二硫化鉬

的自旋閥的金屬鄰近效應和主導的自旋過濾效應，呈現出顯著的負磁阻值。這些

發現不僅增強了自旋電子學在實際應用中的可行性，還探索了可延伸更多功能性

的自旋閥機制。我們的方法提供了一條有效探討鐵磁性電極與二維材料之間固有

相互作用的反應途徑。

關鍵字：自旋電子學、自旋閥、二維材料、石墨稀、磁阻、純淨界面
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Abstract

The integration of 2D materials and magnetic spin valves is expected to unlock the

potential of spintronics devices. However, the current practical situation still deviates from

expectations. Most studies attribute such inconsistencies to the challenge of achieving a

contamination-free interface between the 2D material barrier and its ferromagnetic con-

tacts. Here, we demonstrate a novel approach to ensure an ultrahigh clean interface. By

synchronously depositing asymmetric contacts on a suspended 2Dmaterial in a single step

within a vacuum environment, the detrimental effects of oxidation and breaks in the inter-

face can be effectively avoided. In our study, graphene-based spin valves present a strong

interaction at the interface that gives rise to exceptional magnetoresistance values. Ferro-

magnetic electrodes can exhibit inherent coercivity without pollutant disturbance, allow-

ing us to manufacture a spin valve with controllable coercivity by incorporating additional

antiferromagnetic materials. Moreover, MoS2-based spin valves exhibit remarkable neg-

ative magnetoresistance values due to the metallic proximity effect and the predominant

vii

http://dx.doi.org/10.6342/NTU202400068


doi:10.6342/NTU202400068

spin filter effect. These findings not only enhance the feasibility of practical applications

in spintronics but also explore the mechanisms of spin valves with rich functionality. Our

method evidently provides a path to investigate the intrinsic response from the interplay

between ferromagnetic electrodes and 2D materials.

Keywords: Spintronics, Spin valve, 2D materials, Graphene, Magnetoresistance, Ultra-

clean interface
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Chapter 1 Introduction

1.1 Spin valve

Spintronics, an evolving field harnessing the intrinsic spin of electrons alongside

their fundamental electronic charge for information processing and storage, shows great

potential in overcoming the limitations of traditional charge-based electronic devices, of-

fering advantages such as faster operation, higher efficiency, and a more compact arrange-

ment.[1–3]

Spin is intricately connected with phenomena encompassing band splitting, polarized

light, thermal gradients, external electric fields, and magnetic forces. As illustrated in the

Figure 1.1, the application of spin extends broadly across various technological domains.

Thus, a profound comprehension of the underlying mechanisms governing spin interac-

tions among materials holds the promise of technological breakthroughs. Our primary

focus is on spin injection from the ferromagnet.

The spin valve is a critical building block at the heart of spintronic devices. Its struc-

ture includes two ferromagnetic electrodes flanking a spacer in themiddle. This sandwich-

like architecture facilitates the transition between parallel and antiparallel spins through

the application of an external magnetic field.

1
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Figure 1.1: Spin-related physical phenomena.

In a spin valve, the relative alignment of the magnetic moments in the two ferromag-

netic layers presents two distinct resistive states. When themagnetic moments are parallel,

the device exhibits low resistance, allowing a high flow of spin-polarized electrons. Con-

versely, when the moments are antiparallel, the resistance increases, impeding the flow

of electrons (Figure 1.2). This change in resistance is known as magnetoresistance (MR)

and is the foundation of spin valve functionality. MR is defined as the eq 1.1

MR =
Rantiparallel −Rparallel

Rparallel

(1.1)

Spin valves have diverse applications across various domains, with data storage stand-

ing out as one of the most significant areas of implementation. They serve as key com-

ponents in magnetic read heads for hard drives, contributing to the advancement of high-

density and high-capacity storage solutions.[4] Additionally, spin valves hold promise

2
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Figure 1.2: (a) The parallel spin alignment in spin valves creates low resistance, and (b)
the antiparallel spin alignment creates high resistance.

in the development of spin-based logic devices and magnetic random-access memory

(MRAM), where their ability to efficiently control the flow of spin-polarized electrons

is leveraged. The spin valve utilized in MRAM is referred to as a magnetic tunnel junc-

tion (MTJ).

In the course of developing MTJ, commonly utilized insulating materials, such as

Al2O3 and MgO, functioned as spacers. [5, 6] (Figure 1.3). However, as devices were

scaled down, these materials exhibited increased defects and became rougher at the in-

terface, leading to challenges like current leakage[7] and spin trapping[8].(Figure 1.4)

Addressing these issues becomes crucial for the continued advancement and practical im-

plementation of spintronics technology.

To conclude, spin valves represent a cornerstone in the fascinating world of spintron-

ics. Their ability is expected to open up new avenues for faster, more efficient, and ver-

satile electronic devices. As technological advancements progress, there is an increasing

imperative to thoroughly unlock the potential of spintronics. This necessitates a height-

ened focus on exploring the applications of innovative materials and advancing our com-

prehension of the underlying mechanisms that govern spin transport.
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Figure 1.3: Traditional spin valves diagram using Al2O3 or MgO as spacers.

1.2 Two-dimensional materials in spintronic device

Two-dimensional materials (2DMs) present a promising avenue for overcoming the

limitations of traditional materials for spacers due to their single-atom thickness, sharp

interfaces[9, 10] (Figure 1.5), and precise control over thickness[11]. Hence, 2DMs are

anticipated to play a critical role in advancing the miniaturization of components for spin-

tronics.

Moreover, taking graphene as an example, it demonstrates superior spin filtering

properties attributed to the appearance of a Dirac cone at the K point, contrasting with the

gamma point predominant in common ferromagnetic materials.[12] (Figure 1.6). Conse-

quently, only a minority of carriers can effectively traverse graphene. This spin-filtering

effect provides a potential means to adjust the motion of electrons in the material by

controlling their spin. Interestingly, graphene is renowned for its exceptional conduc-

tivity.[13, 14] However, it exhibits insulator-like behavior when electrons traverse in the

vertical direction.[15] This opens up new possibilities for developing more efficient spin

electronic components and devices, addressing some of the limitations encountered in tra-

ditional electronic devices.
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Figure 1.4: The development of spin valve-based devices

In addition to graphene, numerous other 2DMs showcase diverse properties. Mul-

tilayer graphene demonstrates a tunable electronic band structure as the layer count in-

creases.(Figure 1.7) [16] Through precise thickness control, we can finely adjust the elec-

trical properties from that of a conductor to a semiconductor.[17] MoS2 is renowned for

its excellent semiconductor characteristics, offering substantial potential applications in

optoelectronic devices and energy conversion. Hexagonal boron nitride (h-BN) presents

numerous advantages in the realm of spintronics. Beyond possessing mechanical strength

comparable to graphene, h-BN inherently functions as an insulator. Intriguingly, the con-

ductivity of graphene can be increased threefold by stacking it with h-BN[18]. The above

only highlights a few characteristics of various 2DMs, and there are many more diverse

materials that we cannot enumerate individually.

These diverse 2DMs not only exhibit unique properties but can also be finely tuned

through layering, structural adjustments, chemical composition variations, and combina-
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Figure 1.5: Sharp interface in 2D materials stack.

tions to meet the specific requirements of various applications. Consequently, the explo-

ration of the use of 2DMs in spintronics holds significant value for advancing technologi-

cal applications and enhancing our comprehension of the underlying physical mechanisms

governing macroscopic behavior.

1.3 Interface effect

Until now, experimental realization of 2DMs-based barriers has fallen short of theo-

retical expectations, as evidenced by magnetoresistances below the anticipated values.[4,

19] (Figure 1.8) This disparity is often attributed to the low quality of interfaces between

the spacer and ferromagnetic (FM) contacts, leading to reduced spin polarization.[20](Figure

1.9)

Efforts have been directed toward enhancing the interface quality, drawing inspira-

tion from advancements in electronic coupling observed in transistors[21, 22]. One ap-
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Figure 1.6: Energy band structure of common ferromagnetic materials, Co and Ni, and
graphene.

proach to minimize oxidation at the interface involved the insertion of an Au film between

the electrode and graphene by Mohiuddin et al. This extra layer successfully prevented

oxidization during graphene transfer but came at the cost of reduced spin polarization[23],

(Figure 1.10).

In a different strategy, Park et al. introduced a flip-transfer method to invert the

graphene, aiming to enhance the intimacy of the contact/graphene interface. However,

this manipulation of the exposed graphene interface heightened the risk of contamination

and oxidation, potentially compromising the overall performance.[24] (Figure 1.11)

Attempting to streamline the process, Asshoff et al adopted a suspended membrane

approach to decrease the number of processing steps, thus aiming to reduce the possibility
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Figure 1.7: Thickness-dependent band structure in multilayer graphene.

of oxidation.[25] (Figure 1.12) However, despite this effort, the sequential evaporation

still necessitated breaking the vacuum, leaving room for potential contamination. These

results of MR are listed in Table 1

As of now, there is no established method to entirely avoid exposing the interface to

ambient air and the inherent challenges associated with the transfer process of 2DMs.

1.4 Uninterrupted contact deposition method

We here demonstrate the potential of a novel approach that eliminates the processing

steps that would deteriorate a 2Dmaterial＇s interface quality. In our“uninterrupted contact

deposition (UCD)＂scheme, ferromagnetic contacts with distinct properties are deposited

on both sides of graphene without exposing the interfaces to the risk of contamination. To

illustrate the potential of this method, ferromagnetic electrodes of asymmetrical thickness

were deposited on both sides of the graphene all at once in a vacuum. (Figure 1.13)

Initially, porous mechanical support is precisely engineered, featuring patterns with

diameters measuring just a few micrometers. The primary objective of this design is to

facilitate the suspension of 2DMs. Subsequently, a rotary arm is integrated into the evap-

orator chamber, enabling the controlled rotation of our sample within the vacuum cham-
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Figure 1.8: (a) Theoretical prediction for thickness-dependentMR in graphene spin valves
with ideal(circle), middle(diamond), or rough interface(square), and (b) practical results
about 2DMs-based spin valves.

ber, with the evaporator source originally positioned at the bottom. Lastly, ferromagnetic

materials are deposited on both sides of the suspended 2DMs without compromising the

vacuum integrity, thereby ensuring the highly clean interface within the spin valves.

This approach holds promise for streamlining and optimizing the fabrication process

of spin valves with minimal steps. The specifics of the porous mechanical design are

elucidated in the experimental section (Chapter 3).
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Figure 1.9: Oxidized problem on the interface as exposure to the ambient environment in
the process of fabrication.

Figure 1.10: Utilizing the Au insert method to protect the surface of the bottom ferromag-
netic electrode.
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Figure 1.11: Utilizing the flipping method for the fabrication of spin valves

Figure 1.12: Utilizing the suspended method to fabricate spin valves.
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Figure 1.13: Diagram of the UCD method.
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Chapter 2 Theory

2.1 Electric characterization

Electric characterization plays a crucial role in spintronic devices, offering essential

insights into their performance. It evaluates key parameters like spin transport efficiency,

magnetoresistance, and electronic structure, guiding the fine-tuning and optimization of

spin valves for advanced functionalities in next-generation electronic applications. Below,

we will introduce several different relationships between current and voltage.

2.1.1 Ohmic contact

In the linear regime, the IV curve of a spin valve exhibits Ohmic behavior (Fig-

ure 2.1)[19]. This linear relationship between current (I) and voltage (V) is character-

ized by a constant resistance, indicating a well-established and predictable electrical re-

sponse.[26] Ohmic contacts signify a straightforward flow of charge carriers, typically

electrons, across the interface between materials, resulting in a linear IV curve. These

contacts are crucial for efficient electron transport and are commonly desired in electronic

devices. Ohmic behavior ensures a reliable and stable connection, facilitating consistent

and controllable electrical responses in spin valves and other electronic components.
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Figure 2.1: Electric properties of Ohmic contact.

2.1.2 Tunneling behavior

In this non-linear regime, the current-voltage (IV) curve departs from the linear rela-

tionship observed in Ohmic contacts, showcasing exponential increases in current with

voltage.(Figure 2.2) The IV curve provides a distinctive profile that reflects the intri-

cate interplay between quantum tunneling and the properties of the materials involved.

This departure from Ohmic behavior is attributed to the influence of quantum mechanical

tunneling, wherein charge carriers penetrate energy barriers between two electrodes.[27]

The non-linear IV curve becomes a signature of tunneling-dominated transport, offering

a unique window into the quantum nature of charge transfer in spin valves.

2.1.3 Direct tunneling

Direct tunneling occurs when charge carriers traverse a thin insulating barrier be-

tween two materials[28]. In the context of spin valves, this implies that electrons move
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Figure 2.2: Electric properties of tunneling behavior.

through the insulating layer separating the ferromagnetic layers. Direct tunneling analysis

involves the study of the tunneling probability, influenced by the thickness and properties

of the insulating layer. The IV curve in this scenario reveals distinctive features, such

as a rapid increase in current as the bias voltage surpasses the tunneling threshold. The

description of this transport is shown in eq2.1 (Figure 2.3)

ln
1

V 2
∝ ln

1

V
(Directtunneling) (2.1)

ln
1

V 2
∝ − 1

V
(FNtunneling) (2.2)
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2.1.4 Fowler-Nordheim (FN) tunneling

Fowler-Nordheim (FN) tunneling is a crucial phenomenon observed in spin valves,

particularly in devices characterized by a thicker insulating barrier.[28] Unlike direct tun-

neling, FN tunneling involves a more intricate process where charge carriers traverse the

barrier through a quantum mechanical tunneling mechanism.

The IV curve during FN tunneling reveals distinctive features, with current increas-

ing exponentially as the applied voltage surpasses a specific threshold. This threshold

is intricately linked to the electric field strength and the characteristics of the insulating

barrier. As voltage is incrementally applied across the thicker insulating layer in the FN

tunneling regime, it allows charge carriers to surmount the energy barrier.(Figure 2.3)

The FN tunneling process is highly sensitive to variations in the electric field strength,

making it a key parameter for understanding and manipulating the tunneling probability.

Eq2.2 describes the behavior of the FN tunneling.

In summary, the current-voltage characteristics of spin valves offer valuable insights

into their electrical behavior, with distinct regimes such as the linear (Ohmic contact) and

non-linear (tunneling dominant) regions. The transition between these regimes is crucial

in the design and optimization of spintronic devices. Furthermore, direct and FN tunneling

analyses contribute to a nuanced understanding of the underlying mechanisms.

2.2 Magnetoresistance

Magnetoresistance (MR), a phenomenon ubiquitous in all metals, denotes the alter-

ation of resistivity in response to a magnetic field. Classically, this effect is contingent
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Figure 2.3: (a) Electron tunnels insulating energy barrier with different shapes and (b) the
electric features of direct tunneling and FN tunneling.

upon both the strength of the magnetic field and the relative orientation of the magnetic

field concerning the electric current. There are several distinct manifestations of mag-

netoresistance, each characterized by unique underlying mechanisms, including ordinary

Magnetoresistance (OMR), anisotropic Magnetoresistance (AMR), giant Magnetoresis-

tance (GMR), and tunneling Magnetoresistance (TMR).

2.2.1 Ordinary magnetoresistance (OMR)

OMR is a phenomenon observed in non-magnetic metals, where the resistivity in-

creases with the application of an external magnetic field, both in parallel and perpendicu-
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lar directions. This enhancement is attributed to electrons deviating from the electric field

direction under the influence of the Lorentz force. [29]

There are distinct cases of OMR behavior: Case1 demonstrates resistance saturation

at high magnetic fields in metals like In, Al, Na, and Li; Case2 reveals magnetoresistance

increasing with magnetic field up to the highest fields measured without dependence on

crystallographic orientation in metals such as Bi, Sb, W, and Mo; Case3 describes metals

like Cu, Ag, Au, and others, which exhibit large magnetoresistance in specific crystallo-

graphic directions due to Fermi surfaces with open orbit, while saturation occurs in other

directions with closed orbits. [30]

The study of OMR provides insights into the interplay between magnetic fields and

electrical conductivity in diverse metallic systems.

2.2.2 Anisotropic magnetoresistance (AMR)

AMR manifests in ferromagnetic metals such as Fe, Co, and Ni, where the resistiv-

ity undergoes distinct changes based on the orientation of an applied magnetic field.[29]

Specifically, the resistivity increases when the magnetic field is parallel and decreases

when it is perpendicular to the electric transmission. This phenomenon arises from spin-

orbit coupling effects. When the magnetic field is perpendicular, it results in a small

cross-section of electronic orbits, leading to low resistivity. Conversely, a parallel mag-

netic field creates a larger cross-section for scattering with electronic orbits, resulting in

higher resistivity. (Figure 2.4) The interaction between magnetic field direction and elec-

tronic properties in ferromagnetic metals makes AMR a crucial aspect of understanding

and manipulating material behavior for potential applications in electronic devices and
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technology.

Figure 2.4: (a) The perpendicular alignment of magnetic field and electron transport in-
duces a small cross-section, and (b) the parallel alignment of magnetic field and electron
transport induces a large cross-section.

2.2.3 Giant magnetoresistance (GMR)

Giant Magnetoresistance (GMR) is a remarkable phenomenon observed in materials

with aligned ferromagnetic layers. The foundation of GMR lies in the spin-valve structure,

FM/non-FM conductor/FM where the relative alignment of magnetic layers profoundly

influences electron transport properties.(Figure 2.5) In a parallel alignment, the current is

predominantly carried by a certain spin direction, facilitating their smooth passage through

the material with weak scattering, resulting in a lower resistance state.[31] Conversely, in

an anti-parallel alignment, both spin-up and spin-down electrons experience stronger scat-

tering in the process of transport. This configuration leads to an overall higher resistance.

(Figure 2.6) This extraordinary sensitivity to magnetic alignment makes GMR an element

in the development of advanced technologies, particularly in the design and optimization

of magnetic sensors and data storage devices.

19

http://dx.doi.org/10.6342/NTU202400068


doi:10.6342/NTU202400068

Figure 2.5: Diagram of GMR spin valves.

2.2.4 Tunnel magnetoresistance (TMR)

Tunneling Magnetoresistance (TMR) is a phenomenon observed in structures em-

ploying a FM/insulator/FM configuration. The TMR effect is contingent upon the ori-

entation of magnetization and correlates with the spin polarization of tunneling electrons

traversing insulating barriers.[6] In comparison to GMR, the alteration in magnetoresis-

tance remains consistent based onmagnetic orientation, yet themechanism of carrier trans-

port varies across different spacers, conductors, and insulators, respectively.

In conclusion, the exploration of magnetoresistance phenomena, including OMR,

AMR, GMR, and TMR, unveils the intricate relationship between magnetic fields and

electrical conductivity in diverse metallic systems. Each manifestation offers unique in-

sights, from electron deviation under Lorentz force in OMR to spin-orbit coupling effects

in AMR, and aligned magnetic layers in GMR. TMR, relying on tunneling through in-

sulating barriers, presents a distinctive mechanism. A comprehension of these diverse

magnetoresistance mechanisms aids in the investigation of spintronics devices.
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Figure 2.6: Giant magnetoresistance variation in spin valves in response to magnetic field
changes.

2.3 Hanle effect

The Hanle effect is a phenomenon observed in spin-polarized systems when a spin-

polarized population of carriers is subjected to an external magnetic field. Spin-transport

parameters can be derived through the utilization of the Hanle effect. In this phenomenon,

a magnetic field is applied perpendicular to the direction of spin accumulation, leading to

the precession and dephasing of spins within the lateral channel.[32](Figure 2.7)

The spatial spread of the spin polarization in a material is characterized by the spin

diffusion length lsf which is related to the spin-lattice relaxation time τsf . Fitting the

Hanle curves with solutions of Bloch equations[33] is particularly useful for studying spin
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Figure 2.7: This explains the mechanism by which a perpendicular external magnetic field
relaxes the spin accumulation at the interface.

relaxation times and spin coherence lengths in semiconductors and other materials.

lsf =
D

τsf 2
(2.3)

In the absence of a magnetic field, the accumulation of spin electrons at the spin valve

interface results in induced voltage. However, when an external perpendicular magnetic

field is applied, the relaxation of spin accumulation leads to a decrease in voltagewithin the

spin valve. [33, 34]This phenomenon can be mathematically described by the following

equation eq 2.4

δV (B ⊥) =
δV (0)

1 + (twL)2
(2.4)

, where V is the voltage difference caused by spin accumulation, ωL is the Larmor preces-

sion frequency. [34]

The Elliot-Yafet (EY) and Dyakonov-Perel (DP) mechanisms are two commonly em-

ployed models for studying spin transport in materials.[35] EY proposes that spin-orbit

coupling has the potential to induce spin information loss, resulting in a spin lifetime

proportional to the momentum scattering time. Additionally, EY suggests that the spin

lifetime increases with the number of graphene spacer layers due to improved screening
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of external scattering potentials.[35]

On the other hand, DP associates spin flips with the accumulation of lattice-induced

precession of spin between scattering events. Furthermore, DP emphasizes that the spin

lifetime corresponds to the fastest relaxation pathway.[35] Consequently, relaxation can

occur through spin escape to the electrodes, where the relaxation is much faster. As a

result, the critical trade-off of contact resistance becomes imperative in the design of spin

valves.
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Chapter 3 FABRICATION PROCESS

AND EXPERIMENTS

SETUP

3.1 Porous mechanical support

The preparation of porous mechanical support is a critical step to achieve UCDmeth-

ods to suspend 2DMs.

Our UCD approach relies on two advances, firstly, the 2D material is suspended to

expose both interfaces. Secondly, contacts are deposited on both sides in a process without

breaking any vacuum until completion. Therefore, the preparation of a porous mechanical

is necessary in the initial stage.

Figure 3.1 illustrates the preparation process. To begin, a 500 nm low-stress silicon

nitride (SiN) layer was grown on both sides of a 200 μm silicon wafer. Subsequently,

employing photolithography techniques and a double-side optical mask aligner, squares

with 500 μm sides were designed for the bottom window, while circles with diameters

ranging from 3 to 5 μm were configured for the top window. The optical masks’ patterns

are depicted in Figure 3.2, with further elaboration on each pattern provided in Figure 3.3
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for a more detailed view.

Figure 3.1: The procedure for fabricating the porous mechanical support to suspend 2D
materials.

Following that, a reactive ion etch (RIE) was employed to remove the designated

patterns on the silicon nitride at a rate of 47.1 per minute. Ultimately, the complete wafer

underwent immersion in a 30 wt% KOH solution at 80°C for several hours, facilitating

thorough penetration from the top to the bottom. The cross shapes on both sides serve as

markers for dual-sided alignment.

Figure 3.2: (Left) Top pattern and (Right) bottom pattern on the optical mask
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Figure 3.3: (Left) Top pattern and (Right) bottom pattern on the optical mask or a more
detailed view.

3.2 2D materials transfer method and thermal decompo-

sition

Graphene was transferred onto the porous mechanical support employing a wet trans-

fer technique. Initially, a layer of polymethyl methacrylate (PMMA) was spin-coated onto

the graphene-coated copper foil at a rate of 2500 rpm. Subsequently, the sample underwent

immersion in ammonium persulfate to selectively etch away the copper foil, followed by

multiple rinses in deionized water to ensure thorough cleanliness. The resulting floating

membrane was delicately lifted and affixed onto the porous mechanical support. To mini-

mize residual PMMA, thermal decomposition was applied to the sample at a temperature

of 400°C.[36] This thermal treatment involved a flow of 200 sccm of hydrogen (H2) and

200 sccm of argon (Ar) for a duration of 1 hour. Subsequently, the sample was allowed

to cool naturally inside the oven.
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3.3 Photolithography

Photolithography is a fundamental technique in microfabrication and semiconductor

device manufacturing. It involves a process of transferring a pattern onto a substrate using

light-sensitive materials. A photosensitive resist is first coated onto the substrate. Then,

a mask containing the desired pattern is placed over the resist-coated substrate. When

exposed to ultraviolet light, the resist undergoes a chemical change, creating a patterned

mask. Subsequent development steps remove either the exposed or unexposed regions,

leaving behind the desired pattern on the substrate. The spin valve pattern fabricated by

conventional methods is designed primarily by photolithography. (Figure 3.4)

Figure 3.4: Photolithography system.
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3.4 E-beam evaporator

The e-beam evaporator is a sophisticated thin-film deposition system employed in

the fabrication of various electronic devices evaporator (AST E-GUN PEVA-600I). Its

fundamental working principle involves the generation and controlled manipulation of a

high-energy electron beam to vaporize a material source, allowing for the deposition of a

thin film onto a substrate. (Figure 3.5)

In our system, the vacuum is maintained at 10−6 torr throughout the fabrication pro-

cess. The deposition rate is held constant at 0.1 Å/s to ensure the quality of the electrode.

Additionally, a rotary arm has been installed in the chamber to facilitate the implementa-

tion of the UCD method (Figure 3.6).

Figure 3.5: E-beam evaporator system.
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Figure 3.6: E-beam evaporator system installed with a rotary system

3.5 Raman spectroscopy

Raman spectroscopy was conducted with a 532 nm excitation source in a Nanobase

XPER RF.

Raman spectroscopy is a process of photon-in and photon-out, (Figure 3.7) wherein

photons of a specific energy are directed into a material. Photon-molecule interaction is

an inelastic scattering process. The interaction of these photons with different molecules

causes them to lose certain energy. By detecting the energy of photo-out, the feature of

materials can be identified.

Within materials, atoms oscillate near their equilibrium positions and variations in

structure cause stretching or distortion of the atomic bonds. These phenomena result in the

emission of unique vibrational frequencies, analogous to individual human fingerprints.
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Figure 3.7: The photon-in and photon-out process in Raman spectroscopy.

When light interacts with the molecular vibrations in a material, it undergoes distinctive

energy changes, serving as a basis for the identification of different materials.

In Raman spectroscopy experimental results, the X-axis is typically presented as the

reciprocal of wavelength, as the reciprocal of wavelength is directly proportional to en-

ergy. This facilitates scientists in interpreting the energy changes after photon scattering.

The Y-axis represents scattered light intensity, which is related to the observed molecular

vibrational modes. A higher intensity of scattered light indicates a higher proportion of

existing vibrational modes, allowing inferences about the quality of the material structure.

However, unexpected signals in regions where peaks are not anticipated could indicate

contamination in the sample.

When analyzing graphene using Raman spectroscopy, characteristic peaks appear

around 1580 cm−1 and 2680 cm−1.[37] These peaks correspond to the planar vibration of

graphene and the resonance of photons generated in graphene, respectively. By studying
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the relative intensity and position of these two peaks, further exploration of other charac-

teristics of graphene is possible.

If the intensity of the two characteristic peaks is weak, it suggests the presence of

defects in graphene. If the 1560 cm−1 peak is relatively strong and the 2680 cm−1 peak

becomes weaker, it may indicate the presence of multilayer graphene.[38]

Our Raman spectroscopic measurement was conducted with a 532 nm excitation

source in a Nanobase XPER RF.

3.6 Surface and interface characterization

3.6.1 Atomic force microscopy (AFM)

Atomic Force Microscopy (AFM) is a powerful imaging technique that enables the

visualization of surfaces at the atomic and molecular levels. The fundamental working

principle of AFM involves the use of a sharp tip attached to a flexible cantilever to scan a

sample surface. As the AFM tip approaches the sample surface, various forces come into

play. (Figure 3.8) The primary forces involved include van der Waals forces, electrostatic

forces, and repulsive forces between atoms. [39]

The interaction forces cause the cantilever to deflect or bend. The degree of deflection

is directly related to the forces acting between the tip and the atoms on the sample surface.

AFM offers versatile imaging modes. In contact Mode, the tip continuously contacts

the sample, providing high-resolution images but may wear the tip and sample. Tapping

Mode oscillates the tip, reducing lateral forces for softer samples. Non-contact mode
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hovers the tip without direct contact, minimizing potential damage.

In our research, AFM plays an essential role in characterizing suspended graphene.

To safeguard the integrity of the graphene, we exclusively utilize the non-contact mode for

all our scanning procedures, thereby ensuring that no harm is imposed during the imaging

process.

Figure 3.8: Diagram illustrating the AFM process.

3.6.2 Scanning electron microscopy (SEM)

Scanning Electron Microscopy (SEM) is an imaging technique widely used for high-

resolution characterization of surfaces. SEM utilizes an electron gun to generate a focused

beam of high-energy electrons. These electrons are accelerated towards the sample with

energies typically ranging from a few kilovolts to tens of kilovolts.[39]

As the electron beam interacts with materials, resulting in the emission of various

signals. The primary interactions include elastic scattering, inelastic scattering, and sec-

ondary electron emission. [39]

Some electronswithin the incident beamundergo elastic scattering, known as backscat-

tering. The energy and intensity of the backscattered electrons provide information about

the sample’s atomic composition. Inelastic scattering can cause the ejection of secondary
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electrons from the sample surface. SEM often focuses on detecting and imaging these sec-

ondary electrons, as they provide detailed topographical information about the sample’s

surface features.

Detectors capture the emitted electrons and convert them into signals that are then

used to generate high-resolution images of the sample surface. The resulting images reveal

surface morphology, topography, and compositional information.

Furthermore, the SEM system, coupled with Focused Ion Beam (FIB) technology,

facilitates accurate milling, cutting, and imaging of samples at the nanoscale. This en-

ables a meticulous investigation into the cleanliness of interfaces through a controlled and

destructive study. The SEM procedures presented in our results were performed at the

Instrumentation Center in National Taiwan University, utilizing the FEI Helios600i FIB

system.

3.6.3 Energy-dispersive X-ray spectroscopy (EDX)

Energy-dispersive X-ray spectroscopy (EDX) is an analytical technique commonly

utilized in electron microscopy to elucidate the elemental composition of materials. The

fundamental operation of EDX involves a series of key steps.

When a high-energy electron beam interacts with a sample in an electron microscope,

it induces inner-shell electrons to escape from atoms, creating vacancies in the original

position. To regain stability, outer-shell electrons may transition, emitting characteristic

X-rays.

Each element produces characteristic X-ray peaks at specific energy levels, allowing

for elemental identification. The spectrum is analyzed by comparing peaks with known
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standards. This qualitative analysis provides valuable insights into the elemental compo-

sition of the sample.

3.7 Magnetoresistance measurement

The study of magnetic response is primarily conducted within Professor Chuang’s

laboratory utilizing a low-temperature closed cycle magnetoresistance measurement sys-

tem, as illustrated in Figure 3.9.[40] All measurements are conducted within a high vac-

uum environment, sustaining a pressure level of 10−6 torr.

The system facilitates a temperature-dependent investigation spanning the range of

4.6K to 420K. Notably, the system’s capacity to achieve elevated temperatures allows for

the annealing ofmeasured samples, enabling a comparative analysis of their characteristics

before and after this thermal treatment.

The applied magnetic field can vary from -1 T to 1 T in either perpendicular or hori-

zontal orientations, thereby providing a substantial range beneficial to the examination of

universal electronic devices and the elucidation of anisotropic properties. For electric and

magnetic measurements, the system employs a Keithley 2400 source meter and an AC

lock-in amplifier to collect the response of devices.
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Figure 3.9: Magnetic properties measurements in CYCU.

36

http://dx.doi.org/10.6342/NTU202400068


doi:10.6342/NTU202400068

Chapter 4 Result and Discussion

4.1 Realizing high-quality interfaces in 2DMs spin valves

4.1.1 Characterization

Raman spectroscopy is employed to investigate the properties of suspended graphene.

The continuity of suspended graphene is supported by Raman spectroscopic mappings that

show the retention of the G-band feature at the opening. (Figure 4.1a)[41] Compared to

the supported region, the suspended graphene part exhibits a downshifted G-band feature

indicating the relaxation of transfer-induced tensile strain. (Figure 4.1b)[41]

Figure 4.1: (a) Raman mapping on the suspended and the supported graphene, and (b) the
respective spectrum from the suspended and the supported graphene.

We confirmed the structural integrity of suspended graphene through AFMmapping.
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The presence of graphene on holes was revealed in all devices, underscoring the effec-

tiveness of our graphene transfer method and poly-support removal in achieving complete

graphene coverage. (Figure 4.2a)[41] By comparing the depths and shapes, we were able

to clearly distinguish between the suspended graphene and the empty holes. The sus-

pended graphene exhibited a sag of approximately 50 nm (illustrated by the black line in

Figure 4.2b)[41], whereas the shape depicted by the red line corresponds to the convolu-

tion of the hole with the AFM tip. This shape aligns with prior research utilizing tapping

mode in the AFM system.[42]

Figure 4.2: (a) AFM mapping illustrates the coverage of suspended graphene, while (b)
depicts the depth of suspended graphene and vacant holes on the substrate.

SEM imaging reveals that the cobalt electrodes have perfectly enclosed the suspended

graphene, as depicted in the high-resolution visualized image. (Figure 4.3)[41] In order

to compare UCD-GSVs and c-GSVs, we conducted a cross-sectional SEM analysis to

assess the quality of the interface. Cobalt is susceptible to oxidation in ambient condi-

tions, but the limited diffusivity of oxygen leads to a constrained oxide thickness.[43] This

phenomenon is evident in cross-sectional SEM images of conventional c-GSVs, where a

distinct color contrast is observed in the ferromagnetic electrodes near the graphene layer.

(Figure 4.4a)[41] This contrast indicates that the bottom-Co contact is not in direct contact
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with graphene but is separated by an oxide layer. Additionally, empty regions between the

graphene and the bottom electrode are visible, formed when the graphene was suspended

over imperfections in the bottom electrode.

In contrast, our UCD-GSVs show no signs of an oxide layer between the graphene

and Co, as evidenced by a uniform contrast in the cross-sectional image. (Figure 4.4b)[41]

Furthermore, close examination reveals the absence of empty regions between the ferro-

magnetic contacts, confirming the conformal deposition. This observation is further sup-

ported by EDX analysis, which demonstrates the absence of any oxygen elements within

the interface. (Figure 4.5)[41]

Figure 4.3: SEM image explains the Co deposition fully covers the suspended graphene.
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Figure 4.4: (a) cross-sectional SEM of c-GSVs, and (b) UCD-GSVs.

4.1.2 Analysis of electric property

The tightness of the layers significantly impacts the conductivity of the components.

Figure 4.6[41] illustrates the geometry of electric measurement. Electrical properties were

investigated through the relationship between voltage and current. UCD-GSVs exhibit a

current density magnitude four orders of magnitude higher than c-GSVs at 300K. (Figure

4.7)[41]

To comprehend the origin of this enhancement, we employed ab-initio calculations to

simulate the interface conditions in UCD-GSVs and c-GSVs. Two ferromagnetic contacts

were positioned on each side of a graphene layer, and the resulting band structure was cal-

culated using density functional theory (DFT). In the case of UCD-GSVs, two cobalt cells

were separated by a graphene layer, while for c-GSVs, partial oxidation was introduced

at one interface.

In UCD-GSVs, a strong hybridization was observed, causing a significant change

in graphene’s density of states around the K-point, where carrier transport is anticipated.

This effect indicates a robust interaction between graphene and the contact, elucidating the

high interfacial conductivity (Figure 4.8a)[41]. Conversely, oxidation in c-GSVs alters the
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Figure 4.5: Element analysis in the interface of UCD-GSVs using EDX.

interface band structure, and a reduced density of states at the K-point suggests a weaker

interaction between cobalt and graphene, resulting in higher interfacial resistance (Figure

4.8b)[41].

4.1.3 Magnetotransport in UCD-GSVs

Magneto-transport experiments were conducted for both interface types, namely con-

ventional and clean surfaces. An in-plane magnetic field, aligned with the easy-axis of

the Co thin film, was applied to both the UCD-GSVs and c-GSVs to observe the MR phe-

nomenon (Figure 4.9)[41]. The Figure 4.10[41] illustrates the difference in resistance as

the magnetic field is swept. Notably, c-GSVs did not exhibit any discernible MR within
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Figure 4.6: Geometries for IV measurements of UCD-GSVs and c-GSVs.

the resolution of our experiments. In contrast, the measured MR (MR) in UCD-GSVs

reached a value of 1.7%, surpassing those reported in previous studies on graphene-based

spin valves [19, 20, 29, 44], (refer to Table4.1 for a comparison with other research find-

ings).

Structure MR (%) Temp (K) Reference
Co/Gr/Co 0.7 1.5 Meng, J. (2013)
Co/Gr/Co 0.7 3 Chen, J.-J (2013)
Co/Gr/NiFe 0.23 10 Iqbal (2015)
Co/Gr/NiFe 0.1 10 Asshoff, P. (2017)
Co/Gr/Co 1.7 10 our work
Table 4.1: MR comparison in Co/Gr/Co spin valves

To further experimentally assess the quality of the spin-valve interfaces, we changed

themagnetic field direction from in-plane to out-of-plane. This perpendicular alignment to

the easy-axis enhances the spin precession of electrons at the interface between the barrier

and ferromagnetic contact. The resulting relaxation of injection conditions leads to the
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Figure 4.7: IV curves comparison at 300 K.

well-known Hanle effect[45], which decreases the MR (MR) value with an increasing

magnetic field.

A comparison of the voltage difference between c-GSVs and UCD-GSVs reveals

a significantly smaller voltage change in the zero-field value for UCD-GSVs (Figure

4.11).[41] This behavior indicates a lesser accumulation of spin-polarization at the high-

quality interface[45, 46]. With the substantial difference in interface quality confirmed,

we can employ the comparison between UCD-GSVs and c-GSVs to establish the limita-

tions of using the Hanle effect for the characterization of electron spins.

Following this approach, the spin lifetime (t) of c-GSVs is twice as long as UCD-

GSVs (0.227 ns vs. 0.117 ns) and higher than in previous reports.[47] This observation
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Figure 4.8: (a) interface band structure of CoO/graphene/Co, and (b) interface band struc-
ture of Co/graphene/Co.

underscores the impact of back-scattering from low-quality interfaces on spin accumula-

tion [47]. Our results demonstrate that the formation of high-quality interfaces enables the

study of the intrinsic magnetic response of 2D materials.

The investigation into the properties of suspended graphene involves diverse ana-

lytical techniques. Raman spectroscopy provides insights into the graphene’s continuity,

revealing a downshifted G-band feature in the suspended region, indicating the relaxation

of tensile strain. AFM mapping and SEM imaging further confirm structural integrity,

emphasizing the effectiveness of graphene transfer methods. UCD-GSVs demonstrate su-

perior interface quality, impacting electron spin behavior. Magnetotransport experiments

highlight significant MR differences, and the Hanle effect reveals limitations in character-

izing electron spins. These findings emphasize the importance of high-quality interfaces

for studying 2D materials’ intrinsic magnetic responses.

4.1.4 Multilayer graphene spin valves

We employ the UCD approach in the context of multi-layer graphene spin valves

(UCD-mGSVs) due to their potential applications in spintronics[47]and twisttronics [48].
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In contrast to single-layer graphene, UCD-mGSVs exhibit a non-linear current-voltage

relationship indicative of tunneling-dominated carrier transport[27] (Figure 4.12). This

effect arises from the presence of a non-zero bandgap in multilayer graphene, introducing

a barrier absent in single-layer graphene.[49]

The impact of this barrier on spin injection becomes apparent when characterizing

the Hanle effect in UCD-mGSVs (Figure 4.13). The higher spin concentration leads to

increased scattering and a greater loss of spin information, resulting in shorter spin re-

laxation times.[50] Indeed, we observe a 26% decrease in carrier lifetime compared to

UCD-GSVs. Moreover, there is a 70% decrease in the MR (MR) change, confirming the

lower tunneling rate through the multilayer and the associated increase in spin accumula-

tion at the interfaces (Figure 4.14).

This interplay between spin transport and spin scattering is typically not considered

theoretically when predicting the performance of GSVs, potentially leading to an overes-

timation of achievable MR. Our findings reveal that the MR for multilayer GSVs is less

than that for single-layer GSVs.
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Figure 4.9: Geometries for MRmeasurement with in-plane or out-plane external magnetic
field.
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Figure 4.10: In-plane MR analysis of UCD-GSVs and c-GSVs.
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Figure 4.11: Out-plane MR analysis of UCD-GSVs and c-GSVs.
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Figure 4.12: Non-linear IV curve in UCD-mGSVs.
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Figure 4.13: Hanle measurement and analysis in UCD-mGSVs.
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Figure 4.14: In-plane MR analysis of UCD-mGSVs.
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4.2 ControllableCoercivity inNiFe-Graphene SpinValves

Permalloy (NiFe), a ferromagnetic alloy composed of 20% iron and 80% nickel, pos-

sesses high magnetic permeability, low coercivity, and pronounced magnetic anisotropy.

These characteristics make NiFe a promising candidate for spin valves with controllable

coercivity. Therefore, we employed the UCDmethod in an attempt to engineer spin valves

with nearly zero coercivity characteristics in NiFe.

4.2.1 Investigating the electrical properties of NiFe-GSVs

Controllable coercivity spin valves, denoted as NiFe-GSVs, comprise a structure of

NiFe/graphene/NiFe. The linear current-voltage relationship depicted in Figure 4.15 il-

lustrates Ohmic contact within this configuration, indicating intimate contact at the NiFe-

graphene interface. In contrast to metallic behavior, the temperature-dependent resistance

reveals semiconductor characteristics, manifesting increased resistance with decreasing

temperature (Figure 4.16). This electric performance explains why the graphene spacer

dominates the electronic transport in the NiFe-GSVs.

4.2.2 Magnetotransport in NiFe-GSVs

External magnetic fields, either parallel or perpendicular, are applied to investigate

the magnetic response of NiFe-GSVs. In the parallel configuration, the MR prominently

centers around zero magnetic field, confirming the intrinsic coercivity of our NiFe-GSVs

—an original component for crafting controllable spin valves. Furthermore, at 10 K, the

MR variation reaches 1.3%, surpassing previous findings by adjusting asymmetric spin
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Figure 4.15: Temperature-dependent IV curves in NiFe-GSVs

quantities in both electrodes (Figure 4.17). Similarly, in the case of an externally per-

pendicular magnetic field, the MR feature is also centered at zero field, indicating the

low coercivity properties of NiFe. However, owing to the magnetic anisotropy of NiFe,

the magnetic resistance variation in this direction is more pronounced than in the parallel

orientation (Figure 4.18). The MR decreases with increasing temperature due to thermal

disturbances.[51]

4.2.3 Controllable coercivity in NiO-NiFe-GSVs

The geometry for electric and magnetic transport measurements is illustrated in the

Figure 4.19. The magnetization curve shift is a significant phenomenon observed when a

ferromagnet interfaces with an antiferromagnet[50, 52]. NiO, a typical antiferromagnetic
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Figure 4.16: Resistance and temperature relationship of NiFe-GSVs.

insulator, exhibits strong interactivity with NiFe owing to the exchange bias effect.[50]

Consequently, we incorporated NiO on either side of NiFe-GSVs to attain controllable

coercivity. We refer to this device as NiO-NiFe-GSVs.

In the relationship between current and voltage (Figure 4.20), we did not observe

significant variations in the conductivity of NiO-NiFe-GSVs compared to NiFe-GSVs,

despite the insulating nature of NiO. This finding highlights the potential utility of NiO in

electronic devices, where it can provide insulation to prevent current leakage and exhibit

protective characteristics due to its highly corrosion-resistant properties without compro-

mising electrical performance.[53]

NiO, serving as the pinned layer in the spin valve, induces a more asymmetrical dis-

tribution of spin quantities when the direction of the external magnetic field is switched.
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Figure 4.17: In-planeMR analysis of NiFe-GSVs; Inset: magnifiedMR plot in the vicinity
of zero magnetic field.

Consequently, the MR variation is significantly enhanced to 2.8% in NiO-NiFe-GSVs

under an in-plane external magnetic field (Figure 4.21), which is twice that observed in

NiFe-GSVs. Additionally, NiO-NiFe-GSVs still present an inverse relationship between

temperature and resistance, showing semiconductor behavior induced by graphene is dom-

inant in this system. In Table 4.2, we compare the magnetoresistance (MR) results from

our structure with those of a similar spin valve configuration.

A similarly enhanced magnitude of MR is observed in the perpendicular magnetic

field situation (Figure 4.22). Simultaneously, NiO-NiFe-GSVs still exhibit anisotropy,

with a more pronounced feature in a small range of magnetic fields.

Particularly noteworthy is the distinct shift observed in the MR characteristics of
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Figure 4.18: Out-plane MR analysis of NiFe-GSVs; Inset: magnified MR plot in the
vicinity of zero magnetic field.

NiO-NiFe-GSVs during scans in different directions (see Figure 4.2.8). When the exter-

nal magnetic field aligns parallel to the direction of electron travel, it induces anisotropic

MR (AMR), causing the MR to increase with the magnetic field. In large magnetic fields,

we precisely determine the displacement caused by coercivity through the generated dif-

ferences in MR. (Figure 4.23) During scans in different directions, the MR curves exhibit

a gap of 514.7 gauss, indicating that the Exchange bias between NiO and NiFe elevates the

originally nearly zero coercivity by approximately 207 gauss. This difference corresponds

to previous reports on NiO/NiFe.[8, 52] Our result signifies the successful fabrication of

a controllable coercivity spin device, offering richer applications for spin valves through

the manipulation of coercivity.
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Spin transport behavior can be studied by examining the relaxation of spin accu-

mulation at the interface. Analyzing the voltage changes with magnetic field variations

provides information on the spin lifetime in the systems.[33] NiFe-GSVs and NiO-NiFe-

GSVs exhibit spin lifetimes of 0.213 ns and 0.154 ns, respectively (Figure 4.24). The

shorter spin lifetime in the NiO-NiFe-GSVs is attributed to oxygen vacancies present in

the oxides, which act as traps for the spin.[50]The vacancy features are evident around

401 cm−1 shift[54] in our Raman spectroscopic results on NiO (Figure 4.25).

Structure MR (%) Method Reference
NiFe/Gr/NiFe 0.4 Exfoliation Mohiuddin et al (2008)
NiFe/Gr/NiFe 0.14 Wet transfer Iqbal et al (2013)
NiFe/Gr/NiFe 0.29 Direct CVD on FM Entani et al (2016)
NiFe/Gr/NiFe 1.3 UCD Our work

NiO/NiFe/Gr/NiFe 2.7 UCD Our work
Table 4.2: MR comparison in NiFe/Gr/NiFe spin valves

To conclude, NiFe essentially exhibits its intrinsic response with near-zero coercivity

in the spin valve when subjected to a magnetic field using our UCDmethod. Furthermore,

we successfully manipulated the coercivity in the spin valve by incorporating NiO on

one side. Additionally, NiO significantly enhanced the MR without compromising the

conductivity performance.
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Figure 4.19: Geometries for electric and magnetic measurement for (a) NiFe-GSVs and
(b) NiO-NiFe-GSVs.
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Figure 4.20: Temperature-dependent IV measurement for NiO-NiFe-GSVs.
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Figure 4.21: In-plane MR analysis of NiO-NiFe-GSVs.
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Figure 4.22: Out-plane MR analysis of NiO-NiFe-GSVs.
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Figure 4.23: Coercivity shift in NiO-NiFe-GSVs.
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Figure 4.24: Spin lifetime analysis in (a) NiFe-GSVs and (b) NiO-NiFe-GSVs.
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Figure 4.25: Raman spectroscopic result of NiO shows oxygen defects at the feature 310
cm−1 highlighted by the blue color.
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4.3 Negative MR in MoS2-based spin valves induced by

spin filtering

Exploration of Co/MoS2/Co spin valves is propelled by distinctive features evident

in prior studies. MoS2, acting as a spacer, induces magnetic anisotropy through charge

donation at the Co/MoS2 heterojunction, offering the potential for tailored spin dynam-

ics.[55] Additionally, MoS2’s semiconducting nature and stable spin polarization make

it an intriguing candidate for spin valves.[27, 56, 57] The giant perpendicular magnetic

anisotropy and induced metallic behavior of single-layer MoS2 near Co contribute to

understanding spin transport and band hybridization.[58, 59] These characteristics are

crucial for advancing spintronics and exploring novel device functionalities. However,

MoS2-based spin valves fall short of theoretical expectations due to inferior interface qual-

ity.[60, 61] The UCD method is anticipated to optimize MoS2-based spin valves and un-

veil fundamental mechanisms. We constructed Co/multilayer MoS2/Co structures, named

ML-MSVs, using the UCD method, followed by an exploration of their electrical and

magnetic properties.

4.3.1 Raman spectroscopic characterization

In our Raman spectroscopy analysis, we distinctly identified two prominent features

of MoS2, namely E2g and A1g modes. The observed shift of 24 cm−1 between these two

modes is indicative of the multilayer nature of MoS2. Additionally, our Raman mapping

results further validate the presence ofmultilayerMoS2, revealing that it is fully suspended

within the holes of the substrate. (Figure 4.26)

65

http://dx.doi.org/10.6342/NTU202400068


doi:10.6342/NTU202400068

Figure 4.26: (a) Multilayer MoS2 Raman spectrum, and (b) Raman mapping confirms
MoS2 is suspended on the hole.

4.3.2 Analysis of electric property

The non-linear current-voltage relationship with different temperatures, illustrated

by Figure 4.27(a) to (c), signifies prevalent tunneling behavior in electron transport. The

asymmetrical curve confirms the efficient separation of both electrodes by theMoS2 spacer

with asymmetric thicknesses. The RT plot (depicted in Figure 4.27(d)) exhibits a distinc-

tive semiconductor curve, underscoring the significant impact of MoS2 on the electronic

properties and supporting its predominant role within the configuration of ML-MSVs.

4.3.3 Magnetotransport in MoS2-based spin valves

In contrast to graphene-based spin valves (UCD-GSVs or NiFe-GSVs), ML-MSVs

exhibit negative MR. The spin filter effect of MoS2 governs spin transport, resulting in

more minority spin carriers tunneling through the barrier in small magnetic fields. Con-

versely, in large magnetic fields, the majority of spins align in the same direction, permit-

ting only a small quantity of minority spin carriers to pass through the spin filter.
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Remarkably, ML-MSVs show a -55% MR at 150K with a bias voltage of -7V un-

der a perpendicular magnetic field (Figure 4.28), surpassing expectations and other com-

parable studies.[19, 27, 49, 61–64] (see table 4.3) This indicates perpendicular magnetic

anisotropy due to metallic proximity between Co andMoS2. As the temperature increases,

negative MR is observed in ML-MSVs. Surprisingly, not only is clear MR observed at

room temperature, but the change in MR is enhanced at high temperatures. We infer

that MoS2, exhibiting semiconductor characteristics, displays lower resistance at elevated

temperatures, facilitating increased spin carrier flow between electrodes. Conversely, at

lower temperatures, the variation in the absolute value of MR is primarily attributed to

asymmetry in the quantity of spins aligned in different directions between the two ferro-

magnetic electrodes (Figure 4.28(d)). However, this aspect still requires further study and

discussion.

Structure MR (%) Method Reference
Fe3O4/MoS2/ Fe3O4 0.4 Exfoliation Wu H-C et al (2015)
NiFe/MoS2/NiFe 0.73 Exfoliation Weiyi Wang et al (2015)
NiFe/MoS2/Co 2.0 Exfoliation Dankert A et al(2017)

NiFe/ML-MoS2/Co 3.0 Exfoliation Muhammad Farooq Khan et al (2018)
Co/ML-MoS2/Co -60 UCD Our work

Table 4.3: MR comparison in MoS2-based spin valves

In traditional magnetic tunnel junctions, MR tends to decrease with increasing ap-

plied bias due to higher voltage leading to increased electron scattering during transmis-

sion due to the inelastic scattering given by magnon excitation. However, in our fabricated

ML-MSVs, this phenomenon is not observed (see Figure 4.29). To comprehensively ex-

plain this discrepancy, additional magnetic measurements, such as VSM (Vibrating Sam-

ple Magnetometry) or MOKE (Magneto-Optic Kerr Effect), are needed for further inves-

tigation of the underlying mechanisms in this aspect.

In summary, the UCD method optimizes MoS2-based spin valves, unveiling unique
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ML-MSV properties. Unlike graphene-based counterparts, ML-MSVs exhibit negative

MR, reaching -55% at 150K, surpassing expectations due to the spin filter effect. The

absence of MR decline with bias voltage suggests an interplay between Co and MoS2 in

the electronic structure. This study unveils intriguing behavior in ML-MSVs, marking a

significant advancement in spintronics research.

Figure 4.27: (a),(b), and (c) illustrate the temperature-dependent IV curve in ML-MSVs.
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Figure 4.28: (a) to (c) illustrate the temperature-dependent MR in ML-MSVs, and (d)
summarizes the MR change as temperature.
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Figure 4.29: Voltage-dependent MR measurement at 100K for ML-MSVs.
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Chapter 5 Conclusion

In this study, we aimed to address the specific issues related to spin transport and

delve into the associated 2Dmaterials employed in spintronics devices. Our objective was

to produce an ultraclean interface in the 2DM spin valve in order to effectively enhance

the MR efficiency. Compared to previous studies, all of our MR results exhibit advance-

ments with 1 to 2 orders of magnitude higher efficiency. This underscores the distinctive

contribution of the UCD method to the field of spin valve fabrication. The mechanism

of spin transfer becomes more readily apparent after eliminating interface contamination.

We uncovered that spin scattering is another factor limiting spin transport, a consideration

not commonly included in theoretical predictions for UCD-GSVs. In addition to exploring

the applications of 2D materials (2DMs), the UCD method proves valuable in showcas-

ing the intrinsic potential of ferromagnetic electrodes. NiFe-GSVs, exhibiting near-zero

coercivity characteristics of NiFe, further demonstrate the tunability of coercivity through

antiferromagnetic NiO, facilitated by exchange-bias coupling. ML-MSVs exhibit a ro-

bust spin-filter effect, as evidenced by the negative MR. Surprisingly, MoS2 displays two

distinct dominant features at different temperature ranges. Our results suggest that ML-

MSVs hold promise for application as a potential spintronic device at room temperature.

While our study has made important discoveries, there are certain limitations, such as

the spin-scattering effect. Future research could further deepen the understanding of the
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spin transport mechanism, especially in the areas of unexplored 2DMs application on spin

valves. In summary, this study introduces a valuable approach to the fabrication of 2D-

material-based spin valves, emphasizing an ultraclean interface and providing a guideline

for future research. We anticipate that this research will positively influence both the aca-

demic community and practical applications.
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