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Abstract

Spintronics, also known as "spin-based electronics," merges electronics and magnetism at the nanoscale and holds
great promise for emerging quantum technologies and the next generation of data storage and sensing devices.
Reducing the size of current spintronics devices with conventional magnetic materials presents a challenging task. To
overcome these challenges, researchers are exploring several approaches, two of which will be investigated in this

thesis.

The first approach relies on the two-dimensional (2D) van der Waals (vdW) materials due to their mechanical
flexibility and sensitivity to band structure and defect engineering. These properties make them attractive candidates
for future spintronic applications with further miniaturization. Recently 2D magnetic materials have been discovered,
which exhibit large magnetoresistance (MR) effects, albeit only at cryogenic temperatures, limiting their practicality.
To further investigate this issue, this thesis focuses on vanadium diselenide (VSe»), a promising 2D material which
has the potential for exhibiting room temperature ferromagnetism at the monolayer level. We have established a
reproducible nanofabrication method to investigate thin flakes of this material in an out-of-plane geometry. We have
observed significant positive linear MR effects (~60—70%) at room temperature, under a relatively small magnetic
field range of 12kG. The MR originates due to the intrinsic inhomogeneity in the current-perpendicular-to-plane (CPP)
transport path. Moreover, this phenomenon displays remarkable thermal stability and progressively enhances with

rising temperatures.

The second approach involves the use of chiral organic molecules, allowing us to exploit the so-called “chirality-
induced spin selectivity” (CISS) effect in 1D and 2D systems. However, there are challenges in terms of feasibility,
understanding, and reliable control of the phenomenon, especially in 1D and 2D systems, which are topics of much
discussion and debate. In this regard, the general consensus is that spin—orbit coupling is an essential element needed
to observe the CISS effect, but there is currently a lack of experimental evidence to support this claim. We studied the
CISS effect in chiral functionalized 1D systems (carbon nanotubes (CNTSs)) to investigate this claim. Additionally,
transfer of CISS phenomenon from 1D to 2D materials is an uncharted avenue of research. We explore the CISS effect

in 2D chiral graphene films and systematically investigate its properties under different conditions.
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Overall, we report new results which are relevant for future magnetic and spintronic devices. We also describe possible

avenues of further investigations based on the results in this thesis.
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Chapter 1: Thesis Objectives

Spintronics, a field combining electronics and magnetism, relies on ferromagnetic materials like
iron (Fe) and nickel (Ni). These materials remain magnetic even after the removal of an external
magnetic field because their magnetic domains stay aligned due to strong internal interactions.
This property characterizes them as ferromagnetic materials. Notable device applications are giant
magnetoresistance (GMR) and tunnel magnetoresistance (TMR) devices, which consist of stacks
of ferromagnetic and non-ferromagnetic materials. A common geometry is the current-

perpendicular-to-plane (CPP) geometry, in which device current flows normal to the planar surface

[1].

However, traditional ferromagnetic materials face significant challenges at the nanoscale. At
reduced sizes, thermal energy can equal or surpass the energy needed to maintain the magnetic
alignment of the domains. As a result, thermal fluctuations can randomize the net magnetization
of the domains, causing them to lose their magnetic alignment and related properties once the
external magnetic field is removed. This property leads to one of the main challenges for spintronic

devices in the nanoscale domain at room temperature. [2].

To address these challenges, we explore two potential solutions, defining Project 1 and Project 2,
as shown in Figure 1.1. The former involves replacing traditional ferromagnetic materials with
suitable 2D materials and measuring their magnetic behavior in CPP geometry at room temperature
(Chapters 3 and 4). The latter explores utilizing the chirality-induced spin selectivity (CISS) effect
and employing chiral composite compounds in 1D and 2D systems to create ferromagnet-free

spintronic devices (Chapters 5, 6, and the appendix).

In the context of the first project, the goal is to identify 2D materials that could maintain magnetism
at the nanoscale and/or exhibit strong magnetoresistance properties especially at high temperature.
One possible choice is two-dimensional (2D) magnetic materials like chromium germanium
telluride (Cr2GezTes) or iron germanium telluride (FesGeTe:z) [3, 4]. These materials can exhibit
significant magnetic properties, but only at very low temperatures (below 100K), which limits

their practical device applications. Another option is transition metal dichalcogenides (TMDs).



Unfortunately, while explored members of TMDs can show large magnetoresistance properties
under strong magnetic fields, they fail to maintain these properties at higher temperatures [5, 6].

Additionally, they are not inherently ferromagnetic as explained in Chapter 2.

Magnetism in nanoscale

Project 1 Project 2
! )
Investigation of 2D materials Investigation Chirality-Induced Spin Selectivity (CISS)
(VSe, MR devices) (CISS effectin 1D and 2D material)

gkxxxxx3
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Figure 1.1: Schematic showing the components of this thesis.

As elaborated in Chapter 2, recent studies have highlighted vanadium diselenide (VSe:), a member
of the TMD family, as a potential monolayer ferromagnet [7]. Despite ongoing debates and
controversies regarding the origin and nature of ferromagnetism in VSes, its metallic form presents
several advantages. These include resilience to oxidation for an acceptable period and unique
charge density wave (CDW) properties, both explained in detail in Chapters 2 and 4. These

attributes make VSe: a compelling material for exploring its magnetoresistance properties.

In addition, most research on this topic has been performed in the current-in-plane (CIP) geometry,
presumably due to the ease of device nanofabrication. However, the current-perpendicular-to-
plane (CPP) geometry could show significant magnetoresistance properties, similar to the
GMR/TMR devices [1]. This geometry is often avoided due to fabrication difficulties and issues
like pinholes and short circuits. To overcome these challenges and explore VSe; in CPP geometry,
we established a reproducible three-step nanofabrication process that allows us to sandwich VSe:
flakes of varying thicknesses between metallic contacts while avoiding pinholes and short circuits.
This methodology, detailed in Chapters 3 and 4, enables a more accurate assessment of VSe:'s

magnetoresistance properties in a CPP configuration.
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In the context of the second project, we explore the chirality-induced spin selectivity (CISS) effect
in chiral molecules and their composite materials. The CISS effect could eliminate the dependency
of spintronic devices on ferromagnetic materials and address their scaling problems, as explained
in Chapter 2. Due to CISS effect, chiral molecules can act as spin filters and induce highly spin-
polarized currents at the atomic scale [8]. However, pure chiral molecules are insulators and carry
low current as explained in Chapter 2. This limitation motivates us to explore the CISS effect in
better conductive materials that can accept the chiral structure of molecules and form

supramolecular chiral nanostructures, as described in Chapters 5 and 6.

As clarified in Chapter 2, the origin of the CISS effect, particularly in hybrid chiral nanostructures,
remains under research and debate. The general consensus is that the spin-orbit coupling (SOC) of
the chiral medium plays a critical role [9, 10], as explained in Chapters 2 and 5. However,
experimental evidence is lacking. In Chapter 5, we address this key point by using functionalized
carbon nanotubes (CNTs) and adjusting their SOC by manipulating the diameter of the CNTs. This
chapter sheds light on how the strength of the SOC affects the CISS effect.

After demonstrating the role of SOC, we attempted to transfer the CISS effect from a 1D system
to a 2D system by using graphene instead of CNTs. We investigated CISS in the 2D system using
a self-assembly based functionalization method, as explained in Chapter 6 and the appendix. We
aimed to elucidate the reasons for the presence of the CISS effect in 2D systems and gain a deeper

understanding of CISS in this hybrid system, as detailed in Chapter 6 and the appendix.

In conclusion, the integration of electronics and magnetism in spintronics heavily relies on
ferromagnetic materials, which face some formidable challenges at the nanoscale. Addressing
some of these issues, in this thesis we proposed two projects: one aiming to identify 2D materials
that exhibit high-temperature magnetoresistance properties, and the other exploring the chirality-
induced spin selectivity effect in better-conductive media (chiral hybrid nanostructures). Overall,
our research, detailed across chapters, contributes to the field of spintronics by exploring
innovative materials and emerging phenomena. In the next chapter, a comprehensive overview and

general background of Project 1 and Project 2 are elucidated.



Chapter 2: Background

2.1 Introduction

The growth of chip making industry is driven by Moore's law, which is facing drastic challenges
in further shrinking the size of transistors to obtain higher computational power [11]. Therefore,
researchers are seeking new concepts of electronics that can sustain the growth of computing
power. One such promising concept is to use the spin of electrons instead of its charge, an area
which is known as "spintronics" [12]. By harnessing spin, computations can in principle be done
without generating heat, potentially leading to energy-efficient quantum computing technologies
[13]. Spin-based concepts can also lead to ultra-high capacity hard drives[14] and magnetic and
biological sensors [15]. However, the operation of spintronic devices relies on magnetic materials,
which are difficult to miniaturize, because they tend to lose their magnetic properties below a
certain length scale. In a macroscopic piece of magnetic material (like iron), the magnetic moments
of the domains are aligned in the same direction, resulting in a strong, noticeable magnetic effect.
However, when magnetic materials are reduced to nanoscale dimensions, the total magnetic
moment of the material may become sensitive to thermal fluctuations. As the size of the magnetic
domains decreases, the thermal energy becomes comparable to or even greater than the energy
required to maintain the magnetic alignment. Consequently, the magnetic moments of these
nanoparticles become highly unstable, fluctuating randomly with temperature changes [16],
resulting in superparamagnetism, which exhibits no hysteresis in the magnetic response [17]. In
superparamagnetic materials when an external magnetic field is applied, the magnetic moments of
the nanoparticles align with the field, giving the material an apparent magnetization. By removing
the external magnetic field, the thermal fluctuations cause the randomization of magnetic moments
which leads to loss of the net magnetization [18]. Therefore, there is a need to explore alternative
materials and physical concepts that can potentially eliminate the need of traditional magnetic

materials in spintronic devices.

Two-dimensional (2D) materials have become increasingly important in the field of
nanomagnetism and spintronics due to their unique electronic, optical, and magnetic properties
[4]. These flexible materials are composed of a single layer, or a few layers of atoms arranged in

a two-dimensional lattice structure. Magnetic devices based on 2D materials could have smaller
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footprints and consume less power compared to their traditional counterparts [19]. Therefore,
research in "two-dimensional" (2D) magnetic materials has recently attracted significant
worldwide attention. Most of the contemporary 2D magnetic materials, however, require cooling
down to cryogenic temperature to show large magnetic effects [20]. On the other hand, there has
been significant activity in the area of “chirality-induced spin selectivity” or CISS, in which
chirality of a medium can polarize spins [10]. In the case of organic molecules, it can occur even
at room temperature [8]. Chirality can be transferred from chiral molecules to various achiral
inorganic materials via chemical functionalization, which can induce the CISS effect in the
inorganic materials [21]. This could offer a promising way of generating spins without using
ferromagnets.  Therefore, in this dissertation, we will investigate two lines of research: (a)
magnetotransport phenomena in emerging 2D magnets such as VSe; (Chapter 3-4) and (b) CISS
effect in 1D (Chapter 5) and 2D (Chapters 6 and Appendix B) materials such as carbon nanotubes

and graphene respectively.

2.2 Spintronics

Spintronics, or "spin-based electronics," is a cutting-edge field of physics and electronics that aims
to exploit the spin of electrons in addition to their charge for processing and storing information
[22]. Unlike conventional electronics that rely solely on the charge of electrons, spintronics utilizes
both the charge and the spin of electrons, which opens exciting possibilities for next-generation
electronic devices. Spin-based phenomena, such as giant magnetoresistance (GMR) and tunneling
magnetoresistance (TMR), have enabled the development of advanced magnetic storage

technologies like magnetic hard drives and magnetic random-access memory (MRAM) [23].

Historically, the concept of spin-polarized current was introduced in 1988 with the discovery of
GMR in (001) Fe/ (001) Cr multilayers [24]. This groundbreaking discovery revolutionized the
data storage industry in the subsequent decades. The discovery of GMR by P. Griinberg and A.
Fert was awarded the Nobel prize in physics in 2007 [25]. GMR is a quantum effect observed in
magnetic multilayers, where adjacent ferromagnetic thin films are separated by nonmagnetic thin
films. The relative magnetic orientations in the ferromagnetic layers strongly influence the
electrical resistance due to spin-dependent charge transport in them. In general, a parallel
orientation between the ferromagnetic layers corresponds to lower electrical resistance, while an

antiparallel orientation gives higher resistance [26]. Ferromagnetic transition metals such as iron
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and nickel, which show strong ferromagnetism and high compatibility with existing technologies,

have been extensively used over the past decade to study GMR and related devices. The GMR

ratio can be defined as % = RNR_TTR il ; where, R71 and R1| are the resistivity for parallel and

antiparallel orientation, respectively [23].

The discovery of GMR led to a family of spintronic devices that rely on spin-dependent charge
transport. These include TMR (or magnetic tunnel junction (MTJ)) devices [27], spin valves [28],
spin field effect transistors [29], etc. All these spintronic devices heavily rely on magnetic
materials such as Ni and Co since they act as reservoirs of spin polarized electrons. As discussed
before, these ferromagnetic materials are difficult to miniaturize, due to the fact that they lose their
magnetic properties below a certain length scale. The emerging area of two-dimensional van der
Waals (vdW) materials (e.g. graphene, boron nitride, and transition metal dichalcogenides (TMDs)
[30, 31]) with sub-nanometer single-layer thickness can be highly relevant for miniaturizing
spintronic devices. Some of these vdW materials behave as 2D magnets, while the others are non-
magnetic. Thus, in principle, a properly created heterojunction of these 2D layers can act as GMR

devices.

2.3 Graphene and Transition metal dichalcogenides (TMDs)

Graphene is considered to be the first 2D material in which carbon atoms are arranged in a planar
hexagonal lattice. Graphene, a building block of graphite, attracted attention due to its mechanical,
electronic and light absorption properties [32]. In 2004, graphene was isolated from graphite by
using mechanical exfoliation technique. It was shown that the obtained monocrystalline graphitic
films are stable under ambient conditions. They are metallic and they have remarkably high quality
[33, 34]. Later, Andre Geim and Konstantin Noveselov were awarded the 2010 Nobel Prize in
Physics for isolating monolayer graphene sheets. Similar mechanical exfoliation approach can be

used for isolating other 2D layers from layered vdW crystals [35].

The family of transition metal dichalcogenides (TMDs) has been explored extensively in the recent
past. These materials have a chemical formula MX>, where M represents transition metal elements
such as Ti, V, Ta, and W, and X represents chalcogen elements such as S, Se and Te. This group
of materials is formed by van der Wals (vdW) forces stacking and holding together the atomic

layers. Therefore, these materials can be easily peeled off in single layers as in graphene. In each
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individual layer, there are three atomic planes in an X-M-X configuration, whereby a single plane
of transition metal atoms (M) is sandwiched between two planes of chalcogen atoms (X). The
particular combination of transition metal and chalcogen elements brings about the extremely
diverse range of properties in these materials that can be classified as semiconductors (e.g., MoS.,
WS,), semimetals (e.g., WTez, TiSe2), metals (e.g., NbS2, VSe), and superconductors (e.g.,
NbSe», TaS») [36-39]. Many of these properties also differ depending on the structural polytypes

of one particular compound.
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Figure 2.1: Periodic table showing transition metal and chalcogen atoms. There exists a large number of TMD
materials, consisting of various combinations of 16 transition metals and three chalcogen atoms [40].

There are two main ways of arranging the layers of 2D materials in a crystal lattice structure: 1T
and 2H. These stacking arrangements have different symmetries and result in distinct electronic
and optical properties. For instance, 2H-MoS> is semiconducting, whereas 1T-MoS; is metallic
[41]. Although TMDs and their bulk properties have been investigated and documented since the
late 1950s, their monolayer or few-layer forms have been available only recently. The reduced
geometry is expected to have a profound effect on the performance of fundamental particles and
quasi-particles (e.g., electrons, phonons, excitons) due to quantum confinement effects [42].
Therefore, in these nanostructures the electronic transitions the density of states, and strength of
interactions are different compared to the bulk. For example, 2H molybdenum disulphide (MoS>),
which normally exists as a semiconductor with an indirect band gap in the bulk, becomes a direct
band gap semiconductor in the monolayer form [43]. In addition, these properties were

demonstrated to change progressively with decreasing thickness as the material goes from 3D to



the 2D limit [44]. Hence, they are excellent candidates for a variety of applications due to this
tunable nature [45]. Moreover, by stacking individual layers of different 2D materials, such as
graphene, TMDs and hexagonal boron nitride (h-BN), new devices can be studied [46, 47]. Even
though the emerging field of 2D materials refocused the researchers’ attention on TMDs, still there
are important questions surrounding the bulk properties of TMDs, which are still being

investigated [48].
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Figure 2.2: Schematics of structural polytypes of 2D TMD materials: 1T (tetragonal symmetry) and 2H (hexagonal
symmetry) [49].

As mentioned above, TMDs exhibit numerous structural polytypes [50], the common ones being
IT and 2H, where the letters represent trigonal and hexagonal symmetry of the unit cells,
respectively, and the numbers denote the layers included in the unit cell [51]. In Figure 2.2, the
crystal structures of the two most stable polytypes are demonstrated. The 1T compounds typically
have the vertical lattice distance of 6 — 7A. The 2H polytypes normally have approximately double

vertical lattice length, in the range of 12 - 14 A.

2.4 Charge density waves (CDWs)

In many materials with highly anisotropic crystal and electronic structures, formation of a new
ground state may occur at sufficiently low temperatures. This ground state is characterized by a

periodic lattice distortion, accompanied by a periodic modulation of the charge density, which is



known as the charge density wave (CDW) [52, 53]. As a result of the electronic structure

reconstruction, there is an overall minimization of the system energy.

In order to describe the phenomenon of CDW, a clear concept of the electronic structure of solids
is required, including several fundamental quantum mechanical theories. A simplified theory is
presented here based on the Sommerfeld model of metals. CDW is then introduced in its simplest
form as theorised by Rudolf Peierls in 1955 for the case of a one-dimensional (1D) linear metallic

chain [54].

2.4.1 Sommerfeld model

In 1920, Sommerfeld applied the Pauli exclusion principle to the free electron gas of metals and
resolved the thermal anomalies of the early Drude model. The offered model is a quantum
mechanical theory capable of explaining many of the observed electronic properties of metals [55,
56]. The quantisation of electronic energy states within a solid is the result of quantum mechanics,
allowing the presence of only a certain number of states per unit volume of phase space. In the
Sommerfeld model, electrons are treated as nearly-free particles moving in a periodic potential
created by the crystal lattice. The main assumption is that the periodic crystal potential is weak
and can be treated as a perturbation to the behavior of free electrons. The model assumes that the
electrons move independently, as if they were free particles with no electron-ion or electron-
electron interactions. This assumption simplifies the calculations and allows for a tractable
theoretical description of the electron behavior. While the Sommerfeld model provides a more
accurate and sophisticated description of electron behavior in metals than the classical Drude
model, it still does not explicitly involve the concept of charge wave density, which is a more

detailed aspect of quantum mechanical behavior in crystalline solids.

2.4.2 Peierls transition

Peierls explained CDW formation in a simple one-dimensional system, based on energy
considerations related to the electronic structure [32]. Assume a one-dimensional linear metallic
chain, as depicted in Figure 2.3, at zero temperature. Without any particle interaction, the ground
state is defined by electrons filled up to the Fermi level Er. The lattice in this case is arranged in a
regular spacing of atoms with separation a and uniform charge density. The Fermi level represents

the highest energy level that is occupied by electrons at absolute zero temperature. At this



temperature, the electronic energy levels in the material are primarily determined by the band

structure and the periodic lattice potential. The electrons tend to occupy the lowest energy states

to minimize their total energy, E¢otal, -

As the temperature increases, due to electron-phonon interaction, the system becomes more
dynamic, allowing thermally excited electrons to explore a broader range of energy states. At a
specific critical temperature, in some materials the thermal energy may become sufficient to drive
a phase transition. The transition occurs when the electronic energy bands are partially filled near
the Fermi level, and the strength of the electron-phonon interaction is sufficient to induce lattice
instability, known as Peierls instability. In this state, there is a tendency for electrons to lower their
energy by pairing with lattice vibrations. This pairing creates a distortion in the periodic lattice
and the potential experienced by the electrons. Hence, the atoms in the crystal lattice shift from
their original positions to a new configuration. The lattice distortion causes the electronic band
structure to split into smaller energy sub-bands. The Fermi level now falls in the middle of an
energy sub-band and the system gains the new total energy, Eioal, - The electrons are arranged in
a way that the lower energy states, created by the band splitting, are more populated. This results

in a lower total energy for the system, Eigtal, < Etotal,- This periodic density modulation is known

as” charge density wave” (CDW).
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Figure 2.3: Illustration of transition from the normal state to the charge-density-wave state in one dimension. The
atomic displacements lead to the formation of a “superlattice” resulting in opening of an electronic energy band gap
[49].

The CDW state can be characterized as either commensurate or incommensurate. In a
commensurate CDW, the period of the density wave modulation Acpw is an integer multiple of the
period of the underlying distorted lattice, a. This means the CDW density modulation aligns with
the periodicity of the lattice distortion, and the CDW is in phase with the underlying lattice. In an
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incommensurate CDW, the period of the density wave modulation does not match the periodicity

of the underlying distorted lattice in a simple integer multiple relationship [57].

2.5 CDW properties of TMDs

It has been shown that TMDs exhibit anomalies in the temperature-dependence of electrical [58-
60], magnetic [61] and thermal [62] properties, indicating the presence of phase transitions in them.
As discussed above, when a material undergoes a transition to a CDW state, it results in the
formation of a superlattice, which is a repeating pattern of charge-rich and charge-poor regions in
the crystal lattice. This superlattice formation can be observed in diffraction experiments [63]. In
a majority of TMDs, the higher transition temperature belongs to the incommensurate phase and
at a lower temperature, by further decreasing the total energy, the electronic order locks into a
commensurate geometry. For example, in 2H-TaSez, a transition occurs at 122K to a CDW which
is incommensurate with the underlying lattice. It is followed by lock-in to commensurate CDW at
a lower temperature of 90K [64]. 1T-TiSe, shows the commensurate CDW (2a, X 2a, X 2c,) at
202K and 1T-VSe; has been reported to possess incommensurate CDW (4a, X 4a, X 3.18¢;) at
110K [65].

2.6 Electrical properties of TMDs
In TMDs, the electronic band structure is determined by the interaction of the p-orbitals of the
chalcogen atoms and the d-orbitals of the metal atoms, leading to distinct valence (Vg) and
conduction (Cg) bands. The Fermi surface, which describes the distribution of electron energy
states in momentum space, plays a crucial role in understanding the electronic behavior of these
materials. In this context, the Fermi surface of 1T-TMDs exhibits intriguing features characterized
by elliptical electron pockets, derived from the metal d-band at the M-point of the Brillouin zone
[66]. The nature of these electron pockets varies depending on whether the TMDs are of group-1V
or group-V compounds. Specifically, for group-IV TMDs such as Ti, Zr, and Hf, the Fermi surface
appears either as small-closed ellipses or larger open ellipses, signifying differences in their
electronic behavior [67, 68]. Among the group-IV TMDs, Zr and Hf exhibit properties of small
band gap semiconductors, while Ti TMDs display characteristics of semimetals. In contrast, group-
V TMDs, such as V, Nb, and Ta TMDs, exhibit a fundamentally different electronic nature, with
no band gap, and the lowest energy conduction band unequivocally crosses the Fermi level [67,

68]. The interplay between metal and chalcogen orbitals results in diverse electronic behaviors,
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ranging from semiconducting to semimetallic properties. Understanding these electronic features
is crucial for harnessing the potential of TMDs in designing next-generation electronic devices

with enhanced functionality and performance.

2.7 Magnetoresistance phenomena in TMDs

Magnetoresistance (MR) effects in TMDs have been studied extensively in recent years with
different device geometries and under various orientations of applied external magnetic field. The
layer thickness, stacking order and defects can significantly influence the MR effects [5, 69-71].
The prominent magnetoresistance effects observed in TMDs are: (a) weak localization and weak
antilocalization [6, 72] and (b) linear MR [5, 37]. A brief overview of these effects is provided

below, and detailed description of these effects is available in the cited references.

2.7.1 Weak localization and weak antilocalization

The wave nature of an electron in a material can typically be detected by quantum interference
effects at low temperatures [73]. Weak localization (WL) is such a quantum interference effect
that occurs in mildly impure conductive materials and results in a negative MR. In the presence of
impurities, defects, or disorder in the crystal lattice of a material, the motion of electrons can be
significantly affected. When electrons move through the material, they can scatter off these
imperfections, causing them to change direction and path multiple times. There is a finite
probability for the conduction electrons to diffuse in a closed loop, through multiple scattering
centers and reach the starting point or the origin [74]. These partial waves returning to the origin
result in constructive interference. This constructive interference increases electron’s tendency (or,
probability) to remain at the origin, leading to a localization effect, and this causes a slight decrease
in intrinsic conductivity of the material at low temperatures. This phenomenon is known as “weak
localization”. By applying an external magnetic field, it affects the phase of the electron
wavefunctions in the closed loops. This phase change alters the interference pattern and leads to
destructive interference, effectively reducing the above localization effect of the electrons [74]. As
a result, the conductivity increases with magnetic field, and the material exhibits negative MR [6].
This negative MR due to weak localization effect is generally observed at low temperatures where
the wave nature of the electron is preserved because of the absence of phase-breaking scattering

events (such as phonons).
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On the other hand, the presence of spin-orbit interaction in some material can lead to an intriguing
effect known as weak antilocalization (WAL). Spin-orbit coupling is an interaction between the
electron's spin and its motion due to the presence of electric fields from the atomic nuclei. In the
presence of strong spin-orbit coupling the electronic energy bands split into spin-split bands. The
electrons with different spin orientations experience slightly different scattering potentials. These
spin-dependent scattering events alter the phase coherence between different quantum paths.
Quantum paths with different phases can interfere destructively, leading to the suppression of
backscattering and the emergence of weak antilocalization [75]. Applying an external magnetic
field results in the reduction of destructive interferences that are responsible for the WAL
phenomenon. This suppression enhances the localization effect via increased backscattering,
which leads to an increase in electrical resistance in the presence of a magnetic field. Therefore, a

positive magnetoresistance emerges as a result of the applied magnetic field in such materials [76].

2.7.2 Linear MR

A theory of linear MR has been given by Parish and Littlewood to explain the appearance of large,
non-saturating positive MR effect in some materials [77]. This theory is mainly based on the
inhomogeneity of the material, which was modeled as a random array of resistive disks. For
magnetic field applied perpendicular to the plane, Lorentz force causes charge carriers to rotate in
circular trajectories (cyclotron orbits) in each individual disk. This induces a transverse voltage
called Hall voltage in the direction perpendicular to both magnetic field and bias direction. Since
Hall voltage increases linearly with magnetic field, the resultant MR in the bias direction also
exhibits a linear response. However, Hall voltage alone cannot completely describe this large, non-
saturating MR effect. As mentioned above, in this model, the inhomogeneity of materials has been
modeled as the random arrangement of resistive disks. In materials with inherent randomness,
multiple current paths can be generated, dispersing in various directions and regions of the
material. This randomness leads to variations in the mobility of charge carriers across the crystal
structure. Consequently, certain regions of the material exhibit higher mobility, enabling charge
carriers to move more freely, while other regions impede their motion with lower mobility. In
materials with inhomogeneous mobility, regions with higher mobility contribute less to the overall

electrical resistance compared to regions with lower mobility.
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When an external magnetic field is applied, charge carriers in the regions with higher mobility
experience less scattering, resulting in smaller contributions to the magnetoresistance (MR).
Conversely, charge carriers in regions with lower mobility encounter stronger scattering, leading
to larger MR contributions. Considering all regions of the material, ref. [77] showed that the
application of an external magnetic field amplifies the mobility difference between these regions,
and induces positive magnetoresistance. This phenomenon is characterized by a non-saturating

increase in electrical resistance with the magnetic field strength.

2.8 Recent studies on vanadium diselenide (VSe;) and its magnetic properties

Recent interest in VSez is due to the theoretical calculations predicting ferromagnetism in
monolayer 2H-VSe; [78-82]. This is surprising, because bulk VSe; is paramagnetic, and no
ferromagnetism is expected in most 2D materials. In addition, experimentally, VSe> consistently
exhibits the 1T structure and no reproducible evidence of 2H-VSe> has been found in bulk or thin
layer forms. Most of the experimental works on VSez have been on the bulk form. Bulk VSe: is
metallic (due to half-filled V-3d band) with a 1T structure. The vanadium metal atom is
octahedrally configurated with respect to the selenium atoms. The lattice constants are a = b =
0.335 nm and ¢ = 0.610 nm. As mentioned earlier, 1T-VSe, demonstrates a CDW transition at
110K [83]. Several techniques have been used for the synthesis of thin VSe flakes such as
mechanical exfoliation [84], liquid exfoliation [85, 86], chemical vapor deposition (CVD) [87],

and molecular beam epitaxy [88].

Bonilla, Xu and Yu et. al. [7, 86] reported strong room temperature ferromagnetism in mono- and
ultrathin layers of 1T VSez. Although the origin of the observed ferromagnetism is still under
debate [6, 89-93], initial studies have indicated that VSe; is relatively air-stable [94], with
potentially high Curie temperature of monolayers, which make it a promising exploratory
candidate for 2D magnetic devices. Being a CDW material, ground state of monolayer VSe>

exhibits an intriguing competition between ferromagnetic order and the CDW order [7, 95].

Current-perpendicular-to-plane (CPP) charge transport and MR effects in VSe> multilayers has
attracted significant theoretical attention in recent years [96-99]. This is motivated by the fact that
bilayer VSe; in 2H (trigonal prismatic) phase is an antiferromagnetic vdW crystal i.e. magnetic V

atoms are coupled ferromagnetically within the plane, whereas the adjacent atomic planes are
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coupled antiferromagnetically. This is reminiscent of GMR devices, where an external magnetic
field can be used to align the layer magnetizations from antiparallel to parallel, leading to a large
MR effect due to spin-dependent transmission. Gong et. Al. [96] showed theoretically that an out-
of-plane electric field can potentially induce half-metallicity in 2H-VSe; bilayers, which could
lead to ~100% spin-polarized CPP current. Yang et. al. [99] and Zhou et. al. [94] modelled vdW
magnetic tunnel junction devices with 1T-VSe> as the ferromagnetic layer. However, no
experimental work has been reported so far in this area, motivating our work in this direction,

described in Chapter 3 and Chapter 4 of this thesis.

2.9 Chirality-induced spin selectivity (CISS)*

Chirality-induced spin selectivity (CISS) is a phenomenon generally observed in chiral organic
molecules and molecular assemblies [100, 101]. Chiral molecules possess an asymmetrical spatial
arrangement of atoms, making them non-superimposable mirror images of each other. In the
context of CISS, this property leads to spin unpolarized carriers, acquiring a chirality-dependent
spin polarization after transmission through a chiral medium (Figure 2.4(a)) [100, 101]. In other
words, left- and right-handed chiral media may preferentially transmit "spin up" and "spin down"
electrons, respectively. Therefore, due to CISS effect, the chiral media may act as a magnet-free
spin filter or injector/detector, thus avoiding the scaling challenges of magnetic materials discussed
before, and offering a way to realize these spintronic operations at the molecular scale [101]. This
effect has profound implications in condensed matter, device physics and spintronics, as well as

in chiral electrocatalysis and enantiomer separation [100, 101].

Historically, CISS has been observed in photoemission experiments, in which spin-unpolarized
electrons emitted from a Au substrate acquire significant spin polarization after passing through a
chiral ds-DNA layer, as shown in Figure 2.4 (b) [10]. CISS has also been reported in device setups,
in which a ds-DNA molecule was contacted by a Au particle and a ferromagnetic spin detector
(Ni) [100]. Spin-unpolarized electrons passing through Au become spin-polarized after
transmission through the ds-DNA molecule. Depending on Ni magnetization orientation (M),
two different current values (I(+zM)) are obtained (Figure 2.4(e)), indicating a net spin polarization
of the incoming electrons. CISS magnetoresistance (MR) can be defined as ((I(+M) - I(-M) ))/
(I(+M) + I(-M)) ), which is often described as “spin polarization” or “spin selectivity” in the

literature [100]. This quantity changes sign for the opposite chirality [100].
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Figure 2.4: (a) Schematic description of the CISS effect. Transmission of spin-unpolarized electrons through a chiral
medium result in a chirality-dependent spin polarization, with spins polarized parallel or antiparallel to the velocity
(indicated by arrow). (b) Detection of the CISS effect in a photoemission setup (adapted from [10]). Spin unpolarized
photoelectrons, emitted from the Au substrate by linear polarized light, acquire spin polarization after passing through
a chiral dsDNA layer adsorbed on the surface. (¢) CISS measurement geometry using Au film and a magnetic AFM
tip, probing few chiral molecules. (d) CISS measurement geometry using a vertical sandwich structure, probing a
large ensemble of chiral molecules. (e) Chirality-dependent current asymmetry (I.yp) observed in two-terminal CISS
experiments.

Two device geometries are commonly studied [100]: (a) setups using a magnetic AFM tip (mCP-
AFM) (Figure 2.4(c)), probing very few chiral molecules in a nanometer scale domain and (b)
setups with a vertical sandwich structure (Figure 2.4(d)), probing a large ensemble of molecules.
In the former case, device current is highly sensitive to the tip-molecule contact, and to address
the spatial and temporal variations, such studies typically measure hundreds of current-voltage
scans in each magnetic configuration and compare the average responses. These studies generally
report a high degree of spin selectivity, although such configurations are not suitable as practical
devices. In the second case, spin selectivity is generally much weaker, presumably due to sample
inhomogeneity over a larger area, presence of spin-independent leakage paths via pinhole shorts,

as well as poor control on the interface quality.

The simplicity of the two-terminal MR devices described above belies the underlying conceptual

complexity. For example: (a) the two terminal MR is expected to be zero in the linear bias range
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according to Onsager’s reciprocity, leading to significant controversy regarding the measured
CISS signals [102]; (b) Spin polarization or spin selectivity, as defined above, represents CISS
MR, and extraction of carrier spin polarization is not straightforward [103]; (c) While the CISS
MR generally appears in a longitudinal geometry with current parallel to the magnetic field, in
some systems a transverse CISS MR was observed [104]; (d) Temperature dependence of the MR
responses vary significantly depending on the measurement setup (Figures 2.4(c), (d)). For
example, the AFM geometry (Figure 2.4(c)) typically shows CISS response at room temperature
[105] whereas the vertical sandwich geometry (Figure 2.4(d)) often shows low-temperature

response [106, 107] and in some cases show room-temperature response [108].

Despite the above open questions, the two-terminal vertical CISS MR devices discussed above
remain quite relevant due to their structural simplicity and resemblance with more established
spintronic devices such as spin valves and giant- or tunnel-magnetoresistance devices [109].
However, due to the poor conductivity of common chiral organics (DNA, amino acids etc.), they
are not ideal materials for spintronic devices. Also, limited work has been done on planar
multiterminal CISS devices, presumably due to the high resistance of these chiral molecules, which
make this geometry impractical. Nevertheless, such studies are essential not only for deeper

understanding of the CISS effect, but they may also open new device research opportunities [102].

It is therefore clear that alternative chiral materials with improved material properties and
electronic conductivity need to be investigated for CISS device applications, and composite chiral
materials, which combine high electron mobility of the inorganic materials with the chirality of
the organics, can play a crucial role in this regard. In the next section, we will discuss various chiral
composites and chirality transfer mechanisms that are essential for the CISS effect. Next, we will
discuss the CISS effect in these materials, address recent developments, and highlight our group's

contributions in this field.

2.9.1 Chirality in composite materials

Most of the chiral composite materials developed for CISS use enantiopure organic compounds

combined with, generally achiral, inorganic, metallic or carbon allotropes.
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Figure 2.5: Various chiral composite materials and chirality transfer mechanisms. (a) Enantioselective surface
distortion by chiral molecules (adapted from [110] Copyright © 2009, American Chemical Society). The surface of
the achiral nanocrystal (NC) can be made chiral by attachment of chiral ligands on the surface. The chirality of the
NC surface is indicated by the arrangement of the yellow spheres. In some cases, subsequent replacement of the chiral
ligand by an achiral ligand preserves the surface chirality of the nanocrystal as shown in the schematic. This is the so-
called “chiral memory effect”. (b) (i) Schematic of chiral crystals (adapted from [111] under a CC license). The
original straight edges of the nanoparticles are twisted in opposite directions, depending on the chirality of the
molecule. (b) (i) Schematic of 2D hybrid chiral perovskites, with chiral molecules inserted in the inorganic
framework. Conceptually similar structures are obtained by intercalating chiral molecules in the interlayer regions of
2D van der Waals materials. (¢) Schematic of inducing chirality in perovskite nanocrystals via co-assembly in chiral
gels (adapted from [112] with permission from Wiley VCH). Chiral lipid could form a gel via chiral assembly. If
perovskite NCs are added during this process, they can co-assemble and follow the chirality of the gel structure, which
induces chirality in the NCs. (d) Schematic description of chiral molecule and achiral nanocrystal coupled via
Coulombic interactions (adapted from [113] Copyright © 2010, American Chemical Society).

Chirality transfer occurs from the organics to the inorganics and this mechanism is critical, as it

determines the CISS effect. Four principal chirality transfer mechanisms are discussed below.
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Enantioselective surface distortion by chiral molecules: In this strategy, the surface of
inorganic nanocrystals is covered by enantiopure organic ligands. These inorganic
nanocrystals (NCs) could be metallic nanoparticles (NPs), such as Au, inorganic nanocrystals
(NCs) such as CdX (X =S, Se and Te) and perovskites. This combination modifies the surface
via a chemical bond between the chiral ligands and the metallic centers on the surface of the
NCs, which causes a transfer of chirality to the crystal surface and related electronic states.
This strategy was first reported using Au NPs and sulfur containing L-glutathione [114].
These chiral surface-functionalized Au NPs showed strong chiroptical responses proving that
the electronic structure of the metal could be easily tuned by the capping molecules. Later, a
similar strategy was explored with Cd based inorganic nanocrystals, prepared by microwave
irradiation in the presence of organic chiral ligands such as, L/D-penicillamine and L/D-
cysteine methyl ester [110, 115]. Results showed that NC cores were achiral, and the surface
was chiral due to the attached chiral organic ligand. In contrast with the chiral Au NPs, the
surface of the inorganic particle became permanently chiral, thus rendering these NCs
intrinsically chiral even after removing the chiral ligand. This is known as chiral memory
effect (Figure 2.5(a)).

Formation of chiral crystals by chiral molecules: Some inorganic crystals such as quartz,
Se, Te, B-AgSe, a-HgS etc. have intrinsic chiral structures [116, 117]. NCs of these materials
are expected to show stronger chiroptical properties than those obtained by surface
modification since, in this case, the whole particle, and not only the surface, is arranged in a
chiral structure. The main drawback is that in the absence of any chiral stimulus, racemic
mixtures are obtained [118]. This approach achieves a higher hierarchical level of chirality
with respect to the previous approach [111]. In this mechanism enantiopure NCs can be
obtained by colloidal precipitation of NCs in the presence of a enantiopure additive during
crystal nucleation and growth, inducing the preferred formation of one enantiomorph. For
example in reference [111] incubation of achiral Au NPs seeds with L/D amino acids and
peptides gave rise to intrinsically chiral particles (Figure 2.5(b) (1)), with their handedness
being governed by the chirality of the organic additive. Induction of chirality in bulk Au and
Ag via a doping effect was reported in reference [119]. Chiral organic-inorganic crystals have
also been obtained by the combination of lead halides and a chiral primary amine (R/S-

methylbenzylamine) [120]. These structures arranged in 1D chains and 2D layers in which
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the organic molecules are inserted between the inorganic halides (Figure 2.5(b) (ii)) [120].
These 2D layered perovskites exhibit circular dichroism (CD) in which the sign is determined
by the chirality of the amine [120].

Supramolecular chirality by self-assembly: Self-assembly of small molecules into higher
order aggregates gives rise to a new type of chirality known as supramolecular chirality.
Chirality is a property of the global system and not of the individual component, being
sufficient in the absence of a symmetry plane or inversion center. Therefore, chiral
supramolecular aggregates can be developed using achiral monomers. In this case, a
symmetry breaking event must take place. Solid surfaces can be viewed as such kind of
symmetry breaking inductors once 2D chirality is considered. Two different strategies have
been mainly studied. In the first strategy, the nanoparticles are formed in an existing chiral
network, which acts as a supramolecular template. In the second strategy, a co-assembly
process is employed in such a way that the particle is incorporated in the chiral network at
the same time this is formed by a process of self-assembly. In both cases, the nanoparticle
suffers a chirality transfer process being surrounded and/or covered by a chiral
supramolecular network. This strategy has been used to grow Au nanoparticles in helical
supramolecular structures and to obtain gold nanorods embedded in chiral fibers [121]. By a
similar process of co-assembly, perovskite NCs have been embedded in a chiral network
formed by self-assembly (Figure 2.5(c)) [112]. As described in Chapter 5-6 and Appendix B,
we have used the strategy of co-assembly to induce chirality in carbon nanotubes (CNTs) and
graphene by promoting the self-assembly of enantiopure aromatic short peptides in the
presence of these carbon-based materials.

Electronic interactions between chiral and achiral materials: Beyond surface
modifications, chiral molecules can interact through space with NCs via complex dipole and
multipole Coulomb interactions (Figure 2.5(d)) without requiring surface or crystal
distortions and with the consequent appearing of new CD bands. It has been shown that the
NCs induce a change in the electromagnetic field of the chiral molecule and, the chiral
molecule also induces a chiral current inside the crystal [113]. The latter mechanism explains
the CD signal at plasmon frequency. It is worth noting that this type of interaction can be

exerted simultaneously with the previously mentioned ones [122].
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2.9.2 CISS in composite materials

Some of the composite chiral materials discussed above exhibit CISS effect in electronic transport
experiments. Reference [108] studied chiral cysteine capped CdSe quantum dots (~2 nm) using
both mCP-AFM geometry as well as vertical thin film sandwich structure, discussed earlier in
previous section. The former shows a stronger spin selective response than the latter, as discussed
previously. The MR response is found to be opposite compared to self-assembled monolayers of
cysteine, which correlates with the sign of the CD signal, indicating that electron conduction is
intimately related to the chirality of the system. For larger (~6 nm) quantum dots, the CISS effect
is negligible, which again correlates with the decreasing CD response with size. This is presumably
because the chirality transfer effect is weakened with increasing quantum dot size. Finally, the
CISS MR has been found to be almost independent of temperature. Although the issue of
Onsager’s reciprocity was not directly addressed in this work, the data seem to indicate the validity

of this principle in the linear range.

Organic-inorganic chiral perovskites discussed above are promising candidates for spintronics
because of (a) long spin relaxation times, (b) strong spin-orbit coupling (SOC), (¢) tunable Rashba
splitting and (d) chemically tunable optical, and electrical properties [123]. Lu et al. showed CISS
effect in solution-processed polycrystalline 2D chiral organic-inorganic lead iodide perovskite
films using mCP-AFM [107]. Spin selectivity, as defined in above section, was found to be ~ 86%.
In contrast, in the sandwich geometry, this material showed < 1% MR, only at low temperature
(~10 K). While the smaller MR in the sandwich geometry is consistent with the chiral CdSe study
discussed above, the temperature dependence of the MR signal is different in these two chiral
systems. As shown schematically in Figure 2.5(b) (ii), these chiral hybrid perovskites have a 2D
layered structure, in which chiral organic molecules occupy the space between two neighboring
inorganic layers and in a typical vertical transport setup, the charge carriers travel sequentially
from one type of layer to the other. Chirality-dependent spin polarization is accrued during their
transport through the chiral layers. The inorganic sublattice confers structural ordering in these
samples and adds a second mechanism, multiple chiral tunneling steps, to this hybrid system.

Therefore, a large CISS response in all these cases observed [123].

Besides chiral perovskites other organic-inorganic or organic-metallic composites have been

developed for spintronics. Huizi-Rayo et al. reported the synthesis of a chiral 3D metal-organic
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framework (MOF), based on the lanthanide Dy(III) and the L-tartrate chiral ligand [124]. The spin
polarization of this material proved to be ideal showing spin selectivity up to 100% at a bias voltage

of 2V measured by mCP-AFM.

2D atomic crystals of transition metal dichalcogenides allow the introduction of chiral molecules
between the atomic layers without disturbing its crystallinity. Qian et al. studied the CISS
properties of 2D atomic crystals of TaS; and TiS; intercalated with R/S-methylbenzylamine [125].
Results showed a clear chirality-dependent out-of-plane current, with a spin polarization of more
than 60% at 10 K. Reference [126] studied out-of-plane transport in multilayer MoS; intercalated
with chiral methylbenzylamine molecules. MCP-AFM measurements showed ~75% spin
polarization. Similar to the hybrid perovskites discussed above, due to out-of-plane electronic
transport, the observed CISS effect arises purely due to the interlayer chiral molecules present in
the transport path. While the 2D layers offer structural stability and robustness to the devices,
which improves CISS response, their planar electronic and spintronic properties remain largely

untapped.

Another strategy is the combination of carbon allotropes with chiral molecules to harvest CISS
effect. In this method CNTs and graphene bind non-covalently with various organic molecules via
n stacking and electrostatic interactions [127]. Synthesis of CNT-DNA hybrids, in which DNA
strands helically wrap CNTs (Figure 2.6(a)), were reported in [128]. Theoretical calculations have
shown that such composites can act as spin filters [129]. Electron transport occurs via the CNT
channel, and the role of the DNA strands is to induce an inversion-asymmetric, helicoidal electric
field on the charge carriers. This electric field produces a strong Rashba spin-orbit interaction in
the channel and polarizes the electron spins. In 2015, our research group was the first to
experimentally study spin filtering of ssDNA-wrapped single-wall (SW) CNT using d(GT):s
strands [130]. A planar device in which ssDNA-wrapped tubes were contacted between Au and Ni
(spin detector) electrodes is developed, as shown in Figure 2.6(b). MR measurements showed that
this system could act as a spin filter with spin polarization up to ~74% at low temperatures (Figure
2.6(c)). Later, our group showed that higher spin polarizations (~80%) could be achieved by using
ssDNA strands made only of thymine (TT)s [131], or, by using longer d(GT)200 strands [132].
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Figure 2.6: CISS effect in chiral organic-CNT/graphene composites. (a) Helical wrapping of CNTs by ssDNA
(d(AC)15) strands. Periodic height modulation along the CNT axis indicates helical wrapping, and an estimation of
the helix angle has been shown (Copyright © 2020, American Chemical Society). (b) Device geometry in which a
DNA-wrapped CNT is contacted by Ni-Au electrodes. The green arrows indicate the contact points. (¢) MR behavior
of DNA-wrapped CNTs. Two distinct conductance states are observed for two opposite orientations of Ni (spin
detector) magnetization, implying spin filtering. (Fig. 1.6b and c reprinted from [133] with permission from Wiley
VCH). (d) Schematic description of the role of CISS on carrier localization. Backscattering (and hence carrier
localization) is possible only when there is a magnetic impurity. (e) Role of chiral GDL on CISS. For Fmoc-FF,
addition of GDL changes the supramolecular chirality, with a concomitant change in the sign of the CISS signal
(Copyright © 2022, American Chemical Society).
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These results offered a new way to engineer spin polarization by changing the chemical
composition of the DNA, opening the door to explore other chiral compounds of varying chemical
compositions. This was confirmed by studying spin polarization of SWCNTs functionalized with
d(AC)i5 and d(CC)15 sequences and comparing the results with those measured before, d(GT):s
and d(TT)15[133]. The binding energy is higher for T/G than for A/C [133], which resulted in a
lower CISS values for d(AC)1s and d(CC)15s wrapped SWCNT than the previously reported d(GT)1s
and d(TT);s.

Effect of CISS on carrier localization was analyzed by our group in reference [ 134]. CISS-induced
spins tend to increase the carrier localization length. This is because the CISS spin polarization is
coupled with the carrier’s momentum (either parallel or antiparallel, Figure 2.4(a)), and hence, in
one-dimensional systems such as nanotubes, momentum flip must be accompanied by a
simultaneous spin flip. Thus, backscattering is prohibited in the absence of spin-flip scattering
events, which tends to increase the localization length (Figure 2.6(d)). This effect is manifested in

the carrier transport properties in CNT-DNA systems [133, 134].

Later, we further extended this concept by developing chiral 2D SWCNT networks functionalized
with aromatic short peptides known to interact with CNTs [135]. As discussed in the previous
section, SWCNTs were embedded in supramolecular peptide fibers obtained by self-assembly.
Like ssDNA, peptide functionalization of the CNT is also noncovalent and, therefore, the degree
of interaction is susceptible to the chemical composition of the peptides. SWCNTs functionalized
with L/D-Fmoc-FF (Fluorenylmethoxycarbonyl-diphenylalanine), L/D-Fmoc-AA (Fmoc-
dialanine) and achiral Fmoc-GG (Fmoc-diglycine) showed different CISS behavior [135].
SWCNT functionalized with achiral Fmoc-GG did not give any detectable CISS signal, while
functionalization with Fmoc-FF, which interacts strongly with CNT due to the presence of a major
number of aromatic groups, showed the CISS effect. Quite remarkably, the CISS signal survived
length scales longer than 1 pm, and the CISS values obtained from these random CNT networks

are similar to the ordered chiral molecules under similar conditions [100].

Next, our group studied the influence of different chiral sources in the presence of CNT [104]. It
is known that these types of aromatic short peptides can self-assemble by the application of
different stimuli, addition of a chiral molecule glucono-o-lactone (GDL) being one such stimulus

[136]. The influence of GDL was studied with L/D-Fmoc-FF and Fmoc-GG functionalized

24



SWCNT (Figure 2.6(e)) [133]. Results showed that GDL only interfered with the process of self-
assembly of short peptides, promoting the formation of chiral -sheet secondary structure even in
achiral Fmoc-GG peptides. The CISS effect originated from the supramolecular assembly of
peptide fibers. Notably, CISS effect was observed in achiral molecules (Fmoc-GG) through the

formation of chiral supramolecular fibers mediated by GDL.

2.9.3 Current research trends in CISS

Given the sheer variety of the chiral composites, CISS investigations on these systems are still at
a nascent stage. For most of the CISS studies discussed above, the spin-dependent effect arises
from the chiral molecules, which constitute the main carrier path, thereby leaving the true potential
of these inorganic materials underutilized. These chiral organic molecules are insulators that carry
very low current, and hence they are not suitable for practical device applications [97]. Therefore,
there is a need to explore CISS effect in conductive media that have better electronic and spintronic
properties. One main approach is to functionalize emerging electronic materials such as carbon
nanotubes (CNTs) and various 2D materials (graphene, MoS; etc.) with chiral molecules. Our
group is currently investigating this direction. As discussed above, we reported that chiral
composites based on carbon allotropes can generate spin-polarized carriers in single-wall carbon
nanotubes (SWCNTs). We have explored two types of chiral molecules: (a) helical shaped DNA
[98] and (b) peptides [99], both showing the possibility of generating chirality-dependent spin
signals. Investigating the potential transfer of the CISS phenomena from 1D to 2D materials is an
uncharted avenue of research, which can potentially generate substantial spin polarization at room
temperature, due fo their superior charge and spin transport properties. The concept of CISS in
2D materials is therefore important for the next generation of ferromagnet-free spintronic devices.
However, there are challenges in terms of feasibility, understanding, and reliable control of the
phenomenon, which need to be addressed. One aspect of this work is to explore this avenue

(Chapters 5, 6, and Appendix B).

2.10 Summary and overview
Spintronics devices, which use both spin and charge properties of electrons, are made of several
magnetic materials, such as nickel, iron, cobalt, etc.; but shrinking the size of current spintronics
devices with these magnetic materials is challenging. Two-dimensional (2D) van der Waals (vdW)

magnetic materials can be useful in this context due to their flexibility to be integrated into different
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heterostructures on various substrates and their sensitivity to defect engineering. The recently
discovered 2D magnetic materials could exhibit magnetoresistance (MR) effects. However, these
effects are observed only at cryogenic temperatures [76, 137], which limits their practicality for
real-world applications. Finding 2D magnets exhibiting large signals at room temperature is
therefore needed in many spintronic and magnetic sensing applications. Vanadium diselenide
(VSey) is a promising material in this regard since its monolayer can potentially act as room

temperature ferromagnet.

VSe, multilayers have been predicted to exhibit large MR effects as described above, although
experimental work in this area remains scarce, which motivates our work reported here (Chapters
3 and 4). Also, all of the above theoretical studies are mostly based on the semiconducting 2H
phase of VSe,, whereas experimentally, metallic 1T phase is the most common. CPP transport and
CPP MR in 1T VSe: flakes have not been reported so far. The existence of CDW in VSe; can also
have an impact on the CPP MR, which has not been investigated. Therefore, to investigate CPP
magnetoresistance in 1T-VSe; ultrathin flakes, we established a reproducible nanofabrication
method that enables us to perform transport measurements in the CPP geometry, which will be
discussed in detail in Chapter 3. Next, in Chapter 4, we report electrical and magnetic behavior of

ultrathin 1T-VSe; flakes in the CPP geometry at different temperatures.

As discussed above, CISS in 1D and 2D materials offers an alternative pathway towards
ferromagnet-free spintronic devices due to their conductive nature and superior carrier mobility.
Nevertheless, challenges persist in understanding the key factors of CISS involved in chiral
composite materials, as well as the feasibility of transferring the CISS concept from 1D to 2D
materials. As the basis of our chiral composite material, we choose carbon nanotubes (CNTs) and
graphene to investigate the CISS effect across both 1D and 2D platforms. In this regard, the general
consensus is that spin—orbit coupling is an essential element needed to observe the CISS effect,
but there is currently a lack of experimental evidence to support this claim. To shed light on this
key aspect of CISS in the 1D platform, in Chapter 5 we investigate the role of spin—orbit coupling
on the chiral composite media by changing the diameter of the CNT functionalized by chiral
molecules. Next, in Chapter 6, we utilize reduced graphene oxide (rGO), a well-known derivative
of graphene, to explore the potential of harnessing the CISS effect in a 2D configuration. In

Appendix B, as part of our ongoing work, via angle-resolved MR measurements, we demonstrate
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how the chirality-dependent CISS MR manifests in various configurations of magnetic and

nonmagnetic terminal pairs.
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Chapter 3: Magnetoresistance studies on VSe2 multilayers
Fabrication and Characterization

Current-perpendicular-to-plane magnetoresistance (CPP MR) in layered heterojunctions is at the
heart of modern magnetic field sensing and data storage technologies [138]. Van der Waals
heterostructures and two-dimensional (2D) magnets opened a new playground for exploring this
effect, although most 2D magnets exhibit large CPP MR only at very low temperatures due to their
very low Curie temperatures [137]. As discussed in the previous chapter, vanadium diselenide
(VSe2) is a promising 2D material for room temperature magnetic applications since its
monolayers can potentially act as room temperature ferromagnets [7].VSe, multilayers have been
predicted to exhibit CPP MR effects [98], although experimental work in this area remains scarce.
This motivates our work on CPP MR studies on VSe> multilayers. In this chapter we will discuss
the fabrication and characterization steps, and the electrical transport and MR data will be

discussed in Chapter 4.

Bulk VSe: single crystal samples, synthesized using Chemical Vapor Transport, were obtained
from a commercial vendor, hq Graphene. To create the desired CPP based geometry, a thin (20-
120nm) exfoliated layer of VSe> underwent various nano-fabrication steps. Below, we outline the
nanofabrication process employed. Furthermore, we present a comprehensive explanation for the

selection of the exfoliated VSe: flakes, based on the characterization process.

3.1 Device fabrication
To measure CPP MR, we propose a three-step fabrication method to sandwich the isolated 2D-
TMD flakes between two metal layers. In addition, to eliminate the impact of contact resistance
and interconnection lines on the MR measurements, a 4-point measurement technique has been
opted and implemented. In this approach, the bottom contact is formed as an isolated metallic
finger which is not connected to any metallic side pads. The metallic fingers are arranged at the
center of the fabricated device and serve as the foundation of the CPP-MR architecture. The TMD

flakes have been transferred on these metallic fingers via mechanical exfoliation using scotch tape.

Due to physical exfoliation, the VSe; flakes have different shapes and thicknesses, and they are

randomly laid on the metallic fingers. The desired 2D flakes are the ones that are sitting properly
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on the bottom metallic fingers and showing no sign of oxidation. The flakes are characterized by
their Raman spectral fingerprints, relative amount of elemental composition (EDX), layer
thickness (AFM), surface roughness and topography (AFM), and their crystallinity (XRD), all of
which have been discussed later in this chapter. Next, the top metallic contacts and the metallic
interconnecting paths are designed and fabricated. The active region of the die, where the 2D-
TMD sandwich structure is located, was covered by an insulating material to provide structural
stability and isolation from the ambient. At this step, the fabricated device is ready for electrical
and magnetic measurements. The schematic of the active region of substrate with flakes
sandwiched between metallic fingers are depicted in Figure 3.1. In the next section, we explain in

detail the fabrication steps and the characterization procedures.
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Figure 3.1: (a) Schematic representation and (b) optical microscopic image of the four-terminal CPP measurement
setup.

3.1.1 First fabrication step (bottom contact)

In the 1* fabrication step, a Si substrate with 300nm thermally grown SiO is cleaned by dipping
in a piranha solution for 20min. After drying with nitrogen gas, the substrate is loaded in YES
YES3TA HMDS Oven. In this way, the clean Si/Si0; substrate is exposed to HMDS that enhances
surface adhesion. HMDS forms the bridge between organic photoresist molecules and substrate
surface. Next, AZ5214E positive photoresist is spin-coated onto the substrate at a rotational speed
of 5000 rpm for 45sec. This process resulted in the formation of a 1.25um thick photoresist layer
on the substrate. Afterward, the sample undergoes a prebake step at 100°C for 1 minute on a

hotplate. Following this, the pattern of metallic fingers is transferred using a SUSS MA/BA6 mask
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aligner applying a dose of 100mJ/cm?. To create metallic patterns with well-defined edges, the
image reversal technique is used, followed by lift-off procedures. To reverse the tone of positive
Scotch Tape with exfoliated {lakes

(a) (b)

Active region after 1 fabrication step

&y —

[}

Metallic Pads
FFabricated 4-point device Active region

Figure 3.2: (a-d) Fabrication steps for VSe2 CPP MR devices. (e) Optical image of fabricated devices.

photoresists, two additional steps are necessary: an image reversal baking step and a flood
exposure process. These steps make the initially exposed areas resistant to the developer, while
allowing the unexposed areas to be developed. The substrate was subjected to a reversal bake at
100°C for 45sec on the hot plate. Subsequently, a flood exposure was applied using a dose of
300mJ/cm? by the mask aligner. Next, the specimen was developed in the MF-319 developer for
50sec. The chromium and gold layers were deposited with thickness of 5nm and 45nm,
respectively, at a pressure of 7.5E-7torr by electron beam evaporation (KJL E-beam evaporation
(Gomez)). To form gold bottom fingers and electrical pads, the lift-off procedure was performed

using Remover PG.

3.1.2 Second fabrication step (physical exfoliation and characterization)

In the 2" step, VSe» flakes are obtained through mechanical exfoliation of the as-purchased bulk

single crystal sample, using scotch tape. After exfoliation, these flakes are transferred onto the
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substrate, resulting in a random arrangement of the flakes on the substrate surface. Subsequently,
the flakes that happen to land on the bottom metallic fingers are subjected to further
characterization (described below). The primary objective of the characterization is to obtain
oxide-free flakes with a thickness ideally below 100nm. In the next step, the pattern of top metallic
contacts and interconnections is designed specifically for the selected flakes, considering their

individual properties and positions on the substrate.

3.1.3 Third fabrication step (top contact)

As shown in Figure 3.2(c), following the characterization of the transferred flakes (as described
below), oxide-free VSe, flakes with different thicknesses have been selected for the next
metallization step. First, the substrate is soaked in acetone for 30 minutes and then rinsed with IPA
(Isopropyl alcohol) and DI (Deionized) water to remove any glue residuals from the scotch tape.
Then, the cleaned substrate is coated with PMMA-950-A8 using a rotational speed of 4000rpm for
45 seconds, resulting in a 580nm thick photoresist film. Next, the substrate is baked at 180°C for
4 minutes on a hotplate. Subsequently, the substrate is exposed to an electron beam using the EBL-
Raith150 system with an electron high tension (EHT) of 10kV using an aperture of 30um. This
electron beam exposure is used to transfer the pattern of top contacts and interconnection lines
onto the photoresist. The exposed specimen was developed in MIBK 3:1 for 40sec and IPA for
20sec. After monitoring the quality of pattern, the electron beam evaporation was used to deposit
chromium and gold layers with thicknesses of 7nm and 240nm, respectively. Next, the lift-off
process was carried out by immersing the sample in acetone for a duration of 12 hours. Finally, an
insulating organic coating is applied by drop casting onto the active device area to protect the
underlying VSe». The devices fabricated in this fashion have exhibited a high degree of yield and
reproducibility. Any annealing step is avoided in order to minimize the formation of Se vacancies

that can potentially introduce defect-induced MR responses [86].
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Figure 3.3: Device setup for measuring magnetoresistance at different temperatures.

After the fabrication of the devices, the samples are mounted on the sample holder. Electrical
connections between the holder's pins and the 4 substrate pads are established using gold wire and
silver paste, as shown in Figure 3.3. This setup allows for the connection of measurement devices,
such as UMI, to the fabricated four-terminal devices. The holder is then placed inside the device

for the measurement of its magnetic properties at different temperatures.

3.2 Characterization of VSe; flakes
In this section, a detailed explanation is provided for the criteria used to select the desired
exfoliated flakes on the gold fingers. The focus is on identifying non-oxidized flakes with well-

defined thicknesses, ideally below 100 nm. As discussed below, the obtained thickness range was

20-160nm.

3.2.1 Raman results

Raman spectroscopy is a powerful characterization tool that provides valuable insights into lattice
vibrations, phonon modes, and electronic band structures of TMDs [139-141].The principle behind
Raman spectroscopy is based on the inelastic scattering of light. When photons from the incident
light interact with the sample's molecular vibrations, it causes a portion of the scattered light to

either lose or gain energy compared to the incident light.

The energy shifts in the scattered light correspond to the vibrational energy modes of the molecules
in the sample. The Raman spectrum represents the intensity of the scattered light as a function of
the frequency shifts and contains peaks that are characteristic of the material. These peaks can

therefore be used to identify the chemical composition and structural properties of the sample.
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All Raman spectra in this work were collected at room temperature using Thermo DXR2 Raman
Microscope System. Laser wavelength is set to 532nm. Maximum laser power is optimized to
avoid inflicting damage to the thin flakes and is set to 3mW with 100 sampling iteration. With
these optimized settings, no evidence of laser-induced heating has been observed in the measured

flakes.

The room temperature Raman result (532nm laser) is shown in Figure 3.4. The characteristic peak
of 1T-VSe; is observed at approximately 207cm ™! (A1, mode), representing the out-of-plane
vibration of two Se atoms around one V atom. The second peak, located at approximately 135cm ™!,

corresponds to the in-plane vibration of the atoms within the crystal lattice (Eg mode).
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Figure 3.4: Typical Raman characteristics of the exfoliated VSe, flakes, indicating the signature peaks, and absence
of any oxidation.

In contrast to the Raman results of other groups, where the A g peak is consistently observed while
the Eg peak is barely detected due to high signal-to-noise ratio [72, 86, 87], our Raman

measurements clearly exhibit both signature peaks (A1g and Eg) of 1T-VSeo.

In the Raman results, an oxidation peak may appear at 250-340cm ™' when the VSe> nanosheet is
irradiated under high laser power during Raman data collection or when it is exposed to ambient
conditions for an extended period, as depicted in Figure 3.5. In the Raman results of all selected
flakes chosen for the 3™ fabrication step, no oxidation peak attributed to VOx (2 < x < 2.5) has
been detected.
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3.2.2 EDX results

To determine the elemental composition of the VSe; flakes, Energy Dispersive X-Ray Analysis
(EDX) was performed. In this method, when the sample is bombarded with the electron beam, it
causes the emission of characteristic X-rays from the atoms within the sample. EDX utilizes an X-

ray detector that records the energy of each X-ray, and the resulting data form an energy spectrum.

(a) (b)
VSe: Flake
Sign of Oxidation

SiO2 Substrate —____

Intensity (a.u)

250
Raman Shift (cm™)

Figure 3.5: (a) Optical microscopic image of a typical VSe, flake after a week of exposure to the ambient conditions.
Signs of oxidation can be seen. (b) Raman spectroscopy (532 nm laser) of an oxidized flake, showing the broad
oxidation peak at ~251 cm™! .

The EDX spectrum shows the intensity of X-rays as a function of their energies. The characteristic
X-rays emitted by different elements in the sample have distinct energies, allowing EDX to
identify the elements present in the sample. The EDX results, obtained using Zeiss Sigma FESEM
are shown in Figure 3.6, confirming the absence of oxygen and the presence of both V and Se,

with approximately 1:2 stoichiometric ratio in the VSe: flakes.

3.2.3 AFM results

The atomic force microscope (AFM) technique was used to characterize the thickness and
roughness of the transferred VSe: flakes. In this technique, a sharp tip is scanned in a raster pattern
over the surface, and a feedback loop is used to adjust the parameters required for imaging the
surface. The cantilever vibrates or oscillates at a fixed frequency, and the amplitude of this
oscillation is used to detect changes in the tip-sample interaction forces. These changes in forces
are translated into height variations on the sample’s surface, allowing the AFM to create a detailed

topographic map of the sample.
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The thickness of VSe; flakes has been measured after mechanical exfoliation. Flakes with
thicknesses greater than 200nm or possessing a rough surface were excluded from the selection
process. As shown in Figure 3.7 , the flakes with the desired thickness range (ideally below 100nm)

and appropriate physical contact and roughness were chosen for further processing.

| T —— |
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Figure 3.6: (a) SEM image of a VSe; flake on Si substrate, and elemental analysis. (b) EDX analysis of VSe, flakes
on Si substrate.
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Figure 3.7: (a), (b) AFM results showing bottom Au finger in contact with an exfoliated VSe, flake on the top. The
bottom inset in (a) shows the flake thickness as determined by the height scan along the horizontal line in the main
image.

3.2.4 XRD results

X-ray diffraction analysis (XRD) is a non-destructive technique employed to determine the
crystallographic structure of VSe:. This method relies on elastic scattering, where the regular array
of atoms generates waves that undergo destructive interference in most directions but add
constructively in specific directions. By analyzing the angles and intensities of these scattered
beams, a three-dimensional representation of the electron density within the crystal can be
obtained. The XRD data from VSe; at room temperature were obtained using Rigaku XRD Ultima
IV, and the result is presented in Figure 3.8. The XRD analysis reveals the highly crystalline nature
of our samples, evident from the presence of sharp and strong peaks, including (001), (002), (003),
and (004) reflections. The data closely matches both the specifications provided by the vendor, hq
Graphene, and also with the results obtained by other research groups. In [6], Cao et. al. grew VSe»
sample and used mechanical exfoliation to obtain thin layer of VSe., followed by XRD
characterization. XRD data were also obtained by Liu et. al. [72] and Xue et. al. [87] for their CVD

grown VSe; nanosheet. Our data matches closely with these references.
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Figure 3.8: The XRD analysis of VSe:.

3.3 Summary and conclusion

In this chapter we have discussed in detail the fabrication of four terminal CPP devices, with 1T

VSe:; flakes as the active layers. We have also characterized the flakes using various techniques.

In the next chapter (Chapter 4), we will discuss electrical and magnetotransport experiments on

these devices.
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Chapter 4: Electrical and Magnetoresistance Measurements on
Exfoliated VSe2 Flakes

4.1 Overview
In this chapter we report CPP MR results obtained from 1T-VSe> ultrathin flakes, revealing a large
(~60%-70%), positive, linear, and non-saturating CPP MR, which persists close to room
temperature (~250K), in a relatively small magnetic field range of +£12kG. The CPP MR has been
found to increase with decreasing flake thickness. As discussed below, the CPP MR originates due
to the intrinsic inhomogeneity in the CPP transport path, and exhibits unprecedented immunity
against thermal fluctuations, leading to increasingly enhanced MR as temperature is increased,
even significantly beyond the charge density wave transition temperature. The observed
'thermally-driven' MR features are remarkably robust and reproducible, and can offer a viable route
for developing practical room temperature 2D based magnetic sensor technologies. Our results
also suggest that harnessing similar effects in other 2D systems could result in large MR as well,
thereby motivating further research on CPP transport in these systems, which has been relatively

unexplored so far.

4.2 Results and discussions
Device schematic and an optical microscopic image of the CPP MR measurement setup are shown
in Figure 4.1(a) and (b), respectively, and the current-in-plane (CIP) measurement setup (control

experiments) is depicted in Figure 4.1(c).

Consistent with earlier studies on current-in-plane (CIP) geometry, in-plane charge conduction has
been found to be metallic, with in-plane resistance decreasing with decreasing temperature, as
shown in Figure 4.2(a) [6, 72, 85, 94, 142, 143]. Residual resistivity ratio, defined as
R(250K)/R(9K), is ~4, consistent with previously published work on 1T VSe; samples with
similar thicknesses [94, 142]. An upturned ‘kink’ is observed around 110K, which is the bulk
CDW temperature, but the global trend remains metallic, consistent with literature [6, 85, 94, 142,
143]. The kink appears due to the onset of CDW, which opens up a partial bandgap and depletes
density of states on parts of the Fermi surface [87, 144]. The partial gap opening has been found
at the M point in the first Brillouin zone by angle resolved photoemission spectroscopy, while the

Fermi surface at /" point remains intact [87, 144, 145].
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Figure 4.1: (a) Schematic representation and (b) optical microscopic image of the four-terminal CPP measurement

setup. For MR studies, the magnetic field is always applied perpendicular to the sample plane. (¢) Typical
measurement setup for current-in-plane (CIP) studies.
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The slope tends to decrease slightly around 200K as the temperature increases, which can be
attributed to the narrowness of the d band [143]. In the lowest temperature limit (~10K), the
resistance appears to saturate, although no significant resistance upturn has been observed in
Figure 4.2(a), which indicates absence of any defect-induced weak localization effect in this range

6, 72].

Out-of-plane (CPP) charge conduction, on the other hand, shows a non-trivial behavior. Similar to
the CIP response, it shows an anomaly in the vicinity of the CDW temperature (~110K), as
indicated by the shaded region in Figure 4.2(a). However, unlike the CIP response, which exhibits
a global metallic trend, the CPP response shows a metallic trend only below the CDW transition
range and a mixed metallic and semiconducting behavior above the CDW transition range. As
shown in Figure 4.2(a), in the ~10-70K range (i.e. below the CDW transition window) the CPP
resistance shows a metallic trend i.e. resistance increases as the temperature increases. However,
above ~125K (i.e. above the CDW transition window), we observe a mix of weak metallic and
semiconducting response. Such mixed metallic and semiconducting behaviors above the CDW
range, accompanied with a metallic behavior below the CDW range have been observed in
multiple samples and hence these are confirmed to be the signature features of CPP transport. The
CPP data shown in Figure 4.2(a) corresponds to a sample of thickness ~24nm. The mixed metallic
and semiconducting behavior that manifests above the CDW temperature is dependent on sample
thickness. Due to weak interlayer coupling (as evidenced by band structure calculations as well as

spectroscopic studies performed on bulk and monolayer) [85, 89], energy bands are weakly

dispersive in the out-of plane (k,) direction.

CPP current—voltage (I-V) characteristics have been measured at different temperatures and they
are always linear, at least in the bias range of £0.5uA, as shown in Figure 4.2(a) inset. Applied
bias was kept in this range to avoid sample damage in the CPP measurement geometry. Existence
of mixed metallic and semiconducting behaviors in CPP transport above the CDW transition range

requires a closer look.

Out-of-plane conduction can occur via phonon-assisted momentum randomization in this
direction, which will result in metallic behavior. In addition, out-of-plane transport can also happen
via phonon-assisted tunneling or hopping through the states in the interlayer region, which will

result in a semiconducting trend.
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Figure 4.2: (a) Comparison of CPP and CIP transport. The CDW transition window is shown by the shaded region.
CPP I-V characteristics have been shown in the inset, with linear behavior over the measured bias range. (b)
Schematic description of the electron paths and transport mechanisms during CPP transport. (¢) CPP resistance (R)
as a function of temperature (T) both in presence and in absence of an out-of-plane magnetic field of £12kG. A clear

positive MR has been observed above 110K. The inset shows switching of the CPP I-V due to the magnetic field.
Sample thickness ~24nm.
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As shown schematically in Figure 4.2(b), due to weak interlayer coupling, interlayer regions can
be viewed as potential barriers or, ‘low mobility regions’ sandwiched between each pair of
neighboring conductive VSe» layers. We note that existence of any strained VSe; layer in the stack
can also cause band gap opening in that layer in the high temperature range, and contribute to the
potential barrier [146]. Finally, CPP transport may also have an in-plane (or, intralayer i.e. k, —
E;) component, which will mimic the same metallic temperature dependence as the CIP resistance.
The overall CPP transport behavior in a given temperature range will be dictated by whichever
mechanism is the strongest, and this could explain the mixed metallic and semiconducting
behavior observed in our data. For CIP measurements, on the other hand, the interlayer phonon-

activated transfer mechanism is virtually absent, resulting in a global metallic trend.

For the sample in Figure 4.2(a), which has a nominal thickness of ~24nm, the slope of CPP R vs
T is metallic in the ~160-250K temperature range, and hence momentum randomizing phonon
scattering appears to be the dominant process in this range. As the temperature is reduced below
~160K, this mechanism is suppressed, as evidenced by significantly reduced slope of R vs T.
Interlayer transport occurs via tunneling with a weak contribution from thermal hopping in this
range. We note that in this temperature range, the system approaches its CDW phase with partial
gaps gradually opening in the vicinity of the Fermi level. Due to the CPP nature of the transport,
which is very sensitive to the details of the states near the Fermi level of each layer, such gap

openings have a profound impact on the measured resistance.

Thus, the increasing trend of CPP resistance from 150K to 110K could be attributed to the
gradually diminishing density of states at the Fermi level as the sample is cooled, and thermally
activated transport. The sharp drop in resistance around 100 K could be due to the appearance of
interlayer states while the material undergoes transition from its normal state (>110K) to
incommensurate [-CDW state (~80—-110K). Below 80 K, the material is in commensurate CDW
state, with an enlarged unit cell of 4a x 4a x 3¢[147, 148]. The enlarged unit cell may suppress
interlayer tunneling as well as any thermally activated transport compared to the normal state,
which could explain metallic behavior below this temperature. Figure 4.2(c) shows temperature
evolution of CPP resistance (~24nm sample thickness) under zero magnetic field and an out-of-
plane magnetic field (B) of £12kG. A clear and strong positive MR is observed above the CDW

temperature of ~110K, and the MR signal increases with temperature.
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Figure 4.3: (a) Evolution of CPP MR (+12kG field range, ~24nm thickness) with temperature. CPP MR is largest
at ~250K, and decreases with cooling, and vanishes at ~110K. (b)—(h) CPP resistance as a function of an out-of-
plane magnetic field B at various temperatures. The insets in (¢)—(h) show the linear dependence of resistance on the
magnetic field.
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Relatively parallel slopes of the curves in Figure 4.2(c) indicate that the transport mechanism is
fundamentally the same both in presence and in absence of the applied magnetic field, thereby
ruling out the possibility of any field induced metal-insulator transition. The inset in Figure 4.2(c)
shows the switching of the CPP I-V characteristics due to the applied magnetic field. The MR vs.
temperature trend observed in Figure 4.2(¢) is plotted in Figure 4.3(a), which shows that the CPP
MR effect is enhanced with increasing temperature. In these plots, MR is defined as [R(£12 kG)—
R(0)]/R(0) x 100%], where R is CPP resistance and £12 kG is the out-of-plane magnetic field.

To further explore the MR behavior of this sample, we measured CPP resistance (R) as a function
of the out-of-plane magnetic field (B) at several temperatures. Figure 4.3(b)—(h) show the MR
responses, which gradually diminish as the temperature is reduced. The MR value is maximum
(~60%, over £12kG) at the highest measured temperature of 250K. The MR disappears at ~110K,
which coincides with the bulk CDW temperature. As shown in the insets of Figure 4.3(c)—(h), the
slope of the MR response (dR/dB) resembles a step function relative to B in the measured field
range of £12kG. This implies that the MR response is primarily /inear relative to B, with a very
narrow region of quadratic dependence in the neighborhood of zero magnetic field, where the step
transition takes place (additional analysis described below). All MR measurements have been
performed at 0.1pA current bias. Figure 4.4(a) shows data from a sample with thickness ~20nm,

where the observed CPP MR is ~70% over £12kG, at 250K.

R studies on VSe; have been reported in the past, but all of them employed CIP geometry. For
example, [6] reported weak (~2%) positive CIP MR over an out-of-plane magnetic field range of
+10T (or, £100kG), at temperatures lower than ~60K. At even lower temperatures (~2K), a
negative MR may emerge due to weak localization [6]. Liu et al [72] found a positive CIP MR of
about 50% over an out-of-plane magnetic field range of £15T (or, £150kG) at ~1.9K, which is
significantly below the CDW temperature. This MR effect gradually disappears as the temperature
rises to CDW temperature (110 K) and a very weak positive MR (~0.3% over +£150kG) emerges
above CDW temperature. This was explained using a classical linear model by invoking CDW
induced mobility fluctuations. Similar results have been reported in [87], where ~35% positive

MR was observed at ~2K, over a field range of £15T (or, =150kG).
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It is therefore clear from Figure 4.2 and Figure 4.3 that the CPP transport and MR results are
fundamentally different from the CIP results reported so far in the literature, both in terms of

temperature range as well as magnetic field range where they manifest.
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Figure 4.4: CPP MR for VSe; samples with thicknesses (a) 20nm and (b) 45nm. Magnitude of CPP MR increases
with increasing temperature. At a given temperature, thinner samples show larger CPP MR.

To explore the origin of the observed low field positive /inear MR, we can rule out the classical
MR. In this case, a quadratic positive MR can arise when the magnetic field exerts a Lorentz force
on the moving charge carriers, causing their trajectories to bend, which in turn increases the
resistance. In our case, charge transport is primarily normal to the plane, parallel to the direction

of the applied magnetic field. Hence any Lorentz force effect should be negligible.

Even the in-plane component of CPP transport (Figure 4.2) is not expected to result in any positive
MR in the measured low field range of £12kG. This is because the CIP MR data, where the entire
transport is in-plane and perpendicular to the magnetic field, did not show any positive MR under
our experimental conditions (£12kG, 250K), as shown in Figure 4.5(a). Also, the classical MR
effect weakens with increased phonon scattering at higher temperatures, contrary to what we

observe.

We also rule out any spurious MR contributions from the Au contact lines or any pinhole shorts
through the VSe; flakes. As shown in Figure 4.1(a) and (b), four-point measurement techniques

have been used to minimize the resistance from the contacts. The flake surfaces are highly uniform,
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with no evidence of pinholes. Control experiments without the VSe> layer show purely metallic

temperature dependence of resistance and no MR effect at all, as shown in Figure 4.5(b-d).
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Figure 4.5: (a) CIP MR of VSe; flakes in + 12kG field range (magnetic field applied normal to the plane), showing
no detectable MR effect. This confirms that the CPP MR observed before does not solely originate from any in-plane
component in the current path. CPP MR measurements without any VSe; flakes: (b) Four-point measurement setup,
(c) Absence of any MR effect and (d) Metallic temperature dependence of resistance. Absence of any MR in (c)
confirms the absence of any spurious MR effects from the Au interconnect lines.

Linear MR can arise due to quantum effects when each Landau level is distinct, as described by
the condition sw. > kgT, where the first term represents typical Landau level splitting (®. being
cyclotron frequency), and the second term represents thermal broadening [149, 150]. In the
extreme quantum limit, where the magnetic field is so strong that only the lowest Landau level is
occupied, a linear positive MR can be observed [149, 150]. In our case, since the MR effect is
observed in a relatively low magnetic field range of £12kG and high temperature of ~250K, the
above condition of extreme quantum limit is not satisfied. Even qualitatively, in our case MR
increases with temperature (T) for a given magnetic field (Figure 4.2(c)), which contradicts the

above model, and hence this mechanism can be ruled out.
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The observed MR effect does not appear to be spin mediated. Due to the high temperature, low
field conditions of our experiments we can rule out positive MR originating from Zeeman splitting
of the Landau levels [151]. Even though some studies have indicated that mono- and few-layer 1T
VSe> can be ferromagnetic, it is actually paramagnetic in its bulk form (=10nm), which
corresponds to the present case [7, 78, 85, 86, 89, 93]. Spectroscopic studies did not find any
evidence of spin-splitting at the Fermi level [6, 89-92]. Any spin dependent MR effect (such as
those observed in the case of Cr/3) is negative, and exhibits a stepwise response to the magnetic
field due to gradual switching of magnetization of each layer [137, 152-155]. None of these

features have been observed in the present case.

The unique feature of the observed CPP MR is its unusual dependence on temperature, which
contradicts all the mechanisms described above. Such a dependence on temperature hints at the
fact that thermal disorder actually enhances the MR, and a classical explanation rather than a
quantum one appears to be more likely. As discussed in the context of Figure 4.2, CPP transport
is intrinsically inhomogeneous due to the existence of low mobility interlayer regions (or potential
barriers) in between the highly conductive VSe; layers. In such a situation it is possible to envisage
the existence of distorted current paths misaligned with the out-of-plane driving electric field [77,
156, 157]. The magnetic field can then further deflect the charge carriers in the distorted paths,
thereby increasing the resistance of the sample as a linear function of the magnetic field [77, 156,
157]. In this mechanism, the MR behavior is dictated by the spatial mobility fluctuation Au, instead
of the mobility p itself. This is the basis of the classical linear MR model [77, 156, 157], and the
temperature dependence observed in our study strongly suggests that thermally aided mobility
Sfluctuations is the underlying mechanism. At higher temperatures increased phonon scattering
randomizes carrier momentum, resulting in decreased mobility. On the other hand, a higher rate
of phonon-assisted tunneling and hopping events through the interlayer states will try to enhance
CPP mobility. These opposing mechanisms can enhance spatial mobility fluctuation at higher
temperature, resulting in stronger MR. We also note that interlayer transport occurs between the
Fermi levels of the neighboring layers. In the normal state, bands with different curvatures (and
hence different effective masses and mobilities) cross the Fermi level, which can contribute to
mobility fluctuation during CPP transport [37]. Below the CDW temperature, partial gaps open at
the Fermi level for some of the bands, and those bands therefore stop contributing to the CPP

current. This results in less inhomogeneity in the effective masses of the carriers and their
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mobilities. Also, below the CDW temperature, due to the above-mentioned partial gap openings,
the metallic VSe> layers become comparatively more insulating in nature. Combined with the
insulating nature of the interlayer barriers, they result in a more homogeneous system in terms of
conductivity. Thus, partial gap openings below CDW temperature tend to reduce mobility
fluctuations. Also, at lower temperatures, mobility fluctuations due to phonons are reduced. As a

result, the MR tends to decrease with temperature, and eventually vanish below CDW temperature.

In case of CIP studies discussed above [72, 87], the linear MR that was observed below the CDW
temperature, was attributed to mobility fluctuations caused by CDW formation. In the present case,
for CPP transport, the origin of mobility fluctuation is fundamentally different, and results in a
much larger effect for significantly smaller magnetic field values and close to room temperature.
It is important to note that despite the sample dependent nature of mobility fluctuations, the

occurrence of positive CPP MR and its magnitude is highly reproducible (Figure 4.2 and Figure
4.3).

To further investigate the linear nature of the observed MR and its connection with the classical
linear model [77, 156, 157], in Figure 4.6(a) we plot MR as a function of B°. In the low field range,
MR vs B?is linear (zoomed in image shown in the inset), indicating a quadratic dependence of
MR on B. However, at higher field range, MR vs B? becomes sub-linear, indicating the crossover
of the MR vs. B response from quadratic to linear. The inset also shows that the slope of the linear
segment in the low field range decreases with decreasing temperature. Defining the crossover
magnetic field B. to be the field value where the MR turns linear from quadratic, it becomes clear

that B¢ increases with decreasing temperature.

Figure 4.6(b) shows dR/dB as a function of the magnetic field. As discussed before, the response
is primarily two-valued, indicating linearity of MR vs B. In the vicinity of zero magnetic field,
dR/dB is linear, indicating quadratic dependence of MR on B. The crossover field B. is the field
value where the ‘knee’ of the dR/dB curve occurs, as shown in the inset of Figure 4.6(b). Clearly,
the B¢ values calculated in Figure 4.6(a) and (b) match closely, and it increases with decreasing
temperature. Figure 4.6(c) shows the dependence of MR (over +12 kG) as a function of the
crossover field Be, as the temperature is varied. As discussed earlier, larger MR occurs at higher
temperatures, which also corresponds to smaller B values. As temperature is reduced, MR

decreases but B, increases.
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Figure 4.6: Analysis of the MR response shown in Figure 4.3 (a) MR vs B2, showing linear fit at low field range
(inset) and sub-linear behavior at high field range. (b) dR/dB vs B and calculation of the crossover field B, (green
dashed line in the inset). The green arrow in the main image shows that B, increases with decreasing temperature. (c)
Inverse dependence of MR on B.. As temperature increases, B. decreases.

According to the theory of classical linear MR [77, 156, 157], in the limit Ap/(u)<l (where (u)
represents average mobility and Ap is the width of the mobility disorder), MR « (u), in the large
field limit Be o¢ (u) ! In the opposite limit, i.e. when Apu/(u) >1, MR o« Ap and B o< (Ap)~!. Thus,
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in both cases, MR is inversely related to B., which is clearly matching with Figure 4.6(¢c), indicating

that the classical linear MR mechanism is indeed operative in the present case.

Figure 4.7(a) shows the dependence of CPP MR on sample thickness. The MR effect becomes
weaker as the thickness increases. This is in stark contrast with the CIP studies [72, 87], where
CIP MR increases with increasing thickness. In the case of CIP, this was explained based on the
hypothesis that formation of the CDW state is favored in thicker samples due to enhanced 3D
interlayer coupling, which in turn increases CIP MR [72, 87]. Dependence of CDW with thickness,
however, remains controversial [72, 87, 90, 94, 142, 158, 159].

In the case of CPP MR, lower thickness with the same bias means larger out-of-plane electric field
on the VSe; layers. On one hand, larger electric fields can cause more momentum scattering and
try to reduce mobility. On the other hand, larger electric fields can also bend inter-site potential
barriers and facilitate inter-site tunneling or hopping, thereby enhancing mobility. As a result,
carriers can experience enhanced spatial mobility fluctuations in thinner samples, resulting in
stronger CPP MR, as shown in Figure 4.7(a). Figure 4.7(b) shows CPP MR as a function of
temperature for different thicknesses. In all cases CPP MR decreases with decreasing temperature
and vanishes at ~110K (CDW temperature), confirming that the MR response originates from the
bulk of the samples, instead of the interfaces. As shown in Figure 4.7(c), the CPP MR remains a

linear function of the magnetic field at all thicknesses.

Further analysis of the linearity of MR is shown in Figure 4.8 (a) and (b), which shows the
existence of a crossover field B¢, above which the MR becomes linear from quadratic. The
calculated B. values have an inverse dependence on the corresponding MR (Figure 4.8 (c)), which

confirms the applicability of the thermally aided mobility fluctuation model discussed above.
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Figure 4.7: (a) CPP MR as a function of VSe; flake thickness at various temperatures. (b) CPP MR as a function of
temperature for various thicknesses. (¢) Linear magnetic field dependence of CPP MR for different sample
thicknesses, measured at 250K. Here MR (B) = [R(B)-R(0)]/R(0) x 100%.
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4.3 Summary and conclusion
In this chapter, we have presented CPP MR results from ultrathin flakes of 1T-VSe». Large, linear
MR effect is observed close to room temperature (significantly beyond the CDW temperature),
and in the low field range, which makes it a robust material platform for 2D based magnetic
sensors. Unlike conventional MR effects, thermal fluctuation has been found to enhance the
observed MR. The MR effect originates due to mobility inhomogeneity in the carrier transport
path. In the case of VSe, in-plane conduction is metallic. Due to large interlayer distance, out-of-
plane conduction is semiconducting. As a result, the net CPP transport is inhomogeneous and
contributes to the MR effect. Other 2D materials and vdW heterostructures, which offer such
dissimilar transport properties along in-plane and out-of-plane directions can in principle exhibit
such high MR response as well. As a result, it may be possible to harness this naturally occurring
property and observe similar MR responses in a broad family of 2D materials. In addition, it may
also be possible to tune mobility fluctuations by judicious intercalation of vdW materials, thereby
further enhancing room temperature MR effect. Since this effect does not rely on magnetic
properties of the layers, unlike other 2D magnetic materials it is not limited by the Curie

temperature. In Appendix A we outline possible future works based on VSe2.
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Chapter 5: Chirality-induced Spin Selectivity in Functionalized
Carbon Nanotube Networks: The Role of Spin-orbit Coupling

5.1 Introduction

As discussed before, another aspect of this thesis is exploration of chirality-induced spin selectivity
(CISS) effect [8] in the context of 1D and 2D materials. The CISS phenomenon has recently
attracted significant global attention, due to its potential implications in various fields such as
spintronics, optoelectronics, enantioseparation, and spin-selective electrochemical and biological
processes[100, 101]. The key observation underpinning the CISS effect is that chiral structures of
organic molecules, whose mirror images are non-superimposable, exhibit a preference for
transmitting a particular spin orientation (up or down) [100, 101]. This phenomenon can
potentially be exploited to realize efficient non-magnetic, molecular-scale spin filters. These filters
are critical not only for the miniaturization of spintronic devices but also because they may enable
novel device designs to control spins for various quantum technologies. [100, 160]. For example,
if 2D TMD materials, such as graphene or 1T-VSez, could be combined with chiral organic
molecules, or if the 2D layers can be stacked on top of each other where the top layer is slightly
rotated clockwise or anticlockwise relative to the bottom layer, new phenomena and new physics
can potentially emerge. Therefore, a comprehensive investigation of the CISS effect using these
hybrid platforms is necessary, which serves as the motivation for our CISS work. In this chapter
we present our CISS results obtained from chiral 1D systems. In the next chapter we will present

CISS results obtained from chiral 2D systems.

CNTs functionalized using chiral molecules typically show the CISS effect as discussed earlier in
Chapter 2. However, the theoretical understanding of CISS in this hybrid platform continues to
remain an open problem [100]. Three necessary ingredients for the observation of CISS have been
identified, such as (a) spin-orbit coupling, (b) structural inversion asymmetry (introduced by
medium chirality) and (c) time reversal asymmetry (typically introduced by magnetic field in
magnetotransport experiments). Recently, Liu, Yizhou, et. al. [161], suggested that the spin-orbit
coupling of the metal electrode is more important than that of the chiral media. In this model, one
can ignore the spin- orbit coupling of the chiral medium, and treat it as a polarizer of carrier orbital
angular momentum. The spin-orbit coupling in the electrodes converts the orbital polarization to

spin polarization, thereby resulting in CISS effect. This mechanism gives rise to an
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electromagnetochiral (EMCh) response, with resistance of the form R(B,I) = Ro— R* B.1, where Ry
is ordinary resistance, R* is the chirality dependent resistance, B is the magnetic field, and /
represents current [162]. Recently, it has been suggested that such EMCh effect could give rise to
the CISS effect by modulating the tunnel barrier between the contacts in CISS experiments [163].

To examine these issues, we have recently studied the CISS effect in chiral functionalized planar
CNT networks using a transverse configuration in which the applied magnetic field is
perpendicular to the current paths [164]. The tell-tale signs of the CISS effect have still been
observed, indicating non-zero spin components transverse to the current direction [164]. It is
important to note that in this transverse configuration, the EMCh contribution is zero (since B -/
= 0); hence, the observed response can be considered a pure CISS signal, devoid of any other
spurious chiral effects. The next question is: does the spin—orbit coupling of the CNTs contribute
to this pure CISS signal? Although graphene, the parent material of CNTs, has very weak spin—
orbit coupling due to the low atomic number of elemental carbon, CNTs, on the other hand, show
strong spin—orbit coupling due to orbital mixing induced by curvature [165-167]. For example,
intrinsic spin—orbit effects in graphene are expected to appear at an energy scale of ~1 peV,
whereas in the case of SWCNTSs (single wall CNTs), they are ~100 peV-1 meV [166-168].
Curvature induced spin—orbit coupling in CNTs typically has the following form: a~yaA3°¢ /R,
where 7 is a parameter that can range between 0.01 and 1, a is the nearest neighbor carbon—carbon
distance, A3°C is the atomic spin—orbit interaction of carbon, and R is the nanotube radius [129].
Thus, CNT radius is an experimental handle that allows tuning of the spin—orbit interaction and
could affect the CISS signal. Double wall (DW) and multi wall (MW) tubes typically have larger
diameters; therefore, they could be used for this investigation. Therefore, we examine the role of
nanotube spin-orbit coupling on the observed pure CISS signal by systematically varying nanotube
diameter. We find that the magnitude of the CISS signal scales proportionately with the spin-orbit
coupling strength of the nanotubes. We also find that nanotube diameter dictates the

supramolecular chirality of the medium, which in turn determines the sign of the CISS signal.

5.2 Results and discussions
To test the above hypothesis, we studied planar CNT networks functionalized with Fmoc-
diphenylalanine (or, Fmoc-FF) + glucono-§-lactone (GdL). The molecular structures of these

chiral moieties are shown in Figure 5.1 (a). We considered single wall (SW), double wall (DW)
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and multi wall (MW) tubes, with multi wall tubes having higher than two shells. A typical cross-
sectional image of these tubes is schematically shown in Figure 5.2(a), with SW-, DW- and
MWCNTs having average diameters of ~0.82 nm, ~0.9 nm, and ~9.5 nm respectively, as specified

by the vendor.

OH

s

O'O

O. o H\)OJ\ /\[(OH
T o
Fmoc-GG

Figure 5.1: Molecular structures of Fmoc-FF (L), Fmoc-FF (D) and Fmoc-GG.

Diameters of SW-and DW-CNTs have been confirmed independently by us from the Raman radial
breathing mode (RBM) of the raw tubes. Using RBM frequency wram, we used the following
formula to estimate the diameter d; of the raw CNTs, [100]: wrm = A/d; + B where 4 and B have
values of ~234 nm.cm™, and ~10 cm™ for SWCNTs. For DWCNTSs, parameter B is zero. Using
wrBM ~ 260-330 cm™ for SWCNTs from Figure 5.2(b), we obtain SWCNT diameter d; ~ 0.73 —
0.92 nm, resulting in an average SWCNT diameter of ~ 0.82 nm, which also matches closely with
vendor specification. Using wrpm ~ 260 cm™ for DWCNTs from Figure 5.2(d), we obtain
DWCNT diameter d; ~ 0.9 nm. However, presence of larger diameter DW tubes is possible, which

are not detected in the RBM scan above.
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Figure 5.2: (a) Schematic diagram of Fmoc-FF, GdL, and MWCNT, showing the average tube diameter. (b) Raman
RBM mode of raw SWCNTs and raw DWCNTSs, taken at 532 nm laser. Raw MWCNTs did not show any detectable
RBM signal. (¢) Scanning Electron Microscopic (SEM) image of the device. Main image shows a single MWCNT,
contacted by an Au-Ni electrode pair. /nset shows a network of MWCNTSs. Magnetic field B is perpendicular to the
average direction of current (/) flow, which lies in the sample plane. (d) Raman characterization of the functionalized
tubes, taken at 532 nm, showing the signature peaks. (e) Typical temperature-dependent resistance of the

functionalized tubes.
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The diameter of MWCNTs can also be estimated from a Scanning Electron Microscopic (SEM)
image as shown in Figure 5.2(c), although it’s important to note that these tubes are attached with

molecules, so they tend to exhibit larger diameters.

Synthesis of functionalized CNT networks has been reported before [104, 135, 164], and is
performed by our collaborator’s group (led by Dr. Luis Alvarez de Cienfuegos, Universidad de
Granada) in Spain. In this method, a CNT suspension is created in a basic aqueous solution of
Fmoc-FF via sonication. To prepare the basic aqueous peptide solution, Fmoc-L-FF and Fmoc-D-
FF peptides were weighed separately into vials and deionized water was added to obtain a final
concentration of 10 mM. The suspension sonicated for 1 hour. Then, a NaOH solution (0.5 M) was
added dropwise until a clear solution (pH=10.7) was obtained. To prepare composite solution of
peptides with carbon nanotubes, 0.7 mg of each CNT were weighed separately into a vial tube.
The carbon nanotubes were suspended in 1 mL of the basic aqueous peptide solution. The
suspension was sonicated for 2.5 h in a cold ultrasonic bath and then centrifuged for 5 min at
10.000 rpm. After collecting the supernatant, GdL is added, which lowers the pH, resulting in the
collapse of the peptide molecules and formation of a three-dimensional peptide hydrogel network,
encapsulating the CNTs. The network formation takes place via m-m interaction and hydrogen
bonding between the peptide molecules as well as between the peptide molecules and CNT
sidewalls [169]. Since the FF side chain is chiral, its interaction with the CNTs is expected to

induce chirality dependent effects in magnetotransport measurements.

Device fabrication and CISS studies using these samples have been performed by our group. For
the fabrication of the device, a slice of the gel is placed between Ni-Au contact pairs fabricated on
Si0,/Si. The Ni contact is protected by a photoresist layer to prevent oxidation, which is only
removed immediately before placing the gel. The Au and Ni contacts are made significantly large
in dimension to minimize the contact resistance contributions in the two-terminal CISS
measurements. Finally, the sample is annealed, which results in a xerogel structure contacted by
Ni-Au. The device made in this procedure remains electrically stable for at least several weeks.

An SEM image of the final device structure is shown in Figure 5.2(c).

Figure 5.2(d) shows the Raman spectra of the functionalized CNTs. The G band appears in all
samples, typically at ~1580—-1600 cm™!, and is due to the longitudinal vibrations of the carbon

atoms in the graphitic lattice. A weak shoulder peak is also observed in the G band, which is due
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to the tangential vibrations of the carbon atoms. The presence of a strong G peak in all cases

indicates that the underlying graphitic lattice is mostly unaffected even after functionalization.

All samples show a defect (D) peak around ~1350 cm™!, which typically manifests after the
sonication step due to the broken ends of the tubes. Thus, MWCNTs naturally have a stronger D
band, which is consistent with past studies [170, 171]. The G’ (or, 2D) band is observed around
~2680 cm™!. In some cases small peaks are observed at ~2930 cm™!, which is attributed to the G+D

peak [171].

Low energy radial breathing modes (RBM) are absent in functionalized DW- and MWCNTs. This
is due to the fact that the RBM frequency depends inversely on tube diameter and the large
diameter of these tubes makes the detection of RBM difficult. Also, the attached molecules may
cause suppression of radial vibration. However, RBM peaks are present in functionalized

SWCNTs in the range of 260-280 cm™!.

Figure 5.2(e) shows temperature-dependent resistance (R vs. T) of functionalized SW-, DW- and
MWCNT samples in the range 10K—300K. In all cases we observe negative temperature
coefficient of resistance i.e. the resistance decreases with increasing temperature (dR/dT < 0),
which is consistent with earlier work on CNT networks [172-176]. Such behavior is generally
explained by a “heterogeneous transport” model [177]. In a CNT network like ours, there exist
potential barriers due to tube defects and inter-tube crossings, which will localize charge carriers
in the nanotube segments. Carrier transport occurs via transport inside each nanotube segment
coupled with phonon-assisted tunneling or hopping from one segment to another [schematically

shown in Figure 5.2(a).

Narrower tubes (SW and DW) have larger band gaps compared to the MW tubes, resulting in a
more semiconducting type of behavior inside the tube segments. Thus, the overall resistance of the
SW- and DW- tubes is more sensitive to temperature compared to the MW tubes, as shown in
Figure 5.2(e). Multiple samples (~10) of each tube type have been tested, and each sample has
been scanned multiple times. The error bars from these measurements are shown in Fig. 4.2(d),
which shows that the R(T)/R(300 K) response is remarkably consistent. It is to be noted that, in
our case, the nanotube walls are attached with chiral molecules; hence, the carriers in the nanotubes

will experience a chiral potential and spin—orbit interaction of the nanotube.
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For the magnetoresistance (MR) measurements we choose a transverse configuration, in which
the magnetic field, and hence Ni magnetization is perpendicular to the sample plane and hence
perpendicular to any in-plane current path (Figure 5.2(c)). Most studies in CISS employ a
longitudinal configuration, in which the magnetic field is collinear with the current, and a spin
component collinear to the current is detected [100]. However, signals from such geometry may
have a contribution from the EMCh effect due to the non-zero B./ term as discussed above. The

transverse geometry chosen here tunes out any such contributions.

Earlier work from our group has shown that even in this transverse configuration a clear CISS
signal can be observed, which indicates the presence of a spin component transverse to the
direction of the current [164]. Such transverse CISS signals can be viewed as a pure CISS signal,

devoid of any artifacts arising from the EMCh effect.

The MR effect in CNT networks, consisting of both SW- and MWCNTs, has been reported by
multiple groups [172-175, 178-181]. In all cases, negative MR is observed in a transverse geometry
i.e. resistance R decreases with increasing magnetic field (B) strength, at low temperatures and low
magnetic fields. The negative MR is often attributed to quantum interference induced localization
effects, and is symmetric relative to the magnetic field, i.e. R (+ B) = R (— B). In our experiments,
the CNT network 1s functionalized with chiral molecules, and they are contacted with one magnetic
(Ni) and one non-magnetic (Au) electrode. As shown in Figures 5.3(a), (¢), (e), we also observe a

low temperature, low field negative MR for SW-, DW- and MWCNTs respectively.

The key difference is that the MR is no longer symmetric relative to B, i.e. R (+ B) # R (- B), and
this asymmetry (or, the “tilting”) of the MR curves is dependent on the chirality of the
functionalized CNT network, as shown clearly in the insets of Figures 5.3(a), (c), (€). As shown in
our earlier work, if achiral molecules are used, the MR response regains its symmetry [135].
According to the standard CISS picture, chiral medium polarizes electron spin, which experiences
different transmission probabilities through the Ni electrode depending on its magnetization,

resulting in an asymmetric R(B) response.

To isolate the asymmetric component due to the CISS effect, we plot the asymmetric and
symmetric components of the MR response in Figures 5.3(b), (d), (f), computed as RSY™/4sy™m =

[R(B) £ R(—B)]/2. 1t is clear that the asymmetric component is chirality dependent. The
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magnitudes of the symmetric and the asymmetric components are computed as &Y™ =

RSY™(0) — RSY™(+10kG) and &%Y™ = |RAY™(+10kG) — RAY™(—10kG)|, and the
normalized signal is computed as 65Y™/65Y™ x 100%.
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Figure 5.3: (a), (¢), and (e) Chirality-dependent MR effects in SWCNT, DWCNT and MWCNT networks

respectively. (b), (d), and (f) Asymmetric (main image) and symmetric (inset) components of the MR responses.
Resistance values are measured at 0.5 V.
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Figure 5.4(a) shows the §5Y™/5°Y™ ratio for SW-, DW- and MWCNTs. Clearly the CISS-induced
asymmetry of the MR signals decreases with increasing number of walls (or, average tube
diameter). Multiple (~10) samples have been tested for each type of CNT, and the trend in Figure
5.4(a) is always observed — i.e. MWCNT signals are always weaker than that of SWCNTs, while
DWCNTs typically show an intermediate signal strength. In literature, the CISS signal is often
computed as §'*5 = [R(—10kG) — R(+10kG)]/min[R(+10kG)]x 100%, [100], and |5 is
plotted in Figure 5.4(b). Clearly, |§¢/5S| for MWCNTs is weaker by an order of magnitude
compared to that of SWCNTs and DWCNTs.

MWCNTs consist of multiple coaxial graphene cylinders of different diameters. In most
experiments, including ours, the MWCNTs are contacted by bulk metallic pads, which form
electrical contact only with the outermost shell, and hence current is injected in the outermost
graphene cylinder. Combined with the weak coupling between the shells, which prohibits inter-
shell electron hopping at low temperatures, earlier experiments have reported that current flows
primarily through the outermost shell [182, 183]. The presence of defects in the CNT walls can
however cause inter-shell hopping. To account for this effect, mean diameter of the DW- and
MWCNTs should be considered, which are estimated to be ~ 0.9 nm and ~ 9.5 nm respectively,
as discussed before. Clearly, there exists an order of magnitude difference in the diameters between
SW-/DWCNTs (~ 0.82 nm and ~ 0.9 nm respectively) and MWCNTs (~ 9.5 nm), which should
result in an order of magnitude reduction of the spin-orbit coupling strength of MWCNTSs
compared to SW-/DWCNTs. This is expected to result in a concomitant order of magnitude

reduction in the CISS signal for MWCNTs, which we indeed observe in Figure 5.4(b).

Comparing |6¢"55| of SWCNTs and DWCNTs, they differ by a factor of ~2.2, whereas their
diameters differ by a factor of ~ 1.1, which are relatively close values and within the same order
of magnitude. Therefore, the systematic reduction of the CISS signal with nanotube radius, as
observed in Figure 5.4(b), can be attributed to the gradual reduction of the CNT spin-orbit coupling
with increasing radius. Figure 5.4(c) shows the §45¥™/§5Y™ ratio for SW-, DW- and MWCNTs at
different temperatures. A monotonic decreasing trend is observed, which has been observed before
in CNT-based systems, [104, 135, 164], presumably due to increased spin relaxation in CNTs at
higher temperatures [184]. At all temperatures SWCNT signal is the strongest, MWCNT is the

weakest and DWCNT has an intermediate value. This is consistent from sample-to-sample, as
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indicated by the error bars. We also note that the CISS signal manifests in the 10-30 K range,
which corresponds to an energy scale of 0.86—2.58 meV. This matches the ~ImeV spin—orbit

energy scale of CNTs discussed above.
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function of tube diameter. (¢) MR asymmetry as a function of temperature for SW-, DW- and MWCNTs.

63



In CNTs, bandgap depends inversely on diameter, and the larger-diameter multiwall tubes tend to
be metallic. This explains why the MWCNT resistance is much smaller than the SW/DW- CNT
resistance values, as shown in Figure 5.3. This metallic behavior of MWCNTs is also shown in
Figure 5.2(e), where it shows much weaker temperature dependence compared to SW/DW-CNTs.
The trends reported above are based on normalized quantities such as §*™/5%™ and §'55, and not
on specific resistance values. Furthermore, we have shown data from multiple samples (~10), and
each sample has been tested multiple times. The error bars are indicated in our data. Our

conclusions are based on the overall statistical trend and not on any specific device. Thus, we

believe that device-to-device variation has already been factored into our conclusions.
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measurements the peptide concentration was 5 mM and CNT concentration was 0.35%. Red color corresponds to the
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for comparative purposes.
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A curious feature of the MR responses is that the SWCNT samples exhibit opposite chirality
dependent behavior compared to the DW and MW samples, as seen from Figures 5.2(b), (d), (f).
To understand this, we investigate the circular dichroism (CD) response of the diluted CNT
samples (Figure 5.5; for CD spectra Figure 5.6; for HT spectra), which suggests that an inversion
of the supramolecular chirality of the peptide fibers is taking place mediated by the type of
nanotube. This effect is well-known in literature, as supramolecular interactions are non-covalent
and can be affected by several internal and external stimuli such as chiral or achiral molecules,
different additives, and changes in the pH of the media, solvent composition or by the application
of heat, light or sonication [185-187]. Recently, it has been shown that supramolecular chirality
can be inverted by the size of Au NPs (nanoparticles) through the interaction of the organic
molecules with the different curvatures of the NPs [188]. Presumably, a similar effect is occurring
here, as different CNT samples have a different radius and hence different curvature.
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Figure 5.6: HT spectra of (a) Fmoc-FF solutions (5 mM) and (b)—(d) Fmoc-FF (5 mM) + CNT (0.35%) solutions.
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Figure 5.5(a) shows the usual supramolecular arrangement of these type of peptides corresponding
to a f-sheet and characterized by the presence of two peaks: one at ~270 nm (z - * transition of
the fluorenyl groups) and the other more intense peak at ~220 nm (n - ©* transition of the amino
acids) [189]. The CD spectra of the Fmoc-FF (L) derivative (red color) showed negative values
while the D derivative (blue color) showed positive values. Figure 5.5(b) shows the CD spectra of
the peptide solutions (Fmoc-FF) at the same concentration but now interacting with a suspension
of SWCNT (0.35%). In this case, the interaction with the SW tubes produced an inversion of the
supramolecular chirality of the peptides, now showing positive values for the L derivative (red
color) and negative values for the D derivative (blue color). Nevertheless, this inversion in the
chirality was not observed for the other two samples containing DW-and MWCNT (Figures 5.5(c)
and (d)). In these cases, the sign of the curves was the same as the initial Fmoc-FF peptide solutions
of Figure 5.5(a). As such, the opposite CISS values of SWCNT samples with respect to DW- and
MWCNTs (as observed in Figure 5.3) can be explained based on the opposite supramolecular

chirality of the peptide-CNT samples.

5.3 Summary and conclusion
To summarize, the physical origin of CISS is often debated, in particular the role of spin-orbit
interaction of the chiral medium, and the effect of other EMCh effects on CISS. In this study, we
nullified the EMCh effect using a transverse geometry, but still observed the characteristic CISS
signals. The strength of this pure CISS signal scales proportionately with the spin-orbit strength
of the medium. Thus, CISS cannot be explained solely based on EMCh and spin-orbit coupling of
the medium indeed plays a critical role. Spin-orbit coupling is generally considered to be a
“double-edged sword" in spintronics, because on one hand it allows external electric field control
of the spin orientations, but on the other hand, it can also cause spin dephasing. It appears that in
CISS systems, spin signal actually increases with the spin-orbit coupling strength, which is
different from conventional materials. The CISS signal is dictated by the supramolecular chirality
of the medium, consistent with previous studies. Considering the inverse relationship between
CNT diameter and the spin-orbit coupling strength, the CNTs can be viewed as graphene in the
large diameter limit. Therefore, one should expect vanishing CISS effect in chiral functionalized
graphene as well. We investigate this hypothesis in the next chapter and explore CISS effect in 2D

system.
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Chapter 6: Chirality-induced Spin Selectivity in Supramolecular
Chirally Functionalized Graphene

6.1 Introduction
As discussed in the previous chapter, the CISS effect diminishes in CNTs, in the large diameter
limit. Therefore, in the case of graphene, which is essentially a CNT with infinitely large diameter,
the CISS effect is expected to vanish. This is because the spin-orbit coupling is much weaker in
graphene compared to CNTs, due to the absence of the curvature effect. Despite the promising
interest in chiral graphene hybrid materials for diverse applications such as catalysis and sensing,
their CISS properties have not been investigated yet, which motivates our research in this area.
Graphene, in its pristine form, is a particularly interesting 2D material because of its unique band
structure, high carrier mobility and its ability to show various quantum transport phenomena even
at room temperature [190, 191]. From the viewpoint of spintronics, room-temperature spin
transport and micron scale spin relaxation length in pristine graphene layers have been reported
[192, 193]. Such features originate due to weak intrinsic spin-orbit interaction of graphene and
weak hyperfine interaction of electron spin with carbon nuclei, which suppress the spin relaxation
mechanisms. On the other hand, it has been reported that various chiral organic molecules can
impart chirality to various graphene derivatives such as graphene oxide (GO) and reduced (or,
deoxygenated) graphene oxide (rGO) via covalent as well as non-covalent interactions including
hydrophobic effect, n—mr stacking, electrostatic effect etc. [194-201]. In most cases, chirality of the
resultant hybrid materials originates from the chirality of the attached moiety. These have been
classified in various categories such as “configurational chirality” (originating from small chiral
molecules), “conformational chirality” (due to helical polymers) or “hierarchical chirality” (due to

chiral liquid crystal structures) [197].

Reference [202] reported synthesis of chiral graphene quantum dots via functionalization with
chiral cysteine molecules. The molecules attach with the edges of the graphene flakes and induce
“structural chirality” in the form of helical buckling of the flakes. Several application areas of
chiral graphene have been explored by the above studies, which include chiral catalysis [198],
chiral separation and recognition [196, 199, 200], enantioselective sensing [195, 201] etc. Use of

GO and rGO in these studies is motivated by the fact that they are amenable to chiral
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functionalization via chemical means, and chiral graphene can be generated in large quantities via
solution processing, which are difficult to achieve using pristine graphene. While electrical
conductivity of rGO is significantly lower than that of pristine graphene, it is still much more
conductive than pure organics and commonly finds applications in field-effect transistors [203],

chemical sensors [204] and conductive electrodes in various devices [205].

At the present stage, very little, if any, is known about the CISS properties of these chiral graphene
materials. A priori, CISS effect is expected to be weak due to the weak spin-orbit interaction of
graphene, even though rGO systems are structurally distinct from pristine graphene layers, due to
the presence of defects in the form of carbon vacancies and adatoms such as hydrogen and oxygen.
In any case, if the CISS effect exists in chiral rGO systems, it could potentially be used as a

detection mechanism for the above chiral separation, recognition and sensing applications.

In this chapter we report the CISS effect in a thin graphene film, which consists of rGO flakes non-
covalently functionalized with chiral supramolecular fibers made by the self-assembly of Fmoc-
FF (L/D). Graphene is covered by the hydrophobic peptide fibers in which the aromatic rings of
Fmoc-FF molecules bind efficiently with the planar surface of graphene via m-m interaction.
Control experiments are performed with Fmoc-GG (Fmoc-diglycine) molecules, which are achiral.
As described below, the chiral molecules self-assemble in helical supramolecular structures along
with the attached graphene and induce the CISS effect in two-terminal magnetotransport
measurements. The role of graphene flake thickness has been investigated by using single-layer

graphene (SLG) and multi-layer graphene (MLG) flakes (both in rGO form).

6.2 Results and discussions
Synthesis of chiral functionalized graphene and its CD characterization has been performed by our
collaborator’s group (led by Dr. Luis Alvarez de Cienfuegos, Universidad de Granada) in Spain.
Device fabrication, microscopic characterizations and electronic and magnetic measurements have

been performed in our group.

Figure 6.1(a) shows the circular dichroism (CD) spectrum of the chiral (Fmoc-FF L/D) solutions.
Figures 6.1(b), (c) show the CD spectra of the SLG and MLG solutions respectively, functionalized
with Fmoc FF L/D molecules. Figure 6.1(d) shows the CD spectrum of the SLG and MLG
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solutions functionalized with achiral (Fmoc-GG) control molecules. Corresponding HT spectra are

shown in Figure 6.2.
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Figure 6.1: (a)-(d) CD characterizations of the Fmoc-FF and functionalized SLG and MLG solutions. (¢) TEM image
of a pristine (unfunctionalized) graphene flake. Arrow shows the straight edge of the flake. (f), (g) TEM images of

functionalized flakes. The arrows show the curved flakes.
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CD spectra of Fmoc-FF supramolecular fibers showed mirror images for both enantiomers
indicating that the chirality of the supramolecular aggregates is dictated by the intrinsic chirality
of the peptide. These aggregates show two characteristic Cotton bands, one around 220 nm which
corresponds to n—n* transition of the amino acids and another band around 260—270 nm which
corresponds to the m—n* transition of the fluorenyl groups and previously justified as superhelical
arrangements of these peptides [189, 206, 207]. This band determines the supramolecular
arrangement of these peptides and therefore is the one related to the CISS effect [104].

The self-assembly of Fmoc-FF in water is mainly mediated by hydrophobic interactions between
peptides. This process can be triggered by different stimuli, and once the self-assembly is
promoted, the formation of fibers is highly favored [208]. As such, when solid particles are present
in the media, they are engulfed by the peptide fibers in formation, including them in the
supramolecular peptide structure and giving rise to hybrid materials [104, 135, 208-211]. This
process favors a strong interaction between the peptide fibers and the solid material that ends up
with its surface completely functionalized with the peptides. Moreover, if the solid material is
flexible, it can suffer morphological alterations in its structure, the peptide fibers acting as a

template [212, 213].

In this process, the supramolecular arrangement of the peptides can also be altered by the
interaction of the peptides with the solid particles, resulting, in some cases, an inversion of the
supramolecular chirality, as observed by changes in the sign of the Cotton bands in CD spectra.
We have previously observed this effect when the self-assembly of Fmoc-FF in the presence of
SWCNT (single-walled carbon nanotubes) is triggered by Na>COj3 or GdL [104] or in the presence
of CNTs of different diameters, as discussed in the previous chapter [209]. In this case, we
observed the same effect when passing from the peptide’s solutions (Figure 6.1(a)) to the peptides

containing SLG (Figure 6.1(b)).

These samples show an inversion of the supramolecular chirality of the peptides; © - &* transition
of the fluorenyl groups has positive values for SLG-Fmoc-FF (L) and negative ones for SLG-
Fmoc-FF (D). Quite remarkably, this inversion of the supramolecular chirality is not observed
when MLG is used (Figure 6.1(c)). In this case, the sign of the CD for the hybrid MLG-Fmoc-FF
aggregates are preserved with respect to the Fmoc-FF solutions. Finally, graphene flakes

functionalized with achiral Fmoc-GG show no CD as expected, (Figure 6.1(d)).
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TEM images of the SLG flakes are shown in Figures 6.1(e)—(g). Figure 6.1(e) shows a reference
pristine graphene flake, without any functionalization. It is important to note that the pristine flake
appears flat, with sharp, straight edges. In contrast, the functionalized (using Fmoc-FF(D)) flake
shown in Figure 6.1(f) appears curved, resembling a partially rolled structure. Figure 6.1(g) shows
the partially rolled functionalized graphene flakes on a larger scale. As commented above, this

graphene distortion is exerted by the peptide self-assembly process.

(a)  FmocFF(D) (b) 200 SLG-Fmoc-FF(D)

300 - Fmoc-FF(L) SLG-Fmoc-FF(L)
650 -
7004 600 -
600 ~ 307
E =500
E 5004 [E 450
400 ] 400 4
350
3004 300

200 250 — . — . —

T Y T T T T 200 220 240 260 280 300 320 340 360

200 220 240 260 280 300 320

Wavelength (nm) Wavelength (nm)

(©) MLG-FmocFFD)  (d)

SLG-Fmoe-GG

800 MLG-Fmoe-FF(L) 700 5 ——— MLG-Fmoc-GG
650
700 4
600
600 - 550
= 500 < 500
=7 = 450
= ==
400 - 400
350
300
300
00 T T T T T T T T 250 T r T T T T T T
200 220 240 260 280 300 320 340 360 200 220 240 2060 280 300 320 340 360
Wavelength (nm) Wavelength (nm)

Figure 6.2: (a)-(d) HT spectra of the Fmoc-FF and functionalized SLG and MLG solutions.

Raman spectra of raw and functionalized graphene flakes, measured in ambient air with an
excitation wavelength of 532 nm are shown in Figure 6.3 (a). At lower wavenumbers (<2000 cm”
1, the well-known D (~1350 cm™), G (~1580 cm™), and D' (~1610 cm™!) peaks are present [214].
While the strongest peak in unfunctionalized (raw) SLG and MLG is the G peak, the D’ peak
appears as the dominant peak in the functionalized graphene samples. The appearance of the strong
D' peak after functionalization indicates the presence of defects and structural disorder. It should

be noted that the D' peak is relatively weak and can be challenging to distinguish from background
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noise in the raw samples, however, the presence of strong D' peak in conjunction with the D and

G peaks after functionalization indicates lattice distortion.
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Figure 6.3: (a) Raman characterization (532 nm), showing the relevant peaks before and after functionalization. (b)
FESEM image of a two-terminal device in which a chiral-functionalized graphene layer is contacted by Au, Ni
electrodes. Applied magnetic field is out-of-plane. (¢) Schematic of a typical current path through the chiral graphene
flakes, which has both in-plane (primary) and out-of-plane (secondary) components.
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As commented above, this can arise from the self-assembly of the peptide molecules, which inflicts
strain on the attached SLG and MLG layers, as indicated by the twisted and rolled layers of
graphene as seen in Figures 6.1(f), (g).

In the functionalized samples we observe additional peaks at ~1479 cm™!, which is associated with
the functionalization-induced structural changes and the vibrational modes of the functional groups
[215], and also at ~1294 cm™!, which is related to the oxygen-containing functional groups and
carboxyl (-COOH) groups [216]. In addition, we observe weak Raman active bands such as 2D
(~2710 cm™!) and D+G (~2950 cm!) at higher wavenumbers. The presence of defects and disorders
broadens and weakens the 2D peak significantly, which is a characteristic of rGO [217].

A two-terminal planar CISS device is fabricated by placing a slice of the gel described above in
between Au—Ni contacts. The device is vacuum annealed to improve the electrical contacts as well
as to improve the connectivity between the individual chiral flakes [218]. A FESEM image of the
final device is shown in Figure 6.3(b). The “rolled-up” graphene structures discussed before are
also visible in this image. The contact dimensions are chosen such that the intrinsic resistance of
the chiral graphene layer dominates. As evident from the above fabrication process, the graphene

film is not homogeneous, but it is composed of multiple graphene flakes, each of which is chiral.

It is important to note that the device is planar and current is injected via the flakes that are in
contact with the metallic electrodes at the bottom. However, since the flake size is smaller than the
contact gap, carriers need to transfer to the other overlapping flakes to complete the current path.
Thus, along with the primarily planar component of charge flow, a small vertical “out-of-plane”

component is present as well. This is shown schematically in Figure 6.3(c).

Figures 6.4(a), (b) show the temperature-dependent current-voltage (/-V) characteristics of the
SLG+Fmoc-FF samples with both chiralities, measured at zero magnetic field. The I-V plots as
well as the temperature-dependence of resistance of the Fmoc-GG+SLG/MLG samples have been
shown in Figure 6.5(a), (b).

The [-V characteristics have been found to be nonlinear relative to bias and semiconducting in
terms of temperature dependence. Similar behavior has been reported in the literature for
monolayer [219-221] as well as multilayer rGO [222]. In rGO, regions of highly conductive

graphene islands with delocalized states are separated from each other via disordered regions or
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“barriers” with localized states, and conduction is limited by the temperature activated hopping

mechanism through the localized states [219, 220, 222].
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Figure 6.4: (a), (b) Main image — Current-voltage (I-V) characterization of Fmoc-FF L/D functionalized SLG
samples. Insets — Fitting with the VRH model. (c¢), (d) Main image — MR characterization of SLG and MLG samples
respectively, functionalized with achiral Fmoc-GG molecules. The insets show the symmetry of the MR response.
Resistance values are measured at 0.5V.

As bias voltage is increased, electrons acquire sufficient energy and percolate through the flakes
via multiple branches (field-assisted tunneling), which gives rise to the non-linear bias-
dependence. It is to be noted that in the present case the graphene flakes are functionalized with

chiral molecules, which is expected to induce CISS during transport.
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Figure 6.5: (a), (b) Temperature-dependent resistance (measured at 0.5V) and typical I-V characteristics of Fmoc-
GG functionalized SLG and MLG samples.

The temperature-dependent /-J response in rGO or randomly distributed graphene islands is
typically explained in terms of the variable-range hopping (VRH) model [218-222], in which
resistance R scales with temperature 7 as follows: R « exp [(T,/T)?], where Ty is a parameter
known as “characteristic temperature”, and p is a fractional exponent equal to 1/(d+1), where d is
the dimensionality of the system. Figures 6.4(a), (b) insets show logarithmic resistance (computed
at 0.5V) vs. 1/T'/3. A linear dependence is found, which is consistent with the 2D structures of

the rGO flakes.

The temperature dependence of resistance is weaker in MLG samples compared with the SLG
samples (Figure 6.5). In the case of MLG, only the surface layer is functionalized, whereas the
inner layers are not, and the transport occurs via both inner layers and the surface layers. The
unfunctionalized inner layers offer fewer barriers and hence weaker temperature dependence of

resistivity for the MLG samples.

Figure 6.4(c) shows the magnetoresistance (MR) of Fmoc-GG functionalized SLG flakes,
contacted between Ni-Au electrodes, with magnetic field in the out-of-plane direction. It is to be
noted that the MR curve is symmetric, with R(+12kG) = R(-12kG), as shown in the insets. A
negative MR, defined as R(0) — R(£12 kG) /R(x12 kG), of ~ 15% is observed at 11K for the Fmoc-
GG+SLG samples, which gradually weakens with increasing temperature. As described above, the

system is not a weakly-disordered metallic system, and hence the standard weak-localization
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theory cannot be used to explain this negative MR. However, even in VRH regime, such negative

MR has been reported to appear, due to magnetic field driven carrier delocalization [223].

In general, MLG samples show lower resistance values compared with their SLG counterparts.
We believe that the availability of multiple inner current paths via the inner layers of MLG causes
lower resistance. The inner layers are not functionalized as discussed above, and hence, they offer

fewer barriers, which lowers the overall resistance of the MLG samples.

Figures 6.6(a), (b) show the MR responses of chiral functionalized (using Fmoc-FF L/D) SLG and
MLG samples respectively. The background negative (positive) MR is present for SLG (MLG)
samples. The new feature is an asymmetry in the MR response, which depends on the chirality, as
clarified in the insets. For example, in the case of SLG samples (Figure 6.6(a)), R(+12 kG) 2 R
(= 12 kG) for L and D chirality respectively. For MLG samples, as shown in Figure 6.6(b), this
dependence is reversed, for example, R(+12 kG) s R (- 12 kG) for L and D chirality respectively.

Such chirality-dependent MR asymmetry can be explained by invoking the standard CISS
phenomenology [100]. The electrons traveling through chiral (L/D) functionalized graphene flakes
acquire a chirality-dependent spin polarization (up/down), which is either transmitted or blocked
depending on the magnetization of the Ni spin detector, resulting in a chirality dependent
asymmetry in MR. Opposite chiralities induce opposite spin polarizations, and hence the MR
asymmetry is reversed for L and D chiralities. It is to be noted that in our experiments we have
kept the magnetic field perpendicular to the sample plane, and hence perpendicular to the planar
current paths. This ensures that the results are minimally influenced by any electromagnetochiral

effect [224].

Observation of a CISS signal in such transverse configuration also confirms the existence of
transverse spin components perpendicular to the current path. This has been reported before in
functionalized carbon nanotubes [164], and is true for functionalized graphene as well. For ideal
helical systems, the net transverse spin component is expected to be zero [225]. However, in
reality, the direction of spin depends on various factors such as electron energy or the details of
the chiral medium and its coupling with the electrodes [225]. These can result in nonzero transverse

spin polarizations.
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Figure 6.6: (a), (b) Main images — MR responses of Fmoc-FF L/D functionalized SLG and MLG samples
respectively. The inserts show the asymmetry of the MR response. Resistance values are measured at 0.5V. (¢), (d)
Odd (main image) and even (insets) components of the MR response. (e), (f) CISS signal as a function of temperature

for both types of samples.
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The opposite MR asymmetries of the SLG and MLG samples correlate with their respective
chiralities, as discussed earlier in Figures 6.1(b), (c). The symmetric MR response from the Fmoc-
GG functionalized samples shown in Figure 6.4(c), (d) also correlates with the null CD result in
Figure 6.1(d). This is a clear indication that the supramolecular chirality associated with the
peptide fibers is efficiently transferred to the conductive material [135, 209]. Even though the
details about the mechanism of chiral induction are not fully known, it is worth noting that simple
CD measurements of supramolecular aggregates gave predictable information about the
asymmetry in the MR responses. Consequently, achiral fibers with null CD resulted in no spin
selection. Although a correlation between the CISS effect and the sign and magnitude of the CD
of the conductive material has been suggested in earlier reports [224-227], the present result shows
that the CD signal of the chiral inductor could also infer the CISS response of the composite

material.

Since the role of the chiral molecules is to introduce an asymmetry in the MR response, we isolate
this contribution by computing the odd component of the MR function, defined as R4SY™(B) =
[R(B) — R(—B)]/2, shown in Figures 6.6(c), (d). Likewise, the CISS-independent background
symmetric MR is quantified by the even component of the MR function: RSY™(B) =
[R(B) + R(—B)]/2, as plotted in the insets of Figures 6.6(c), (d). The magnitude of this CISS-
independent symmetric component is defined as 6™ = |RSY™(0kG) — RSY™(+12 kG)|.
Similarly, the strength of the CISS-dependent asymmetric component is computed as §45™ =
RASYM™(+12 kG) — RASY™(—12 kG), and the CISS signal is represented as §4Y™/55Y™ x 100%.
Figures 6.6(e) and (f) summarize the §45Y™/§5Y™ responses for SLG and MLG samples
respectively, showing their temperature dependence. The CISS signal has been found to decrease
with increasing temperature. While this is in contrast with the molecular systems, such
temperature-dependence is often observed in solid-state CISS devices [228]. We also observe that
the §45Y™/§5Y™ values of the MLG samples are generally lower than that of the SLG samples
under the same conditions. This is expected, because, as discussed above, transport in MLG occurs
via multiple inner layers, and these layers are less affected by the chiral molecules, which are

attached to the surface layers.
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Figure 6.7: MR data from a different set of samples. (a), (b) Main images — MR responses of Fmoc-FF L/D
functionalized SLG and MLG samples respectively. The insets show the asymmetry of the MR responses. Resistance
values are measured at 0.5V. (c¢), (d) Odd (main image) and even (insets) components of the MR response. The
computed CISS signal (§45Y™/§5Y™) values are as follows: SLG FF D: - 24.9%; SLG FF L: 10%; MLG FF D: 5.1%;
MLG FF L: - 3.7%.

We measured four different SLG samples and nine different MLG samples. For the SLG samples,
since the signal was stronger, we typically measured each device two or three times at a given
temperature and bias. For the MLG samples, since the signal was weaker, we typically measured
each device five or six times. The signals are reproducible, and the error bars shown in Figure
6.6(e), (f) are derived from all of the above scans, i.e., including different devices as well as
multiple scans on the same device. In Figure 6.7, we have added data obtained from a different set

of samples, showing the reproducibility and variability of these results.
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A self-consistent theoretical model of the CISS effect currently does not exist, and it is a subject
of significant research activity [101]. It is generally thought that spin-orbit interaction, along with
spatial inversion asymmetry (due to the chiral structure) and time inversion asymmetry (due to the
external magnetic field) are the necessary components for observation of this phenomenon [101].
Spin-orbit interaction of pristine graphene is weak, due to the low atomic number of carbon [166],
and hence the observation of CISS effect discussed above is somewhat surprising. However, in the

present case, there are several factors that may mitigate this effect:

(a) First, it has been reported by theoretical calculations that curved graphene layers have an
additional spin-orbit term that arises due to mixing of ¢ and 7 bands due to local curvature[166].
Such curvature-induced spin-orbit interaction is estimated to be an order-of-magnitude stronger
than the intrinsic spin-orbit coupling [166]. In our case, on the molecular level, the chiral entities
form a helical supramolecular structure. It's important to note that the chiral molecules are strongly
attached to the graphene layers via m-m interactions. Hence, when these molecules self-assemble
to form superhelical structures, so do the graphene layers attached to them (so-called
“conformational chirality”’), which makes the graphene layers curved and this can enhance the
spin-orbit coupling. The TEM images in Figure 6.1(f), (g) and the FESEM image in Figure 6.3(b)
indicate that the graphene layers are indeed curved. We also note that due to the relatively higher
structural rigidity of MLG samples compared to SLG, such effect is expected to be weaker in

MLG, which is consistent with the observation of weaker CISS signals from MLG samples.

(b) Second, and perhaps more importantly, the system under consideration is rGO, instead of
pristine graphene. Due to the synthesis mechanism of rGO, there exist impurity atoms (such as
hydrogen) on the graphene lattice [193, 229, 230]. Such impurities can cause local lattice distortion
via sp* hybridization, which can significantly enhance the local spin—orbit interaction [231, 232].
According to some studies, such enhanced spin—orbit interactions can approach values comparable
to those in zinc- blende semiconductors [231]. Such spin—orbit enhancements are presumably
responsible for the CISS signal in rGO, even though it is not expected in pristine, impurity-free
graphene. We note that such adatom-induced enhancement of the spin—orbit interaction is
responsible for small spin relaxation times in graphene [233]. Apart from the above factors that
enhance the spin—orbit coupling in rGO, we note that there are several sources of magnetic defects,

as well. The hydrogen adatoms discussed above can give rise to local magnetic moments [234].
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Carbon vacancies, which typically arise during GO synthesis and its thermal exfoliation reduction,
are well-known magnetic defects [193, 229, 230]. Such local magnetic interactions can also

contribute to the observed CISS effect.
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Figure 6.8: (a), (b) Bias dependence of A/, computed as /(+12 kG) — I(-12 kG), for SLG/MLG+Fmoc-FF (L/D)
respectively. The current difference approaches zero as the bias is reduced (approaching “linear range”), consistent
with Onsager’s reciprocity principle.

Figure 6.8 shows the differential current signal A/, computed as I(+12 kG) — I(-12 kG) as a
function of applied voltage bias. In a two-terminal measurement geometry with only one magnetic
contact, as shown in Figures 6.3(b) and (c), Al is expected to be zero according to Onsager’s
reciprocity principle, at least in the /inear region [102]. As seen from Figure 6.8, Al approaches
zero as voltage bias approaches zero i.e. as the device enters the linear region of operation. The
current differential A/ due to the CISS effect increases with bias, and manifests in the non-linear

region of transport in the present measurement geometry. This result is consistent with that
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observed recently in CNT based CISS devices [164]. The CISS signal saturates around ~0.5V, and
hence the MR curves discussed in Figures 6.4, 6.6, and 6.7 have been acquired at this optimum

bias value.

6.3 Summary and conclusion
Graphene is a promising 2D material for emerging electronic and spintronic devices, however, its
compatibility with the CISS effect was never explored before. In fact, weak spin-orbit interaction
of graphene makes occurrence of CISS unlikely in this material. Nevertheless, in this work, we
have demonstrated that the CISS effect manifests in rGO flakes functionalized by chiral dipeptide
molecules. The chiral molecules organize in supramolecular structures, resulting in a
“conformational chirality” of the attached graphene flakes. This introduces a curvature in the
graphene flakes, as shown by the microscopic images discussed in this paper. Such curvatures as
well as other symmetry-breaking factors discussed in this paper presumably contribute to the CISS
signal. The simple and straightforward methodology described in this chapter can be used to induce
chirality and CISS properties in a multitude of easily accessible advanced 2D conductive materials,
vastly expanding device design opportunities and associated applications. The observed CISS
signal correlates with the supramolecular chirality of the medium, emphasizing the importance of

“global chirality” as opposed to “local chirality” in CISS phenomenon [104, 209, 235].

In the next chapter, as part of our ongoing work, we enhance our comprehension of the CISS
phenomenon described above through angle-resolved MR measurements. We demonstrate how
the chirality-dependent two-terminal CISS MR manifests at various measurement angles for

various combinations of magnetic and non-magnetic electrodes.
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Chapter 7: Thesis Summary

As the result of the first Project, we present current-perpendicular-to-plane (CPP)
magnetoresistance (MR) results from ultrathin flakes of 1T-VSez. A significant positive, linear,
and non-saturating MR effect, approximately 60%—-70%, is observed near room temperature
(~250K) within a magnetic field range of +12kG. This robust MR effect, which occurs
significantly beyond the charge density wave (CDW) temperature, indicates 1T-VSe: as a

promising material for 2D-based magnetic sensors.

Unlike conventional MR effects, thermal fluctuations enhance the observed MR in 1T-VSe.. This
MR effect is attributed to mobility inhomogeneity in the carrier transport path. In 1T-VSe, in-
plane conduction is metallic, while out-of-plane conduction exhibits mixed metallic and
semiconducting behavior due to the inhomogeneous structure of 1T-VSe., which is more
pronounced in the CPP geometry. Consequently, the net CPP transport is inhomogeneous,
contributing to the MR effect. The high mobility regions consist of VSe: layers, while the low
mobility regions, which act as barriers, consist of weak interlayer coupling. Subsequently, this

mechanism leads to an increase in MR with rising temperature and decreasing flake thickness.

Other 2D materials and van der Waals (vdW) heterostructures with inhomogeneous structures and
dissimilar transport properties along in-plane and out-of-plane directions may also exhibit high
MR responses in CPP geometry. It may be possible to harness this naturally occurring property to
observe similar MR responses across a broad family of 2D materials. Furthermore, mobility
fluctuations could be tuned by intercalating vdW materials or even organic molecules. This would
potentially enhance the inhomogeneous structure of the hybrid material, leading to higher MR at
room temperature. Unlike other 2D magnetic materials, this effect is not limited by the Curie

temperature, as it does not rely on the magnetic properties of the layers.

In the second project, we investigated chirality-induced spin selectivity (CISS) in chiral hybrid
composites within 1D and 2D systems, using carbon nanotubes (CNTs) and graphene. The CISS
effect offers a way to generate spin-polarized currents at the nanoscale using chiral hybrid

nanostructures without the need for magnetic materials.
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We unveiled the role of spin-orbit coupling (SOC) in the CISS effect. The physical origin of CISS
is often debated, particularly regarding the contribution of SOC in the chiral medium and the
impact of other electromagnetic chiral (EMCh) effects. In this study, we eliminated the EMCh
effect using a transverse geometry but still observed characteristic CISS signals. The strength of
this pure CISS signal scales proportionately with the spin-orbit strength of the medium, indicating
that SOC plays a critical role in CISS, independent of EMCh.

In this hybrid system, transport occurs via CNTs, and the carriers experience the CNT spin-orbit
interaction. The attached molecules have insulating nature and negligible spin-orbit interaction due
to their low atomic numbers. Consequently, they do not contribute significantly to the SOC.
However, the inversion-asymmetric electrostatic helical potential induced by the molecules can
enhance the native SOC of the CNTs via the Rashba effect. The role of the chiral molecules is to
create an inversion-asymmetric helicoidal electric field on the charge carriers. This electric field
generates a strong Rashba SOC in the channel, splitting the energy bands and polarizing the
electron spins. Our study demonstrates that the strength of SOC in the main channel is crucial for
the CISS effect. The supramolecular chirality of the medium significantly influences spin

polarization, thereby enhancing our understanding of spintronic phenomena in hybrid systems.

In the second project, we also explored the potential transfer of the CISS effect from one-
dimensional (1D) to two-dimensional (2D) systems using graphene. While graphene exhibits
promising properties for emerging electronic and spintronic devices, its compatibility with the
CISS effect has not been previously investigated due to its weak spin-orbit interaction.
Nonetheless, our study demonstrates the manifestation of the CISS effect in reduced graphene
oxide (rGO) flakes functionalized with chiral dipeptide molecules. These molecules organize into
supramolecular structures, inducing "conformational chirality" in the attached graphene flakes.
Microscopic imaging confirms the presence of curvature in the graphene flakes, which, along with
other symmetry-breaking factors discussed in this thesis, likely contribute to the observed CISS
signal. To further investigate the CISS effect in the 2D system, we are conducting angle and
contact-dependent measurements as part of the future work presented in the appendix. The
methodology outlined in this thesis offers a simple and effective approach to induce chirality and
CISS properties in various readily available 2D conductive materials, thereby expanding the

possibilities for device design and applications. The observed CISS signal is closely linked to the
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supramolecular chirality of the medium, underscoring the significance of "global chirality" in the

CISS phenomenon compared to "local chirality”.

Overall, in this thesis, we shed light on the magnetotransport properties of 1T-VSe;, the CISS
mechanism in 1D nanotubes, and the feasibility of transferring CISS from 1D to a 2D system. We
demonstrate the potential of 2D TMD materials as an alternative platform for miniaturized
magnetic sensors. We have also highlighted possible directions for further research based on these

results presented in the appendix.
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Appendix A: Future Works on 2D VSe;

As part of our ongoing research, we are currently designing additional experiments to gain a deeper
understanding of the intrinsic transport inhomogeneity in 2D VSe: and related compounds.
Specifically, our investigations are centered around two main topics: (a) Angle and bias
dependence of magnetoresistance for 1T-VSe; flakes and (b) structural phase transition of VSe»

and its oxide, as well as investigation of their transport properties.

In addition, we are further investigating the CISS effect within the realm of 2D materials. In
particular, we are investigating the mechanism and origins of CISS MR in 2D chiral hybrid
materials via angle-resolved MR measurements. We demonstrate how the chirality-dependent
CISS MR manifests even for non-magnetic electrodes in two-terminal system. These results
highlight the importance of non-magnetic-chiral media interface for a proper interpretation of the

CISS MR, which remains elusive.

Al: Angle and bias dependence of magnetoresistance for 1T-VSe; flakes

The investigation into the impact of applied electric fields, achieved by varying the applied bias
on the CPP geometry of 1T-VSez, may provide valuable insights into the mechanism of mobility
inhomogeneity discussed in Chapter 4. By manipulating the electric field strength, we have the
ability to adjust in-plane momentum scattering and inter-plane potential barrier bending. As both
phenomena are intertwined in van der Waals materials, we expect this experiment to yield valuable
insights into the conditions that determine the dominance of these phenomena. Furthermore, the
impact of the magnetic field direction on the CPP geometry of 1T-VSe; has not been explored,
which could potentially lead to higher CPP magnetoresistance (MR) at room temperature

considering the impact of Lorentz force.

A2: Structural phase transition of VSe; and its oxide

The structural phase transition of multilayer VSe» is an ongoing field of research and has garnered
significant attention in the field of spintronics [236]. Under certain conditions VSe; exhibits a
fascinating phase transition between two distinct crystal structures: the 1T (octahedral) and 2H

(hexagonal) phases. In contrast to other dichalcogenide compounds such as MoS; and WSe», VSe»
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exists in the crystallographic form of 1T. Theoretically, it has been shown that the 2H-phase of
VSe> multilayers have a Curie—Weiss temperature up to 425K and behave like high-temperature
2D ferromagnetic semiconductor [84]. In addition, the bilayer of 2H-VSe: is predicted to be a 2D
antiferromagnetic van der Waals crystal with electrically-induced half-metallicity properties [97].
As part of an on-going project, we expect to achieve the phase transition from the 1T to 2H phases
via annealing using RTA. Our initial results indicate that annealing under vacuum at 300-340° C
did not change the Raman spectroscopic characteristic of 1T, indicating the two Raman active
modes at ~137cm ! (Eg) and ~211cm™! (A1), as shown in Figure A.1(a). Meanwhile, annealing in
the presence of Ar flow at the same temperature range results in a change in the Raman peak. It
splits the out-of-plane A1, mode of 1T into two prominent peaks at ~190 and ~220cm !, as shown
in Figure A.1(b). These two peaks are assigned as the out-of-plane E>g mode and in-plane A,

mode of 2H- VSe; [237, 238].

(a) 211 VSe: — annealed at 340 in Vacuum

1200
1100
1000
500
800
700
600

<0 137
|

Counts

400
300
200 ", A

" \ Y SN f\"/\/”\j\W\MfV\/J\J\f\fA\_/\

-100

L B e N B B b S e S R |
150 200 250 300 350 400 450

(b) 103 Raman shift / cm-1

E i
:EE E 224 VSe: — annealed at 340 in Ar
7000 é
6000

% s000 3

S 000 E
3000 7; 305 3?0
2000 5 I

0 EM e e’ T B SN A
A T

— T
150 200 250 300 350 400 450

Raman shift / cm-1

Figure A.1: Raman spectroscopic results of annealed VSe, flakes in vacuum (a) and in Ar (b)
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Figure A.2: (a), (b) SEM images of the annealed and non-annealed VSe; flakes on Si substrate and elemental analysis,
respectively. (¢), (d) EDX analysis of the annealed and non-annealed VSe; flakes on Si substrate, respectively.
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However, EDX results shown in Figure A.2(a) and (c), indicate that the Se atoms, which are
present in non-annealed flakes as shown in Figure A.2(b) and (d), are substituted by O atoms
during the annealing process. Therefore, we aim to fine tune the RTA parameters to preserve the

proper stochiometric ratio of VSe;.
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Appendix B: Future Works on CISS effect on 2D system

B: Two-Terminal Asymmetric Magnetoresistance in Peptide Functionalized
Graphene Devices - The Role of Chirality and Contacts

As mentioned in previous chapters, the CISS effect in 2D system has recently drawn significant
attention, because it can potentially allow magnet-free, chemically tunable, molecular-scale spin
sources and detectors [100, 101]. In previous chapters, we showed that chiral hybrid materials
inserted between a ferromagnet (FM) and non-magnet (NM) terminals typically exhibit a two-
terminal asymmetric magnetoresistance (MR), attributed to the CISS effect. In this work we show
that this two-terminal asymmetric MR response is quite general, and can arise even in the case of
an achiral medium contacted by non-magnetic electrodes. By introducing chirality in the channel,
and via angle-resolved MR measurements we demonstrate how the chirality-dependent CISS MR

manifests, superimposed on this general effect, even for non-magnetic electrodes.

B.1: Overview

As discussed before, electronic transport in chiral spintronic devices is commonly studied using a
two-terminal stacked geometry, in which a thin chiral film is sandwiched between one
ferromagnetic (FM) contact (e.g. Ni), which acts as a spin detector, and one non-magnetic (NM)
contact (e.g. Au) [100, 105, 106, 235]. According to the standard CISS picture, spin unpolarized
electrons ejected from the NM contact acquire a chirality-dependent spin polarization while
traveling through the chiral layer and are detected via the FM spin detector. For a given chirality,
the generated spin polarization is fixed, thus, changing the magnetization of the FM spin detector
by an external magnetic field B result in different resistance (R) values, generating an asymmetric
two-terminal CISS magnetoresistance (MR): R(+B) # R(—B). The sign of the asymmetric CISS
MR will flip for the opposite chirality. It is generally assumed that the generated spins are collinear
with the chiral axis and the current (/), and hence, to maximize the measured signal, the FM contact
is magnetized collinear with this direction. For the vertical stacked geometry, this means an out-

of-plane magnetization of the FM terminal.

Despite the apparent simplicity of the above device, the explanation of the observed two-terminal
MR is surprisingly complex. Apart from the standard explanation described above, the two-
terminal MR can also be explained by other mechanisms that do not depend on spin transport. For

example, chiral media are known to exhibit electromagnetochiral anisotropy (EMChA) effect in
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which R = Ro + a*® B. I, a"P being a chirality dependent parameter with a*=— a®[103, 163], as
discussed in previous chapter. Some studies have suggested EMChA as the possible mechanism
behind CISS MR [103, 163], although no consensus has been reached [103, 164]. Alternatively,
some studies have found that the potential barrier between a chiral molecule and a ferromagnet
can be tuned by changing FM magnetization or the chirality [239]. It has been argued that this can
result in the observed two-terminal MR [240]. Overall, an explanation of the two-terminal CISS

MR remains elusive [102, 106, 240, 241].

While chiral systems coupled with FM leads have been studied extensively, achiral systems as
well as devices with NM lead pair have received less attention, presumably due to the fact that a
priori no CISS phenomenon is expected. In this study we show that even achiral systems can result
in an asymmetric two-terminal MR response that mimics a CISS MR, while connected between
NM electrodes. As chirality is introduced in the channel, the typical chirality-dependent CISS MR
emerges at certain configurations even when both electrodes are NM. As expected, the CISS MR
persists when the standard NM-FM contact pairs are used. These findings highlight the importance
of NM-chiral media interface along with the well-studied FM-chiral media interface, for a proper

interpretation of the CISS MR.

B.2: Results and discussions

In this study we employ a planar geometry, in which a graphene thin film, consisting of multiple
few-layer (1— 5) graphene flakes, is contacted by two planar electrodes (Figure B.1(a)). Chirality
can be transferred to the graphene channel via attached molecules (such as Fmoc FF L/D: N-
Fluorenylmethoxycarbonyl-L/D-diphenylalanine), and this system has already been shown to
exhibit the CISS MR, as discussed in Chapter 6 [209]. An achiral channel can also be created
using Fmoc-GG (Fmoc-diglycine) as the functionalization agent. We first explore the two-terminal
MR of this achiral channel with nominally identical Au-Au contacts, before moving on to the
conventional Ni-Au setup. Typical contact thickness is ~100 nm in all cases, and the gap between
the contacts is ~ 2um. The graphene film is drop-cast on the contacts from a gel solution and
subsequently annealed. Due to the relatively shallow height of the contact walls compared to the
contact gap, the drop-cast film is expected to fill the gap completely. Functionalized graphene
flakes typically have a folded structure as shown by the TEM image in Figure B.1(a).
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Figure B.1: (a) Device schematic, and the TEM image of a typical folded functionalized graphene flake. Such folded
flakes constitute the channel. (b) Typical asymmetric MR measured with Au-Au electrodes for an achiral (Fmoc-GG
functionalized) channel, at 6 = 0°. The asymmetric nature of the MR is shown in the inset. (¢) Asymmetric component
of the MR as a function of 6.

In contrast to the vertical stacked geometry, in which chiral media sandwich between two
terminals, the planar geometry is free from any pinhole contacts and any spurious MR effect

originating thereof [242]. Using this system, we report two-terminal asymmetric MR in two non-
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standard configurations. Contrary to all of the studies in this area, we show that an asymmetric
CISS-type MR can exist even when both contacts are non-FM (such as Au-Au) and the transport
medium is achiral. This effect is strongest in a longitudinal configuration where B is collinear with
1. As shown in Figure B.1(a), the current paths are in the x-y plane, and the average “drift” current
I flows perpendicular to the edges of the two contacts. The magnetic field angle (8) is measured
with respect to this direction; 8 = 0° when the magnetic field is in-plane and parallel with 7, and 6
= 90°, when the magnetic field is perpendicular to the plane, as illustrated in Figure B.1(a). In the

6 = 90° configuration, the magnetic field is perpendicular to a// current paths in the x-y plane.

We start with the simplest configuration in which an achiral Fmoc-GG functionalized graphene
film is contacted by symmetrical Au-Au electrodes. Absence of chirality is confirmed by the CD
signal, obtained from Fmoc-GG + graphene solutions (Figure B.2(c)). The two-terminal MR
shows a signature global negative MR, with resistance decreasing with increasing magnetic field
strength (Figure B.1(b)) [209, 242]. Interestingly, despite the symmetric nature of the contacts and
the lack of chirality of the medium, the MR response is found to be asymmetrical, i.e. R(+B) # R(—
B) for several field angles 8. The symmetric and asymmetric MR components are computed as
MRsym (B) = R(+B) + R(-B) /2 and MR asym (B) = R(+B) — R(—B) /2, and an MR “asymmetry factor”
Xasym 1s defined as the ratio of the magnitudes of these components i.e. Y asym = [MRasym(+12 kG)
—MRasym (=12 kG)]/ [MRsym (0 kG) — MRsym (12 kG)] x 100%. The asymmetric MR component
MRasym s plotted in Figure B.1(c).

The angular dependence of yasym resembles a ~cos(#) function as shown in Figure B.3(a). The
error bars are calculated based on the analysis of two samples per case, each with a minimum of
six scans, to confirm the reproducibility of the data. The appearance of an asymmetric MR is
counterintuitive, because being achiral, Fmoc-GG is not expected to transfer any chirality to the
attached graphene channel. When achiral Fmoc-GG self-assembles to form a supramolecular
structure, the flexible graphene flakes (also achiral) attached with the molecules bend as well
(Figure B.1(a)). Due to the irregularity of the resulting composite structure, it could be viewed as
chiral from a structural point of view. However, since none of the starting ingredients (Fmoc-GG
and SLQG) is chiral, the functionalized graphene flakes should bend left and right in the same
proportion, resulting in an overall achiral film. If there is a symmetry breaking phenomenon during

self-assembly [243], there will be a slightly higher percentage of bending to the left than bending
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to the right or vice versa, resulting in a chiral channel. However, this can be ruled out due to the
absence of any significant CD signal (Figure B.2(c)). The lack of chirality excludes EMChA as a
possible mechanism, despite it predicting the ~cos(#) dependence of yasym correctly. Also,
according to the standard CISS picture, due to the lack of chirality and also owing to the symmetric

non-magnetic Au-Au contacts, no CISS-induced asymmetric MR is expected.
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Figure B.2: (a), (¢) CD characterizations of the functionalized SLG with Fmoc-FF(L/D) and GG. (b), (d) HT
spectra of the functionalized SLG with Fmoc-FF(L/D) and GG.
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Figure B.3: (a) Fmoc-GG functionalized graphene samples with Au-Au and Au-Ni contacts. Nominally identical
asymmetric MR responses, resembling a cos 8 behavior, have been observed. (b) Fmoc-GG functionalized graphene
samples with symmetric and asymmetric contacts. The identical MR response rules out the impact of contacts
asymmetry. (¢) Fmoc-GG functionalized graphene samples with two compounds, indicating the consistency of the
results. (d) Fmoc-GG functionalized graphene samples with Au-Au and Au-Ni contacts. Fmoc-FF L/D functionalized
graphene samples with Au-Au contacts. Chirality dependent signal has been observed at 8 = 90° and 270°. The Fmoc-
GG signal with Au-Au contacts has been shown for reference. (e¢) Fmoc-FF L/D+GDL functionalized graphene
samples with Au-Ni contacts. Chirality dependent signal has been observed at 8 = 90° and 270°. The Fmoc-GG signal
with Au-Ni contacts has been shown for reference. (f) Fmoc-FF L/D+Na,O; functionalized graphene samples with
Au-Ni contacts. The results confirm the reproducibility of the behavior of chiral composite media in the planar contact

geometry.
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To explore the role of any unintentional asymmetry in contact geometry, we tested two different
geometries, one with nominally symmetrical Au-Au contacts (with symmetric contact geometry
and consistent contacts’ gap distance), and another one with asymmetric Au-Au contacts. In both
cases, nominally identical responses are obtained (Figure B.3(b)). This effectively rules out any
role of contact geometry as an asymmetry source. We also tested the Fmoc-GG samples using
standard Ni-Au contacts, which did not change the overall ~cos(#) response shown in Figure
B.3(a). This effect cannot be attributed to any type of anisotropic MR in the system, which remains

unchanged when the magnetic field direction is flipped.

Considering the above factors, we conclude that an asymmetric two-terminal MR can be present
even in non-standard configurations, where both the contacts are non-magnetic (such as Au-Au)
and the medium is achiral. Most theoretical studies predict a null CISS signal for achiral systems
and/or when both electrodes are NM. However, reference [244] predicted that achiral systems
properly connected with NM leads can generate spin filtering. The physical origin lies in breaking
of the mirror symmetry between the left/right contact and the achiral system. While a quantitative
comparison of our results with this work is not possible, absence of interfacial mirror symmetry at
a microscopic level is highly likely. This could be a possible mechanism behind the observed
asymmetric MR in the apparently symmetric achiral system discussed above. As depicted in Figure
B.3, the results are consistent with those of Fmoc-GG+GdL, as their circular dichroism (CD)
spectra do not exhibit any signs of chirality (Figure B.2(c)). It confirms the reproducibility of

results for different achiral compounds.

Next, we measure two terminal MR of Fmoc-FF L/D functionalized graphene film using Au-Au
contact pair. The measured y asym is plotted in Figure B.3(d). The previously observed background
~cos (&) response is still present, except in the vicinity of 90° and 270°, where y asym shows strong
deviation from this background, and acquires opposite signs for opposite chiralities. Clearly, this
arises due to transfer of chirality from the chiral molecules to the graphene flakes and these MR
asymmetries at 90° and 270° represent CISS MR, due to their chirality dependence. This effect
cannot be attributed to EMChA because for 8 ~ 90°, 270°, the chirality-dependent contribution
a“PB.I = 0. Further, the background ~cos(#) signal in this case does not flip sign for opposite

chiralities, providing further evidence on the absence of EMChA. Overall, the asymmetric two-
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terminal MR can originate from the mirror asymmetry at the interfaces and/or the chirality of the

channel, even with NM contacts.

In addition, chiral molecule adsorption on FM substrates can lead to various effects such as
chirality and magnetic field dependent contact potential [239], enantiomer separation [245],
pinning of magnetic domains at the interface, local enhancement of the coercive field, and
reorientation of the easy axis [246]. Chiral molecular coupling with NMs has received less
attention. However, coupling of chiral systems with NMs can result in a charge redistribution in
the chiral system, which can produce a concomitant CISS-induced spin polarization at the
interface, even under equilibrium conditions [247]. Such locally magnetic interfaces, along with
the spins in the channel can result in a two-terminal MR [225]. Finally, we show the angular
response of yasym for Fmoc-FF L/D using standard Ni-Au contacts (Figure B.3(e-f)). Nominally
identical CISS MR response appears in this case, as expected. This confirms that the planar
geometry is superior to detect CISS MR signal compared to the vertical stacked geometry, which
is prone to pinhole challenges even with addition of insulator layers. Additionally, modulating the
insulator material in a vertically stacked geometry adds more complexity to the root cause of the
MR signal attributed to the CISS phenomenon. [242]. Furthermore, we have shown that in planar
geometry when B is perpendicular to / (B L 1), the pure CISS MR signal emerges in either NM-
NM or NM-FM terminal pair configurations. Although, the detection mechanism of CISS signal

is different in these lead arrangements.

To explore the reproducibility of CISS MR behavior in planar geometry, we tested two different
SLG compounds, one functionalized with FmocFF(L/D) and GG with GDL/Na>Os. In both cases,
nominally identical responses are obtained (Figure B.3(e)(f)), as there is no change in the sign of

the CD responses (Figure B.2(a)), showing the reproducibility and variability of these results.

Comparing the CISS results observed in pure chiral molecules [100, 242] to that of the chiral
hybrid materials, nanotube or graphene discussed here and previous chapters, one finds some
similarities as well as some differences. The differences are not unexpected, since in the hybrid
case the superior conductive materials are employed as channels instead of pure organic
molecules. In terms of similarities, both systems show chirality-dependent asymmetric MR that
correlates with the CD response. In addition, in both 1D and 2D hybrid systems, a change in the

supramolecular chirality results in a concomitant change in the CISS signal, which is again
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consistent with the pure molecular case [100]. In terms of magnitude or temperature dependence
of device setups, we have not observed any systematic difference. In NM-FM leads configuration,
the main difference is in the orientation of the Ni magnetization. It appears that the strongest CISS
signal occurs when the magnetization is transverse to the current, whereas in the purely molecular
case it is parallel. As discussed above, in these hybrid systems the CISS signal strength correlates
with spin-orbit interaction, however, such correlation generally is not observed in pure chiral
systems [100]. In fact, the CISS effect observed in pure chiral systems is much larger than the
weak spin-orbit interaction expected in organics, and hence presence of additional mechanisms is

expected [100, 101].

Overall, in this appendix, we show that molecular interaction with NMs, irrespective of their
chiralities, is non-trivial, and can give rise to an asymmetric MR that mimics the CISS MR often
reported in NM/Chiral media/FM devices. These results highlight the importance of NM-chiral

media interface for a proper interpretation of the CISS MR, which has been overlooked so far.
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