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Abstract

Graphene is a material with a special electronic structure and conductivity properties.
It exhibits some unique phenomena and potential applications in spintronics. Because
its spin orbit interaction is very small, and carbon has almost no nuclear magnetic
moment. Studying how to achieve spin injection and spin transport in graphene is a key
direction in spintronics. This study investigates the spin injection and spin diffusion

lengths in graphene.

Firstly, some hemispherical permalloy dots were fabricated on graphene using
photolithography technology and sputtering system for spin injection and spin diffusion
lengths measurements. Hemispherical shape can minimize the influence of magnetic
anisotropy and enable us to check if there are any differences in spin diffusion length
based on the magnetic field angle. Obtaining the spin diffusion length of graphene at

room temperature through non local measurements and spin Hall effect.
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1. Introduction

1.1 Research Background

Electrons have two important properties, a charge and a spin.l'! Modern
microelectronics technology mainly utilizes the charge of electrons since the 19th
century, developing microelectronics based on semiconductors and laying the
foundation for the third industrial revolution. ) However, with the continuous
development of the semiconductor technology and the continuous reduction of
transistor size, further technological breakthrough faces increasing challenges. The
major difficulty is the increased manufacturing processes, and the requirement of large
capital investment for equipment and technology to be used to manufacture next-
generation chips, resulting in high device costs.!*) From research and development to
production, a long-term cycle is required. At the same time, as chip size continues to
shrink and the corresponding performance improves, the power consumption and Joule
heating of integrated circuits also continue to increase.l*! These factors constrain the

production and development of the semiconductor industry.

Therefore, utilizing the spin properties of electrons to develop new electronic devices
has been attracting broad interests. Spintronics, as a new interdisciplinary field in
condensed matter physics, will become one of the core technologies of the next round

of information industry revolution.l!

Spintronics mainly studies the processes closely related to an electronic charge and spin,
including spin generation, injection, transport, detection and control, ultimately
achieving new types of electronic devices.!® The research and development to achieve
them have become a hotspot of common interests in many fields, not only condensed
matter physics but also information technology and materials science, and will play a
crucial role in the future development of the electronic industry. The semiconductor
devices, which are the basic elements of modern information industry, carry
information using the charge characteristics of electrons (or holes), while electron spins,
due to its random orientation, do not carry information. ") Spintronics utilizes not only
charges, but also spin properties of electrons for data processing as well. With the
development of microfabrication technology and large-scale integrated circuits, the size
of electronic devices is becoming smaller and smaller. When the scale is in the
nanometer range, a spin is superior to a charge in many aspects, such as fast data
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processing, low energy consumption, high integration, and good stability. These
characteristics can also solve the Joule heating and scalability problems caused by the
miniaturization of the above-mentioned electronic devices to a certain extent.®]
Therefore, spintronics will gradually replace microelectronics and become the

mainstream of industry.

1.2 Graphene

Graphene is a novel two-dimensional material composed of single layer carbon atoms.
Its shape is similar to a honeycomb shaped hexagonal. Carbon atoms have four valence
electrons, three of them form sp? bonds. ! Carbon atoms share unbound electrons with
its three adjacent carbon atoms to form n bonds. The structure of graphene is very stable,
with a carbon-carbon bond of only 1.42 x 107! m. The connections between carbon
atoms inside graphene are very flexible. When an external force is applied to graphene,
the surface of the carbon atoms will bend and deform, so that the carbon atoms do not
need to rearrange their arrangement to absorb the external force, thereby maintaining
structural stability. This stable lattice structure gives a graphene excellent thermal
conductivity. In addition, electrons in graphene do not get scattering due to lattice
defects or the introduction of foreign atoms when they move in their orbits. Due to its
strong interatomic forces, at room temperature, even if the surrounding carbon atoms

collide, the interference on electrons in graphene is very small.

The special structure of a graphene make it has extremely high electric conductivity,
thermal conductivity, mechanical strength, and chemical stability.!!"!

A graphene is also one of the best conductive materials in the world. Table 1.1 shows
the resistivity of various materials at 20°C. The electrical resistivity of a graphene at

20°C is nearly 60% lower than the most conductive metal, silver.



Table 1.1. The resistivity of various materials at 20°C.

Material Resistivity p(€2-:m) at 20°C
Graphene 1.00x10°®
Silver 1.59x10°%
Copper 1.68x10®
Gold 2.44x10®
Aluminium 2.82x10°®

Notes: Data sourced from Baidu.

(https://baike.baidu.com/item/%E7%94%B5%E9%98%BB%E7%8E%87/786893 7 {r=

ge ala)

Meanwhile, a graphene also has the highest thermal conductivity. Table 1.2 shows the

thermal conductivity of various materials. The thermal conductivity of a pure defect

free monolayer graphene reaches up to 5300W/m-K.!!]

Table 1.2. The thermal conductivity of various materials.

Material(solid) Thermal conductivity (W/m-K)
Graphene 4840-5300
Carbon nanotubes 3000
Silver 420
[ron 80
Glass 1

Notes: Data sourced from Baidu.
(https://baike.baidu.com/item/%E7%83%AD%ES%AF%BCY%E7%8E%87/868266?fr
=ge ala)

A graphene is one of the materials known to have the highest strength, good toughness
and high bending resistance. The theoretical elastic modulus of a graphene reaches 1.0

TPa, and the inherent tensile strength is 130 GPa.[!?]

The carrier mobility of a graphene at room temperature is about 15000 cm?/(V-s), which
is more than 10 times larger than that of silicon and more than twice larger than that of
indium antimonide (InSb), which is known as the conventional material with the highest
carrier mobility. Under certain specific conditions, such as low temperature, the carrier

mobility of a graphene can even reach up to 250000 cm?/(V-s). Unlike many other
9



materials, the electron mobility of a graphene is less affected by temperature changes.
At any temperature between 50-500K, the electron mobility of a single-layer graphene

is around 15000cm?/(V-s) in the ideal condition.!*!

Due to these various excellent properties of graphene, the discovery of a graphene in
2004 has attracted widespread global attention, and scientists have become enthusiastic
about exploring its application prospects in various fields. Andrei Geim and Konstantin
Novoselov, physicists at the University of Manchester in the UK, won the 2010 Nobel
Prize in Physics for successfully separating a graphene from graphite (in 2004) and
discovering the integer quantum Hall effect in single-layer and double-layer graphene
systems and the quantum Hall effect at room temperature (in 2009).

Among them, the application prospects of graphene in the field of electronics are
particularly noteworthy. Its high conductivity and low resistance performance make it
have good potential for application in electronic components, becoming one of the key

materials for the future electronic technology revolution.!'¥]

1.3 Spin Injection

In the field of spintronics, a graphene is considered as an ideal medium to carry spins
due to its abovementioned unique electronic structure and excellent electron transport

performance.!”!

A graphene is not intrinsically spin polarized, and injecting a spin into graphene
efficiently is one of the key issues in the field of spintronics. To achieve this goal,

special techniques and methods are required as listed in the following:

(1) Spin current injection: By introducing spin polarized current into a graphene, a spin
can be injected into a graphene. This is usually achieved by generating a spin polarized
current in magnetic materials attached to a graphene, and then transferring it to a
graphene. By forming specific structures between a graphene and the other materials or
layers, these structures can achieve the transmission and transfer of spin states. For
example, the special interface between a magnetic material and a graphene may

facilitate the transfer and injection of a spin.['®]

(i1) Magnetic field application: By applying an external magnetic field or utilizing a
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magnetic material, electrons or holes injected into a graphene can exhibit spin
polarization. These spin polarized charge carriers can carry the spin polarization in a

graphene.!'”]

(ii1) Optical methods: Optical methods can be used to introduce spin polarization, such
as using a specific wavelength of laser to manipulate a spin state in a graphene. This

requires precise optical control technology.['®!

At present, research in this area is still ongoing and more experiments and technological

developments are needed to achieve efficient spin introduction.

1.4 Spin Measurement

Measuring spin transport in a graphene can provide a deeper understanding of the
behavior of electron spins in this material, which is of great importance in spintronics
and the development of new electronic devices. By measuring the transport of spins in
a graphene, we can understand the transport mechanism, velocity and characteristics of
spin states in this special material.!'” These characteristics can provide a guidance for

the development of new devices such as spin logic gates and spin memory.

Studying the spin transport in a graphene also helps to improve the theoretical
foundation of spintronics. Therefore, the significance of measuring spin transport in a
graphene lies in again providing important scientific basis and technical support for the

development of spintronics and the design of new devices.

Although efficiently achieving the spin transport in a graphene is a challenging task,
there are several methods that can be used to study and measure the spin transport in a

graphene:

(1) Hall effect measurement: The spin Hall effect is a method to measure the spin
transport by applying a magnetic field perpendicular to the direction of a current
flowing in a graphene. By measuring the vertical voltage between the current and the

magnetic field, information related to the spin transport can be obtained.!*"’
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(i) Measurement of valley polarization: The energy band structure in a graphene
includes four energy band valleys, which can generate valley states at the minimum of
the energy band. Valley polarization is a phenomenon closely related to an electron spin.
By controlling the band structure of a graphene or utilizing an external electric field,
valley polarization can be measured and the properties of the corresponding spin

transport can be controlled.*!

(ii1) Magnetoresistance measurement: Changes in a spin state may lead to changes in
magnetoresistance (MR). Usually, by sandwiching a non-magnetic thin film with two
ferromagnetic layers, the spin direction of electrons in the magnetic layer is affected by
the external magnetic field. If the magnetic moments of two ferromagnetic layers are
parallel, electrons are usually more likely to pass through the non-magnetic layer,
resulting in lower resistance. If the magnetic moment direction is antiparallel, electron
transfer is hindered and resistance increases. This phenomenon causes a significant
change in the junction resistance under a magnetic field changes. By measuring the MR

in a graphene, the properties of spin transport can be evaluated.

(iv) Laser spectroscopy: Under an external magnetic field, using a laser light source to
excite the material and measure its absorption and scattering of light. Due to the
coupling between a spin and an external magnetic field, the spectral response unique to
a material is affected by the spin state. Magneto optical spectroscopy can provide

information on spin.[?!

(v) Measurement of spin valley resonance frequency: By placing a sample in a strong
magnetic field, an electron spin magnetic moment can be oriented along the direction
of the magnetic field. By applying an external microwave field to induce electron
resonance. After the end of microwave lasing, the electron spin begins to freely induce
rotation in the magnetic field, producing a change in a magnetic field. By detecting
changes in the induction signal, information about the spin of the measured electron
can be obtained. The generated spectrum represents the signal intensity at different
resonance frequencies of the microwave, forming an electron spin resonance spectrum.

The spectrum provides information about the spin state of electrons.**

These methods are not all complete on its own, and researchers may need to use

multiple techniques to study spin transport in a graphene. There are still many
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challenges, such as improving their measurement sensitivity, controlling impurities, etc.
in order to obtain a deeper understanding and precise controllability of the spin transport

properties in a graphene.

1.5 Spin Valves

A graphene spin valve is a graphene based device used to control the spin flow, similar
to a transistor in conventional electronics. It can regulate the flow of spins and achieve

information processing.*”]

A graphene spin valve typically forms a structure consisting of a graphene and two
ferromagnetic electrodes. The working principle relies on controlling spin injection and
flow, injecting spin polarized carriers into a graphene through a ferromagnetic electrode,
so that electrons or holes in a graphene have a specific spin orientation. 2! Using an
external electric field, magnetic field, or the other controling methods, the direction or
density of spin flow can be modified, thereby achieving the control over spin
information. A graphene spin valve may also include an isolation layer to isolate spin

flow and prevent spin information from spreading in unwanted areas.

The research on a graphene spin valve aims to solve the problems of information control
and process in spintronics, providing potential solutions for the development of new
spintronic logic and memory. Although research on a graphene spin valve is still on its
early stages, it represents a promising device concept. Drogeler et al. used Co as a spin
injector, MgO as a tunneling layer, and encapsulated the electrodes with hBN. The
corresponding spin relaxation time was measured to be on the order of nanoseconds for
a mechanically exfoliated graphene, resulting in a spin diffusion length to be 10 pm. [*”]
By increasing the packaging area of hBN, the spin relaxation time was further increased

to 12.6 ns, leading to the spin diffusion length of 30.5 um.["!]

As a chemical vapor deposition (CVD) method for producing a graphene has gradually
matured, mass production of spin valves has become possible. The CVD is a method of
growing a graphene on a metal substrate through gas-phase chemical reactions. Usually
at high temperatures, a graphene is deposited on a metal surface by heating a metal
substrate (such as copper and nickel) and exposing it to a carbon source gas (such as

methane). (281 This method can produce large areas of a graphene, so it is commonly
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used in applications such as electronic devices and transparent conductive films. Avsar
et al. prepared single-layer and double-layer graphene spin valves with a length of 1.15
um fabricated by copper based CVD. The spin accumulation signal in a single-layer
graphene was reported as high as 4 Q, with a length of 1.35 um. The spin accumulation
signal of a double-layer graphene was about 0.15 Q. [?°!

Although there have been many reports on a graphene as a spin carrier, there are still
issues in precisely determining its electrical resistivity, spin lifetime, spin diffusion
length, spin Hall angle, spin signal and contact resistance with other materials. At
present, there are significant differences in the data obtained from different experiments,
and the cause of the differences are not yet clear. In addition, theoretical work is
relatively lacking. These issues have been affecting the application of a graphene in

spintronics and require further in-depth research.
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2. Fundamentals

2.1 Graphene structure

Most of the special properties of graphene are determined by its m bonds. Each carbon
atom has a m bond, which covalently combines with neighboring carbon atoms to form
n - and 7 * bands. The band dispersion relationship of graphene can be calculated using
a tightly binding approximation model,’**! as shown in Figure2.1!1. The upper n * band
is the conduction band, and the lower  * band is the valence band. Due to the presence
of two carbon atoms in each crystal cell of graphene, each contributing one electron,
the m - band of graphene is precisely filled with electrons, while the © * band is empty.
Therefore, the Fermi surface of graphene lies between the m - and m * bands, and
intersects at the K (K ') point in the Brillouin zone, exhibiting a semi metallic property
of zero band gap. Due to the fact that electrons located near the K (K ') point no longer
follow the traditional Schrodinger equation and can only be described using an equation
likes Dirac equation, the K (K') point is also known as the Dirac point. Near point K,
the stationary effective mass of an electron is 0, and its Fermi velocity can reach 10°

m/s, which is 1/300 of the speed of light.3?!

*
(a) . n*Band (b)
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\; 0- 3 50F
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Figure2.1. (a)Energy dispersion relation for graphene. (b)The dispersion along the high-
symmetry points ' MK.
Notes: Isotopical Band - Gap Opening in Graphene(2016)

The number of layers and stacking method of graphene can both affect its electrical
properties. Single layer graphene exhibits a semi metallic property with a zero bandgap
structure. At room temperature, its carrier migration is 15000 c¢cm?/(V-s), and its

resistivity is only 1.00x10® Q-m. This low resistance value and high mobility
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performance make graphene suitable for ultra-thin and fast electronic devices.**** For
double-layer and multi-layer graphene, the stacking method between layers determines
their electronic structural characteristics. The double-layer graphene stacked with AA
also exhibits zero bandgap and metallic properties, while the double-layer graphene
stacked with AB (half of the carbon atoms in the second layer of graphene are located
at the center of the first layer of hexagonal ring) will open the bandgap under the control
of a transverse electric field, exhibiting semiconductor properties./*> Similarly, with
zero bandgap, the electron energy dispersion of single-layer graphene is different from
that of AB stacked double-layer graphene, with the former exhibiting a linear dispersion
(Figure 2.2 a) and the latter exhibiting a parabolic distribution (Figure 2.2 b). After
applying an electric field, the bandgap opens, and the size of the bandgap opening can
be adjusted by the electric field (Figure 2.2 c). ¢! This adjustable band structure

provides many possibilities for the application of graphene.”!

' ©
== ===
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330 | 2233, | 238
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Figure2.2. (a) diagram of single-layer graphene lattice structure and energy dispersion.
(b) diagram of double-layer graphene lattice structure and energy dispersion. (c)
diagram of double-layer graphene bandgap opening after applying a vertical electric
field and energy dispersion.

Notes: Gate-induced insulating state in bilayer graphene devices(2008)

2.2 Spin transport

Spin transport is a mode of electron transport, and it is the most fundamental concept
in spintronics. The transport phenomenon discusses the transport of charges and energy
under the influence of electric fields, magnetic fields, temperature fields, and other
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factors.

The study of spin transport is an emerging field that has attracted the attention of many
scientists in the past few decades. Theoretical and experimental research have achieved
many important results, promoting the development of spintronics and providing a key

foundation for the design and application of new spintronic devices.

The earliest observed electron spin related phenomenon is generally believed to be the
anisotropic magnetoresistance effect discovered in 1857,1*¥) which means that below
the Curie temperature, the resistance of ferromagnetic materials changes with the
relative orientation of current and magnetization in the material. The magnitude of
anisotropic magnetoresistance is defined as the ratio of the difference in resistivity
between the applied magnetic field and the direction of current parallel and
perpendicular to the average resistivity. For Fe or Co materials, the anisotropic
magnetoresistance value is approximately 1%.5°! The microscopic mechanism of
anisotropic magnetoresistance is spin dependent scattering caused by electron spin orbit
coupling.*” In 1986, German scientist Grunberg and his research team discovered
antiferromagnetic exchange coupling between adjacent ferromagnetic layers in
Fe/Cr/Fe multilayer films. [*!! Fert and his research team found a magnetic resistance
change rate of up to 100% in Fe/Cr superlattice systems prepared using molecular beam
epitaxy, which is much higher than the previously observed anisotropic magnetic
resistance change rate, hence it is called the giant magnetoresistance effect.
Subsequently, Parkin used magnetron sputtering to prepare Cr/Cu superlattices, and
also observed a giant magnetoresistance value of 115% in the Cr/Cu superlattice. [+*]
However, there is a strong interlayer exchange coupling effect in magnetic multilayer
films, which usually requires an external magnetic field of more than 1T to reach
saturation, reducing the sensitivity of magnetic multilayer films and hindering their
application. To address this issue, researchers have proposed a giant magnetoresistance

e. 241 I this structure, one of the two

multilayer structure with a spin valve structur
ferromagnetic layers has a large saturation field; The saturation field of the other
ferromagnetic layer is very small, which can be reversed under the action of a small
external magnetic field, thereby improving sensitivity. Spin transport related
phenomena, known as tunneling magnetoresistance effect, have also been observed in
magnetic  tunneling  junctions such as ferromagnetic = metals/insulating

layers/ferromagnetic metals. Its mechanism is the tunneling effect of spin polarized
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electrons, which results in higher magnitudes and sensitivity of magnetoresistance. For
example, the sensitivity measured in the Py/Al203/CoFe/Py tunnel junction can be
greater than 20%/Oe; 4% In CoFe/MgO/CoFe tunnel junctions, a magnetic resistance
change rate 0f~220% can be achieved. 6! The discovery and application of spin valves

and tunneling magnetoresistance effects have sparked a trend of spin transport. (47!

For ordinary metals and alloys, the spin up and spin down electrons near the Fermi
surface participating in the transport process have equal density of states, and the
current during transport is spin depolarized. Therefore, traditional metal theory ignores
the spin degrees of freedom of electrons. For ferromagnetic transition metal materials,
at the Fermi plane, the density of states of spin up and spin down sub bands in the 3D
band of ferromagnetic materials is different. In ferromagnetic transition metals, s
electrons are the main charge carriers. Due to the fact that the scattering probability
from s electrons to d electrons is proportional to the final density of states of the
transition, the scattering probability of spin up electrons and spin down electrons is
different, resulting in different currents generated by spin up electrons and spin down
electrons. In short, the current in ferromagnetic transition metals is in a spin unbalanced
state and is a spin polarized current. Its spin polarization rate P is defined as:
P=(ny-n))/(n1+ny)

ny and n| are the number of spin up and spin down carriers, respectively. Thanks to the
discovery and successful application of spin valves and tunneling magnetoresistance
effects, Aronov and Pikus proposed in 1976 the idea of injecting spin polarized currents
from ferromagnetic transition materials into non-magnetic materials, thereby
generating an unbalanced state of spin electrons in non-magnetic materials, and

(48] To achieve spin injection of non-

effectively measuring this imbalance state.
magnetic materials, it is necessary to generate spin polarized currents and
corresponding detection methods. So far, several methods for generating spin current

have been proposed, such as spin pumping, spin Hall effect, and electrical spin injection.

2.3 Electrical spin injection

The traditional spin electron injection method adopts the injection method shown in
Figure 2.3. This method involves injecting current from one of the ferromagnetic
electrodes in a spin valve and then flowing out from the other ferromagnetic electrode;

Meanwhile, measure the voltage between the two ferromagnetic electrodes. Although
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this method can observe changes in spin related electrical signals, in this spin valve, the
charge flow and spin polarization current flow in the same circuit, and the measured
results are the result of the combined action of the charge flow and spin current, which

cannot effectively distinguish between the two currents.

I NM ’ CV>

FM
|

Figure 2.3.Traditional spin valve structure.FM and NM represent ferromagnetic and

non-magnetic materials, respectively

In order to obtain pure spin polarized current, researchers proposed a transverse spin
valve structure and a non-local method to achieve spin injection and detection. A
transverse spin valve has a structure similar to that of a spin valve, where two
ferromagnetic materials are isolated by a layer of non-magnetic material, or a non-
magnetic strip material is connected to two ferromagnetic strip materials; Formally, it
can be seen as spreading the spin valves of traditional stacking onto the surface of the
substrate. As shown in Figure 2.4a, on the surface of the substrate, ferromagnetic
electrodes F1 and F2 are connected by non-magnetic material N. The injection and
detection of spin electrons are achieved using non local methods. As shown in Figure
2.4b, due to the significant spin polarization of ferromagnetic material F1,when a
current is applied between the ferromagnetic electrode F1 and the non-magnetic
material N, and the current is allowed to flow out from the left side of the non-magnetic
material N. After the spin polarized current in ferromagnetic material F1 flows through
the interface between ferromagnetic material F1 and non-magnetic material N and
enters non-magnetic material N, it will generate an unbalanced state of spin electrons
in the non-magnetic material N. This non-equilibrium state will diffuse towards both
ends in the non-magnetic material N. The length of this non-equilibrium state in non-
magnetic material N is described by the spin diffusion length, and its magnitude can be

detected by another ferromagnetic material F2.[4"]
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Figure 2.4 Lateral Spin Valve Structure and Non-local Measurement (a)Top vies (b)

Side view

Compared with traditional local measurement methods, non-local methods can
effectively separate charge flow and spin flow, effectively avoiding the thermal effects
caused by current and the effects of anisotropic magnetoresistance. They specialize in
studying the effects generated by spin flow. In 1985, Johnson and Silsbee conducted
pioneering research on spin injection and detection using lateral spin valve structures
and non-local measurement techniques. They used permalloy materials as injection

[3%] The non-

sources for spin electrons and injected spin currents into bulk aluminum.
equilibrium strength in aluminum blocks was measured using another permalloy film

at low temperatures.

After nearly 20 years of silence, thanks to the advancement of micro and nano
processing technology, Jedema successfully achieved spin injection and detection at
room temperature. °!! This result has sparked interest in spin injection in transverse spin
valves. 1323 Takahashi et al. investigated spin accumulation in transverse spin valves

with different interface combinations. The theoretical results indicate that the spin
20



accumulation signal in the transverse spin valve with full ohmic contact is the smallest;
The spin accumulation signal of the transverse spin valve with an insulating barrier
between ferromagnetic and non-magnetic materials is the strongest; When the two
interfaces in the lateral spin valve are Ohmic contact and insulation barrier, the spin
accumulation signal falls between the two. For these three types of lateral spin valves,
their spin accumulation signals decay exponentially with increasing spacing. °# So far,
spin injection of various materials has been studied using a transverse spin valve
structure, and experimental results show that when ferromagnetic materials come into
direct contact with non-magnetic materials, the spin accumulation signal is generally
very small, This is mainly due to the mismatch of spin resistance and spin absorption
between ferromagnetic and non-magnetic materials. > Introducing a tunneling
junction in the transverse spin valve can effectively improve the spin accumulation
signal, mainly because the tunneling junction between ferromagnetic and non-magnetic

[56] which can greatly enhance the spin

materials can have a high spin polarization rate,
accumulation signal; However, the high interface resistance of the tunnel junction limits
the total current flowing into non-magnetic materials, and the increase in spin
accumulation intensity is limited. Fukuma reports that by performing appropriate heat
treatment, high spin accumulation signals can be obtained in the transverse spin valve
with low interface resistance. Meanwhile, a small interface resistance can ensure the

passage of large currents, thereby increasing the strength of spin accumulation. [*”]

In most studies, the shape of the electrodes is rectangular. Rectangular magnetic
materials may have different magnetic properties along the long and short axes, which
can lead to anisotropy. In this study, I consider a new lateral spin valve which have
many same hemisphere permalloy dots on the surface of graphene, as shown in Figure
2.5. The spin injection and detection device consist of hemisphere permalloy dots and
graphene. Each hemisphere permalloy dots has the same diameter, the distance between

adjacent four dots is the same, and there are 7 different distances on a single sample.
Using those hemisphere permalloy dots for injection and measurement so that we don't

have any magnetic anisotropy and may also obtain a more uniform current density

distribution.
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Figure 2.5 New lateral spin valve

2.4 Spin diffusion lengths measurements

Using non local measurement methods to measure the magnitude of spin accumulation
in graphene. Inject current into graphene through a permalloy point and flow out from
the left side of graphene, while measuring the voltage between the right permalloy point

and graphene.

During the measurement process, the magnetization direction of the injection electrode
and the detection electrode is controlled by changing the size of the external magnetic
field. When the magnetization direction is parallel, a value Rs(U/I) is obtained in units
of resistance. When the magnetization direction is opposite and parallel, another unit of
resistance, R's(U'/1), is obtained. The spin accumulation signal AR is the difference

between two measured values.

In order to further understand the spin accumulation in graphene, transverse spin valves
with different spacing were prepared, and non-local measurements were performed on
each spin valve to obtain their spin accumulation signals. By solving the one-
dimensional spin diffusion equation (Rp < R; < Ry ), the expression for the spin

accumulation signal and distance is:

-L
4p? Ri eN
S=T o7 Ry (R—l)z =L (1)
(1_ ) N 1_eﬂ.N

Among them, R; is the interfacial resistance of graphene/permalloy; Rn is the spin
resistance magnitude of graphene; R; is the spin resistance of permalloy; A N represents
the spin diffusion lengths of graphene and permalloy respectively; P is the spin

polarization rate; L is the center distance between two permalloy electrodes.[>*
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By fitting the experimental data with formula (1), the spin diffusion length of graphene

at room temperature can be obtained.

2.5 Spin Hall effect

In the 1970s, Dyakonov and Perel®® theoretically predicted the existence of the spin
Hall effect, which means that in materials with spin orbit coupling, there will be a spin
current in the lateral direction of the system driven by longitudinal current. This means
that electrons with spin up will move towards one side of the sample, while electrons
with spin down will move towards the other side of the sample. In a closed circuit
system, there will be an accumulation of upward spin at the boundary, On the other
boundary, there is an accumulation of downward spin. Currently, the formation
mechanism of the spin Hall effect is similar to that of the anomalous Hall effect, so
studying the anomalous Hall effect helps to understand the spin Hall effect. The non
intrinsic mechanism of the spin Hall effect is believed to be due to spin related skew
scattering [°*) and lateral jump scattering caused by impurities and vacancies in the
crystal, Electrons with spin down and spin up are scattered in opposite directions,
respectively. The intrinsic mechanism suggests that it is the intrinsic behavior of the
system, without the need for external impurity atoms. The spin orbit coupling and
special band structure of the system itself can cause electrons with different spin

directions to move in opposite directions. (]

The anomalous Hall effect (AHE) refers to the transverse voltage that develops in a
ferromagnetic material under an applied electric field, even in the absence of an external
magnetic field. This effect is generally observed in materials with intrinsic magnetic
ordering and is attributed to the spin-orbit coupling and the Berry curvature in the

material's electronic band structure.

From the introduction of the anomalous Hall effect in the previous text, it can be seen
that in magnetic materials, carriers have the characteristic of spin polarization, and the
number of carriers deflected on both sides is different, resulting in the accumulation of
both charge and spin; In non-magnetic materials, the number of carrier deflections
caused by the spin Hall effect is consistent on both sides, resulting in only spin

accumulation and no charge accumulation. Because there is no charge accumulation,
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testing the spin Hall effect is very difficult.

30 years after the prediction of the spin Hall effect was proposed, Zhang [,
Murakamil®, Sinova et al. [ proposed schemes to observe the spin Hall effect in
semiconductor materials. In 2004, Kato et al. [*¥ used the magneto optical Kerr effect
to observe the spin Hall effect for the first time in n-type doped GaAs single crystal
films. They applied 10 mV longitudinally on the strain free epitaxial GaAs thin film.
The electric field of micrometre is such that for carriers with vertical film surface spin,
carriers with upward and downward spin will lean towards the left and right sides of
the sample, resulting in upward and downward spin potential accumulation at the left
and right boundaries. Kato et al. (4! also observed an exponential decay effect of spin
accumulation from the boundary to the center in experiments, and the degree of spin
accumulation will also increase with the increase of electric field strength, This is also
consistent with the image of the spin Hall effect. The experiment also indicates that the
self selected diffusion length in GaAs can reach several p m. However, the phenomenon
discovered by Kato et al. was dominated by the non intrinsic spin Hall effect.
Subsequently, Wunderlich et al.[! Observed the intrinsic spin Hall effect in hole type
semiconductors using the spin light-emitting diode method. Moreover, in 2005, Kane
and Mele!®®! and Zhang et al. 7! predicted a quantum version of the spin Hall effect.
Two years later, This prediction was experimentally validated by Molenkamp et al. [¢%!
in the CdTe/HgTe/CdTe quantum well system. Subsequently, Fang et al. [* predicted
the existence of a quantum version of the anomalous Hall effect, and Chang et al. "%

soon confirmed the existence of the anomalous quantum Hall effect in 2013.
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3. Methodology

This study used photolithography to prepare hemispherical permalloy dots on a
graphene. By measuring non-local spin valve and spin Hall effect signals, the spin
diffusion length can be calculated. By changing the direction of the magnetic field
during the measurement process, the change in the spin diffusion length can be
measured. In order to optimize the fabrication process for the permalloy dots, I grew
them on silicon substrates using high vacuum sputtering, and imaged them by optical

microscopy. The optimized process was used to grow dots on graphene.

3.1 Design of Mask

The first step was to design a mask for the photolithography. The design of the mask is
shown in Figure 3.1 .The mask was a 3" chrome photomask. I designed the mask using
Autodesk AutoCAD 2023 and asked JD Photo Data to fabricate it. The mask is mainly

divided into three sections as follows.

Figure 3.1. The design of the mask
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The part inside the square in the bottom left corner of the mask was used to find an
appropriate diameter to get the best shape of permalloy dots. The diameter of holes
designed on the mask was expected to control the formation and shape of a deposited
dots after the deposition and lift-off processes. In the mask, I designed a row of 19
circular holes with different diameters with sequentially increasing from 1 um to 10 um

by a 0.5 um step.

The distance between the centers of two adjacent holes was set as 2.0 um. This section
was used to grow permalloy dots on silicon substrates. By observing the shape and
radius of the hemispherical permalloy dots by optical microscope, I determined the best

diameter (and the growth angle as described in the following section).

Once an appropriate is determined, the second section was used to fabricate permalloy
dots on a graphene. The second section had four holes with the same diameter in a row.
The distance between the adjacent holes is the same for four holes. However, there are
seven sets with different distances with increasing sequentially from 1.8 pm up to 3 um
by a 0.02 um step. This section was used to deposit permalloy dots on a graphene, to
measure non-local spin valve and spin Hall effect signals using four dots for four-

terminal measurements.

The third section also had four larger squares that can be connected to the second
section. Because the size of the second section is very small, I planned to use this section
to help with measurement, but in the end, I did not use the second section for the

measurements.

Figure 3.2. The first section of the mask
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Figure 3.3. 2.5um part of the second section

3.2 Design of Bracket

The incident angle between the substrate and the deposition beam has been known to
provide a certain impact on the sputtering process. Hence I designed a bracket that
allowed me to control an incidence angle for sputtering. The bracket had twelve slopes,
each of which had a different angle to the deposition beam. Accordingly, twelve
different incidence angles were used for the permalloy growth from 25° to 80°. The

design of the bracket is shown in Figure 3.4.
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Figure 3.4. The design of the bracket

3.3 Photolithography

The ultrasonic cleaning was used for a substrate with isopropanol for ten minutes. After
the ultrasonic cleaning, deionized water was used to clean the substrate, followed by
blow dry with nitrogen gas. I then spin coated the photoresist (S1818) with a

homogenizer.

Here the rotational speed can affect the thickness of the photoresist . Figures3.5
provides the information required to properly select the speed to achieve the resist
thickness needed for the permalloy growth. The best coating uniformity is typically
attained between the spin speeds of 3500 and 5500 rpm. Because I want to obtain a
hemisphere shape, the thickness of the resist should be longer than the radius of the
hemisphere shape, otherwise adjacent dots will be connected during the sputtering. So
I selected the speed of 3500rpm for 35 s in this study, allowing me to obtain the
thickness of photoresist to be about 2.1 pm.
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Figure 3.5. Spin speed dependence of photoresist thickness.

After baking at 115°C for 60 s to cure the resist, [ placed the sample in the lithography
system (UV-KUB3). It has been well known that exposure time and power both have
an impact on the patterns made by the lithography. After multiple attempts, I found the
best parameter is the power of 70% for 30 s. After exposure, I developed it using the
developer (MF319) to transfer the designed mask pattern onto the photoresist. I then

cleaned it with deionized water and blow dry with nitrogen gas.

3.4 Permalloy Growth

I mounted the photolithographically patterned sample onto a bracket and installed it in
the sputtering system (MiniLab 60) to deposit permalloy into the patterned hollow
structures. Firstly, I started the vacuum system and extracted the gas from the system
to achieve a required vacuum environment. It was usually necessary to extract the gas
to a good vacuum level to avoid the influence of impurities such as oxygen on the

sputtering process.

I set the deposition parameters once the vacuum reached around 5 x 107 mbar. Firstly,
I set the density to 8.9 g/cm® and the rotation speed to 0.5 r/s. The Ar gas flow rate was
set to 1 sccm then Ar gas was introduced into the system until the Ar gas pressure

reaches 0.0 1mbar.

Afterwards, DC magnetron sputtering was used at the sputtering power of 120 W and
running for about 15 minutes to remove surface impurities while keeping the sample

baffle closed. I then set the power to 105 W and wait for the plasma glow to be stabilized
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to open the baffle. The sputtering rate was monitored during the process to be 0.4-0.5
nm/s. The total thickness I sputtered was about 2 um, which was broken into four sets
of 500 nm thick sputtering to minimize the damage induced on the resist, At the end of
each set, I stopped the output power to the target for about 15 minutes. The start and
end of sputtering was controlled through a baffle. After the entire sputtering process,
the sample was taken out from the chamber and lifted-off using photoresist remover

(1165) and isopropanol to finally obtain the permalloy dots.

The dots were imaged using an optical microscope to evaluate the shape and the radius

of the dots to find the best deposition condition and diameter to form hemispheres.

3.5 Four-terminal Measurements

A four-terminal method is a commonly used low resistance measurement technique. It
is well known that wire and contact resistance can affect the measurement of low
resistance values. Unlike a two-terminal method, the four-terminal method can avoid

the influence of both parasitic resistance.

Figure 3.6 is the circuit diagram of the two-terminal method. R3 and R4 are the
measured wire resistance, R7 and R8 are the contact resistance between the wire and
the measured resistance R11. The voltage measured by the voltmeter is U, and the
current flowing through the constant current source is /, satisfying the relationship, U
=Ix(R3+ R4+ R7+ R8 + RI11). Therefore, it can be seen that when the two-terminal
method is used for measurement, the wire and contact resistance can be superimposed.
When the magnitude of the measured resistance R11 is small, the error in the

measurement becomes large.

Figure 3.7 is the circuit diagram of the four-terminal method. The internal resistance of
the voltmeter is Ri, the measured wire resistance are RS and R6, the contact resistance
are R9 and R10, and the measured resistance is R12, For the measurement, /a is the
constant current source current, and /b is the current flowing through the voltmeter. The
voltage at both ends of the measured resistor R12 can be defined as
U=1bx(R5+R9+Ri+R6+RI10)=(la-1Ib)xRI12

The displayed value of the voltmeter is accordingly calculated as Ul = Ib x Ri. Due to
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Ri>>R5+R9+R6+ R10,la>>1b, Hence Ul =1b x Ri=1la x R12.

B 4R

A — —i—@—
(v )— ! —@

L [ R4 [Rl : |jR5 R6 []Rz

&
e [[ B [‘]m R10
= ‘ = .
= a RI2 b
Figure 3.6 Two-terminal method. Figure 3.7 Four-terminal method.

Notes:BT: and BT are power source that used to inject spin current.

A is used to measure current. V is used to measure voltage.

The four-terminal method is particularly useful when accurate and reliable
measurements of resistance or resistivity are required, especially for low-resistance
samples where contact resistances can be comparable to the sample resistance. This
technique is widely used in both research and industry for material characterization and

quality control in manufacturing electronic devices.
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4. Results and Discussion

After the experiment, I obtained my sample, but the permalloy dots on it were not

perfectly hemispherical, but more like cylindrical shapes.

Although I have designed various diameters on the mask, the actual one that can be

used is only 1.5 pm. 2 pm,2.5 pm,3 pum,3.5 pm,4 pm.

Because the minimum accuracy of the company can only reach 1um. So it leads to the

circles that diameter are 1 um are not very clear.(see Figure 4.1)

Figure 4.1

The optimal thickness of photoresist is approximately 2 um. In order to achieve a semi

circular effect, the selection of the maximum diameter cannot exceed 4 pm.

Meanwhile, larger diameter dots will cause adjacent dots to connect together during the

sputtering. (see Figure 4.2)
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Figure 4.2

In photolithography, it is found that the photolithography effect is influenced by time
and power. A short exposure time can lead to incomplete shape, while a long exposure
time can cause changes in shape and size. In order to achieve better shape and structure,
it is necessary to continuously optimize exposure time and power in practice to achieve

better results.( see Figure 4.3)

Figure 4.3
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At the same time, the development time can also affect the lithography effect. When
other conditions are the same, an excessively long development time can make the

edges appear like steps, and a perfect development edge should be vertical.

During the sputtering process, I found that using magnetic materials as targets in DC
sputtering can affect the production of plasma in the sputtering system. Thinner targets

are more easily excited.

In the experiment, we tried 1/4,1/8 and 1/16 inch permalloy targets respectively, and
only 1/16 inch had the best result, getting the plasma. Due to the majority of magnetic
field lines passing through the interior of the magnetic material, the surface magnetic
field of the target decreases, requiring a higher voltage to excite the target. By observing
the samples obtained after sputtering, the different incidence angle between the
substrate and the position beam did not significantly contribute to the formation of a

hemispherical shape, but had some impact on the thickness.
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5. Conclusion and Future Persectives

Due to the malfunction of the probe station in the Department of Electronic Engineering,
I did not perform any measurements of spin Hall effect or non-local measurement. Due
to the very small size of my sample, I was unable to find an alternative instrument for

measurement.

I didn't get any data on spin diffusion length so that I don't have data to analyze and

obtain any conclusions about spin transport.
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