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ABSTRACT 

 

Spin Hall Effect in Paramagnetic Thin Films. 

(December 2008) 

Huachun Xu, B.S., University of Science & Technology of China 

Chair of Advisory Committee: Dr. Winfried Teizer 

 

Spintronics, an abbreviation of spin based electronics and also known as 

magneto electronics, has attracted a lot of interest in recent years. It aims to explore the 

role of electrons’ spins in building next generation electric devices. Using electrons’ 

spins rather than electrons’ charges may allow faster, lower energy cost devices. Spin 

Hall Effect is an important subfield of spintronics. It studies spin current, spin transport, 

and spin accumulation in paramagnetic systems. It can further understanding of 

quantum physics, device physics, and may also provide insights for spin injection, spin 

detection and spin manipulation in the design of the next generation spintronics 

devices.  

In this experimental work, two sets of experiments were prepared to detect the 

Spin Hall Effect in metallic systems. The first set of experiments aims to extract Spin 

Hall Effect from Double Hall Effect in micrometer size metal thin film patterns. Our 

experiments proved that the Spin Hall Effect signal was much smaller than the 
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theoretically calculated value due to higher electrical resistivity in evaporated thin 

films. The second set of experiments employs a multi-step process. It combines micro 

fabrication and electrochemical method to fabricate a perpendicular ferromagnet rod as 

a spin injector. Process description and various techniques to improve the measurement 

sensitivity are presented. Measurement results in aluminum, gold and copper are 

presented in Chapters III, IV and V. Some new experiments are suggested in Chapters 

V and VI.  
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CHAPTER I  

INTRODUCTION 

 

1.1 Spintronics 

1Spintronics[1-6], an abbreviation of spin based electronics and also known as 

magneto electronics, attracts a lot of interest in recent years. It aims to explore the role 

of electrons’ spins in designing the next generation electric devices. Using electrons’ 

spins rather than electrons’ charges may allow faster, lower energy loss devices. Spin 

current is non-dissipative and spin devices are sometimes more effective. 

Traditional charge based electronics has changed the world significantly. It 

fuels the train of civilization. However, in semiconductor industry, as the dimensions 

of transistors are shrunk to smaller (nanometer size) scales in order to integrate more 

transistors on a chip, problems arise. One big problem is device heating. This results 

from the higher resistance of devices due to their smaller size. On one hand, the 

temperature of devices can reach a regime where they malfunction. On the other hand, 

a lot of energy is wasted. Although a smaller current is used to reduce the heating 

effect, there is always a threshold current for the devices to work. The study of 

non-dissipative devices is thus of great importance[7]. The electron’s spin is a quantum  

 
                                                        
This dissertation follows the style and format of Physical Review Letters. 
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mechanical parameter, and a spin current is non-dissipative. 

On the other hand, spin based electronics may be faster and more favorable 

than traditional charge based electronics. The discovery of Giant magnetoresistance 

(GMR)[8, 9] is considered as the birth of spintronics. Magnetoresistance (MR) is the 

change in the electrical resistance of a material in the presence of a magnetic field. All 

metals have an inherent magnetoresistance[10] due to the effect of Lorentz force. 

Usually the magnetoresistance effect is very small. However, metallic alloys 

containing magnetic atoms have an enhanced MR because the scattering in the material 

is controlled by the magnetic field. Experiments [8, 9] on layered and granular 

materials have shown an even more dramatic MR effect (GMR), which quickly found 

its applications in computer hard drives. Traditionally, permalloy is used for 

magnetoresistive sensors in hard disk reading heads in computers. After GMR was 

discovered in 1988, engineers successfully developed hard drive reading heads based 

on GMR effect. The GMR ratio has a typical value greater than 10% at room 

temperature. Anisotropy Magnetoresistance (AMR), the effect used in older computer 

hard drives, usually is less than ~3%. Therefore, replacing AMR reading heads with 

GMR reading heads led to a rapid increase in storage density. IBM was the first 

producer to market computer hard drives based on GMR technology. In 2002, IBM 

announced that they could compress massive amounts of data into a small area at a 
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density of about 1.5Gbit/mm2. Magnetoresistive Random Access Memory (MRAM), 

the next spintronics device of major significance, is under development since the 1990s. 

It is expected to enter the market soon. At the same time, scientists and engineers in 

industry are developing other types of spintronics devices [11]. This is an active area, 

both in fundamental research and in industrial applications. 

 

1. 2 Spin Hall Effect 

Great progress has been made in spintronics since 1988. Yet this area is still in 

its infancy. Fundamental research is needed to better understand this subject. The 

primary requirement to design a spintronics device is to have a system that can 

generate a spin polarized current, and a system that is sensitive to the spin polarization. 

Spin Hall Effect is one of the research areas that targeted to these questions. 

Spin Hall Effect (SHE) was first proposed by Dyakonov and Perel [12, 13] in 

1971, and more recently revived by Hirsch[14] in 1999 and Zhang[15] in 2000. These 

early theoretical works studied extrinsic Spin Hall Effect originating from 

asymmetrical scattering by impurities. After scattering from impurities, electrons with 

spins up are preferentially scattered to one direction, while electrons with spins down 

are scattered to the other direction so that a spin current exists perpendicular to the 

current flowing direction. This effect is called extrinsic Spin Hall Effect to differentiate 
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the more recently proposed intrinsic Spin Hall Effect[16, 17]. In the intrinsic Spin Hall 

Effect, spin current perpendicular to the electrical current direction appears as a result 

of band structure in a clean system. This new phenomenon has generated extensive 

theoretic debates in the past several years[18]. 

To understand the Spin Hall Effect, we borrow basic ideas from Anomalous 

Hall Effect (AHE). In ferromagnetic metals, the Hall resistivity is empirically fitted by 

ρH=RoB+4πRsM, with B=µ0H being the magnetic induction and H being the magnetic 

field, M being the magnetization per unit volume and Ro and Rs being the ordinary and 

anomalous Hall coefficient respectively. The microscopic origin of Rs is not well 

understood[19, 20]. However experimentally it has been demonstrated that electrons 

with magnetic moments (spins) experience a transverse force when they are moving in 

a longitudinal electric field (Figure 1.1a). Furthermore, electrons with opposing spin 

directions are subjected to forces in opposing directions. Anomalous Hall Effect 

appears because there are unequal numbers of spin-up VS spin-down electrons in 

ferromagnetic materials. Hirsch[14] argued that the same mechanism that leads to 

Anomalous Hall Effect in a ferromagnetic material exists in a paramagnetic material, 

so that spin up electrons are scattered to one direction while spin down electrons are 

scattered to the other direction (Figure 1.1b). Therefore, in a thin current strip, a spin 

imbalance exists on the two edges of the current strip. Due to the equal amount of spin 
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up and spin down carriers in paramagnetic materials, no charge imbalance exist, unlike 

the Anomalous Hall Effect in ferromagnetic materials. To detect this spin imbalance 

experimentally is a challenging task. A voltage measurement across the current strip is 

not suitable for this experiment. Electrons’ spins are magnetic moment. The spin 

imbalance across the current carrying strip leads to different magnetization, very small, 

at the two edges. Commercially available magnetometers at the current market do not 

have the high resolution to detect the magnetization difference. 

 
Figure 1.1 Anomalous Hall Effect and Spin Hall Effect. a) Anomalous Hall Effect in 
magnetic system. More carriers are deflected to one side, leading to a spin and charge 
imbalance. b) Spin Hall Effect in nonmagnetic system, the number of carriers with spin 
up equals the number of carriers with spin down. Like AHE, different spin categories 
are scattered differently. Charge imbalance does not exist. 
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1. 3 Reported experimental progresses  

Although Spin Hall Effect was intensively studied theoretically, only a few 

experimental groups claimed to have observed the effect so far. Two groups [21, 22] 

observed the Spin Hall Effect in semiconductor systems using optical techniques. 

Lately another two groups [23, 24] reported observations of the Spin Hall Effect in 

metallic systems. These four experiments are briefly presented. 

 

1.3.1 Observations in semiconductor systems 

In 2004, a Santa Barbara group led by D. D. Awschalom reported the first 

experimental observation of Spin Hall Effect. The authors fabricated a thin n-GaAs 

slab with Molecular Beam Epitaxy and drove current through. The semiconductor slab 

has a width w=77µm, a length l=300µm, and a mesa height h=2.3µm (Figure 1.2a). 

The authors used Scanning Kerr Microscopy to detect the spin accumulation on the 

sample. The sample was illuminated with a linearly polarized laser beam. Kerr effect 

says that the rotation of the polarization direction of the reflected laser beam is 

proportional to the magnetization direction of the illuminated surface. The net 

magnetization is due to accumulated electrons’ spins in this experiment. The focused 

laser beam, with a spot size of about 2µm, was scanned across the sample and the 

angle of Kerr rotation was measured for each position. They observed the Kerr rotation 
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had a sign difference (Figure 1.2a) at the two edges of the slab, which suggested 

different types of spin accumulation at the two edges of the current carrying strip.  

This Kerr rotation at the two edges of the sample was modulated by an external 

magnetic field which is shown in Figure 1.2b. The projection of the spin polarization to 

the z-axis slightly disappeared in an applied magnetic field along x direction. This was 

explained as spin precession in the magnetic field. 

 

 
Figure 1.2 Spin Hall Effect in unstrained GaAs. Sample measured at T=30K. A) 
Schematic of the unstrained GaAs sample and the experimental geometry. B) Typical 
measurement of Kerr Rotation as a function of Bext at x=-35µm(red circles and 
x=+35µm(blue circles) for E=10mv µm-1. From Ref. 21. 
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The focused laser beam scanned across the sample, and the Kerr rotation at 

each point was recorded. The spin density was mapped from the Kerr rotation at each 

point (Figure 1.3a). It is observed that spin density depends on position. 

 

 
Figure 1.3 Two-dimensional image of spin density ns and reflectivity R. Sample 
measured in unstrained GaAs sample at T=30K and E=10mv µm-1. From Ref. 21. 

 

In the experiment, the authors did not see an influence of strain in another 

sample, which led them to believe the observed effect was extrinsic Spin Hall Effect. 

Dr. Awschalom’s group observed Spin Hall Effect in similar system using the same 

experimental techniques[25, 26]. 
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Almost at the same time as Dr Awschalom’s work was published, an 

independent group[22] mixed with experimentalists and theorists reported their 

observation of Spin Hall Effect in a two-dimensional hole system. In this work, the 

authors adopted the principle of Light Emitting Diode, but changed the design to a 

coplanar structure with two p-n junctions. A Light-Emitting Diode [27] consists of a 

chip of semiconductor materials doped with impurities to create a p-n junction. When 

the LED is forward biased, electrons meet holes and emit light, which then passes 

through the material. If the electrons and holes are polarized, the emitted light is 

circularly polarized. The 2d-hole channel lays side above n-doped AlGaAs (Figure 

1.4).  

 
Figure 1.4 SEM images of co-planar LED devices. a) A schematic cross section view 
of a coplanar p-n junction LED device. b) Scanning Electron Microscopy image of the 
LED device. From Ref. 22. 
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When spin polarized holes accumulates at the edge of the channel presumably 

due to the Spin Hall Effect, they combine with electrons coming from the below 

n-AlGaAs and emit polarized light. The polarization of the light originated from the 

edges of the LED was measured by electroluminescence technique. The authors found 

that the direction of polarization was reversed as reversing the applied electric field 

(Figure 1.5a), and the polarization directions were opposite at the two edges (Figure 

1.5b) of the hole channel which indicated the existence of Spin Hall Effect in the 

system. This work is in a clean system without impurities, and the observed effect is 

believed to be intrinsic Spin Hall Effect. 

 

Figure 1.5 Optical measurement of Spin Hall Effect in 2d-hole system. a)Polarization 
direction measured with opposite current directions. b) Polarization measured at 
opposite edges of the hole channel. From Ref. 22. 
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1.3.2 Observations in metallic systems 

Optical techniques are good friends to semiconductor systems, but they are not 

suitable for metallic systems. The main reason is that the spin diffusion length of 

metals is very short; usually less than 1µm in amorphous thin film. Laser beam usually 

has a focus spot of a few micrometers, which means that the electrons in metals lost 

spin coherence even within the size of the laser spot. Two experimental groups have 

observed the Spin Hall Effect in metallic systems using electric methods. 

Valenzuela and Tinkham[23] reported their measurement of Spin Hall Effect in 

aluminum thin film. Their system consisted of two ferromagnetic (CoFe) electrodes 

and an aluminum hall cross, Fig 1.6a.  

 
Figure 1.6 Schematic of a spin valve device. a) Atomic force microscope image of the 
device. Two Ferromagnetic electrodes (FM1 and FM2) on top of a thin aluminum (Al) 
hall cross. b) Schematic of the Spin Hall Effect measurement. c) Spin-transistor 
measurement for device. From Ref. 23. 
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The sample shown in Figure 1.6a was patterned by electron beam lithography 

and a two-angle shadow-mask evaporation without breaking the vacuum[28]. A 

MMA/PMMA pattern was first created using electron beam lithography. The 

aluminum cross, with arms 400nm and 60nm wide, was first deposited at normal 

incidence onto a Si/SiO2 substrate using e-gun deposition. The aluminum film was 

then oxidized in pure oxygen at a pressure of 150millitor for 15mins. After the vacuum 

was recovered, the ferromagnetic electrodes were deposited with an angle of 50° from 

the normal to the substrate surface. As a result, the aluminum oxide layer between the 

ferromagnetic electrodes and aluminum film formed tunnel junctions. It has been 

demonstrated that the tunnel barrier is crucial for spin polarized tunneling because it 

assures a uniformly distributed injection current and enhances the spin polarization rate 

[28, 29]. 

The two ferromagnetic electrodes were used as a typical spin transistor 

measurement[28, 30-32] to calibrate the device. The spin-transistor measurement, was 

first demonstrated by Mark Johnson [31] to measure the spin diffusion length in an 

aluminum single crystal bar. The measurement geometry is shown in Figure 1.7a. The 

current is injected from FM1 into the left side of the aluminum film. The voltage 

between the FM2 and the right side of the aluminum film is measured. The magnetic 

field is applied in the sample plane. The easy axes of the ferromagnetic electrodes are 
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in the sample plane because of the shape anisotropy of the electrodes. The geometry 

difference of the two ferromagnetic electrodes causes a slight difference in coercive 

field. Parallel and anti-parallel magnetization in the ferromagnetic electrodes could be 

achieved by sweeping the magnetic field in the plane. The voltage difference ΔV 

between parallel and anti-parallel has been observed. Typical data of spin transistor 

measurement is available in [28-30, 32, 33]. ΔV/I is expressed as: 

)/exp(2
sfFM

sf L
A

P
I
V λ

σ
λ

−=
Δ         (1.1) 

Where P is the Polarization rate of the ferromagnetic electrode, λsf is spin diffusion 

length of the aluminum film, σ is the conductivity, LFM is the distance between the two 

ferromagnetic electrodes. In this measurement P, λsf was experimentally extracted. 

The easy axes of the ferromagnetic electrodes were in the sample plane due to shape 

anisotropy. It was necessary to have a magnetization perpendicular to the plane in 

order to study the Spin Hall Effect. The relation between the magnetization direction of 

the electrodes and the external magnetic field was the next step of this experiment. 

Similar to the spin transistor measurement, the authors prepared FM1 and FM2 to be 

parallel and anti-parallel by manipulating the magnetic field. Then they performed 

similar spin transistor measurement but applying a magnetic field perpendicular to the 

sample plane. The magnetization of the Ferromagnetic electrodes slowly tilted out of 

the sample plane as the applied magnetic field increase. The injected electrons’ spins 
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precessed around an axis parallel to the applied field and projected to the detector 

ferromagnetic electrode. The angle θ of the magnetization to the plane was extracted 

from the measurement[30, 34, 35]. Sinθ, proportional to the perpendicular 

magnetization of one of the electodes, .is plotted as a function of the external magnetic 

filed, the black line in Figure 1.7d 

 

 
Figure 1.7 Spin transistor measurement and spin precession. a) Scanning Electron 
Microscopy image of the sample and measurement scheme. b) ΔR=ΔV/I as a function 
of LFM c) ΔR=ΔV/I changes due to spin precession as a function of B┴. d) sinθ as a 
function of B┴ extracted from data in c). From Ref. 23. 

. 

A Spin Hall Effect measurement was performed as in Figure 1.6b. A current 

was injected from FM1 into the aluminum, but away from the Hall cross. The voltage 

on the Hall cross was measured in the presence of a perpendicular magnetic field, 
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which was mainly used to tilt the magnetization of FM1 out of the sample plane. The 

measurement results are shown below in Figure 1.8. 

 

Figure 1.8 Spin Hall Effect measurements in aluminum. Three difference separation 
distance between FM1 electrode and the Hall cross. The VSH followed the shape of 
sinθ, which described the out-plane component of magnetization. From ref. 23. 

  

After the current passed FM1, the current is polarized along the magnetization 

direction of FM1 electrode. In the aluminum pattern, there exists an imbalance 

between spin-up and spin-down electrons. Some of these electrons diffuse towards the 
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aluminum cross. The Spin Hall Effect generates VSH across the two Hall cross because 

of the imbalanced spin up and spin down electrons. The measurement results in Figure 

1.8 obey the overall shape of Sinθ as the function of the external magnetic field 

perpendicular to the sample plane, which is due to Spin Hall Effect.  

More recently, T. Kimura and co-workers [24] reported their experiment on 

Spin Hall Effect in metallic system.  

 

 
Figure 1.9 Schematic of Cu/Pt sample by Kimura. a) Scanning electron microscopy 
image of the device. b) Schematic spin dependent electrochemical potential map. c) 
Schematic illustration of the charge accumulation process in the Pt wire. From Ref. 24. 
 

Kimura’s system consists of a large permalloy (Py) pad, a thick copper (Cu) 

cross (100 nm by 80nm), and a thin (4nm) platinum (Pt) wire. The copper cross was 

100nm wide and 80nm tickn. Figure 1.9a is the Scanning Electron Microscope image 
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of the fabricated sample. The distance between point 1 and 3 in Figure 1.9 is 400nm, 

smaller than the spin diffusion length of copper at room temperature [36, 37]. 

When the current flows from the Permalloy electrode to one arm of the copper 

cross, the polarized electrons are diffused along the copper wire to the right side of the 

sample, and are absorbed in the thin platinum wire because of lower spin resistance in 

the platinum wire [36, 37]. The authors argued that a charge current Ic is generated in 

the Pt wire via the inverse Spin Hall Effect. The direction of Ic is given by the vector 

products s×Is (Figure 1.9c). In the platinum wire, spin up and spin down electrons 

flow to the different sides of the platinum wire. When a spin current polarized along 

the x axis are absorbed into the Pt wire, a charge imbalance along the y axis is induced.  

The measurement configuration is in the inset of Figure 1.10b. The data curve 

in Figure 1.10 shows that the voltage across the platinum wire depends on the direction 

of the permalloy magnetization, and the voltage has a hysteresis at liquid nitrogen 

temperature. All of these observations can be explained by the Spin Hall Effect. 
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Figure 1.10 Spin Hall Effect measurement of Cu/Pt sample. a) Room temperature b) 
77K. The inset of (b) shows the measurement configuration. From Ref. 24 

 

In order to test the observed effect with the direction of the magnetization of 

the permalloy layer, the authors applied an in-plane magnetic field, but tilted the field 

direction away from the x axis in the sample plane, and measured the voltage across 

the Pt wire. The measurement result is shown in Figure 1.11. The voltage across the Pt 

wire has a cosФ dependence, where Ф is the angle between the in-plane magnetic field 

and x axis. This is because s×Is is not along the Pt wire. The measurement voltage is 

the projection of spin current, thus has a cosФ dependence.  
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Figure 1.11 Hall resistance VS magnetic field direction. a) 0 or π, b) π/4, c) π/2. d) 
Overall Hall resistance change as a function of the direction of the magnetic field. 

 

Spin Hall Effect has been extensively studied in recent years. It might provide 

important tools for spin injection, spin detection and spin manipulation in the design of 

Spintronics devices. In the following chapters, our studies of the Spin Hall Effect in 

metallic thin film will be presented. Our experiments started before all of the four 

experiments were reported. Chapter II describes some experimental techniques used in 

this work. Chapter III presents our experiments in micrometer size aluminum and gold 

thin film patterns. Chapter IV and Chapter V extend our study at nanometer size scales 

using a spin injection technique. Chapter covers sample fabrication, while Chapter V 

summarizes measurement results. Chapter VI is the conclusion.  
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CHAPTER II 

EXPERIMENTAL TECHNIQUES 

 

 

Before we present our experimental studies of Spin Hall Effect, it is useful to 

introduce major experimental techniques which had been employed in our experiments. 

Pattern generation (Photolithography and electron beam lithography), pattern 

transferring (etch and liftoff), thin film deposition, electroplating, and low noise 

electric measurements are briefly introduced. For more detailed description of these 

experimental techniques, please check references [38-41]. 

 

2.1 Photolithography 

Photolithography is a technique that uses a light source to transfer a master 

pattern onto the surface of a solid material such as silicon wafer. It is a powerful tool 

widely used in research laboratories and in industry. It can generate features with size 

ranging from sub-micrometer to millimeters or even larger. Advanced 

photolithography in the integrated circuits (ICs) industry can create features of 

dimension several times smaller than the wavelength of light (currently 193nm) by 

using liquid immersion and a host of photomask enhancement technologies 

(phase-shift masks, optical proximity correction) [38]. The photolithography process 
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involves photoresist application, soft baking, mask alignment, exposure, development, 

and hard-baking (optional). 

 

2.1.1 Substrate preparation 

We start with a small piece of silicon diced from a commercial silicon wafer. 

Our measurement is at four Kelvin the intrinsic carriers’ density of the silicone is 

negligible. It is safe to consider the substrate is an insulator at low temperature. The 

wafer piece is soaked in an acetone bath with ultrasonic agitation for about 15 minutes. 

Then the wafer is rinsed with acetone and isopropanol sequentially, and dried with 

nitrogen gas or spin dried. The substrate is baked on a hot plate at 160 degree Celsius 

for about 10 minutes to remove solvent accumulated from the cleaning process. This 

cleaning process is crucial since any dust left on the substrate may result in defects in 

the final patterns.  

After the wafer is cooled down to room temperature, photoresist (Shipley 1805 

in this study) is applied onto the substrate with a pipette, and the substrate is spun 

rapidly to produce a uniform photoresist layer using a spin coater. The thickness of the 

photoresist depends on the spinning speed and viscosity of the photoresist. The 

empirical expression for the thickness t is given by: 
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ηKCt =            (2.1) 

where K is the overall calibration constant, C is the polymer concentration in g/100ml 

solution, η is the intrinsic viscosity, ω is the rotation speed (rpm). For Shipley 1805, a 

spinning speed of 3000 rpm produces a resist layer of 500nm in thickness. The 

substrate with photoresist is baked on a hot plate with temperature set at 115℃ for 

about 30 minutes to remove solvent in the photoresist, which is called soft bake. The 

photoresist is ready for the next step--exposure. In industry, the whole wafer is 

processed and then sliced into small pieces to package. In our facility, we don’t have 

this capability. 

 

2.1.2 Photoresist exposure 

There are two types of photoresist: positive and negative. For a positive 

photoresist, exposure to the Ultraviolet (UV) light changes the chemical structure of 

the resist so that it becomes more soluble to a certain developer solution. The resist 

exposed by the UV light is then washed away by the developer solution. A negative 

photoresist behaves in just the opposite manner. Exposure to the UV light causes the 

negative resist to polymerize. The developer solution removes only the unexposed 

negative photoresist. Therefore, the negative resist exposed by the UV light remains on 
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the substrate. Figure 2.1 shows a schematic patterning process for positive and 

negative photoresist.  

 

Figure 2.1 Illustration of photolithography patterning process 
 

The photolithography process transfers the pattern on the photomask to the 

photoresist. The pattern on the photomask is created in a similar lithographic way. On 

a fused quartz, a thin chrome layer is first deposited. Then a resist pattern is created on 

the chrome by a Laser Plotter[42] or electron beam lithography. The chrome film 

without photoresist protection is etched away while the chrome underneath the resist is 
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protected. Then the photoresist is stripped and a chrome pattern is left. Light is blocked 

by the remaining chrome layer and passes through the quartz glass so that the chrome 

pattern allows selective light pass. Depending on the gap between photomask and the 

substrate, the photolithography can be classified as direct print and project printing. In 

our system, the mask is in direct contact with the photoresist layer, and transfers a 1:1 

image of the pattern on the mask onto the silicon wafer. 

In photolithography, the exposure time, exposure light density, development 

time, photoresist baking time and baking temperature are the main parameters that 

have to be optimized to fabricate good patterns with high yield. Advanced 

photolithography requires much more complicated process, more sophisticated 

equipments, and advanced computer modeling and control. Using photolithography, 

engineers in major semiconductor companies are able to create features as small as 

30nm! For research labs, most researchers have to use other techniques to create 

nanometer size features. Electron beam lithography is one of the popular techniques. 

 

2.2 Electron beam lithography 

Our photolithography system can create features down to 2 µm in direct 

contact mode, limited primarily by the feature size on the photomask. To fabricate 

samples with smaller features, electron beam lithography (EBL) is frequently used. 
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EBL works similar to Photolithography. It uses high-energy electrons beam to expose 

the resist layer rather than using UV light in the Photolithography process. This is a 

very powerful and flexible tool to create nanometer size patterns without using masks 

which are usually expensive. In industry, EBL is mainly used to generate 

photolithography masks or for low volume production. 

EBL mainly consists of an electron source that can produce an electron beam 

and a beam blanker that can turn the electron beam on and off. The electron beam is 

focused by one or two condenser lenses into a beam with a very fine focal spot 

ranging from 1nm to 5nm in diameter. The electron beam passes through pairs of 

scanning coils in the objective lens, which can move the beam in both horizontal and 

vertical directions. The beam blanker consist a pair of parallel plates where the 

electron beam passes through. When a voltage (100 volts) is applied between the two 

plates, the electron beam is deflected to the plates due to the electric force by the 

strong electric field generated by the voltage. The beam is off from the substrate 

point of view. If zero voltage is between the plates, the electron beam can pass 

through the plates. The beam is on. The beam is directed to specific positions on the 

surface by the scanning coil and the beam is turned on where the resist is to be 

exposed. A computer controls this writing process. The electron beam lithography 
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patterning process does not need any masks. The pattern is directly controlled by a 

computer with proper software. 

EBL offers higher patterning resolution than optical lithography because of 

the shorter wavelength of higher energy electrons used in the process. The 

wavelength of the electron is given by the de Broglie equation, if neglect the 

relativity effect, 

eVm
h

p
h

e2
==λ         (2.2) 

where h is Planck’s constant, p is the momentum of the electron, me is the mass of 

electrons, e is the elementary charge, and V is the accelerating voltage. The 

acceleration voltage we used is 30kV, which gives a wavelength of about 7*10-12m. 

However it takes longer to write a pattern using electron beam lithography. 

The resist pattern is created in a 'serial' manner, making it slow compared to optical 

lithography where patterns are generated in a ‘parallel’ way. The electron beam has 

to be well optimized in order to create nanometer size patterns. Optimization is a very 

complicated process. Due to the complexity of the technique, operational details are 

presented below. 

A substrate is first cleaned according to the protocol presented in Section 2.1. 

A pipette is used to place a few drops of liquid of 950K (Monochlorobenzene, 3%) 

PMMA (polymethyl methacrylate) onto the substrate. The substrate with PMMA is 
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then spun by a spin coater. The spinning speed determines the thickness of PMMA 

layer. The PMMA is manually scratched near the edges of the sample using a sharp 

object, e.g. sharp tip of tweezers, for a coarse focus adjustment.  

The prepared sample is mounted onto the sample stage of a SEM 

(JEOL-JSM6460). To prevent charging effect, a metal clip is used to firmly press the 

sample to the stage. The chamber is pumped down until the internal vacuum gauge 

detects a low enough pressure indicated by the system. After pumping for another 10 

min, the filament is turned on with an accelerating voltage of 30KV. A Faraday cup 

is used to saturate the filament and to optimize the electron beam. The beam is moved 

to the Faraday cup by moving the sample stage and increasing the magnification until 

the beam is fully within the Faraday cup. The filament current is increased slowly by 

clicking the current bar on the SEM control screen. The beam current is measured 

with a Keithley 6485 Pico-ammeter. Figure 2.2 shows the saturation process in our 

system. As the filament current increases, a false peak appears first. The filament 

current is continually increased. In this saturation process, the change of beam current 

between each click of the filament current bar is closely monitored. It is important to 

record the highest change of beam current between two clicks. When the change of 

beam current between two clicks is about a quarter of the highest beam current 

change, the filament is saturated properly. The filament saturation is extremely 
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important. If the filament current is too low, the electron beam is not stable and easily 

affected by other settings. If the filament current is too high, the lifetime of the 

filament decreases dramatically.  
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Figure 2.2 Beam current VS filament current during filament saturation 

 

To optimize the electron beam, the tilt and shift of the electron beam is 

iteratively adjusted at a smaller (~25) and bigger (~90) spot size respectively after the 

electron beam is turned on for at least 10 minutes. In the ideal case, the beam current 

is maximized and observed to be symmetric in both tilt and shift. In the writing 
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process, different beam currents might be used if the patterns have various 

dimensions. The Faraday cup is used to find the corresponding spot size for different 

beam currents. Large beam current (large spot size) is used to write bigger patterns. 

Small beam current (small spot size) is used to write fine features. It takes more effort 

to optimize the EBL system to write small features. The optimization process is 

conducted in small beam current because the system requirements to write bigger 

patterns are loose. Once the system is optimization to write small features, it can 

generate bigger features as long as the dosage is set properly. 

The optimized electron beam is moved to a gold standard to adjust focus and 

stigmatism. The focus and stigmatism is iteratively adjusted to get a better image of 

gold grains. This procedure is performed at several magnifications until gold grains 

are clearly resolved. Once a clear gold picture is observed, the wobbling is checked. 

In this step, a smaller separate square showing a real-time scan image is compared to 

a frozen image. Two external knobs are used to minimize the movement of the 

scanning image in horizontal and vertical directions. The adjustment of focus, 

stigmatism and wobbling is repeated until a clear edge of gold grains is observed, 

Figure2.3. The gold standard is mounted about the same height as the sample. 

Usually the fine focus is adjusted in the following operation. The stigmatism is 
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usually not changed after this step. For experienced operators, the stigmatism may be 

carefully adjusted on contamination spots to achieve better patterning result. 

  

Figure 2.3 SEM image of a gold standard sample scanned at X100,000 
 

  

It is necessary to move the electron beam back to the Faraday cup to check the 

filament saturation and beam alignment. The beam current might increase after 

optimization depending on previous conditions. If any adjustment such as filament 

saturation current, tilt or shift is made again, the adjustment of focus and stigmatism 

has to be repeated. After the optimization is finished, the electron beam is carefully 

moved to the edge of the sample to locate the scratch, and focuses at the end of the 

scratch, Figure 2.4. 
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Figure 2.4 SEM image of the end of a scratch on the PMMA 

 

Focus on the scratch is important because the sample is usually a few 

millimeters away from the gold standard and may have slight difference in height so 

that refocus might be necessary. Focus on the scratch brings focus as close as 

possible to the final focus of actual E-beam writing. 

After adjusting the focus on the tip of the scratch, the beam is moved 20µm 

towards the center of the substrate with the beam off. The system is switched to 

writing mode. The electron beam is turned on and the PMMA is exposed. If the 

electron beam is well optimized and properly focused, the beam current reading from 

the Pico-ammeter decreases with time as the increase of the back scattered electrons 

reduces the total current of the electron beam. The system is switched to scanning 
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mode. At the center of the screen, a round, uniform dot is observed if the system is 

properly optimized, Figure 2.5. It might be difficult to create a small and round 

contamination spot at the first time. Focus and stigmatism may be adjusted on the 

contamination spot. The contamination spot creating process is repeated until a nice, 

round, uniform dot is observed.  

 
Figure 2.5 SEM image of a contamination spot. The PMMA surface was exposed by an 
optimized electron beam. 

  

After the optimization process is completed, the system is ready to write 

patterns. The system is switched to writing mode. The electron beam is on beam 

blanking mode. The run file created by a NPGS software is processed to create 

nanometer size patterns. 
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2.3 Pattern transferring 

Once the pattern is generated by either Photolithography or electron beam 

lithography on a resist, it is necessary to transfer the pattern onto the silicon wafer. 

There are two ways to transfer the resist pattern: etch, or lift off, Figure 2.6 and Figure 

2.7. In the etch process, a thin film is deposited first before the resist patterning. After 

lithographic process, part of the film is covered by the resist pattern while the rest is 

unprotected. A dry/wet etch technique is then used to remove the unprotected film. The 

resist patterns protect the material underneath. The thin film pattern appears after the 

resist is removed. This dry/wet etch method is widely used in semiconductor business 

to make integrated circuit on Silicon. In the liftoff process, a thin film is deposited after 

the lithographic patterning. The sample then is immersed in some chemical (acetone in 

our experiments). The film that makes direct contact with the substrate stays while the 

film on top of the resist pattern is removed.  

 

Figure 2.6 Illustration of etch process. a) Deposit thin film. b) Pattern photoresist. c) 
Etch film using resist as protective mask. d) Remove resist to get pattern.  
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Figure 2.7 Illustration of liftoff process. a) Pattern photoresist. b) Deposit thin film. c) 
Soak the sample in a solvent which can remove the resist. d) Clean and dry sample 
 
 

2.4 Thin film deposition 

In Section 2.2, a thin film is deposited either in etch or liftoff process. There are 

many techniques for deposition: thermal evaporation, electron gun deposition, 

sputtering, chemical vapor deposition, and so on. The photoresist and PMMA are 

sensitive to temperatures. At high temperature, resist will degrade and is difficult to 

remove afterwards. If high temperature is required for the material growth, dry/wet 

etch method is usually used to transfer patterns.  

The thin film used in our experiments is deposited by thermal evaporation. The 

source material is loaded into a tungsten basket or tungsten boat. After pumping to a 

high vacuum (5*10-6torr) using a diffusion pump, the tungsten basket/boat is heated 

with an electric current. The temperature of the source material is raised to exceed the 

melting point. The vapor of the material radiates and forms thin film when it hits the 

substrate. 
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A Quartz Crystal Microbalance (QCM) is used to monitor the evaporation rate 

and measure the film thickness. The QCM sensor head is placed near the sample. 

When the material vapors deposit on the quartz crystal, the mass of the quartz crystal 

changes. The resonant vibration frequency of the piezoelectric quartz crystal has a 

correlation with the mass, known as Sauerbrey equation[43] 
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       (2.3) 

where, f0 is the resonant frequency of the crystal, A is the active area of the crystal 

(between the electrodes), ρq is the density of quartz (2.648 g/cm3) and μq is the shear 

modulus of quartz (2.947*1011g/cm.s2). Δm is the change of mass on the quartz crystal 

due to the deposited material, and linearly depends on the film thickness t. The 

frequency is measured by a frequency counter with high acuracy. The constant C is 

calculated from the equation, and is adjusted by measuring the thickness of deposited 

film using a Dektak profilometer. The Sauerbrey equation holds near f0. If the 

frequency reading is off by 10% after some use, the quartz crystal should be changed.  

 

2.5 Electroplating 

Electroplating is a process of using an electrochemical reaction to grow a layer 

of metal onto a conductive surface in a solution. The surface to be plated is connected 

to a negative potential, making it a cathode as in Figure 2.8. When there is a voltage 
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between the cathode and the anode, the cathode attracts positive ions in the solution. 

These ions receive electrons from the cathode and form atomic layer onto the surface. 

The anode can be made of the material to be electroplated. In this case, the anode 

slowly dissolves and replenishes the ions in the solution. A nonconsumable anode such 

as lead, platinum, or graphite can also be used. In the latter case, the metal ions in the 

solution must be periodically replenished in the bath as they are drawn out of the 

solution continously. 

 
 

Figure 2.8 Schematic of an electroplating process 
 

The electroplating speed depends on the efficiency of the anode and cathode, 

the electrolyte, and the electroplating current. If growth on certain area of the cathode 

is not desired, tape or foil is used to prevent the solution from reaching the area.  
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In our experiment, we want to electroplate through a PMMA pattern. The 

PMMA pattern is on top of a metal thin film patterns. The film pattern is connected as 

a cathode. The electroplating process only occurs at the places where the metal film is 

exposed to the plating solution. More details about the experiment is presented in 

Chapter IV. 

Single element material electroplating is straightforward. Alloy electroplating is 

more difficult and usually is achieved by selecting proper electrolyte and the ratio of 

element is controlled by electroplating current density.  

 

2.6 Low noise electric measurement 

Low noise electric measurements[39, 40] are very important in this study. We 

need to measure electric properties of micrometer and nanometer size patterns. The 

signal is in the order of 10-9 volt, which is comparable to the thermal noise.  

A lock-in amplifier can pick up low-level signals from a noisy environment, 

and is useful in this work. Operation of a lock-in amplifier relies on the orthogonality 

of trigonometric functions. Specifically, when a trigonometric function of frequency f1 

is multiplied to another trigonometric function of frequency f2 not equal to f1 and 

integrated over a time much longer than the period of these two functions, then the 

result is zero. When f1 is equal to f2, and the two functions are in phase, the average 
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value is equal to half of the product of the amplitudes. Lock-in amplifier picks up 

signals with particular frequency only. Any signal with a different frequency is 

attenuated. The relative phase of the signal with respect to reference signal can be 

measured. To increase the measurement sensitivity, the output of the lock-in amplifier 

is fed into the input of a Keithley multimeter. The readings of the Keithley multimeter 

is taken by a labview program for four minutes for each measurement. The computer 

accquired data is averaged, and has measurement sensitivities as low as a few 

nanovolt. 

For small signals, electrostatic coupling or interference might change the 

measurement results significantly. Electrostatic coupling or interference occurs when 

an electrically charged object is brought close to an uncharged object. It could produce 

noisy or erroneous reading. The following steps can reduce this effect: 1. keeping all 

charged objects (including people) away from sensitive areas of the test circuit. 2. 

Avoiding movement and vibration near the test area. 3. Using good quality coaxial or 

triaxial cables to make connections and properly shielding the devices being tested. 4. 

Grounding properly to avoid ground loop.  

Due to space limit, the above techniques are briefly presented. In the next two 

chapters, we will show how these experimental techniques are used in our experiments 

and more experimental details are covered. 
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CHAPTER III 

SPIN HALL EFFECT IN MICROSCOPIC SAMPLES 

 

 

From the introduction in Chapter I, if an electric current flows in a system, a 

spin current is generated perpendicular to the current flowing direction due to Spin 

Hall Effect. In a paramagnetic system, on the two sides of the current path, there is a 

spin imbalance, but no charge imbalance because of the equal number of spin up and 

spin down charge carriers. To detect this spin imbalance is a difficult task. Currently 

available magnetometers do not have the sensitivity needed to measure the small local 

magnetization of the imbalanced spins in metallic systems. In this chapter, we will 

present our experimental effort in micrometer size samples. 

 

3.1 Proposed experiment in aluminum by Hirsch 

Spin Hall Effect was first proposed over thirty years ago, and more recently 

revived by Hirsch [14]. In his paper [14], Hirsch proposed an experimental scheme to 

detect the Spin Hall Effect. Hirsch suggested a three-layer-system (Figure 3.1) in 

analogy to a Double Hall Effect device [14]. The first and third layers are conductors, 

separated by a thin insulating layer. On the two sides of the insulating layer, two small 

windows patterned by photolithography are etched in order to make contacts between 
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the first and third conducting layers. In the presence of a magnetic field, there is an 

ordinary hall voltage across the two edges of the bottom strip due to the Lorentz force. 

Since the top conductor connects the bottom conductor through two contacts, a current 

induced by the ordinary hall voltage circulates in the top conductor. This current is 

proportional to the external magnetic field B. The induced current is also affected by 

the external magnetic field so that ordinary hall voltage across Point 1 and 2 in Figure 

3.1 is proportional to B2. This effect is called Double Hall Effect.  

 

Figure 3.1 A Tri-layer structure exhibits Double Hall Effect. The top strip is insulated 
from the underneath current carrying layer except two contact points at the two edges. 
In a magnetic field, Double Hall Effect exists between points 1 and 2 in the top 
conducting layer. 
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Hirsch argued that a Spin Hall Effect could be detected in the above proposed 

system. From the theory of Spin Hall Effect, in the bottom layer, spin up electrons are 

preferentially deflected to left (or right), while spin down electrons are deflected to 

right (or left). Some of the electrons pass through the two contacts and diffuse into the 

top layer (Figure 3.2). The same mechanism that deflects electrons’ spins in the bottom 

layer exists in the top layer. Therefore, spin up electrons are deflected to the left (point 

1 side). For spin down electrons, they are deflected to the right. Both spin up and spin 

down electrons are deflected to the same side in the top layer and a charge imbalance is 

established on the two sides of the top layer. This voltage is a direct evidence of Spin 

Hall Effect. 

 

Figure 3.2 Spin Hall Effect in tri-layer structure. Spin up and spin down electrons are 
preferentially deflected to different sides in the bottom conductor. The accumulated 
spin up and spin down electrons diffuse into the top layer through the contacts. The 
same mechanism defects spin up and spin down electrons to the same side.  
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Hirsch calculated the effect and obtained the following equation to estimate the 

Spin Hall Effect: 
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where Rs1, Rs2 is the anomalous Hall coefficient of the bottom and top conductor, n1,n2 

is the carriers’ density of the bottom and top conductor, µB is the Bohr magneto, jx is 

the current density in the bottom layer, l is the width of the top conductor, ρ2 is the 

resistivity of the top conductor.  In a simple case where the top and bottom 

conductors are made from the same material, the equation simplifies  
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For aluminum, if Rs=R0=3.45*10-11m3/C, l=100µm, jx=6*106A/m2, ρ=2.7*10-3µΩ cm, 

Vsc is estimated as 58nv, measurable in most laboratories.  

In the presence of a magnetic field, there is an additional term from the Double 

Hall Effect 
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It may be difficult to measure the Spin Hall Effect at zero magnetic field. 

However, it is possible to extract the Spin Hall Effect from the extrapolation of results 

for V(B) to V(B=0) 

 

3.2 Our experiment 

Hirsch proposed a possible system for experimentalist. However from an 

experimental point of view, alignment and interface resistance are big issues to prepare 

the device suggested by Hirsch. In order to solve these two issues, we improved the 

sample geometry as in Figure 3.3 which eliminates the above difficulties. 

 
 

Figure 3.3 Schematic of an improved device to study Spin Hall Effect 
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In this device, a current is carried in two identical parallel strips which are 

connected by a cross transverse strip, made of the same material. This new designed 

samples can be fabricated in one step lithography patterning. No alignment is needed 

during sample fabrication. The alignment issue is taken care of during the 

photolithography mask designing and fabrication. Furthermore, there is no interface 

problem due to the single layer. In each of the two parallel strips, the Spin Hall Effect 

leads to a separation of spins on opposite sides of the strip. Therefore, the “inner” sides 

of the parallel strips, which are facing each other, accumulate majority spin populations 

of opposing spins. The “inner” sides are connected with a transverse strip, as shown in 

Figure 3.3, which allows spins to diffuse through. Similar to Hirsch’s theory, the same 

spin dependent perpendicular force, which leads to the spin separation in the 2 parallel 

current-carrying strips, deflects either spin population to the same side of the 

transverse strip, leading to an electric voltage between point 1 and 2 in Figure 3.3. This 

voltage is a signature of the Spin Hall Effect. 

In the presence of a perpendicular magnetic field B, an ordinary hall voltage 

across the 2 parallel stripes causes charge current to flow across the transverse strip 

and gives another contribution to the voltage between point 1 and 2. This Double Hall 

Effect is proportional to B2. Figure 3.4 shows the schematic drawing of a sample. To 

simplify the description, we label the contact pads with numbers. In the measurement, 
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we choose pad 11 as I+ and pad 1 as I-. 12 pads on the sample enable us to check 

consistency between various pads. In addition, electrical resistivity, hall coefficient and 

spin hall voltage are measured in one sample. We expect a voltage between points 1 

and 2 in Figure 3.3 due to Spin Hall Effect, and B2 dependence due to the Double Hall 

Effect.  

 

Figure 3.4 Schematic of Spin Hall Effect sample and pads coding for simplicity 

 

3.2.1 Experimental work in aluminum 

Aluminum is the material suggested by Hirsch. The reason to choose aluminum 

is that aluminum has large spin diffusion length. Johnson[31] measured the spin 

diffusion length of aluminum δs~450µm at T=4.3k and δs~170µm at room temperature.  

Aluminum samples were made by photolithography and liftoff techniques as 

introduced in Chapter II. We used positive photoresist (Shipley 1805) in our fabrication 

process. The photoresist was spin coated onto a clean silicon wafer at 3000rpm for 60 
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seconds, then soft baked on a hot plate at 115 degree Celsius for 30 minutes to remove 

solvent in the photoresist. After the resist was cooled down, it was exposed to a UV 

light for 3 seconds at energy density of 1.7 mW/cm2 using a mask aligner. The exposed 

resist was developed in MF-319 solution for 60 seconds and rinsed with deionized 

water thoroughly. These parameters are optimized to have a yield of about 85%. 

To transfer the photoresist pattern, we used thermal evaporation and liftoff 

techniques. A thin aluminum film was thermally evaporated at high vacuum. The thin 

aluminum film covered the entire photoresist pattern. In the liftoff process, aluminum 

on top of the photoresist was removed by acetone, whereas aluminum that made direct 

contact to the silicon substrate stayed. The aluminum film was evaporated at a pressure 

of 5*10-6torr. The evaporation rate was about 3Å/second. The thickness of the 

aluminum film was about 20nm. The sample was cooled down to 4.2K and measured 

with a PAR 124 lock-in amplifier and a PAR 113 preamplifier. Various measurement 

results were presented in the following paragraphs.  

A voltage along the current strip between pads 5 and 4 was measured in the 

presence of a magnetic filed. The magnetic field is perpendicular to the sample plane. 

Positive field meant the field goes into the sample. The voltage with magnetic field is 

shown in Figure 3.5. Measurement current is 1µA. From the data, the longitudinal 

resistance exhibits a magnetic dependence. This magnetoresistance of aluminum, 
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consistent with literature, is not the focus in this work. But this magnetoresistance may 

add an additional term to our measurement of Spin Hall Effect or Double Hall Effect.  
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Figure 3.5 Longitudinal measurement of aluminum sample in magnetic field with  
measurement current of 1µA. 

 

The resistivity of the aluminum thin film can be calculated from the geometry. 

For the longitude voltage measurement, the length L of the current strip between pads 

5 and 4 is 1390µm; the width W of the current strip is 20µm. Electric resistivity is 

calculated from the following equations: 

I
VR =           (3.4) 

Wt
LR ρ

=           (3.5) 

From equations (3.4) and (3.5), ρ is obtained as: 
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where V is the voltage drop between pads 5 and 4, W is the width of the current strip, t 

is the thickness of the aluminum film, I is the current in the strip, and L is the length of 

the current strip that is measured. The resistivity is obtained as: 

ρ= 66
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−−

−−−

=1.16*10-8Ω•m   (3.7) 

We have obtained the electric resistivity for 20 nm thick aluminum film ρ(20nm) is 

1.16*10-8Ω•m at 4.2k. The conductivity of the aluminum film σ(20nm) is 

8.6*107Ω-1•m-1 is bigger than 1.7*107Ω-1•m-1 in [23]. The conductivity difference 

between our value and [23] is possibly due to the dimension difference. Our sample 

has a width of 20µm, while the system in [23] is about a few hundred nanometer. Our 

system might have less surface scattering due to larger dimension, and gives larger 

conductivity. 

Several pairs of electrodes among the 12 contact pads locate on the two current 

paths, which make it possible to measure Ordinary Hall Effect at different locations of 

the current paths. For every pair on the current path we observed similar linear 

dependence with external magnetic field. We randomly select the Ordinary Hall Effect 

measurement between pads 15 and 14 and present the result in Figure 3.6. 
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Figure 3.6 Ordinary Hall Effect of an aluminum sample. The voltage was measured 
between pads 15 and 14 with measurement current of 10µA. 

 

The Ordinary Hall voltage was measured between pads 15(voltage +) and 

14(voltage -) in the presence of magnetic field. The magnetic field is perpendicular to 

the sample, and the positive field means the field goes into the sample plane. The 

measurement current is 10µA. From the direction of the slope, we conclude that charge 

carriers are electrons in aluminum film. From the magnitude of the slope, we obtain 

Hall coefficient(R0) 1.56*10-11 m3amp-1sec-1 at 4.2K, which is consistent with values in 

literatures[19].  

We expect a Spin Hall Effect and Double Hall Effect in our system. We 

measured the voltage between pads 6 and 16 in magnetic field. The result is shown in 

Figure 3.7. 
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Figure 3.7 Double Hall Effect of the aluminum sample 

 

Theories indicate that the voltage depended on B2 due to the Double Hall Effect, 

where B is the external magnetic field. Figure 3.7 does not exhibit such dependence. 

The voltage at zero magnetic field is positive, which has the same sign as expected. 

However, single value measurement is not trustful. We are not able to rule out spurious 

effect that can be easily above 10 nanovolt.  

We calculated the expected Spin Hall Effect and Double Hall Effect signal 

following Hirsch’s theory. The resistivity in our experiment was much bigger than the 

resistivity used in Hirsch’s calculation. In Hirsch’s calculation, he used 2.7*10-11Ω•m 

as the electric resistivity for a single crystal aluminum bar, whereas in our 

measurement we measured 1.16*10-8Ω•m. Our resistivity value is comparable with 
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values of thin film reported in literature [23, 44]. Double Hall Effect and Spin Hall 

Effect are inversely proportional to the resistivity of the material. The signal in our 

device is estimated in the order of 10-12 volt. Thermal noise between pads (~1kΩ 

internal resistance at 4.2K) is about 10-9 volt. The Spin Hall Effect and Double Hall 

Effect signal are much smaller that the thermal noise so that they are beyond the 

measurement capability. Tremendous amount of effort had been devoted to decrease 

electric resistivity of aluminum film. We tried annealing the thin film, evaporating with 

purer aluminum source and evaporating film with electron gun evaporation under ultra 

high vacuum (10-9torr). None of these techniques have decreased the resistivity of 

aluminum thin film significantly. It is not wise to expect the resistivity in thin film as 

low as the resistivity in single crystal bar[45, 46]. Our resistivity is comparable, if not 

better, with thin film values in literatures[23, 44]. 

 

3.2.2 Experimental result in gold thin film 

In Section 3.2.1, measurement results in aluminum samples are presented. We 

have not observed Spin Hall Effect and Double Hall Effect. One reason is that the 

resistivity of the thin aluminum film is much bigger than the resistivity in single crystal 

aluminum bar, which leads to a much smaller signal. The calculated signal in 

aluminum film is even smaller than the thermal noise.  
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At the time we finished the experiments describe in Section 3.2.1, Intrinsic 

Spin Hall Effect is proposed [16, 17] where spin-orbit interaction is believed to be 

crucial for the Spin Hall Effect. It is useful to measure Spin Hall Effect in strong 

spin-orbit systems where the Spin Hall Effect is expected larger. gold which has larger 

spin-orbit interaction than aluminum is the material we are going to study next.  

We employed the same fabrication method as in Section 3.2.1, but evaporated 

germanium/gold instead of aluminum. Germanium layer improves adhesion between 

gold thin film and the silicon substrate. The thickness of the film is about 58Å of 

germanium (adhesion layer) and 210Å of gold. The sample was measured at 4.2 Kelvin. 

For convenience, we label the pads with numbers, Figure 3.8. 

 
Figure 3.8 Simplification of pads coding 

 

Positive magnetic field means the field is perpendicular and goes into the 

sample in this work. The measurement current is usually 10µA, which corresponds to a 
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current density of 1.2*107A/m2 in each of the two identical current carrying strips.  

Similarly, we measured the voltage between pads 5 and 4. The voltage was 

196µV with a measurement current of 2µA. The current in each of the two identical 

strips was 1µA. The geometry of the current strip between pads 5 and 4 is 

1390µm*20µm*210Å. The electrical resistivity is calculated as 5.9*10-8Ω•m. In [45] 

the bulk resistivity is 2.2*10-8 Ω•m. Our result is slightly larger than the bulk value. 

This is normal because the resistivity increases in thin film presumably due to surface 

scattering[45, 46]. 

For Ordinary Hall Effect, we measured the voltage between pads 14 and 4, pads 

14 and 15, and pads 3 and 4 with magnetic field, Figure 3.9. In all of the measurement, 

linear dependence with magnetic field is observed. From the magnitude of the linear 

slope, the hall coefficient R0 is calculated as 9.3*10-11 m3amp-1sec-1, which is consistent 

with values in the literary [19]. The slope in Figure 3.9b) and Figure 3.9c) are almost 

the same, which indicates that the current density in each strip are almost same. 
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Figure 3.9 Normal Hall Effect Measurement of gold sample. Voltage measured 
a)between 14(V+) and 4(V-). b)between pads 14 and 15.c)between pads 3 and 4.10µA 
current was driven from pad 11 to 1. 

 

In order to measure Double Hall Effect and Spin Hall Effect, we measured the 

voltage between pads 6 and 16 in magnetic field, Figure 3.10. 
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Figure 3.10 Double Hall Effect measurement of gold sample at different measurement 
current. a)10µA, b)50µA 

 

At lower measurement current of 10µA, the voltage between 6 and 16 has no 

quadratic dependence with B as expected. The behavior in Figure 3.9a) is more like a 

linear dependence, not a quadratic dependence as we expected from Double Hall Effect. 

The measurement resolution is about 2nv. The variation of the data in Figure 3.10a) 

has similar size as the measurement resolution. The measurement current was 

increased to 50µA to increase the signal, Figure 3.9b). At larger current, the voltage 

between pads 6 and 16 linearly depends on the magnetic field, which is out of our 

expectation. It is experimentally confirmed that 50µA measurement current does not 

cause observable heating effect to our sample at 4.2K.  

The origin of this linear dependence is studied. Ideally, no current is flown 

through the transverse strip if the two longitudinal strips carry the same amount of 
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current by design. However, nothing is perfect. The two current paths fabricated by 

photolithography may differ slightly. If the linear dependence with magnetic field in 

Figure 3.10 is due to Ordinary Hall Effect, from the slope and the Hall resistivity R0, 

the current responsible for such linear behavior in magnetic field is about 5.8*10-7A.  

In Figure 3.9b) and Figure 3.9c), the slopes of the Normal Hall Effect have 

some difference (-21.214nv/T Vs -21.681nv/T). If assuming the two longitudinal strips 

have the same width at the position of the Hall crosses, the Hall voltage was 

proportional to current (VH/B=R0*I/W, where VH is the Hall voltage measured, R0 is the 

Hall coefficient, I is the current flowing through the strip, W is the width of the current 

strip). The current in the upper right strip is slightly bigger than the current in the lower 

right strip. The current difference must come from a small current flowing through the 

transverse strip. The current flowing through the transverse strip with respect to the 

total current is estimated from the magnitude of (V3-4-V14-15)/(V3-4+V14-15)~1%. This 

means that about 1% of total current flows through the transverse strip. From the slope 

of measurement in Figure 3.10b), the current in the transverse strip was estimated 

about 5.8*10-7A, which is about 1% of the total current 50µA. In this rough analysis, 

we assume that the width of two Hall crosses have the same width so that the slope 

difference in Figure 3.9b) and c) is purely due to different current magnetitude. Small 

difference in the width of the current carrying strips at the place of Hall Effect 
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measurement may also lead to different slope in the Ordinary Hall Effect measurement 

in Figure 3.9b) and c). The width of the current strips was measured under SEM. The 

rough edge of the current strips patterned by photolithography prohibited precise 

measurement of the strip width. However if the slope difference of the Normal Hall 

Effect in Figure 3.9b) and c) is due to the width difference, 1% of the current strip 

width (20µm) corresponds to 200nm difference in width. This is very unlikely since 

our SEM system has 10 nm resolutions. The current difference is possibly due to some 

defects in the current paths which lead to different resistance in the circuit. 

In micrometer size gold patterns, we have not observed the Double Hall Effect 

and Spin Hall Effect as expected. Both Spin Hall Effect and Double Hall Effect (in the 

same order) are proportional to 1/ρ, where ρ is the resistivity of the gold film. As 

discussed in Section 3.2.1, the resistivity in thin films is much larger than the 

resistivity in single crystal bar [45, 46]. The larger resistivity in thin film leads to a 

much smaller Double Hall Effect and smaller Spin Hall Effect signal. Experimentally, 

the Spin Hall Effect is much smaller than the values 58nv predicted by Hirsch[14]. If 

using the resistivity obtained from experiments, the Spin Hall Effect decreased to 65pv 

(not 58nv) in the proposed device [14].  

In Hirsch’s estimation, he used R0 for Rs. The anomalous Hall coefficient Rs can 

be estimated from [23]. In [23], the Spin Hall Effect without the diffusion contribution 
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is: 
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where VSH is the Spin Hall voltage without spin diffusion, jx is the current density, L is 

the width of a strip, P is the spin polarization rate of the current, σSH is the Spin Hall 

conductivity, and σc is the conductivity of the studied material. From Hirsch’s theory, 

for a paramagnetic system with net magnetization, the Spin Hall voltage is: 

xsSH MLjRV 0μ=          (3.9) 

where Rs is the anomalous Hall coefficient, M is the net magnetization in a 

paramagnetic system, L is the width of the system, and jx is the current density. The net 

magnetization M can be written as: 

BB nPnnM μμ =−= ↓↑ )(       (3.10) 

where n↑, (n↓) is the density of spin up (down) electrons, n is the total carriers’ density. 

n is related to the Ordinary Hall coefficient in metals by: 

ne
R 1

0 =           (3.11) 

Combining equation (3.8), (3.9), (3.10), (3.11), Rs is found as: 
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=          (3.12) 

If using the value in [23], σSH is 2.7*103 (Ωm)-1, and σc is 1.7*107(Ωm)-1 for a 25nm 

thick aluminum film, the ratio of the Anomalous Hall coefficient to the Ordinary Hall 
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coefficient is estimated as: 

027.012.0
0

±=
R
Rs          (3.13) 

From equation (3.13), the Anomalous Hall coefficient is about 10 times smaller than 

the Ordinary Hall coefficient in aluminum thin films. This is possibly due to small 

spin-orbit interaction of aluminum. 

The signal in our device is 10 times smaller than the signal proposed because of 

the geometry difference in design. The measurement resolution is 2nv, determined by 

averaging the same signal over four minutes for several times and choosing the 

maximum deviation as measurement resolution. The estimated Double Hall Effect and 

Spin Hall Effect signal is much smaller than our measurement resolution. 

In this experiment, Double Hall Effect was the second order effect, which was 

driven by Ordinary Hall Effect. In our experiment, we did not observe a linear 

dependence with the external magnetic field between the two inner sides of the 

longitudinal current strips by measuring voltage between pads 3 and 15. Therefore, 

there is no voltage source to drive the Double Hall Effect in our system. The Spin Hall 

Effect which is Double Hall Effect at zero magnetic field could not be extracted from 

the measurement of Double Hall Effect.  

Single point measurement of Spin Hall Effect at zero magnetic field is not 

conclusive. Although there is a reading across the transverse strip between pads 6 and 
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16, we could not root out the effect of misalignment. In Figure 3.10b), we measured 

-1.7nv y interception. The sample was checked under SEM. The width of the pads 6 

and 16 is about 2 µm. Due to the poor edge definition by photolithography and corner 

rounding, we could not measure the misalignment precisely. The maximum possible 

misalignment of pair 6 and 16 was estimated to be 0.1µm. Using the parameters from 

the experiment (resistivity5.9*10-8Ω·m, 1% of the measurement current flowing 

through central strip), 0.1µm misalignment can cause 5nv in voltage measurement 

when the measurement current is 50µA. The negative interception 1.7nv is possibly 

due to misalignment. At this point, we are only able to estimate that the upper limit of 

the Spin Hall Effect in this system must be smaller than 7nv (5nv due to possible 

misalignment and 2nv due to measurement resolution).  

When we started Spin Hall Effect experiment in gold in early 2003, spin 

diffusion length of gold thin film was not available. Until later 2004, Y. Ji[32] 

measured the spin diffusion length in gold thin film of about 63±15nm. The transverse 

strip in our sample is 30µm by 100µm, which is much larger than the spin diffusion 

length of gold. This might be another reason that we did not measure the Spin Hall 

Effect in our system. It is possible to make isolated features smaller than the spin 

diffusion length of gold thin film. However, it is impossible to make similar patterns as 

studied in this chapter within the spin diffusion length of gold thin film.  
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3.3 Conclusion 

To summarize our work in this chapter, we developed a methodology to study 

the Spin Hall Effect in aluminum and gold thin film. The methodology lifted up 

misalignment and interface resistance problems in the proposed experiment in [14]. 

The sample was measured at low temperature with 2nv measurement resolution. 

However, we did not observe the Double Hall Effect in gold and aluminum thin film. 

This is due to the higher resistivity of the thin film and the small anomalous Hall 

coefficient in aluminum which lead the Spin Hall Effect signal 5000 times smaller than 

the value in [14]. Single point measurement of Spin Hall Effect was not conclusive in 

this experiment. The upper limit of the Spin Hall Effect signal in our system was set to 

be 7nv.  

The Spin Hall Effect experiments presented in this chapter is a second order 

effect. The Double Hall Effect is driven by an Ordinary Hall Effect. The Ordinary Hall 

Effect in metal thin film is in the order of nanovolt due to the high charge carriers’ 

concentration. The Double Hall Effect and the Spin Hall Effect are in the order of 

picovolt. The size constraint of the spin diffusion length in paramagnetic thin film 

urges to study the Spin Hall Effect in nanometer size regime. In the next chapter, a 

more direct experimental method in nanometer size samples is presented. 
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CHAPTER IV 

SPIN INJECTION EXPERIMENT 

 

 

In Chapter III, the Spin Hall Effect was measured in micrometer size aluminum 

and gold thin film patterns. The signal was four orders of magnitude smaller than 

expected. The experiments are designed to extract Spin Hall Effect from the Double 

Hall Effect which is driven by the Ordinary Hall Effect. However, we have not 

observed the Double Hall Effect. Both Double Hall Effect and Spin Hall Effect are 

second-order effects, and are smaller than the thermal noise in the system. 

The spin diffusion length in gold thin film is 63±15nm [32], which makes our 

devices in Chapter III not favorable. In this chapter, we will present sample fabrication 

process which will be used to produce a first-order Spin Hall Effect. 

 

4.1 Key ideas of the experiments 

In Spin Hall Effect, when an electric current flows in a paramagnetic system, 

spin-up electrons are more likely directed to the right (left) of the current flowing 

direction while spin-down electrons are more likely to the left (right). A pure spin 

current is generated perpendicular to the charge flowing direction and spin imbalance 

exists at the edges of the current path. To detect the Spin Hall Effect in paramagnetic 
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systems is challenging. Due to equal number of spin-up and spin-down electrons in 

paramagnetic systems, there is no charge imbalance despite spin imbalance at the two 

edges of the current path. Commercially available magnetometers do not have enough 

resolution to detect the local magnetization caused by the imbalanced spins. 

What happens if the current in the paramagnetic strip is spin-polarized? 

Because of Spin Hall Effect, spin-up and spin-down electrons are deflected to different 

sides of the current path due to the Spin Hall Effect. A charge imbalance is established 

at the two edges of the current strip as a direct result of unequal number of spin-up and 

spin-down electrons and the Spin Hall Effect. Moreover, the charge imbalance depends 

on the polarization direction. The charge imbalance, a direct result of Spin Hall Effect, 

can be measured with a simple voltmeter, ideally. The voltage built between the two 

edges changes sign when the direction of polarization is changed. So the key issue in 

this method is to generate spin-polarized current in paramagnet. A nature thought is to 

use ferromagnetic material. Ferromagnetic electrodes as spin injectors and spin 

detectors has been demonstrated [23, 28-33, 47] in various systems. 

If a ferromagnetic material is in contact with a paramagnetic material, when a 

current flows from the ferromagnetic into the paramagnetic material, the current in the 

paramagnetic material is spin-polarized near the ferromagnetic material[23, 29-35, 

48-50]. For this special experiment, several issues are considered: 1, the ferromagnetic 
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material is better to have a magnetization perpendicular to the sample plane. 2, the 

ferromagnetic material has reasonable low contact resistance with the paramagnetic 

material. 3, the ferromagnetic material is macroscopically accessible. 4, the dimension 

of the essential parts of the device is in the regime of the Spin Diffusion Length of the 

studied paramagnetic material. These four considerations make sample fabrication 

difficult. 

A method to generate such devices is presented in this chapter. It aims to 

fabricate a nanometer size ferromagnetic rod perpendicular to a paramagnetic thin film 

patterned by electron beam lithography (EBL). The ferromagnetic rod has certain 

height/diameter ratio in order to have an easy axis perpendicular to the sample plane. If 

the Ferromagnet is magnetized by applying an external magnetic field along the easy 

axis, it maintains its magnetization even after the external magnetic field is removed. 

This ferromagnetic rod serves as a spin injector that sends polarized current into the 

paramagnetic layer. In the paramagnetic layer, electrons with different spins are 

directed to different sides. By measuring the voltage across the two sides, we expect to 

measure the Spin Hall Effect directly. Ferromagnet has an ability of detect electron’s 

spin depends on its magnetization [15, 31-33]. The ferromagnetic rod in this 

experiment might also function as a spin detector. 
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4.2 Sample fabrication 

The fabrication process consists of two steps of electron beam lithography, two 

or three steps of thin film deposition, one step of liftoff and one step of electroplating. 

Gold is firstly studied in this experiment because gold has strong spin-orbit 

coupling. In 2004, Yi measured that the spin diffusion length of gold thin film is about 

63nm 15± nm [32]. This dimension has to be considered in designing experiment. 

 

4.2.1 The first layer pattern fabrication 

Silicon wafer is used as the substrate. Silicon wafer is sliced into about 1cm by 

1cm square. The wafer is cleaned in an acetone bath with ultrasonic agitation for about 

15mins. The wafer is rinsed with acetone and isopropanol sequentially, and dried with 

nitrogen gas. The substrate is baked on a hot plate at 160 degree Celsius for about 10 

minutes to remove solvent accumulated during the cleaning process. 3% PMMA is 

applied onto the clean silicon wafer. The substrate is spun rapidly at 4000rpm which 

gives a PMMA layer of about 110nm thick. The substrate with PMMA is baked at 160 

degrees Celsius for 90 seconds. After the wafer is cooled down, it is loaded into an 

electron beam lithography chamber. Details of electron beam lithography operation are 

introduced in Chapter II, subsection 2.2. 

Electron beam lithography is perfect for writing fine features. Yet it takes 
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longer to write larger contact pads even with large beam current. Ideally larger contact 

pads are fabricated with Photolithography and using E-beam Lithography to write fine 

feather only. However, in order to avoid complexity of alignment and interface contact 

resistance, we wrote both larger contact pads and fine features with E-beam 

Lithography. The writing condition is different when writing larger and smaller 

feathers. The magnification of Scanning Electron Microscope (SEM) determines the 

writing field meaning the maximum dimension that the system could write a pattern in. 

The larger the magnification is, the smaller the writing field is. 3300 Magnification 

(3300X) and low beam current are used to write the smallest features. With 3300X, the 

writing field is about 25µm by 25µm. Low magnification (35X) is used to write 

relatively larger contact pads. It is necessary to write intermediate features which 

connect larger contact pads and the finest features. The parameters for each layer are 

listed in table 1. In the table, B.C means beam current, C-C means center-center 

distance of adjacent exposure, and L-L means line-line distance of exposure.  

 
Table 1 Parameters of the first step electron beam lithography 

layer Mag B.C. C-C L-L dosage(nC/cm2)
1 3300 10pA 10nm 10nm 350
2 330 50pA 20nm 20nm 300
3 35 800pA 40nm 40nm 220

 

After the PMMA is exposed by high energy electron beam, the sample is 
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developed in a developer solution (MIBK: ISOPROPONAL=1:3, volume ratio) for 60 

seconds. PMMA that is exposed to the electron beam is removed, while unexposed 

PMMA stays. A PMMA pattern is created. 

Evaporation and liftoff process are used to transfer the PMMA pattern to the 

silicon wafer. Germanium and gold are sequentially evaporated onto the PMMA 

pattern in a vacuum (~5*10-6torr) environment. The thickness of the gold film is about 

25nm and evaporation rate is about 0.1nm/second. The germanium film is about 5.8nm 

and evaporated at a 0.1nm/second. The gold/germanium film covers the whole PMMA 

pattern. Part of the gold/germanium film has PMMA underneath (not exposed by the 

electron beam in the patterning process), and part of the gold/germanium film makes 

direct contact with the silicon substrate. The sample is then immersed into an acetone 

bath. Acetone removes PMMA together with the germanium/gold film above. The 

germanium/gold in direct contact with silicon substrate stays. Using this liftoff process, 

the PMMA pattern is transferred to a Ge/Au pattern. See process flow diagram in 

Figure 4.1. 

The gold pattern designed for the experiment is schematically shown in Figure 

4.2. The thickness of the film is 5nm/25nm (germanium/gold). The pattern has a 100 

nm wide strip, along X direction defined in Figure 4.2, with big contact pads at both 

ends. Two detection probes form a Hall cross with the central strip. The smallest width 
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of the two detection probes is about 50nm. Above the pattern are alignment marks. 

Alignment marks 1 consist of two narrow lines along Y direction with width of 100nm. 

The lower end of the alignment mark is about 20μm to the central strip. The two 

alignment marks are 2µm apart. One is 1μm left to the perpendicular part of the 

detection probes, and the other one is 1µm right. Larger alignment mark 2 and 3 are 

created right above alignment marks 1 for later alignment purpose. 

 

 

Figure 4.1 Process flowing diagram I of the first layer pattern fabrication 
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Figure 4.2 Top view of an EBL defined Ge/Au pattern. Central strip is 100nm wide. 

 

4.2.2 The second step electron beam lithography patterning 

The Ge/Au pattern fabricated in the previous step is cleaned with acetone and 

isopropanol and dried with nitrogen gas. 3% PMMA is spun onto the pattern at a 

spinning speed of 1500rpm. The spinning time is 60 seconds to ensure uniform coating. 

The PMMA layer is about 200nm thick. The PMMA layer is baked at 160 degrees 

Celsius for 90 seconds. After the sample is cooled, it is loaded into EBL chamber for 

the second step patterning. 

The pattern written in this step is a series of dots (holes on PMMA after 
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development) along the Y direction. This series of dots is positioned left to the 

perpendicular part of the detection probes as close as possible. There are two ways to 

write a series of dots. The first method is to write each dot like an individual pattern 

and then repeat the process to form a series. The second method is to write a single line 

while set the center-center distance to certain value so that the proximity effect is not 

enough to write a continuous line. One advantage for the second method is that it 

produces smaller dots. However, the biggest disadvantage is that this method of 

patterning depends too much on the condition of the EBL system. As the condition of 

the system changes, the size of the dots is slightly different. Reproducibility of samples 

written by the second method is worse than using the first patterning method. We 

prefer to sacrifice EBL resolution for reproducibility for this particular experiment. The 

flow diagram of the second step electron beam lithography is in Figure 4.3.  
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Figure 4.3 Process flow diagram of the second step EBL patterning 

 

In the second step E-beam Lithography, alignment is crucial because the 

distance between the dots and the detection probes in Figure 4.2 should be within the 

Spin Diffusion Length of gold. The alignment marks prepared in Section 4.2.1 are used 

to determine the place to write the series of dots. The alignment marks are under a 

200nm thick PMMA layer. It is difficult to locate the 100nm wide alignment marks 1 

directly without exposing large area of PMMA. In order to solve this problem, two 

bigger alignment marks are written in the first step, Figure 4.2. Alignment mark 2 is 

7µm wide. Alignment mark 3 is 45µm wide. All of the alignment marks are aligned 

along the Y direction so that they are found sequentially.  
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Alignment mark 3 is carefully located using a magnification of 200X. This 

magnification is chosen with reasons. Smaller magnification might not be sufficient to 

locate the 45µm wide alignment mark 3. Higher magnification gives smaller field of 

view which makes it more difficult to find features in a relative larger area. When 

locating the alignment mark 3, part of the PMMA layer is exposed to the electron beam. 

It is useful to start from the edge of the sample and look for the scratch created in the 

first step EBL. Once the biggest alignment mark 3 is located, the beam position is 

about 500µm away from the center of the first layer of pattern. The exposure area 

(field of view) has to be limited from now on. Larger magnification corresponds to 

smaller field of view. The maximum magnification to view the 45µm mark fully on the 

display screen is 2200X.  

The relative positions of the marks are well known from the design in the first 

step pattern generation. The stage is carefully moved to the 7µm wide Alignment mark 

2. The magnification used is 13000X to display the 7µm feature fully. Before locating 

the thinnest Alignment marks 1, a contamination spot is created to adjust the focus and 

stigmatism of the system. It is desired to optimize the condition of the electron beam 

lithography system as close to the final writing position as possible. After the system is 

optimized on the contamination spot, the stage is carefully moved to the finest (100nm) 

Alignment marks 1. The magnification used is 300,000X. For mechanic stage, it is 
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very difficult to achieve alignment better than 1µm. For better alignment, a laser stage 

has to be used. 

Fine alignment with a laser stage is complicated and prone to mistakes. There 

are two coordinate systems involved in the alignment. One is the coordinate system (X 

and Y) of the laser stage. The other one is the coordinate system of the Scanning 

Electron Microscope system (X’ and Y’). These two coordinate systems are not 

necessarily well aligned. Movement in (X, Y) corresponds to physical movement of 

the sample. Movement in (X’, Y’) corresponds to the movement of the SEM image on 

the screen. Movement in (X, Y) does not necessarily correspond to the same movement 

in (X’, Y’). If the same pattern is written at different locations by moving the stage, 

they may not align as desired. In Figure 4.4, three squares are designed to write in a 

row. Each pattern is written along (X’, Y’) coordinate system while the stage is moved 

in (X, Y). Misalignment occurs, top row in Figure 4.4.  

 
Figure 4.4 Schematic illustration of two coordinate systems. Bottom row, target 
patterns. Top row, misaligned patterns due to misalignment of (X,Y) and (X’,Y’).  
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One method to correct the misalignment is to rotate one of the coordinate 

systems. The laser stage can only move in the X and Y directions. It cannot be rotated. 

The SEM coordinate system can be electrically rotated by changing the scan rotation 

angle. This angle between the two coordinate systems is adjusted on a gold standard. 

After the SEM system is optimized, SEM image of gold granule is obtained. The stage 

is moved to certain distance in one direction and the movement of the SEM image is 

observed. The scan rotation angle is adjusted so that the image of the gold standard has 

the same direction of movement as the direction of stage movement. The scan rotation 

angle θ in our system is adjusted to 6.4° for our system. At this angle, movement in X 

or Y direction corresponds to the same movement in horizontal (X’) or vertical (Y’) 

direction on the SEM display screen. This angle is important for alignment, and should 

be checked frequently.  

The pattern we are going to write in this step is parallel to the alignment marks. 

In EBL, patterns are written in (X’, Y’) coordinate system. The alignment marks need 

to be aligned along Y’ direction. Once a sample is loaded into the electron beam 

lithography chamber, the sample, which is attached to the laser stage, cannot be 

physically rotated. The scan rotation angle is adjusted so that the SEM image of 

alignment mark appears perpendicular on the SEM display screen. The new rotation 

angle is labeled θ’. An ideal case is that θ’ is equal to θ, so that the electron beam can 
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be moved directly to the right position to start writing the pattern.  

If the scan rotation angle θ’ is different from θ, special cares are needed to 

move the stage. The stage can not be simply moved by (0, d), where d is the distance in 

(X’, Y’) system between the beam position and the final position of patterning. Instead 

we move the stage by (-d*sin(θ’-θ), d*cos(θ’-θ)) (Figure 4.5). The distance d in our 

experiment is 18µm. Even though a small difference between θ’ and θ, d*sin(θ’-θ) 

might be significant. For 1° difference between θ’ and θ, d*sin(θ’-θ) is 0.31µm, which 

is significant compared to the alignment goal in this experiment (<200nm). There are 

two ways to move the stage. One is ‘go abs’ which means moving the stage to the 

absolute position (X, Y) no matter where the stage is. The second method is ‘go rel’ 

which means moving the stage with respect to the current stage location. Absolute 

coordinates is preferred over relative coordinates when moving the stage, because the 

inaccuracy of each relative movement adds up in relative stage movement. The 

accuracy of the laser stage movement is about 100nm in our system.  
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Figure 4.5 Illustration of stage movement for fine alignment 

 

For a better alignment, the value of θ’-θ must be as accurate as possible. When 

the sample is loaded into the electron beam lithography chamber, one of the sample 

edges is aligned to one side of the laser stage, unfortunately only through eyes. In the 

first step of patterning, the scan rotation angle is adjusted until the wafer edge appears 

parallel to X’ or Y’. In the second step of patterning, the scan rotation angle is adjusted 

to θ’ so that the same edge appears parallel to X’ or Y’. The sample edge is used to 

adjust the scan rotation angle roughly. Fine adjustment of the scan rotation angle is 

performed on the alignment marks where patterns are smaller and the edged of the 

alignment marks are better defined. 

After the tedious steps of alignment, a series of dots is written. The overall 
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length of this series dots is 25μm. The electron beam lithography system is optimized 

to write dots of about 50nm in diameter. The dosage used in this step for the dots is 

250nc/cm2. The distance between dots is set to 130nm so that only one, at most two, 

dots fall onto the central strip (Figure 4.6). 

 
 

Figure 4.6 Schematic top view of the sample after the second step EBL and 
development 

 

This second step of electron beam lithography is much harder than the first step 

EBL. Locating the alignment marks through a 200nm thick PMMA is very difficult. 

Accurate alignment described above is complicated and prone to mistakes. The dot 

diameter should be small in order to achieve a relatively high height/diameter ratio. A 

50nm diameter dot in 200nm thick PMMA is probably close to the system’s lowest 

capability. 
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4.2.3. Electroplating 

Principle of Electroplating has been introduced in Chapter II. During 

electroplating process, metal ions in the plating solution are attracted to the cathode 

and form a metal layer on the cathode. In this experiment, nickel is electroplated on 

samples made in Section 4.2.2. The bottom Ge/Au pattern is connected as a cathode. 

The PMMA pattern is an electroplating mask which isolates the electroplating solution 

to the area where electroplating is not desired.  

There are two methods to control the electroplating process. One method is to 

use a front electrode to monitor the voltage between the front electrode (a metal layer 

on top of the PMMA pattern) and the cathode (the Ge/Au pattern underneath the 

PMMA). The second method is to use an optical microscope to examine the grown 

material directly and determine when to stop the electroplating process. 

In order to use a front electrode to control the electroplating process, the sample 

is loaded into a thermal evaporator after the PMMA pattern is written and developed in 

Section 4.2.4. After pumping down to 10-6torr, a 15nm thick gold film is thermally 

evaporated through a shadow mask with ~1mm opening. The opening of the shadow 

mask is right on top of the series of dots patterned in Sec 4.2.2. This ~1mm wide gold 

strip is used as a front electrode to control the electroplating process. 

Figure 4.7 shows a typical electroplating process of porous membranes [51-54]. 
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V1/R measures the current through the electroplating circuit, which indicates the 

electroplating speed. V2 monitors the voltage between the front electrode and the back 

cathode. When the material fills in the pore and reaches the top electrode, V2 drops 

and the plating current V1/R increases[54]. 

 
 

Figure 4.7 Schematic diagram of electroplating process 

 

nickel is chosen as the ferromagnetic material because the crystal anisotropy of 

nickel is small compared to other ferromagnetic materials. In the electroplating process, 

the structure of the material is not controlled. Materials with smaller crystal anisotropy 
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are favored because the easy axis is likely determined by the shape anisotropy[55]. 

Permalloy has zero crystal anisotropy. However plating alloy with controlled element 

percentage is not straightforward. Electroplating through PMMA patterns has been 

demonstrated [51-53, 56]. 

The macroscopic pads patterned in Section 4.2.1 are covered by PMMA. To 

make contact for the electroplating process, PMMA on one of the macroscopic contact 

pads in the bottom layer is carefully removed with acetone, and the exposed gold 

contact pad is connected as a cathode (back electrode). An extra piece of graphite or 

nickel plate, connected as an anode, is immersed in the nickel Sulfamate electroplating 

solution. A potential is applied between the cathode and the anode. The gold pattern in 

the solution is exposed to the plating solution through those holes patterned in Section 

4.2.2. The remaining part of the gold sample is covered by PMMA, which prevents 

nickel growth. The nickel ions (positive charge) in the plating solution are attracted to 

the negative potential. nickel ions gain electrons from the cathode, and become nickel 

atoms. In Section 4.2.2, only one hole, at most two, falls onto the central 100nm wide 

strip, the only place that can supply electrons to nickel ions. Thus nickel can only grow 

in the one or two holes. Figure 4.8 is the schematic of the sample after electroplating. 

The plating current is usually several microamperes. Large current might destroy the 

sample.  
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Figure 4.8 Schematic top view of a sample after electroplating with nickel rod grown. 

 

After electroplating, ~1 mm wide gold strip is evaporated onto the top electrode. 

This gold layer protects the nickel rod from oxidation, and makes the nickel rod to top 

gold electrode contact stronger. The top electrode also provides macroscopic access to 

the nickel rod. Figure 4.9 described the process flow. 

 

Figure 4.9 Top electrode fabrication and plating process 
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In our experience, using front electrode to control the electroplating process did 

not work very well. Sometimes V2 drops, but the contact resistance between the top 

electrode and the bottom electrode is very high (>10kΩ). From simple calculation and 

experience from successful electroplating, the resistance between the front and back 

electrodes is about 1KΩ. Sometimes no matter how long the sample is electroplated 

after V2 dropped, the contact resistance is still high. Sometimes we did not observe 

any V2 drop at all. Occasionally the top electrode was overgrown with nickel, but the 

resistance between the front and back electrodes was high. The yield of the fabrication 

process was very low. A more efficient method to control the electroplating method is 

needed.  

The second method to control the electroplating process is to use an optical 

microscope to examine the electroplated material, in situ if possible. After the second 

step patterning in Section 4.2.2, the sample is treated similarly to the treatment in 

Section 4.3.1 except the evaporation of a top gold electrode. The sample is placed into 

the electroplating solution and starts electroplating. After certain time, usually from 

experience, the sample is taken out and inspected under a high resolution optical 

microscope if this step can not be done in situ. When the nickel slightly overgrows, the 

mushroom head of the nickel rod is observed under the optical microscope. A thick 

gold layer is deposited onto the sample through a shadow mask. The width of the strip 
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is about 1mm. This gold strip serves as a contact electrode to the nickel rod and also 

prevents the nickel nanorod from oxidation. 

In order to confirm that nickel is grown in the PMMA pore in this experiment, 

PMMA layer of a test sample prepared through the above steps was removed (sample 

is not usable anymore). This sample had 5 to 10 dots fell onto the central 100nm wide 

strip. The sample was loaded into a SEM chamber, and the sample surface was 

mounted perpendicular to the electron beam. Figure 4.10 shows a SEM image of the 

sample. Five dots (nickel) on the central strip are brighter than the rest dots (gold). The 

brightness difference is due to a height difference between the gold dots and the nickel 

dots. The nickel dots are bigger than the gold dots in size. This is because the gold dots 

were thermally evaporated, and the size of the each dot was determined by the top size 

of the holes patterned in Section 4.2.2. The nickel dots were electroplated. They filled 

the entire PMMA holes. In electron beam lithography process, high energy electrons is 

scattered in the PMMA. The bottom of the holes is bigger than the top of the holes. 

This undercut effect is normal for most lithographic process. 
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Figure 4.10 SEM image of a test sample after electroplating. The sample was mounted 
perpendicular to the electron beam. 

 

Figure 4.10 does not show the overall shape of the nickel dot. To check the 

shape of the nickel dots, the SEM stage was tilted to 45°. Figure 4.11 is a SEM image 

of the same sample with a 45° tilted stage. The gold dots were thermally evaporated 

and about 20nm thick. The nickel dots have longer projection than the gold dots, which 

confirms that the nickel structure is perpendicular to the silicon wafer and the height is 

roughly about 200nm.  
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Figure 4.11 SEM images of a sample after electroplating with tilted stage. The image 
was taken while tilting the stage to 45˚ 

 

The sample fabricated by the multi-steps process is a three layers system: top 

gold electrode/nickel rod/gold pattern, Figure 4.12. Only the nickel rod electrically 

connects the top gold strip and the bottom current pattern. The PMMA layer, not 

shown in Figure 4.12 to avoid confusion, physically supports the top gold electrode. 

The thickness of the PMMA should be bigger than certain value to avoid pinhole in the 

PMMA layer. Thick PMMA layer gives high height/diameter ratio for the nickel rod, 

but makes fabrication process difficult.  

Although difficult to fabricate, some samples are ready for measurement, which 

will be presented in Chapter V.  
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Figure 4.12 Schematic drawing of a tri-layer sample with ferromagnetic nanorod. Top 
gold electrode is supported by PMMA, not shown to avoid confusion. 

 



 87

CHAPTER V 

MEASUREMENT AND DISCUSSION 

 

 

In Chapter IV, the first layer gold pattern is fabricated by electron beam 

lithography patterning, metallization and liftoff process. The sample is coated with 

thicker PMMA (~200nm), and the second step electron beam lithography creates a 

series of dots. nickel is grown out of the PMMA hole that is right on top of the central 

100nm wide strip. A gold layer with a width about 1mm is sputtered onto the nickel 

rod through a shadow mask. This multi-step fabrication process generates a tri-layer 

system: gold strip/nickel rod/gold pattern. For our convenience, the sputtered gold strip 

that is on the top of the PMMA layer is called the top gold strip. The gold pattern that 

is made in the first step electron beam lithography is called the bottom gold pattern. 

The top gold strip is separated from the bottom gold pattern by a 200nm thick PMMA 

layer. PMMA is insulating so that only the nickel rod electrically connects the top gold 

strip and the bottom gold pattern. This nickel rod has a height/diameter ratio of about 4 

(200nm/50nm).  

A top view of a sample is schematically shown in Figure 5.1. The contact pads 

are labeled with numbers. Pads 2, 4, 5, 6 are the macroscopic pads prepared in the first 

step electron beam lithography patterning. These four contact pads are underneath the 
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200nm thick PMMA. To make contact to these four pads, the PMMA that covers them 

is removed with a Q-tip wet with acetone. The rest PMMA which supports the top gold 

strip cannot be removed. The contacts 1 and 3 are the two ends of the top gold strip, 

which is on top of the PMMA.  

 
Figure 5.1 Top view of a sample after the fabrication process in Chapter IV 

 

A control experiment was performed to make sure no significant current leaks 

through the PMMA layer. In the control experiment, the first gold layer was patterned 

as in Section 4.2.1. Then the sample was coated with 200nm thick PMMA (spinning 

speed 1500rpm). A top gold strip was sputtered directly on top of the PMMA. The 

resistance between the top electrode and the bottom gold pattern was over 1MΩ at 
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room temperature. 200nm PMMA is pinhole free in this experiment. 

After samples are fabricated successfully in chapter IV, the resistance between 

the two gold layers is measured. If the nickel rod electrically connects the two layers 

very well, a low resistance is measured. If the resistance is large (>10KΩ) between 

pads 1 and 2, that means the sample is bad. Extra care is needed when measure 

samples with nanometer size features. The nickel rod of nanometer size is so small that 

the measurement current from measurement devices may be large enough to destroy 

samples. A lock-in amplifier with a measurement current of 0.1µA is used to measure 

the resistance between various pads. Typical resistance between any two contact pads 

for gold samples is about 1KΩ. 

Another important issue is electrostatic discharging. When the instrument 

connects to a sample, electrostatic discharging might destroy the sample. One method 

to solve this issue is to ground the sample before connecting each contact to the 

measurement system. The sequence of ground is important. It is not wise to ground 

each contact pad individually. The reason is that if there is any charge accumulation in 

the sample, when grounding individual pad, the charge flows through the sample. This 

current might be large enough to destroy the sample. The proper way to grounding 

consists of two steps. First, connect all contact pads together to make sure all contact 

pads are at equal potential. Then connect the sample to the ground. A switch box was 
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built to protect the sample from electrostatic discharging. It consists of many two way 

switches. The upper pins of switches are connected together. Each contact pad is 

connected to the lower pin of a switch. When the switches are on, all of the contact 

pads are connected together. An extra switch controls the connection of upper pins of 

the switches to the ground, Figure 5.2.  

 
 

Figure 5.2 Schematic of sample grounding to prevent electrostatic discharging 

 

In this experiment, gold and copper were used as the paramagnetic materials of 

the bottom layer. The measurement results are presented separately in this chapter.  

 

5.1 Measurement of a gold sample 

Gold was first studied in this injection experiment. Samples were fabricated by 
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the multi step process described in Chapter IV. The thickness of the bottom layer 

Ge/Au is 5/25nm. In this section, measurement result of a sample labeled S061807 is 

presented. 

 

5.1.1 Resistance of the nickel rod 

The resistance of the nickel rod was measured with a typical four-wire AC 

measurement. The oscillation output of the lock-in amplifier (PAR 124) was 0.1v at 

23Hz. A resistor of 1MΩ was connected in series with the sample to limit the 

measurement current to 0.1µA. The measurement current flew from pad 1 to 2. The 

voltage between pad 3 and 5 was fed into a preamplifier (PAR 113). The output of the 

preamplifier was fed into the lock-in amplifier channel A. The sample was cooled 

down to liquid helium temperature (4.2K). The resistance of the nickel rod was 

measured with a magnetic filed perpendicular to the sample, Figure 5.3. To increase 

the measurement resolution, the output of the lock in amplifier was fed into an Hp 

multimeter and the reading of the Hp multimeter was acquired by a computer through a 

GPIB interface. Each point in Figure 5.2 is the average of the raw data for four minutes. 

The peak-peak noise of the raw data is 20nv at 4K. A test signal was measured and 

averaged for several times. The data variation of each measurement was less than 2nv. 

We can conclude that averaging the raw data for four minutes increases the 



 92

measurement resolution by an order of magnitude. All data in this chapter was acquired 

in this way unless specified. The magnetic field is perpendicular to the sample plane. 

Positive magnetic field means the field goes into the sample plane. 
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Figure 5.3 The resistance of the nickel rod in the magnetic field 

 

In Figure 5.3, the resistance of the nickel rod does not depend on the magnetic 

field. The fluctuation in the data is about 0.02Ω. The measurement current is 0.1µA. 

This means that the voltage variation is 0.02 Ω*0.1µA=2nv, which is about the level of 

measurement resolution. The resistance of the nickel rod is 11.6Ω. If the length is 

200nm, and diameter is 50nm, the resistivity of nickel is 1.13*10-7Ω•m, which is 

comparable with 17.6*10-7Ω•m in [57]. The bulk value of nickel is 8.1~11.5 µΩ•cm at 

room temperature. 
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5.1.2 Normal Hall Effect measurement 

The two voltage probes of the sample enable an Ordinary Hall Effect 

measurement. The current flew from pad 2 to pad 5. The voltage between pad 4(V+) 

and 6(V-) was amplified with a PAR 113 preamplifier before fed into the lock-in 

amplifier. The measurement current is 5µA. The Ordinary Hall Effect data is in Figure 

5.4. From the slope, the hall coefficient is calculated 7.3*10-11 m3amp-1sec-1, which is 

close to the measurement results in Chapter III. 
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Figure 5.4 Ordinary Hall Effect measurement of a tri-layer sample 

 

5.1.3 Spin injection experiment  

The main purpose of this experiment is to inject spin polarize current into the 

bottom gold pattern. The nickel rod was magnetized by applying magnetic field and 

then removing the field. A current flew from the top gold strip to the right side of the 
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bottom gold pattern through the nickel rod. The voltage between pad 4 and 6 was 

measured. Figure 5.5 shows the measurement scheme. A current flew from pad 1 to 5, 

and voltage between pad 4 (V+) and pad 6 (V-) was measured. 
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Figure 5.5 Measurement scheme of spin injection experiment 

 

To magnetize the nickel rod, five Tesla magnetic field was applied 

perpendicular to the sample plane, and then removed the magnetic field. It is very 

likely that the nickel rod has an easy axis perpendicular to the sample plane due to its 

shape anisotropy. Because of the small size of the nickel rod, the magnetic properties 

are difficult to obtain directly. The easy axis of the nickel rod can not be 

experimentally confirmed. Spin Hall Effect, if successfully measured, will register 

different remnant magnetizations from different magnetic field preparations. M+ (M-) 
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is defined as the remnant magnetization of the nickel rod after the nickel rod is 

magnetized with a positive (negative) magnetic field. The current flew from pad 1 to 5. 

The voltage between pad 4 and 6 was measured with different remnant magnetizations 

(Table 2). Each point is the average of the raw data for four minutes. The measurement 

current is 5µA. 

 

Table 2 The Voltage in different magnetization directions of the nickel rod 
magnetization M- M+ M+ M- M- M+ M+ 
voltage(nv) 226.8 225.5 227.0 227.5 226.4 226.6 226.2 

 

From Table 2, the voltage difference between different magnetizations is less 

than 2nv. It was discovered that the distance L between the nickel rod and the two 

voltages probe was quite long. Sample S061807 was fabricated before the electron 

beam lithography system was upgraded from a mechanic stage to a laser stage. The 

accuracy of alignment with mechanic stage is about 1µm. The sample S061807 was 

imaged under Scanning Electron Microscope to determine L. The PMMA on the 

sample was removed by soaking the sample in acetone bath for about 10 minutes. Then 

the sample was rinsed with acetone and isopropanol in sequence. The sample was dried 

and loaded into a SEM chamber. The image of the sample is shown in Figure 5.6. From 

the image, the closest nickel rod is about 2µm away from the two voltage probes. The 

spin diffusion length in gold is about 65nm. This might be the reason that we did not 
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observe the Spin Hall Effect in this sample. 

 

  
 

Figure 5.6 Scanning Electron Microscope image of the measured sample. 

 

In order to detect Spin Hall Effect, it is necessary to fabricate the nickel rod 

closer to the two detection probes. A laser stage with 100nm movement accuracy is 

installed in summer 2007. 
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5.1.4 Measurement of a gold sample with fine alignment  

The sample measured in Section 5.1.3 was aligned with a mechanic stage, 

where alignment was not well controlled. The sample had five nickel rods purposely to 

increase the yield of sample fabrication. The shortest distance between the nickel rod 

and the two voltage probes is about 2 µm. The spin diffusion length in gold film is 

about 65nm. The mechanic stage is not accurate enough to make alignment close to 

100nm. A laser stage was installed in 2007. 

Using a laser stage, better alignment has been achieved with the alignment 

method introduced in chapter IV. Several samples had been fabricated and measured. 

In this section, the measurement results of one sample labeled S090607 is presented. 

Other sample showed similar results. The thickness of the bottom gold pattern is about 

25nm with 5nm germanium adhesion layer underneath. The distance between the 

nickel rod and the two voltage probes is about 400nm.  

Ordinary Hall Effect was measured, as in Figure 5.7. From the slope, the Hall 

coefficient is calculated as 6.9*10-11 m3amp-1sec-1. 
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Figure 5.7 Normal Hall Effect measurement of sample S090607. 

 

Spin injection experiment was performed in a similar way as described in 

Section 5.1.3. Current flew from pad 1 to 5. Voltage between pad 4 and 6 was 

measured. The voltage was measured in different magnetization directions. M=0 

means the nickel rod has not been magnetized before. M-(M+) means applying a 

negative (positive) magnetic field perpendicular to the sample plane and then removing 

the field. Positive (negative) magnetic field means the field pointing into (out) the 

sample plane. The result is presented in Table 3. 

 

Table 3 The Voltage in different magnetization directions of the nickel rod 
M 0 M- M+ M- M+ 

V(nv) -441.3 -441.1 -442.0 -442.8 -442.6 
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From the data in table 3, no significant voltage difference at different 

magnetization directions are observed as one expects from the Spin Hall Effect. After 

check the sample under SEM, the distance between the nickel rod and the voltage 

probes is about 400nm, still bigger than the spin diffusion length of gold (~65nm). 

Alignment in this multi-step process is difficult. 

The best alignment achieved so far is about 100nm, Figure 5.8. Unfortunately, 

this sample is not usable after the fabrication process. The resistance between the top 

gold strip and the bottom gold pattern is 37KΩ. Typical resistance between the two 

gold layers including the resistance of two gold layers is about 1KΩ. The higher 

resistance in this sample may due to short electroplating time so that the top gold strip 

could not contact the nickel rod if the nickel rod did not fill out the PMMA pore 

completely.  
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Figure 5.8 SEM image of a good alignment using a laser stage. The distance between 
the nickel rod and the two voltage probes was about 100nm) 

 

The best alignment (100nm) achieved so far is still bigger than the spin 

diffusion length of gold thin film. To fabricate a sample with L less than 65nm is very 

difficult, where L is the distance between the nickel rod and the two voltage detection 

probes. The laser stage has a position movement accuracy of about 100nm. The scan 

rotation angle θ’ is hard to determine precisely. The alignment mark is underneath the 

200nm thick PMMA. The SEM image of the alignment marks is blurring which make 
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the scan rotation angle hard to adjust. 1° error in the scan rotation angel θ’ corresponds 

to ~300nm misalignment in the horizontal direction (-d*sin(θ’-θ), alignment in Chapter 

IV). The distance between the alignment marks 1 and the final place to start writing 

pattern is 18µm. This distance d can not be shorter. Otherwise, the PMMA to be 

patterned is exposed during the alignment process due to proximity effect. It is possible 

to make more samples and hope one sample with the best alignment. However it is 

time consuming and may not worth the effort. The sample fabrication involves many 

steps. The yield is too low. It is useful to switch to systems with longer spin diffusion 

length, which made sample fabrication less stressful. Copper is a good candidate. 

 

5.2 Measurement with a copper sample 

In Section 5.1, measurement in gold thin film is presented. The spin diffusion 

length of gold was reported as 65nm, which made sample fabrication extremely 

difficult. Alignment to 65nm accuracy or better in a complicated sample fabrication 

process is challenging. It is useful to use materials with longer spin diffusion length. 

Jedema [33] reported the spin diffusion length of copper is about 1µm at 4.2k, and 

about 350nm at room temperature. Kimura reported that the spin diffusion length in a 

slightly thicker copper film was 500nm at room temperature [36].  

The same fabrication method is used to fabricate samples with three layers: top 
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gold electrode/nickel rod/ bottom copper pattern. After the first layer E-beam 

Lithography, Ge/Cu rather than Ge/Au in Section 5.1 was thermally evaporated. The 

thickness of the copper layer is 25nm. The thickness of the germanium adhesion layer 

is about 5nm. The measurement result is presented below.  

The resistivity of the copper film at 4.2k was measured to be 1.7*10-7Ω•m, in 

reasonable agreement with the resistivity of 50nm thicker copper film reported as 

3*10-8Ω•m[33]. The Ordinary Hall Effect measurement of the sample S012708 was 

presented in Figure 5.9. The measurement current is 5µA. 

From the slope of Figure 5.9, the Hall coefficient is calculated as 5*10-11 

m3amp-1sec-1. There are 3.7µv offset in the Ordinary Hall Effect measurement. This 

offset is possible due to the misalignment of the voltage probes. Using the resistivity of 

copper film, the misalignment of the two voltage probes is estimated to be about 10nm. 
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Figure 5.9 The Ordinary Hall Effect of a copper sample 

 

To measure the Spin Hall Effect, a current was sent from the top gold electrode 

to the left side of the bottom copper pattern through the nickel rod, and the voltage 

between pad 4 and 6 was measured, Figure 5.10. 
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Figure 5.10 The measurement scheme of the spin injection experiment. 

 

The current from the top gold electrode through the nickel rod into the bottom 

copper layer is spin polarized if the nickel rod is magnetized. The polarized electrons 

diffuse to the right side of the sample. As a result of Spin Hall Effect, we expect a 

voltage VSH between pads 4 and 6 depending on the magnetization directions of the 

nickel rod. Unfortunately we did not see VSH depends on the magnetization directions 

in this sample, Table 4. 

 

Table 4 VSH measurement at different nickel rod magnetic field preparation 

M 0 M- M+ M- M+ M- M+ M- M+
nv -139.5 -139 -140 -140 -141.2 -141.3 -141.5 -142 -140.6
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Ideally if the nickel rod is not magnetized, the voltage between pads 4 and 6 is 

zero because no electric current flow in the right side arm of the central strip. In Table 

4, VSH has an offset of about 140nv in this measurement at 4.2K. Even at room 

temperature, we observed over 100nv between pad 4 and 6 with 5µA measurement 

current. It is found that the voltage offset depends linearly on the measurement current, 

Figure 5.11. The origin of this offset is under investigation.  
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Figure 5.11 Offset linearly depends on measurement current 
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When using larger measurement current, this offset voltage increases. A larger 

measurement scale of the Lock-in amplifier has to be used to avoid signal overloading. 

Measurement resolution decreases if using larger measurement scales. One method to 

solve this problem, increasing measurement current resulting in lower measurement 

sensitivity, is to offset the measurement signal against a stable reference signal. The 

signal to be measured is fed into Channel A of the Lock-in amplifier. The reference 

signal is fed into Channel B of the Lock-in. The Lock-in amplifier measures the 

difference between the two signals if using the measurement mode A-B. If the 

reference signal is very stable, the output of the Lock-in amplifier measures mainly the 

variation of the signal in Channel A. The reference signal used in this measurement is 

from a home-built voltage divider. The reference signal was tested, Figure 5.12. The 

reference signal is very stable after 10 minutes. The stability is about %02.0
3000

5.0
=

v
v
μ
μ . 

The raw data in Figure 5.12 has 0.5 microvolt variation. This is due to the 

digitalization limitation of the hp multimeter, and this can be improved by using higher 

resolution voltmeter to measure the output of the Lock-in amplifier.  
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Figure 5.12 Test reference signal. The data is stable after first 10 minutes. 
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Figure 5.13 Reference signal measured with time.  

Each point is the average of raw data for four minutes. 
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All measurement data is averaged over four minutes to increase resolution, so 

does the reference signal. The variation of the reference signal averaged over four 

minutes is small, shown in Figure 5.13. It has a Peak-Peak variation of 4 nanovolt. The 

variation of the average reference signal in every hour is typically less than 1 nanovolt. 

Using reference signal to decrease the absolute value of the voltage, the sample 

can be measured at higher current. The amplitude of the reference signal is adjusted for 

every measurement current if needed. The sample S012708 was measured at 5µA 

using this reference signal, Figure 5.14. The measurement scheme is in Figure 5.10.  
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Figure 5.14 Diffusion measurement in magnetic field with 5µA measurement current 
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At 5µA measurement current, VSH does show a clear dependence with magnetic 

field, Figure 5.14. The values in zero field were measured at different direction of 

magnetization of the nickel rod. The variation is about 2.5nv, which is in the order of 

the measurement sensitivity. The measurement current was increased to 50µA. A tiny 

quadratic reproducible dependence with magnetic field was observed, Figure 5.15. 

Similar quadratic dependence was observable with 200µA measurement current. The 

origin of the quadratic dependence is not clear. It may relate to the offset voltage in 

Figure 5.11. In the diffusion measurement scheme, no current flew to the right side of 

the horizontal current strip. The offset may relate to the inhomogeneous diffusive 

electrons in the copper film near the nickel rod.  

50 microampere diffusion

-16
-14
-12
-10
-8
-6
-4
-2
0

-6 -4 -2 0 2 4 6

field

10
0n

v

 
 

Figure 5.15 Voltage signal in magnetic field at 50µA measurement current 
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The voltage variation in zero magnetic field in Figure 5.15 is about 4nv only, 

which is about in our measurement sensitivity. More measurement at zero magnetic 

field and with different magnetization directions was performed with100µA 

measurement current. The results are summarized in Table 5, where M↑ (M↓) is the 

magnetization of the nickel rod if applying a positive (negative) magnetic field and 

then removing the field.  

 

Table 5 Spin Hall voltage measurement in different nickel magnetizations 

Nickel magnetization M↑ M↓ M↑ M↓ M↑
voltage (nanovolt) -6.16 -6.5 -6.63 -4.88 -4.01

 

From Table 5, we do not observe significant difference in difference 

magnetization directions. The voltage variation in different magnetization direction is 

smaller than 2nv. 

The Spin Hall Effect resistance is derived in [23], 

)exp(2 Lsf
L

t
P

I
VR

c

SH
SH −=

Δ
=Δ

σ
σ

       (5.1) 

where ΔV is the voltage difference between up and down magnetization directions in 

Figure 1.8, I is the measurement current, P is the current polarization rate, σSH is the 

Spin Hall conductivity. σc is the conductivity of the studied film, L is the distance 
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between the injection electrode and the hall cross, Lsf is the spin diffusion length of the 

studied film.  

In our system, ΔV is less than 2nv. ΔRSH is less than Ω= μ
μ

20
100

2
A

nv . In 

equation (5.1), P and Lsf are unknowns. σSH of copper was 2.4*104(Ω•m)-1 measured by 

T. Kumura [36], t=25nm, σc=6*106(Ω•m)-1, L is the distance between the nickel rod 

and the two voltage probes. L was estimated by measuring voltage between pad 1 and 

6 with current from pad 2 to 5 in Figure 5.10. The voltage was 55µv with 1µA 

measurement current. The distance L was estimated as 700nm using the resistivity of 

copper obtained earlier this section. Eq. (5.1) becomes 

)7.0exp(
)106(1025

104.2102 269

4
5

sfL
P

−
×××

××
≥× −

−      (5.2) 

)7.0exp(027.0102 5

sfL
P −≥× −         (5.3) 

From the experiment, the relation (5.3) between P, Lsf in our system is obtained. Lsf is 

1µm[33] for a 50nm thick copper system. The sample in this experiment is 25nm thick. 

Lsf is expected smaller than 1µm. The polarization rate in [23] is 0.28 for a 

ferromagnetic electrode with a tunnel junction. A permalloy in direct with gold 

nanostructure [32] has polarization rate of 3%. Our system is similar to [32]. It is 

possible that the polarization in our system is not bigger than 3%. Possible values of P, 

Lsf are plotted in Figure 5.16.  
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Figure 5.16 Estimation of polarization and spin diffusion length in copper sample 

  

The Spin Hall Effect is not observed in sample S012708. One possibility reason 

is that the separation distance L is bigger than the spin diffusion length Lsf, which leads 

to small signal. The resistance of the electroplated nickel rod is about 89Ω. Lower 

resistance of the nickel rod has been observed before. The resistance of the nickel rod 

in Section 5.1.1 is about 10Ω. This may indicate that the nickel rod of sample S012708 
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is slightly oxidized, which may decrease the polarization. nickel has been used as spin 

injection in other system. The spin polarization of nickel has been reported as 

5~30%[58] in a tunneling experiment. It is worth the effort to continue this work by 

making samples with short separation distance and lower nickel resistance. The sample 

fabrication method is too difficult. Further process optimization is preferred. Better 

experimental methods are always desired.  
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CHAPTER VI 

SUMMARY AND DISCUSSION  

 

 

The main objective of this work is to detect Spin Hall Effect in paramagnetic 

thin films. Two generations of experiments were presented. Phase I experiment was 

presented in chapter III, where Spin Hall Effect in micrometer size aluminum and gold 

patterns was studied. The samples were fabricated by one step photolithography, 

deposition and liftoff, which removed interface resistance and alignment challenges. 

The resistivity of thin film is much larger than the values for a single crystal bar, which 

leads to much smaller Spin Hall Effect signal. The spin diffusion length of gold thin 

film is reported as 63± 15nm in 2004. The dimension of the gold samples studied in 

Chapter III is much larger than the spin diffusion length of gold. The phase I 

experiments were conducted from 2001 to 2004 before any of the experimental works 

described in Chapter I were published. The Spin Hall Effect in Phase I experiment is a 

second order effect, and the signal is re-estimated to be smaller than the thermal noise 

of the system according to experimental values.  

In Phase II experiments, tri-layer samples were fabricated using a complicated 

multi-step process which includes two E-Beam Lithography steps, two or three thin 

film deposition steps, lift off, and electroplating. The nickel nanorod was positioned 
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perpendicular to the bottom gold or copper thin film pattern. This nickel rod was used 

as a spin injector. The up limit of the Spin Hall Effect in Sample S012708 was less 

than 2 nanovolt, possibly due to larger separation distance and high nickel resistance. It 

may worth the effort to continue this work by making new samples with smaller 

separation distance and lower the nickel nanorod resistance. Other ferromagnet 

material with higher polarization rate may be used. The fabrication process may be 

optimized to achieve higher fabrication yield. 

The sample fabrication in Phase II experiments has benefited other 

experimental groups. The fabrication method has been adopted by Dr. Igor Lyuksyutov 

and Dr. Naugle’s groups to study the magnetic nanodot imaging and to study the 

interaction between nano dots and superconductors. This fabrication method may also 

be useful to study perpendicular spin injection, transportation, and detection in other 

systems.  

It has to be pointed out that this sample fabrication involves multi-steps process 

which complicates the process. The yield is low, especially the electroplating process. 

In this experiment, optical microscope is used to control the electroplating process. 

Samples are taken out of the electroplating solution to determine the plating level. For 

materials especially at nanometer scale, this step may involve significant oxidation due 

to larger surface to volume ratio. A better optical microscope which can monitor the 
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electroplating process in situ is ideal for this fabrication process.  

It is very difficult to fabricate 3d dimensional structures using electron beam 

lithography and electroplating. Sophisticated systems that can better control 

perpendicular nanostructure growth are useful. A low temperature STM system with 

spin polarized tunneling is a powerful tool to study Spin Hall Effect. With a 

ferromagnetic STM tip magnetized in situ, perpendicular spin polarized current is 

easily injected into a paramagnetic system. The distance between the STM tip and a 

hall cross can be changed easily and this distance can be varied in one sample. There is 

no need to make huge amount of samples with changing distance. Spin polarized 

tunneling has a higher polarization rate in a similar system [58]. The Spin Hall Effect 

signal may be much larger.  

The signal in this experiment is small. It is better to amplify the signal at lower 

temperature. It is a good idea to integrate an amplifier circuit on the chip. This method 

requires strong circuit design and process development skills.  

Fundamental research in Spintronics will continue to be a hot subject in the 

near future. The Spin Hall Effect has been demonstrated in recent years. It is time to 

aim at applications which requires extensive collaborations within various disciplines 

and the industry.  
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