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Abstract

This thesis describes the effects of spin-orbit coupling on electron transport in Fe/

InxGa1−xAs heterostructures. Spin-orbit coupling is a relativistic phenomenon

that couples the spin of an electron to its momentum by means of a momentum-

dependent effective magnetic field. The spin-orbit coupling in bulk InxGa1−xAs is

determined by measuring the direct spin Hall effect. In the direct spin Hall effect,

an applied charge current induces a spin current due to spin-orbit coupling. The

spin current flows in a direction that is perpendicular to the charge current, with

a spin orientation that is perpendicular to the flow direction of both the charge

current and the spin current. The spin Hall effect leads to an out-of-plane spin

accumulation that is opposite in sign at opposite edges of the channel.

Lateral Fe/InxGa1−xAs devices are fabricated using standard semiconductor

processing techniques. The interface between the Fe and InxGa1−xAs is a highly

doped Schottky tunnel barrier for efficient electrical spin injection and detection.

Measurements of the spin valve and Hanle effect are performed in the non-local

geometry to confirm that the Fe electrodes are sensitive to spin polarization in

the InxGa1−xAs channel and its dephasing by precession in an applied magnetic

field. The spin accumulation due to the spin Hall effect is identified through the

observation of a Hanle effect in the Hall voltage measured by pairs of ferromagnetic

contacts at the channel edges. The data are fit using a model which includes spin

diffusion, precession, and relaxation. We use the parameters determined from the

fit to calculate the spin Hall conductivity. We find that the magnitude of the

spin Hall conductivity is in agreement with models of the extrinsic SHE due to

ionized impurity scattering. By analyzing the dependence of the spin Hall signal

on channel conductivity we determine the contributions of both skew and side

jump scattering to the total spin Hall conductivity. We calculate that the spin-

orbit coupling parameter is larger than predicted by standard k · p perturbation

theory.
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Chapter 1

Introduction to Electrical Spin

Detection

1.1 Introduction to Spintronics

Conventional MOSFET (Metal-Oxide-Semicondcutor Field Effect Transistor)

technology utilizes the charge of the electron to perform information processing

by using a gate electrode to modulate the resistance state of a semiconductor

heterostructure. The current flow through the device is therefore controlled by

the gate electrode, and the two device states lend themselves naturally to com-

putation. The advancements in computational power over the past decades have

largely come from the minimization of MOSFET feature sizes, thereby increas-

ing the density of transistors on a chip. Although this approach has been quite

successful, there are challenges on the horizon for the further minimization of

MOSFET devices [1]. Power dissipation from leakage currents becomes increas-

ingly problematic with decreasing feature size. In recent years, there has been a

growing interest in the field of spintronics, which studies the electron’s spin degree

of freedom with an ultimate view toward using the spin state of the electron to

perform information processing.

Although there are many challenges yet to be overcome, proposed spintronic
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devices have the potential to out-perform both current and future MOSFET tech-

nology in a number of ways [2–4]. A successful spintronic device will require three

properties: spin injection or generation, spin manipulation, and spin detection.

This chapter will introduce a number of the fundamental concepts required to un-

derstand spin injection, transport, and detection in ferromagnet/semiconductor

(FM/SC) heterostructures. Chapter 2 will introduce spin-orbit coupling, a rel-

ativistic effect which couples an electron’s spin state to its velocity. Spin-orbit

coupling allows for the generation and manipulation of an electron’s spin state

utilizing electric fields rather than magnetic fields. Chapter 3 will discuss elec-

trical measurements of spin polarizations generated via the spin Hall effect, a

phenomenon that results from spin-orbit coupling. Finally, Chapter 4 will explore

potential future directions for the exploitation of spin-orbit coupling in spintronic

devices.

1.2 Spin Dependent Transport

The field of spintronics has received a great deal of research interest since the

discovery of the giant magnetoresistance effect (GMR) in 1988 [5, 6]. It was

found that the resistance of a multilayer ferromagnet/normal metal/ferromagnet

(FM/NM/FM) stack depended strongly on the relative orientation of the two fer-

romagnetic layers, and therefore the electron’s spin state is important in determin-

ing the total resistance of the device. This effect can be understood qualitatively

using a two spin channel resistance model. We define the total current as the sum

of the spin up and spin down charge currents:

jtot = j↑ + j↓. (1.1)

Because the effective resistances of the spin up and spin down bands in a ferro-

magnet are unequal, a charge current passing through a FM/NM interface will

inject spin polarized electrons from the FM into the NM. When the two ferromag-

netic layers are oriented anti-parallel, increased spin-dependent scattering at the
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FM/NM interface causes the device resistance to go up. This scattering occurs

due to the exchange interaction:

Hexch = JS1 · S2, (1.2)

where S is the spin of an electron and J is the exchange coupling. In a ferromagnet,

< S >6= 0, so the exchange term must be added to the scattering potential. We

will see later, in Chapters 2 and 3, that spin-dependent scattering can also result

from the spin-orbit interaction, which involves only one spin.

Another effect closely related to GMR is tunneling magnetoresistance (TMR).

As the name implies, TMR relies on the tunneling of electrons through an insulat-

ing layer placed between two ferromagnetic layers. In this case, the current flow

depends directly on the density of states in the ferromagnets (see Fig. 1.1) [7]:

j↑,↓FM1→FM2
=

∫

T ↑,↓(E)N↑,↓
FM1

(E − eVb)f(E − eVb)N
↑,↓
FM2

(E)(1 − f(E))dE, (1.3)

where T ↑,↓(E) is the tunneling probability for spin up or spin down electrons,

N↑,↓
FM is the density of states in the spin up or spin down band in the ferromagnet,

and f(E) is the Fermi-Dirac distribution describing the fractional occupancy of

the density of states. TMR devices can exhibit much larger magnetoresistance,

because both T ↑,↓(E) and N↑,↓(E) can lead to highly spin selective tunneling cur-

rents. Both GMR and TMR devices have been exploited for numerous commercial

applications for several years. In particular, because the resistance depends on

the orientation of the two ferromagnetic layers, these devices are well suited for

non-volatile memory storage and are widely used in hard drive read heads and

more recently MRAM. On the other hand, these devices are limited by the fact

that a magnetic field is needed to change the state of the device, which leads to

lower switching frequencies and higher switching powers.

Semiconductor spintronics seeks to combine the use of the spin degree of free-

dom to store information, as in GMR and TMR devices, with the high tunability

of semiconductors by applying electric fields, as in MOSFET devices. The first

challenge involved in building a useful semiconductor spin logic device is injecting
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Figure 1.1: Schematic illustration of tunneling process leading to tunneling mag-
netoresistance. Electrons tunneling across an insulating barrier must retain their
spin state, so a tunnel barrier placed between two ferromagnets leads to a large
magnetoresistance.
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spin polarized electrons into the semiconductor. A natural approach is to place

a ferromagnetic metal on a semiconductor, anneal it to make an ohmic electrical

contact, and to try to inject spin polarized electrons from the ferromagnet into the

semiconductor. These spins would then relax in the semiconductor with a char-

acteristic time τs, the spin lifetime. Unfortunately, the injected spin polarization

achieved in the semiconductor using this approach is extremely small. The spin

accumulation in the semiconductor is suppressed by a factor of approximately 107

due to the large mismatch in the resistivities of the ferromagnet and semiconduc-

tor in combination with a spin lifetime that is much shorter in the ferromagnet

than in the semiconductor [8]. In semiconductors doped around n = 1×1016 cm−3,

this timescale is approximately 10 ns, whereas in ferromagnetic systems it is of

the order 10 ps. The suppression of the spin polarization in the semiconductor

can be understood in terms of a two spin channel resistance model, where the spin

lifetime is represented by resistors connecting the two spin channels, as illustrated

in Fig. 1.2. This issue has come to be known as the “conductivity mismatch” ar-

gument. It was proposed that a tunnel barrier inserted between the ferromagnet

and the semiconductor could solve this problem, as the tunneling current depends

only on the tunneling matrix elements and the density of states in the ferromag-

net and the semiconductor [9]. This was first implemented convincingly in 2002

by Hanbicki et al. in a Fe/AlGaAs/GaAs spin LED structure [10]. A Schottky

barrier naturally forms at a metal/semiconductor interface due to the pinning of

the Fermi energy at the interface. This creates a depletion layer of thickness:

d =

√

2ǫφB

ne
, (1.4)

where φB is the barrier height, ǫ is the dielectric constant in the semiconductor,

and n is the doping level of the semiconductor near the interface. It was found that

a doping level of n ≈ 1018 to 1019 cm−3 created a Schottky barrier sufficiently thin

for efficient spin injection. Spin polarized electrons could then be injected from the

ferromagnet into the semiconductor by applying a bias across the interface. In the

study by Hanbicki et al. the spin injection efficiency was determined by measuring
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Figure 1.2: Schematic representation of the conductivity mismatch model. The
spin polarization injected into the semiconductor is suppressed by a combination
of two factors: ρSC ≈ 104ρFM and ρsf,FM ≈ 10−3ρsf,SC . The ρsf,FM acts as a short
between the spin up and spin down channels in comparison to the much larger
resistance of ρSC ; thus, the resulting current in the semiconductor is essentially
unpolarized.

the polarization of the emitted light from electrons and holes recombining in the

GaAs quantum well. The polarization of the emitted light can be related to the

electron spin polarization using the selection rules for optical transitions, where

the angular momentum of the electrons is transferred to the emitted photons. A

thorough discussion of spin LED devices and the design of the Fe/GaAs interface

can be found in the Ph.D. thesis of Jonathan Strand [11].

1.3 Non-Local Electrical Spin Detection

In the previous section, we saw that electrical spin injection into semiconductors

was first demonstrated by using optical techniques to detect spin polarization.

However, for a fully functioning spin-logic device it is necessary to have an electri-

cal detection scheme. A natural approach is to use a second ferromagnetic contact

as an electrical spin detector. In a two terminal device geometry, as in the GMR

and TMR structures discussed earlier, the spin polarized electrons are always

traveling with a charge current. In a FM/SC/FM structure it is challenging to in-

terpret data taken in a two-terminal device geometry because the spin-dependent
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voltage can be obscured by other effects when a charge current is flowing into

or in close proximity to a ferromagnetic electrode. The first of these effects is

anisotropic magnetoresistance (AMR), where the resistance of the ferromagnetic

contact will change depending on the relative orientation of the magnetization

and the direction of current flow. A similar effect is tunneling anisotropic magne-

toresistance (TAMR), where the tunneling resistance between the semiconductor

and ferromagnet can change depending on the relative orientation between the

magnetization of the ferromagnetic electrode and the crystal axes [12, 13]. Ad-

ditionally, in low doped semiconductors, where Hall effects are large, stray fields

from ferromagnetic contacts can lead to local Hall effects when a charge current

flows nearby [14]. In this section, we will see that it is possible to decouple the

spin polarization from the charge current by performing what is referred to as a

non-local measurement, in which the voltage measurement used to measure the

spin polarization is performed outside of the charge current path.

Non-local electrical spin detection was first implemented in metallic systems

in 1985, when Johnson and Silsbee used the technique to measure permalloy/

aluminum/permalloy devices [15]. A schematic of a non-local measurement setup

is shown in Fig. 1.3(a). In this geometry, a charge current j is passed through

a ferromagnetic electrode FM1 into the normal metal, flowing down the normal

metal channel to the left. This injects spin polarized electrons into the normal

metal, thereby creating an imbalance in the spin-up and spin-down electrochemical

potentials, shown in Fig. 1.3(b). This non-equilibrium spin polarization will then

diffuse away from the injection electrode to both the left and the right in the

normal metal channel. To the left of the injector, the motion of the spin polarized

electrons is governed by both diffusion and drift along with the charge current with

drift velocity vd. To the right of the injector, however, their motion is governed

by diffusion alone. Therefore, although there is no net charge current, there will

still be a spin current defined as:

qx,y =
jx,↑ − jx,↓

e
, (1.5)
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Figure 1.3: (a) Cartoon of the non-local measurement geometry. (b) Plot of spin
up and spin down electrochemical potentials vs position in the normal metal.
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where x indicates the direction of flow and y indicates the axis of spin polar-

ization. The length scale over which the spin diffuses, called the spin diffusion

length, is Ls =
√
Dτs, where D is the electron diffusion constant in the normal

metal. The voltage is measured between a nearby ferromagnetic electrode to the

right of the injection electrode, FM2, and a reference electrode far away from

the spin injection point. The ferromagnetic detection electrode must be located

within approximately a spin diffusion length of the injection electrode in order to

measure a significant non-local signal, because the spin polarization decays expo-

nentially on the length scale Ls. In metallic systems, this length scale is typically

a few hundred nanometers. In semiconductors, due to the longer spin lifetime

at low temperatures, this length scale can be several microns. For simplicity, we

will assume that FM2 is an idealized half-metal, with 100% spin polariation at

the Fermi level. If the magnetization of FM2 is oriented parallel to FM1, the

Fermi level of FM2 will align with the spin up band in the normal metal. If the

magnetization of FM2 is flipped so that it is anti-parallel to FM1, its Fermi level

will align with the spin down band in the normal metal. Therefore, a voltage

jump ∆VNL is measured when the orientation of FM1 and FM2 is changed from

parallel to anti-parallel. We find ∆VNL = (µ↑ − µ↓)/e. In reality, the situation is

somewhat more complicated. The detailed relationship between ∆V and the spin

polarization will be discussed later in this chapter.

The non-local measurement scheme has become a widely used tool for the de-

tection of spin polarizations in the time since Johnson and Silsbee’s initial publica-

tion [16–23]. The first demonstration of non-local spin detection in semiconductors

was published by Paul Crowell’s group in 2007, and it is discussed extensively in

Xiaohua Lou’s Ph.D. thesis [24, 25]. In the following sections we will discuss

two kinds of non-local measurements: the spin valve effect and the Hanle effect.

The measurement techniques and analysis of the resulting data will be crucial in

understanding the spin Hall effect, which will be discussed in Chapter 3.
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1.4 Experimental Details

1.4.1 Sample Growth and Fabrication

The gallium arsenide (GaAs) and indium gallium arsenide (InxGa1−xAs) het-

erostructures studied in this thesis were grown in ultra high vacuum at pressures

near 10−10 Torr, using molecular beam epitaxy. Multiple pure elemental sources

(Ga, As, Si, or In) are heated until they begin to sublimate. At these pressures

the mean free path of a gas molecule is on the order of 10 km, so individual atoms

travel on an uninterrupted path from the source to the growth wafer. By con-

trolling the temperatures of the various sources the growth rate and composition

can be controlled with a high degree of accuracy. A schematic of a typical sample

structure is shown in Fig. 1.4(a). First, a 500 nm undoped GaAs buffer layer is

grown on top of a (001) semi-insulating GaAs substrate. This is followed by a

2.5 µm silicon doped n-GaAs channel. The channel doping for most samples in

this thesis is n ≈ 5×1016 cm−3, which is just above the metal-insulator transition

in GaAs (≈ 1× 1016 cm−3). This doping level is chosen as a compromise between

the need for a conductive channel and the desire for a long spin lifetime, which

is largest for dopings near the metal-insulator transition [26]. The doping is then

ramped up from n = 5 × 1016 cm−3 to n+ = 5 × 1018 cm−3 over a 15 nm region,

and then kept at n+ = 5 × 1018 cm−3 for another 15 nm. The GaAs surface is

typically As terminated, and a 5 nm epitaxial Fe layer is then deposited. The

lattice constant of GaAs is very nearly twice that of Fe (< 2% lattice mismatch),

so the Fe is also single crystal. Due to the surface-induced crystalline anisotropy

the Fe has an easy axis along the [110] GaAs crystal direction and a hard axis

along the [11̄0] direction, with a saturation field Bsat ≈ 1.5 kOe. Because the

Fe is a thin film, the out of plane saturation field is 4πMs ≈ 2.1 T. Finally, the

structure is capped, first with Al and then Au, to prevent sample oxidation. A

Schottky barrier with a barrier height φB ≈ 0.8 eV and width d ≈ 15 nm forms

at the Fe/GaAs interface, as illustrated in Fig. 1.4(b).

Each heterostructure is typically grown on a 10 × 20 mm2 wafer of GaAs.
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(b)

(a)

Figure 1.4: (a) Cross-sectional schematic of the Fe/GaAs heterostructures used in
this thesis. (b) Plot of conduction band vs. distance from the Fe/GaAs interface
under zero bias, forward bias and reverse bias, derived from Ref. [27].
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These wafers are cleaved along the [110] and [11̄0] directions into 5×5 mm2 pieces

which are processed separately into devices. The processing procedure involves

four separate “layers”, where a pattern from a photomask is transferred to the

sample using photolithography, and each lithography step is followed by either

an etch or a deposition and lift-off. The device layout changes depending on the

details of the experiment, but the process is the same for all devices. Appendix

A gives a detailed list of the steps involved in this process. Here we will discuss

a general overview of the fabrication procedure, which is illustrated schematically

in Fig. 1.5. A photomicrograph of a finished device is shown in Fig. 1.6. The

general steps are:

I. Define Fe contacts: Argon ion milling is used to define the Fe contacts

by removing the capping layers, iron layer, and highly doped layer from

the rest of the structure. It is important to etch through the highly

doped layer so that the electron transport in the GaAs is constrained to

the n doped GaAs channel. Because GaAs etches much more quickly

than Fe, this typically results in etching away ≈ 100 nm of the n-

doped channel. Ar implantation defects are not a concern because the

Ar implantation depth is ∼ 1 nm, whereas a surface depletion layer

≈ 100nm is formed at the n-GaAs/Vacuum interface. Fe injection

and detection contacts are typically ∼ 5 × 50 µm, whereas reference

electrodes are often much larger.

II. Define n-GaAs channel: The n-GaAs channel is defined by wet etching

in a dilute ammonium hydroxide : hydrogen peroxide : water mixture.

The channel is typically ∼ 50 µm wide and hundreds of µm long. It is

important that the n-GaAs is etched down through the entire 2.5 µm,

and that the channel be only slightly wider than the Fe contacts. This

serves two functions. It constrains the charge current path, which

minimizes any background voltages due to charge transport in the

non-local measurement. It also ensures a uniform spin polarization
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across the channel width, which allows us to interpret our results using

a 1D spin diffusion model. The GaAs will be etched laterally as well

as vertically, so when designing small GaAs features the mask must

be adjusted accordingly. The etch is anisotropic, such that the edge

perpendicular to the [110] direction will have a 45◦ slope and the edge

perpendicular to the [11̄0] direction will be nearly vertical. It is easier

to run Au leads (step IV) up the graded edge.

III. Define SiN insulator: The Fe electrodes are too small to be contacted

directly, so Au leads are deposited to make electrical contact to the

device. To ensure that there is no shorting from the Au leads to the n-

GaAs channel, a 200 nm thick insulating layer of SiN is deposited using

Plasma Enhanced Chemical Vapor Deposition (PECVD) at 100 ◦C.

This deposition is isotropic, which makes it difficult to lift-off regions

of SiN smaller than ≈ 100 µm2 without using a bi-layer recipe.

IV. Define Au leads and bonding pads: Ti/Au leads and bonding pads are

deposited to to make electrical contact to the Fe electrodes. The Ti

acts as a wetting layer to improve the adhesion of the Au. Au leads

are typically run up the mesa edge along the [110] direction, and right

angles near small features (. 10 µm) should be avoided to prevent

difficulties during lift-off.

1.4.2 Experimental Setup

Finished devices are mounted on Quantum Design rotator board and wirebonded.

Devices typically have many more contacts than the number of available wire-

bonding pads, so it is often necessary to wirebond a device multiple times before

a complete set of data is obtained. Two kinds of rotator boards are used, shown in

Fig. 1.7. Universal rotator boards allow the field to be applied either in or out of

the sample plane; samples are typically mounted so that the field is applied along
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Figure 1.5: Illustration of sample fabrication process. Roman numeral labels
correspond to the steps described in Sec. 1.4.1.
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Au leads

Fe contacts

SiN

GaAs
channel

Figure 1.6: A photomicrograph of a finished non-local spin transport device.

the [110] Fe easy axis when the field is in the plane of the sample. Field-in-plane

rotator boards allow the field to be applied along any direction in the sample

plane.

Samples are loaded into a rotator probe, which allows for rotation between

−10◦ and 370◦, which is in turn inserted into a 4He cryostat, a Quantum De-

sign PPMS, for low temperature magneto-transport measurements. (Occasion-

ally a Janis cryostat is used instead - the details of this cryostat are described

in Mun Chan’s Ph.D. thesis [28].) The temperature range of the cryostat is

T = 2 to 300 K; however measurements are often limited to somewhat higher

temperatures because the cooling power is limited by the high power dissipated

by a device under large bias. This is especially true for the data presented in

Chapter 3, where power dissipation from Joule heating can be as large as 40 mW.

The resistance of the samples depends strongly on temperature, because they are

doped near the metal insulator transition. It is therefore necessary to maintain

temperature stabilities of . 3 mK for successful data analysis. A magnetic field

is applied using a superconducting magnet which is capable of producing fields

up to 9 T using a PPMS controller and power supply. The magnet can also be

controlled by a bipolar amplifier power supply at fields less than ≈ 5 kOe, which

allows for higher resolution and better sweep rate control at low fields. Nearly

all of the data presented in this thesis are taken using the bipolar amplifier to

control the magnetic field. A Keithley 220 DC current source is typically used to

current bias the sample. A Keithley 2182 nanovoltmeter is used to measure the

device voltage. A switching matrix is used to enable automated switching of the

current and voltage leads. Specific measurement configurations will be discussed
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(a) (c)

(b) (d)

Figure 1.7: Pictures of the different rotator board sample mounts used in magneto-
transport measurements, along with corresponding rotation diagrams.
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Figure 1.8: Block diagram of the experimental setup, showing electrical and GPIB
connections.

in more detail in the relevant sections of this thesis. A desktop computer with

LabView software and GPIB and DAQ cards is used to control and automate the

experimental apparatus. Figure 1.8 shows a block diagram of the experimental

setup.

Low temperature transport measurements discussed in this thesis can be di-

vided into three categories. The first consists of various spin-independent mea-

surements including resistivity measurements, interface IV curves, and Hall mea-

surements. These measurements are used to characterize the electrical properties

of the device, such as the mobility and carrier concentration. The second involves

electrical spin injection and detection measurements, which will be described in

this chapter. These measurements are used to characterize the spin injection and

detection efficiencies of the ferromagnetic electrodes, as well as the spin transport

properties of the semiconductor channel. The third involves electrical detection

of spin polarizations generated by the spin Hall effect, a phenomenon which oc-

curs due to spin-orbit coupling in the semiconductor. These measurements will

be discussed in Chapter 3.
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1.5 Non-Local Spin Valve and Hanle Measure-

ments

Two different kinds of non-local measurements are performed to characterize the

spin injection and detection properties of the ferromagnetic electrodes and the

spin transport properties of the semiconductor. These measurements, called non-

local spin valve and non-local Hanle measurements, are shown schematically in

Fig. 1.9(a) and (d) respectively. In both measurements, spin polarized electrons

are either injected or extracted from the semiconductor channel by applying a cur-

rent bias between an iron electrode and a reference electrode many spin diffusion

lengths away. The voltage is then measured between a nearby iron electrode and

another reference electrode at the opposite edge of the channel, also many spin

diffusion lengths away. In the spin valve measurement, a magnetic field is applied

along the ferromagnetic easy axis. As the magnetic field is swept, the orientation

of the injector relative to the detector is flipped from parallel to anti-parallel, and

a voltage jump V↑↑ − V↑↓ is observed. Raw data from a spin valve measurement

are shown in Fig. 1.9(b). Despite the fact that the detector electrode is nominally

located outside of the charge current path, we observe a spin-independent back-

ground voltage that occurs due to charge transport. This background is typically

of order ≈ 1 mV, and can be removed by subtracting a linear offset from the raw

data. Background subtracted data are shown in Fig. 1.9(c). The spin-dependent

voltage jump can be related to the electrochemical potential shift between the

spin up and spin down bands in the semiconductor by the following expression:

V↑↑ − V↑↓ = ηPFe
∆µ

e
, (1.6)

where PFe = 0.42 is the polarization of Fe at the Fermi level, and η is the zero-

bias spin detection efficiency, a dimensionless parameter between 0 and 1. It was

found that the spin injection efficiency was ≈ 0.5 in measurements on spin LEDs

at finite bias [29]. We assume that the the zero-bias spin detection efficiency is
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comparable, η ≈ 0.5. We define the spin polarization in the semiconductor to be:

PSC =
n↑ − n↓

n↑ + n↓

, (1.7)

where n↑ and n↓ are the densities of spin up and spin down electrons in the

semiconductor. We can then relate the voltage jump to the spin polarization in the

semiconductor using the relationship between ∆µ and the density of states in the

semiconductor, assuming ∆µ is small relative the Fermi level in the semiconductor:

∆µ =
nPSC

N(EF )
, (1.8)

where N(EF ) is the density of states in the semiconductor at the Fermi energy.

Assuming a free electron gas model for the semiconductor, we find

N(EF ) =
3

2

n

EF

, (1.9)

where

EF =
~

2

2m∗
(3π2n)2/3. (1.10)

Here m∗ is the effective mass for conduction band electrons in the semiconductor,

which will be discussed in more detail in Chapter 2. For GaAs, m∗ ≈ 0.067m0,

where m0 is the rest mass of the electron in the vacuum. Finally, we arrive at

the following expression relating the voltage jump to the spin polarization in the

semiconductor:

V↑↑ − V↑↓ = ηPFe
∆µ

e
=

2ηPFePSCEF

3e
. (1.11)

In Fig. 1.9(c) we find V↑↑−V↑↓ ≈ 50 µV, leading to an estimated spin polarization

of PSC ≈ 5% underneath the detector electrode.

A far more rigorous demonstration of electrical spin detection is given by the

measurement of the Hanle effect, which relies on spin precession. In the Hanle

effect, a magnetic field is applied out of the plane of the sample, as illustrated in
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(a)

(b)

(c)

(d)

(e)

(f)

By VBy V
Bz

V
Bz

V

Figure 1.9: (a) NLSV measurement schematic. (b) NLSV raw data. (c) NLSV
background subtracted data. (d) NL Hanle measurement schematic. (e) NL Hanle
raw data. (f) NL Hanle background subtracted data. These data were taken at
T = 60 K, with a current bias j = 103 A/cm2, corresponding to an interface
voltage Vint = −360 mV. The fit parameters to the Hanle data correspond to a
spin lifetime τs ≈ 4 ns, Ls ≈ 4 µm, and PSC ≈ 5%. Data in this figure were taken
by Mun Chan [28].
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Fig. 1.9(d). The in-plane spin polarized electrons precess about the applied field

at a rate given by the Larmor precession frequency

ΩL =
g∗µBB

~
, (1.12)

where µB is the Bohr magneton and g∗ is the effective electron g-factor in the

semiconductor, which will be discussed in greater detail in Chapter 2. For GaAs,

g∗ = −0.44. At a given applied field, the total angle precessed by a spin as it

travels from the injector to the detector depends on the transit time. The motion

of the spins toward the detector is diffusive, therefore there will be a distribution

of arrival times given by:

P (t) =
1√

4πDt
e−

L2

4Dt , (1.13)

where P (t) is the probability of a spin arriving at time t, and L is the distance

between the injector and the detector. In the above expression we have ignored

the process of spin relaxation, which decreases P (t) by a factor of e−t/τs . Due to

the distribution of arrival times of spins at the detector electrode, the ensemble

spin polarization at the detector is dephased as the spins precess more quickly

with increasing magnetic fields. The magnetic field required to dephase the spin

polarization can be roughly characterized by:

g∗µBB1/2

~
t0 ≈ 1, (1.14)

where B1/2 is the half-width of the Hanle curve and t0 is the shorter of either τs

or L2/D.

Raw data from a Hanle measurement with the injector and detector in both

the parallel and anti-parallel configurations are shown in Fig. 1.9(e). The two

curves meet when the spin polarization is completely dephased. Once again we

see that there is a significant spin-independent background due to charge trans-

port effects that must be subtracted from the data. This is accomplished by

subtracting a second order polynomial fit to the high field regime where the spin

polarization has been completely dephased. The resulting background subtracted
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Hanle data are shown in Fig. 1.9(f). At zero field, the voltage difference between

the parallel and anti-parallel Hanle curves is equal to the voltage jump measured

in the spin valve effect. Due to the large field (≈ 2.1 T) required to saturate the

magnetization out of the plane of the sample, the magnetization of the injector

and detector electrodes remains fixed during the Hanle measurement, which rules

out any spurious effects such as local Hall effects.

It is possible to model and fit the resulting spin signal analytically using a

model that incorporates spin diffusion, drift, relaxation and precession. The full

differential equation that accounts for these effects is:

∂S

∂t
= −vd

∂S

∂x
+D

∂2S

∂x2
− S

τs
− ΩL × S + S0, (1.15)

where S0 is a source term which generates spins at a rate S0 per unit length

over the length of the injector electrode, with a spin orientation parallel to the

magnetization of the injector. The spin polarization is uniform across the width

of the channel, so we will restrict our discussion to the case of 1D spin transport.

The ferromagnetic electrode is sensitive only to spin polarization parallel to the

magnetization direction, so the steady state spin signal at the detector electrode

is given by:

Sy(B) =

∫

dx1

∫

dx2

∫ ∞

0

S0√
4πDt

e−
(x2−x1+vdt)2

4Dt e−
t

τs cos(ΩLt)dt, (1.16)

where the finite spatial extent of the injection and detection electrodes are taken

into account by integrating over x1 and x2 respectively. In the non-local config-

uration we may take the drift velocity to be zero. The diffusion constant can be

determined using from independent charge transport measurements of the mobil-

ity and carrier concentration using the Einstein relation [30]. This leaves S0 and

τs as the only free fitting parameters. For the data shown in Fig. 1.9, we find

τs ≈ 4 ns.

In the remainder of this chapter, we will investigate the bias dependence of

spin injection and spin detection in Fe/GaAs samples. In Chapter 3, we will build

on the analysis presented here to measure and quantify the spin Hall effect, which

will be detected by using the Hanle effect.
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1.6 Bias Dependence of Spin Injection

We have performed non-local measurements at many different current biases to

better understand the spin injection properties of the Fe/GaAs interface. Fig-

ure 1.10(a) shows the measured non-local spin signal for 4 different samples as a

function of injector bias. The detailed doping profile of these samples is listed in

Table 1.1. There are three striking features of these data. The first is the fact

that both the magnitude and sign of the detected spin signal vary greatly from

sample to sample for the same injector bias. The second is that, for all samples,

the detected spin signal is the same sign for both positive and negative injector

biases. Under reverse bias, where spin polarized electrons are being injected from

the Fe into the GaAs, one would expect the injected electrons to have the polar-

ization of Fe majority spins. It is somewhat surprising that under the opposite

bias polarity (forward bias), where electrons are traveling from the GaAs into the

Fe, the spin accumulation in the semiconductor has the same sign. From linear

response theory, one would expect that Fe majority spin polarized electrons would

more readily tunnel from the GaAs to the Fe. It has been confirmed by optical

Kerr rotation measurements that the spin polarization in the GaAs at both large

reverse and large forward bias corresponds to Fe majority spins [31, 32]. (See Xi-

aohua Lou’s Ph.D. thesis for a more thorough discussion of Kerr microscopy [25].)

Thus, we see that linear response theory is only valid over a very narrow voltage

range, . 100 mV. In practice it is often difficult to resolve a region of injector bias

where there is a minority spin accumulation in the GaAs; only sample A shows a

clear reversal of the sign of the spin accumulation at zero injector bias. The final

significant feature of Fig. 1.10 is the fact that, normalized to signal magnitude, all

four samples show a very similar dependence on VInt. The locations of maxima

and minima are at roughly the same values of VInt for all four samples. This

suggests that the interfacial spin injection properties of these devices are quite

similar, despite the variations in magnitude and sign of the detected spin signal.

Two different theories have been put forward to explain the unexpected bias
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(a)

(b)

Figure 1.10: (a) Bias dependence of detected spin signal as a function of injector
voltage for 4 different Fe/GaAs samples. (b) IV curves for the 4 different samples.
All data in this figure was taken at T = 10 K.
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Schottky Barrier Profile Channel Doping
Sample (n+ = 5 × 1018 cm−3) n (1016 cm−3)

A 15 nm n+ / 15 nm n+ → n 3.5
B 20 nm n+ 3.5
C 25 nm n+ 3.5
D 15 nm n+ / 15 nm n+ → n 5.0

Table 1.1: Doping profile of samples in Fig. 1.10 and Fig. 1.12.

dependence observed in Fig. 1.10(a), both of which depend on detailed arguments

about the k-dependence of the tunneling process. The first was published by Dery

and Sham in 2007 [33], and is illustrated schematically in Fig. 1.11(a). There is a

narrow quantum well near the Fe/GaAs interface due to the doping profile near

the highly doped region that forms the Schottky barrier. This quantum well is

deep enough to have several bound states which will localize electrons. Dery and

Sham calculated the escape time for electrons tunneling from bound states in this

quantum well into the majority and minority spin bands in the Fe on the other

side of the Schottky barrier. They used a simplified model of the Fe density of

states assuming a free electron mass with kFe,↑ ≈ 3kFe,↓. They found that the

escape rate from each of the bound states into minority spin band was about twice

that of the escape rate into the majority spin band due to closer matching of kQW

with kFM,↓. They argued that at sufficiently large forward bias (≈ 100 mV) the

tunneling current from localized states in the quantum well would be the dominant

contribution to the total current. This results in minority spin polarized electrons

being extracted from the quantum well. These electrons are replaced quickly by

minority spin polarized electrons in the bulk via energy relaxation, which occurs

much more rapidly than spin relaxation in either the bulk or the quantum well.

This results in a majority spin accumulation in the bulk GaAs.

The second argument was published by Chantis et al. in 2007 [34]. Chantis et

al. performed a first principles calculation of the detailed electronic band struc-

ture at the Fe/GaAs interface. From their calculation they were able to estimate

the k resolved Fe/GaAs interfacial density of states and tunneling transmission
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probabilities for spin up and spin down electrons, which are shown in Fig. 1.11(b).

They found that under forward bias voltages between ≈ 100 to 400 mV, minority

spin electrons dominate the tunneling current due to peaks in the minority spin

interfacial density of states and the minority spin tunneling transmission proba-

bility at matched values of k. It is likely that the different mechanisms described

by Dery and Sham and Chantis are both in play in determining the total spin

injection bias dependence.

1.7 Bias Dependence of Spin Detection

To better understand the variation in magnitude and sign of the detected spin

signal from sample to sample, we have also studied the bias dependence of spin

detection on these samples. This requires a modification to the experimental setup

described in section 1.4.2. In order to study the bias dependence of spin detection

independently from the bias dependence of spin injection, we apply a DC bias to

the detector electrode while now applying a unipolar AC bias to the injection elec-

trode. The voltage is measured at the detector electrode using a lock-in amplifier

and therefore measures the change in voltage at the detector due to the additional

spin packet from the injector. This setup is shown schematically in Fig. 1.12(a).

Detector bias measurements were performed at several different injector biases to

confirm that the measured detector bias dependence was independent of injector

bias (see Fig. 1.12(b)). For a given injected spin polarization, the voltage induced

at the detector electrode depends strongly on the voltage bias across the detector

and can even change sign. It was found that the detector’s spin sensitivity could

be significantly enhanced under forward bias.

The spin detection sensitivity depends on a combination of effects at the

Fe/GaAs interface and charge transport effects in the GaAs channel. These two

effects can be disentangled by considering a 1D model that includes drift effects

in the semiconductor channel and bias dependent tunneling conductances at the

Fe/GaAs interface [32, 35]. The voltage drop across the detector can be written
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(a)

(b)

Figure 1.11: (a) Cartoon schematic of tunneling mechanism proposed by Dery
and Sham. Minority spin polarized tunneling from bound states in the quantum
well near the Fe/GaAs interface could lead to a majority spin accumulation in
the GaAs under forward bias [33]. (b) Plot of k dependent minority spin DOS at
the Fe/GaAs interface and the k-dependent minority spin tunneling transmission
probability as calculated by Chantis et al. [34]. (Figures are adapted from Fig. 2
and 3 in Ref. [34].) They found that minority spin polarized electrons dominate
the tunneling current under a wide range of forward biases.
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Figure 1.12: (a) Experimental setup for measurement of bias dependence of spin
detection. (b) Measured bias dependence of spin detection under two different
injector biases shows identical behavior. (c) Spin valve measurements show a
significant enhancement in the detected spin signal under forward detector bias.
All data in this figure was taken at T = 10 K.
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as [35]:

Vd =
j

4

[(

1

G↑

+
1

G↓

)

+

(

1

G↑

− 1

G↓

)

Pj

]

, (1.17)

where Pj = (j↑ − j↓)/(j↑ + j↓) ∝ P/j is the spin polarization of the tunneling

current and G↑,↓ are the spin up and spin down tunneling conductances, which in

general can depend on bias. The voltage measured in the experiment depicted in

Fig. 1.12 can be interpreted as the change in the voltage at the detector due to

a change in the spin polarization of the current due to the additional spin packet

injected at the detector. Therefore:

∆Vd ∝ ∂Vd

∂p
=
e

4

(

1

G↑

− 1

G↓

)

j
∂Pj

∂p
, (1.18)

where p is the additional spin polarization due to the AC injector bias.

Figure 1.13 shows the detector bias dependence for samples A-D. All four

samples show a maximum in ∆Vd near zero bias. This peak corresponds to the

detector bias at which additional spin polarized electrons in the semiconductor

will induce the largest voltage change at the detector, which suggests that the

Fermi level may be pinned near a peak in the majority spin density of states at

the Fe/GaAs interface. Moving away from this peak toward forward bias, ∆Vd

changes sign in all four samples. The zero crossing occurs near the voltage where

Pj = 0, as can be seen in Fig. 1.14(c) and (d), which shows both Pj and ∆Vd

for two samples similar to samples A and D that were measured by our collabo-

rator Scott Crooker [32]. For these figures, Pj was measured using optical Kerro

microscopy (see Fig. 1.14(a)) and ∆Vd was measured using optical spin injection

(see Fig. 1.14(b)). Under large forward bias (negative interface voltages), ∆Vd

shows significant enhancement from the zero-bias detector sensitivity in multiple

samples. This can be attributed to drift effects. To take into account transport

effects in the GaAs channel, we note that j∂Pj/∂p can be written as:

j
∂Pj

∂p
= D

∂

∂p

[

∂(n↑ − n↓)

∂x

]

+ µE
∂

∂p
(n↑ − n↓), (1.19)
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Figure 1.13: (a) Measured bias dependence of spin detection on all four samples
shows similar behavior. (b) Zoomed in plot near zero detector bias shows a peak
in ∆Vd for all samples, and a sign change of ∆Vd as VInt moves away from this
peak toward forward bias. Data were taken at T = 10 K under forward injector
bias for all samples.
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where D is the electron diffusion constant, E is the channel electric field, and

n↑ − n↓ and its gradient are evaluated at the interface. Here we see that under

forward bias both the drift and diffusion terms move p toward the detector elec-

trode, leading to an enhancement in the detector bias sensitivity. Under reverse

bias, however, the drift and diffusion terms oppose each other, which leads to a

suppression of the spin signal at the detector.

It is possible to calculate the bias dependence of G↑ and G↓ from the spin in-

jection bias dependence and the interface IV curve (shown in Fig. 1.10). The solid

lines in Fig. 1.14(c) and (d) show the detector bias dependence predicted using the

values of G↑ and G↓ determined from Pj for different mobilities in the GaAs, which

show reasonable agreement with the data for mobilities around ≈ 1500 cm2/Vs.

Measured channel mobilities in these samples were ≈ 3000 to 8000 cm2/Vs under

the bias conditions of the measurements. It is important to note that the mobility

near the Fe/GaAs interface may be substantially lower than the channel mobility,

due to the higher doping level near the interface.

1.8 Three Terminal Spin Detection

Section 1.3 discussed the difficulties in interpreting the spin-dependent voltage at a

FM/SC interface when a charge current is flowing through the detection electrode.

Here we return to this issue, and we show that it is possible to interpret the spin-

dependent voltage change at the FM/SC interface using the knowledge gained by

studying the spin injection and spin detection bias dependences separately. We

perform a measurement of the spin dependent voltage at the Fe/GaAs interface

using the measurement configuration shown in Fig. 1.15(a). In this three terminal

configuration, a spin accumulation is generated in the GaAs by passing a current

through the injector electrode. The voltage is then measured between the injector

electrode and another reference electrode. By applying a magnetic field out of

the plane of the device, we use the Hanle effect to dephase the spin accumulation

in the GaAs. The orientation of the magnetization remains fixed during the
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(a) (b)

(d)(c)

Figure 1.14: (a) Schematic of experimental setup to optically detect Pj using the
Kerr effect, derived from Ref. [36]. (b) Schematic of experimental setup to measure
∆Vd by optically injecting spin polarized electrons. (c) Pj and ∆Vd measured on
a sample similar to sample A. (d) Pj and ∆Vd measured on a sample similar to
sample D. Panels (b)-(d) derived from Ref. [32]. All data in this figure were taken
at T = 10 K.
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measurement, so we are able to rule out any spurious effects due to AMR or

fringe fields. The voltage at the injector is only sensitive to the spin polarization

in the GaAs when it is forward biased. Under reverse bias, spin polarized electrons

are injected into empty states well above the Fermi level, so the voltage at the

injector is not sensitive to the spin accumulation in the GaAs. Figure 1.15(b)

shows the measured change in voltage vs applied field. Similar to the non-local

Hanle data, there is a spin-independent background that can be removed by fitting

a second order polynomial to the data at large fields where the spin polarization

has been completely dephased. The spin-dependent voltage change, shown in

Fig. 1.15(c) can be interpreted using Eq. 1.17, where Pj is being decreased to zero

by the applied magnetic field. We can estimate this voltage change as a function

of interface voltage using the measured bias dependencies of spin injection and

spin detection discussed in the previous sections:

∆V Est
3T = ∆P × ∂Vd

∂p
=

∆VNL(VInt)

2e−L/Ls
× ∆Vd(VInt, V0)

∆VNL(V0)
, (1.20)

where ∆VNL(VInt) is the measured non-local voltage when the injector is biased

at VInt and ∆Vd(VInt, V0) is the measured voltage change at the detector electrode

when the detector is biased at VInt and the AC modulated injector is biased at

V0. The data can be modeled reasonably well with no free parameters by using

the same spin lifetime determined from the non-local Hanle fitting, shown as the

solid line in Fig 1.15(c). Figure 1.15(d) shows the predicted and measured three

terminal signal, which shows good agreement over the voltage range studied. It

is important to note that the estimate made in Eq. 1.20 assumes that ∂Vd/∂p

is linear with respect to p. Although this assumption appears to be valid for

voltage ranges studied here, it is clear from the non-linear bias dependence of

∆Vd(VInt) that this assumption will break down if the spin accumulation in the

semiconductor is large enough (> mV).
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(a)

Bz
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Bz
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(b) (c)

(d)

Figure 1.15: (a) Three terminal Hanle effect measurement setup. (b) Raw three
terminal data at T = 60 K, with a current bias j = 25 A/cm2, corresponding to
an interface voltage Vint = −53 mV. (c) Background subtracted three terminal
data with fit using no free parameters (τs is determined from non-local Hanle
measurements at T = 60 K). (d) Plot showing the magnitude of the measured
three terminal spin signal at T = 60 K and the predicted signal estimated from
the bias dependence of spin injection and spin detection at T = 10 K.



Chapter 2

Spin-Orbit Coupling

2.1 Introduction to Spin-Orbit Coupling

Spin-orbit coupling describes an interaction that couples the electron’s momentum

to its spin state. This topic is of great interest in semiconductor spintronics for

two primary reasons. First, it provides a means to manipulate the electron’s spin

state by applying electric fields rather than magnetic fields, as were used in the

experiments described in Chapter 1. Second, the spin orbit interaction determines

the rate of spin relaxation in the semiconductor channel. Both of these effects

will manifest themselves in the measurements of the spin Hall effect presented in

Chapter 3, which occurs due to spin dependent scattering. In this chapter, in

order to arrive at a better fundamental understanding of spin-orbit coupling, we

will first investigate its effects on an electron bound to a hydrogen atom in the

vacuum. We will then discuss spin-dependent scattering from charged nuclei in

the vacuum, and we will extend this discussion to spin-dependent scattering in

solids. Finally, in Chapter 4 we will show that spin-orbit coupling can be used to

manipulate electron spin states even in the absence of impurity scattering, due to

spin-orbit effects that are “intrinsic” to the material structure.

35



36

2.2 Spin-Orbit Coupling in the Vacuum

2.2.1 Spin-Orbit Coupling and the Hydrogen Atom

To first order, the Hamiltonian of an electron orbiting a hydrogen atom in a

vacuum involves only the kinetic energy from the electron’s momentum and the

potential energy due to the Coulomb potential:

H =
p2

2m0

− eΦ(r) = − ~
2

2m0

∇2 − e2

r
, (2.1)

where e > 0 is the elementary charge. Because the electron will be orbiting the

nucleus with a momentum p, there is an additional term that arises due to spin-

orbit coupling. In the rest frame of the electron, the nucleus is orbiting the electron

with a velocity vp = −p/2m0. (The factor of 2 in the denominator, called the

Thomas factor, is due to the fact that the electron is in an accelerating reference

frame [37].) From the Biot-Savart law, the circular motion of the nucleus about

the electron produces a magnetic field:

BSO =
1

c
vp × E = − 1

2m0ec
p × ∇V (r) = − e

2m0c

p × r

r3
. (2.2)

This spin-orbit magnetic field interacts with the spin of the electron through the

Zeeman interaction:

HSO = −µs · BSO =
e

2m0cr3
µs · (p × r), (2.3)

where:

µs = −g0µB

~
S (2.4)

is the magnetic moment of the electron spin in the vacuum. Therefore, the spin-

orbit Hamiltonian can be written in terms of the electron’s spin state and the

electron’s angular momentum about the nucleus:

HSO =
g0µ

2
B

r3

S · L
~2

. (2.5)
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Figure 2.1: (a) Cartoon of electron orbiting nucleus of charge Ze with angular
momentum L. (b) Cartoon when transformed to the rest frame of the electron.
The charged nucleus orbiting the electron creates a magnetic field. The electron
spin is in the low energy eigenstate when its spin points in the same direction as
the effective magnetic field.

This is the form in which the spin-orbit interaction is typically written in intro-

ductory quantum mechanics. However, looking back at Eq. 2.2 and Eq. 2.3 it is

clear that the spin-orbit interaction can be written in a much more general form:

HSO = λeff
SO σ · (k × ∇V (r)). (2.6)

Here σ is a Pauli spin matrix, k = p/~ and where:

λvacuum
SO = − g0~

2

8m2
0c

2
≈ − ~

2

4m2
0c

2
(2.7)

is defined as the spin-orbit coupling constant in the vacuum. In the vacuum, we

find λvacuum
SO = −3.7 × 10−6 Å2. We will see later that this spin-orbit coupling

parameter can be many orders of magnitude larger in solids.

The strength of the spin-orbit interaction depends very strongly on the atomic

number of the nucleus. If, instead of orbiting a hydrogen nucleus, the electron

is orbiting a nucleus of charge Ze, a factor of Z is introduced into the Coulomb

potential in Eq. 2.1. Following this factor of Z through the derivation of the spin-

orbit interaction, there will clearly be a factor of Z in the numerator of Eq. 2.5.

However, if we also calculate the expectation value of 1/r3 we find [38]:

<
1

r3
>=

∫

Ψ∗ 1

r3
Ψr2drdΩ ∝ Z3, (2.8)

for atomic wave functions Ψ. Therefore, the total spin-orbit Hamiltonian (Eq. 2.5)

is proportional to Z4. The dramatic dependence of the spin-orbit coupling strength
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on atomic number will appear again later, when we consider the spin-orbit inter-

action in solids later in this chapter.

2.2.2 Spin-Dependent Scattering in Vacuum

Thus far we have only discussed spin-orbit coupling in the context of an electron

bound to a nucleus. However, a free electron approaching a nucleus will also

experience a magnetic field that is described by Eq. 2.2. The magnetic field seen

by the electron curls around the nucleus in the direction that is perpendicular to

the electron’s momentum, as illustrated in Fig. 2.2(a). The electron experiences

a force F = −∇(−µ · B) due to the gradient in the effective magnetic field.

An incoming electron with a spin in the +z direction will be scattered to the

left, regardless of which side it approaches the nucleus on (see Fig. 2.2(c)). This

leads to a scattering cross section that depends on the incoming electron’s spin

orientation.

Mott first solved for the scattering cross section of an incoming plane wave

of electrons incident on a charged nucleus in 1929 [39]. He found that, for an

incoming beam of electrons with spin polarization P , two detectors placed at the

same angle on opposite sides of the beam would measure different scattering in-

tensities. The measured scattering intensities could be related to the polarization

of the incident beam using the relation:

IR − IL
IR + IL

= S(θ)PIncident, (2.9)

where S(θ) is the Sherman function [40, 41]. Alternatively, an unpolarized incident

beam would be partially spin separated, such that a spin-sensitive detector at

an angle θ would detect a polarization P = S(θ) in the z direction. It is this

separation of unpolarized electrons by way of spin-dependent scattering that gives

rise to the extrinsic spin Hall effect that will be discussed in the next chapter.
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Figure 2.2: (a) Cartoon of magnetic field experienced by electron with incoming
momentum p approaching a nucleus of charge Ze. (b) Effective magnetic field vs
distance from scattering site. (c) Cartoon of incoming spin-up electron on either
side of the nucleus being scattered to the left. (d) Force experienced by electron
vs distance from scattering site for spin up (solid line) and spin down (dashed
line).
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(a)

(b)

Figure 2.3: (a) Schematic of the experimental setup of a Mott scattering mea-
surement. Energetic electrons are fired at a target (typically a thin gold film due
to gold’s large spin orbit coupling). Detectors at an angle θ from the incident
electron beam detect scattered electrons. (b) Calculated electron polarization vs
scattering angle for an initially unpolarized beam of electrons scattering off of gold
nuclei at various kinetic energies. The polarization is given as S(θ), the Sherman
function. Figure is derived from Motz et al. [42].
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2.3 Spin-Orbit Coupling in Solids

Up to this point, we have only discussed the effects of spin-orbit coupling on

electron scattering in the vacuum. This section will discuss how the spin-orbit

interaction must be modified to take into account the multiple energy bands in

crystalline solids. Although this section will focus specifically on semiconductor

materials, the general techniques introduced here can be applied to metallic sys-

tems as well. We will see that the spin orbit Hamiltonian can be written in the

same form as in Eq. 2.6, but with a modified spin-orbit coupling parameter that

will depend on the details of the material band structure. This effective spin-orbit

coupling parameter can be many orders of magnitude larger than the vacuum

value of λvacuum
SO = −3.7 × 10−6 Å2. In GaAs, for example, it has been calcu-

lated to be λGaAS
SO ≈ 5.3 Å2, approximately 6 orders of magnitude larger than the

vacuum value [43]. In order to understand this drastic increase, we first need to

understand some basics of semiconductor band structure.

2.3.1 Semiconductor Band Structure

A cartoon sketch of the band structure of a direct-gap zinc blende semiconductor

such as GaAs or InAs is shown in Fig. 2.4. To a first approximation, there are

four relevant bands for electrical transport in GaAs: a conduction band, which has

s-like symmetry (L = 0), and three valence bands, which have p-like symmetry

(L = ~). Each of these bands is doubly spin degenerate. Near the Γ-point, these

bands are approximately parabolic, and the dispersion relation for each band can

be written as:

En(k) = En(0) +
~

2k2

2m∗
, (2.10)

where En(0) is the energy of the band at the Γ-point, and m∗ is an effective

mass. The effective mass can be calculated using k ·p theory and the 8× 8 Kane

Hamiltonian, which takes into account the coupling between the conduction band
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Figure 2.4: Cartoon sketch of the band structure of a zinc blende direct gap
semiconductor near the Γ-point. For GaAs, Eg ≈ 1.5 eV and ∆SO ≈ 0.34 eV.
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and the 3 valence bands [44, 45]:

1

m∗
=

1

m0

+
2

~2

∑

n′ 6=n

P 2
nn′

En(0) − En′(0)
, (2.11)

where Pnn′ = −i~

m0
< Ψn|p|Ψn′ >. Summing over the four bands shown in Fig. 2.4,

we find:

1

m∗
≈ 1

m0

[

1 +
2m0P

2

~2Eg

(

1 − ξ

3

)]

, (2.12)

where P 2 is the weighted average of P2
nn′ , Eg is the energy gap between the top

of the valence band and the bottom of the conduction band, and ξ = ∆SO/(Eg +

∆SO). Here ∆SO is the energy splitting of the split-off hole band from the heavy

and light hole bands, which will be discussed in more detail later in this section.

The energy scale of m0P
2/~2 corresponds approximately to the atomic Rydberg

energy, and it is found that 2m0P
2/~2 ≈ 20 eV for most semiconductors [44].

The band gap energy is typically ≈ 1 eV, and it depends roughly inversely on the

lattice constant of the semiconductor, with larger lattice constants corresponding

roughly to smaller band gaps [46]. This is due to the larger overlap of the atomic

wave functions for heavier elements. For GaAs, Eg ≈ 1.5 eV. Figure 2.5 shows the

evolution of Eg with increasing In concentration for In1−xGaxAs. We then find an

effective mass for GaAs conduction band electrons m∗ ≈ 0.074m0; the accepted

value is m∗ ≈ 0.067m0. As m∗ is an experimentally well known quantity, in the

remainder of this chapter we will use Eq. 2.12 to define P 2 [47].

The valence bands are somewhat more complicated due to their p-like character

with orbital angular momentum L = ~. Taking in to account the spin angular

momentum (S = ~/2), the total angular momentum J of theses states can be

either 3~/2 (four states) or ~/2 (two states). The J = 3~/2 states are degenerate

at the Γ-point, and form the heavy and light hole bands. The J = ~/2 states are

lower in energy due to the spin orbit interaction, and form the split-off hole band.

The splitting can be calculated from Eq. 2.5, noting that L ·S = (J2−L2−S2)/2.

As was discussed in Sec. 2.2.1, the atomic spin orbit coupling energy increases
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Figure 2.5: Eg vs concentration (x) for In1−xGaxAs shows an approximately linear
dependence on alloy concentration. The conduction band minimum remains at
the Γ-point for all x. Figure derived from Porod and Ferry [48].
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GaP InP AlAs GaAs InAs AlSb GaSb InSb

a (Å) 5.451 5.869 5.660 5.653 6.058 6.136 6.096 6.479
E0K

g (eV) 2.35 1.42 2.23 1.52 0.42 1.69 0.81 0.23
∆SO (eV) 0.08 0.11 0.28 0.34 0.38 0.67 0.75 0.98

Table 2.1: Experimentally determined lattice constants, gap energies, and spin-
orbit splitting energies of various III-V semiconductor compounds.

roughly as Z4. To find the energy of the splitting, ∆SO, in an binary semiconductor

compound (such as GaAs or InAs), we must weight the atomic spin-orbit energies

of the elements A and B according to their contributions to the valence bands

[49]:

∆SO(AB) =
1

2
(1 − fi)∆A +

1

2
(1 + fi)∆B, (2.13)

where ∆A and ∆B are the atomic spin-orbit energies of the cation and anion,

respectively, and fi is the ionicity. The anions are weighted more heavily because

a greater fraction of the wavefunction overlaps with the anion. For GaAs we find

∆Ga = 0.18 eV, ∆As = 0.43 eV, and fi = 0.310, giving us ∆GaAS
SO = 0.34 eV.

Table 2.1 lists the lattice constant, gap energy, and spin-orbit splitting energies

for several different semiconductors (listed in order of increasing spin-orbit cou-

pling) [46].

2.3.2 Spin-Orbit Coupling in GaAs and InAs

We will now discuss how the semiconductor band structure gives rise to the large

spin-orbit coupling parameter in GaAs. The spin-orbit interaction has the same

form as in Eq. 2.6, but the spin orbit coupling parameter λeff
SO must be renormal-

ized in a way similar to the renormalization of the effective mass. Again, using

the 8 × 8 Kane Hamiltonian, λeff
SO is found to be [49]:

λeff
SO =

P 2

3E2
g

[

1 − (1 − ξ)2
]

. (2.14)
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This expression can be rewritten in a more dimensionally transparent form:

λeff
SO = −λvacuum

SO × 2m0c
2

Eg

× m0

~2Eg/2P 2
× 1

3

[

1 − (1 − ξ)2
]

. (2.15)

In the above expression, origin of the factor of 106 enhancement in λGaAs
SO from

the vacuum value is more clear. The small parameter in perturbation theory

controlling the spin-orbit interaction in the vacuum is:

~
2k2/2m0

2m0c2
, (2.16)

where ~
2k2/2m0 is the kinetic energy of the electron and 2m0c

2 is the total energy

difference between the electron and positron states in the vacuum [50]. In a

semiconductor, the kinetic energy of the electron is enhanced by a factor ofm0/m
∗.

From Eq. 2.12 we find:

m0

m∗
≈ m0

~2Eg/2P 2
. (2.17)

Additionally, rather than comparing the electron’s kinetic energy to 2m0c
2 ≈

1 MeV, we must now compare it to Eg ≈ 1 eV, the energy difference between

the conduction and valence bands in the semiconductor. The combination of

these two factors leads to the 106 enhancement in λGaAs
SO over the vacuum value.

Semiconductors with smaller gap energies and larger spin-orbit splitting energies

will exhibit much larger spin-orbit coupling. It is also apparent that in the limit

ξ → 0, then λeff
SO → 0.

The electron g-factor is also renormalized in a similar way. Roth et al. arrived

at the following expression for the effective electron g-factor [49, 51]:

g∗ = g0

[

1 − 4

3

m0P
2

~2Eg

ξ

]

. (2.18)

Figure 2.6 shows both λeff
SO and g∗ as a function of increasing In concentration

for In1−xGaxAs. Both parameters increase by more than an order of magnitude

from GaAs to InAs. This difference can be attributed to the fact that in GaAs

Eg ≈ 1.5 eV, whereas in InAs Eg ≈ 0.4 eV, while ∆SO ≈ 0.35 eV for both GaAs

and InAs. Note that in both GaAs and InAs, λeff
SO and g∗ are opposite in sign

from their values in the vacuum.
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Figure 2.6: (a) λeff
SO vs concentration (x) for In1−xGaxAs. The spin-orbit coupling

parameter increases quadratically with increasing In concentration, leading to
drastically larger spin-orbit coupling in InAs than in GaAs. (b) g∗ vs concentration
(x) for In1−xGaxAs. The effective electron g-factor increases by more than a factor
of 30 between GaAs and InAs.
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2.4 The Anomalous Hall Effect

The earliest evidence of spin-dependent scattering effects was a measurement of

the anomalous Hall effect performed by Hall himself in 1880 [52]. In a typical Hall

measurement geometry, shown in Fig. 2.7, a charge current flows down a sample

in the x direction. A magnetic field is applied in the z direction, perpendicular

to the plane of the sample. The Hall voltage is then measured between opposite

edges of the sample in the y direction. For a magnetic field applied in the ẑ

direction, the Lorentz force deflects electrons in y direction. This causes a voltage

to build up across the edges of the sample. In non-magnetic materials, this voltage

is proportional to the strength of the applied magnetic field.

Hall found that in ferromagnetic metals, the measured Hall voltage depended

strongly on the magnetization of the ferromagnet, and that the voltage was ap-

proximately constant for applied fields large enough to saturate the the magneti-

zation. It was not until 1929 that it was proposed that the Hall resistivity could

be written as the sum of two parts, one that was proportional to the applied

magnetic field and one that was proportional to the magnetization [53]:

ρAH = −ρxy = R0Bz + 4πRSMz. (2.19)

The value of RS, the ‘anomalous’ Hall constant, is usually much larger than

the value of R0, the ‘ordinary’ constant, as can be seen for nickel in Fig. 2.7 [54].

If T < TC , ρAH increases rapidly when Bz < 4πMS, due to the increase in Mz

with increasing Bz. The magnetization is saturated when Bz > 4πMS, and the

slope of ρAH vs Bz returns to that of the ordinary Hall effect. If T > TC , then

ρAH increases linearly with Bz, but with a slope that represents both the ordinary

Hall effect and the anomalous Hall effect due to the paramagnetic susceptibility

of the ferromagnet.

It was also found that ρAH , normalized to MS(T ), increases greatly with tem-

perature (see Fig. 2.8). In 1930 Albert Perrier noted that the temperature depen-

dence of the Hall conductivity, defined as σAH ≈ ρAH/ρ
2
xx, was much smaller and
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(a)

Figure 2.7: (a) Hall measurement geometry. (b) ρAH vs. applied field for Ni above
and below TC . For T < TC , ρAH increases dramatically with increasing field, due
to the increase in Mz. The slope above B ≈ 5 kG is the ordinary Hall slope.
For T > TC Ni is paramagnetic, so the ordinary and anomalous Hall effects are
superimposed. Figure derived from Pugh and Rostoker [54].
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Figure 2.8: Plot of ρAH/MS vs Temperature (right axis) and σAH/MS (left axis)
for iron. Classical scattering theory predicts that ρAH/MS ∝ ρxx(T ), whereas data
show that for iron ρAH/MS ∝ (ρxx(T ))2 [55]. Plotting σAH/MS vs Temperature
shows that σAH/MS is approximately constant above 100 K.
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simpler than that of ρAH [56]. This suggested that the anomalous Hall effect de-

pends on electron scattering events [55]. Since the anomalous Hall effect depends

on the magnetization, which is parallel to the spin polarization of the ferromagnet,

it was deduced that spin-orbit coupling must be affecting the electron scattering

process. Since the charge current flowing through a ferromagnet is spin polarized,

spin dependent scattering leads to a charge imbalance across the ferromagnet,

giving rise to the anomalous Hall voltage. However, it was impossible to explain

the strong temperature dependence of ρAH using the scattering theory developed

by Mott, discussed in Sec. 2.2.2. A more accurate description of the scattering

process can be found if the scattering of a wave packet is considered rather than

a plane wave. This scenario will be discussed in the next section.

2.5 Skew and Side-Jump Scattering

The problem of an incident plane wave scattering from a spherical scattering

potential V0 (a reasonable approximation to a screened Coulomb potential) was

solved by Smit in 1958 [57]. His solution was later expanded upon by Berger to

solve the scattering problem for an incident wave packet with average wave vector

k0 [58]. The following is a summary of their results. The relevant Hamiltonian

for the scattering problem can be written as H = H0 +HSO, where:

V (r) =

{

−V0 if r < R

0 if r > R

}

, (2.20)

H0 = − ~
2

2me

∇2 + V (r), (2.21)

HSO = λeff
SO σ · (k × ∇V ). (2.22)

Letting ψ = ψ0 + ψSO, one can first solve the scattering problem for H0 and

ψ0, then one can use perturbation theory to find ψSO. Once this is done, one can
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calculate < y >, the expectation value of the y position of the wave packet. Berger

found that this expectation value had two terms, one which is linear in t and one

which is time-independent. These two contributions are shown schematically in

Fig. 2.9. The time-dependent term can be interpreted classically as a change in

the wave packet’s y momentum and is referred to as skew scattering. The amount

of change in the electron’s momentum will depend on the details of the scattering

potential. The time-independent term is quantum mechanical in nature. It can

be thought of as a localized motion of the electron inside the impurity potential,

and has been historically termed an “anomalous current”. This term is referred

to as side-jump scattering, because the electron experiences a shift in its position

with each scattering event. Interestingly, the side-jump term is independent of the

strength, range, and sign of the scattering potential. Both the skew and side-jump

terms will be discussed in greater detail in Chapter 3; for now we will treat them

phenomenologically.

Let us define a scattering angle for skew scattering, γSS = py/px, and a scat-

tering angle for side jump scattering, γSJ = ∆y/Lp, where Lp is the mean free

path between scattering events. We can then define an anomalous Hall angle as:

γAH =
ρAH

ρxx

= γSS + γSJ . (2.23)

Since the mean free path is inversely proportional to the resistivity, we can

rewrite the side-jump term as γSJ = ρxx/ρSJ . Multiplying γAH by ρxx then yields:

ρAH = ρxxγSS + ρ2

xx/ρSJ . (2.24)

Writing ρAH in this form greatly helps to explain experimental data where it

was reported that ρAH(T ) ∝ (ρxx(T ))n, where n ranged from 1 to 2, depending on

the material (see Fig. 2.8). The classical picture of skew scattering developed by

Mott, which predicts n = 1, cannot explain the observed temperature dependence.

The situation becomes more clear when, as was first suggested by Albert Perrier,
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(a) (b)

Figure 2.9: Diagram of scattering of an electron wavepacket with average wave
vector k0 when scattering from an attractive spherical potential well [58]. The
spin is oriented out of the scattering plane. Skew scattering is represented in (a),
where the electron experiences a change in momentum δpy ∝ szkx. Side-jump
scattering is shown in (b), where the electron experiences a lateral displacement
δy ∝ szkx at the scattering site. Although these effects are shown separately here,
they are actually always superimposed.
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we look at the anomalous Hall conductivity rather than the resistivity. Dividing

ρAH by ρ2
xx, we find:

σAH =
ρAH

ρ2
xx

= γSSσxx + σSJ . (2.25)

From this expression the temperature dependence of σAH (see Fig. 2.8) be-

comes clear. At low temperatures, when σxx is large, the skew scattering term

dominates σAH . Above T ≈ 100 K, however, σxx is small, and σAH approaches a

constant value corresponding to σSJ .

In the next chapter, we will discuss the spin Hall effect, a phenomena closely

related to the anomalous Hall effect. Measurements of the spin Hall effect in

semiconductors will allow us to quantify the relative magnitudes of skew and side-

jump scattering, as well as to estimate the magnitude of the spin-orbit coupling

parameter.



Chapter 3

The Spin Hall Effect

In Chapter 2 we discussed how spin-orbit coupling gives rise to the spin-dependent

scattering of electrons from impurity potentials. The first observations of spin-

dependent scattering in solids were measurements of the anomalous Hall effect in

ferromagnetic metals. Although this effect was first discovered in the late 1800’s,

its microscopic origin was not well understood until the mid 1900’s. In 1971,

D’yakonov and Perel predicted from a phenomenological model that spin-orbit

coupling should lead to a new family of Hall effects that have come to be known

generally as the spin Hall effect (SHE) [59, 60]. In this chapter we will discuss

this family of effects, and we will focus specifically on the electrical measurement

of the direct spin Hall effect (dSHE) which will provide substantial insight into

the effects of spin-dependent scattering and spin-orbit coupling in semiconductor

systems. Spin-orbit effects which arise due to scattering are generally classified as

“extrinsic” effects, because they arise from scattering off of impurity potentials.

Later, in Chapter 4, we will discuss a class of spin-orbit effects called “intrinsic”

effects, which arise due to the inherent band structure of a crystalline material.

55
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3.1 The Family of Spin Hall Effects

Here we will summarize D’yakonov and Perel’s phenomenological description of

the SHE [59]. From Ohm’s law and Fick’s law we can write an expression for the

charge current density as:

j0

e
= µnE +D∇n, (3.1)

where µ is the mobility, n is the carrier density, E is the electric field, and D is

the diffusion constant. The superscript 0 indicates that spin-orbit effects have not

yet been taken in to account. We now define a spin current density qi,j, where i

is the direction of flow and j is the axis of spin polarization:

qi,j ≡ −ji,+j − ji,−j

e
. (3.2)

Now we can write an expression very similar to Eq. 3.1 for the spin current qi,j:

q0

i,j = −µEipj −D
∂pj

∂xi

, (3.3)

where pj is the spin polarization density.

As we saw in Chapter 2, the spin-orbit interaction (Eq. 2.6) causes electrons

traveling in the x direction with spins polarized in the z direction to be deflected

in the y direction. This leads to a coupling of the charge current and spin current

that can be written as:

j

e
=

j0

e
− γǫijkq

0

j,k, (3.4)

qi,j = q0

i,j + γǫijk
j0
k

e
, (3.5)

where γ is a dimensionless parameter proportional to the spin-orbit coupling

strength that corresponds to the average angle of deflection of a spin polarized

electron. Replacing j0 and q0
i,j with Eqs. 3.1 and 3.3 we find:

j

e
= µnE +D∇n+ γµE × p + γD∇ × p, (3.6)
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qi,j = −µEipj −D
∂pj

∂xi

+ γµǫijkEk + γDǫijk
∂n

∂xk

. (3.7)

For the charge current, we use the typical continuity equation:

∂n

∂t
+ ∇ · j = 0. (3.8)

However, because spin is not conserved, for the spin current we must use a modified

continuity equation to take into account the effects of spin relaxation:

∂pj

∂t
+
∂qi,j
∂xi

+
pj

τs
= 0. (3.9)

The terms in Eqs. 3.6 and 3.7 can describe all of the phenomena in the family

of spin Hall effects. The anomalous Hall effect, which was discussed in Sec. 2.4,

is described by the third term in Eq. 3.6, γµE × p. In the geometry shown in

Fig. 2.7, there is an electric field applied along the x-direction, and there is a spin

polarization in the z-direction due to the applied magnetic field. Therefore E×p

is in the y-direction, and a voltage builds up across the sides of the sample. The

fourth term in Eq. 3.6 and the third term in Eq. 3.7 give rise to the inverse spin

Hall effect (iSHE) and direct spin Hall effect (dSHE), respectively. These last two

effects will be discussed in more detail in the following sections.

3.2 The Inverse Spin Hall Effect

The fourth term in Eq. 3.6, γD∇ × p is known as the inverse spin Hall effect

(iSHE). In a way similar to the anomalous spin Hall effect, the inverse spin Hall

effect causes a charge current that is perpendicular to the direction of spin polar-

ization. However, unlike the anomalous Hall effect, a longitudinal electric field is

not necessary to observe the effect. Rather, it is driven by a diffusive spin current.

3.2.1 Optically Pumped Inverse Spin Hall Effect

The inverse spin Hall effect was first observed by Bakun et al. in 1984 by opti-

cally pumping spin polarized electrons in semiconductors [61]. The experimental
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geometry used by Bakun et al. is shown in Fig. 3.1. Two indium contacts were

placed on the surface of an Al0.27Ga0.73As crystal to serve as voltage detectors.

Circularly polarized light was used to optically pump spin polarized electrons with

the spin oriented in the z-direction. These spin polarized electrons are generated

at the sample surface, and so there is a spin polarization gradient which is also in

the z-direction. When the applied field is zero, the spin polarization and the spin

gradient point in the same direction, so ∇ × p = 0. A magnetic field is applied

along the x-axis, which precesses the z-oriented spins into the y-direction. This

induces a charge current flowing in the x-direction due to the spin-orbit scattering

of spin polarized electrons diffusing in the z-direction. This current can be de-

tected by measuring the voltage between the two indium contacts on the sample

surface, and is plotted in Fig. 3.1(b). The resulting curve is the odd component

of the Hanle curves discussed in Chapter 1, where a maximum signal is observed

when on average the spins have precessed through approximately 90 degrees. The

authors showed that this curve exhibited the same dephasing time as an indepen-

dent optical measurement of the dephasing of the electron spin polarization due

to the Hanle effect.

3.2.2 All-Electrical Inverse Spin Hall Effect in Metals

The inverse spin Hall effect was first detected in an all-electrical measurement

configuration in metallic systems in 2006 by Valenzuela and Tinkham [62]. A

SEM image of a device used to measure the iSHE is shown in Fig. 3.2(a). Samples

were prepared by using electron beam lithography to define a shadow mask, and

a two-angle deposition technique to first grow an aluminum Hall cross, and then

to grow two Co0.80Fe0.20 ferromagnetic contacts. The surface of the aluminum

was oxidized to form a tunnel barrier and thus provide a high spin injection

efficiency [18]. Electrical spin injection was confirmed by performing a non-local

Hanle measurement as described in Chapter 1. The measurement geometry and

the resulting data are shown in Fig. 3.2(a) and (b). In this geometry, at zero
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(a)

(b) (c)

Figure 3.1: (a) Inverse spin Hall effect measurement geometry used by Bakun et

al. [61]. (b) Plot of electrically measured Hanle signal as a function of applied
magnetic field. (c) Plot of Hanle signal measured using optical Kerr rotation
shows the same half-width. Figures derived from Ref. [61].
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applied field, electrons are injected with a spin polarization that is in the plane of

the device, along the easy axis of the ferromagnetic contact. A magnetic field is

applied out of the plane of the device to precess and dephase the electron spins.

The voltage is measured between a nearby ferromagnetic contact and a reference

electrode, and from the resulting signal the injected spin polarization and spin

diffusion length in the aluminum can be determined.

To measure the inverse spin Hall effect, Valenzuela and Tinkham measured the

voltage across the aluminum Hall bar while injecting spin polarized electrons from

a nearby ferromagnetic contact, as shown in Fig. 3.2(c). In this geometry, the spin

polarization must be oriented out of the plane of the device in order to measure

a non-zero Hall voltage. The magnetization of the ferromagnetic contacts (and

hence the injected spin polarization) is tilted out of plane by applying a large

magnetic field. This induces a voltage across the aluminum Hall cross that is

proportional to the z component of the magnetization. To provide further evidence

that the measured voltage is due to the inverse spin Hall effect, the authors also

varied the distance between the ferromagnetic injection contact and the Hall cross.

They found that the Hall signal decays exponentially over the length scale of the

spin diffusion length, indicating that the measured Hall voltage depends on the

diffusion of the non-equilibrium spin polarization.

3.2.3 All-Electrical Inverse Spin Hall Effect in Semicon-

ductors

The approach used by Valenzuela and Tinkham to measure the inverse spin Hall

effect in metals seems like a natural approach to try in semiconductors. The prin-

ciples of electrical spin injection and spin transport in semiconductors, discussed

in Chapter 1, are relatively well understood. However, the much smaller carrier

concentration in semiconductors complicates the measurement for two reasons.

First, in metallic systems, voltages from Hall effects are often negligible, whereas
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(a)

(b)

(c)

Figure 3.2: (a) SEM image of the inverse spin Hall device used by Valenzuela
and Tinkham [62] (b) Plot of voltage observed as a function of applied magnetic
field in non-local Hanle measurement configuration. (c) Plot voltage measured
across the aluminum Hall cross as a function of applied magnetic field at various
separations.
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in semiconductors they can be quite large. Secondly, the small carrier concentra-

tion in semiconductors means that a significant fraction of the electrons will be

bound to donor atoms at low temperatures. This leads to a coupling between the

electron spin and the nuclear spins in GaAs [11, 28, 63]. The induced magnetic

field due to spin polarized nuclei can make interpretation of field dependent data

significantly more complicated.

The ordinary Hall effect is inversely proportional to the carrier concentration

in a sample. In metallic systems, the electron concentration is ≈ 1022 cm−3,

whereas the semiconductor heterostructures discussed in Chapter 1 are doped

at n ≈ 5 × 1016 cm−3. This leads to Hall effects that are roughly 6 orders of

magnitude larger than in metallic systems. Hall voltages will arise not only from

the external out-of-plane applied field, but also from the fringe fields of nearby

ferromagnetic contacts. The fringe fields resulting from a thin film magnetized

in the z-direction as shown in Fig. 3.3(b) can be calculated using the following

expression:

H(r) =
1

4π

∫∫

d2r′n′ · M(r′)
(r − r′)

|r − r′|3 . (3.10)

These fringe fields can be on the order of 100 Oe, and the corresponding volt-

ages are referred to as “local Hall effects,” because they vary strongly with distance

from the ferromagnetic contact. These local Hall effects make it extremely diffi-

cult to interpret a Hall voltage if the magnetization of the spin injection electrode

is rotating, as in the Valenzuela and Tinkham geometry [14, 64–68].

An alternative vertical device geometry was suggested by Zhang in 2001 [69]

and is pictured in Fig. 3.4(a). In this device, spin polarized electrons are injected

from a ferromagnetic contact into the semiconductor and travel away from the

ferromagnet/semiconductor interface by both drift and diffusion. In this geometry

both the anomalous Hall effect and intrinsic spin Hall effect terms in Eq. 3.6 will

contribute to a transverse charge current due to spin-dependent scattering. Under

steady state conditions, jx = jy = 0, and Hall voltage measured across the sample

edges can be related to the electron spin polarization. If a magnetic field is applied
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(a)

(b)

(c)

Figure 3.3: (a) Cartoon of fringe fields from a thin ferromagnetic film magnetized
in the y-direction. In this configuration, there are minimal local Hall effects.
(b) Cartoon of fringe fields from a thin ferromagnetic film magnetized in the z-
direction. In this configuration, fringe fields can cause large local Hall effects. (c)
Plot of magnetic field vs. distance from contact calculated using Eq. 3.10 for a
contact saturated in the z direction.
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in the z direction, the ensemble spin polarization can be dephased using the Hanle

effect. The field required to dephase the spin polarization is small compared to

the out-of-plane saturation field of the ferromagnet, so the magnetization can be

considered to be effectively fixed. The resulting Hall voltage as a function of

applied magnetic field will have a different characteristic shape depending on the

orientation of the contact magnetization, as shown in Fig. 3.4(b) and (c).

Mun Chan from Paul Crowell’s group performed numerous measurements on

devices structured similar to that depicted in Fig. 3.4(a) [28]. Interestingly, it

was found that the measured Hall voltage depended not only on the electron

spin polarization, but also on the nuclear spin polarization. The magnitude of

the measured effect was approximately 100 times larger than predicted for spin-

dependent scattering from Coulomb-like scattering centers in GaAs. A satisfactory

theoretical explanation for the microscopic origins of the effect is still elusive.

Unfortunately, it is difficult to quantify the spin-orbit coupling without a better

understanding of how the nuclear spins determine the spin-dependent transport.

Mun Chan’s thesis provides an extensive discussion of the experimental results

and analysis [28].

3.3 The Direct Spin Hall Effect

In both the anomalous Hall effect and the inverse spin Hall effect, a charge current

is induced by the movement of spin polarized electrons. This charge current leads

to a potential drop across a sample that can be measured using an ordinary four

wire measurement technique. In the spin Hall effect, which results from the term

γµǫijkEk in Eq. 3.7, no such potential drop exists. Instead, there is an opposing

gradient in the spin up and spin down electrochemical potentials. This results in

a spin accumulation that is opposite in sign at opposite edges of the sample, while

the net charge imbalance at the edges of the sample remains zero.
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Figure 3.4: (a) Cartoon of device design to detect the inverse spin Hall effect
using a vertical device geometry as proposed in [69] and used by Mun Chan [28].
(b) Expected Hall signal as a function of applied field when the magnetization is
oriented in the x-direction. (c) Expected Hall signal as a function of applied field
when the magnetization is oriented in the y direction.
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3.3.1 Spin Orientation From the Direct Spin Hall Effect

In this section we will derive the spatial profile of the spin polarization density that

arises due to the direct spin Hall effect, taking Eq. 3.7 from [59] as our starting

point. A cartoon representation of the spin Hall effect is shown in Fig. 3.5(a). In

the cartoon, an electric field is applied along the x-direction of a non-magnetic

Hall bar. Spin dependent scattering then separates electrons with spins oriented

along the z direction. In the cartoon, electrons with spins in the +z direction

are scattered more strongly into the +y direction, whereas electrons with spins in

the −z direction are scattered into the −y direction. Thus, a spin current qy,z is

induced by an unpolarized charge current jx.

In the steady state, ∂pj/∂t = 0, so from the continuity Eq. 3.9 we see that

∂qy,z/∂y = pz/τs. Differentiating both sides of Eq. 3.7 with respect to y gives:

∂qy,z

∂y
= −D∂

2pz

∂y2
= −pz

τs
. (3.11)

The solution to this differential equation is easily seen to be of the form:

pz(y) = C1e
+y/Ls + C2e

−y/Ls , (3.12)

where Ls =
√
Dτs, and where we have taken y = 0 to be the center of the sample.

By symmetry, we know that C2 = −C1. At the sample boundaries, qy,z must go

to zero. From this boundary condition we can determine:

C1 =
γµnExLs

2D cosh
(

w
2Ls

) . (3.13)

Finally, we arrive at the following expression for pz(y):

pz(y) =
γµnExLs

D

sinh
(

y
Ls

)

cosh
(

w
2Ls

) = qy,z
τs
Ls

sinh
(

y
Ls

)

cosh
(

w
2Ls

) . (3.14)

where qy,z = γσxxEx/e is the spin current generated by the SHE. An expression

identical to Eq. 3.14 was derived by Zhang in 2000 by solving a semiclassical
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Boltzmann equation using the two spin channel model in a ferromagnetic metal,

then generalizing the result to a non-magnetic metal [70]. Because the problem

is symmetric, we know µ↑ = −µ↓ for all y. The polarization density pz(y) can be

related to the spin up and spin down electrochemical potentials using the Eq. 1.11.

The resulting spin accumulation is plotted in Fig. 3.5(b) for the case of w = 10Ls.

3.3.2 Optical Measurement of the Direct Spin Hall Effect

The spin Hall effect was first detected optically in GaAs by Kato et al. in 2004 [71].

Hall bars were fabricated from n-doped GaAs and In0.07Ga0.93As wafers doped at

n = 3 × 1016 cm−3. Both samples were grown on (001) semi-insulating GaAs

substrates by on molecular beam epitaxy. A 2 µm thick undoped Al0.4Ga0.6As

buffer layer was grown on each substrate before the channel growth. In the GaAs

sample, the n-doped channel was 2 µm thick, and in the In0.07Ga0.93As sample

the n-doped layer was 500 nm thick and capped with a 100 nm undoped GaAs

layer. Electrical contact to the n-doped layers was made by annealing Au/Ge/Ni

electrodes. A schematic of the device geometry and measurement scheme is shown

in Fig. 3.6(a). An electric field is applied along the y direction, creating a spin

current qx,z due to spin-orbit coupling. This leads to an an accumulation of out-

of-plane spins at the sample edges that is opposite in sign at opposite edges of

the sample. A linearly polarized beam tuned to an energy just below the band

gap is incident normal to the sample. The reflected beam’s polarization is then

rotated due to the magneto-optical Kerr effect, as discussed in Chapter 1. A

measurement of the Kerr rotation of the reflected beam can be directly related

to the spin polarization in the GaAs. A magnetic field is then applied along the

x direction to precess and dephase the spin accumulation via the Hanle effect.

Figure 3.6(b) shows the resulting Kerr signal as a function of applied field for two

locations on opposite edges of the GaAs sample. As is expected for the SHE, the

two curves are opposite in sign. The solid lines are fits to a Lorentzian function
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(a)

(b)

Figure 3.5: (a) Cartoon representation of the spin Hall effect. (b) Expected spin
accumulation as a function of distance from sample edges.
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of the form:

A(Bx) =
A0

(ΩLτs)2 + 1
, (3.15)

where A0 is the peak Kerr rotation, ΩL = g∗µBBx/~ is the Larmor precession

frequency, and τs is the spin lifetime, as discussed in Chapter 1. A two-dimensional

map of the spin accumulation as a function of position was made by scanning the

beam across the sample, shown in Fig. 3.6(c). Interestingly, the authors found

that the half-widths of the Lorentzian curves were narrower further away from the

sample edges, which the authors interpreted as an increase in τs (see Fig. 3.7(b)).

This apparent increase in τs, by as much as a factor of 5, was not well understood

at the time.

Figure 3.7(a) shows a plot of the Kerr signal vs position for a line scan across

the GaAs sample. By fitting the position dependence of pz(y) to the equation

pz(x) = p0 sinh
(

x
Ls

)

/ cosh
(

w
2Ls

)

, where p0 and Ls were free parameters, the

authors were able to determine the spin diffusion length and the spin polarization

at the sample edge, which reached a maximum value of approximately 0.1%. This

information, along with the value of τs determined from the Lorentzian fits to

A(Bx), allowed the authors to calculate the spin Hall conductivity, defined as

σSH = qx,z/Ey. It was found that |eσSH | = 0.5 Ω−1m−1 for the In0.07Ga0.93As

sample, which had a charge conductivity σxx ≈ 3000 Ω−1m−1. From this, one

can calculate |γ| = |eσSH |/σxx ≈ 2 × 10−4. Following the experiment by Kato et

al., there have been a number of papers studying the SHE with similar optical

techniques [72–75].

Unfortunately, it is extremely difficult to determine λeff
SO from γ. The total

spin Hall angle γ includes contributions from both skew scattering and side-jump

scattering. We will see in the following sections that these two terms are actually

opposite in sign for attractive impurity potentials. Although γ ∝ λeff
SO , it is

impossible to determine the coefficient of proportionality without knowing both

the skew and side-jump contributions. In the remainder of this chapter we will

discuss an all-electrical measurement of the direct spin Hall effect, and we will
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(a)

(b)

(c)

Figure 3.6: (a) Schematic of measurement geometry used by Kato et al. [71]. (b)
Plot of Kerr rotation vs applied magnetic field shows dephasing of spin polarization
via the Hanle effect. (c) Two-dimensional mapping of spin accumulation shows a
decay of Pz away from the sample edges.
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(a)

(b)

(c)

Figure 3.7: (a) Plot of A(Bx) (see Eq. 3.15) vs position for the GaAs sample
shows narrower half width away from the sample edges. (b) Plot of Kerr signal
vs position for a line scan across the GaAs sample studied by Kato et al. [71]. (c)
Plot of lifetime vs position as determined by fit A(Bx) to a Lorentzian function.
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show that it is possible to determine the skew and side-jump contributions to the

spin Hall conductivity independently by analyzing the spin Hall conductivity as

a function of the sample’s charge conductivity.

3.4 All-Electrical Measurement of the Direct Spin

Hall Effect

3.4.1 Device Design and Measurement Procedure

The use of ferromagnetic contacts to detect spin polarizations in GaAs electri-

cally was discussed in Chapter 1. We will show that it is possible to imple-

ment those techniques to detect the spin Hall effect electrically by utilizing a

suitable device geometry. A cartoon schematic of such a device is shown in

Fig. 3.8. Four different InxGa1−xAs heterostructures were studied with In concen-

trations x = 0.00, 0.03, 0.05, and 0.06. Heterostructures were grown by molecular

beam epitaxy on semi-insulating (001) GaAs substrates. First, a 500 nm GaAs

buffer layer was grown, followed by a 2.5 µm thick n-doped channel, doped at

5 × 1016 cm−3 for all four samples. After the growth of the n-doped channel, the

doping is ramped up from n = 5× 1016 cm−3 to n+ = 5× 1018 cm−3 over a 15 nm

thickness, then a 15 nm thick highly doped Schottky tunnel barrier is grown at

n+ = 5× 1018 cm−3. Next, a 5 nm thick epitaxial iron layer is grown, followed by

a two-layer cap of aluminum and finally gold, to prevent sample oxidation. The

In concentration was determined by X-ray diffraction measurements on a piece

from each wafer.

These wafers are cleaved into pieces and processed into devices using the fab-

rication techniques discussed in Chapter 1 and detailed in appendix A. There are

4 separate devices patterned on each 5 × 5 mm2 chip. Pairs of iron electrodes,

each of which is nominally 4 × 50 µm2, are patterned such that the long axis of

the contact is the [110] direction (x̂), which is along the ferromagnetic easy axis.

The centers of the iron contacts are 2, 6, and 10 µm from the channel edges. Each
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device has two sets of contacts with the same spacing from the edge, to ensure

that the spin signal detected from the SHE is spatially uniform along the edges

of the channel. A 30 µm wide conductive channel is defined by wet-etching the

n-doped InxGa1−xAs layer. Current injection electrodes are also made of iron be-

cause of the challenges involved in fabricating efficient ferromagnetic spin injection

contacts and ohmic contacts, which typically require annealing at high tempera-

tures, on the same device. The current injection contacts are located > 250 µm

(≫ Ls) away from the Hall detection contacts to ensure that the charge current

is unpolarized.

To measure the spin Hall effect a current is applied down the length of the

channel, and the voltage is measured between two iron contacts on opposite edges

of the channel, as illustrated in Fig. 3.8(a). The spin Hall effect generates a spin

accumulation at the sample edges that is oriented along [001] (ẑ). In order to

measure a non-zero spin signal a magnetic field By is applied along [11̄0], which

precesses the out-of-plane spins into the ferromagnetic easy axis. This will produce

a signal which is expected to be odd in By, showing an increase in voltage at small

fields, extrema of opposite sign on opposite sides of zero, and a decay to zero signal

at large fields due to dephasing. Because the magnetic field is applied along the

ferromagnetic hard axis, [11̄0], the magnetization of the iron will rotate as the

applied field is increased. The hard axis saturation field is Bsat ≈ 1.5 kOe. In

order to ensure that the magnetization of the iron is in a well known state, the

ferromagnetic contacts are first saturated in the +x̂ direction by applying a large

field (≈ 1 kOe). The field is then ramped back down to 0 Oe, and the sample is

rotated so that the field can be applied along the ŷ direction. The magnetic field

is then swept from 0 to +2 kOe. The saturation procedure is then repeated, and

the magnetic field is swept from 0 to −2 kOe. The entire measurement procedure

is then repeated with the ferromagnetic contacts saturated in the −x̂ direction,

which will flip the sign of the spin-dependent part of the signal. Because the field

sweeps must be taken in multiple segments, highly repeatable magnetostatics and

milli-Kelvin level temperature control are crucial. Figure 3.9(a) shows a plot of
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(a)

(b)

Figure 3.8: (a) Schematic diagram (not to scale) of the device layout and SHE
measurement. Ferromagnetic spin detection contacts are placed at varying dis-
tances from the channel edge. In the actual experiment, contacts at different
edge separations are on different devices on the same chip, and each device has
two pairs of identical detection contacts to ensure that the detected spin Hall
signal is spatially uniform along the edges of the channel. The current injection
contacts are located > 250 µm away from the Hall measurement contacts. (b)
Photomicrograph of a finished device. Semiconductor Hall arms (not shown in
the schematic) are used for measurements of ordinary charge transport. These
are used to determine the carrier concentration from Hall measurements, as well
as to isolate local Hall effects in measurements of the spin Hall effect.
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Figure 3.9: (a) Plot of expected signal as a function of applied magnetic field for
a measurement of the spin Hall effect. (b) Plot of expected spin polarization as a
function of applied magnetic field.

the expected signal vs applied field for both magnetization directions. Based on

the optical measurements performed by Kato et al., and the relationship between

spin polarization and voltage discussed in Chapter 1 (Eq. 1.11), the expected

voltage signal is on the order of 1 µV.

3.4.2 Background Subtraction and Fitting

In practice, the spin Hall signal is obscured by several spin-independent back-

ground effects, similar in some respects to the background effects in the non-local

measurements discussed in Chapter 1. Raw data from a measurement of the spin

Hall effect on the GaAs sample with jx = ±5.7×103 A/cm2 is shown in Fig. 3.11(a)

and (b). Unlike the non-local measurements, there is a large charge current flow-

ing beneath the measurement contacts in the measurement of the spin Hall effect.

This leads to a background voltage that is more than an order of magnitude larger

than in the non-local measurements, meaning that all background effects from or-

dinary charge transport will be comparably larger. In this section we will show

that it is possible to separate the spin Hall signal from the background signals

based on the symmetries of the spin Hall effect.
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There are three significant backgrounds: 1) the ordinary Hall effect and or-

dinary magnetoresistance, 2) local Hall effects resulting from the fringe fields of

the ferromagnetic contacts, and 3) voltages due to a small fraction of the cur-

rent (0.1%) shunting through the Hall measurement contacts. In the non-local

measurements discussed earlier, only the first of these effects is present. The first

background can be removed by taking the difference of the two field sweeps with

the magnetizations oriented in the +x̂ and −x̂ directions, because the ordinary

Hall effect and ordinary magnetoresistance do not depend on the magnetization

direction of the contacts. In contrast, the spin-dependent part of the signal will

change sign with the reversal of the magnetization.

The background voltages due to local Hall effects are quite large (of same

order of magnitude as the spin Hall signal), due to the charge current flowing

underneath the measurement contacts and the rotation of the magnetization due

to the field applied along the hard axis. Unfortunately, the local Hall effects will

also change sign when the magnetization is reversed, because they are due to fringe

fields from the ferromagnetic contacts. Voltages from the local Hall effects are due

predominantly to the x-component of the magnetization, and the corresponding

fringe fields, which point in the ±ẑ direction, are even with respect to By (see

Fig. 3.10). The spin Hall signal, on the other hand, is odd with respect to By.

Local Hall effects can therefore be removed by retaining only the components of

signal that are odd with respect to By. Measurements of the Hall voltage using

the semiconductor Hall arms confirm that the local Hall effects are even with

respect to By. Figure 3.11(c) and (d) show data taken on the GaAs sample with

a channel current jx = ±5.7 × 103 A/cm2 at T = 30 K after the removal of the

first two backgrounds. As is expected from the spin Hall effect, the signal changes

sign when the current direction is reversed.

There are, however, additional features near ±1 kOe that do not reverse sign

when the current is reversed, and hence cannot be due to a Hall effect. These

features are due to a small fraction (RSC/RSchottky ≈ 0.001 = 0.1%) of the current

shunting through the ferromagnetic contacts. This current has a component out of
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Figure 3.10: Deflection of charge current at the measurement electrodes occurs
due fringe fields from the x-component of the magnetization. As the applied field
is increased along the y-direction the magnetization rotates, changing the charge
current path in the channel.

the plane when it tunnels through the Schottky barrier, which is highly rectifying.

The Schottky barrier at the ferromagnet/semiconductor interface is known to ex-

hibit tunneling anisotropic magnetoresistance (TAMR) that depends strongly on

the angle between the magnetization and the [110] direction [12]. To check this,

independent measurements of the interfacial voltage at the Schottky barrier were

performed with current flowing directly into the ferromagnetic contact. Current

densities of approximately 1 A/cm2 produced a TAMR signal similar to that seen

in the background of the spin Hall effect. This final background can be minimized

by subtracting the measured Hall voltage for the two current directions. The re-

sulting data, with all three background effects removed, are shown in Fig. 3.11(e).

We find that the observed voltage maxima correspond to a spin polarization of

≈ 1.3%, using expression 1.11 to convert the measured voltage to a spin polariza-

tion. Determining the spin polarization at zero magnetic field requires a full fit to

P (By) in order to properly account for spin precession, diffusion, and relaxation.

Additionally, we also performed the same measurements with the ferromag-

netic contacts on opposite edges of the channel initialized into the anti-parallel

states ↑↓ and ↓↑. These data are shown as the solid line in Fig. 3.11(e). This

curve shows zero Hall signal, demonstrating that the spin accumulation at oppo-

site sample edges is opposite in sign.

Data taken at different contact separations on the x = 0.00, 0.03, 0.05, and 0.06



78

-13

-12

-1000 0 1000

-5

0

5

-1000 0 1000

-5

0

5

18

19

-1000 0 1000

-5

0

5

(b)

 

 

V
ol

ta
ge

 (m
V

)

(a)

  By (Gauss)

 
 

V
 (

V
)

(e)

 By (Gauss)

 

 

V
 (

V
)

 

V
ol

ta
ge

 (m
V

)

 

(d)(c)

  By (Gauss)

 

 
V

 (
V

)

 

Figure 3.11: (a) Raw data for a measurement of the spin Hall effect with jx =
+5.7 × 103 A/cm2. (b) Raw data with jx = −5.7 × 103 A/cm2. (c) Voltage vs
field for jx = +5.7×103 A/cm2 after removing ordinary and local Hall effects. (d)
Voltage vs field for jx = −5.7× 103 A/cm2 after removing ordinary and local Hall
effects. (e) Voltage vs field for jx = ±5.7× 103 A/cm2 after subtracting curves of
opposite current direction with the two Hall contacts in the parallel state (points)
and anti-parallel state (line). As expected, the curve with the Hall contacts in the
anti-parallel state shows zero Hall signal.
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samples with jx = ±2.9 × 103 A/cm2 at T = 30 K are shown in Fig. 3.12. The

voltage measured at contacts further in from the sample edges shows qualitatively

similar features, with smaller signal sizes and narrower half-widths, similar to

observations by Kato et al. [71]. Samples with higher indium concentrations show

that the detected signal decays away more rapidly with increasing distance from

the sample edges. For each device, we find that data from all contact separations

can be fit to a single set of parameters using a slightly modified version of the drift

diffusion model discussed in Chapter 1. In Sec. 3.3.1 we derived expression 3.14

for the spin accumulation as a function of position for the spin Hall effect. We

note that in the limit of w ≫ Ls this reduces to:

pz(y) = qy,z
τs
Ls

e−
w

2Ls

[

e
y

Ls − e−
y

Ls

]

. (3.16)

If we now transform the coordinate system such that y′ = y + w/2, so that the

left edge of the sample corresponds to y′ = 0, we find:

pz(y) = p0e
− y′

Ls , (3.17)

where p0 = qy,z
τs

Ls
is the polarization density at the sample edge. This expression

is exactly equivalent to the expression for 1D spin diffusion away from a point

source, where in this case the source can be taken as the sample edge. We there-

fore use the drift diffusion model discussed in Chapter 1 to model P (By), taking

into account the out-of-plane spin accumulation at zero applied field by taking

the odd component with respect to precession, which is equivalent to Sx. We also

take into account the rotation of the magnetization of the detection electrodes by

multiplying the spin accumulation at a given field by Mx/Ms =
√

1 −M2
y /M

2
s ,

where Ms is the saturation magnetization and My = Ms × By/Bsat. The hard

axis saturation field, Bsat is determined by independent magneto-resistance mea-

surements. We further constrain the fits by calculating the diffusion constant

D, from the channel conductivity σxx and the carrier concentration n, using a

modified Einstein relation [30] to account for the effect of degenerate doping on

the Fermi level in a semiconductor. The channel conductivity and carrier con-

centration are determined from independent resistance and Hall measurements,
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respectively. The g-factor is fixed for each sample using the value calculated from

the 8 × 8 Kane model, discussed in Sec. 2.3.2. This leaves P0, the polarization

at the sample edge in zero magnetic field, and τs, the spin lifetime, as the only

free fitting parameters. The solid lines in Fig. 3.12(a-d) are fits to the data. The

principal features of the data are captured by the fitting, including the decrease

in signal with increasing distance from the edges and the location of the extrema.

The narrower widths of the Hanle curves observed at increased distance from the

edge can be interpreted as an increase in the time it takes for spins to diffuse from

the sample edge to the measurement contacts. Despite the increased g-factor, the

curves for the InxGa1−xAs samples are broader than for the GaAs sample. This

reflects the shorter spin relaxation times in samples with higher In concentration,

which will be discussed in more detail below. The decay of the spin polarization

from the sample edges is shown in Fig. 3.12(e) for all four samples, normalized

to P0. The spin diffusion length decreases with increasing In concentration, from

Ls ≈ 4 µm in the GaAs sample to Ls ≈ 1 µm in the x = 0.06 sample. We note

that, for the GaAs sample with the longest spin diffusion length, w ≈ 7Ls. Our as-

sumption that w ≫ Ls is therefore found to be valid, since the spin accumulation

from the opposite edge is suppressed exponentially.

Non-local Hanle measurements, as described in Chapter 1, were performed

on companion devices processed on another chip from the same wafer for the

x = 0.00, 0.03, 0.05 and 0.06 samples. These measurements also showed a trend of

decreasing spin diffusion lengths for increasing x. Figure 3.14(a) shows the spin

lifetimes extracted from both the non-local Hanle and the dSHE measurements

on each heterostructure. The spin lifetime as determined from non-local Hanle

measurements shows a decreasing trend with increasing In concentration, except

for the x = 0.06 sample. The measured carrier concentration for the x = 0.06

sample was n ≈ 3 × 1016 cm−3, which is significantly lower than the others (all

near n = 5 × 1016 cm−3, see Fig. 3.16(b)). It is well known that the spin lifetime

increases with smaller dopings in this range (see Eqs. 3.19 and 1.10) [26, 63, 76].

The lifetimes determined from the spin Hall fits also show a decreasing trend with
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Figure 3.12: Spin Hall effect observed in InxGa1−xAs samples: (a) GaAs sample
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increasing In concentration, but they are smaller than those determined from non-

local Hanle measurements. We attribute this to the high current bias conditions

of the spin Hall measurement, which makes the effective electron temperature

higher than in a non-local experiment (see Sec. 3.4.4 for a detailed discussion)

[63, 71, 76–78]. The spin relaxation time is related to the strength of spin-orbit

coupling, so we can estimate the spin-orbit coupling strength from the value of τs

determined from the fit.

The D’yakonov-Perel mechanism of spin relaxation is known to be the domi-

nant contribution to spin relaxation in III-V semiconductors like GaAs and InAs,

which lack inversion symmetry due to the fact that there are two distinct atoms

in the Bravais lattice [76, 79]. Due to the spin-orbit Hamiltionian (Eq. 2.6), this

leads to an intrinsic k-dependent magnetic field, Bint(k) ∝ k × ∇V that is odd

with respect to k. This is referred to as the Dresselhaus spin-orbit interaction,

and it will be discussed in further detail in Chapter 4. The strength of the Dres-

selhaus spin-orbit interaction is roughly βk3
f , where β must be derived from the

full 14 × 14 extended Kane model. For GaAs and InAs, β ≈ 27 eVÅ3.

To understand the influence of the intrinsic magnetic field on the spin lifetime,

we recognize that electrons will precess about this field at an average frequency Ωav

that depends on the momentum distribution. Because the magnetic field Bint(k) is

k-dependent, the direction of precession will change with each scattering event, on

a timescale of τp. This is illustrated schematically in Fig. 3.13. If τpΩav . 1, then

with each scattering event the electron will precess through an angle δφ ≈ Ωavτp.

Over a time t, the phase of the electron spin performs a random walk, traversing

a total angle of φ(t) ≈ δφ
√

t/τp. Defining τs such that φ(τs) = 1, we find:

1

τs
= Ω2

avτp. (3.18)

Pikus and Titkov calculated Ωav in bulk III-V semiconductors and obtained the

following expression for 1/τs [63]:

1

τs
=

32

105
γ−1

3 τp
E3

k

~2Eg

α2, (3.19)
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where γ3 is a dimensionless parameter that depends on the scattering mechanism

and α is a dimensionless parameter related to the spin-orbit coupling strength.

For the degenerate case, Ek is replaced by Ef . The parameter γ3 is related to

the efficiency with which a particular scattering mechanism randomizes k. For

impurity scattering, γ3 ≈ 6. For acoustic and polar optical phonon scattering,

γ3 = 1 and γ3 = 41/6, respectively. Using the above expression we can calculate

upper and lower bounds for α from the experimentally determined values of τs,

τp, and Ef . The quantity α is related to the spin-orbit coupling strength by the

following expression [49, 63]:

λeff
SO = α

~
2

8Eg

m∗
cv

(m∗)2

2 − ξ
√

1 − ξ/3
, (3.20)

where m∗
cv is an effective mass describing the interband coupling between the

bands in the 8× 8 Kane model and the additional bands in the extended 14× 14

Kane model [63]. As in Chapter 2, ξ = ∆SO/(Eg + ∆SO). The dependence of Eg,

∆SO, and the effective mass on Indium concentration is well known [47, 48, 80].

From Ref. [63], the theoretical value of m∗
cv can be written as:

m∗
cv =

1

β

8~
3

3
√

2m∗Eg

ξ
√

1 − ξ/3
. (3.21)

For GaAs, we find m∗
cv ≈ 0.87m0.

Using Eqs. 3.19, 3.20, and 3.21 we can calculate the spin-orbit coupling pa-

rameter from the spin lifetime τs. Figure 3.14(b) shows the resulting spin-orbit

coupling parameter as a function of Indium concentration using spin lifetimes

determined from both non-local Hanle measurements and spin Hall effect mea-

surements on all four samples. Also plotted is the spin-orbit coupling parameter

as predicted by the 8 × 8 Kane model. To estimate a lower bound for λeff
SO we

take γ3 = 1 for acoustic phonon scattering. The values of λeff
SO calculated are

larger by a factor of γ
1/2

3 ≈ 2.5 if we assume instead that the dominant scattering

mechanism is impurity scattering or polar optical phonon scattering.

For GaAs we find a lower bound for the experimentally determined value of

λeff
SO is approximately a factor of 4 larger than the theoretically predicted value of
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Figure 3.13: Cartoon illustrating D’yakonov-Perel spin relaxation. Electrons pre-
cess about a k-dependent magnetic field for a time τp between each scattering
event. During each scattering event the direction of k is randomized, and thus
so is Ω(k). Therefore, spin relaxation occurs after several momentum scattering
events.

5.3 Å2, as calculated from both the non-local and spin Hall lifetimes. We see that

the 8 × 8 Kane model predicts relatively little change in the spin-orbit coupling

parameter at low indium concentrations, due it its quadratic dependence on Eg

and ∆SO. However, we find that λeff
SO increases significantly with increasing In

concentration, even for the small In concentrations studied here. The value of

λeff
SO calculated from the spin Hall lifetimes is higher than that calculated from

the non-local lifetimes, especially for the x = 0.05 and x = 0.06 samples. It may

be that the large electric field applied in the spin Hall measurements influences

spin relaxation in a way that is not captured by Eq. 3.19.

3.4.3 Determining the Spin Hall Conductivity

Here we will determine the spin Hall conductivity, defined as σSH = qy,z/Ex in

Sec. 3.3.2, from the measured SHE signal. The first step is to determine the spin

current qy,z from the measured polarization at the sample edges. Solving Eq. 3.17

for qy,z we find:

qy,z = nP0

Ls

τs
. (3.22)
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Thus, the spin current can be calculated using the parameters P0 and τs de-

termined from the fit, and the values of D and n determined from transport

measurements. For the GaAs sample, from the data shown in Fig. 3.12, we find

σSH = 3.0 Ω−1m−1 which is of the same order as has been estimated from Kerr

microscopy measurements performed by Kato et al. [71]. Using the measured

charge conductivity of σxx = 3600 Ω−1m−1 we calculate eσSH/σxx ≈ 8 × 10−4.

To perform a more extensive analysis, we will compare our calculated value of

the spin Hall conductivity to a theoretical calculation published by Engel et al.

in 2005, which considered contributions from both skew and side-jump scattering

[43].

Using a spin-dependent Boltzmann equation, Engel et al. calculated the di-

mensionless scattering angle γSS due to skew scattering to be:

γSS =
1

2

∫

dΩI(θ)S(θ) sin(θ)
∫

dΩI(θ)(1 − cos(θ))
, (3.23)

where S(θ) is the Sherman function discussed in Sec. 2.2.2 and I(θ) is the spin-

independent part of the scattering cross section. (Note that the factor of 1/2 in this

expression that differs from the one in Ref. [43] is due the fact that the definition

of γ in Eq. 3.6 and 3.7 is 1/2 that used by Engel et al.) Here they determined I(θ)

using a screened coulomb potential, assuming Thomas-Fermi screening. For S(θ),

they used the exact expression for an unscreened potential. They note that S(θ)

is controlled by the small parameter (Zα∗)2 = 4λeff
SO /(a

∗
B)2, where a∗B = 103 Å2

is the effective Bohr radius (for Si donors) and α∗ = e2/~c∗ is a renormalized

“fine structure constant” defined such that: λGaAS
SO = ~

2/4(m∗c∗)2 = 5.3 Å2. They

find that angles near π/2 made the dominant contribution to the integral so that

[40, 42, 43]:

γSS ≈ S(θ)/2 ≈ 2λeff
SO

(a∗B)2
. (3.24)

The contribution of skew scattering to the spin current is then:

σSS = γSS
σxx

e
=

2λeff
SO

(a∗B)2

σxx

e
. (3.25)
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Engel et al. calculate the side-jump contribution by considering the “anoma-

lous velocity” due to corrections to the velocity operator resulting from the spin-

orbit interaction during scattering. This anomalous velocity can be written as

[81]:

δṙ =
i

~
[HSO, r] = λeff

SO

(

∇V

~
× σ

)

. (3.26)

To first order, ∇V/~ = −δk̇. Integrating with respect to time, we find: δr =

λeff
SO (σ × δk). In addition to this term, there is another term that is identical in

sign and magnitude which results from corrections to the position operator. Thus,

the total side-jump δr is:

δrtot = 2λeff
SO (σ × δk). (3.27)

Using the fact that anomalous Hall charge current is j↑,↓AH = −en↑,↓δr/τp and the

fact that the total momentum dissipated per scattering collision is on average

~δk = −eEτp, we find the total side-jump contribution to the spin Hall conduc-

tivity to be:

σSJ = −j
↑
AH − j↓AH

eEx

= −2nλeff
SO

e

~
. (3.28)

By adding the contributions from skew and side-jump scattering, we arrive at

an expression for the total spin Hall conductivity:

σSH = σSS + σSJ =
2λeff

SO

(a∗B)2

σxx

e
− 2nλeff

SO

e

~
. (3.29)

A similar expression was derived by Tse and Das Sarma using diagramatic per-

turbation theory [82]. For the GaAs sample, at the value of jx used for the data

in Fig. 3.12, σxx = 3600 Ω−1m−1. Using a value of λGaAs
SO = 5.3 Å2 in Eq. 3.29

we calculate eσSS = 3.6 Ω−1m−1 and eσSJ = −1.2 Ω−1m−1, giving a theoretical

estimate of the total spin Hall conductivity, eσThy
SH = 2.4 Ω−1m−1. This is a factor

of 20% smaller than the experimentally determind value of eσExp
SH = 3.0 Ω−1m−1.

We note that for the case of electrons scattering from positively charged impurities
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Figure 3.15: Cartoon of skew scattering (solid lines) and side-jump scattering
(dashed lines). These two effects are opposite in sign and of similar magnitude
in GaAs, making it difficult to determine λeff

SO from σSH . Figure is derived from
Engel et al. [43].

(in this case, Si donors), the skew and side-jump contributions to the spin Hall

conductivity are opposite in sign and approximately the same magnitude. Thus,

making an accurate experimental estimate of λeff
SO requires the determination of

both the skew and side-jump contributions to the total spin Hall conductivity.

3.4.4 Bias Dependence of the Spin Hall Conductivity

In Eq. 3.29 the skew term depends on channel conductivity, whereas the side-jump

term is a constant. Therefore, by varying the channel conductivity, it is possible

to determine both σSS and σSJ . Due to field assisted activation of donors, it is

possible to tune the mobility, and hence σxx by approximately 25% by varying

the applied electric field. Figure 3.16(a) shows a plot of the channel conductivity

vs electric field. The change in σxx with electric field can be interpreted as an

increase in the electron temperature. It has been shown that when n & 5 ×
1010 cm−3, electron-electron collisions occur frequently enough that it is legitimate

to consider an electron temperature Te that may be out of equilibrium with the

lattice temperature [77, 83].
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It is clear from Fig. 3.16(a) that there are three regimes. Here we will follow

the arguments of Ref [77] to understand these effects. At relatively small electric

fields (Ex < 10 V/cm), the conductivity increases approximately as (valid for

δ . 1):

σxx ≈ neµ0(1 + δz), (3.30)

here δ = (Te − TL)/TL, where TL is the lattice temperature. The dimensionless

constant z relates the momentum scattering time to the electron energy by the

relation τp ∝ Ez. The value of δ can be determined by equating the energy gained

from the applied electric field to the average energy loss per collision:

eµE2

x =

〈

dE

dt

〉

c

. (3.31)

At low temperatures (T . 30 K) and low electric fields, Sladek [84] found that

piezoelectric scattering was the dominant mechanism for energy loss, resulting in

the following expression for δ:
〈

dE

dt

〉

PE

=
3s2

µL

δ, (3.32)

where s ≈ 5 × 105 cm/s is the speed of sound in GaAs and µL ≈ 4 × 105 cm2/Vs

is the lattice mobility. Thus, for small electric fields, the conductivity increases

quadratically with applied electric field.

Near Ex ≈ 10 V/cm, there is a sharp rise in σxx that is associated with donor

impact ionization [77, 78]. This occurs when the energy the electrons gain from

the electric field is approximately the donor binding energy. Figure 3.17 shows

a cartoon depicting a electron localized to a donor atom being ejected from its

bound state. The critical field can be estimated by:

eµE2

x,critical =
3s2

µL

Eb

TL

, (3.33)

where Eb = 5.4 meV is the donor binding energy. This expression results in

Ex ≈ 10 V/cm at T = 10 K. This results in a rapid increase in σxx as electrons lo-

calized on donors are activated into the conduction band, resulting in an increase
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Figure 3.17: Cartoon Illustration of Donor Impact Ionization Event.

in both n and in µ. The carrier concentration determined from Hall measure-

ments is shown in Fig. 3.16(b). Counter-intuitively, the carrier concentration as

determined by Hall measurements appears to increase slightly as Ex decreases.

This occurs because fewer electrons are participating in conduction band trans-

port, which results in a larger Hall signal. It is difficult to interpret Hall voltages

for electron transport in the hopping regime [85–87]. The smaller mobility for

localized electrons may help explain the small spin Hall effect signals observed

at electric fields near or below the donor impact ionization threshold, although

it is important to note that noise on the order of 100nV/
√

Hz also limits the

measurement resolution at these electric fields.

At electric fields above Ex = 10 V/cm, the carrier concentration is nearly

constant. The mobility continues to increase with applied electric field, however

Eq. 3.30 is no longer a valid approximation because δ is now significantly larger

than 1. From transport data we estimate Te ≈ 70 K at the highest current bias

applied in our measurements of the bias dependence of the spin Hall effect at T =

30 K. Above Te ≈ 30 K, polar optical phonon scattering is the dominant energy

loss mechanism. Optical phonon scattering is far more efficient at transferring

energy to the lattice, and increases with increasing TL and Te [77]. This explains

the smaller increase in mobility above Ex = 10 V/cm, and its eventual saturation

at high bias. Most of the measurements of the spin Hall effect are in this regime,

where the mobility is increasing slowly with applied electric field. We are limited
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by the cooling power of the cryostat at electric fields above ≈ 150 V/cm due to

Joule heating. We will show that the increase in mobility we attain (≈ 25%) is

sufficient to determine both the skew and side-jump contributions to the spin Hall

conductivity.

Figure 3.18 shows a plot of the spin Hall conductivity vs the channel conduc-

tivity. We see clear evidence for both the skew and side-jump contributions to

the total spin Hall conductivity. All four samples show a negative intercept, indi-

cating the correct sign of the side-jump term. The slopes and intercepts are given

in Table 3.1. The skewness parameter γSS obtained for GaAs is about 4 times

larger than the prediction of γGaAs,thy
SS = 1 × 10−3. We can estimate λeff

SO from

either the skew scattering term or the side-jump term. From the skew scattering

term, for GaAs we find λeff,SS
SO ≈ 21 Å2, in good agreement with the lower bound

that was estimated from the spin lifetime in Sec. 3.4.2. We can also compare our

results with the expected ratio of σSJ/γSS, which is independent of the spin-orbit

coupling parameter:

σSJ

γSS

= −(a∗B)2ne

~
. (3.34)

We note that there are significant systematic errors in the conversion from a Hall

voltage to a polarization, and then to a spin Hall conductance, due particularly

to the assumption of a Pauli-like density of states in Eq. 1.11 and a fixed η = 0.5.

These errors, however, do not impact the ratio σSJ/γSS, which is about a factor of

2.5 larger than the expected value for all four samples, as shown in Table 3.1. This

discrepancy likely reflects the small parameter assumption made in calculating

γSS in Eq. 3.23 and Eq. 3.24. The theoretically calculated value of γSS will be

smaller if the integrals in Eq. 3.23 are evaluated without making a small parameter

assumption [43]. This would make the predicted ratio σSJ/γSS larger. This would

also increase the value of λeff,SS
SO as calculated from the skew scattering term,

bringing it closer to the value of λeff,SJ
SO calculated from the side-jump term.

Figure 3.18(b) shows the values of λeff
SO as calculated from both the skew and

side-jump contributions to the spin Hall conductivity. Also plotted are the values
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Figure 3.18: Plot of spin Hall conductivity vs channel conductivity for all four
samples at T = 30 K. Solid lines are linear fits to the data. Skew and side-
jump parameters extracted from the fits are shown in Table 3.1. (b) Plot of
the spin-orbit coupling parameter vs. indium concentration as calculated from
the skew and side-jump contributions to the spin Hall conductivity (solid and
open triangles, respectively). Also plotted is the spin-orbit coupling parameter as
determined from the spin lifetimes from fits to non-local and spin Hall Hanle data
for γ3 = 1 (solid squares and circles) and γ3 = 41/6 (open squares and circles).
The solid line shows the theoretically predicted value of λeff

SO from the 8× 8 Kane
model.
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σSH = γSSσxx/e+ σSJ 0% In 3% In 5% In 6% In
γSS 0.004 0.003 0.012 0.013

eσSJ (Ω−1m−1) -12 -9 -35 -28
Meas. eσSJ/γSS (103 Ω−1m−1) -3.0 -3.0 -2.9 -2.2
Pred. eσSJ/γSS (103 Ω−1m−1) -1.1 -1.4 -1.2 -0.8

λeff,SS
SO (Å2) 21 16 64 63

λeff,SJ
SO (Å2) 54 37 168 158

Table 3.1: Fit parameters for σSH vs. σxx.

of λeff
SO calculated from the spin lifetimes, as discussed in Sec. 3.4.2, for both the

cases of dominant acoustic scattering (γ3 ≈ 1) and polar optical phonon scattering

(γ3 ≈ 41/6). Strikingly similar results are seen for the values of λeff
SO as calculated

from either the spin Hall conductivity or the spin lifetime. Both methods give

an approximate lower bound of λeff
SO for GaAs that is approximately 4 times the

predicted value λGaAs,thy
SO = 5.3 Å2.

Both methods also show significant evidence that λeff
SO is above this lower

bound. It is clear that both impurity scattering (γ3 ≈ 6) and optical phonon

scattering (γ3 ≈ 41/6) are important, so γ3 in Eq. 3.19 is likely larger than 1,

which will increase λeff
SO as calculated from τs by a factor of γ

1/2

3 . Additionally,

it is likely that the value of λeff
SO is being underestimated when calculated from

the skew scattering contribution to σSH , due to the small parameter assumption

made in Eq. 3.24.

Finally, we note that even the lower bound estimate for λeff
SO shows a larger

increase with increasing In concentration than is predicted by the 8 × 8 Kane

model. The 8 × 8 Kane model predicts approximately a 15% increase in λeff
SO

between GaAs and 6% InxGa1−xAs. Our results suggest that λeff
SO is more than

50% larger for the 6% sample than for the GaAs sample.
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3.4.5 Temperature Dependence of the Spin Hall Conduc-

tivity

We studied the temperature dependence of the SHE over the range T = 30−150 K

in all four samples. Figure 3.19 shows the experimentally determined spin Hall

conductivity as a function of temperature (solid points). The solid lines show

the predicted temperature dependence of σSH using the values of γSS and σSJ

determined at T = 30 K from the fits in Fig. 3.18 and the measured values of

σxx(T ) and n(T ). Reasonably good agreement is seen between the measured spin

Hall conductivity and the predicted temperature dependence over the temperature

range we studied. We find that σSH actually increases over the temperature range

of T = 30 − 100 K due to the increase in electron mobility over this temperature

range. These data suggest that γSS and σSJ are relatively temperature indepen-

dent, and that they are insensitive to phonon scattering. Unfortunately, we are

unable to experimentally determine the spin Hall conductivity at temperatures

above ≈ 120 K, where effects due to phonon scattering would be most prominent.

At temperatures above ≈ 120 K our measurement resolution is limited by the

rapid decrease of τs with increasing temperature. This suppresses the spin Hall

signal even if σSH is approximately constant.
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Figure 3.19: (a) Plot of σxx vs temperature shows an increase from T = 30 −
120 K due to the increase in electron mobility. The carrier concentration n(T )
is relatively constant over this temperature range, increasing by only ≈ 10%.
(b) Plot of spin polarization vs temperature as determined from fits. (c) Plot
of spin lifetime vs temperature as determined from fits. (d) Plot of spin Hall
conductivity vs temperature. Solid points are experimentally determined values
from fit parameters. Curves show the predicted temperature dependence of the
spin Hall conductivity as estimated from the values of γSS and σSJ determined
from the bias dependence measurements at T = 30 K and the measured values
of σxx(T ) and n(T ). All data in this figure were taken with a current bias of
jx = ±5.7 × 103 A/cm2.



Chapter 4

Intrinsic Effects and Future

Spintronic Devices

In Chapter 3 our analysis of the extrinsic spin Hall effect allowed us to quanti-

tatively determine the spin orbit coupling parameter in InxGa1−xAs heterostruc-

tures. In this chapter we will see that the spin-orbit Hamiltonian given in Eq. 2.6

is associated not only with spin-dependent scattering from impurities, but also

with a set of “intrinsic” effects which arise due to the inherent band structure

in crystalline materials. Much of the recent interest in the spin Hall effect has

been focused on these intrinsic effects [88–93], and several proposals for potential

spintronic devices rely on the exploitation of these effects [2–4].

4.1 Intrinsic Spin-Orbit Effects

In the general form of the spin-orbit Hamiltonian in Eq. 2.6, we see that there

must be a potential gradient ∇V for spin-orbit effects to exist. This gradient

need not come from an impurity potential; any potential gradient will lead to

spin-orbit effects. Here we will discuss two different intrinsic effects arising due to

inversion asymmetry in the crystal potential: the Dresselhaus effect, which arises

due to bulk inversion asymmetry (BIA) and the Rashba effect, which arises due

97
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to structural inversion asymmetry (SIA) [94, 95]. To consider these effects, it is

helpful to rewrite the spin-orbit Hamiltonian in the following form:

HSO = −µs · Bint(k), (4.1)

where Bint(k) can be thought of as a k dependent spin-orbit field that is intrinsic

to the crystal structure. This effective field defines the ground energy spin state

as a function of k.

Bulk inversion asymmetry occurs in III-V zinc blende semiconductors like

GaAs because there are two distinct atoms in the Bravais lattice (see Fig. 4.1(a)).

This leads to an intrinsic k-dependent magnetic field, Bint(k) ∝ k × ∇V that is

odd with respect to k. This is referred to as the Dresselhaus spin-orbit term. The

derivation of the Dresselhaus term requires the inclusion of bands beyond those

in the 8 × 8 Kane model. In bulk GaAs it is cubic in k to leading order, and can

be written as [49, 96]:

HD = β
[

kx(k
2

y − k2

z)σx + ky(k
2

z − k2

x)σy + kz(k
2

x − k2

y)σz

]

, (4.2)

where β = 27 eVÅ3 for GaAs as derived from the 14 × 14 extended Kane model.

It is this term that gives rise to the k dependent magnetic field responsible for

the D’yakonov-Perel spin relaxation mechanism discussed in Sec. 3.4.2 [79].

The Dresselhaus term is somewhat easier to visualize in the two-dimensional

limit. If a two dimensional electron gas (2DEG) is formed by confining the elec-

trons in the ẑ-direction in a quantum well of thickness d, then we have < kz >= 0

and < k2
z >≈ (π/d)2. Because < k2

z > is large for small d, we can reduce the

Dresselhaus term to:

HD,2D ≈ β2D(kxσx − kyσy), (4.3)

where β2D = −β(π/d)2. Figure 4.1(b) shows a plot of the effective magnetic field

as a function of kx and ky due to the Dresselhaus term.

Structural inversion asymmetry can also give rise to an effective spin-orbit field,

but it is not present in bulk III-V semiconductors. The effective spin-orbit field for



99

electrons confined in a 2DEG in the ẑ direction by an asymmetric quantum well

is illustrated in Fig. 4.1(d). For a constant gradient in the ẑ direction ∂V/∂z =

−eEz, from Eq. 2.6 we find [49, 96]:

HR = αR(kyσx − kxσy), (4.4)

where αR = eEzλ
eff
SO . The effective magnetic field due to the Rashba term always

points perpendicular to k and ẑ, so it will curl in the azimuthal direction in k-

space as illustrated in Fig. 4.1(d). Unlike the Dresselhaus Hamiltonian, for which

β is a fixed parameter which depends on the material, the magnitude of α in the

Rashba Hamiltonian can be tuned by varying Ez, which can be achieved by either

modifying the heterostructure doping profile or by applying a gate voltage across

the quantum well.

Strain can also give rise to either bulk inversion asymmetry or structural inver-

sion asymmetry. The details of the strain spin-orbit Hamiltonian depend on the

components of the strain tensor, and it is discussed further in Ref. [92]. For the

samples discussed in Chapter 3 of this thesis, there is a lattice mismatch between

InxGa1−xAs and the GaAs substrate. However, at the In concentrations studied

(x ≤ 0.06) the strain is negligible (< 0.5%). We also note that any strain in the

InxGa1−xAs layer, which is 2.5 µm thick, is expected to relax over many atomic

layers.

Our discussion of the extrinsic spin Hall effect in Chapter 2 and Chapter 3

relied on the force exerted on an electron when scattering due to the Zeeman-like

interaction with the spin-orbit field from a charged impurity. Intrinsic spin orbit

effects can also give rise to a spin Hall effect, although the mechanism is somewhat

different as it does not rely on impurity scattering. To illustrate the intrinsic spin

Hall effect, we will consider a 2DEG with a Rashba spin orbit field as pictured

in Fig. 4.1(c) and (d). When an electric field is applied in the x̂-direction, the

electrons are accelerated at a rate ~k̇ = −eEx, shifting the center of the Fermi

surface by δkx = −eExt/~ (see Fig. 4.2). This causes a shift in the spin-orbit field
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Figure 4.1: (a) Cartoon of the zinc blende structure shows bulk inversion asym-
metry. (b) Plot showing direction of effective magnetic field in the xy plane due
to the Dresselhaus interaction. (c) Cartoon of structural inversion asymmetry in
a quantum well with a gradient in the ẑ direction. (d) Plot of effective magnetic
field in the xy plane due to the Rashba interaction.
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[88]:

BR
int =

2αR

g∗µB

[(k + δkxx̂) × ẑ] . (4.5)

To lowest order the spins adiabatically rotate to follow the spin-orbit field, however

there will be a non-adiabatic correction due to spins precessing about the spin-

orbit field. Spins will precess in different directions depending upon the sign of ky

, thereby inducing a z-polarized spin current flowing in the y-direction, as shown

in Fig. 4.2. It turns out that when impurity scattering is included to allow the

charge carriers to reach a steady state, the deceleration due to scattering exactly

cancels this effect for spin-orbit coupling which is linear in k, such as the first-

order Rashba spin-orbit field we have considered here [89, 90]. However, terms

which are cubic in k, such as the Dresselhaus term or higher order Rashba terms,

survive even after deceleration due to impurity scattering is taken into account

[96].

The contribution of the cubic Dresselhaus term to the spin Hall conductivity

in bulk GaAs was estimated by Bernevig and Zhang to be eσD,dirty
SH ≈ 0.02 Ω−1m−1

in the ‘dirty’ limit for samples with mobilities near 104 cm2/Vs [91]. This is a

negligible contribution to the total spin Hall conductivity determined in Sec. 3.4.3.

We also estimate the possible contribution to the spin Hall conductivity from

strain, using the arguments presented by Bernevig and Zhang in Ref. [91] and [92].

If we make the unrealistic assumption that the InxGa1−xAs layer is fully strained,

we estimate eσstrain,dirty
SH ≈ 1 Ω−1m−1 for the x = 0.06 sample. This is still

significantly smaller than the contributions from skew and side-jump scattering

discussed in Sec. 3.4.3.

Bernevig and Zhang also calculated the Dresselhaus contribution to the spin

Hall conductivity in the clean limit, where βk3
F ≫ ~/τp [91]. In this case, they

estimated that eσD,clean
SH ≈ 200 Ω−1m−1. This extremely large spin Hall conduc-

tivity could potentially be achieved in a high mobility 2DEG, where momentum

scattering times longer than 10 ps have been observed. In addition to the large
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(a)

(b)

Figure 4.2: (a) Cartoon showing the Fermi surface for a 2DEG with a Rashba
spin-orbit field. Momentum direction is illustrated with green arrows; the spin-
orbit field is illustrated with red arrows. (b) Acceleration due to applied electric
field changes the direction of BR

int, causing spins to precess out of the plane in
different directions depending on ky. This figure is derived from Sinova et al. [88].
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predicted spin Hall conductivity, these intrinsic spin-orbit fields could also be ex-

ploited to manipulate spins in other ways, which will be discussed in the next

section.

4.2 Spin Field Effect Transistor Designs

One of the major limitations of current spin-based logic devices is the need to

apply a magnetic field to change the device state, as is done in today’s magnetic

storage technologies. The spin-orbit interaction provides a means to manipulate

the electron’s spin state by applying electric fields rather than magnetic fields. One

of the candidates for future spintronic devices is the spin field effect transistor

or spin FET. Similar to a traditional MOSFET, in which a charge current is

modulated by applying a voltage to a gate electrode, the operating principle of a

spin FET is to modulate a spin current by applying a gate voltage. The operating

frequency of a spin FET is limited by the spin precession time, which can be

as short as ≈ 1 ps, potentially allowing operating frequencies in the hundreds of

GHz. Furthermore, in a traditional MOSFET there exists a tradeoff between the

barrier height in the off state and the gate voltage required to turn the device on,

which limits the on/off power ratio. In a spin FET, the gate voltage affects only

the spin precession frequency, and the on/off ratio is determined by the TMR

ratio at the source and drain and the spin relaxation rate in the channel [4, 97].

Here we will discuss two different design proposals for a spin FET device. Both of

these devices rely on the ability to manipulate the effective magnetic field through

the Rashba spin-orbit interaction.

Datta and Das first proposed a spin FET device based on the modulation

of the spin-orbit interaction in 1990 [2]. Figure 4.3 shows a schematic of their

proposed device structure. The device consists of two ferromagnetic electrodes on

top of a 2DEG channel. Both electrodes have their magnetization oriented in the

+x̂ direction. Between the two ferromagnetic electrodes is a gate electrode that is

used to tune Ez. Electrons are injected from FM1 into the 2DEG, with their spin
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oriented parallel to the magnetization, and travel toward the drain electrode FM2.

As the electrons travel toward FM2 with drift momentum kx, they experience an

effective magnetic field:

BR
int =

2eEzλ
eff
SO kx

g∗µB

. (4.6)

This field is perpendicular to the spin of the electrons, so they precess about it at

the frequency ΩL = g∗µBB
R
int/~. When the electrons reach the drain electrode,

they will have precessed through a total angle:

θ = ΩLt =
g∗µBB

R
int

~

m∗L

~kx

, (4.7)

where L is the distance between FM1 and FM2. In the above expression, it is clear

that changing the applied gate voltage to tune Ex will modulate the angle of the

spins arriving at the detector electrode. It is also interesting that the total angle

precessed does not depend on kx, due to the cancellation between the Rashba

spin-orbit field and the transit time.

The preceding analysis makes two significant assumptions. First, it assumes

that the quantum well thickness d is small enough such that mixing between dif-

ferent bound states can be neglected, which requires ~
2/2m∗d2 ≫ αRkx. Secondly,

it assumes that electrons travel ballistically between FM1 and FM2, and that the

electrons have ky = 0. In high mobility 2DEGs, with µ ≈ 106 cm2/Vs, mean free

paths longer than 1 µm have been observed at low temperature (≈ 10 K) [98, 99].

An order of magnitude calculation shows that an electric field of ≈ 105 V/cm is re-

quired in order to achieve a π rotation in a GaAs 2DEG, assuming λGaAs
SO ≈ 5.3 Å2.

Assuming a gate electrode is within 100 nm of the 2DEG, this corresponds to a

gate voltage of Vgate ≈ 5 V, which is achievable. Our results from Chapter 3

suggest that λGaAs
SO is approximately a factor of 4 larger than 5.3 Å2, which would

reduce the required gate voltage. The gate voltage is further reduced by approx-

imately an order of magnitude if an InAs quantum well is used instead. Optical

measurements of gated control of spin precession were published by Studer et al in

a GaAs/AlGaAs quantum well [100]. Results suggesting spin injection and gated
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control of spin precession in an InAs 2DEG were recently published by Koo et

al. [101], although many unresolved questions remain. Further studies should be

performed on similar structures to confirm their results and to better quantify the

spin-orbit coupling parameter and spin relaxation time.

A different design for a spin FET, termed a resonant spin lifetime transistor

(RSLT), was proposed by Cartoixà et al. in 2003 [3, 102]. As the name suggests,

the proposed device operates by controlling the spin lifetime in the 2DEG channel.

The geometry is similar to the Datta-Das proposal, however the device is designed

to operate in the diffusive regime. This significantly eases the processing and

operating temperature constraints of the Datta-Das transistor. As was discussed

in Sec. 3.4.2 and Sec. 4.1, the Dresselhaus spin-orbit term is the dominant factor

in determining spin lifetimes in III-V semiconductors with no Rashba spin-orbit

interaction. In a 2DEG, however, both the Rashba and Dresselhaus terms may

be present. This is an advantage rather than a disadvantage. The total spin-orbit

Hamiltonian in an (001) quantum well can be written as:

HSO = HR +HD,2D = σx(αRky + β2Dkx) − σy(αRkx + β2Dky). (4.8)

If we rotate our coordinate system by 45 degrees, along the [110] and [1̄10]

directions rather than [100] and [010], we find:

HSO = σ110(αR − β2D)k1̄10 − σ1̄10(αR + β2D)k110, (4.9)

where σ110 = (σx + σy)/
√

2, σ1̄10 = (−σx + σy)/
√

2, and k110 = (kx + ky)/
√

2,

k1̄10 = (−kx + ky)/
√

2. Cartoixà et al. proposed that by tuning the gate voltage

such that αR = β2D, spin relaxation will be greatly suppressed for spins pointed

parallel to the [1̄10]. It is clear from inspection of Eq. 4.9 that if αR = β2D,

then the effective spin-orbit field is parallel to the [1̄10] direction regardless of

the value of k (see Fig. 4.4(b) and (d)). Therefore, spins parallel to [1̄10] will

not experience D’yakonov-Perel spin relaxation because they will always be in an

energy eigenstate of the spin-orbit Hamiltonian. Averkiev and Golub calculated

that the D’yakonov-Perel spin relaxation rate is proportional to (α − β2D)2 [103,
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Figure 4.3: (a) Cartoon schematic of the spin FET proposed by Datta and Das
[2]. (b) If zero gate voltage is applied, Ez ≈ 0, and thus BR

int ≈ 0. Therefore spins
remain oriented in the same direction as they travel from injector to detector. (c)
If a gate voltage is applied across the 2DEG, spins precess around the induced
spin-orbit field BR

int(Ez). If the gate voltage is tuned appropriately, spins can be
made to precess 180 degrees by the time they reach the detector.
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104]; thus, the spin lifetime can be increased by many orders of magnitude for

αR sufficiently close to β. The spin lifetime, of course, will still be finite, due

to higher order terms in the spin-orbit Hamiltonian which we have neglected, or

other mechanisms of spin relaxation that we have not considered, such as Elliott-

Yafet mechanism, hyperfine coupling, or electron-hole exchange interactions [63,

76, 105–108].

The proposed operation of the resonant spin lifetime transistor is as follows

(see Fig. 4.4(a) and (c)): Spin polarized electrons are injected into the 2DEG

by FM1, and they diffuse toward FM2. If the gate voltage is tuned such that

αR = β2D, the spins will retain their polarization state when they arrive at FM2.

If, however, the gate voltage is tuned such that αR 6= β2D, the spin information

will be lost due to spin relaxation as the spins diffuse from FM1 to FM2. For

this reason, in order to function properly, the RLST must operate in the diffusive

regime. This makes the RSLT much better suited for potential room temperature

operation. Furthermore, it has been suggested that if αR is kept sufficiently close

to β2D it may be possible to demonstrate control of spin precession in the diffusive

regime rather than the ballistic regime due to the suppression of D’yakonov-Perel

spin relaxation [109].

There have been some optical measurements showing enhanced spin lifetimes

due to the suppression of D’yakonov-Perel spin relaxation in quantum wells along

different crystal axes [110, 111] and in asymmetrically doped quantum wells

where αR ≈ β2D [112–114]. Additionally, D’yakonov-Perel spin relaxation has

been shown to be suppressed in 2DEG nanowires by measurements of weak anti-

localization effects [115–117] and optical pump-probe measurements [118]. This

suppression occurs, even when the electrical transport is still two-dimensional,

when the wire width is smaller than the spin-orbit length LSO = ~
2/2β2Dm

∗ ≈
1 µm. The spin-orbit length is the approximate distance traveled before a full pre-

cession. The suppression of the spin lifetime occurs because the phase shift the

spin acquires from precession about Bint(k) is reduced for components of k per-

pendicular to the wire axis [119]. Recent measurements of weak anti-localization
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Figure 4.4: (a) Cartoon schematic of the resonant spin lifetime transistor proposed
by Cartoixà et al. [3]. When Ez = 0 spins relax in the channel before arriving
at the detector. (b) Plot showing the direction of the effective magnetic field due
to the Dresselhaus interaction when Ez = 0. (c) When Vgate is tuned such that
αR = β2D, spin relaxation is suppressed and spins can travel from the injector
to the detector without relaxing. (d) Plot showing the direction of the effective
magnetic field when αR = β2D. Because the effective magnetic field is parallel to
the [1̄10] direction for all k, spin relaxation is suppressed.
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in gated In0.53Ga0.47As nanowires have shown suppression of spin relaxation due

to both dimensional confinement and the tuning of αR ≈ β2D [120].

4.3 A Path to Future Experiments

Many challenges must still be overcome to demonstrate a fully functional spin

FET. Here we outline a potential path for future experiments to move towards this

goal. The first challenge is to demonstrate electrical spin injection and detection

in a high mobility 2DEG. The approach used for injecting spin polarized electrons

into bulk GaAs, by tunneling through a Schottky barrier at the Fe/GaAs interface,

needs to be modified for spin injection into a high mobility 2DEG heterostructure.

Designing a high mobility 2DEG requires remote doping in a heterostructure, such

that the donor atoms can be kept sufficiently far away from the 2DEG transport

layer to minimize coulomb scattering. In the Fe/GaAs samples studied up to

this point, the high doping used to form the Schottky barrier near the Fe/GaAs

interface creates a degenerately doped low mobility 2DEG in the ≈ 15 nm n+ → n

transition region (see Sec. 1.4 and Sec. 1.6).

It is possible to create a tunnel barrier of appropriate height and thickness for

efficient spin injection by designing a heterostructure of lattice matched semicon-

ductor alloys with different band gaps. For example, from Table 2.1 we see that

AlAs has a lattice constant very similar to GaAs (< 1% lattice mismatch), but

a much larger band gap. A barrier of height φB ≈ 1 eV and width d ≈ 10 nm

can be engineered using a Al0.3Ga0.7As/GaAs heterostructure. It is proposed to

approach the problem of spin injection into a 2DEG in two steps. First, one

can demonstrate efficient spin injection through an engineered heterostructure

barrier into bulk n-GaAs. This allows the tunnel barrier parameters to be opti-

mized in a spin transport environment that is already well understood. Second,

the transport layer can be changed from bulk n-GaAs to a modulation doped

AlxGa1−xAs/GaAs/AlxGa1−xAs 2DEG. The charge transport properties of the
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2DEG, such as the carrier concentration and mobility, can be characterized us-

ing traditional electron transport measurements. From these measurements one

can make a reasonable estimate of the spin lifetime and spin diffusion length in

the 2DEG, as described in Sec. 3.4.2 and Sec. 4.1. Figure 4.5 shows the calcu-

lated band structure of three different devices: (a) the Fe/GaAs structure dis-

cussed in Sec. 1.4, (b) an Fe/Al0.3Ga0.7As/n-GaAs heterostructure, and (c) an

Fe/Al0.3Ga0.7As/GaAs/Al0.3Ga0.7As modulation doped 2DEG [121]. The same

approach can be used to engineer barriers in materials with larger spin-orbit cou-

pling. For example, In0.52Al0.48As could be used to obtain a barrier of height

φB ≈ 1 eV for tunneling into In0.53Ga0.47As. In0.52Al0.48As and In0.53Ga0.47As are

both lattice matched to InP.

The spin lifetime is expected to be substantially shorter in the GaAs 2DEG

than in bulk GaAs, because for D’yakonov-Perel spin relaxation τs ∝ 1/τp. Qi Hu’s

first attempts to grow a remotely doped 2DEG yielded a mobility near 105 cm2/Vs,

approximately an order of magnitude larger than in bulk GaAs. This corresponds

to a momentum scattering time τp ≈ 1 ps. We therefore find a zeroth order

estimate of the spin lifetime to be τQW
s ≈ 100 ps. The spin diffusion length

Ls =
√
Dτs, on the other hand, should remain roughly constant because D ∝ µ.

These estimates suggest that non-local measurements may still be feasible in a high

mobility AlGaAs/GaAs/AlGaAs 2DEG at micron length scales. Three terminal

Hanle measurements, as discussed in Sec. 1.8 may also be a useful tool for probing

the spin lifetime in a 2DEG system. The anticipated half-width of a Hanle curve

will be substantially larger due to the shorter spin lifetime and transit time in the

2DEG. We estimate B1/2 ∼ 1 kG, which is still smaller than the 2.1 T out-of-

plane saturation field of the Fe contacts. However, it is clear that as the mobility

increases, the assumptions made in our estimates of τs and Ls are no longer valid

as τp approaches τs. We therefore take τp and Lp to be lower bounds for τs

and Ls in the high mobility limit. We note that there is currently not a well

established theoretical interpretation of a non-local voltage measurement in the

ballistic regime.



111

(a)

(b)

(c)

Figure 4.5: (a) Bulk n-GaAs sample with 15 nm highly doped layer and 15
nm transition layer, as discussed in Sec. 1.4.1. (b) Bulk n-GaAs sample with
15 nm highly doped Al0.3Ga0.7As barrier with a 15 nm transition layer. (c)
Al0.3Ga0.7As/GaAs/Al0.3Ga0.7As remote doped 2DEG sample. Figure 4.6 lists
the detailed sample structure for samples shown in panels (a)-(c).
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(a)

(b)

(c)

5 × 1016GaAs2500

Doping

(cm-3)
material

Thickness

(nm)

undopedGaAs100

5 × 1018

transition
5 × 1016

GaAs15

5 × 1018GaAs15

5 × 1016GaAs2500

Doping

(cm-3)
material

Thickness

(nm)

undopedGaAs100

5 × 1018

transition
5 × 1016

GaAs15

5 × 1018GaAs15

Doping
(cm-3)

material
Thickness

(nm)

undopedGaAs100

5 × 1016GaAs2500

5 × 1018

transition
5 × 1016

GaAs15

5 × 1018Al0.3Ga0.7As 15

Doping
(cm-3)

material
Thickness

(nm)

undopedGaAs100

5 × 1016GaAs2500

5 × 1018

transition
5 × 1016

GaAs15

5 × 1018Al0.3Ga0.7As 15

Doping

(cm-3)
material

Thickness

(nm)

undopedAl0.3Ga0.7As 100

5 × 1017Al0.3Ga0.7As 10

undopedAl0.3Ga0.7As 6

undopedGaAs10

undopedAl0.3Ga0.7As 6

5 × 1017Al0.3Ga0.7As 10

5 × 1018Al0.3Ga0.7As 15

Doping

(cm-3)
material

Thickness

(nm)

undopedAl0.3Ga0.7As 100

5 × 1017Al0.3Ga0.7As 10

undopedAl0.3Ga0.7As 6

undopedGaAs10

undopedAl0.3Ga0.7As 6

5 × 1017Al0.3Ga0.7As 10

5 × 1018Al0.3Ga0.7As 15

Figure 4.6: Detailed sample structures corresponding to the calculated band dia-
grams shown in Fig. 4.5. (a) Bulk n-GaAs sample with 15 nm highly doped layer
and 15 nm transition layer, as discussed in Sec. 1.4.1. (b) Bulk n-GaAs sample
with 15 nm highly doped Al0.3Ga0.7As barrier with a 15 nm transition layer. (c)
Al0.3Ga0.7As/GaAs/Al0.3Ga0.7As remote doped 2DEG sample.
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The fabrication procedure described in Sec. 1.4.1 will need to be modified for

the processing of 2DEG samples, primarily because the 2DEG transport layer is

quite close to the sample surface. Using Ar ion milling to define the iron contacts

would probably destroy the 2DEG layer. It will likely be necessary to use selective

wet etching to define the Fe contacts. There is a large body of literature on the

selective etching of metals [122, 123]. Solutions of either HCl:H2O or I2:KI:H2O

can be used to etch Fe without also etching GaAs.

Figure 4.7 shows both an overhead and cross-sectional view of a proposed

device structure to measure spin transport in a 2DEG. Aside from the use of wet

etching to define the iron contacts, the processing procedure would be similar to

that outlined in Sec. 1.4.1. The shape of the iron contacts has been modified from

the device pictured in Fig. 1.5 so that a gate can be defined over the 2DEG channel.

An insulating layer of SiN is deposited over the 2DEG channel and the central

portion of the Fe contacts. A gate electrode is then deposited over the 2DEG

channel when the bonding pads are deposited. The 2DEG can be grown on top a

heavily doped n+ GaAs substrate and insulated from the n+ layer by an undoped

Al1−xGaxAs barrier. A voltage can be applied across the 2DEG between the gate

electrode and the substrate to vary the strength of the Rashba spin-orbit field.

This device geometry could be shrunk significantly if e-beam lithography is used to

define the Fe contacts instead of photolithography. Traditional photolithography

would still be adequate for all other processing steps. Wet etching of Al1−xGaxAs

can be made sufficiently slow that it could be used to create 2DEG channels with

widths ∼ 100 nm. Such a device could potentially be used to study either of the

two spin FET designs discussed in Sec. 4.2. If the geometry was modified such

that the Fe contacts ran along the edges of the 2DEG channel (similar to Fig. 3.8),

it could also be used to study the intrinsic spin Hall effect.
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Figure 4.7: (a) Overhead view of proposed 2DEG device. (b) Cross-Sectional view
of a proposed 2DEG device.



Chapter 5

Summary

This thesis has presented the results of spin transport measurements on a series

of ferromagnet/semiconductor heterostructures using all-electrical measurement

techniques. The devices used in these experiments are lateral Fe/InxGa1−xAs

heterostructures with highly doped Schottky barriers at the Fe/InxGa1−xAs inter-

face. Two classes of measurements have been performed: non-local spin injection

and detection measurements, and electrical measurements of the spin Hall effect.

These measurements address questions about the fundamental requirements for

the use of the electron’s spin degree of freedom in information processing devices.

The measurements presented in Chapter 1 focused on non-local spin injec-

tion and detection in Fe/GaAs heterostructures to better characterize the spin-

dependent properties of the Fe/GaAs interface. The bias dependence of spin

injection was found to be extremely non-linear on all devices studied. The spin

accumulation in the GaAs was found to correspond to Fe majority spin electrons

under both large forward and large reverse bias. It was found that the spin de-

tection sensitivity of a biased detector electrode could be understood in terms of

spin-dependent tunneling at the Fe/GaAs interface and charge transport effects

in the GaAs channel. Devices from multiple heterostructures were found to have

strikingly similar spin injection and detection properties, despite the fact that bias

dependence of spin injection and detection are extremely non-linear.
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The extrinsic spin Hall effect was measured electrically in Fe/InxGa1−xAs het-

erostructures. By fitting the data to a model including diffusion, precession, and

relaxation we determined the magnitude of the spin accumulation and the spin

lifetime. Both skew scattering and side-jump scattering were found to contribute

to the total spin Hall conductivity. We found that the temperature dependence of

the spin Hall conductivity can be understood in terms of the temperature depen-

dence of the charge conductivity. The spin-orbit coupling parameter as calculated

from both the spin lifetime and the spin Hall conductivity was found to be larger

than theoretically predicted for GaAs. Additionally, the spin-orbit coupling pa-

rameter increases with increasing In concentration faster than is predicted by the

8 × 8 Kane model.

Finally, we also discussed intrinsic spin-orbit effects arising from either bulk or

structural inversion asymmetry. Although these effects are small in bulk n-GaAs,

they have numerous interesting applications in high mobility 2DEGs, including

extremely large spin Hall conductivities and the potential for providing a means

to manipulate spin polarized electrons to create spin field effect transistors. Order

of magnitude calculations showed that a these intrinsic effects could be studied

with a gated device structure using lattice matched III-V semiconductor alloys.
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Appendix A

Details of Spin Transport Device

Fabrication

This appendix explains the detailed processing procedure I used to fabricate the

spin transport devices studied in this thesis. A general overview of the process

is discussed in Chapter 1, Sec. 1.4.1. Spin transport devices were fabricated in

the Nanofabrication Center (NFC) at the University of Minnesota using standard

semiconductor processing techniques: photolithography, wet etching, dry etching,

and thin film deposition.

A.1 Sample Preparation

Before beginning the fabrication process, the 10 × 20 mm2 wafers must first be

cleaved into a piece of appropriate size; the devices studied in this thesis were

approximately 5 × 5 mm2.

1. Before cleaving, it is critical to note the [110] direction on the wafer, as the

easy axis of the Fe contacts will lie along the [110] direction.

2. Remove any excess indium from the back of the wafer using a razor blade.

This will ensure that the sample lies flat, which is critical for achieving good
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alignment during the photolithography steps.

3. The wafer can be cleaved very easily along the [110] and [11̄0] directions.

To cleave the wafer, make a very light scratch on the surface of the wafer

at the desired cleave location using a diamond tipped scribe. Flip the wafer

over and apply a slight pressure to the back of the wafer at the location of

the scratch. It should take very little force to cleave the wafer.

4. Mount the cleaved sample on to a glass slide using mounting wax, which

melts at ≈ 105 ◦C. Gently press down on the sample at the corners to

ensure it lies flat on the glass slide. Be sure to note the [110] direction.

5. Clean any excess wax using acetone, methanol, and isopropanol solvents,

then blow dry with the nitrogen gun. Bake the sample at 115 ◦C for 2

minutes to evaporate any solvents left on the sample. In the remainder of

this appendix, I will refer to this step as a Solvent Clean.

A.2 Details of the Device Fabrication Procedure

I. Define Fe contacts:

1. Spin Hexamethyldisilazane (HMDS) on the sample at 4000 rpm

for 20 seconds. HMDS is used to prime the sample surface and

enhance the photoresist bonding with the sample surface.

2. Spin Shipley 1813 photoresist (PR) on the sample at 4000 rpm

for 30 seconds. This results in a PR thickness of ≈ 1 µm.

3. Bake the sample at 115 ◦C for 2 minutes.

4. Put the aligner into soft contact mode, set the alignment gap to

35 µm, and set the exposure time to 5 seconds. Load and align

the sample so that the [110] direction will be parallel to the long

axis of the Fe contacts, then expose the sample. The exposure
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time required depends on the resist thickness, and it may need

to be adjusted slightly.

5. Develop the sample using a mixture of Shipley Micro Dev and

deionized water (DI H2O) with a 1:1 ratio. The developing time

is ≈ 30 seconds, but can vary slightly with exposure time. Rinse

the sample with DI water for 30 seconds, then blow dry with the

nitrogen gun.

6. Bake the sample at 120 ◦C for 2 minutes. Steps 1 through 6

represent a complete photolithography cycle, which transfers a

pattern from a mask to the photoresist on the sample. In the

remainder of this appendix, I will use Photolithography to refer

to these steps.

7. Use Kapton tape on the corners of the samples to affix the samples

to the glass slides, then use tape to mount the glass slides in to

the Ar ion mill. It is necessary to tape the samples to the glass

slides because the sample temperature may rise high enough to

melt the mounting wax.

8. Etch through the Au and Al capping layers, the Fe layer, and the

highly doped layer using the Ar ion mill. The etch time required

depends on several factors, including the layer thicknesses and

the ion beam current. Using a beam current of ≈ 100 mA, a 30

minute etch at an angle of 20◦, followed by a 5 minute etch at 60◦,

should be adequate to etch through the necessary layers. The 5

minute etch at 60◦ removes any fencing effects from the 30 minute

etch. It is important to etch all the way through the highly doped

layer. It is not problematic if . 100 nm of the n-GaAs channel

is also etched away.

9. Remove the baked on photoresist using the O2 clean program in

the STS etcher; a 30 minute O2 clean should remove all of the
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photoresist.

II. Define n-GaAs channel:

1. Perform Photolithography to transfer the GaAs mesa pattern to

the sample.

2. Measure the height of the PR using the Dektak.

3. Mix NH4OH:H2O2:DI H2O at a ratio of 1:1:100 to use as the GaAs

etchant. This mixture will etch GaAs at ≈ 0.15 µm per minute,

although the etch rate will decrease the longer the mixture is

exposed to air. (Note: This mixture will also etch InxGa1−xAs

for low concentrations of In (x . 0.05), although the etch rate

will be slower. To etch InxGa1−xAs with higher concentrations

of In, use H2SO4:H2O2:DI H2O mixed at a ratio of 1:1:100. The

etch rate will depend on the In concentration; for x . 0.10 the

etch rate is ≈ 0.10 µm per minute.

4. Put the samples in the etchant solution for approximately 10

minutes, then remove the samples and rinse them in DI water for

1 minute.

5. Measure the height of the mesa and photoresist. Subtract the

previously measured height of the photoresist to estimate the

mesa height. Calculate the estimated etch time required to etch

completely through the n-GaAs layer.

6. Put the samples back in the etchant solution for the time calcu-

lated. When the etch is finished, rinse the samples in DI water

for 1 minute.

7. Measure the height of the mesa and photoresist in the Dektak

again. Calculate the mesa height. If more etching time is re-

quired, put the samples back in the etchant solution. If the etch
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is finished, remove the photoresist from the samples by doing a

Solvent Clean.

8. Measure the final mesa height using the Dektak. Also measure

the height of the Fe contacts, so that the total thickness of the

n-GaAs channel can be calculated.

III. Define SiN insulator:

1. Perform Photolithography to transfer the SiN pattern to the sam-

ple. Because the SiN deposition is isotropic, lift-off can sometimes

be problematic. For this step, it is recommended to spin a dou-

ble layer of Shipley 1818 PR at 3000 rpm rather than a single

layer of 1813 PR at 4000 rpm. The first layer of 1818 will help

to planarize the surface of the sample. The second layer of 1818

will ensure that there the PR thickness is at least 1.8 µm across

the surface of the sample. The UV exposure time will need to

be lengthened to ≈ 20 seconds to ensure the resist is fully ex-

posed. There are no critically small features in the SiN step, so

overexposing certain portions of the resist is not a concern.

2. Deposit the SiN layer using the SiN100 process in the PECVD.

Let the deposition step of the process run for 10 minutes. This

results in a ≈ 200 nm thick SiN layer.

3. Lift-off the excess SiN and PR using 1165 photoresist stripper.

Put the samples in beakers of 1165 heated to 90 ◦C on a hot

plate in a fume hood. The 1165 may dissolve the mounting wax,

so each sample should be placed in its own beaker to avoid any

confusion. Leave the samples in the 1165 for 10 minutes.

4. Sonicate the samples for 1-2 minutes to lift-off the unwanted SiN.

5. Remove any residual 1165 by doing a Solvent Clean
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6. Check the sample under the microscope to ensure that the lift-off

procedure successfully removed all the unwanted SiN. If unwanted

SiN still remains, return to step 3.

7. If the samples were dismounted during the lift-off process, re-

mount and clean the samples.

IV. Define Au leads and bonding pads:

1. Perform Photolithography to transfer the Ti/Au bonding pad

pattern to the sample. The Ti/Au is deposited using the lift-off

fixture in one of the e-beam evaporators. The Ti/Au is nearly

normally incident on the sample surface, so lift-off is usually much

easier than the SiN lift-off. To achieve small feature sizes, it is

therefore recommended to use a single layer of 1813 spun at 4000

rpm.

2. After the final bake of the PR, put the samples in the STS etcher

and run the O2 clean program for 30 seconds. This will remove

any residual PR over the Fe contacts, which will ensure good

electrical contact between the Fe contacts and the Ti/Au bonding

pads.

3. Use Kapton tape on the corners of the samples to tape the sam-

ples to the glass slides, then load the samples into one of the

e-beam evaporators. Be sure to use the lift-off fixture. It is nec-

essary to tape the samples to the glass slides because the sample

temperature may rise high enough to melt the mounting wax.

4. Deposit 10 nm Ti and 100 nm Au.

5. Lift-off the excess Ti/Au using 1165 photoresist stripper. Put the

samples in beakers of 1165 heated to 90 ◦C on a hot plate in a

fume hood. The 1165 may dissolve the mounting wax, so each
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sample should be placed in its own beaker to avoid any confusion.

Leave the samples in the 1165 for 10 minutes.

6. Sonicate the samples for 1-2 minutes to lift-off the unwanted

Ti/Au.

7. Remove any residual 1165 by doing a Solvent Clean

8. Check the sample under the microscope to ensure that the lift-

off procedure successfully removed all the unwanted Ti/Au. If

unwanted Ti/Au still remains, return to step 5.

9. Take pictures of all of the contacts using a microscope.

Once the samples have been fabricated, they should be stored under vacuum

until they are going to be measured.



Appendix B

Glossary

B.1 List of Abbreviations

Table B.1: List of Abbreviatons

Abbreviation Meaning

2DEG Two Dimensional Electron Gas

3T Three Terminal

AC Alternating Current

AHE Anomalous Hall Effect

AlxGa1−xAs Aluminum Gallium Arsenide

AMR Anisotropic Magneto-resistance

DC Direct Current

DI Deionized

DOS Density of States

dSHE Direct Spin Hall Effect

FM Ferromagnet

FWHM Full-Width at Half Maximum

GaAs Gallium Arsenide

Continued on next page
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Table B.1 – continued from previous page

Abbreviation Meaning

GMR Giant Magneto-resistance

HCl Hydrochloric Acid

HMDS Hexamethyldisilazane

H2O2 Hydrogen Peroxide

InxAl1−xAs Indium Aluminum Arsenide

InAs Indium Arsenide

InxGa1−xAs Indium Gallium Arsenide

iSHE Inverse Spin Hall Effect

IV Current vs. Voltage Measurement

KI Potassium Iodide

MOSFET Metal-Oxide-Semiconductor Field Effect Transistor

NH4OH Ammonium Hydroxide

NM Normal Metal

NL Non-Local

NLSV Non-local Spin Valve

PECVD Plasma Enhanced Chemical Vapor Deposition

PPMS Physical Property Measurement System

PR Photoresist

QW Quantum Well

SC Semiconductor

SHE Spin Hall Effect

SiN Silicon Nitride

Spin-FET Spin Field Effect Transistor

Spin-LED Spin Light Emitting Diode

TAMR Tunneling Anisotropic Magneto-resistance

TMR Tunneling Magneto-resistance
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B.2 List of Symbols

Table B.2: List of Symbols

Symbol Definition

↑ (↓) Up(down) spin band

T (E) Tunneling probability at energy E

N(E) Density of states at energy E

f(E) Fermi-Dirac distribution at energy E

Vb Bias voltage

e Fundamental charge

j Charge current density vector

Hexch Exchange Hamiltonian

J Exchange coupling constant

S Electron spin vector

n Density of electrons or doping concentration

d Tunnel barrier thickness or quantum well thickness

ǫ Dielectric constant

φB Barrier height

ρFM Resistivity of a ferromagnet

ρSC Resistivity of a semiconductor

ρsf Spin-flipping resistivity

qi,j Spin current density flowing in the i dir. of spins in the j dir.

vd Drift velocity

Ls Spin diffusion length

D Diffusion constant

τs Spin lifetime

n+ Heavily doped

Bsat Hard axis saturation field

Continued on next page
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Table B.2 – continued from previous page

Symbol Definition

Ms Saturation magnetization

B Magnetic field vector

Bx,By,Bz The x̂, ŷ, and ẑ components of magnetic field B

η Zero bias spin detection sensitivity

PFe Spin polarization of Fe

PSC Spin polarization in semiconductor

EF Fermi energy

∆µ Electrochemical potential shift

V Voltage

V↑↑ Voltage in the parallel magnetization state

V↑↓ Voltage in the anti-parallel magnetization state

VNL Non-local voltage

Vd Detector bias voltage

Vint Voltage drop at the Fe/GaAs interface

V3T 3T voltage signal

∆Vi Spin dependent voltage in measurement configuration i

~ Plank’s constant

m0 Electron rest mass in the vacuum

m∗ Effective mass of conduction band electrons

g0 Electron g-factor in the vacuum

g∗ Effective g-factor of conduction band electrons

µB Bohr Magneton

ΩL Larmor precession frequency

P (t) Probability distribution of the spin arrival time t

t Spin arrival time

L Separation between injector and detector

B1/2 Full width at half maximum of a Hanle curve

Continued on next page
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Table B.2 – continued from previous page

Symbol Definition

S0 Spin injection rate

k Electron wavevector

k↑ Electron wavevector for spin up electrons

k↓ Electron wavevector for spin down electrons

n↑ density of spin up electrons

n↓ density of spin down electrons

G↑ Interface tunnel conductance for spin up electrons

G↓ Interface tunnel conductance for spin down electrons

j↑ Spin up charge current

j↓ Spin down charge current

Pj Current spin polarization

pi Polarization density of spins pointing in the i direction

µ Electron mobility

E Electric field

H Hamiltonian

p Momentum vector

Φ(r) Electric potential at position r

v Velocity vector

BSO Effective spin-orbit magnetic field

c Speed of light in the vacuum

HSO Spin-orbit Hamiltonian

V (r) Potential energy at position r

µs Magnetic moment of the electron

L Orbital angular momentum of the electron

σ Pauli spin matrix

λeff
SO Effective spin-orbit coupling parameter

λi
SO Effective spin-orbit coupling parameter in material i

Continued on next page
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Table B.2 – continued from previous page

Symbol Definition

Z Atomic number

Ψ Wavefunction

F Force vector

I Scattering intensity

S(θ) Sherman function

En(k) Energy as a function of wavevector k for band n

Pnn′ Optical matrix element between band n and n′

Eg Energy gap between the valence and conduction bands

∆SO Energy splitting of the split-off hole band

∆A Atomic spin-orbit splitting of the cation in a binary SC

∆B Atomic spin-orbit splitting of the anion in a binary SC

ξ Dimensionless parameter equal to ∆SO/(Eg + ∆SO)

fi ionicity

ρAH Anomalous Hall resistivity

ρxy Hall resistivity

ρxx Longitudinal resistivity

R0 Ordinary Hall constant

RS Anomalous Hall constant

M Magnetization vector

Mx,My,Mz The x̂, ŷ, and ẑ components of M

T Temperature

Tc Curie temperature

σAH Anomalous Hall conductivity

σxx Longitudinal conductivity

γAH Anomalous Hall angle

γSS Skew scattering angle

γSJ Side-jump scattering angle

Continued on next page
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Table B.2 – continued from previous page

Symbol Definition

Lp Electron mean free path

ρSJ Side-jump contribution to anomalous Hall resistivity

σSJ Side-jump contribution to anomalous Hall conductivity

γ Phenomenological spin-orbit angle

A Kerr Rotation

RSC Resistance of semiconductor

RSchottky Resistance of Schottky barrier

w Channel width

Bint(k) Intrinsic spin-orbit magnetic field at wavevector k

Ωav Average spin precession frequency about Bint(k)

τp Momentum scattering time

γ3 Dimensionless parameter related to scattering mechanism

α Dimensionless parameter proportional to spin-orbit coupling

m∗
cv Effective mass coupling 8 × 8 bands to 14 × 14 bands

P0 Spin polarization at sample edge in dSHE measurement

σSH Spin Hall conductivity

a∗B Effective Bohr radius

α∗ Renormalized fine structure constant

c∗ Renormalized velocity used in α∗

σSS Skew scattering contribution to the spin Hall conductivity

Te Electron temperature

TL Lattice temperature

δ Dimensionless parameter equal to (Te − TL)/TL

z Dimensionless constant defined by τp ∝ Ez

E Energy

µL Lattice mobility

s Speed of sound

Continued on next page
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Table B.2 – continued from previous page

Symbol Definition

Eb Donor binding energy

HD Dresselhaus spin-orbit Hamiltonian

β Dresselhaus spin-orbit parameter

HD,2D Dresselhaus spin-orbit Hamiltonian in 2 dimensional limit

β2D Dresselhaus spin-orbit parameter in 2 dimensional limit

HR Rashba spin-orbit Hamiltonian

αR Rashba spin-orbit parameter

LSO Spin-orbit length


