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ABSTRACT

This dissertation is focused on electrical spin injection and detection at nanoscale dimensions
that semiconductor nanowires o er. Semiconductor spintronics is the natural extension of metallic
spintronics for applications in semiconductor industry. After the tremendous impact of the gi-
ant magnetoresistance e ect (GMR) in hard disk read heads, semiconductor spintronics has been
thought as the key ingredient for the realization of spin eld-e ect transistors (Spin-FETs). The
advantages of spintronic devices would include non-volatility, enhanced data processing speeds,
decreased electric power consumption and possible facilitation of quantum computation.

The primary goal of this research is to study spin dynamics and spin-polarized transport in semi-
conductor nanowire (NW) channels, speci cally in phosphorus (P) doped silicon (Si) nanowires
(NWSs). The interest in one-dimensional (1D) nanoscopic devices is driven by the rich spin-
dependent physics quantum con nement engenders, and the eventual miniaturization of the spin-
tronic devices down to nanoscales. One of the most important aspects to achieve e cient spin
injection from a ferromagnet (FM) into a semiconductor (SC) is the interface between the two
materials. This study is focused primarily on this e ect at nanoscale and how it can be tuned.

In this work, we peform systematic spin transport measurements on a unique type of P-doped Si
NWs which exhibit an inherent doping gradient along the axial direction. On a single NW, we place
a series of FM electrodes, which form contacts that evolve from Ohmic-like to Schottky barriers
of increasing heights and widths due to the pronounced doping gradient. This facilitates rigorous
investigation of the dependence of the spin signal on the nature of the FM/SC interface. The
advantage of using a single NW to study the a ormentioned e ects is that possible complications
during the fabrication process are minimized compared to experiments that use multiple di erent
devices to perform such experiments.

2-terminal (2T), nonlocal 4-terminal (4T) and 3-terminal (3T) spin valve (SV) measurements
using di erent combinations of FM electrodes on the same Si NWs were performed. In addition,
3T and nonlocal 4T Hanle measurements were attempted. Distinct correlations between the spin
signals and the injector and detector interfacial properties are evident in the collected data. These

results were possible due to the unique inhomogeneous doping pro le of our Si NWs.

Xiii



The most notable result of this study is a distinct correlation revealed in the spin valve mea-
surements between the spin signals and the FM/Si NW injector interfacial properties. Speci cally,
we observe a decreasing injected current spin polarization due to diminishing contribution of the
d-electrons. The necessary tunneling contact for e cient spin injection and its properties are being
investigated and analyzed. The results demonstrate that there is an optimal window of interface
resistance parameters for maximum injected current spin polarization. In addition, they suggest a
new approach for maximizing the spin signals by making devices with asymmetric interfaces. To
the best of our knowledge, this is the rst report of electrical spin injection in SC channels with

asymmetric interfaces.
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CHAPTER 1

INTRODUCTION

The eld of microelectronics, which has been a branch of physics and later on of electrical
engineering, has arguably led to the most important technological breakthroughs in today’s society.
Who cannot appreciate the importance and advantages of personal electronic devices, and how much
they have in uenced our everyday lives in every aspect (science, education, medicine, economics,
etc.)? Historically, electronics began to evolve in the late 19th century when the English physicist
Sir Joseph John Thomson identi ed the existence of the electron and the American physicist Robert
A. Millikan succesfully measured its electric charge in 1909.

A few decades later, there was a tremendous breakthrough which revolutionized the eld of
electronics and provided the most important building block of the semiconductor industry. That
was the invention of the point-contact transistor by John Bardeen, Walter Brattain, and William
Shockley at Bell Labs in 1947 [1, 2] who shared the Nobel prize in physics in 1956. The transistor
paved the way for smaller devices that can be used to manipulate electrical signals. Transistors are
semiconductor devices which have electrical properties that can be varied over a wide range by the
addition of minuscule quantities of other elements (\doping™).

Another breakthrough in electronics was the invention of the integrated circuit by Jack Kilbly at
Texas Instruments in 1958 [3]. Jack Kilbly was awarded the Nobel prize in physics for this discovery
in 2000. This invention was a method of integrating large number of electronic circuits on one
small at piece (\chip') of semiconductor material, and it was the begining of the miniaturization
of electronic devices.

A more recent invention in 1960, which has become the foundation of charge-based electronic
devices, is the eld-e ect-transistor (FET) [4]. It was followed by the complimentary metal-oxide-
semiconductor (CMOS) technology, for constructing integrated circuits [5]. The FET is a transistor
that uses an electric eld to modulate the electrical behavior of the conducting channel, where
electrons and/or holes ow. Figure 1.1 shows examples of a traditional planar FET and a modern

3D tri-gate FinFET. An example of the CMOS logic circuit is the typical design of a CMOS inverter,



which is a device that combines pairs of p-type and n-type metal oxide semiconductor eld e ect
transistors (MOSFETS) for logic functions. These innovations set the stage for the ongoing e ects
to produce even smaller chips with higher density of such electronic elements.

Indeed, as Gordon Moore predicted in 1965, the number of transistors in a dense integrated
circuit follows an exponential growth with time, doubling approximately every 2 years [6]. Figure
1.2 depicts the Moore’s law graph from 1971 to 2011. This trend has continued over the past few
decades, but in the past decade there have been persistent and growing concerns about the inde nite
continuation of Moore’s law as we move towards the sub 10 nm scales. If Moore’s law is to come
to an end, then new approaches are needed for future development of electronics. One possible
solution is to utilize spin-based electronics, potentially a new paradigm for microelectronics. Spin-
based technology is possible due to another scienti ¢ breakthrough of the 20th century, quantum
mechanics, and the existence of an intrinsic degree of freedom of electrons, called spin.

The emergence of quantum mechanics brought signi cant changes on how we interpret physical
systems in the microscopic limits, and semiconductor systems are no di erent. One of the most
important discoveries was the fact that elementary particles have an intrisic property called angular
momentum, or \spin", and associated with this a magnetic moment. Wolfgang Pauli was the rst
to propose this idea. Electrons are elementary particles with spin S = 1=2. The main focus
of this dissertation is in the area of \spintronics™. Spintronics is an important eld of research
with broad potential applications in emerging technologies. The basic concept of spintronics is
the manipulation of spin polarized currents, in contrast to conventional electronics where the spin
degree of freedom of the electron is ignored. Devices utilizing both the electron charge and the spin
degree of freedom of electrons could have novel functionalities and o er solutions to some of the
fundamental shortcomings of conventional microelectronics.

The continuous miniaturization of the devices have a physical limit, which is governed by the
guantum mechanical nature of particles, and in the nanoscale dimensions can alter the behavior
of functional devices in remarkable ways. Of course, taking advantage of the quantum mechanical
properties can lead to new fascinating technologies, which is the main purpose of today’s nanotech-
nology research. Quantum e ects become apparent when the sample size, grain size, or domain
size becomes comparable with a speci ¢ physical length scale such as the electron mean free path,

coherence length of phonons, etc.
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Figure 1.1: (a) Traditional planar FET (left) and modern 3D FinFET tri-gate (right). (b) 22 nm 15t
generation and 14 nm 2"¢ generation tri-gate transistor from Intel.

Nanotechnology emerges from the exploitation of new physical properties, phenomena, processes
and functionalities that matter exhibits at sizes between 1 nm 100 nm. Almost all the properties
of a physical system are a ected by quantum e ects, including thermodynamic, electrical, magnetic,
mechanical, optical and transport properties. Research on semiconductors and magnetic materials
(thin- Ims) at the nanoscale are experiencing astonishing growth with signi cant impact on new
technologies. Spin devices are examples of such applications and they can be realized in bulk
semiconductors [7, 8, 9, 10, 11], two-dimensional (2D) electron systems [12, 13, 14, 15, 16] and in
one-dimensional (1D) or quasi 1D dimensional nanowires [17, 18, 19, 20, 21, 22].

This dissertation is focused on electrical spin transport experiments in phosphorus-doped (P-
doped) Si NWs which exhibit an inherent axial doping gradient along the axial direction. The
uniqueness of this system is that there is a variation in the doping pro le mostly on the surface
of the NW along the axial direction, which enables the formation of contacts that evolve from
Ohmic-like to Schottky barriers of increasing heights and widths along the length of the NWs. The
ferromagnet/semiconductor (FM/SC) interface plays a most important role for realizing e cient
spin injection between a FM and a SC as it has been demonstrated both theoretically [23, 24]
and experimentally [10, 11, 14]. The realization of evolving contacts on a single NW facilitates a
reliable and thorough study of the dependence of spin injection on the FM/SC interfacial properties,
while avoiding complications associated with using di erent samples that have di erent growth

parameters. For example, in devices which utilize oxide tunnel barriers as contacts (FM/oxide/SC),
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Figure 1.2: A plot of CPU transistor counts versus dates of introduction, showing the exponential
growth with transistor count doubling every two years. Source: wikipedia/Transistor count.

di erent growth parameters can lead to di erent location and density of localized states, which can
signi cantly a ect the spin signals and render the analysis more complex [25, 26, 17]. In this
work, spin measurements were performed in the local two-terminal (2T), nonlocal four-terminal
(4T), and local three-terminal (3T) lateral spin valve con gurations at 5 K [27, 28]. Hanle e ect

measurements were also attempted [11]. A distinct correlation between the FM/Si NW junction



resistance of the injector electrode and the spin polarization of the current was revealed. This
correlation is associated with the di erently and oppositely spin polarization of the 3d and 4sp
electron states, both of which are contributing to the total spin polarization of the current.

This thesis is organized as follows. Chapter 2 will focus on the basic concepts of semiconductor
and metallic spintronics and the main motivation of this research, which is spin transport in Si
nanowires with axial doping gradient. In Chapter 3, the experimental methods and techniques for
the spin transport experiments will be described in detail. Chapter 4 is dedicated to the electrical
characterization, and the spin transport results in Si NWs with axial doping gradient. Finally, in

Chapter 5 the thesis and the main experimental results will be brie y summarized.



CHAPTER 2

SPINTRONICS

2.1 Introduction

2.1.1 Origin and Motivation of Spintronics

The past few decades of research and development in solid-state semiconductor physics and
microelectronics have witnessed rapid development and evolution of semiconductor devices. De-
spite the focus on miniaturization of semiconductor devices toward nanoscale, a principal quantum
mechanical property of the electron had been neglected for electronic applications. This property
is the spin degree of freedom of electrons. Spin is an intrinsic fundamental property of electrons.
It has long been the basis for storing information, but underused for processing information. Spin-
tronics is an area of research that studies the spin degree of freedom of electrons and how it can be
utilized in electrical transport or optical devices. The main goal is to encode and process informa-
tion not only by using the electron’s charge degree of freedom, but at the same time its spin state.
The advantages of spintronic devices would include non-volatility, faster intrinsic switching speeds,
enhanced data processing speed, decreased electric power consumption, and possibly facilitation of
guantum computation.

The electron spin states o er the opportunity to store and manipulate phase coherent spin states
over space and time. Modern spintronics originated from the discovery of giant magnetoresistance
e ect (GMR) by Fert and Grunberg in 1988 [29, 30]. This discovery produced highly sensitive
magnetic sensors, which today are the major components in the read heads of magnetic hard disks.
In today’s technology we can already appreciate the dramatic increase in the density of data that
can be stored per square inch on a magnetic disk, which has approached 1:2 TB=in? by using
materials with perpendicular magnetic anisotropy (PMA).

In 1990 Datta and Das proposed a spin modulator device which can be thought as a spin eld-
e ect transistor [31]. This type of device could be used as a spin based logic device by changing its
resistance state from high to low by manipulating the electron spin states via an externally applied

electric eld (electric gate). A schematic of such a device is shown in Figure 2.1(a). This is possible



in materials, such as 2DEGs in narrow-gap semiconductors, where the spin-orbit interaction gives
rise to the Rashba term in the e ective Hamiltonian, and acts as an e ective momentum dependent
magnetic eld. Ferromagnetic contacts are used to preferentially inject and detect spins of a speci ¢
orientation, and the Rashba eld induces coherent spin precession. The strength of the Rashba eld
(spin-orbit coe cient) can be tuned by the external electric eld. A more straightforward scheme
for such a device is the spin metal-oxide-silicon eld-e ect transistor (spin MOSFET) proposed by
Sugahara and Tanaka in 2005 [32]. This device would act as a spin valve while being a conventional
FET.

Moreover, the spintronic logic devices rely on spin coherence in semiconductor structures, hence
optimization of electron spin lifetimes, transport of spin-polarized carriers across relevant length
scales and hetero-interfaces, and the manipulation of both electron and nuclear spins on su ciently
fast time scales. In a broad sense, spintronics is a study of spin-dependent phenomena in solids,
in particular metals, semiconductors and semiconductor heterostructures. The main focus of such
studies is to characterize electrical, optical, and magnetic properties of materials due to the pres-
ence of equilibrium and nonequilibrium spin populations, and the corresponding spin dynamics.
Such studies provide important insights about the nature of spin-dependent interactions, such as
spin-orbit coupling, hyper ne interaction, and spin exchange coupling in solids. They also promote
further understanding of the microscopic processes responsible for spin relaxation and spin dephas-
ing, microscopic mechanisms of magnetic long-range order in semiconductor systems, topological
aspects of mesoscopic spin-polarized current ow in low-dimensional semiconductor systems, and
the important role of the electronic band structure in spin-polarized tunneling.

For example, there are two interesting and important experimental discoveries in the eld of
spintronics: (1) The (direct) spin Hall e ect, which was proposed by D’yakonov and Perel (1971)
[33], who suggested that passing an electrical current through a conductor will result in a spin
accumulation at the edges of the conductor transverse to the current ow, due to asymmetric spin-
dependent scattering of impurities (Mott scattering) even in the absence of an applied magnetic

eld. The e ectisillustrated in Figure 2.1(b). The experimental discovery was reported by Kato in
2004 [34], and Wunderlich in 2005 [35]. Due to similar arguments, an inverse e ect exists in which a
pure spin current passing through a channel is converted into an electrical voltage in the transverse

direction [33]. (2) The spin galvanic e ect, where a spin-polarized electron gas can drive an electrical



current without the need of an external electric eld. This e ect was reported by Ganichev in 2001
[36]. Microscopically, this e ect originates in systems where the spin-orbit interaction lifts the
degeneracy for the spin-up and spin-down subbands in momentum space, and due to an inherent
asymmetry in the spin- ip scattering events between the two subbands, an electrical current ows
along the scattered direction. A schematic representation of the microscopic picture is shown in

Figure 2.1(c).
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Figure 2.1: (a) Schematic of the spin modulator device proposed by Datta and Das. Adapted from
reference [31]. (b) An illustration of the spin Hall e ect, an unpolarized longitudinal charge current
generates a transverse pure spin current [37]. (c) lllustration of the microscopic origin of the spin
galvanic e ect. When one spin subband has a higher occupation number, asymmetric spin- ip
scattering results in a current along that direction [38].

2.1.2 Semiconductor Spintronics

While metal-based spintronics have already been used in computer industry (e.g., as hard disk
read heads), semiconductor spintronics is yet to demonstrate its full potential. Semiconductors

have the following advantages for making spintronic devices which are inaccessible to metal-based



spintronic structures: i) the mean-free path is long which leads to long coherence length, ii) the
density of carriers is relatively small so that the behavior can be looked as that of a single particle,
iii) the quality of semiconductor single crystals can be made to be almost perfect, iv) the band
gap can be tuned over a signi cant range, v) the carrier concetrations and transport characteristics
can be readily controlled via doping, gate voltages, and band o sets, vi) semiconductor device
technology is mature and the process of making integrated devices well established.

The essential requirements for realizing spin-based semiconductor devices are the following:

1. E cient electrical injection of spin-polarized current from a spin-polarized material into a
semiconductor channel.

2. Relatively long spin di usion lengths and spin lifetimes within the semiconductor material.
3. Su cient control and manipulation of the spin ensemble to achieve the desired functionality.

4. E cient electrical detection of the spin-polarized current (output of the system).

A straightforward way to e ciently inject spin polarized carriers into a semiconductor channel is
the use of \diluted ferromagnetic semiconductors™ as spin injectors. Indeed, a lot of spin transport
experiments have been conducted by using compounds such as GaMnAs [39, 40]. Ferromagnetic
semiconductors are ideal materials for spin transport experiments because their spin polarization
can be as high as 90% and the conductivities are similar to those of conventional doped semiconduc-
tors. The biggest disadvantage of this approach is that the Curie temperatures can only go as high
as 200K which is not adequate for everyday electronic applications. Raising the Curie temperature
for dilute magnetic semiconductors is an active research topic.

Nevertheless, hybrid structures of a conventional FM metal can be used for e cient spin in-
jection into a semiconductor despite the so-called \conductivity mismatch' problem, which will be
addressed in more detail in the upcoming sections. Ferromagnetic transition metals o er reasonable
spin polarizations at the Fermi level EF, around  30% 40% [41]. Some of the advantages of
such hybrid structures include high Curie temperatures, low coercive elds, and fast magnetization
switching. Also, molecular beam epitaxy (MBE) techniques produce atomically sharp FM/SC in-
terfaces. In addition, a FM contact supports nonvolatile operation due to the intrinsic magnetic
anisotropy, and a FM metallization process could be easily incorporated in existing processing

protocols currently used by the semiconductor industry.



2.2 Spin Injection Theory

The rst question we have to answer is what do we mean by spin injection and spin current
propagation, and how we can mathematically describe such e ects. The most intuitive way of
thinking about spin currents would be to try making an analogy with materials that have a sponta-
neous magnetization, such as ferromagnetic materials. One important quantity for the description
of such phenomena, is the spin polarization. Spin polarization is de ned as [41]

_ N-(Er) Nu(Er)

"= N-(Er) + N4(Er)

(2.1)

where N+(Er) and Nx(Eg) are the density of majority and minority spins at the Fermi level. It
can also be described as the di erence between the density of states of the two spin subbands,
in which case it is called density spin polarization. Similarly, because the current is proportional
to the density of states, and in general spin is conserved (when spin-orbit coupling and spin- ip

scattering are negligible) we can de ne the current spin polarization as

J* Jx _ s
- — = — 2.2
| Kl I | (22)

Pj

Many materials in their FM state have a pronouced spin polarization (30 40%), and for half-
metals (e.g. CrOy) it can be 100%. In these materials, as it was explained by Mott (1936) [42], the
conductivity can be expressed as the superposition of two independent and unequal parts for the two
di erent spin projections, and their relation stays xed during electrical transport. That means
that most scattering events do not result in a spin ip inside the polarized material. However,
having an intrinsic spin polarization is not a su cient condition for spintronic applications by
itself, often the generation and manipulation of a nonequilibrium spin population in a nonmagnetic
material is needed. In most materials the spin subbands are equally occupied, and as a result
the spin polarization is zero. For spintronic applications both types of materials are used. When
two disimilar materials are brought in contact, one with and one without spin polarization, and a
current ow is maintained, a state of nonequilibrium spin polarization is created at the interface.
This happens because the current of electrons is spin polarized inside the FM conductor and
nonpolarized inside the nonmagnetic conductor (N)/semiconductor. At the interface, there must be
a transfer of current between the spin up channel to the spin down channel due to the nonequilibrium

state. Eventually, after the process of spin ips, a steady state is reached to balance the ingoing
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and outgoing spin uxes. It is this state of nonequilibrium spin polarization, also called spin
accumulation, that drives much of the eld of spintronics, and speci cally how it ows/decays
and how it can be manipulated. Due to spin di usion, the spin accumulation is not localized at
the interface but extends to both sides within a speci ¢ characteristic length, which is material
dependent. The characteristic length is de ned as the spin di usion length, , and the associated
time is called the spin di usion time . The relation between these two quantities is N = pm,
where Dg is the spin di usion constant. Nonequilibrium spin polarization can result from electrical
transport [11][10], optical pumping [43, 44], or resonance [45].

The ultimate goal during the process of spin injection would be to coherently manipulate and
control the injected spins. An external magnetic eld is the most direct way to achieve such control,
by inducing spin precession. Spin-orbit coupling, as it will be discussed in the following sections,
can also induce an e ective magnetic eld, and provide a di erent way of spin manipulation. The
transfer of phase coherent spins for long distances and times, which can be used in transferring and
processing information, is the main purpose of studying spin injection and spin relaxation processes.

As mentioned earlier, the topic of spin injection became an active area of research after the
discovery of GMR by Albert Fert’s group [29] and independently by Peter Grunberg’s group [30] in
1988. This e ect involves heterostructures made out of alternating ferromagnetic and nonmagnetic
materials. One magnetic layer is free to be magnetized in di erent directions, while the other one
can be free or have its magnetization pinned to one direction. Upon switching the relative orien-
tation between parallel and antiparallel, there is a change from a low resistance state to a high
resistance state. Speci cally, when the layers have parallel magnetizations, spin dependent scatter-
ing is minimized for one of the two spin subbands, whereas when the layers are in the antiparallel
con guration, spin dependent scattering is maximized for both spin subbands. This structure allows
the realization of low resistance and high resistance states. A schematic representation is shown in
Figure 2.2. Sandwich structures of Fe/Cr/Fe by Grunberg’s group produced a GMR e ect around
10% at 5 K [46], but in that case neither of the two FM layers was pinned. Dieny’s spin valve
devices, with one pinned layer, produced a GMR of 5% at room temperature [47]. The GMR e ect
lead to the production of computer disk drives with smaller dimensions and much larger storage

densities (Dieny, et al at IBM 1992 [48]). In 1994, another breakthrough occured with the discovery
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Figure 2.2: Schematic representation of the spin valve GMR e ect. When the two magnetic layers
are magnetized in the same direction, the spins of one of the subbands can travel through the
nonmagnetic layer nearly unscattered, resulting in a low resistance state. In the case that the
two magnetic layers are magnetized in opposite directions, both spin directions undergo collisions,
resulting in a high resistance state. Figure is adapted from Chappert [52].

of tunnel magnetoresistance (TMR) [49] [50], where the intermediate layer was replaced with an
insulating layer, and that signi cantly increased the magnetoresistance ratio even up to 220% [51].

The GMR and TMR e ects manifest in large values of magnetoresistance due to spin dependent
scattering at the interface, rather than spin manipulation, and are called \non-coherent”. New
possible functionalities arising from injecting, controlling, and detecting spin coherent states is the
main focus of semiconductor spintronics. Although, the rst spin transport experiments were done
in metallic systems, the theoretical models proposed are generic.

Nonequilibrium spin accumulation in metals was rst measured by Johnson and Silsbee in
permalloy/aluminum structures in 1985 [53, 54]. These spin injection experiments provided direct

proof that a spin polarized current crossing an FM/N interface would stay polarized for some
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distance, which was theoretically proposed by Aronov [55]. In addition, Silsbee predicted that the
nonequilibrium spin population (spin accumulation) would di use in the channel with a speci ¢
characteristic spin di usion length, and generate an electric voltage at a di erent FM/N interface
in the channel. They suggested that the amplitude and sign of the voltage would depend on
the relative orientation of the magnetizations of the two FM, F1 and F2. This experiment was
the rst to demonstrate an electrical signal modulation with respect to magetization orientation
in FM/N/FM structures, and set the foundations for the \nonlocal spin transport" experiments
that are performed until today. In nonlocal spin transport measurements, the measured signal is
a result of the spin accumulation di using in the channel isotropically from the injection point,
and there is no contribution from the charge current. It is a more reliable experimental way of
extracting spin information without having contributions from spurious e ects such as the magneto-
Coulomb e ect [56], local Hall e ects [57], and anisotropic magnetoresistance e ects that can result
in similar resistance modulation. In addition, Johnson and Silsbee showed the modulation of the
spins by the Hanle e ect, which is presented in greater detail later in this thesis, proving that the
magnetoresistance signal is indeed a pure spin signal. The same type of experiments were realized
in a SC in 2007, speci cally in GaAs [11].

Here Johnson’s pedagogical three-terminal geometry that describes the spin injection process
is presented. A schematic representation of such a device, along with simpli ed density of states
diagrams (using half-metal FM) that describe the transport model of spin injection, spin accumula-
tion, and spin detection are shown in Figure 2.3. When a current is driven from one ferromagnetic
electrode F1 into a nonmagnetic layer N a fraction of the FM’s magnetization is also transfered.
The spin polarized current can be expressed as [58]:

_ 9 O sl

=g rg e (2.3)

Im

where g is the Bohr magneton, and g-, gz are the up and down spin subband conductances.
It is worth mentioning that this corresponds to a one-dimensional model. In principle the spin
polarized current is described by a second rank tensor, because there are three parameters for the
spatial coordinate and three projections for the spin. Within the nonmagnetic region N of thickness

d< N = IDDS s, and volume V = Ad, the nonequilibrium magnetization (spin accumulation) is:

M = I'\\A/ > N(Er)(Ern-  Erng) (2.4)
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Figure 2.3: (a) Sketch of a three-terminal device for spin injection and nonlocal detection. (b)-
(d) Schematic density of states diagrams that describe the transport model for spin injection,
accumulation, and detection for both cases of parallel and antiparallel magnetization, as well as
zero and in nite impedance of F1 and F2. Figure adapted from Dyakonov [58].

A second FM F2 acts as the spin detector. When F2 is connected to ground through a low
impedance current meter, a spin polarized current is passing through the interface due to the
induced spin splitting in the channel. This current is bipolar, and the sign depends on the relative

orientation of the magnetizations of the two FMs. Looking at the density of states diagrams,

14



the detector Fermi level will line up with the channel spin up or down subband depending on its
magnetization state. The current is positive Iy  N(Eg)(Er.n  Eg:n) When both FMs have their
magnetizations parallel to each other, and negative Iy N(Er)(Ee:n Egr:n#) In the antiparallel
con guration. Experimentally, it is customary to connect F 2 with a high impedance voltmeter, and
measure the electromotive force (emf) that drives the electric current (Silsbee-Johnson spin-charge
coupling). Similarly, the emf voltage, also called an open-circuit voltage, is bipolar

2 8 M
e

VE2 = Vs = (2.5)

where , is the spin polarization of F2, and gM= s the e ective Zeeman energy of a spin-
polarized electron in the presence of the e ective eld of all the others nonequilibrium spins, and s
the susceptibility. Combining equations 2.3, 2.4, and 2.5 yield the expression for the transresistance

[59]:

2 2
=12 B s _ Ls

RS e2 vV 2 V (26)

where a free-electron expression for susceptibility, = éN(E.:) = 2,33n:2E|:, and the general

form of Einstein’s relation for the resistivity = 1=(e?D(@n=@ )) 1=(e?’D(3n=2Eg)), where

is the chemical potential, have been used. Experimentally, the open circuit transresistance is
measured between the parallel and antiparallel con gurations, which gives the magnetoresistance
signal Rg = R+ R+ = 2Rs. In the case where the channel is longer than the spin di usion
length, d n the spin accumulation decays exponentially away from the F1=N interface, and
the equation becomes:

2
Rs= 1 27VN6 =~ (2.7)

It is worth mentioning a few distinct di erences between the spin accumulation and the GMR
signals; the latter are associated with spin dependent interfacial scattering. First, the detected
signals due to the spin accumulation can be truly negative, for the antiparallel con guration,
whereas GMR signals are always positive, and only the magnitude is modulated. Second, the
spin accumulation signals can be destroyed in the presence of an external magnetic eld applied
perpendicular to the plane of the spin polarization (Hanle e ect). Lastly, the spin accumulation
signals are inversely proportional to the volume of the channel, which is an important motivation

for fabricating devices with nanoscale dimensions.
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2.3 Spin Drift-Di usion Model

In this section, the drift-di usion model that describes the motion of spin-polarized electrons
in the presence of a magnetic eld is brie y described. This model is what de nes spin transport
within a channel. The spin drift-di usion model is an extension of the random walk motion that
describes drift-di usive transport of electrons in a disordered solid, in the presence of an electric

eld. The di erence is that the system is composed of electron spins in the presence of an external

magnetic eld. The equation describing a spin undergoing precession is:

ds

— = ! 2.
gt S (2.8)
where I =g gB=h is the Larmor frequency. After some time of precession , where 1=1, the
equation that describes the evolution of the spin is:
s(t+ )=s(t)+s() 1! (2.9)

The product of the Larmor frequency and the time of precession gives the phase change of a
precessing spin. Considering a random walk motion, with step size | over a time step , predicts

that the spin at some point x at time t+ will be given by

s(x;t+ ) =P+ s(x Lt)y+s(x Lt) 1 s(x Lt)— (2.10)
+P  s(x+1Lt)+s(x+1;t) ! s(x+1;t)— ; (2.11)

This equation is the total spin at point x due to the spins at positions x + 1 and x 1, at time
t, each rotated about ! over the time step and decreased by the fraction of = g due to spin
relaxation. The probabilities for an electron to jump right or left are P+ and P respectively (see
Figure 2.4). Taylor expanding the left-hand side around t, and the right hand side around x gives

the drift-di usion equation for spin dynamics,

s s s
0s _ ! +Dsr?s+ Ers 9. (2.12)

ot s

The terms on the right-hand side of the equation describe spin precession, spin di usion, spin

drift, and spin relaxation respectively. In addition, the generalized spin current is Jg = Es

Dsrs, and the continuity equation takes the form

16



(b)

Figure 2.4: (&) Spin precession and random walk. (b) Spin injection and precession geometry.
An applied magnetic eld in the z direction causes spin precession of the injected spins in the
nonmagnetic (N) region. Figures adapted from reference [60].
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—+rJs=s 1 —: 2.13
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The most general solution of this 1D equation for a spin with initial condition s(x;0) = sp and

a magnetic eld pointing along the z-direction (precession in the xy plane) is

s , -
Sx(X1;X2; B;t) = pﬁe (x2 x1 vat)’=4Dsty = sgjn(1t) (2.14)
S S

The steady state condition is acquired after integration over the contact dimensions Xi; X2 and

over all possible transport times t. The behavior for the total spin density in materials, S = n+ ng

follows similar dynamics.

2.4 Conductivity Mismatch

One crucial aspect for e cient spin injection in all types of materials, but especially in SCs, is
the interface formed between the FM and the material acting as the spin transport channel. It was
quickly realized that spin injection into SCs is not trivial. Direct spin injection from FM metals to
SCs has shown low e ciency due to the conductivity mismatch, only 0.1-1% as shown by Hammar et
al. (1999) [61]. Conductivity mismatch refers to the very large di erence in conductivity between a
FM metal and a SC. The spin-up and spin-down subbands in a SC are equally populated resulting

in zero spin polarization. Even though a FM has a higher density of states for one of the spin
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subbands, because of the limited conductivity of the SC for both spin channels, equal number of
spin-up and spin-down carriers will be injected inside the SC, and as a result the spin polarization
of the injected current is zero.

Schmidt et al. (2000) [23] calculated the spin polarization of the injected current from a FM
into a SC as a function of the polarization of the FM by solving the spin transport equations at the
interface, and concluded that in order to achieve high injection e ciency one of two criteria needs
to be satis ed: (1) The conductivities of the FM and the SC have to match (which is impossible);
or (2) a fully spin-polarized ferromagnet. However, even in the case of a 90% polarized FM Schmidt
et al. showed that the magnetoresistace signal R=Rparallel is smaller than 10 7, thus very di cult
to be experimentally detected.

Rashba [62], Fert and Ja res [24], as well as Smith and Silver [63] proposed that the conductivity
mismatch problem can be solved by inserting a spin dependent and large enough interface resistance,
such as a tunnel barrier. The tunnel barrier induces a discontinuity of the chemical potentials
at the interface, which partially restores the spin polarization of the current. This was shown
experimentally by Hanbicki et al. (2002), who fabricated a Fe/AlGaAs/GaAs semiconductor LED
structure, and realized spin injection with an e ciency of 30%. Furthermore, the tunneling process
is nearly temperature independent, and can be modulated by adjusting the tunnel barrier width and
height for Schottky barriers (doping modulation) or by controlling the thickness for oxide layers.
Consequently, the spin polarization of the current can be (partially) tuned.

The theoretical model describing the spin transport equations at the FM/SC interface is a
linear-response model including the behavior of the electrochemical potentials for up and down
spin channels; at the FM/SC interface there is a splitting of the electrochemical potentials for spin-
up and spin-down electrons. This theory is based on the assumption that spin-scattering occurs on
a much slower timescale than other scattering processes. Under this assumption, Ohm’s law and
the di usion equation are written for two independent electrochemical potentials - and 4, which

do not have to be equal. Speci cally, the equations are:

b (215)
# =D@2( t %)
s @x?

(2.16)
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where j-;j# and «; 4 are the current densities and conductivities for the two spin subbands
respectively, D is the spin di usion constant, and g is the spin relaxation time. The total current

is expressed as j = j- + jx. The resistivities are written as

=201 (+) 1 (2.17)

for the the spin ™ (#) channel in the FM, where indicates the spin asymmetry and  the resistivity

of the bulk metal, and

for the resistivity of the nonmagnetic SC, where | is the resistivity of the bulk nonmagnetic SC.
Combining these equations gives the expression for the variation of the electrochemical potentials
for each subband, cy) = (X = Xg) cay(X = Xo) = Meadee (Xg, X, are the positions
immediately to the right and left side at the interface, respectively), with respect to the distance
from the interface x. The spin dependent interface resistance is de ned as r- = 2ry[1  (+) |,
where r, is the interface resistance area product, and the spin asymmetry (polarization) coe cient

at the interface. The equation for the variation of the electrochemical potentials is:

2
e w_ e
@x2 L2

(2.19)

The associated boundary conditions are the continuity of the current densities j» and jx, and
the discontinuity of the chemical potentials for the two spin subbands - and 4 adjacent to the
interface at X = Xg. Solving this boundary condition problem gives rise to the dependence of the

spin polarization of the current on the interface resistance. The nal result is:

| +
pj= I de o PTG (2.20)
] re +ry + r,

where rg, ry are the spin resistivities of the FM and SC respectively, which are de ned as:

k=, K (2.21)

N= N N (2.22)
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where K and RC are the spin di usion lengths for the FM and the SC, respectively. This is a
powerful expression which captures the basic physical picture for the spin injection process. If we
set r, = 0 this equation becomes:

Pj = T+ryere (2.23)
When ry  rg the current spin polarization is only moderately reduced from the FM’s value
However, when ry re, the spin polarization of the current becomes negligible. When r, & 0,
even for ry re, the spin polarization remains signi cant under the condition r, > ry. Figure
2.5 (a) shows the variation of the chemical potential for a FM/nonmagnetic metal interface without
interface resistance (Co/Cu) and the corresponding spin accumulation (inset). In this case there is
no discontinuity of the chemical potentials at the interface, and the current remains spin polarized
since there is no conductivity mismatch. Figure 2.5 (b), (¢) show calculated results of how the
interface resistance a ects the spin accumulation and the spin polarization of the current at a
FM/SC interface with and without interface resistace r, according to Equation 2.20.

As it is clear from Figures 2.5 (b), (c), the chemical potential discontinuity, and the interface
resistance r, are both prerequisites for e cient spin injection at a FM/SC interface. The physical
picture explaining this dependence is the following. In the absence of interface resistance, the
Fermi energy splitting due to spin accumulation ( ) has the same value on both sides of the
interface, and it decays exponentially with decay lengths | and }C. The variation of the current
spin polarization in the FM and SC is proportional to the variation of the chemical potentials in
the corresponding regions. The variations of the spin accumulation are proportional to the
corresponding total number of spin ips in the FM and SC regions. If is continuous, the total
number of spin- ips in the FM is proportional to 1=rg, and for the SC it is proportional to 1=ry.
Since rg rn, there are many more spin- ips in the FM region than in the SC region. Thus,
the current is almost completely depolarized when it passes through the interface. Introducing an
interface resistance results in a more balanced number of spin- ips in the two regions. Due to the
spin dependent interface resistance, is discontinuous at the interface, which leads to a much
higher in the SC than in the FM; therefore, spin polarized current can be passed from the FM
to the SC. A tunnel barrier has spin dependent resistance because of the di erence in Fermi wave

vectors for the two spin types within the contact material [65].
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Figure 2.5 (a) Variation of the electrochemical potentials as a function of the distance perpendic-
ular to the interface at a FM/nonmagnetic metal interface without interface resistance (Co/Cu).
The inset is the spin accumulation = 4 [24]. (b) Calculated spin accumulation for
Co/GaAs interface with and without interface resistance. (c) Calculated current spin polarization
for Co/GaAs interface with and without interface resistance [64].

Over the years, there have been a lot of theoretical and experimental studies on the e ect of the
interfacial properties on spin injection. These studies involve both Ohmic and tunnel contacts. In
the case of tunnel contacts, thin oxide barriers [66, 10, 67, 68], Schottky barriers [8, 69, 70, 71, 11, 14],
and graphene barriers [72] have been explored.

Lastly, it is important to point out that the geometry of a spin device does a ect the magne-
toresistance signal, R=Rp = (Rp Rap)=Rp, that can be achieved due to spin injection. For
a FM/N/FM structure in the spin valve geometry shown in Figure 2.6 (a), the expression for R

can be expressed as [24]:
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Figure 2.6: (a) Spin valve geometry for a FM/N/FM structure. (b) R=RP for a FM/I/N/1/FM
structure as a function of the normalized tunnel resistance for di erent values of the channel length
tn and the spin di usion length IS’}'f. (c) R=RP as a function of the contact width to channel
thickness ratio W=1 for di erent values of channel length and xed interface resistance r; = 5
10 7 m? [64]

R = 2 re+ ) : (2.24)
7 : .
(r, +re)cosh(i™) + 1 1+ o sinh('y)

This equation sets the boundaries for the magnetoresistance signal. A large magnetoresistance
requires correlated values of the tunnel resistance r, and channel thickness ty, and the range for
the interface resistance in order to achieve such values is ry(tn= n) < 1, < n( N=tn). For
r rn (tn= N), the discontinuities in the electrochemical potentials introduced by the interface
resistance are too small to generate a high enough splitting and the current is depolarized (con-
ductivity mismatch regime). However, there is a regime where the interface resistance is too large
r, rn( ~=tn), and the splitting in the electrochemical potentials has saturated and the magne-

toresistance drops to zero. Physically, in that regime the spins dwell in the channel longer than the
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spin relaxation time, and as a result depolarize. In other words, the spin injection rate is smaller
than the spin relaxation rate in the SC channel.

In conclusion, there is a window of the interface resistance that results in signi cant magne-
toresistance signals. The lower limit of the window, r, > ry(tn= n), is the condition for realizing
spin injection from a FM to a SC; while the upper limit of the window, r, < ry( ~=tn), is the
condition for conservation of the spin accumulation in the SC channel. Figure 2.6 (b) shows the
dependence of the magnetoresistance signal with respect to di erent interface resistance values for
di erent channel lengths, and Figure 2.6 (¢) shows the magnetoresistance dependence on the con-
tact width to channel thickness ratio (W=1) for di erent values of channel length (tn) and xed

interface resistance (r,).

2.5 Spin-Orbit Coupling in Semiconductors

The most fundamental spin-dependent interaction in nonmagnetic SCs is spin-orbit coupling
(SOC). SOC is a relativistic e ect that plays a major role in various spin relaxation mechanisms.
The reason being that there is a nite probability for an electron to approach a nucleus and strongly
interact with the very strong electric eld produced by the nuclear charge +Ze at the center. Due
to relativistic e ects, it is known that in the electron’s rest frame, because of the presence of the
nuclear electric eld, the electron will also experience a magnetic eld B = (1=c®)E v, which
is parallel to the orbital angular momentum L. The Hamiltonian describing this interaction is
Hg = B. This interaction is the spin-orbit interaction (SOI), which gives an L S term in
the total Hamiltonian of the system (the spin-orbit term arises naturally from the Dirac equation).
Due to SOI, the degeneracy of the energy levels is split (valence band and conduction band in the
case of a semiconductor). The following derivation is a simple quantitative description of SOI using

semi-classical electrodynamics and non-relativistic quantum mechanics:

v E r p E
B= 1 B= — 2.25
c2 MeC2 T (2.25)
Next, by setting E= rV, U =eV and that the angular momentumis L =r p, we get,
1 1@U(r)
= — L: 2.2
meec2r @r (2.26)

SOC drives the precession of the electron spin, while momentum scattering makes this precession

randomly uctuating, both in magnitude and direction. In SCs, due to the crystal structure, the
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SOI depends not only on the velocity of the electrons, but also on the band structure itself. SOC
is the driving force for the tremendously active eld of spintronics and other fundamental research
areas in physics. A few examples in condensed matter physics are the spin Hall E ect, topological
insulators, Majorana fermions, Dirac materials, chiral magnonics, spin-orbit torques, and spin-orbit

qubits.

2.5.1 Bychkov-Rashba and Dresselhaus E ects

The basic e ect of SOI in SCs is to break the degeneracy of the energy levels of spin-up and
spin-down states, meaning that the parabolic dispersion curve of the electron energy will split into
two curves centered symmetrically away from the -point of the Brillouin zone. The aforementioned
spin splitting arises from linear and cubic terms of momentum appearing in the Hamiltonian of the
system. Taking into account the SOC e ect, the Schrodinger equation for the conduction electrons

in semiconductors in the most general case is

2 h
% +Vo(r) +V (r) + W(rv p) k() = Enk nk(r); (2.27)

where Vo(r) is the crystal potential and V (r) is any other possible potential existing in the crystal
or the electric potential from external electric elds.

The spin splitting can be induced either by the Rashba e ect or by the Dresselhaus e ect. In
SCs with space inversion symmetry (e.g., silicon), the Bloch states in the band are doubly spin

degenerate, and they stay degenerate in the presence of SOC due to time reversal symmetry.

kin*(N) = [ kn(N]i "1 + bin(N)j #i]exp (ik 1) (2.28)
knae(r) = knMi# b (D" exp(ik 1) (2.29)

These two Bloch states have the same energy (Kramers theorem), andj knj 1whilejbenj 1
due to the weak SOC. It is worth mentioning that these states are not eigenstates of 7. There
are two ways of breaking this degeneracy. The rst one is to break the time reversal symmetry by
applying an external magnetic eld. The second is to break the spatial inversion symmetry of the
crystal, which is true for 111-V materials such as GaAs, InSb, InAs, etc. In general, SOI can also
break the spin degeneracy by two mechanisms. One of them originates from the structure inversion

asymmetry (SIA) of the con ning potential and is referred as the Bychkov-Rashba SOI [73]. This
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Figure 2.7: Schematic diagram of a 2D energy band structure for a system with linear momentum
terms in the SOI Hamiltonian. a) Only BIA or SIA. b) BIA=SIA, (c-f) The distribution of the
spin orientation at the Fermi level with various ratio of BIA/SIA. Figure is adapted from Ganichev
and Prettl (2003) [38].

can be observed in all types of systems where additional electric elds exist due to the interfacial
asymmetry. The Bychkov-Rashba term is linear in the wave vector K.

The other mechanism arises from the crystal bulk inversion asymmetry (BIA) of the material
and is called the Dresselhaus SOI [74]. The Dresselhaus interaction term is linear in the wave vector
k as well. However, when interactions between the conduction band electrons and the valence band
electrons are taken into consideration, a cubic term in the wave vector may also arise.

The Bychvov-Rashba SOI can be viewed as a momentum dependent e ective magnetic eld.

The Bychkov-Rashba Hamiltonian for a 2D system is [75]:

Her = B Be (K) (2.30)
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Figure 2.8: Theoretical SOl parameters and as functions of (a) the energy gap Eg, and (b) the
e ective mass m . Figure is adapted from Fabian et al [60].

where the k-dependent magnetic eld is:

Be (k)=1B ar( Ky: ks 0): (2.31)

In general, it is written in the form Hgr = ggr[ k] n, where n is a unit vector directed
along the normal of the heterojunction (e.g., xy-plane). The spin degenerate subband splits into

two subbands (up and down spin) with di erent energies. The energies are given by
K= o+ Br kji = I (2.32)
When both mechanisms have to be considered, the SOl Hamiltonian becomes,
Hso = Br(kx y ky x)+ bp(kx x ky y) (2.33)

where gr; p are the Bychkov-Rashba and Dresselhaus parameters respectively, and ; y the
Pauli matrices. Figure 2.7 depicts how a 2D band structure is transformed in the presence of BIA

and SIA. The e ective magnetic eld is given by

1
Be (k) = 75( pkx  BRKy; BRKx  DKy): (2.34)
And the SOI energy splitting is given by =2 gjBe ], i.e.,
q
0=2kj &g+ 3+2 gr DSINEQ ) (2.35)

The Bychkov-Rashba and Dresselhaus parameters depend on the energy gap Ep and the e ective

mass m , which is shown in Figure 2.8. The Bychkov-Rashba parameter increases with decreasing
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Eo and/or m . The Dresselhaus parameter exhibits an oscillating behavior. These spin-orbit
related e ects are very important and they dictate the spin relaxation processes in semiconductors.
However, the e cient coupling of the electron spin to its motion by the Rashba and the Dresselhaus
interactions is also a way to control spin precession. For example, the spin FET proposed by Datta
and Das is based on the fact that the SOC parameters can be tuned by an external electric eld

(gate electric eld).

2.6 Spin Relaxation Mechanisms

Spin relaxation is the e ect of uctuations of spin interactions that induce spin dephasing. In
this subsection, the ve major spin relaxation mechanisms of conduction electrons in semiconductors
are introduced and described. They are schematically represented in Figure 2.9. In SCs, spin
relaxation depends on several factors such as the symmetry of the crystal structure, the purity
of the crystal, and the carrier doping density. In principle, di erent relaxation mechanisms can
coexist, but usually one of them dominates spin relaxation and dephasing in a particular material.

a) The Elliot-Yafet mechanism, where the spin relaxes by momentum scattering o impurities
or phonons. It was proposed by Elliot [76] and Yafet [77]. In this scheme, as it was pointed
out in the spin-orbit coupling section, the electronic eigenstates (Bloch states) are spin up and
spin down spinors. Due to spin-orbit interaction these states are mixtures of both spin-up and
spin-down electrons, but with very small spin mixing (jbj << 1). As a result, every momentum
scattering event has a nite probability to ip the spin from "up" to "down", and hence leads
to spin relaxation. In addition, the lattice vibrations (phonons) can couple to spin via the spin-
orbit interaction and cause spin ipping. A more simplistic picture to understand these e ects
is that the random electric eld from the lattice vibrations or charged impurities is transformed
to an e ective random magnetic eld through the spin-orbit interaction, which gives rise to spin
relaxation. Spin relaxation by lattice vibrations is rather weak at low temperatures. For impurity
scattering, the direction and value of the random magnetic eld depends on the properties of the
individual collision. Within this picture, every collision rotates the spin by a small angle and
all the collisions are uncorrelated. The average square of spin rotation angle during time t is of

order < 2 > (t= p), Where | is the momentum relaxation time (time between collisions). The
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