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Summary

A detail understanding of the physics of spin transport phenomena is essential to en-
hance the performance of present spintronic devices, as well as in designing new devices
for future applications. This thesis consists of theoretical study and simulation on the
physics of spin transport in spintronic nanodevices. The spin transport phenomenon is
mainly studied based on the i) semi-classical spin-drift-diffusion (SDD) equation, and
the i1) mesoscopic Green’s function (GF) formalism. SDD is a phenomenological model
which describes the electron transport in the presence of spin relaxation in the diffusive
transport regime. GF is a quantum theoretic model of electron transport in complex and

inhomogeneous systems in the mesoscopic size range.

The aim of our simulation is to harness the physics of spin transport to improve
the performance of devices such as the spin valves (SV) and spin-transistors, as well as
to propose new design for these devices. In this thesis, first the effects of various device
parameters on spin transport is analyzed in detail. Focus is given to the understanding of

the fundamental physics of spin transport as well as identifying any anomalous and novel




Summary xi

effects. Once transport physics and the various transport effects are well understood,
then we utilize this understanding to enhance the performance of the devices. We also

explore new methods and device designs in order to further improve the performance.

First [Chapter 2-4] we study the optimization of magnetoresistance (MR) in metal-
lic SV structures by using SDD transport model. We analyze the effects of the material
and structural properties on the device performance. We notice various novel effects
that influence the MR of the SV device, i.e. 1) the effect of spin-independent resistiv-
ity on spin-dependent-scattering, ii) an anomalous MR suppression effect due to cou-
pling of resistivity with spin relaxation, iii) complex interplay between spin-dependent-
scattering, spin relaxation and the anomalous MR suppression effect due to increase in
the FM layer thickness, iv) competitive resistance effect due to interfacial resistance or
additional layers, and v) spreading resistance effect due to layer patterning. These ef-
fects were studied in detail and carefully utilized to optimize the MR ratio of the SVs.
Next [Chapter 5], we study the spin transport phenomena in a 2DEG semiconductor
structure, where ballistic transport is assumed. In this structure we notice resonant tun-
neling effect which leads to an oscillatory transport behavior. The transport properties,
such as the transmission probability, the spin injection (SI) efficiency and the MR ra-
tio, all exhibit oscillatory behavior when the electron energy is varied. We utilize this
effect to design a magnetoresistive spin-transistor, whose MR can be varied by gate volt-
age. Then [Chapter 7] we incorporate magnetic gates into this transistor and apply GF
formulation to study the effect of resonant tunneling across magnetic-electric barrier.
Finally[Chapter 8] we integrate the two spin transport models—i) SDD and ii) GF- to
develop a multiscale spin transport theory, which is used to study the effect of interfacial

barrier profile and barrier asymmetry for further enhancement of the SI in a ferromag-
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xii

net/semiconductor(2DEG) interface.

(490 words)
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Chapter

Introduction

1.1 Background

1.1.1 Electron Spin

In 1897, Sir J.J. Thompson discovered the electron, an elementary sub-atomic particle
that carries a finite amount of charge. The electron’s charge degree of freedom gives rise
to the conventional electrical current in metals and semiconductors. Electrical current is
produced as a result of electrons interacting with each other and with electromagnetic
fields via Coulomb and Lorentz forces. In 1920s, two successive experimental evidences
suggested an additional property of the electron. These experiments are: 1) investigation
on the fine structure — on closer examination, the spectral lines of the hydrogen spectrum
appears to be closely-spaced doublets, and 2) the Stern-Gerlach experiment — a beam of
silver atoms directed through an inhomogeneous magnetic field splits into two beams.
These experiments suggest that electrons have an intrinsic angular momentum. This
intrinsic property, being classically analogous to a spinning ball of charge, was termed
as electron spin. These two experiments — 1) fine structure and 2) Stern-Gerlach — also

proved that electron spin is quantized into two discrete levels, namely “spin-up” with

3
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the z-component of the spin-angular momentum of S, = —l—%h and “spin-down” with

1.1.2 Spintronics

In conventional electronic devices, the spin property of electrons has not been utilized
for any practical purposes. Spintronics or magnetoelectronics,*” is an emerging tech-
nology which exploits the “spin” property of the electrons in addition to the “charge”
property. As as result, spintronics enables us to combine the advantages of both the

features of electronics and magnetism to make new generation of devices.

Historically, spintronics technology emerged from seminal experiments conducted
on spin dependent electron transport in solid state devices in 1980’s. Some of the
milestones that led to the progress in this field are as follows: 1) 1970 : Ferromag-
net/superconductor tunneling experiments pioneered by Meservey and Tedrow,!® 2)
1975 : Experiments on magnetic tunnel junctions by Julliere,'! 3) 1985 : Observation
of spin-polarized electron injection from a ferromagnetic metal to a normal metal by
Johnson and Silsbee,!? 4) 1988 : Discovery of giant magnetoresistance independently
by Albert Fert et al.'® and Peter Grnberg et al.'* (1988), 5) 1990 : Theoretical proposal
of the use of semiconductors for spintronics in a spin field-effect-transistor by Datta and
Das' in 1990.

The primary requirement of a spintronic device is to have a system to generate
spin polarized current. Spin polarized current refers to the current in which electrons
with one type of spin (majority spin) are significantly more than the other type of spin

(minority spin), hence there is an imbalance between spin-up and spin-down electrons.
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The system that produces spin polarized current is called spin injector/polarizer. The
next requirement is to transport, maintain and manipulate the spin current across the
device. And finally, we need another system which is sensitive to the spin current, such

that we can detect and measure the spin.

The spin property of electron can be technologically utilized in many ways. Some
of the examples are: 1) Electron energy is dependent on the orientation of its spin.
Therefore spin can be utilized in a new kind of binary logic of ones (high energy) and
zeroes (low energy). 2) Similar to the flow of charges, the flow of spins also carry
information. Therefore spin can be used for data transfer with the advantage of easily
being manipulated with externally applied fields. 3) The alignment of spins creates a net

magnetic moment, and therefore spin can be used for non-volatile data storage.

Since spintronics enables us to combine both the features of electron charge and
electron spin, the performance of existing electronic products could be further enhanced
by utilizing the advantages of the spin property of electrons. Electron spins can be ma-
nipulated faster and at lower energy cost compared to charges. Spin also has longer
coherence length compared to electron mean free path, i.e. once spin is created; it main-
tains its state for a longer time, especially in the semiconductors. Hence, by utilizing
the spin properties, it opens the possibility of developing new devices with many poten-
tial advantages such as: 1) non-volatile data storage, 2) higher data processing speed,
3) lesser power consumption and 4) larger integration density, compared to the conven-

tional electronic devices.

Thus, spintronics technology is expected to result in new multifunctional de-

15-21

vices such as spin-field-effect-transistor, spin-light-emitting-diode, spin-resonant-
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Figure 1.1: Density of States (DOS) that are available for electrons in a (a) ferromagnetic (FM)
metal and (b) non-magnetic (NM) metal. In FM there is spin splitting of DOS. This is due to the
magnetic exchange field in FM. E, the electron energy; Ef, the Fermi level; J¢,, the magnetic
exchange energy; N (E), the DOS.

tunneling-diode, optical switches operating at terahertz frequency, modulators, encoders,
decoders, and quantum bits for quantum computation and communication. Spintronics
also had successfully given rise to devices for memory/data storage application, e.g. spin

valve and Magnetic Random Access Memory (MRAM).

1.2 Spin Transport Phenomena

Although the field of spintronics looks promising, many technical issues have to be re-
solved in order to have successful incorporation of spins into existing technology. These
technical issues can be sub-divided into 4 main areas: 1) generating, 2) transporting, 3)

manipulating, and 4) detecting spin polarized current in solid state devices.

1.2.1 Spin Generation
1.2.1.1 Spin in Ferromagnetic (FM) and Nonmagnetic (NM) Materials

In ferromagnetic (FM) materials?*2® the simplest spin transport model is the two-channel

model. In the two-channel model, electron transport is described as follows: a) spin-up
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and spin-down electrons are transported in two different channels, b) both the channels
are electrically parallel with each other, and c) both the channels are almost indepen-
dent, i.e. there is rarely any interchange/flipping/mixing of electrons between the two
channels (spin interaction does occur in a very long range. The details of such interac-
tion is explained in Sec. 1.2.2.4). Therefore in FM, the electrical resistivity and mobility
experienced by the spin-up and spin-down electrons are different. This unusual behavior
of asymmetrical electron resistivity (and mobility) for spin-up and spin-down electrons

in FM was first explained by Mott.?>?3

The asymmetry in the electron mobility for different spins is also indirectly caused
by the asymmetry in the electron density-of-state (DOS). In FM material, the DOS is
asymmetrical for spin-up and spin-down electron due to the spin-splitting in the band
structure [see Fig. 1.1]. The spin splitting in the band structure is caused by the magnetic

exchange interaction field—the same field which causes ferromagnetism itself.

Due to these two reasons—1) two-channel transport(asymmetry in electron mobil-
ity) and 2) asymmetric in DOS—, in a FM material, the flux of spin-up and spin-down
electrons are not equal; and thus the current in FM is spin polarized. When current
passes from a FM metal to a nonmagnetic (NM) metal'>?*2® via an ohmic contact,
spin-polarized current is obtained in the NM due to the mobility asymmetry (indirectly
due to DOS asymmetry) in FM. Similarly, when current passes from FM to NM via an
insulator (tunneling contact), spin-polarized current is obtained in the NM directly due
to the DOS asymmetry in FM. Therefore FM can be used as spin-polarizer in spintronics

circuits.
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1.2.1.2 Spin in Semiconductor (SC)

Although a significant amount of spin polarization arises in FM metals, this is inade-
quate for spin-based applications. Hence, non-equilibrium spin must be introduced in
semiconductor (SC) to make advanced spin-based devices. SC based spintronics* can
combine the well-known advantages of SC materials (i.e. versatility of charge transport
manipulation and established nanofabrication technology) with the additional function-
ality provided by the spin degree of freedom. Recent experimental demonstrations of
long spin diffusion length?”-?® in SC, and the ability to manipulate spin orientation by
electrical and magnetic means?®~? have brought the possibility of SC-based spintronics
devices for memory, optoelectronic, and spin-field-effect transistor applications'> closer
to realization. The key parameters which need to be optimized in future SC-based spin-
tronic devices is its spin injection (SI) efficiency, i.e. the ability to inject spin polarized
current into semiconductor.?%33-34 Tnitial SC-based devices which utilized direct spin
injection from FM electrodes into the SC layer, had extremely low SI due to the large
conductivity mismatch.>>* This mismatch problem has been overcome by the incorpo-

36,40,41

ration of tunnel barriers and the use of diluted magnetic semiconductors (DMS)

as spin-injectors,*! although the latter suffer from generally low Curie temperature.?®-4

d,43.44

Spin can also be created in SC via optical metho 1., by shining circularly polarized

light to transfer the angular momentum from photon to electron.
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Figure 1.2: A\p, Ayrpp, and Agpy, refers to Fermi-wavelength, mean free path (MFP), and spin
diffusion length (SDL), respectively. MFP is the average distance traveled by an electron before
colliding with another particle and thus loosing initial momentum. Diffusive transport, occurs
when A\j;pp is shorter than the device dimensions, L, i.e. L >> Ajpp. Thus in diffusive
transport, electron collides many times, before transported across the device. Diffusive trans-
port is commonly described by the semi-classical Boltzmann model. SDL indicates how far an
electron can travel in a diffusive conductor before its initial spin direction is randomized. For
an electron to maintain its spin coherence, the device dimension should be lesser than Agpr.
Generally in metals A\y;rp < Aspr, hence two independent diffusive spin channels can be uti-
lized to describe the transport. This gives rise to the two-channel model. In SC SDL is much
larger, implying the importance of injecting spin into SC. Diffusive transport is described by
using spin-drift-diffusive model. Ballistic transport occurs when L < Apsrp, where electrons
move without colliding with each other. In ballistic transport, the transport conditions are pre-
determined by reservoirs at the boundaries. Ballistic transport is described by using Landauer
formula. Quantum transport occurs when L < Ap. In this regime electrons exhibit wave prop-
erty.

1.2.2 Spin Transport
1.2.2.1 Transport Regime

Spin-polarized electron transport will occur naturally in any material in which there
is a difference in the spin-populations at the Fermi level. In general, spin transport
can be described by the appropriate type of theoretical transport methodology of the
transport regime applicable in the device or in a given experimental system. Compared
to charge transport, in spin transport, spin coherence is maintained for much larger time
(and length) scale. Figure 1.2 shows various electron transport regimes and the physical

phenomena related to these regimes.
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1.2.2.2 Spin Injection (SI)

Spin injection (SI) is the process of transporting spin electrically into a material, usually
SC. The strength of SI can be measured by determining the value of spin-polarization of
current, at the contact from where the electrons are injected. There are various methods

to inject spin into SC:

1. Ohmic SI***— spin polarized current in FM is transferred into the SC via ohmic
FM/SC interface. The resistivity of the SC (py) and of the FM (pf) influences
the effectiveness of the SI. For substantial spin to be injected, the condition of
pr > pn must be met. But, in practical materials pp < px and hence ohmic SI

into SC is very inefficient.®

2. Tunneling ST*-45-47

— Unlike ohmic SI, in tunneling SI the resistivities of the elec-
trodes play a minimal role. This is because when the impedance of the barrier is
sufficiently high; the DOS of the two electrodes that are involved in the tunneling

process determines the transport across the interface. As such, the current through

the barrier is very small while the electrodes remain in equilibrium.

3. Ballistic SI*** —Spin is injected across the FM-SC interfaces in the ballistic
regime, whereby the spin-dependant transmission probability of the electron is
determined by the difference between the two spin conduction subbands of the

FM metal and the conduction band of the SC.

1.2.2.3 Spin Accumulation

When a current passes from FM metal to NM metal, it carries with it a net spin angular

momentum and hence magnetization. The magnetization which builds up in the new
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material is known as spin accumulation. The magnitude of spin accumulation is deter-
mined by the equilibrium between the net SI rate at the interface and spin relaxation rate

at the bulk of NM.

1.2.2.4 Spin Relaxation

Due to spin relaxation, spin accumulation decays exponentially from the interface on
a length scale called the spin-diffusion-length (SDL), Asp;. Thus SDL is a very im-
portant parameter in determining the maximum thickness of NM material. The time
scale equivalent to SDL is the spin-relaxation-time — the time that determines how long
electron maintains its spin state in a material. Relatively, electron-spin takes much large
time (and length) to relax compared to electron-momentum, especially in SC. Some of
the common mechanisms>® which causes spin relaxation are: Elliot-Yafet mechanism,’!

D’yakonav-Perel’ mechanism,’? Bir-Aranov Pikus mechanism,’® and Hyperfine-interaction.>*

1.2.3 Spin Manipulation

Once spin is created or injected in a material, we need to control the spin to obtain
desired outcome. The techniques to change and control the spin state of electrons in de-
vices is referred as spin manipulation. Spin manipulation can be done via various means,
such as: a) electrical field and spin-orbit interactions,”>>’ b) g-factor modulation,’® c)

magnetic semiconductor,’”>° d) magnetic field>%%! and e) optical’®®* means.
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1.2.4 Spin Detection

Finally, we need to sense and measure the changes in the signals caused by the presence
of nonequilibrium spin in the spintronic devices. The system which is sensitive to this
signal is called a spin-detector. One of the ways to detect spin in spin-transistors is by
putting a FM filter in front of the device (at the drain of the transistor) such that the
filter will act as a spin sensitive detector.!> Magnetic Force Microscopy is used to image
the spin state of surfaces with high resolution. In semiconductors, spin detection can be
achieved by utilizing the effects of spin accumulation,®® optical emmision,%*% Faraday
rotation,®® and band-filling.®’” In multilayered devices, magnetoresistive effect can be

utilized to detect the spin (magnetization) state of the layers.

1.3 Magnetoresistive Devices

Since spin is proportional to magnetic moments of the electron, spintronics is also linked
to magnetism. One of the unique characteristic of some of the spintronic devices is the
effect of magnetoresistance (MR). MR refers to the change in the electrical resistance
of a material, when the material is exposed to an external magnetic field. MR devices,
which have the ability to detect magnetic field, are being used as reading heads in mag-
netic hard disks. In this section, we highlight the concept and some of the applications

of magnetoresistive devices in data storage technology.
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Figure 1.3: a) GMR multilayer in CPP configuration. b) GMR multilayer in CIP configuration.
Direction of the arrows inside the layers indicates magnetization of the FM.

1.3.1 Giant Magnetoresistance (GMR)

Giant magnetoresistance (GMR)®70 refers to the huge change in electrical resistance
that occurs when a strong magnetic field is applied to a multilayer made of alternating
FM and NM metallic layers. GMR was unveiled by applying magnetic field to magnetic
metallic multilayers such as Fe/Cr'® %71 and Co/Cu,”* in which FM layers are separated
by NM spacer layers of few nm thick. Significant reduction in the electrical resistance
was observed in such multilayer. This effect was found to be much larger than other MR

effects that was previously observed in metals and hence termed, “giant-MR”.

There are two configurations in which a MR multilayer device can operate: 1)
current-perpendicular-to-plane (CPP)”*~® and 2) current-in-plane (CIP)"8%[refer Fig. 1.3].
CIP was the first to be discovered as its geometry is easier to be realized compared to

CPP. CPP implementation requires sophisticated nanolithography technology.

When external magnetic field is applied to a GMR multilayer, the applied field
aligns the magnetic moments of the FM layers, and thus the resistance of the multilayer
varies accordingly. When magnetic moments of all the FM layers are aligned (parallel
to each other), spin polarized electrons of one polarity is scattered less than the other

polarity. On the other hand, when magnetic moments in FM layers are anti-aligned,
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Figure 1.4: Resistor model to represent the GMR multilayers. a) GMR multilayer in parallel
(P) configuration. b) GMR multilayer in antiparallel (AP) configuration. The two parallel paths
correspond to the respective spin channels. The direction of the arrows inside the layers indi-
cates magnetization direction. Big (small) box in the resistance circuit indicates large (small)
resistance. c) Sketch of resistance, R and magnetic field, H. RF(AP) indicates the resistance of
the structure at P (AP) configuration.

electrons of both polarities—spin-up and spin-down— are highly scattered. This causes a
decrease in the electron mean free path (MFP) and hence decreases the resistance of the

multilayer.

Figure 1.4 shows simple resistor models to illustrate the GMR effect in a mul-
tilayer. The resistor models make use of series resistors to represent resistances that
electrons experience as they traversed through the layers. Generally, GMR multiyers
are designed such that with the absence of the magnetic field, the magnetizations of the
FM layers are anti-parallel [Fig. 1.4(b)]. And, by applying appropriate magnetic field,
magnetization of the FM layers are aligned in parallel [Fig. 1.4(a)]. This gives rise to
the changes in resistance as shown in Fig. 1.4c. The MR of the device is defined as

MR = RA;; =R” where RAF(RF) is antiparallel (parallel) resistance.
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Figure 1.5: Tunneling in parallel and antiparallel configurations, in a FM/I/FM magnetic tun-
neling junction. Dashed (solid) curved arrows indicates high (low) resistive tunneling.

1.3.2 Magnetic Tunnel Junction (MTJ)

A magnetic tunnel junction (MTJ) consists of two layers of magnetic metals separated by
an ultrathin layer of insulator (I) as shown in Fig. 1.5. The I layer is so thin that electrons
tunnel through the layer if a bias voltage is applied across the two FM electrodes. The
tunneling current depends on the relative orientation of the magnetizations of the two FM
layers, which is varied by external magnetic fields. The variation in tunneling current

gives rise to tunneling-MR(TMR) effect in these MTJ structures.

The TMR effect can be explained by using Julliere’s model,!! which is based
on two assumptions: 1) spin of electrons is conserved in the tunneling process, and 2)
tunneling of up-spin and down-spin electrons are two independent processes. Based on
these assumptions, spin-dependent-tunneling (SDT) — electrons originating from spin-
up(down) state of the first FM layer can only tunnel to the unfilled spin-up(down) states

of the second FM layer — occurs at FM/I/FM interface.

SDT leads to the TMR effect because there is an imbalance in the electric current

carried by spin-up and spin-down electrons tunneling at FM/I/FM interface. The origin
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Figure 1.6: Structure of typical spin valve (SV) device. The active region of a SV device com-
prise of a GMR trilayer. The free layer is magnetically soft (the magnetization is relatively very
sensitive to small fields) while the fixed/pinned layer is magnetically hard (the magnetization is
relatively insensitive to fields of moderate size). The magnetization of the fixed layer is pinned or
exchange-biased in a certain direction by a pinning layer. The pining layer is used as a reference
layer. Depending on the external magnetic fields, the magnetization of the free layer becomes
parallel or anti-parallel to the magnetization of fixed layer. In between the pinned layer and free
layer, there is a thick Cu spacer layer to prevent any magnetic coupling between the layers. There
are also Ta layers which act as a buffer (to provide a good growth surface) and a cap (to avoid
oxidization of the sample in the air). The whole sample is deposited on a piece of Si substrate
which is much thicker than the whole multilayer structure.

of this current imbalance is qualitatively explained by the fact that the electronic bands
of the FM are exchange split, i.e. DOS at the Fermi energy for the spin-up and spin-
down electrons are different. Therefore, the number of electrons that can tunnel through
the barrier and consequently the tunneling resistance are dependent on spin state of the

electrons.

Thus, if the two FM layers are magnetized parallel (antiparallel), the minor-
ity and majority spins tunnel to the minority (majority) and majority (minority) spin
states, respectively. Hence the tunneling resistance is higher in anti-parallel configu-
ration compared to parallel configuration. Referring to Fig. 1.5, TMR is defined as

TMR ="t
Ry



1.3 Magnetoresistive Devices 17

FM NM FM FM NM FM

(a) P configuration (b) AP Configuration

Figure 1.7: Channel paths corresponds to each spin polarized electrons as they traversed through
the layers of a spin valve in a) parallel, and, b) antiparallel configuration. The direction of
the arrows inside the layers indicate magnetization direction of the layers. The resistance that
corresponds to the parallel configuration, R = 2R; || 2R| = 2R R|/(R; + R)) and the
resistance that corresponds to the antiparallel configuration, R4” = (R; + R)) || (R + R|) =

(By + Ry)/2.

1.3.3 Spin Valve (SV)

Spin valve (SV)3!-8 is a magnetic multilayer device that functions based on GMR effect.
SV is being used as the reading head in the magnetic hard disk. Figure 1.6 shows the

structure of a typical SV device and function of various layers in the device.

Referring to Fig. 1.7, in parallel configuration, the spin-up electron passes through
the NM metal without much scattering whereas the spin-down electron is scattered.
Therefore the spin-up electrons are in a low resistance state. In the anti-parallel configu-
ration, both spins—up and down—experience scattering, giving rise to the high resistance
state. By using the simple resistor model as illustrated in Fig. 1.7(a), the resistances that
corresponds to the parallel configuration, R and antiparallel configuration, R4 are
obtained. Note that R = 2R;R|/(R; + R)) is smaller than RA” = (R; + R|)/2, i.e.

RP < RAP . The difference between RY and R4” leads to the MR effect.
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1.3.4 Magnetoresistive Random Access Memory(MRAM)

Magnetoresistive random access memory (MRAM)®3

is a non-volatile memory device,
which stores data bits using magnetic moments instead of conventional electrical charges.
MRAM is built from a grid of MTJ “cells”. MRAM uses the magnetization configura-
tion of the MTIJ cells for information storage, e.g. “0” and “1” correspond to parallel
and antiparallel configuration in the MTJ. Data is written by using magnetic hysteresis,

1.e. by changing the magnetization configuration of the MTJ cells. Data is read by using

MR effect, i.e. measuring the electrical resistance of the MTJ cell.

1.4 Motivations and Objectives

Spintronics is a newly emerging technology which is still in its infancy. As far as com-
mercialization is concerned, spintronics has just been recently introduced into data stor-
age and memory technologies. However, since its introduction, spintronics devices have
brought significant improvements in these technologies. In addition to this, spintronics
is also considered to be one of the highly promising technology for the future data stor-
age and memory applications. However, among the obstacles for the future development
of spintronics is the lack of the understanding of the spin transport physics in nanode-
vices. A detail understanding of the physics of spin transport phenomena is essential
to enhance the performance of present spintronics devices, as well as in designing new

devices for future applications.

This thesis aims to model and understand the spin transport in spintronic nanode-

vices, especially in spin valves and spin transistors. Spin transport phenomena will be

)25, 26,36

mainly studied based on the i) semi-classical spin-drift-diffusion (SDD equation,
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and the ii) mesoscopic Green’s function (GF)®% formalism. The focus of our analy-
sis is to harness the physics of spin transport to improve the performance of spintronic
devices (spin valves and spin transistors), as well as to propose new designs for these

devices. The work described in the thesis aims to achieve the following three objectives:

1. To develop mathematical models for diffusive and mesoscopic transport in spin-
tronic devices. These models will be used to describe and study the spin transport

phenomena in the devices.

2. To investigate the effects of material and structural properties on spin transport.
Focus will be given to the fundamental understanding of the physics as well as

identifying any anomalous and novel effects.

3. To utilize the fundamental understanding of the physical phenomena to enhance/optimize
the performance of spintronic devices, i.e. improving spin injection and magne-
toresistance. We would also explore new methods and device designs to further

improve the device performances.

Besides this, the simulation programs that we developed to model the spin transport,
will be helpful in aiding the experimentalists to predict the device performance prior to

conducting experiments.

1.5 Outline

The outline of this thesis is as follows:
Chapter 2: We develop a mathematical model to describe the spin transport in a trilayer-

SV device using the phenomenological SDD equation. Using this model, we perform
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analytical and numerical analysis to study the effect of material and structural properties
on the MR of the SV device. We focus our analysis mainly on understanding the physics
of spin transport in the CPP SV as well as optimizing the material parameters to achieve
high MR ratio. We discover various novel/intersting effects which are further utilized to
enhance the MR ratio.

Chapter 3: We further study the optimization of MR when there are additional resis-
tive components in the trilayer-SV. In a more realistic device the electron scattering at
the interfaces between different layers give rise to additional resistive components. We
analyze the effect of such interfacial resistances (IR) on the MR of the device. We also
propose an alternative method to enhance MR, i.e. by inserting additional layers in the
SV. The effect of such layer insertion is explored in detail. In both of these cases, the
additional resistive components—1) IR and 2) additional layers—give rise to an interesting
effect, whereby each of the individual resistive components competes with each other
in dominating the spin asymmetry of the device. Our results show that this competitive
resistance effect plays a very crucial role in MR optimization. We also analyze the inter-
play between competitive resistance effect and spin-relaxation for further optimization
of the MR.

Chapter 4: After studying this competitive resistance effect, we analyze the spin trans-
port effects due to patterning the layers of SV devices. Patterning of the layers not only
effects the resistance due to areal change, but also gives rise to the current confinement
effect which further causes other phenomenon such as current crowding and spreading
resistance. Therefore, to optimize MR all these effects have to be considered. We have
also shown that by carefully utilizing these effects, and with the knowledge from previ-

ous chapters, the device performance can be further enhanced.
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Chapter S: In all the previous chapters, we studied the electron and spin transport prop-
erties in a purely diffusive regime. In this following chapter we study electron and spin
transport across a ballistic 2DEG structure. We find that the transport properties of
the device, such as the transmission probability, the SI efficiency and the MR ratio, all
exhibit oscillatory behavior when the electron energy is varied. The basis of these os-
cillations is the resonant transport across the 2DEG. By utilizing this resonant transport
property, we further propose a SC-based gate controlled MR device that could perform
the function of a metallic SV, but with the advantage that its MR can be optimized (post-
fabrication) and its stability enhanced by controlling a gate bias voltage.

Chapter 6: Next we explain the physics of electron transport from microscopic view,
and further develop a theoretical model, based on tight-binding Green’s Function (GF)
method, to describe electron transport in mesoscopic regime.

Chapter 7: We apply this GF model to study the effect of spin transport and optimiza-
tion of SI across a magnetic-electric barrier in a spin transistor device. We proposed a
viable form of spin current transistor which passes electron through a series of magnetic-
electric barriers built into the device. The barriers assume a wavy spatial profile across
the conduction path due to the inevitable broadening of the magnetic fields. Field broad-
ening results in a monotonically increasing magnetic vector potential across the conduc-
tion channel, which increases spin polarization. We have identified that the important
factors for generating high spin polarization and conductance modulation.

Chapter 8: Finally, we integrate the two main spin transport models described in this
thesis, i.e.1) the microscopic GF formalism, and 2) macroscale SDD model, and de-
velop a multiscale spin tunneling theory to study spin transport across the interfaces

of multilayer spintronics. This multiscale approach opens the possible for the detailed
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theoretical studies of interfacial properties (e.g. barrier height, barrier shape and barrier
spin asymmetry) required for achieving high spin injection via tunneling. Based on the
calculated results, the optimal interfacial properties have been identified for possible ex-
perimental verification.

Chapter 9: We conclude this thesis and suggest future works in this area.



Chapter

Physics of the Trilayer CPP Structure

In this chapter, we perform analytical and numerical studies of the MR of a CPP SV structure
using the phenomenological spin-drift-diffusion models. We develop a mathematical model to
compute the spin accumulation, current polarization, potential variation and MR in the SV de-
vice. Using this model, we analyze the effect of material and structural properties on the MR of
the device. We focus our analysis mainly on understanding the physics of spin transport in the
CPP SV as well as optimizing the material parameters to achieve high MR ratio. We discover var-
ious novel/intersting effects, i.e. i) the effect of spin-independent resistivity on spin-asymmetry,
ii) an anomalous MR suppression effect due to the coupling of spin relaxation with resistivity
and iii) complex interplay between spin-asymmetry, spin relaxation and the anomalous MR sup-
pression effect due to increase in the FM layer thickness. These effects are further utilized to
enhance the MR ratio.

2.1 Introduction

Giant-magnetoresistance®®"? (GMR) refers to a large fractional change in resistance in-
duced by an applied external magnetic field, which changes the magnetization orienta-
tions of the two FM layers separated by a NM spacer, from the parallel to the anti-parallel
configuration. GMR effects were first reported in the Fe/Cr,!>!%7! Co/Cu,?’ as well as
Ag/Co’? multilayers, but later devices are based on the SV trilayer structure. For these

?2,73-77

SV structures, experiments have demonstrated that the CPP geometry achieves a

higher MR ratio compared to the CIP geometry. Due to its structural geometry, the

88,89

CPP structure also possess the engineering advantages of achieving smaller shield-

23
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Material p(Qm) a  A(nm) Material Type

NiFe 1.16x 10 04 5 FM
CoFe 1.05x 1077 04 15 FM

Cu 1.68x 1078 0 140 NM
CrO, 524x1077 07 10 HM
Fe,0; 1.99x1074 07 10 HM

Table 2.1: Materials and typical material parameters'~ at room temperature. p, o, \, FM, NM,
HM refers to resistivity, intrinsic conduction polarization, spin relaxation length, ferromagnet,
nonmagnet, and half-metal.

to-shield gap, which is crucial in present ultra-high density magnetic recording beyond
1 Thit/in?. In parallel with the experimental efforts, many theoretical?>26-3%:36.90-92
models, have been developed to investigate the GMR effect in both the CPP and CIP

configurations.

However, the continued increase in the areal density of magnetic recording infor-
mation storage media on magnetic platters poses a heavy demand on increasing the MR
of CPP structure. The present exchange-biased CPP sensors with the experimentally-
realized MR of around 3-4% are inadequate to meet the requirements imposed by ultra-

high density storage of several terabits per square inch.

In this chapter, we perform both analytical and numerical studies of the MR of a
CPP structure using the phenomenological spin-drift-diffusion(SDD) models. For sim-
plicity, our studies are deliberately focused only on the active MR region of a CPP SV.
This active region consists of FM-NM-FM trilayer, as shown in Fig. 2.1. We call our
device as a pseudo-SV (PSV) device. In a real SV device there are other required pas-
sive layers that contribute negatively to the overall MR e.g. the capping and the shield

layers.

First, we develop a mathematical model to compute spin accumulation, current
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da d ds
FM NM FM
(fixed) (free)
X1 X2 X3=
distance, X

Figure 2.1: Schematic illustration of a trilayer CPP spin valve which forms the active region of
a typical CPP spin valve sensor used in the recording heads.

polarization, potential variation and MR of the PSV [Sec. 2.2]. Using this model, we
further analyze the effect of material and structural properties on the MR of the device
[Sec. 2.3]. In our analysis we focus mainly on understanding the physics of spin trans-
port as well as optimizing the material parameters to achieve high MR ratio. Via our
analysis, we notice various novel effects, i.e. 1) the effect of spin-independent resistiv-
ity on spin-asymmetry [Sec. 2.3.1], i1) an anomalous MR suppression effect due to the
coupling of spin relaxation with resistivity [Sec. 2.3.3] and iii) complex interplay be-
tween spin-asymmetry, spin relaxation and the anomalous MR suppression effect due
to increase in the FM layer thickness [Sec. 2.3.4]. These effects are further utilized to

enhance the MR ratio.

Unless otherwise stated, the values of material parameter used in our numerical

analysis is shown in Table 2.1.
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2.2 Theory

2.2.1 Boltzmann Spin-Drift-Diffusive (SDD) model

In this section we develop the analytical model to study the spin transport and calculate
the MR in a CPP multilayer device based on the collinear spin-drift-diffusive (SDD)
equations. The SDD method used here is based on the earlier works of van Son,* Fert-
Valet,?® and Rashba.*®

In our model, \, o, p, d, 3, 7, and p indicate average spin-diffusion-length (SDL)
of minority and majority spin, intrinsic conductance polarization, resistivity, layer thick-
ness, current polarization, current density, and electrochemical potential, respectively.
Arrow superscript/subscripts T(|) refer to the majority (minority) spin component, and
numerical subscripts ¢ refer to the layer index. The subscript F and N refers to FM and
NM layer, respectively.

In this model, 7 is kept constant while the electrochemical potential is allowed to
vary across the device. Due to spin-split property of the FM layers, j and p split into

their spin-dependent components given by:

=087 5 Ji=0-p)] (2.1a)

pr=2p/(1+a) ; p =2p/(1-a), (2.1b)

where pillp; = p, j1 + ) = J, B = ji/j, and @ = (p; — p)/(p+p)). The current
density, j = I/A where I is the total current and A is the cross sectional area of the

device.

Based on Ohm’s Law, current density is related to the electrochemical potential
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gradient as follows:
I,
o i 2.2
5 €pt,1d1.1 (22)
where, e is the electron charge and x is the spatial position.

The spin diffusion equation describing the relaxation of electron spin is governed

by a second-order equation:

Php _ Ap
or2 )2

(2.3)

where, Ap = iy — py is the spin-split in the electrochemical potential arising from
spin accumulation. Ay decays in metals due to the presence of Elliot-Yafet>** spin

scattering effects.

2.2.2 Spin Accumulation, Ay (x)

From (2.3), the general solution for the spin accumulation Ay; () in each layer-i can be

written as:

T T
Api(z) = B GXP(X) + Qi eXP(—y) (2.4)
To solve for the coefficients P; and (); in (2.4), we need to apply the boundary relations
governing Ay;(x) at each interface * = z; between layers 7 and (i+1). Assuming no in-

terfacial resistance, the first set of boundary conditions are obtained from the continuity

of spin-dependent electrochemical potential at each interfaces, r = z;, 1.e.
piieny (@i, = (@i, (2.5)
Equation (2.5) can then be expressed in terms of, spin accumulation Ay, (), i.e.
Apgiyry(zi) = Ap(z;) (2.6)

A second set of boundary conditions can be obtained by considering the spin-current

across the interfaces. From (2.2), we obtain the following relations on the left (2.7a) and
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right-side (2.7b) of the interface at v = z;:

pitJit(x) — piygiy () = — eg:UH (2.7a)
Tr =T
, ‘ _ 10Apasy(2)
P11 (2) = T (@) = —o——5 =
T =
, , 1 OApG11) ()
= p(i+1)1Jit (T) — psr)dit(x) = — % (2.7b)

In the second equality of (2.7b), we have assumed conservation of spin components of
current across the interfaces, i.e. no spin-flip scattering occurs at the interfaces, so that
Jit,l = J@+1)1,- The final boundary conditions are obtained at the terminals, where the

spin-accumulation vanishes, i.e.

Am(O) = O, Au3($3) =0 (2.8)

Solving (2.6), (2.7) and (2.8) simultaneously yields the values for the coefficients P; and
Q; of (2.4), and spin polarization of current 3(z;) at the interfaces. Then, from (2.4), the
spatial variation of spin-accumulation, Ay;(z) for each layer is determined. The spatial

profile of Ayu(x) under different conditions are illustrated in Fig. 2.2.
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Figure 2.2: Spatial variation of Ay. Thin (thick) lines represent parallel (anti-parallel) config-
uration. Solid (dashed) line shows the spatial variation of Ay when the spin relaxation effect is
negligible, i.e. A\ — oo(spin relaxation effect is significant, i.e. A —layer thickness).

2.2.3 Spin-dependent Current Density, j; | (z)

To obtain the spatial profile of the j; |(z), we first consider (2.7), at a general x. The

spatial variation of (3 is then given by

1l «

P e
= Bi(z) = 3 + ) + 4)\'3 [Qi exp (—)\E) — P exp (%)1 . (2.9)

2.2.4 Electrochemical Potential, /()

Note that (2.4) allows us to obtain the spin accumulation Agx(z) but not the individual
spin-up and spin-down electrochemical potentials f1;|. To obtain p; |, we integrate
(2.2),1.e.

par, | () = —G/J'im(x)pn,ldm (2.10)
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Figure 2.3: Spatial variation of current polarization, 23 — 1. Thin (thick) line represents parallel
(anti-parallel) configuration. Solid (dashed) line shows the spatial variation of current polariza-
tion when the spin relaxation effect is negligible, i.e. A — oo(spin relaxation effect is significant,
i.e. A —layer thickness)).

and substitute the values of j;; | (z) which have been determined earlier. The constants
of integration in (2.10) are determined by applying the terminal boundary conditions of
ps(zs)y = 0 and ps(zs); = 0. The general expression for spin-dependent electrochem-

ical potential is obtained as:

T x
i = po+ 0t =M 4+ Nz + Ry, exp (X) + Sh,1 exp (_X) , (2.11)

The spatial profile of this potential is a result of electric field distribution across the
device. However, the respective electrochemical potential for each spin channel devi-
ates from the electrostatic potential due to spin accumulation. This deviation constitutes
the non-linear part of the electrochemical potential. The spin-independent/ electrostatic/
ohmic/ linear part of the potential is given by pyp = M + Nz and the spin-dependent
potential/non-linear part is given by o1, = Ry exp (x/)) + Sy exp (—x/N). Fig-

ure 2.4 illustrates the spatial variation of 1!} and .
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Figure 2.4: Spatial variation of electrochemical potential. Thin (thick) line represents parallel
(anti-parallel) configuration. Infinite A is used. For finite A, p17 | varies exponentially, while
remains linear.

2.2.5 Magnetoresistance, MR

In the anti-parallel (AP) configuration, the magnetization orientation of the free FM
layer (layer-3) switches to the opposite direction compared to that of the fixed layer
(layer-1). Therefore, the spin-up electrons will experience the minority spin-resistivity,
p, in the free layers. Thus, the resistivities experienced by spin-up and spin-down elec-
trons in the free layers in AP configurations are given by pji | = pj(,1). The MR ratio
of the device is defined by

RAP _ pP

MR = = (2.12)

where RA” and R” refers to the overall resistance in the anti-parallel(AP) and paral-
lel(P) configurations, respectively. In our analysis, we have i) considered a constant-
current model, i.e. j is constant; ii) assumed zero spin-accumulation at both terminals
[Api(0) = 0, Aps(xs) = 0], and iii) set the potential to be ground at p3(x3);,; = 0.
Following these assumptions, we have the relation R oc ju1(1,)) (0). Hence the MR can
be expressed as

pF (0) — k1 (0)
MR = NG
H17 (0)

2.13)
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From the above derivation, the analytical expression of MR for the device in Fig. 2.1 is

obtained as follows:

(2.14)

When spin relaxation effect is neglected, i.e Ay, xy — 00, (2.14) can be simplified to

2
2
MR:( - ar - ) (2.15)
2+ﬁ(1_ap)

where the areal resistance, Ry r = pn rdn . This expression is identical to the MR

expression obtained by simple two-channel model.

2.3 Influence of Device Parameters on MR

The most straightforward method to enhance the MR is by optimizing the spin transport
parameters of the PSV. Therefore, detailed understanding of the fundamental physics as
well as the influence of each parameter on MR is essential. In this section we analyze
the effect of: 1) resistivity (p), i1) intrinsic conduction polarization («), ii1) spin-diffusion
length (\) and 1V) thickness of each layers (d) on the MR of the PSV device in Fig. 2.1.
After analyzing the effects of these parameters, we further study the optimization of
these parameters to enhance the MR. Unless otherwise stated, we use Cu and CoFe for

NM and FM layer(s), respectively.

It is worth mentioning that our results show generally higher MR values than the

experimentally measured MR values of the CPP SV. This is because, for simplicity,
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Figure 2.5: (a) MR variation with increasing FM resistivity. (b) MR variation with increasing
NM resistivity. Thick (thin) lines indicate the MR when the spin diffusion length, X is finite
(infinite). The circled region, labeled “A” indicates the anomalous MR suppression effect due to
spin relaxation.

our studies are deliberately focused on only the active MR region of a CPP SV. In a
real device there are other required non-magnetic layers that contribute negatively to
the overall MR e.g. the capping and the shield layers, which are not included in our
model. In addition to this, in practical devices, the thin film material quality as well as

the interfacial effects could also have an adverse effect on the MR.

2.3.1 Effects of Resistivity on MR optimization

To analyze the effect of layer resistivities, we study the MR in the absence of spin
relaxation effect, i.e. A — oo. Solid lines in Fig. 2.5(a) and (b) show the MR variation
when A — oo. The expression for MR at this limit is given by (2.15). Fig. 2.5(a)
shows an increasing MR of the device with increasing resistivity of the FM layer, pp.
Fig. 2.5(b) shows an increasing MR of the device with decreasing resistivity of of the
NM layer, pn. As pp — o0 or py — 0, MR approaches a maximum asymptotic value

of a%.
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These results can be explained as follows: Note that FM layer is spin-asymmetric
(ap # 0), and NM layer is spin-symmetric («y = 0). Spin-asymmetry refers to the de-
gree of spin-dependent electron scattering. High « value indicates high spin-asymmetry
of a layer. Overall high spin-asymmetry of a device will cause a large imbalance be-
tween the spin-down and spin-up electron population and hence results in high current

polarization, 3 and high MR ratio.

Because FM layer is spin-asymmetric (ar # 0), increasing the resistivity of FM
layer increases the average spin asymmetry of the entire structure. Since MR is caused
by the asymmetry in spin transport, the increase in FM resistivity increases the MR ratio.
Unlike FM, NM is spin-symmetric (o = 0). Therefore increasing the resistivity of NM
layer, decreases the average spin asymmetry of the entire structure and thus reduces the

MR ratio.

These results also indicate that the resistivity of a particular layer affects the con-
tribution of the spin-scattering of that layer to the overall spin transport of the device. As
the resistivity of a layer increases, the spin scattering of that layer dominates the overall
spin transport in the device. An increase in the resistivity of the FM (NM) layers will
thus increase (decrease) the overall spin-dependence of electron scattering, and produce

the expected trend of higher (lower) MR with increasing FM (NM) resistivity.

2.3.2 Effects of Conduction Polarization on MR optimization

Increase in a g, increases the spin-asymmetry of FM layer, and thus MR of the device is
enhanced as shown in figures 2.5(a) and (b). Therefore, in general, high spin-asymmetric

materials such as half-metals (HM) are desirable to enhance MR.
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2.3.3 Effects of Spin Diffusion Length (SDL) on MR optimization

The effects of spin relaxation are shown by the thin lines in the figures 2.5(a) and (b). Decrease
in A, i.e. increase in spin relaxation, causes two effects: 1) reduction in overall MR, and 2) an
anomalous suppress of MR for high (low) FM (NM) resistivity. High spin relaxation reduces
spin polarization and thus decreases the spin-asymmetry of the PSV. Therefore we obtain the
overall reduction in MR [effect-1]. The physics of anomalous MR suppression [effect-2] is
much complicated and it is studied in detail in this section. We represent the spin-dependent
transport across a SV structure as described by the SDD theory by an effective two-channel
model, in which the spin relaxation effects are globally absorbed into the two effective branch
resistances. We found that i) the overall MR is much more sensitive to the spin relaxation effect
in the NM layer, compared to that in the FM layers, and that ii) the effective SDL, \g in the NM
layer is intrinsically linked to the resistivity of the NM and FM layers by A\p = Ay (pN/pF)l/Q.
The analytical coupling between spin relaxation and resistivity explains the anomalous high-
resistance suppression of MR when the resistivity ratio n) exceeds a certain critical value n¢.
The two-channel (TC) model provides a global model of spin transport in SVs,
that has successfully reproduced many experimentally observed trends. However, the
TC model is valid only in the limit of infinitely long SDL, i.e. A — oco. In the pres-
ence of finite A, the constraint becomes more complicated than simply specifying the
resistance ratio of each spin branch. Given the usefulness of the TC model, there have
been previous attempts®**° to retain its basic framework of separate spin branches, while
making modifications to account for the finite A value. These take the form of introduc-
ing finite spin-flip resistances that connect the two spin branches. The disadvantage of
this approach is that i) the interconnections reduce the globally diffused nature of spin
relaxation to localized spatial positions, and ii) it complicates the TC model and lessens
its usefulness as an analytical tool. We have developed an effective TC model that does
not require spin-flip resistances interconnecting the two spin branches to represent spin

transport, necessarily avoiding the problems associated with artificially localizing the

spin relaxation process.

We applied the SDD method as outlined in Sec. 2.2 to obtain the resistances RY

and RAP, respectively, for the P and AP configurations, in the case of finite \. How-
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ever, the exact expressions are complex and not useful in elucidating the effect of spin
relaxation on MR, and the relationship between A\ and resistivity p. Instead, we take
the Taylor expansion in the limit of small A. This limit is applicable for practical SV
devices, since the SV multilayer thicknesses are, in general, significantly smaller than A
of the FM or NM layers. We found that the approximate R” and R*F can be mapped
to an equivalent TC circuit model, thus yielding the effective resistances experienced by

the majority and minority spin electrons, in the case of a finite \.

9495 our effective TC model incorporates the distributed

Unlike previous models,
effect of spin relaxation across all layers of the PSV as a global influence on the MR of
the SV device. In addition, the model is particularly useful for explaining several physi-
cal phenomena, e.g. why the overall MR is more strongly influenced by spin relaxation

in the NM as opposed to that in the FM layers, and the change in the effective SDL, \g

as a function of the resistivity ratio (n = pn/pr) of the NM and FM layers.

We found that the latter underlies the anomalous suppression of MR%%[refer
Fig. 2.5], when the resistivity of the FM layer exceeds a certain critical value. This
effect clearly diverges from the conventional TC model, which predicts a monotonic
increase of MR with FM resistivity, to an asymptotic limit. There have been previous
works, e.g. by Fert et al.,>>37 which investigated the MR behavior in CPP multilayers
in the presence of \. However, to our knowledge, none has specifically addressed the

underlying reason for the anomalous MR trend.
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2.3.3.1 Results and Discussion

Applying the SDD derivations in Sec. 2.2 we obtain the expression for R = ;¥ /j and

RAY = ;AT /5 as follows:

n(dy + 2dpn) g cosh (g—NN) sinh <f1\—§>
+An(1 = af)(dn + 2dpn) cosh <d

+2aF)\N)\F77 sinh ( ) sinh ( )

RP = pF’OQP)\F cosh (ﬁ) sinh (ﬁ) + (1 — a2)nAy cosh ()TF> sinh (TN> (2.16)
(1 — a%)(dn + 2dpn) AN cosh ( ) cosh (TN)
20%nAF AN sinh ( ) cosh ( )
R Arn(dy + 2dpn) sinh ( ) sinh (TN) 2.17)

n(1 — a%)An cosh ( ) cosh ( ) + n?Ap sinh </\—F> sinh (;—NN>
where 7 = pr/pn. Note that the expression for MR= (RAF — RP)/RAY [(2.14)]
is a function of the resistivity ratio 7, instead of the individual pr or px values, which
indicates experimental facts that MR of a SV is related to the ratio of the resistive change
to the total resistance.

In order to elucidate the effect of finite Ar and Ay, we first consider the limiting
case of small spin relaxation i.e. (dp/Ap) << 1 and (dy/Ay) << 1. This limit is
usually approached in a practical SV device, due to the small layer thickness of typically
a few nanometers. In this limit, R” and R“¥ in (2.16) and (2.17) can be approximated by

taking the first-order Taylor’s expansion of the hyperbolic function terms, which yields

d% (1 — + ddydpn + 4d%n?
RP — ( @ ) 2N F7 oF (2.18a)
dnn(1 —a2) + 2dpn?

pap = Gudent 2+ Adpn 20N 0k) o
2223n(1 — o) + dndpn? .
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Interestingly, in the first-order expansion, R¥ and R4¥ and hence MR are independent
of Ar. This means that spin relaxation within the NM layer has a much more signifi-
cant effect on the MR compared to that in the FM layers. Additionally, the first-order

approximation of R” is also independent of Ay, while R4% approaches the two-current

limit of RAP — dx(—ap)+2drn

nioad)  PF in the limit of vanishing spin relaxation, i.e. Ay — 0.

These are important results that will be used later to explain the numerically observed
MR behavior. To map RA” to an equivalent TC model, we reexpressed (2.18b) as a

linear combination of Ry, Rr| and Ry i.e.

AP _ 1+90W) 1 14+ g(An)

N
— mRFT + mRNT + mRFl (2‘19)

where Rpy(y = dpppi(r) and Ryt = dypnt = 2dypn are the discrete resistances
in the TC circuit, corresponding to the majority(minority) FM, and NM layer resis-
tances, respectively. The coefficients f(Ay) and g(Ay) in (2.19) are respectively given

d2 a2,

_ dndp _ O
by f(An) = 2w /vi) (1—a2) and g(Ay) = aNg, T

—>-N — From (2.19), we can con-

struct a TC circuit in the presence of )\, as represented schematically in Fig. 2.6, where

the resistance seen by the spin-up and down currents are R#*" = R\ = 2RA”.

________________________________________________________________
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Figure 2.6: Schematic illustration of the spin up and down current in a SV trilayer with anti-
parallel magnetization alignment in the ferromagnetic layers.

In this way, we have transformed the complicated system obtained with SDD
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theory to a simple TC circuit with the global effect of \ absorbed into the effective
branch resistances. Our method avoids the need to localize the effect of spin relaxation
at some arbitrary points, e.g. at the boundary between the FM and NM layers, as was
done previously.”**> By examining the forms of f(Ay) and g(Ay) and (2.19), we can
deduce that an increase in 7 = pp/pn will increase the relative contribution of the
NM layer resistance compared to that of the FM layer, and suppresses the overall MR.
Furthermore in the case of large n (due to small py), both f(Ax) and g(Ay) become
effectively a function of Ap = (Ax/,/77). We can thus regard A as the effective spin
relaxation length, which is dependent on the FM and NM resisitivity. Thus, for the case
of a finite \y, an increase in the FM resistivity (i.e. increase in n) will lead to two
competing effects: i) an increase in the spin-dependence of bulk scattering in the FM
layers, and hence a positive impact on MR, and 1i) an amplification of the effect of spin
relaxation within the NM layer, which tends to moderate the increase of MR due to (i).
It is effect (ii) which leads to the numerically observed anomalous suppression of MR

at high FM layer resistivity values.

We will now utilize the earlier analysis leading up to the model, to clarify certain
MR trends obtained from the full SDD theory. We first calculate the MR values as
a function of py, for different values of pr in Fig. 2.7. All the MR curves show the
anomalous behavior, in which the MR ratio reaches a maximum at some critical NM
resistivity py. Beyond this critical value, the MR ratio begins to decrease and diverge
from the saturation MR value (as represented by the thin line), as predicted by the TC
limit i.e. for infinitely long A\r and Ay. Note that the MR curves corresponding to
different pp values have the same profile, and are merely translated along the x- axis.

This agrees with the MR expression [refer (2.16) and (2.17)], in which the MR ratio
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Figure 2.7: MR vs. py for different pp. Thin (Thick) line shows the results without(with)
spin relaxation effect. ”X” indicates the point where anomalous effect begins, i.e. pr/pn ~ 7.
Dotted arrows indicate the region which shows anomalous behavior. arp = 0.4, A\p = Ay =
200nm.

is dependent only on the resistivity ratio 7. Thus, at the points marked as “X”, which

coincide with the onset of the MR decrease, the critical resistivity ratio, nc ~ 30 is

found to be constant for all the MR curves.

The critical resistivity ratio 7 is a crucial quantity for studying the performance
of SV devices, since it corresponds to the maximum MR ratio. Hence, we investigate
the dependence of 7 on the spin diffusion lengths A\ and Ay. Figure 2.8 plots the
calculated MR curves based on the full SDD equations, and shows the change in 7¢ as
Ar and \y are varied. We first vary Ap while keeping Ay fixed at some large value
(104nm). For small A\r (Ap is comparable or smaller than dy), the MR value is small
because spin relaxation within the FM layers reduces the spin polarization of current.
When Ap is increased, the MR ratio increases and eventually saturates when A\p >
20nm. At these g values, (drp/Ap) =~ 0.2, so that the first-order Taylor expansion
[used in deriving (2.18a) and (2.18b)] become reasonably accurate. The MR saturation
at the relatively low value of A\r confirms our earlier finding that the MR is to a first-

order approximation, independent of A\r. A further indication of the relative insensitivity
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Figure 2.8: MR vs. 7 obtained with the full SDD equations for different A. “X” indicates the
point where anomalous effect begins, pr/pn ~ 1. ap = 0.4. Inset: MR vs. log 1) obtained with
the effective model for different \.

of MR to Ar is shown by the fact that 1 does not significantly vary with an increase of
Ap.

Next, we analyze the effect of A\ on the 7o and the maximum MR ratio. We
fix A to be infinitely large, and increase \y from 10 to 10*nm. Similar to the case
of A, we find that an increase in Ay will improve the maximum MR ratio due to the
reduction in spin relaxation. In addition, the maximum MR value saturates at large
An > dy. However, there are two differences in the MR dependence on Ay compared
to its dependence on Ar: 1) The maximum MR reaches saturation at a much higher
value of Ay i.e. in excess of 100nm, whereas saturation of MR has already occurred
for A\p = 20nm; ii) In addition, the critical value of nc at which the MR starts to
decrease is shifted to progressively higher values as Ay is increased, but is insensitive
to an increase in Ap. These two differences thus affirm our earlier analysis that spin
relaxation within the NM layer has a much stronger influence on the overall MR. From
practical standpoint, this is a significant result, since it suggest that the effort to enhance

MR via improvement to material quality should be focused on the NM spacer, instead
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of FM layers.

We also observe from Fig. 2.8 that the anomalous decrease in MR at high FM
resistivity (i.e. at high 1) occurs for all finite values of . Furthermore, the decrease in
MR disappears only when Ay — oo, regardless of the value of A\r. This shows that it is
the spin relaxation within the NM layer, which is responsible for the anomalous decrease
in MR in a SV trilayer. This behavior can be explained analytically by examining (2.18a)
and (2.18b) , under three scenarios: i) In the absence of any spin relaxationi.e. Ay p —
0o, the MR saturates at a%(= 16%) when n — oo. ii) In the case of finite Ay value, i.e.
with spin relaxation in the NM layer, the MR falls to zero when 17 — oo. This decrease
occurs regardless of the \r value, i.e. even at infinite Ap. iii) When spin relaxation
is eliminated from the NM layer, i.e. infinite Ay, it can be shown that the anomalous
behavior vanishes, i.e. the MR no longer decreases to zero when 7 — oo. Instead, from
the SDD theory, the MR can be shown to converge to an asymptotic value of
(e2r/Mr — 1)apAZ

(24 — Daphs — dp(a2 — 1)(e24rPr 4 1)

1 dF 2 dF 4>\
a%—ga% (1-a?) (E) +O<E) =Tah, (220

MR =

Q

where the approximation is valid for thin layer thickness (dr/Ar) >> 1, which is the

limiting case assumed in deriving (2.18a) and (2.18b).

Note that the A\r dependence of the asymptotic MR value of (2.20) is only of
the second-order, which agrees with our previous analysis. It’s worth noting here that
we have used the theoretical analysis that led to the construction of the effective model
to explain the underlying physics of the full numerical results of Fig. 2.7 and Fig. 2.8

which give important information to SV device experimentalists. Last, to confirm that
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the effective model approximates the full SDD model, we repeated the numerical studies
of Fig. 2.8 using the effective model. Results (inset of Fig. 2.8) show close approxima-
tion to that of Fig. 2.7, thus confirming that the simplified effective model has indeed
provided the necessary decompositions to accurately explain the many MR behaviors,

including its suppression at high resistance.

2.3.3.2 Conclusion

We have developed an effective TC model that does not require spin-flip resistances
interconnecting the two spin branches to represent spin transport, necessarily avoiding
the problems associated with artificially localizing the spin relaxation process. With
this model, we deduced that an increase in the FM resistivity leads to a positive effect
on MR. However, this trend is counter-acted by the corresponding amplification of spin
relaxation within the NM layer, which depresses MR. The competition between these
two effects underlies the anomalous suppression of MR at high FM layer resistivity
values. A numerical simulation based on the SDD reveals that the decrease in MR
disappears only when Ay — oo, regardless of the value of Ap. This is in agreement
with our effective TC model, which shows that i) the branch resistances and hence MR
are dependent (to the first order) on spin relaxation only within the NM layer, and that
ii) the effective spin relaxation varies as Ax o< n~ /2. In general, the TC model predicts
that MR is much more sensitive to Ay compared to Ar. This analytical prediction is
further supported by numerical calculations based on the full SDD model which show
that MR saturates at a relatively low value of A\, and that the critical 7o corresponding
to maximum MR does not vary significantly with \r. From a practical standpoint, these

results suggest that efforts to enhance MR via improvement to material quality should
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be focused on the NM spacer for small spin diffusion length.

2.3.4 Layer Thickness

Next, in this section we perform a theoretical study and analysis on the effect of modifying the
layer thicknesses of a PSV on its MR ratio. An increase in the FM layer thickness results in 1)
an increase in the spin dependent component of its total resistance, thereby resulting in higher
MR, but also leads to ii) greater spin relaxation in that layer, and iii) an anomalous MR effect in
the high resistance regime, both of which—(ii) and (iii)— suppress the MR ratio. The interplay of
these three effects results in a complex MR dependence on FM thickness, instead of the simple
monotonic MR increase predicted by the TC model. It also explains the existence of an optimum
FM thickness for maximum MR ratio, as evidenced by experimental data. The study of the
combined effects of the FM layer thickness and resistivity, as well as the MR suppression in the
high resistive limit is essential for optimizing the structure and material of a practical CPP SV to
achieve high MR ratio.

In this section, we investigate the effects of varying the FM layer thickness (d)
on the MR of a CPP device for the following reasons: i) there is room for an increase
in dr even for terabit density storage, since the layer thickness is much smaller than the
lateral dimensions, and ii) there is an optimum value of dr which maximizes the MR ra-
tio, which has not been determined previously. It is well-known within the TC model?®
that a larger dr increases the spin-dependent scattering of the conduction electron, and
thus increases the overall MR. However, this increase in MR with dz does not proceed
indefinitely, due to the effect of spin relaxation which is not included in the TC model.
Thus, a larger d also increases the spatial distance over which the electron spin relaxes,
and thus results in a lower MR. It would thus be of interest to study the competition be-
tween these two effects on the overall MR behavior of a CPP sensor as the FM thickness
dr is varied. In addition, the effect of dr on MR is further complicated by the existence
of the MR suppression behaviors [refer Sec. 2.3.3], which lead to a decrease in MR with

increased FM resistance even when the amount of spin relaxation is kept constant. These

anomalous MR effects become especially significant for higher device resistance. The
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Figure 2.9: MR increases with increasing FM thickness for thickness, d much smaller than the
Ar. For thickness larger than the spin diffusion length, MR decreases due mainly to the effect
of spin relaxation in FM. For very large thickness, MR fall could have been due to both spin
relaxation as well as the anomalous MR behavior.

resultant effects of all the above mentioned factors on the CPP MR would be analyzed

theoretically in this section.

2.3.4.1 Results and Discussion

Figure 2.9 shows the change of MR with increasing FM resistance due to increasing
thickness dg. It is seen that at small FM thickness, the MR scales with increasing
dr. This is because the increased FM thickness implies a greater proportion of spin-
dependent (momentum) scattering in the overall device, and results in a higher MR.
However, at some critical thickness, the MR peaks before decreasing at larger values
of dr. The critical thickness is closely related to the spin relaxation of electrons in the
FM layer. When dy exceeds the Ag, the effect of spin relaxation of electrons becomes
increasingly significant. Thus, although the increased travel length for electrons in the
FM increases spin-dependent momentum scattering which favors an MR increase, it
also increases spin relaxation due to the Yafet-Elliot>"** effects which favors a decrease

in MR. It can thus be summarized that when dr becomes comparable or larger than
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the \r, a competition between the above two effects occurs. To further illustrate these
competitive effects on MR, we repeated the calculations for larger A\r values. Larger A\
values imply weaker spin relaxation effects in the FM layers, and thus delay the onset of
the MR decrease due to spin relaxation. An inspection of Fig. 2.9 shows that increasing
Ar indeed shifts MR peaks to the right, thus lending credence that the overall MR trend
is primarily due to the competition between spin-dependent momentum scattering and

spin relaxation effects.

Since an increase in dy leads to a concomitant increase in the FM resistance, it
is thus reasonable to believe that the drop in MR is due not only to the effect of spin
relaxation, but also the anomalous MR trend at high resistance. Thus, it is useful to
separate out the contributions of these two effects in the suppression of MR. To achieve
this, we applied two means of varying the resistance of the FM layers i.e. 1) by increas-
ing dr while keeping resistivity pr of the FM material constant (as before), or ii) by
increasing ppr while keeping dp constant. We found that the two methods of varying
the resistance result in similar trends of MR but significantly different values of critical

resistance where maximum MR occurs, as shown in Fig. 2.10.

The MR suppression effect is clearly manifested in the MR variation due solely to
changing pr, while keeping dy constant (dotted curves of Fig. 2.10). Since dp is con-
stant, the degree of spin relaxation remains the same, and we thus expect MR to increase
montonically with pr. However, all the dotted MR curves reach a maximum before de-
creasing to zero at large pp. Thus, one can surmise that the value corresponding to the
maximum MR marks the point where the anomalous MR suppression becomes strong

enough to offset the gain in MR due to increasing FM resistance. We also observed in
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Fig. 2.10, that the decrease of MR at high resistance Ry is more rapid by solely increas-
ing the thickness dy of the FM layer, instead of solely increasing the resistivity pg. This
is because in the former, MR is suppressed by both the anomalous MR effect and the
spin relaxation within a larger spatial volume, while in the latter, MR is suppressed by
the anomalous effect alone. The large divergence between the two indicates that spin
relaxation is a much stronger effect compared to the anomalous MR effect in suppress-
ing the MR ratio. This is consistent with previous findings [Sec. 2.3.3] which show that
the anomalous MR effect is relatively weak and becomes significant only when the FM
resistance is extremely large. We can thus infer from the results of Fig. 2.9 and Fig. 2.10
that the MR variation under the combined influence of the increase in length dr and
resistance Ry of the FM layers falls under three regimes: i) at low dg (and hence low
Rp, the increase in spin-dependent momentum scattering dominates and causes an MR
increase with dr), ii) when dg exceeds the \g, the spin relaxation effect becomes more
dominant and MR peaks and starts to decrease and iii) at very large dy such that the
overall resistance is also very large, the MR decrease is more rapid, due to the combined

spin relaxation and the anomalous resistance effects.

An interesting point to note in Fig. 2.10 is that at small resistance R, the increase
in MR due solely to increasing dy almost coincides with that due to pp increase alone
(i.e. matching between dotted and solid lines). This is expected because at small FM
thickness, the spin relaxation effect is negligible, and so an increase in either dg or
pr Will result in the same effect i.e. increased spin-dependent scattering. The only
exception occurs for the case of extremely short A of 1mm. This is due to the significant
spin relaxation for the case of constant d (dotted), since the chosen dy value of 4nm is

significantly larger than the A\p.
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Figure 2.10: MR is studied by either varying dp or resistivity pr Both quantities are labeled
in the different x-axes, as well as the corresponding resistance. The FM polarization is kept
constant at 0.4. The MR falls drastically with dr increases beyond the Ar. The MR falls much
more slowly with increasing resistance due solely to increasing resistivity, clearly showing that
anomalous effect is weak and becomes significant only at very high resistance.

To investigate the effect of MR decrease due solely to the spin relaxation effect
without the anomalous resistance effects, it would be necessary to keep the total Rp
constant while increasing dr. Figure 2.11 shows MR decreases with increasing dy as
resistivity pr is decreased correspondingly to keep the areal resistance ( Rr) constant.
For all A\ values, the MR is maximum at low dr where there is negligible spin relax-
ation. As expected, the MR begins to decrease when d is comparable to A . Comparing
the MR variation of Fig. 2.11 with the solid MR curves of Fig. 2.10, we find that the de-
crease in MR at high Rz in both cases to be fairly similar. For instance, for both cases,
the MR ratio is approximately halved at dp ~ (2Ar). This thus confirms our earlier

observation that spin relaxation is the dominant mechanism for the drop in MR ratio.

2.3.4.2 Conclusion

Based on the SDD equation, we have studied the interplay between spin-dependent bulk

scattering, spin relaxation and the anomalous MR effect on the overall MR. All these
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Figure 2.11: FM thickness is increased as resistivity is lowered accordingly to ensure that Ry
is constant. Maintaining Ry at a constant value eliminates the anomalous MR effect due to
increase in Rr. Thus, the change of MR is due solely to the effect of increasing spatial volume
for spin relaxation.

three effects come into play when the FM layer thickness d is varied. At small values
of dr, the MR improves with increasing dy due to greater contribution from bulk spin
scattering within the FM layer. But as dy approaches A, spin relaxation and anomalous
MR effects become increasingly prominent and suppress the MR ratio. Our analysis
thus reveals the need for a careful optimization of the device geometry and material

parameters, in order to achieve the maximum MR ratio.

2.4 Summary

In this chapter, we developed a mathematical model to compute spin accumulation, cur-
rent polarization, potential variation and MR of a PSV device. Using this model, we
analyzed the effect of material parameters on the MR of the device . In our analysis we
focused mainly on understanding the physics of spin transport as well as optimizing the
material parameters to achieve high MR ratio. We noticed various novel effects, i.e. 1)

the effect of spin-independent resistivity on spin-asymmetry, ii) an anomalous MR sup-
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pression effect due to the coupling of spin relaxation with resistivity and iii) complex
interplay between spin-asymmetry, spin relaxation and the anomalous MR suppression
effect due to increase in the FM layer thickness. These effects were further utilized to

enhance the MR ratio.



Chapter

Resistance Competitive Effect

In the previous chapter we studied the optimization of MR in a simple PSV structure. In this
chapter we will study the optimization of MR when there are additional resistive components
in the device. In a more realistic device the electron scattering at the interfaces between differ-
ent layers give rise to additional resistive components. In the first section of this chapter, we
analyze the effect of such interfacial resistances (IR) unto the MR of the device. In the second
section, we propose an alternative method to enhance MR, i.e. by inserting additional layers in
the PSV. The effect of such insertion is explored in detail. In both cases, the additional resistive
components—IR and additional layers—give rise to an interesting effect, whereby each of the indi-
vidual resistive components competes with each other in dominating the current polarization and
thus the spin asymmetry of the device. The interplay among the different resistive components is
termed as “resistance competitive effect”. Our results show that this resistance competitive effect
plays a very crucial role in MR optimization. We also analyze the interplay between resistance
competitive effect and spin-relaxation for further optimization of the MR.

3.1 Effect of Interfacial Resistance

Increasing the spin anisotropic interfacial resistance in devices, and hence the spin-
dependent scattering (scattering anisotropy) is an important means of improving MR
in the CPP configurations. This is especially crucial for reduced CPP device sizes, be-
cause as Valet and Fert?® have shown, interfacial scattering contributes to the bulk of the
CPP-MR at small layer thicknesses of a few nanometers. Thus, the MR in the CPP con-
figuration can be improved by increasing the spin selectivity of interfacial resistances

(IR) in the multilayer. A highly spin selective IR also improves the SI efficiency from

51
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2637 and shown experimen-

FM layers into NM layers, as was predicted theoretically
tally.”81% Generally, interfacial electron scattering, whether specular or diffusive, arises
naturally in practical devices, due to the presence of e.g. potential steps, crystal defects,
and interfacial roughness between adjacent layers.!°! However, in order to utilize the
IRs to improve MR and SI efficiency, we need to systematically engineer IRs with the
required properties. It has been shown both theoretically and experimentally that IRs

may be engineered as either Schottky?’ or tunnel barriers,>”- 102

or by the introduction of
an ultrathin insulating (nano-oxide) layer.”” For a CPP trilayer, an increase in the resis-
tivity of the FM layers generally results in greater spin-dependent scattering, and hence
higher overall MR. However in the presence of IRs, we conceptualized that increasing
the resistance of either the spin-asymmetric IR or of the FM layers does not necessarily
result in a higher overall MR. In fact, it is reasonable to conjecture that since both IR

and FM provide spin-dependent scattering, a competition effect may arise between these

two elements in their contribution to overall device MR.

To investigate this more complicated effect of IR, we perform analytical and nu-
merical studies of spin transport and the MR effect in a CPP configuration, based on
the phenomenological SDD equations [refer Sec. 2.2]. Our investigations are focused
on the effect of IR on spin transport at the boundaries between the FM and NM layers
of a basic PSV trilayer (FM-NM-FM). Our simulation results show that an increase in
MR with the magnitude of IR or FM resistivity occurs only for a certain range, which is
dependent on parameters such as the spin diffusion length, the intrinsic spin polarization
ratio of the FM and NM materials, and the spin-selectivity of the IR. Here, we present
two models to study the effect IR. In the first model IR is incorporated by considering

potential discontinuities at the interfaces. The limitation of this model is that, spin must
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be conserved across the interface, i.e. no interfacial spin-flip. In the second model we
further include the effect of interfacial spin-flip by modeling the interfaces as ultra-thin

layers, in the limit of the layer thickness approaching zero.

3.1.1 Model I: Without Interfacial Spin-flip

Here, we present a theoretical analysis of the spin transport and MR of a PSV trilayer device,
taking into account the effects of IR between layers. We show that MR declines with increasing
IR (FM resistivity) when the spin polarization of the IR (FM material) is lower than a critical
value. We derive the critical spin polarization analytically, and explain these effects in terms of
the relative competition between the bulk FM and IR in providing spin-dependent scattering. We
also analyze the interplay between this resistance competitive effect and spin-relaxation in the
layers for further optimization of the MR.

3.1.1.1 Theory

do= §nm ds= onm

ej1rR11
TejarRor

ej1LRy

(fixed)

NM

0 X1 X2 X3
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Figure 3.1: Schematic illustration of the trilayer device, consisting of the pinned and free
(switchable) FM layers separated by a NM metal spacer layer. The position of the two inter-
faces is denoted by x; and x2. Electrochemical discontinuity at interfaces is also illustrated.

The presence of IR gives rise to a electrochemical potential discontinuity at the

multilayer boundaries as illustrated in Fig. 3.1. This discontinuity is modeled by includ-
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ing potential discontinuity in (2.6) such that

—ejit(zi) Rrsy = psryr (vi) — par (24), (3.1a)

—ejiy(wi) Rrip = pigny) (i) — pay (24, (3.1b)

where Rp1()) = prit()drir()) 18 the areal IR experienced by majority (minority) spin
electrons at interfaces between layers ¢ and (i + 1). To simplify our analysis, IR is taken
to be spin conserving, i.e. spin flip at the interface is neglected. We would thus like to
emphasize that the effect of IR on MR would be qualitatively different than that due to

any particular layer of finite thickness and specific SDL.
From (3.1), we can then express the boundary relation in terms of Ay;(z), i.e.
ejiy(xi)Rri| — ejir (i) Riip = Apgigny (Ti) — Api(s) (3.2)
The IR at x = x5 (i.e. boundary between layer-2 and layer-3) in AP configuration is

given by Rf‘;i | = Ry5) ;- In general the IRs are spin-selective, so that ;1 and Ry, are

different and can be expressed as follows:

2Ry
Ry = T~ = 3.3)

where v = (R;; — Ryy)/(Rry + Rpy) is the spin selectivity coefficient of the IR and
Ry = Rpy || Ry refers to the total areal IR. With the IR incorporated as described above,
and following the prescriptions of Sec. 2.2, we derive the MR expression which is used

in our studies of the interfacial resistance effects.

3.1.1.2 Result and Discussion

3.1.1.2.1 Infinite Spin-Relaxation Length We will first investigate the IR effect in

the absence of spin relaxation, i.e. in the limit of SDL approaching infinity. In this limit,
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Figure 3.2: (a) Plot of MR ratio as a function of areal resistance Ry of the FM layers, for a PSV
trilayer with interfacial resistances. The decrease in MR with increasing FM resistance occurs
when ar < apc. For illustrative purposes, we have calculated the MR versus Rr curves for
different ar values of the FM layer. (b) The thick curves show plot of MR ratio as a function
of Rr of the FM layers for a PSV trilayer in the presence of finite spin relaxation in the layers
[Acore = 15nm, Anirpe = dnm and Ao, = 140nm]. The anomalous decrease in MR with
increasing FM resistivity occurs at high FM resistivity, regardless of whether ar is greater or
smaller than apc. The thin curves show the corresponding results obtained in the absence of
spin relaxation i.e. A — o0.

the spin polarization of current is constant within each layer, and the SDD model simpli-
fies to the TC model. By applying the TC model on a simple FM-NM-FM trilayer, it is
clear that an increase in the (spin-asymmetric) resistivity of the FM layers will result in a
monotonic increase in MR. However, our results show that such relationship is no longer
valid when the effects of IR at the FM-NM boundaries are taken into consideration. As
shown in Fig. 3.2(a), the MR ratio can either increase or decrease with increasing FM
resistivity, depending on the properties of the IR. For illustrative purpose, we assume
two different magnitudes of IR, i.e. R; = 0.05mQum? and R; = 0.9mQum?, but with

the same spin selectivity of v = 0.7.

Our numerical calculations reveal that, contrary to general expectation, the MR

ratio decreases monotonically with FM resistivity for R; = 0.05(0.9)mQum? when the
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bulk spin polarization of the FM material o is less than some critical value apc =
0.557(0.690). The MR ratio reverts to the normal increasing trend with FM resistivity

when o exceeds the critical value arc, which will be derived later.

Another notable feature of Fig. 3.2(a) is that the higher the IR value is, the less sen-
sitive is the overall MR of the device to an increase in the resistance Ry of the FM layers.
For instance, in the case of R; = 0.05mQum?, the MR ratio undergoes a steep change
over the Ry range of between 0.01 and 1mQum?(AMR/ARr ~ 30.3mQ~'um=2),
whereas for the case of R; = 0.9mQum?, the marked change in MR occurs at a signifi-
cantly higher Ry range of between 0.1 to 10mQum?*(AMR/ARyr ~ 1.0~ ym™=2). This
is because the greater the IR value is, the greater is the contribution of the spin-selective
scattering at the interfaces to the MR, thus rendering the device less susceptible to the

variation of areal resistance of the FM layers.

The trend of decreasing MR with increasing FM resistivity can be explained in
terms of competition between the FM layer resistance and the IRs in contributing to
the overall MR of the device. For the case of ar > apc, the FM layers effectively
act as a stronger spin polarizer compared to the IRs. An increase in the resistivity of
the FM layers will thus enhance the overall spin-dependence of electron scattering, and
produce the expected trend of higher MR with increasing FM resistivity. Conversely,
for the case of ap < apc, the FM layer becomes more weakly polarizing compared
to the IRs. Increasing the FM resistivity will increase the resistive contribution of the
less spin-polarizing layer, and hence depress the overall MR. This results in the trend
of decreasing MR with increasing FM resistivity. If ap = ape, then both the FM

layers and the IRs have the same effective spin polarizing strength. Hence increasing or
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Figure 3.3: (a) Plot of MR ratio as a function of IR for a PSV trilayer with FM layers consisting
of either CoFe or NiFe alloy. The decrease in MR with increase in IR occurs when v < ¢ .
For illustrative purposes, we have calculated the MR versus IR curves for different v values of
the interfacial resistance. (b)The thick curves show plot of MR ratio as a function of interfacial
resistivity IR, for a PSV trilayer device with NiFe or CoFe as the FM layers, in the presence of
finite spin relaxation in the layers [Acore = 15nm, An;pe = dnm and A¢,, = 140nm]. The
decrease in MR with increasing IR occurs at high resistance, regardless of whether ~ is greater
or smaller than ~y.. The thin curves show the corresponding results obtained in the absence of
spin relaxation.

decreasing the FM resistivity, and hence its relative contribution to the overall resistance,
will not alter the MR of the trilayer. Note that, as shall be derived later, the critical ap¢c
is not necessarily identical to the spin-selectivity «y of the IRs, because one must account

for the additional resistive (but not spin-scattering) contribution of the NM spacer.

In the following, we calculate the MR dependence on the magnitude ?; and spin-
selectivity v of the IRs, the results of which are plotted in Fig. 3.3(a). The MR de-
pendence on R; and spin-selectivity ~ is analogous to its dependence on Ry and ap
of the FM layers, as depicted by Fig. 3.2(a). Thus, below (above) a critical value of
v, i.e. v < (>)7c, we observe a trend of decreasing (increasing) MR with increasing
magnitude R; of the IR, and for v = 7., the MR becomes independent of R;. When

NiFe (CoFe) is used as the FM material, the corresponding value of ¢ is 0.390 (0.384),
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which is close to the spin polarization o of the FM layer (= 0.4). Compared to the
critical FM polarization ap which marks the threshold for the normal trend of increas-
ing MR with FM resistivity, the corresponding critical value for IR spin selectivity ¢ is
much lower. This is due to the relatively low spin polarization of a typical FM material
of ~ 0.4, compared to the spin-selectivity of IR of ~ 0.7 , which makes it easier for
the IR layer to provide a stronger spin-scattering effect to the conduction electrons. One
practical implication of these results is that the MR of the CPP device may be enhanced
more readily by engineering an increase in the areal resistance of the IRs, rather than by
focusing on its spin-selectivity v , which is already high and hence more difficult to be

improved further.

We have earlier qualitatively explained the origin of the trend of declining MR
with increasing FM resistivity and magnitude of IR, in terms of the competitive contri-
bution of the FM layers and the IRs to the overall spin-scattering of carriers across the
PSV trilayer. By applying the limit of Ay — 00, the analytical derivation of the criti-
cal thresholds o g and ¢, as well as their dependence on other transport parameters of

the device can be obtained. The expression for MR when Ay p — oo is:

2Ry(af — 1)+ apRp(y* — 1)

MR =
QR[(O@; — 1) + (2RF + RN — Oé%RN)(’}/Q - 1)

(3.4)

Based on (3.4), we investigate the effect of IR and the FM layer on the MR. First,
we derive the expression for apc. As shown in Fig. 3.2(a), when ap < apc, MR

shows a monotonic decreasing trend with increasing . Therefore, o r has to fulfill the
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following condition:

dMR 2’7R0
<0= <
dRp S 9y + Ry(1 - 12)

= QpC (35)

Conversely, for the behavior of increasing MR with Ry, ar must be larger than apc.

The critical value of ¢ for the IR spin selectivity can also be derived in a similar way:

dMp 2arRp

0 = 3.6
iRy =" T 2Rp+ Ry(l—ad) € 5.6)

By substituting the assumed transport parameter values for CoFe, NiFe and the
IR, it can readily be shown that (3.5) and (3.6) yield the same numerical values for ap¢

and ~y¢ as those shown in Fig. 3.2(a) and Fig. 3.3(a).

3.1.1.2.2 Finite Spin-Relaxation Length In the previous section, we have assumed
no spin relaxation via spin-flip of electron during its transport within the trilayer. In this
section, the effect of spin-flip inside the layers (not at the interface). will be incorporated
using the theoretical framework presented in Sec. 3.1.1.1. We will show that in the limit
of bulk spin-diffusion length tending to infinity, i.e. Ay r — o0, the calculated results

will approach those obtained via the TC model.

The MR dependence on FM resistance is investigated and the results are plotted in
Fig. 3.2(b). In the range of small to moderate FM resistance, i.e. Rr ~ 0 to 100Ry;pe,
the MR dependence on Ry is similar to that of the TC model of Fig. 3.2(a), 1.e. MR
increases (decreases) with increasing FM resistivity when ap > apc (ap < ape).
These trends have been explained by the competition effect between the FM layers and

IRs. However, for very high FM areal resistance, we observe that MR decreases to zero



3.1 Effect of Interfacial Resistance 60

with increasing FM resistance. Unlike the previous MR behaviour, this trend occurs for
all values of oy, even when o exceeds the critical value of apc. When ap > apc, the
MR initially increases with R, before saturating at a plateau value and then decreasing
gradually towards zero with a further increase in Rp. For the case of ap < apc, MR
initially decreases with Ry, before saturating at a plateau and then resuming its descent
towards zero. Figure 3.3(b) shows the MR dependence on IR in the presence of spin
relaxation. The results are similar to the MR dependence on Rp as shown in Fig. 3.2(b).
In this case, MR reduces monotonically to zero when v < +,, while for v > ~., MR
initially increases to a plateau before decreasing towards zero for very high R;. The
suppression of MR towards zero at very high FM or IR is clearly due to the presence
of spin relaxation, since it disappears in the limit of A — oo. The physics of MR

suppression at high resistance has been studied and explained in Sec. 2.3.3.

3.1.1.3 Conclusion

We investigated the spin transport across a CPP trilayer, with IR considered at the two
FM-NM interfaces. We first considered the case of spin transport in the limit of infinite
spin relaxation length. We found that in the presence of the IRs, the expected trend of
increasing MR with increasing FM or IR resistances occurs only when the intrinsic spin
polarization o of the FM material or the spin-selectivity v of the IRs exceeds some
critical value of arc and ¢, respectively. Below these critical values, the MR shows
a declining trend with increasing FM or IR, which may be attributed to the competition
between the FM and the IR resistances in determining the overall MR of the trilayer.
The critical thresholds apc and 7 are analytically derived and their dependence on

transport parameters such as resistivity of the NM spacer is determined, thus providing
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useful knowledge for optimizing the MR of PSV devices. In the presence of spin-flip
(i.e. finite spin relaxation length) in the layers, MR is suppressed at extremely high
IR/FM resistances, irrespective of the intrinsic spin polarization of the IR/FM layers.
Thus, in inserting IRs into a magnetic trilayer in order to improve its MR, one has to
consider the complex interplay between the physics of charge transport (resistivity of
the FM and NM layers) and spin transport (intrinsic polarization of the FM layers and
spin relaxation effect), which gives rise to the two aforementioned trends in MR. The
analysis of these effects could provide a useful guide to practical methods of optimizing

the MR of CPP devices, in which IR cannot be ignored.

3.1.2 Model II: Finite Interfacial Spin-flip

In the previous section, we studied the effect of electron momentum scattering at the interface,
while assuming that there is no spin scattering at the interfaces. In this section we develop a
model to include the effect of spin scattering at the interface. Here we model the interfaces as
ultra-thin layers, in the limit of the layer thickness approaching zero. Our analysis is focused on
three important interfacial parameters, i.e. interfacial resistance (R;), interfacial spin selectivity
(7v), and interfacial spin-flip parameter (). We compare the relative contribution of bulk scatter-
ing and interfacial scattering to the overall MR. We notice that when + is greater (smaller) than
a critical value, yc, then MR increases with increasing (decreasing) Ry. Larger FM resistivity
results in lower MR if v > ~¢. Finally we show the effect of ( on MR. At high(low) (, which
signifies spin coherence at the interface is conserved(depolarized), MR increases (decreases).
We also analyze the competition between ~ and ( in contributing towards overall MR. Our re-
sults show that the negative effect on MR due to interfacial spin flip can be minimized by using
higher R;.

3.1.2.1 Theory

In the previous model (Model I), we have neglected the effect of spin-flip at the inter-
faces. In this model, we include the interfacial spin-flip effect. This is done by modeling
the interfaces as ultra-thin layers, in the limit of the interfacial layer thickness &; ap-
proaching zero, i.e. 6y — 0. This is illustrated in Fig. 3.4. “Interfacial resistiviy (p)”

and “interfacial spin diffusion length (\;)”, is related to the interfacial resistance (R;)
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Figure 3.4: Schematic illustration of the trilayer device in which interfaces are modeled as
ultra-thin layers

and interfacial spin flip parameter (¢), respectively, by the following relations:

pr — Rp/or, (3.7a)

Ar — Gor, (3.7b)

As far as interfacial parameters are concerned, the MR expression obtained in this man-
ner is only dependent on R, (, and -y but independent of other boundary parameters such
as 0;. Therefore this expression is suitable for ultra-thin interfaces, i.e. o; — 0. In the
numerical calculations, the bulk SDL is assumed to be much longer than the thickness
of each layer. This enables us to study the effect of spin flip in the interfacial regions

exclusively.

3.1.2.2 Result and Discussion

3.1.2.2.1 Interfacial Momentum Scattering We study the variation of MR as a
function of v for different values of R;. The calculated results are shown in Fig. 3.5
and Fig. 3.6. The dotted lines in both figures refer to the MR curve when CoFe is re-

placed by a hypothetical FM material with resistivity five times greater than CoFe i.e.
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Figure 3.5: (a) MR as a function of ~, for different R; values, (b) Magnified region of Fig.
2(a) in the range of v =0.38 to 0.4. The critical values ¢ corresponding to the different pr are
indicated. The curved arrows denote increasing R, which is expressed in units of Qm?2. ( is set
to 0o, i.e. no spin-flipping at the interfaces for both (a) and (b).

PFM = DpPcore, DUt having the same intrinsic conductance polarization.

Figure 3.5 shows the effect of v on the MR of the device, neglecting the effect
of interfacial spin flip, i.e. ( — oco. As shown in the figure, the MR variation with
increasing v is dependent on the value of ;. As indicated by the arrow in Fig. 3.5, if
v is greater (smaller) than a critical value 7, the MR ratio increases (decreases) with

increasing R;. The derivation of v is already shown in Sec. 3.1.1 [refer (3.6)].

It is worth noting that v is equivalent to the effective bulk polarization of the
trilayer with perfect interface, i.e. no interfacial spin flip and no interfacial scattering.
The MR behaviour in Fig. 3.5 can be explained as follows: when R; increases, interfa-
cial scattering becomes more dominant compared to bulk scattering. Therefore, if the
interfacial spin-selectivity is larger than the effective bulk spin polarization, i.e. v¢, then
the overall MR will increase with increasing R;. Likewise, a larger FM resistivity can

actually result in a lower MR if v > ~¢, which is contrary to general expectation. This
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Figure 3.6: MR versus spin-flip parameter ¢ for different R; values, expressed in {2m?. Curved
arrows denote increasing ;. Spin selectivity -y is fixed at 0.5.

can be seen by comparing the solid and dotted lines of Fig. 3.5.

It can also be noted that for the smaller value of R; considered, i.e. R; = 10~1°
m?2, the MR ratio is a constant value, independent of the value of . On the other hand
when Ry is very large i.e. Ry =1 Qm?, then MR ratio is independent of the resistivity
of the FM layer. This is because for very small (large) value of R;, the bulk (interfacial)
spin scattering is the predominant mechanism, such that the other contribution has prac-
tically no effect on MR. Note that although the values of R; considered are relatively
higher than the typical interfacial resistances of clean FM-NM interfaces (~ 10~%Qm?
),'%! they are comparable to experimental values after incorporation of thin nano-oxide

layers.!% Note that these effects of 7 is consistent with the previous model in Sec. 3.1.1.

3.1.2.2.2 Interfacial Spin-Flip Scattering Figure 3.6 shows the effect of interfacial
spin-flip on MR. A higher ¢ (i.e. smaller degree of spin flip) will cause an increase in
the MR ratio for any given value of R;. Therefore an interface which preserves spin

coherence (with a high ¢ value) enables a high MR value to be attained. Conversely, a
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strongly depolarizing interface will suppress MR, so that MR— 0 as ( — 0.

When ( — oo, MR achieves the maximum value corresponding to the MR ratio
when there is no interfacial spin flip, i.e. MR({ — o0). A careful examination of Fig. 3.6
shows when R; is high (relative to FM resistivity), MR not only achieves higher value
but also saturates at a smaller ¢ value. These results suggest that the negative effect of
interfacial spin flip on MR can be reduced by engineering an interface with higher ;.
However, it should be noted that the increase in /2; may result in an overall reduction of
MR if v < v¢, as we have shown in Fig. 3.6. It is therefore important for experimen-
talists to estimate the value of v, and prepare the sample such that, v > ~¢. A crude
approach to ensure that v > 7., is to choose v which is much greater than avr. When
this 1s achieved, effort should be focused on increasing R; so that MR increases sharply
with the reduction of spin flip as well as achieves higher saturation value. Reduction of
interfacial spin flip can be achieved by using clean interfaces especially with respect to

the absence of magnetic impurities or spin orbit coupling effects.

3.1.2.3 Conclusion

We develop a model to include the effect of spin scattering at the interface. Our results
show that proper engineering of the interface is an important factor to enhance the MR
of a CPP SV structure. If the interface has high spin-selectivity, i.e. v > 7¢, then higher
Ry is preferred. Otherwise, R; should be minimized. Interfaces with high ¢ always
results in high MR. The effect of ¢ on MR reduction can be minimized by increasing
R;. However, it should be noted that the increase in R; may result in an overall reduction
of MR if v < 7¢. Therefore, interfaces with higher v, i.e. v > ¢ and R; is preferable

for enhancing MR as well as reducing the spin flip effect.
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Figure 3.7: Schematic illustration of the penta-layer SV, consisting of a basic spin-valve trilay-
ers with FM2 insertions within the NM layer. The four interfaces of the device are denoted by
xr1, X2, X3, and Tq.

3.2 Effect of Layer Insertion

In the previous sections we have incorporated the effect of IR in the PSV device. Here, we
propose an alternative method to improve he MR by inserting a thin FM layer into the NM
spacer of a basic SV tri-layer (FM1-NM-FM]1), thus creating a pentalayer SV structure (FM1I-
NM-FM2-NM-FM1). We investigate the effect of increasing the resistivity (pg2) of the FM2 on
overall MR. For finite pr2, the MR profile is dependent on the intrinsic conductance polarization
(apa) of FM2. It is found that MR can be doubled by inserting a FM layer with high ap2, such
as the half-metallic C'r2O. We have numerically calculated MR, and the corresponding p o
values for different a9 values. Finally we also study the effect of spin relaxation on the MR of
the CPP SV.

3.2.1 Theory

We apply modified SDD model as described in Sec. 2.2 by increasing the number of
layers into five [Fig. 3.7] and applying the boundary conditions at each interfaces. We
study the effect of varying resistivity and conductance polarization of the FM2 layer on
the overall MR of the CPP SV. First we set the FM2 to be a free layer and performed
our calculation in the limit of SDL of all the layers approaching infinity, i.e. A — 0.
We analyzed the MR behavior of this device, and then utilize these behaviors to enhance
overall device MR. Following this, we studied the MR when a finite spin relaxation, A

is taken into consideration.
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Figure 3.8: (a) Plot of MR as a function of resistivity of FM2 layer, for the penta-layer device.
Infinite SDL is assumed. MR shows a monotonic decrease with increasing pro when aps <
agc. When aps > asc MR increases to a maximum before decreasing to zero. The maximum
is marked with a “red” triangle. (b) Maximum MR, MR,,,,, and corresponding value of FM2
resistivity, prog for varying apo is shown.

3.2.2 Results and Discussion

In the limit of A — oo, spin flip does not occur. Under this condition, the analytical

expression of MR for the device in Fig. 3.7(a) is given by

400ar1Rp1(ap Rp1(1 — a%?) +ap,Rpa(1 — a%l))
(2Rp1(1 —apy) + (1 —a ) (Rp2 + 2Ry (1 — apy))(2Rp1(apy + 1) — (1 — o )(Rp2 + 2R (1 + apy))
(3.8)

MR =

The MR curves with increasing ppo for different values of o, are plotted in
Fig. 3.8(a). For highly resistive FM2 layer, i.e. pry — 00, MR approaches zero re-
gardless of the value of apo. This is because at high ppo, the resistance of FM2 layer
becomes dominant compared to the resistance of both FM1 layers. Since FM2 is a single
free magnetic layer, the SV structure effectively becomes a single soft magnetic layer,
where RA” = RP. Therefore there is no MR effect observed in this structure. To the
other extreme, when pps is zero, MR converges to a finite value, MR. This finite MR

is a constant independent of the conductance polarization of FM2 layer. Substituting
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pro = 0 (or Rps = 0) into (3.8), we obtained the expression the basic SV tri-layer

without FM?2 insertion, i.e.

100a%, R%,

MRy =
0 (Rp1 + Ry — a3 Ry)?

3.9)

This is because at zero resistivity of FM2, the contribution of FM2 to overall
MR becomes insignificant. FM1 layers become dominant and thus the pentalayer SV

reduces to a basic trilayer SV with no additional layers.

For a finite pro, MR profile is more complicated and is strongly dependent on the
values of apo, due to resistance competitive effect. As shown in Fig. 3.8(a), there is a
critical value for the conductance polarization of FM2 layer i.e. ¢, below which MR
show a monotonic decreasing trend with increasing FM?2 resistivity. When aps > s,
then MR increases to a maximum of MR,,,., before decreasing to zero at large FM2
resistivity. These results show that insertion of new FM layer can only be effective in

enhancing MR if conductance polarization of that layer is greater than asc.

The analytical expression of a,¢ can be derived from (3.8) and (3.9), by equating
MR to MR,. Two values of FM2 resistivities, pr2, = 0 and pgo;, are obtained. MR
is higher than MR, within the range of prs, < pp2 < prop. Therefore to ensure
MR>MRy, praop has to be greater than pps, = 0. Thus the critical value, ay¢ is derived

by setting prap = pr2a = 0.

_ ap1pr1dr
pridp1 + pndn (1 — o))

o (3.10)

By solving IMR(pgs2)/dprs = 0, MR, and the corresponding FM2 resistivity,
pPr20 can be obtained. We have verified that the expression of oy is the same as the ef-
fective conductance polarization of the structure without FM2 insertion. This shows that

an increasing trend of MR can only be obtained when the conductance polarization of
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Figure 3.9: Plot of MR as a function of resistivity of FM2 layer for the SV penta-layer device
with finite Arp. MR value is lower when the when A is shorter.

the FM2 layer exceeds the effective polarization of all other layers combined. Otherwise
increasing ppo results in decreasing MR. It is important to note that i is smaller than
api. To relate our theoretical prediction to practical need, we numerically calculated
MR, and ppog values, for different oo values. As shown in the Fig. 3.8(b), the range
of prop and apo can be readily achieved in halfmetallic FM materials, e.g. C'rOy and
Heusler alloys. It is found that MR can be doubled by inserting a FM layer with high

intrinsic conductance polarization, such as half-metallic Cr,O.

Next based on the same SDD approach, we will consider the effects of spin relax-
ation. Fig. 3.9 shows the MR behavior of the SV penta-layer with finite A\p. The sim-
ulation results shows similar trend as in Fig. 3.8(a), with suppression of MR at higher
Ar. This is because finite A\p causes spin relaxation which reduces the polarization

throughout the SV.

In the above computation we assumed FM?2 has a free magnetization (M) that

rotates together with the M of the free layer, which implies it has a low coercivity.
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This greatly limit the scope of material selection for FM2. Alternatively for the SV
pentalayer, FM2 can be a fixed layer. Repeating the above derivation by fixing the M
for the FM2, we obtained the same MR results as in Fig. 3.8 and Fig. 3.9. These results
show that the magnetic switching property of the FM2 material would not affect the MR

behavior of our proposed SV penta-layer.

3.2.2.1 Conclusion

We have inserted FM2 layer in between the NM layer. We investigated the effect of ppo
on the overall MR. We found that MR can be doubled by inserting a FM layer with high
conductance polarization, such as half-metallic C'roO. We have also shown that spin

relaxation reduces the MR of the SV device.

3.3 Summary

In this chapter, we studied the optimization of MR by including additional resistive
components—1) IR and 2) additional layers—into a basic PSV device. In both cases,
we found that there is a competition between all the individual resistive components
in dominating the current polarization and thus the spin asymmetry of the device. Our
results show that this resistance competitive effect plays a very crucial role in MR opti-
mization. Due to this effect, an increase in the resistance of a layer/interface results in
higher MR only if the conduction spin polarization of the layer/interface is greater than
a critical value. We also analyzed the interplay between resistance competitive effect

and spin-relaxation for further optimization of the MR.



Chapter

Current Confinement Effects

In the previous chapter, we studied the effects of additional resistive components in a SV device.
In this chapter, we continue to study the effect of patterning/engineering the layers in a SV de-
vice. Patterning of layers not only effects the resistance due to areal change, but also gives rise to
the current confinement effect which further causes other phenomenon such as current crowding
and spreading resistance. Therefore, to optimize MR all these effects have to be considered.
We have also shown that by carefully utilizing these effects, device performance can be highly
enhanced.

4.1 Effect of Spreading Resistance on Magnetoresistance

We derive the MR that takes into consideration the effect of spreading resistance (SR) due to
the patterned layer in a SV structure. Our analysis is based on the i) SDD model and ii) finite-
element Poisson (FEP) solver. The SDD model does not take into consideration the effect of
SR due to patterning, whereas FEP includes the effect of SR. This enables us to compare and
analyze the contribution of both patterning and SR to the MR of the device. In a FM-NM-FM
structure, the NM layer was patterned into i) single and ii) multiple cylindrical structures. We
find that the spacer patterning and the resulting SR causes a significant increase (by 50%) of MR
at low area ratio of the patterned layer. Yet, MR of the patterned structure is lower compared
to the MR of the original structure. To overcome this problem, we pattern a FM layer inserted
within the NM spacer [refer Sec. 3.2]. This results in significantly higher MR.

Recently, in order to further enhance its MR ratio, and so maintain the high rate of
growth in the areal storage density of magnetic recording media towards 1 Tbit/in? and
beyond, intense research are done to modify the basic CPP GMR SV structure. One of

the proposed modifications is a confinement of the current path either across the spacer

layer®® or the FM layer.”? In this section, we analyze the effect of current confine-
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Figure 4.1: Schematic diagram of the spreading electric field lines between the NM spacer layer
in the middle and the adjacent FM layers of a spin valve structure. The spacer has been patterned
into (a) single patterning, and (b) multiple (5) patterning

Figure 4.2: Simulated potential drop across the (a)single patterned device, and (b) multiple (5)
patterning.

ment achieved by patterning selected layers of the CPP SV into cylindrical nanopillar
structures. Our analysis includes not only the resistive increase in the patterned layer,
but also the significant spreading resistance (SR) in the adjacent layers, due to the non-
parallel current flow into and out of the nanopillars. In order to determine the optimal
patterning, the effect of SR on the overall MR ratio is investigated for different nanopil-

lar geometry, such as cross-sectional area and packing density.
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4.1.1 Theory

The analytical SDD model [Sec. 2.2] calculates the spin transport through the trilayer
in the presence of spin relaxation. It accounts for the resistance increase due to the
patterning and the resulting current confinement in the spacer layer. However, the SDD
model does not take into consideration the effect of SR arising from the patterning. SR

effect is studied by using the finite-element-poison (FEP) method.

Next we describe the FEP method. The equilibrium current flux and potential
distribution across the device is calculated numerically by solving the Poisson equation,
using the ANSYS finite element (FE) solver. In the FE calculation, the device structure
is first discretized by tetrahedral meshing, and a unit current load is specified on every
FE node on the left boundary of the device, while the voltage is set to be zero at the right

boundary of the device [refer Appendix B].

We apply this FEP method to calculate the effect of SR arising from the patterning
of the spacer layer. The MR of the device is obtained by substituting these conductivity
values into the TC model which gives a good approximation since A of each of the
three layers is much longer than the layer thicknesses. From the FE model, we obtain
the potential drop corresponding to the different possible spin-dependent channels of
the TC model as shown in Fig. 4.3. Hence we obtain the overall potential drop across
the trilayer for the parallel, VP = V;; + V||) and anti-parallel, VAY = V|, + V;,

configurations. The MR ratio is given by M R = (VAP — VF) VAP,
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Figure 4.3: Four different possible spin-dependent current branches in two current model rela-
tive to the trilayer structure.

4.1.2 Results and Discussion

4.1.2.1 Current Confinement

We first investigate the effect of the patterning of the spacer layer on SR in the FM
layers. Fig. 4.1 shows the calculated electric field lines and spreading flux between
the constrained current paths in the middle spacer layer and the adjacent FM layers. The
spacer layer is patterned either as a (a) single or (b) multiple nanopillar structures, which
are cylindrical in shape. As shown in Fig. 4.1, the patterning of the spacer layer leads
to current crowding near the interfaces, which in turn gives rise to SR in the FM layers,
and thus increases the overall resistance of the FM layers. Fig. 4.2 shows the potential
variation across the device. Due to SR effect we can observe potential invariance in y-

and z- direction near the interfaces.

4.1.2.2 Magnetoresistance and Spreading Resistance

4.1.2.2.1 Trilayer Structure Next we analyze the MR ratio of the trilayer for three
different cases: (i) based on the SDD model, (ii) based on the FEP model but with the
spacer layer patterned into a multi-cylindrical (5-cylinders) structure, and (iii) based on
the FEP model, with the spacer layer patterned into a single cylindrical pillar structure.
In all three cases, the total cross-sectional (conducting) area of the spacer is reduced

to the same ratio Ag(< 1) compared to the non-patterned FM layers. Note that the
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Figure 4.4: (a) Solid (dashed) line shows MR (areal resistance, RA) as a function of the normal-
ized patterned area, Ag for different types of patterning. (b) Spreading factor, Fis as a function

of the Ag. Curve (i),(ii), and (iii) represents results from, SDD model, FEP model with multiple
(5) patterning, and FEP model with single patterning, respectively.

SDD model includes only the effect of current confinement within the spacer, but not
SR. Thus MR is only dependent on the patterned area Ar but not on the number of
cylindrical nanopillars. However, the results from the FEP model are dependent on the
number of nanopillars, since the effect of the spreading field lines and hence SR will
differ for single and multiple patterning. Fig. 4.4(a) shows the MR dependence on the
normalized spacer area Ap for cases (i), (ii), and (iii). The difference in MR of curves
(i), (i1), and (iii) of Fig. 4.4(a) is solely due to the effect of SR. We define a parameter,

spreading factor (F}) to characterize the SR:

VFE _ VSDD

F, = A.1)

VVSDD ’
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where VFE and VPP are the potential difference across the patterned trilayer structure
obtained via the FEP and SDD models, respectively. The dependence of F; on Ay in
the AP configuration is plotted in Fig. 4.4(b). As the size of the patterned spacer area
(Ag) reduces, the effect of SR increases, and this is reflected by a monotonic increase
of F with decreasing Ag. The value of Fj is also dependent on the number of patterned
nanopillars. This is especially so for low Ay values, where F is almost twice as large for
a single nanopillar patterning compared to multiple nanopillar patterning. The difference
is mainly due to the suppression of SR due to the interference of the spreading field lines
out of adjacent nanopillars. As Ag approaches one, i.e. in the limit of no patterning of
the spacer layer, I expectedly decreases to zero, indicating the absence of spreading

factor.

From Fig. 4.4(a), we found that the effect of the SR in the FM layers is to cause a
significant increase in the MR ratio (by more than 50%) for a highly constricted spacer
(i.e. low Ag). This is especially so when the spacer is patterned as a single cylindrical
nanopillar, for which the MR is about double compared to the MR obtained from the
SDD model, which neglects SR. Yet, patterning of the spacer still results in an overall
lowering of the MR ratio, i.e. the MR ratio of the patterned structures (Ar < 1) is
lower compared to that of the original trilayer without any patterning (Ar = 1). This is
because patterning causes two opposing effects on the MR ratio: 1) lowering of MR due
to the increase of NM layer resistance as a result of its lower cross sectional area, and ii)
increase of MR due to higher FM layer resistance as a result of SR. Thus, as shown in
Fig. 4.4(a), the first effect dominates over the second, leading to an overall decreasing

trend in MR when Ay, is reduced.
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Figure 4.5: Plots show MR and areal resistance, RA as a function of the normalized patterned
area, Ap for a penta-layer spin valve device with patterned FM insertions. Curve (i),(ii), and (iii)
represents results from, SDD model, FEP model with multiple (5) patterning, and FEP model
with single patterning, respectively.

This runs counter to our objective of enhancing MR via patterning and current
confinement. Thus, we propose further modifications to the trilayer SV structure, to

ensure that patterning will have a net positive effect on the MR ratio.

4.1.2.2.2 Pentalayer Structure The first modification is that a thin FM layer is in-
serted within the spacer layer to create a pentalayer structure [similar to the structure
discussed in Sec. 3.2]. The MR behavior of this structure has been studied in Sec. 3.2.
The second modification is that it is the FM layer instead of the NM spacer which is pat-
terned. The thickness of the inserted FM layer is 0.5nm. Fig. 4.5 shows the calculated
MR ratio of the proposed pentalayer as a function of the normalized cross sectional area
Apg of the patterned FM insertion. As before, we consider the three different cases of
SDD model with no SR, and SR with single and multiple patterning. Unlike Fig. 4.4(a),
a decrease in Ar due to patterning enhances the MR ratio up to a maximum point at
Apg of approximately 0.4 to 0.45 for the structure under consideration. Further pat-

terning causes the MR ratio to decrease. Thus, an optimal amount of patterning has
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to be performed to the FM insertion in order to achieve the maximum MR. Unlike the
earlier patterned trilayer structure, patterning the FM insertion into multiple cylindrical
nanopillars yields a higher MR compared to the single nanopillar patterning. To account
for this, we note that patterning of the FM insertion 1) increases its resistance due to
lower cross sectional area, and ii) increases the resistance of the adjacent NM layers
due to SR. The first effect enhances the MR while the second effect reduces MR, which
is a reversal of the effects of patterning the NM spacer in the trilayer structure. Since
patterning into multiple nanopillars reduces the second effect, it therefore results in a
higher MR ratio compared to single nanopillar patterning. Thus, in order to utilize the
patterning and current-confining method for MR optimization in a practical SV device,
one can for instance apply the partial oxidation technique, which has previously been

applied to a Cu-Al alloy® to achieve a multiple nanopillar patterning.

4.1.3 Conclusion

We derived the MR that takes into consideration the effect of SR due to the patterned
layer in a SV structure. In a FM-NM-FM structure, the NM layer was patterned into 1)
single and ii) multiple cylindrical structures. We found that the spacer patterning and
the resulting SR causes a significant increase of MR at low area ratio of the patterned
layer. Yet, MR of patterned structure is lower compared to the MR of original structure.

This was overcome by patterning a FM layer inserted within the NM spacer.
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4.2 High Spin injection with nanopillar FM nanostru-

ture

In this section, we report the prediction of a high SI ratio ~ into a SC contact, by using a FM,
small-sized, cylindrically patterned nanopillar as the spin injector. The increase in spin scattering
within the FM nanopillar injects spin current into the SC, effectually mitigates the blockage of
SI due to conductance mismatch. To minimize the SR which arises due to areal discontinuity at
FM-SC interface, a thin low resistance metal is inserted at the interface such that SR is contained
within it. With the insertion, we obtained ~y of as high as 40%, compared to just 3% without
insertion, and an even lower value of 0.5% without the nanopillar patterning.

Semiconductor (SC) based spintronics* allows the exploitation of spin as well as

the charge property of the electron for operation in devices. The inherently long SDL?"-2

104,105 means in semi-

and the manipulation of spin coherence by electrical and magnetic
conductors have led to potential spin-based memory, optoelectronic, and spin field-effect
transistor applications.!> A crucial element for the functioning of such devices is the

20.33.34 Previous efforts which

injection of spin polarized current into semiconductor.
utilize a FM metal layer for direct SI into the semiconductor layer have not proved ef-
fective, mainly as a result of the large conductance mismatch*° between FM and SC.
Although SI through a tunnel barrier can potentially achieve a high spin injection ratio,*¢

the device operation is susceptible to defect and impurity states in the barrier.'%

In this section, we propose the use of a FM nanopillar as a spin injector into
a semiconductor layer with a much larger cross sectional area. Additionally, a non-
magnetic metal insertion layer is required between the FM nanopillar and the semicon-
ductor layer, to act as a buffer layer to contain the high, spin-independent spreading
resistance (SR) that arises from the areal mismatch between the nanopillar and the de-
vice. Such SR effect tends to reduce SI if it is not contained within a low-resistivity

metal layer. Here we show that high SI into SC can possibly be achieved with the use
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Figure 4.6: Schematic illustration of the hybrid spin injection device. M1, SC, and FM denote
low resistive metallic conductor, semiconductor, and ferromagnetic metal, respectively. Arrow
shows current direction.

of a FM pillar injector and a Cu insertion layer. Our main discussion will be focused on
the basic working principles of our proposed spin injection device. We have neglected

interfacial effects like trap and defect states, as these do not have direct relevance to the

working principles of the device.

4.2.1 Theory

The structure under investigation is a hybrid FM-SC bilayer with a low resistance non-
magnetic metal (M1) inserted in between the FM and the SC layers, as illustrated in
Fig. 4.6. In our analysis we use NiFe, Cu, and GaAs for the FM, M1, and SC material,
respectively. The following material and transport parameters are assumed throughout
the paper: spin diffusion length, A\y;pe = 10nm, Aoy = 140nm, Ageas — 10, 000nm;
intrinsic conductance polarization, ay;r. = 0.4, acy, = @geas = 0.0; and resistivity,
prire = 1.16 x 1077Qm, poy = 1.68 x 1078Qm, paaas = 1073Qm. For comparison,
we first investigate the SI ratio into the SC layer in a FM-SC bilayer structure without
patterning into the pillar structure, and without the M1 buffer insertion [Fig. 4.6(a)]. We

define the SI efficiency into SC layer as:

Ii(z) = I (2)

7T @) + 1)

= (26(z) = 1)|,—p,, (4.2)

T = Tge
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Figure 4.7: Spin injection vs. pg for different structures. [triangular] basic FM-SC structure,
[circle] FM injector is patterned into pillars of smaller cross sectional area, Apy; = 4mnm?,
[square] an additional M1 layer inserted in between patterned FM and SC. Arrow indicates the
typical resistivity range for GaAs which can be varied by varying doping concentration. Inset (a)
shows the effect of current crowding. Inset (b) shows the non-uniform potential distribution due

to spreading resistance

By applying the SDD equations [refer Sec. 2.2], the SI efficiency can be derived as

follows:

QFAFPF

y = . (4.3)
Appr + dsps (1 — a%) coth (dr/Ar)

4.2.2 Results and Discussion

The calculated results are denoted by “triangular” curve in Fig. 4.7. For the typical
resistivity range of the SC layer (as indicated by the arrow in Fig. 4.7), SI efficiency
is extremely low, i.e. v < 0.001%. The low ~ value is expected, due to the presence
of the highly resistive nonmagnetic SC layer compared to the FM metal injector, thus
reducing the overall spin asymmetry of the device. As shown in the graph, a possible
method to improve the SI is by reducing the resistance of the SC material, and hence

the conductivity mismatch between the SC and FM metal. This can be achieved by
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increasing the doping concentration of the SC material. However, doping concentration

in excess of 102°cm =3 is technically difficult to achieve over a large layer depth.

Here we have proposed another method to increase the SI, i.e. by patterning the
FM layer into nanopillars with a small cross sectional area, as shown in Fig. 4.6(b).
After the FM injector is patterned into cylindrical pillars of cross-sectional radius r of
2nm, the resulting SI efficiency + is plotted as “circle” curve in Fig. 4.7. Patterning
the injector into a pillar structure leads to an enhancement of ~. For instance, at a SC
resistivity of 1075, + is increased from 0.5% to 3% due to patterning. However, despite

the improvement in , its value is still low (~ 1 — 3%) at the typical SC resistivity.

To explain the relatively low ~y value, we note that the large areal discontinuity
between the FM injector and the SC layer results in a current crowding [Sec. 4.1.2.1]
effect in the latter. The arrows in Fig. 4.6 show the schematic illustration of current
direction, hence the current crowding effect in the device due to patterned injector. In
Fig. 4.6(b), the current crowding effect is concentrated at the vicinity of the interface but
rapidly diminishes as we move further into the SC layer away from interfaces [refer the

insets of Fig. 4.7].

The result of the simulation is shown in the inset (a) of Fig. 4.7, where the cur-
rent direction becomes parallel as current propagates away from the interface. Current
crowding is responsible for depressing the v value, as it results in a large SR in the SC
layer, and thus increases the effective resistance of the SC layer. Inset (b) of Fig. 4.7
shows that the electrochemical potential distribution becomes non-uniform in the SC
layer. Non-uniform potential distribution is due to the abrupt interfaces and gives rise to

SR.



4.2 High Spin injection with nanopillar FM nanostruture 83

The magnitude of the SR can be estimated by considering the analytical SR value
of p/4r1% which occurs in the limit of (Asc/Apa) — oo, where Agc and Apy, are the
cross-sectional area of the SC and FM layers, respectively. Based on this approximation

the effective resistance of the SC layer is approximately given by:

v Asc 1) (4.4)

PSCeff = Psc (Wmdb@

Thus, the patterning of the FM injector results in two competing effects, i.e. 1) an
increase in the resistance of the FM injector and 2) the formation of SR in the SC layer
and hence the increase in the effective resistance of the SC as shown in (4.4). The first
(second) effect increases (reduces) the overall spin asymmetry of the device which in
turn increases (decreases) the . From Fig. 4.7 we can see that the first effect is more
dominant and thus improvement in SI is achieved due to patterning of FM injector.
However such SI value is still too low for practical device application. Therefore, to

increase the SI value we need to reduce the effect of SR.

Since SR is directly proportional to the material resistivity, the effect of SR can
be minimized by containing the SR in a low resistivity metal (M1) rather than the high
resistivity SC layer. To this end, we insert a thin Cu layer in between FM and SC, as
illustrated in Fig. 4.6(c). The current flux that is injected from the FM injector initially
radiates in all direction in the M1 layer, but eventually becomes collinear in the perpen-
dicular to plane direction prior to entering the SC layer. Therefore, there would not be
any current crowding and hence no SR effect in the SC layer. As shown by “square”
curve in Fig. 4.7, this insertion results in a very significant increase in 7, i.e. -y increases

from 3% to 37% with the insertion of M1 layer at a typical pgc = 107°Qm.

The M1 layer plays a crucial role in raising SI, thus we need to study the effect
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Figure 4.8: 3-D plot showing the variation of spin injection with pg and dz1. Spin injection
decreases with the increase of both pg and d ;.

of the thickness of the inserted M1 buffer layer (d,;;) and the SC resistivity (psc) on
SI. The calculated results are shown by the 3-D plot in Fig. 4.8. In the calculations, we
have assumed that the SR is completely contained within the M1 layer. Figure 4.8 shows
that SI decreases monotonically with both increasing SC resistivity and M1 layer thick-
ness. The M1 buffer layer is nonmagnetic, just like the SC layer, and thus increasing
its thickness dj;, will decrease the overall spin asymmetry of the device. Additionally,
an increase in dj;q will also result in greater spin-flip probability within the M1 layer,
which further reduces the overall SI. However, as mentioned earlier M1 plays the crucial
role of containing the SR. Therefore, in real device the M1 layer should be of the mini-
mum thickness required to contain the SR. In numerical finite-element calculation of the
current flux, we found that a small thickness of 5 — 6nm is sufficient to accommodate

the current crowding effect.
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4.2.3 Conclusion

We have presented a simple but effective method to enhance SI into SC from a FM
injector, by patterning the injector into a nanopillar, such that its cross-sectional area is
much smaller than that of the SC layer (Ar); < Asc). However the areal discontinuity
at the interface gives rise to the SR effect which reduces the +. To minimize SR effect,
we insert a thin low resistive metallic (M1) layer at the interface and thus contained
the SR within the low resistive M1 layer. By containing SR in M1 layer we manage to
obtain very high ~, i.e. v = 40% compared to only v = 3% (without the M1 layer)
and v = 0.5% (without patterning of the FM injector). Our results could provide useful
guidance to experimentalists intending to use FM material to polarize as well as inject

spin current into semiconductors.

4.3 Summary

We have studied the current confinement effect which rises due to the effect of pattern-
ing the layers in a SV device. The current confinement effect further causes other phe-
nomenon such as current crowding and spreading resistance. To optimize MR all these
effects was considered. We showed that device performance can be highly enhanced by

carefully utilizing these effects.



Chapter

Oscillatory MR due to Resonant
Tunneling Effect

In the previous chapters, we studied the electron and spin transport properties in a purely dif-
fusive regime. In this chapter, we study electron and spin transport across a 2DEG structure,
in which ballistic transport is assumed, given the long MFP within the 2DEG. We find that the
transport properties of the device, such as the transmission probability, the SI efficiency and the
MR ratio, all exhibit oscillatory behavior when electron energy is varied. The basis of these
oscillations is the resonant transport across the 2DEG. By utilizing this resonant transport prop-
erty, we further propose a SC-based gate controlled MR device that could perform the function
of a metallic SV, but with the advantage that its MR can be optimized (post-fabrication) and its
stability enhanced by controlling a gate bias voltage.

5.1 Resonant Tunneling in Diffusive-Ballistic-Diffusive

Regime

Here, we investigate the spin polarized resonant transport in a hybrid HEMT structure, with
source and drain electrodes made of FM material, while the channel consists two-dimensional
electron gas (2DEG). The electron transport in the FM layer is modeled using SDD model, while
across the 2DEG layer, ballistic transport is assumed, given the long MFP within the 2DEG.
By solving the two transport models self-consistently, we find that the transport properties of
the device, such as the transmission probability, the SI efficiency and the MR ratio, all exhibit
oscillatory behavior when the 2DEG layer width or the 2DEG Fermi energy is varied. The
basis of these oscillations is the resonant transport across the 2DEG, which is reminiscent of
the spin-polarized resonant tunneling (SPRT), observed recently in magnetic tunnel junctions
(MTJ). The hybrid device has distinct advantages over the metal-based MTJ structures in the
practical utilization of the SPRT effect. This is because the ballistic charge conduction through
the 2DEG enables easy tunability of the MR ratio and SI efficiency, by varying the doping density
and gate bias, while avoiding the exponential suppression of MR with barrier thickness, which
occurs in MTJ devices. Numerically, the hybrid HEMT device is predicted to be capable of
achieving a maximum MR and SI ratios approaching 20% and 40%, respectively, at the crest of

86
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their respective oscillations.

Quantum effects resulting in resonant oscillatory MR behavior, have been ex-
perimentally observed and theoretically predicted in double-barrier structures based on
DMS,?! and hybrid FM-SC materials,'®® respectively. Such oscillatory behavior may
potentially be utilized to manipulate and optimize the MR and SI ratios in SC-based
devices, as well as provide additional functionalities, such as spin-dependent resonant
tunneling devices in the coherent tunneling regime. The oscillatory MR behavior was
first observed in MTJ, where a thin NM metal layer is inserted in between the insulat-
ing tunnel barrier and one of the FM metal electrodes.!” The effect is ascribed to the
spin-polarized resonant tunneling (SPRT) effect involving quantum well states, and ex-
hibits TMR oscillations as the NM layer thickness is varied. Theoretically, the SPRT

110,111

effect was first modeled by a single band models, which demonstrate a nonzero

TMR in the presence of the NM insertion, thus contradicting the classical theory of tun-

1112

neling. Subsequently, Mathon et a provided a more refined theoretical model of

SPRT by incorporating more realistic band structures. Experimentally, various studies
have been conducted to investigate the SPRT effect in metal MTJ structures.!0%113-118
However, the SPRT oscillatory effect is found to be small'® 18119 or virtually unob-
servable.!*"!!7 Although, the use of double-MT]J structures'?’ may enhance some of the
quantum size effects, there are key obstacles to its realization in metal-based MTIJs: 1)
the TMR ratio decays rapidly (exponentially) with increasing thickness of the NM in-
sertion, ii) the oscillatory frequency is very high with modulation period of only ~ 1-2

nm, given the large Fermi wave-vector in the NM metal insertion, and iii) there appears

to be only one (rather inconvenient) method to modulate the TMR modulation, i.e. by
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changing the NM thickness.!%%-113. 118120

Thus, to overcome these difficulties, we propose the utilization of a hybrid high-
electron-mobilty-transistor (HEMT) structure, with source and drain made of FM mate-
rial, as shown in Fig. 5.1 to achieve the SPRT effect. The channel of the HEMT structure
consists of a highly-doped n** AlGaAs-GaAs 2DEG layer. Electron transport in the FM
layer is modeled using SDD model, in which the electron undergoes momentum and spin
scattering while traveling inside the FM layers. In the 2DEG layer, electron transmis-
sion is modeled as ballistic transmission, where the electron is transmitted across the
layer without any scattering. Spin polarization and momentum are preserved during this
transmission. Ballistic transmission in the 2DEG layer is achieved by ensuring that the

thickness of the layer is smaller than the MFP of electron in the layer.

The ballistic transport yields an oscillatory behavior, reminiscent of the SPRT
effect. Utilizing the SPRT effect may provide a potential method of optimizing the
MR ratio of the device, e.g. by setting the lateral dimension of the device to coincide
with one of the resonant MR peaks. The key advantages of this oscillatory MR effect
in SC as opposed to metallic MTJ devices are: 1) ballistic transport can occur in the
free conduction instead of tunneling regimes, so that the transmission probability is
not exponential suppressed with the barrier width, ii) the low Fermi wavevector in the
2DEG allows for larger modulation period, and hence obviates the need for precise
optimization of the 2DEG thickness, and iii) the use of the versatile 2DEG material
allows for other avenues of MR modulation. For instance, the MR ratio can be tuned
or controlled externally either by application of a gate bias or by changing the 2DEG

doping level, thus providing an added functionality compared to the usual metallic SV
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Figure 5.1: Schematic illustration of the hybrid SC-FM device based on the HEMT. It consists
of a 2DEG conducting channel between FM source and drain electrodes.

devices.

5.1.1 Theory
5.1.1.1 Spin drift-diffusive transport in the FM electrodes

We first present the spin transport model within the FM source and drain electrodes. w
refers to the width of the 2DEG layer. The subscript and superscript T (|) represent
the majority (minority) spin component, while the subscript S (F) refers to the semi-
conductor 2DEG (FM) layer. As described in Sec. 2.2, the general solution for the spin

accumulation Ay, (x) in the FM electrodes (i.e. layers =1 and 3) can be expressed as:

Api(z) = P;exp (;\U) + Q;exp <—;\C> ) (5.1)
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The coefficients P;, 1, P3 and ()3 can be solved by applying the following boundary

conditions at the FM-2DEG interfaces (x = 0 and x = w):

‘ . OAy (x

5O g0y = — 0] 52)
=0

. . OApus(x

i)y —e(wypy = - 22 53)

and at the terminals of the semi-infinite FM contacts (x = £00), where spin accumula-

tion vanishes:

Apy(z — —o0) = Aus(x — +o0) = 0. (5.4
Additionally, the continuity of the electrochemical potentials dictates that

Aps(w) — Ay (0) = —(AU) — AUY), (5.5)

where AUQl’T refers to the electrochemical potential drop of spin-up (down) current
across the 2DEG layer. Equation (5.2) and (5.3) are derived from (2.2) by consider-
ing the spin current at the interfaces. Due to ballistic transmission, we assume no spin
flip scattering in the 2DEG layer, and thus j; | (0) = j;,;(w). Solving the above bound-
ary conditions i.e. (5.2) to (5.5) simultaneously, yields the following expressions for

Py, Q1, P; and Y3, and the current polarization at the two FM-2DEG interfaces 3(0)

and [(w):
T 1
P = M7 (5.62)
w/Ap I T
Qs = (AU; AU,) : (5.6b)
Q=P = 0, (5.6¢)

(Ltar) ((A-ar)(AU; —AUy) ) (560
2 dejpAppr
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Note that 5(0) = [(w) due to the absence of spin flip in the 2DEG layer. From the
above results, the spatial variation of spin accumulation Ay in (5.1) can be determined.
Subsequently, the spatial profile of 3(z) across FM layers are obtained by considering
(5.2) and (5.3) for an arbitrary position z. The solution 3;(z) is then substituted into
(2.2), and after integration, the spatial dependence of the electrochemical potential for
both spins, 141 | (), is obtained within each FM layer.

To analyze the MR, we let layer-1 be the pinned FM layer with a fixed magnetiza-
tion, while layer-3 is the free FM layer, whose magnetization orientation can be switched
by an external field. The solutions in (5.6a) to (5.6d) apply for the case of P configura-
tion. We repeat the above analysis for the AP configuration, where the magnetization of
layer-3 is in opposite direction to that of layer-1. The spin-dependent resistivity of the

(ﬁp ) are related to one another as follows:

FM layers in the P and AP configurations p];T
PPILL = Pr1) = Pt

In computing the MR ratio, we consider the electrochemical potential drop be-
tween z = —Ap and £ = w + Ap, 1.e. a thickness of Ar in each of the FM contacts. This
is because A\ is the lengthscale across which the spin dependent resistance changes will
occur.>® The explicit expression for MR is given by:

RAP — RP B At — Apb
RP Auf
(1= 03) ((1+ ap)AUL + (1= ap)AUS +dejrdrpr)

MR =

where RAT(RT) refers to the overall resistance in the AP(P) configuration, and A,uOP AP —

pd A (@ = =) — Apd T (2 = w + Ap). po is the linear (ohmic) component of elec-
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(a)

.

Figure 5.2: (a) Schematic diagram showing the energy barrier in the hybrid HEMT structure.
Only spin-up component is shown. (b) Schematic band-diagram of the structure showing the
origin of Uy and U,,.

trochemical potential, which is the equilibrium spin-independent component of either

py () or o ().

5.1.1.2 Ballistic transport model within the 2DEG

Next we model the electron transport in the layer-2, i.e. the 2DEG layer. We assume
the electron’s MFP to be longer than the 2DEG layer width, so that electron conduc-
tion can be described by a ballistic spin-dependent transmission model. We consider

the parabolic-band effective-mass approximation, so that (by referring to Fig. 5.2), the
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Schrédinger equation for layers-1 to 3 can respectively, be written as:

R ()
2mp  0(x)

W PUL(x AU
— > (@) U, — wQ | Ul z) = (Epy + AUPH)T (2)(5.8b)

i UlT’l\IfI’l(l’) = (Epm + (my)\ﬂ’l(x), (5.8a)

K2 82\11;71(:6) .
_ ) \:[]T7l — E Tvl \IJT?l . .
dmr  0(2) + Uz Wy (z) (Ernm + 0y )Wy (). (5.8¢)

For the FM layers, the above equations [i.e. (5.8a) and (5.8c)] are applicable only at the
interfacial regions (z = 0 and x = w), where ballistic transmission occurs between the
FM and 2DEG layers. Away from the interfaces i.e. within the bulk FM, the electron
transport is more accurately described by the SDD equations of (2.2) and (5.1). The
potential energy in the FM regions in the P configuration are given by UlT =0, Ull =
Un, U3T = —AU2T , and U3l =U, — AUQL, where U, is the energy difference between
majority and minority spins due to the molecular magnetic field within the FM material
(see Sec. 1.2.1.1), and AU2T )5 the potential energy drop across the 2DEG for spin up

(down) electrons, respectively.

In the AP configuration, we assume the magnetization of layer-3 is reversed. Thus,
in layer 3, the potential energy terms for the two spin orientations are interchanged, i.e.
UM = U,, — AUJ, and U™ = —AU}. As shown in Fig. 5.2(b), U, in (5.8b) is the
shift in potential energy so as to align the 2DEG Fermi level with the Fermi level of the
FM layers. Thus, Uy = Epy — Erg, where Epy and Epg are the equilibrium Fermi
levels of FM and 2DEG layers, respectively. mr and mg are the effective electron mass
in the FM and 2DEG layers, respectively, while (Ml’é) represents the non-linear part

of the electrochemical potential at the left (right) FM-2DEG interface. This non-linear



5.1 Resonant Tunneling in Diffusive-Ballistic-Diffusive Regime 94

component is the deviation of the electrochemical potentials of the two spin channels
pht from the ohmic electrostatic potential, due to spin accumulation at the interface.
The relationship between 5;4:%,, and the spin accumulation Ay 3 of (5.1) is given by
opl + opt = Apy(0), and o) + dps = Aps(w), respectively. Solving the above

Schrédinger equation yields the following electron wave function in each region:

Uht(x) = Cltexp(ik]t) + DI exp(—ik]h), (5.9a)
1.l 10\ V3
\I/;l(x) _ CQHAi (Ery — Us)w + AUz [ 2mg AU,
AU wh?
1/3
Epy — U, AUMz (2msAUJ!

L plipi | Eru Z)ﬁ’f 2 T (s . (5.9b)

AUy’ wh
\If;i(x) = C;l exp(ik;jl) + Dg’l exp(—z’k;l), (5.9¢)

where the wave vector at the FM layers interfaces are
VA mBET - mpduld — mpUY

ks = : (5.10)

h

The coefficients ClT,’Q{3 and DIZ%,S are determined by applying flux and wave function

matching at the FM-2DEG interfaces:

oy = »iho), (5.11a)

Pw) = vit(w), (5.11b)
L—dwl(x) = L duit) (5.11¢)
mp dx L mg dx 7’ '
L_dwlii(:c) = L i) (5.11d)
mg dx - mrp dx ’ '

DIt = o, (5.11e)
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Equation (5.11a) and (5.11b) are obtained by applying wave function matching at the
interfaces. Equation (5.11c) and (5.11d) are obtained by applying flux matching at the
interfaces. Since there is no reflected wave at the final FM layer (layer-3), (5.11e) de-
notes zero amplitude of the reflected wave there. By solving these equations we obtained
the ratio, (C; ot / CI ’l>. The ballistic transmission probability across the 2DEG layer is

then given by:
B k;;7l
kI7l

o)

1,1
T ClT’i

. (5.12)

Assuming perfect ballistic transmission, the (areal) resistance across the 2DEG layer

can be obtained from Landauer’s formula as:
—Ty, X AF (5.13)

where n,, is the number of transverse modes and A is the cross-sectional area(in y-z
plane) of the device. To simplify our analysis, we restrict our analysis to one transverse
conductance mode only (n,, = 1). This may be achieved in practice e.g. by constricting
the FM-SC interface to a narrow channel, so that it acts as a mode filter, which allows
only one transverse mode to pass through. We have also neglected any effects arising
from Schottky barriers at the FM-2DEG interfaces. This is because, the presence of a

' is an un-

Schottky barrier, although it may possibly increase the overall MR ratio, '?
desirable feature in practical GaAs/AlGaAs 2DEG heterostructures, for which ohmic

contacts are much preferred.!'??

5.1.1.3 Ballistic-Diffusive Self-consistent approach

To complete the transport calculations, we have to unify the ballistic and diffusive trans-

port within the 2DEG and FM layers, respectively. This is performed based on our
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earlier scheme,'?* in which the link between the two transport regimes is established by
considering the spin accumulation component of the potential x!}. The values of 6!
at the FM-SC interfaces are determined by the SDD relations [i.e. (2.2) and (5.1). These,
in turn, contribute to the kinetic energy of electrons undergoing ballistic transmission at
the FM-2DEG interfaces, and hence affects 7"} across the 2DEG [from (5.10) and
(5.12)]. Additionally, we assume the conduction electrons are sufficiently equilibrated
after undergoing ballistic transmission across the 2DEG, so that the total potential drop
experienced by the electrons across the 2DEG is given by AU2T b= j}’lR;l. For sim-
plicity, we have the neglected the detailed analysis of thermobalistic current in the equi-
libration process.!?* Conversely, as can be seen from (5.9a) to (5.9b), and (5.13), 71
itself is also a function of AU2T '+ Based on the above interdependence, a self-consistency
loop can be established between the ballistic and SDD transport calculations to solve for
T"! and hence R;l across the 2DEG. The self-consistency calculations are performed

until the values of R;l have converged to better than 0.1% accuracy.

In the numerical calculations, we assume the hybrid structure to be composed
of the following materials: FM electrodes of nominally half-metallic Fe3O,4, and the
SC conducting layer consisting of a highly-doped n** AlGaAs-GaAs 2DEG. Unless
otherwise specified, the following parameter values are assumed: EFrg = 3.5meV,ap =
0.7,jr = 1A/m? pp = 107*Qm, Ar = 50 nm x50 nm (in y-z plane), A = 100 nm,
mr = Im, = 9.1 x 1073 kg, mg = 0.067m,, Epy; = 11.10 eV, U,,, = 0.25 eV and

w = 40 nm.
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Figure 5.3: (a) Thick (Thin) line shows the MR (log;,(Rz2)) variation with change in Fermi
energy of the 2DEG. (b) Thick (Thin) line shows the variation of the SI ratio (17") with the 2DEG
Fermi energy.

5.1.2 Results and Discussion

Based on the self-consistency transport model described above, we investigated the spin
transport behavior in the hybrid FM-2DEG structure. We focus our analysis on the ef-
fects of varying the following parameters of the 2DEG layer: i) Fermi energy (Frg), and
ii) width (w), on transport properties such as the MR and SI ratios, 2DEG resistance Ry,
and the transmission probability 7. Since the transmission curves of both spin-up and
down electrons show similar oscillations with respect to F/rg and w, we have therefore
considered the mean transmission probability, T = (T +T') /2 across the 2DEG layer.
The mean value of 7' is also used in calculating the MR ratio, thus indicating that the

oscillatory MR effect originates from both spin channels.

Referring to Fig. 5.3(a), we obtain a general trend of decreasing resistance of

2DEQG layer as the electron energy in the Fermi level, F'r¢ is increased. This is due to the
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Figure 5.4: (a) Thick (thin) line shows the MR (log;,(R2)) variation with change in SC thick-
ness, w. (b) Thick (thin) line shows the transmission probability, ST (T') variation with change
in SC thickness, w.

fact that electrons with higher kinetic energy can transmit across the 2DEG layer more
easily, as shown by the dotted curve in Fig. 5.3(b). However, the decrease in R is not
monotonic, but exhibits an oscillatory behavior with increasing E'rg. This oscillatory
behavior is due to the resonant ballistic transport across the 2DEG layer of finite width w.
It should be noted that in the ballistic transport, the electron energy is always larger than
the potential barrier height U, within the 2DEG layer [see Fig. 5.2(a)]. At the resonant
peaks of transmission, 7" approaches almost perfect transmission of 100%. Noting that
R, is inversely proportional to electron transmission probability 7" [see (5.13)], the curve
for Ry in Fig. 5.3(b) thus shows an inverse dependence on £'rg compared to that of 7'.
The MR ratio exhibits an opposite trend, i.e. oscillatory increasing trend with
Erg, compared to R, [see Fig. 5.3(a)]. This may be explained as follows: when the
resistance 75 of the 2DEG layer is higher, the spin-dependent scattering within the FM

layers becomes relatively less dominant. Since the spin asymmetry of R5 is much lower
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than that in the FM layers, the relative decrease in FM resistivity reduces the overall
spin asymmetry of transport across the FM-2DEG structure, and thus depresses the MR
ratio. The results indicate that we can in general improve the MR ratio by increasing
the doping density of the SC layer, 1.e increasing the Fermi level within the 2DEG con-
duction band. More importantly, the strongly oscillatory MR behavior can be exploited
for certain applications. For instance, by changing Erg either by changing the 2DEG
doping level or by applying an external gate bias, one can induce a large increase in MR.
This is especially at for low values of Erg < 20 meV, where the MR changes from a

low of 2% to a high of 17% within AErg ~ 5 meV.

Next we analyze the effect of increasing 2DEG layer thickness w on the spin-
dependent transport. As before, the resonant ballistic transport across the 2DEG results
in an oscillatory behavior in 7" and hence R, with changing w, as shown in Fig. 5.4(a).
We assume the range of w considered to be within the MFP of electrons in the 2DEG.
For the parameter values used, the minimum R» occurs when the thickness of w = 40
nm, and this minimum value repeats for every Aw = 40 nm increment in the 2DEG
thickness. Due to the inverse relation between MR and Rs, the MR ratio reaches a max-
imum value at the minimum R,, and varies with the same period as R,. The period
of oscillation is significantly larger than the MR oscillations seen in MTJs, where Aw
is typically ~1-2 nm.!%-118:119 Another striking difference is the constancy of the am-
plitude of oscillations in the hybrid FM-2DEG device, as w is varied. By contrast, the
amplitude of oscillations in MTJ devices undergoes a rapid (exponential) decrease with
w.'% 118 This is because in the MTJ devices, the SPRT effect arises charge tunneling
and quantum well states within the NM spacer, while in hybrid FM-2DEG devices, it is

due to the ballistic transmission of free electrons across the 2DEG. The two differences
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result in greater practical convenience to modulate the MR ratio in the hybrid device,
because i) the large Aw values means that it is unnecessary to achieve high resolution
of within a few A in optimizing w, and ii) the constant amplitude of MR oscillations
means that w can be varied without incurring an exponential suppression of MR and

conductance.

In addition to the MR ratio, another important parameter for SC-based spintronics
devices is the SI efficiency between the FM and SC layers. The SI ratio is defined as
the spin polarization of current at the FM source electrode-2DEG interface, i.e. SI =

(jrr — Jry)/jr = 2B(xz = 0) — 1. Sl is calculated in parallel configuration.

The variation of SI as a function of E'rg and w is represented by the thick curves
in Fig. 5.3(b) and Fig. 5.4(b), respectively. To explain the SI trend in Fig. 5.3(b), we
note that an increase (decrease) in the 2DEG resistance R,, and concomitant decrease
(increase) in the relative contribution from the FM lead resistances, result in an overall
increase (decrease) of the spin asymmetry of current through the structure. This in turn,
causes a decrease (increase) in the excess majority spin current, Aj = j; — j;, and hence
a reduction (increase) in the SI efficiency into the 2DEG. We thus obtain a variation of
SI with Erg [Fig. 5.3(b)] which is in tandem with that of MR, and in opposing trend
to that of R,. As for the SI trend with the width of the 2DEG layer (w) as plotted in
Fig. 5.4(b), we observe an oscillatory variation of SI with w, which is similar to that of
MR. In general, the SI efficiency is significantly higher than the MR ratio, and attains a
maximum value of 40%, compared to the maximum MR of 16%. This is in agreement

with the general approximation that MR = (SI)? (see e.g. Ref*).

The ballistic mode of transport through the 2DEG confers the ability to tune the
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SI efficiency by modifying the doping concentration or the width of the 2DEG layer,
similar to the case of the MR. For instance, at low EFrg <20 meV, one can effect a
four-fold increase in SI from 10% to almost 40% within AErg ~5 meV. As for the
case of MR, the ballistic mode of transport through the 2DEG confers the ability to
tune the SI efficiency by modifying the doping concentration or the width of the 2DEG
layer. Ballistic transmission also enables a much higher SI and MR ratios to be attained
compared to hybrid SC-FM devices operated in the diffusive regime. In the latter, direct
SI from a FM metal into a SC material suffers from the conductivity mismatch problem,
thus yielding a SI efficiency of only ~ 0.1% and an even smaller MR ratio of < 1072%.%
By contrast, our calculations predict that in the presence of resonant ballistic transport, a
maximum SI efficiency approaching 40% is attainable [see Fig. 5.3(b) and Fig. 5.4(b)].
This compares favorably even with hybrid FM-SC structures which utilize tunnel or
Schottky barriers, where SI efficiency of ~ 32% has been observed.* In addition, in
the latter structures which are based on tunneling transport, high MR and SI ratios are
usually attained by increasing the tunneling resistance and hence suppressing the device
conductance. They also do not exhibit the tunability of MR and SI ratios by external
means, which is afforded by the resonant ballistic transport in our device, as described

earlier.

5.1.3 Conclusion

We developed a model that combines the semiclassical SDD transport inside the FM
electrodes, with the ballistic transmission of electrons across the 2DEG layer. Based on

a self-consistency scheme, we numerically calculate the spin transport across the hybrid
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FM-2DEG structure. We focus our analysis on the effects of varying the Fermi level
Erg and width w of the 2DEG layer, on transport properties such as the MR and SI
ratios, and 7" across the 2DEG layer. Our calculations reveal strong oscillatory behavior
in both the MR and SI ratios, owing to the ballistic resonant transport across the 2DEG,
and reminiscent of the SPRT effect, recently observed in metal-based MTJ structures.
Our proposed hybrid HEMT structure has several distinct advantages compared to MTJ
in practical realization of the SPRT effect in future devices. These include the easy
tunability of the MR and SI ratios either by changing the 2DEG doping level or gate
voltage bias (which is not possible in metal-based devices) and the absence of any expo-
nential suppression of MR with barrier thickness. Based on realistic parameter values,
we predict that the hybrid HEMT is capable of achieving a maximum MR and SI ratios

of approximately 20% and 40%, respectively.

5.2 Active MR device

In this section, we further propose a SC-based gate controlled MR device that performs the
function of a metallic SV, but with the advantage that its MR can be optimized (post-fabrication)
and its stability enhanced by controlling a gate bias voltage. Our device is a HEMT structure
with electrical gates fabricated on top of the electron conduction channel. The source and the
drain of the device are made of FM materials. We analyze the MR and SI behavior of this device.
We also investigate the effect of the following parameters on the performance of the device: 1)
channel length, 2) 2DEG and FM material choices, 3) magnetic exchange energy and 4) multiple
gates vs. single gate.

As explained in the previous section, due to long MFP, ballistic transmission can
be achieved in the 2DEG structure. This promises a form of low resistance tunneling
MR device compared to the multilayer TMR spin valve. Another advantage of using a
15,125-128

2DEG structure is the ability to control electron transport by using gate voltage.

This enables us to optimize the MR (post-fabrication) by adjusting the gate bias. Gate
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controlled MR and and spin transport have already been shown experimentally in car-
bon nanotube and graphene.'?*"!3! In this section, we proposed a SC-based MR device
that could perform the function of a metal SV, but with the advantage that its MR can
be optimized (post-fabrication) and its stability enhanced by controlling the gate bias

voltage.

Our device consists of a HEMT structure with electric gates deposited on top of
the 2DEG channel to control the electron transport.'>"1?® The source and drain elec-
trodes are made of FM materials, in which the density-of-states (DOS) of majority and
minority electron states are not symmetrical. For MR measurement, the source’s mag-
netization is fixed in one direction, while the drain’s magnetization is free to rotate. The
device is considered to be in the P (AP) configuration if the magnetization of both source
and drain electrodes are aligned parallel (anti-parallel) to each other. Due to asymmetry
in DOS, the potential barrier experienced by the electron differs in the P and AP states,
and thus the electron transmission probability (T) as well as the channel resistance is
different for P and AP configurations. In this design, care is taken to ensure that the
electron conduction channel is much shorter than the electron’s MFP in 2DEG, so as to

ensure electron transport is strictly ballistic in the 2DEG.

5.2.1 Theory

To investigate electron transmission (T) across the channel we set the wave function in

each region-: as follows:

exp(+ik;x)
Ui(z) = ( A B (5.14)
exp(—ik;x)
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Figure 5.5: Device structure for (a) a single-gate device, (b) a triple-gate device. The
band diagram and magnetic exchange energy (hg) for FM materials in P and AP config-
uration are shown in (a).

where A; and B; are unknowns that need to be determined. The wave vector k; is

2mi
B2

given by: k; = (E, — U;), where E, is the total energy of the electron, m; is
the effective mass of the electron, and U; is the electric potential experienced by the

electron. To obtain the values of A; and B; at each region, we set the following boundary

conditions:

1 dy, 1 dv,
1 dtilz) = +1(7) (5.15b)
my; dx mMit1 dx
Tr =z T =T;

Equation (5.15a) shows the continuity of wave function across the device and (5.15b)
shows the continuity of electron flux across the device. The spatial position of the bound-
ary in between region-(z) and (7 + 1) is given by z;. Since there is no electron reflection

in the drain electrode, By, 1S set to zero. Once A; and B, are solved, transmission
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probability, T" across the device is obtained as follows:

T — Udrain |Adrain|22 = kdrain/mdrain |Adrain|22 (516)

Usource |Asource’ ksource/ Msource |Asource‘

where subscripts “source” and “drain” refers to the left and right FM electrodes, re-
spectively. Actually, a more rigorous calculation should take into consideration the self-
consistent alignment of spin electrochemical potential in the FM contacts with the Fermi
levels of the semiconductors. To simplify calculation, we will only focus on the ballis-
tic spin-dependent transmission across the 2DEG channel in this case, which ultimately

describes the same MR oscillatory behavior.

For a singly gated device, we divide the device into 3 regions, i.e. 1) source
electrode, 2) 2DEG channel, and 3) drain electrode as shown in Fig. 5.5(a). In the P
configuration, minority spin electrons in both the left and right leads will experience a
potential barrier of strength h( due to the magnetic exchange energy in the FM layers.
In AP configuration, minority spin electron in the left lead, and majority spin electron in

the right lead will experience a potential barrier of strength h.

In the channel region, the Fermi level of 2DEG (Erg) aligns with the Fermi level
of the FM leads (Er)). Thus, at zero gate bias, the total energy of an electron through
out in the device, E,, = Ep);. Due to Fermi level alignment, the build in potential
barrier in the channel region is given by, AEr = Ery; — Erg, where Frg is the Fermi
energy of the 2DEG layer. When a gate bias voltage of V, is applied in the channel
region, the electrons in the channel region experience a potential energy of U, which is
caused by the potential barrier due to the Fermi level alignment (A E'r) and the potential

energy due to gate bias voltage (eV,), i.e. U, = AFEp +eV,. For simplicity, in this paper
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we assume U, to be the effective gate potential, and thus the effective electron (kinetic)
energy in the channel is given by, Eeg = £, — Uy, = Epy — Uy. Thus the wave vector

in each region is

Kay = \/ 2T”;;,Z’Q’?’)En—(o,Ug,O) (5.17a)
Hoon = | 828, — (b Uy (5.17)
ke = \/me(ilézg)En—(OaUgaho) (5.17¢)
kf(f,z,?,) = \/Qm;ﬂ.;z’g)En—(ho,Ug,O) (5.17d)

Region-1,2, and 3 (as indicated by the subscript) refers to source, channel, and drain re-
gions, respectively. Note that the potential barriers in the source and drain regions differ
for different magnetization configuration, i.e. P or AP. Solving the flux and wave func-
tion continuity, we obtained the analytical expression for the transmission probability
across the device as follows,

4Kov K1 K5

T=|—
GszkQ(Kl — KQ)(Kg — KQ) — (Kl —+ KQ)(Kg -+ KQ)

(5.18)

where K; = k;m;, and d is the channel length. By replacing (5.17) into (5.18), we can
obtain T for minority and majority current in both P and AP configurations, i.e. T, TlP ,

TTAP, ande‘P.

5.2.2 Results and Discussion

Based on simple asymmetrical transmission theory, we will analyze that the resulting

MR and SI of a strictly ballistic lateral device shows interesting oscillatory behavior
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that can have important implications to experimental detections. In this section, we
will investigate the MR and SI variation with applied gate bias voltage for two differ-
ent structures, namely the 1) singly gated [Fig. 5.5(a)], and 2) triply gated [Fig. 5.5(b)]
devices. We also study the effect of material and structural parameters, such as the ef-
fective mass of electron in the 2DEG (m3, ;). the magnetic exchange energy (hy), and
the channel length (d) on the performance of this device. For the following simulation,
unless otherwise stated, we use the following parameters: Fermi level in FM electrodes,
Epy = 5eV, hg = 0.6 Epm, d = 25nm, and m5 5o = 0.04me (InAs).

Figure 5.6 shows the variation of a)MR and b)SI with E.g = E,, — U,. In varying
Eeg, we set En = Epy and varied U,. Therefore, E.g indicates the change in the

applied gate bias. Here we define MR and SI as:

MR = (G —G*")/(GF 4 GAT) (5.19)

SI = (GY —G))/(GT +G7) (5.20)

where Gi ’f‘ = (¢?/ h)TTI? iAP.m Note that SI was calculated at parallel configuration.

The plot in Fig. 5.6(a) shows an oscillating MR trend with increasing E.g. In
fact MR oscillates between positive and negative values in the low energy range. In the
higher energy range, i.e, E.q > 0.5Er)/, oscillation occurs mainly within the positive
MR region. The oscillatory behavior we revealed here provides important information to
experimentalists with respect to device optimization. Before device fabrication, channel
length and other device parameters have to be carefully optimized. Once the device has
been optimized during fabrication, gate bias provides the fine tuning of the MR strength

to achieve high MR. At some voltage points, MR can be eliminated completely from the
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Figure 5.6: (a) MR (b) SI variation for a single-gate device. (i), (ii),and (iii) shows the
effects of 2DEG effective mass, channel length and magnetic exchange energy of the FM
material, respectively. (c) Conductance variation for majority and minority current in P
and AP configurations. Unless otherwise indicated on the graph the material parameters
are shown in the box at the right of the figure. SI is computed at P configuration.

device, in which case the device provides only simple functions of biasing and matching;
in electrical term, this device acts as a buffer.

Figure 5.6a(i) shows the MR oscillation when different materials are used for the
2DEG layer. Materials with lower effective mass, e.g. InAs (m* = 0.014me) results in
a lower frequency of MR oscillation. Besides, the average MR value is also higher when
the effective mass is lower. The reduction in the MR oscillation frequency also causes

the device to be less sensitive to small changes in gate voltage. This effect is desirable



5.2 Active MR device 109

as it increases the stability of the device while maintaining the advantage of fine-tuning
MR with gate voltage. Next we analyze the effect of increasing the channel length in
Fig. 5.6a(ii). Our results show that when the channel length is 15nm as opposed to
40nm, MR oscillation reduces its frequency. In the case of shorter channel length with
lower frequency, we also noticed that the MR oscillation shifts to mainly within positive
values at a lower energy value. Thus device with shorter channel length and lower 2DEG
effective mass is more preferred as far as the ease of optimization is concerned. Unlike
effective mass and channel length, results in Fig. 5.6a(iii) show that variation in the
magnetic exchange energy of the FM material has no effect on the frequency of the MR
oscillation. However, the average MR values increases considerably with increasing hy.
This observation is consistent with well-accepted understanding that FM materials with

higher spin-asymmetry in DOS could increase the MR values of SV devices.

The variation of SI with E.g is plotted in Fig. 5.6(b). The SI vs. E.g curve also
shows an oscillatory trend with an increasing average magnitude. The effect of Ay, d,
and m.g on Sl is similar to the effect of these parameters on MR. However the oscillation
frequency of the MR curve is two times greater than the oscillation frequency of the SI
curve. The oscillation of both MR and SI is related the oscillation of the conductance,
G [refer Fig. 5.6(c)]. It can be seen that a peak in MR curve is obtained whenever there
is either a peak or a valley in the G curve. This result is significant as it enables us
to obtain high MR (MR peak) at high conductance (conductance peak). However the
relation between SI and G is different. Each peak (valley) in the SI curve corresponds
to a valley (peak) in the G curve. This result is undesirable because large SI is obtained
when the G is low. Therefore the gate bias should be tuned such that both SI and G are

optimized.
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MR(%)

Figure 5.7: (a) MR and (b) SI variation for a triple-gate device. Unless otherwise indi-
cated on the graph the material parameters are shown inside the box atthe right of the
figure.

We will now study the MR and SI variation in a similar device but with three gates
as shown in Fig. 5.5(b). In this structure, we designed the channel to be of total length
d = 30nm with each gate taking up a length of 10nm. The effective gate potential, Uy,
or Uy, s applied at the gates in the way shown in Fig. 5.6(b). In Fig. 5.7, we varied Uy
while fixing the value of U,;. For extreme values of Uy values, i.e. Uy = 0EF); and
Ug = 1EF, high average and relatively less oscillatory MR values has been obtained
for a large range of Uyy. This simple simulation shows that the magnitude of MR and
SI as well as the stability of the device can be improved rather significantly by using a

triple gate device structure when optimized with appropriate gate bias values.
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5.2.3 Conclusion

We have designed a semiconductor based MR device that could perform the function
of a metal SV, but with the advantage that its MR can be optimized (post-fabrication)
and its stability enhanced by modulating resonant transmission of electron with gate
bias voltage. We showed that short channel length and low effective mass reduces MR
oscillation frequency, a feature we call stabilization which makes MR optimization easy
to carry out. Our observation of average MR increasing with the magnetic exchange
energy is consistent with general understanding of the role played by spin asymmetry
in FM materials in contributing to MR. Last, we designed a triple-gate ballistic device
that shows even more predictable MR behavior compared to the single-gate structure.
With lateral device feature size approaching sub-10nm in CMOS technology, ballistic
oscillatory MR behavior should be evident in the device we proposed above and should

be investigated in greater depth for possible applications in recoding or low field sensing.

5.3 Summary

We studied electron and spin transport across a 2DEG structure. Across the 2DEG layer,
ballistic transport is assumed, given the long MFP within the 2DEG. We found that the
transport properties of the device, such as the transmission probability, the SI efficiency
and the MR ratio, all exhibit oscillatory behavior when the 2DEG layer width or the
2DEG Fermi energy is varied. The basis of these oscillations is the resonant transport
across the 2DEG. By utilizing this resonant transport property, we further proposed a
SC-based gate controlled MR device that could perform the function of a metallic SV,

but with the advantage that its MR can be optimized (post-fabrication) and its stability
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enhanced by controlling a gate bias voltage.



Chapter

Introduction to Green’s Function

6.1 Mesoscopic Transport

Recently, the advancement in nanofabrication has led to the introduction of various
nanostructures such as quantum wire, quantum dots, and molecular devices. The di-
mensions of these structures are so small that electron transport is no longer governed
by classical diffusive equations. In the mesoscopic regime, electron phase is conserved
and electronic transport is highly influenced by the quantum nature of electron. Interest

in quantum transport in mesoscopic regime is increasing enormously. Recently many

84-86

researchers have adopted Green’s Function method for modeling electron transport

at the atomic level. Electron transport in carbon nanotubes,'*®> metal nanowires,!3% 13

136-

atomic/molecular'*¢13% devices have also been numerically studied using the Green’s

function method.

113
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6.2 Electron Transport

6.2.1 Macrosopic (Top-Down) View

In macroscopic view, the length of a device is long enough such that electron diffuses
along the channel, being scattered many times. According to Ohm’s Law, when there is
a potential difference, V' and the resultant current is /, the conductance of the channel,
G =1/Visgivenby G = 0 A/L, where A, L, and o are cross sectional area, length and
conductivity of the channel, respectively. The conductivity is a function of scattering
time, 7, density of state, n and effective mass, m, i.e. o0 = ezm'/m. However, in
nanoscale transport, this description fails to describe the electron motion. For example
in a ballistic device, there is no scattering and thus 7 is undefined. Similarly, in molecular

conductors, m and n are undefined.

6.2.2 Microscopic (Bottom-Up) View
6.2.2.1 Electron as Particle

In this section we will describe the electron transport from a microscopic view. Referring
to Fig. 6.1, when we apply a finite potential bias, V} across the source (left lead) and
drain (right lead), there will be a finite difference between the electrochemical potential
of the left, 7, and right, ug leads, i.e. u;, — ugr = eVj. At zero temperature, the current
flows through the channel only when there is at least one energy state (filled or empty)
in between i, and pr. Under such condition, the left lead tries to fill up the state and the
right lead tries to empty the state, hence there is steady state electron flow. For energy

states located above (below) i1, (14), both the source and drain will try to fill up (empty)
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Figure 6.1: Electron transmission from source to drain in a nanodevice.

these states. Therefore no current flows across these states. In other words, for current
to flow the Fermi function on the left, f; and right, fr of an existing energy state, F/
must be different, i.e. f1(F) # fr(E).

Note that the above explanation is valid only when the temperature is 0 K. For
higher temperature Fermi function will broaden and thus there will be current flow in
the vicinity of y, i.e. slightly above (below) p1(2).

Next we analytically derive the current, I across the device. The number of elec-

tron on the left (right) contacts are given by,
Nrwry = 2fpr) (E), (6.1)

where f1(g)(E) = fo(E — pr(r)) and fo(E) = 1/(1 4 e®/k5T) is the Fermi distribution
function. We set iz = Ep + (—)eVs/2, where Ep is the intrinsic Fermi level of the
leads. The factor 2 in (6.1) is due to the fact that each state can be occupied by two

electrons (spin-up and spin-down). Current, /1, (/z) from (to) left (right) contact is given
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by

(N — N) (6.2a)

In = e%R(N — Np) (6.2b)

where N is the total number of electrons at steady state in the channel, and escape rate,
YL(R) /h [1/time] is the rate at which electron crosses from the lead to the channel. Escape
energy, v [energy] indicates how easily electron can escape into contacts. In the steady
state, the number of incoming electrons are equal to the number of outgoing electrons,

and hence the steady state current, / = I;, = Ig. Thus I and N are obtained as follow

N = M (6.3)
YL + VR
_ 2 R N
= WL +on (fr(e) — fr(e)) (6.4)

Note that, as explained earlier, current is finite only when f1(E) # fr(E). To simplify
further discussions, we assume v = y;, = 7yg and obtain a simpler expression for current,
ie.

e
I = 77 (fL(E) = fr(E)) (6.5)
Using Taylor’s expansion under the small bias condition where 1}, — 0, we obtain
lim [fr(E) — [r(E)] = eAV - Fr [E — E] (6.6)
b—>

where eAV = 1, — igly, o — 0and Fp(E) = —dfy(E)/dE = [4ksT. cosh®(E/2ksT)] .
Substituting this into (6.5), we derive the current at small voltage: Al = £v-eAV Fp[E—

FEr|. From this equation, the expression for conductance, AT /AV appears to be: (e /h)yEFr[E—
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Figure 6.2: A discrete energy state in a isolated channel broadens when the channel is coupled
with external contacts. This coupling effect lowers the resultant G- The graph in (a) are
plotted assuming no broadening in the energy state when external contacts are connected to the
channel.

Er|. This expression does not have an upper limit since Fr — oo at temperature T=0K.

However in reality, there is an upper limit for conductance in a ballistic channel.

This upper limit is due to the energy broadening in the channel. When voltage
is applied to the contacts, each sharp discreet state in the channel broadens out and
becomes a continuum of states. The continuum of states formed by one discreet state is
electronically equivalent to one state, i.e. can only accommodate one pair of electrons.
Figure 6.2(b), illustrates how the current curve “broadens out” due to the broadening of
states. As the state broadens out, some of it will lie within the non-conducting regions,
i.e. much above (below) 11(u2). Since there is no current flow in the non-conducting

regions, the total current and maximum conductance is reduced [see Fig. 6.2(a)].

Density of states (DOS) indicates the number of states per unit energy. The broad-

ened DOS, D(F) = %, where ¢ is the energy level of the discreet state. The total
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current through all the states is given by

“+o00

7 :/_ 4B D(E)- 2 ((E) - f(E))

o0 J/

total states e
Current/state

e [T

= dE -T(E) - (fi(g) = f2(e)) (6.7)

wh )

where transmission probability 7'(E) = D(E)r. Note that T(E) varies from 0 to 1. At
low temperature Fr approaches delta function, i.e. Th%lK Fr[e] = 6(¢g). From (6.6) and

(6.7), the total current at small voltage, V;, — 0 and low temperature, 7' — 0K is given

by

62 +oo

lim Al = — dE -T(E) - AVFp[E — Ep|
V,—0 mh J_
62 400
Vb—>(1)1,¥1—>01< Al = s - dE -T(F) - AV{S[E — EF]|
62 A
= —T(Fpr).AV 6.8
—T(Er) (6.8)

The maximum conductance, G,,,,,. occurs when the transmission is maximum, i.e. T(E)=1.
Thus G4, 18 given by

O max 2 2¢% 1
= LT (Br)nax = 5-(1) = 155627 6.9)

Gmax = =50~ = 77 12.9

The maximum conductance is also known as quantum conductance. Quantum conduc-

tance is the maximum conductance of a mesoscopic channel.

6.2.2.2 Electron as wave (Quantum Regime)

6.2.2.2.1 Wave function (WF) In the previous section transport mechanism was

studied in terms of electron density. In quantum regime electrons behave as wave, and
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Figure 6.3: Modeling electron transport in quantum regime.

thus calculations are done in terms of wave function(WF), ), where the electron density
is given by, n = 1*. The electron energy of an isolated channel is described by the

following Schrodinger equation

Ep=cp= (E—e)p=0 (6.10)

¢ is the average energy level in the channel. When the isolated channel is connected to

the contacts, the above equation is modified as follows:

[E —e+4iv./2 + ivr/2] ¥ =0 (6.11)

where 77, and i are energy terms due to left and right contacts, respectively. This can
be justified by analyzing the time dependent Schrodinger equation (i.e. by replacing
E = —ihd/dt). Equation (6.11) shows that at steady state there are no electrons in the
contacts. This is because we did not include the source term in the above model. Now,
we include an electron source in the left contact (there is no electron coming from right
contact). The Schrodinger equation for the model with only one electron source is given
by

[E—€+i’yL/2+’i’7R/2]w:SL (6.12)

where the source term, s;, describes the electron that come in from the left contact. The

strength of this source is set to s;s; = 7y fr, such that we obtain results consistent



6.2 Electron Transport 120

with previous calculations. With this substitution we obtain the expressions for WF (1)),

electron density (n1), and the total number of electron (/V;) as follows

vE) = E —e+ivp/2 +ivg/2 (6.132)
* ’YLfL
E) = E E) = 6.13b
dE

The expression for [V, is consistent with that we obtained previously [refer (6.3)] .

Until now, we studied the electron transport by considering a single grid point with
an average energy level, € in the channel region. For a more general model, the channel is
discretized into multiple grid points (MGP), with a series of energy levels—, €9, €3, ...—
[refer Fig. 6.3] . In MGP model, all the physical parameters will be replaced with

matrices, and thus the Schrodinger equation is
[E1—H — %1, — S| {¢} = {SL} (6.14)

where [I] is an identity matrix, X (g) are self energy matrix due to the contacts, and Sy,
is the source matrix. H is the Hamiltonian matrix which describes the energy in each
grid point, ¢; and the coupling energy, ¢ between the points. For a system with n grid

points, the explicit form of Xy, ry and Sy matrix is as follows:

~qr (o) o0 - 0 SI,
0 : : f 0
ZL(R): ;5L =
0
i 0 0<_73WTR)_ _()_

The explicit form of [ H] depends on the Hamiltonian of the system. The matrix version

of vz(r) 1s given by the broadening matrix, I'r(z) = 4 [EL(R) — ETL(R)].
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Till now we have considered only one source term, Sy, [Fig. 6.3a]. Next, we will
try to incorporate the second source term (from the right contact), Sy [Fig. 6.3b]. Note
that Sr cannot be simply added to Sy, because WFs excited by uncorrelated sources
cannot be added. Such addition will result in incorrect expressions for ny; and Ny. To

overcome this problem we introduce the concept of correlation Green’s function (GF).

6.2.2.2.2 Non Equilibrium Green’s Function (NEGF) Since we cannot superim-

pose the WF from different source, we define a correlation GF
G (= —iG<) =yl (6.15)

The diagonal element of G" indicates the electron density at each point. Next, we define

the retarded GF,

GR=[EI—H-%, — %" (6.16)

G is the impulse response of the system, i.e. the response obtained when the system is
excited by a unit source. From (6.12) and (6.16), we obtain the WF due to single source,

Sp, i = GRS} Referring to (6.15), we express the G in terms of the source term
G" =gt = GRSLST I = GRT L f.67 6.17)

where S LS} = I';fr and G4 = Gt G4 is known as advanced GF. To add another
source, Sg, we can just superimpose the correlation function of the second source and

obtain

G" = fLGET G2 + fRGETRGA (6.18)

From GF, we can derive other physical parameters as follows:

Spectral Function

A=GPT .G+ GRT G =i [GF — G
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Figure 6.4: (a) Schematic illustration of the 2DEG-based field device and the band-diagram
subject to external bias.

Note that spectral function is obtained by setting f;, = fr = 1 in G" [(6.18)].

Transmission Probability
T(E) = Trace(T G*T rG*)
Current(Coherent transport)

= / IET(E) (fr— fz)

>

Current(general version)

IL(R) = %TTCLC@ (FL(R)AfL(R) - PL(R)GR)

6.3 Tight Binding Greens Function formulation for a
mesoscopic system with magnetic and electric bar-
riers

In this section, we will use GF to model the electron transport and compute the current

in a ballistic 2DEG system with applied external magnetic and electric fields spatially
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distributed in the x direction.
6.3.1 Matrix Representation of Hamiltonian

First, we obtain the matrix representation of the Hamiltonian operator. The system under
consideration is a 2DEG system having translational invariance along the transverse y
direction, and applied external magnetic and electric fields spatially distributed in the z

direction. For this system the Hamiltonian is described as follows:

[ihV + A]? gho B,

H = U
e +Ug +

+E, (6.19)

where m* is the electron effective mass, my is the electron mass in vacuum, g is the ef-
fective Land g-factor and Ug is the total potential energy of the electron in the semicon-
ductor. B, is the vertical external magnetic field at =, A is the corresponding magnetic
vector potential chosen in the Landau gauge (0, A,(z), 0), and o is +1/ — 1 denotes spin
up/down, respectively and where the spin quantization axis is defined along the vertical
magnetic fields. The electron conduction path in the = direction is discretized into n
lattice points of equal distance a apart, i.e. the discrete points are denoted by x; = ja,

where 1 < j <n.

We can now derive the matrix representation of the Hamiltonian of (6.19) by ap-
plying the finite difference approach, in the limit of small a. If F'(x) is the eigenfunction

of the system, which need not be solved analytically, then from (6.19), we have:

HF (z) = i F" (z) + thds (@)

“2m m

Ay (33)2

F' (z) + ( S U (@) + ghoB: (x)

4dm

+ Ey> F (z)

(6.20)

For small a, i.e. a — 0, the first and second derivatives of F'(x)can be approxi-
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mated as:

~ Firie — B

F’(a:)|x:ja ~ - , (6.21)
Fi1—2F + F;_
F'(@)],_,0 ~ =25 a; -1 (6.22)

where for compactness, F; = F/(z)| With the above approximations, and denoting

r=ja’

A, (z), U(z), and By(x) at + = ja by A;, U;, and B;, respectively, we can rewrite

(6.20) as:

r=ja m a

HF(z)| _. = ( = 2F + Fj_l) ihA; ( 1 — ij)
2
J

ho B;
+ (2—+U]+g4(:n —i—Ey) F, (6.23)

or equivalently,

HEFj = (=tj) Fja+(—igy) Fj1/oH (2t + wj + Zj + Uj + Ey) Fj+(igj) Fj1/2+(=t5) Fin
(6.24)
where t = t; = h?/2ma?, ¢; = hA;/2ma = (Aja/h)t, w; = A2/2m = (Aja/h)*t
and Z; = ghoB;/4mg. Taking q¢;Fji1/2 = qjp12Fj1 and ¢;Fj_12 = qj_1/2F;1
to simplify calculation, one obtains the difference equation HF; = QjFj-1 + PjFy +
Q;Fjq1, where Py = 2t +w;+Z;+U;, QQj = —t;+1iqj11/2. Note that g;;,/, is obtained

by evaluating A; (z) at halfway between x; and ;. Equation (6.24) can be written in
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a more compact form: HF(z)|,_;, = > H(j, k) F}, where

sok=j+1,
Py, k=,
H(j,k) = (6.25)
Qj7 k :j - 17
0, otherwise,

Thus in matrix form, the Hamiltonian is given by:

i P 0 . 0 ]
Q1 P
H = 0 .. - 0 (6.26)
Pr1 2—1
I 0 -+ 0 Qn1 P, ]

where 7 is the number of discrete points in the 2DEG.

6.3.2 Green’s Function and Self-Energy

We model our device as a finite-sized conduction path in the 2DEG, which is connected
on either side to semi-infinite leads. Thus, from the discretized Hamiltonian of (6.26),

we can then derive the retarded Green’s function matrix, G for the 2DEG region, fol-
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lowing standard methods®[refer (6.16)].

r R R -1
GF = |EI-H- <Z+Z>]

L L R

E,—P =37 (L1) —0 0
_Ql Ez - PZ
Ea: — Pnfl _szl
0 _Qn—l Ea: - Pn - Zg (nv ’fl)
(6.27)

where FE represents the total electron energy, I, is the electron energy in the propagation
(z)-direction, and Zf and Z}; are the self-energies of the left and right lead, respec-
tively. Note that G is independent of the kinetic energy in the transverse direction
E, = (thZ / 2m*), due to the cancelation of the £, component in £ and H in (6.27).
Since electron transport is constrained to the x — y plane of the 2DEG, the confinement
in the z-direction will lead to the formation of sub-bands. We would not discuss the de-
tails concerning the sub-bands, and assume that transport occurs only within the lowest
sub-band. The component Gf-jr describes the propagation of electron between the points
x; and x; within the 2DEG channel, while the self-energy terms of . = S %+ 3%
represent the perturbative effect of the entire semi-infinite leads on the electron propa-
gation within the channel. Zf  is related to the surface Green’s function of the isolated

leads, g1, r, and can be expressed as follows:

o trgrty, i=j=0 R trRgRtR, i=j=n
> i) = DY (i) = (6.28)
L 0, else where R 0, else where
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where t1,(g) is the coupling energy between the right (left) edge of the left (right) lead
with the leftmost (rightmost) discrete point of the 2DEG. In the flat-band approximation,

the Green’s function of an isolated semi-infinite lead is given by g7, p = —% exp (ikp rar r),

where ay, r is the unit cell length of the discretized lead, kz(r) = \/Zm (E— (B2 + Unr)) /12,
E2,,, is defined to be the bottom conduction energy level of the metallic lead in the ab-
sence of external potential. This energy level is set to zero for convenience. Potential
energy could be imparted to the system by applying bias Uy gy = +(—)eV}, to the left
(right) lead [refer Fig. 7.1].
As explained in Sec. 6.2.2.2, we note that the advanced Green’s functions and self-
energies are given by the complex conjugates of the corresponding retarded functions,
respectively, ie. G4 = [GF]" and 7 = [Zf R] T, while the coupling function of

the conductor to the lead can be obtained from the relation I';, p = @ (Zf R Zf R) .

6.3.3 Spin Dependent Transmission Probability and Current

Following Caroli et al. and others,'**"'* the spin current expression is given by:

ho = [ a8 - saE) Ty (BB (629

where T} | (E) = trace [T’ LG TrGH J , with G‘TL‘(’S being the Green’s functions corre-
sponding to 0 = +1 (—1).
This expression for current is identical with the expression in (6.29). Recalling

from Sec. 6.2.2, frr(E) = [1 + exp (E_k‘}“*)] ! is the Fermi-Dirac function of the left

and right leads, taking into account the electrochemical potential at the leads, jirr) =

Er + (—)eV/2, with E being the intrinsic Fermi energy of the lead.
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Considering single-mode transport, i.e. corresponding to a single transverse wave-
vector k,, neglecting the sub-band energies due to confinement in the —direction, the

single-mode spin current is then given by:

e

]Ts,l (ky) = h / (fr (B + Ey) — fr(Ee + Ey)) Th,) (EL) dE,

, where the superscript .S denotes single-mode transport.

6.3.4 Conductance at zero bias and zero temperature

Equation (6.29) can be simplified under small bias condition, i.e. (i, — pgr) = eV, — 0,
where the difference in the Fermi-Dirac functions becomes \Eino [fo(E)— fr(E)] =
Fr (E — Er) eV, with Fp () = —dfr r (¢)/de. Further simplification occurs in the
limit of low temperature, where F () approaches the Dirac delta-function, i.e. %ii% Fr(e) =

d(¢). In the low bias, low temperature limit, the above simplifies to:

2 2
. q q
Vbl,lTHLO Alﬁi (ky) = Vbﬁ /5 (Ex + Ey — Ep) Ty, (Ey) dE, = VbﬁTM (Er — Ey)

(6.30)
which then leads to the single-mode spin conductance expression of:

ATL?
G? | (ky) = lim —1

Al k) @ _
V4, T—0 Vi h

T, (Br = Ey)) = 5-Th | (Ep — h?k}/2m)  (6.31)

One can then obtain the corresponding conductance expression for the case of mullti-
mode transport by integrating over k,. For the specific case of zero transverse Kinetic
energy (i.e. k, = 0), the conductance is given by G*ﬁ L (0) = %T 1.1 (Er), which depends

on the transmission function at the Fermi level.
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6.4 Summary

In this chapter we have developed a theoretical model, based on tight-binding GF method,
to describe electron transport in mesoscopic regime. In the following chapters, we will
apply this model to study the microscopic effects affecting spin transport phenomena,

and thus optimize the performance of spintronics devices.



Chapter

Ballistic Spin Transport across
Magnetic-Electric Barriers

In this chapter we apply the GF model, which was described in the previous chapter, to study
the effect of spin transport and optimization of SI across a magnetic-electric barrier in a spin
transistor device. We proposed that a viable form of spin current transistor is one to be made
from a single-mode device which passes electron through a series of magnetic-electric barriers
built into the device. The barriers assume a wavy spatial profile across the conduction path due
to the inevitable broadening of the magnetic fields. Field broadening results in a monotonically
increasing magnetic vector potential across the conduction channel, which increases spin polar-
ization. We have identified that the important factors for generating high spin polarization and
conductance modulation are the low source-drain bias, the broadened magnetic fields, and the
high number of FM gates within a fixed channel length.

7.1 Theory

126,144-146 have shown that magnetic and electric barriers could be real-

Previous studies
ized by applying electrostatic potential and edge magnetic fields via a combination of
FM and NM gate structures on top of a 2DEG channel of a HEMT. Conduction elec-
tron will be spin polarized parallel to the edge magnetic fields. Recent experiments'4’
which show large Zeeman splitting in GalnAs or InAs continue to lend credence to the
viability of such spin current devices. Since external magnetic fields could be applied

and eliminated with relative ease via switching the polarity of the local moment at the

FM gate stripe, these devices hold promise for single transistor programmable logic and
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memory.!?®

In fact the theoretical concept of field-induced spin current has been well accepted.
What is outstanding now is taking the investigation further to include an accurate anal-
ysis of the spin current generation capability of these external field devices, where mag-
netic fields broaden continuously across the conduction channel, in contrast to previous
approximation which considers the magnetic fields to approach the form of a Dirac delta
function. The immediate impact of such broadening on electron transport is the conver-
sion of the step function magnetic vector potential to one that is continuously increasing
with conduction channel length. Living up to reality, it would be necessary to discretize
the now more realistic barrier shape and apply the tight-binding GF approach to cal-
culate spin current. The hitherto commonly used method — the single particle effective
mass approximation with wave function and flux matching at the boundaries [Chap. 5]-
relies on solving for the analytical form of the wave function, which could at times be

formidable depending on the barrier shapes.

In mesoscopic transport, channel length has both physical and practical implica-
tions to device operation, its effect on the spin polarization of electron current would
be crucial to our understanding of how best to use this device either as a constant spin
current source or a tunable one. We will study both the effects of the channel length
and the number of barriers on spin current. Room temperature distorts the ideal Fermi
distribution in energy space, the adverse effect this has on spin current also warrants fur-
ther investigation. The GF approach allows us to incorporate the Fermi level broadening
due to thermal energy, and analyze the effect of temperature on spin current, an aspect

which has been frequently neglected in previous works. Finally, we study the spin trans-
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Figure 7.1: (a) Schematic illustration of the 2DEG-based field device and the band-diagram
subject to external bias. (b) Distribution of magnetic fields and magnetic vector potential across
the conduction channel. Ferromagnetic gates are etched and deposited into some parts of the
gate stripes.

port at finite bias voltages, while previous works!“® have largely restricted their transport

analysis to the Fermi level only.

7.2 Theory

Figure 7.1 shows a schematic diagram of the 2DEG system FM gates inserted between

NM metals on top of the conduction channel. The specific periodicity of the FM gates
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defines the types of field-barrier conduction channel that one intends for the electrons.
Each of the FM is magnetized in the perpendicular direction. Application of an electric
potential to the gates induces a change in the electrostatic potential barriers in the 2DEG
channel, U, as shown in Fig. 7.1. Note that the effective potential barrier in the channel,
Uet = (Erm — Ers) + U, depends on both the gate bias (U,) as well as the Fermi
energies of the lead (Erys) and 2DEG (£rg). The perpendicular magnetization of the
FM gates produces a localized vertical magnetic field B, (z), which is modeled as a

Lorentzian profile with a peak value of 17, i.e.

B = e .0

where the peak magnetic field, By = 17" and the position of the peak is given by z(. The
spread of the magnetic field is characterized by ~, which is the half-width at the half-
maximum of the distribution function. The corresponding magnetic vector potential is

given by:

Ax) = /Bz (x)dx = % + By arctan (x —/yl’o) (7.2)

We apply the tight binding GF method as explained in Sec. 6.3 to compute the spin

current, /7| and spin dependent conductance, Gy, across the channel of device. The

Gi-G, _ LI,

GG, = T In all our

spin polarization of current is defined by the ratio P =
simulations, we considered a single-mode device, in which transmission occurs only

at k, = 0. Single-mode device''*

can be realized by constraining the transverse
motion of electron, such that additional sub-bands corresponding to the y direction are
formed. By considering transport of the lowest y sub-band, the device becomes single-

mode and summation over k, becomes unnecessary. A single-mode device can also be

realized by designing a collector with small diameter into the drain and aligning the one-
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Figure 7.2: (a) Variation of spin polarization, P with increasing U, for a) different values of
M at T = 0K, b) different values of d at 7' = 0K, c¢) different values of M at T = 300K, and
d) different values of d at T' = 300K.

dimensional probe parallel to current conduction path. If the diameter is small enough,

it collects only electrons with k, = 0.

7.3 Results and Discussion

Letting M represent the number of FM gates and d be the total channel length of the
device, we carried out numerical calculations by assuming the following values, unless
otherwise stated: M = 3, d = 20nm, Fermi level of the leads (2DEG), Ery; = 5eV

(Ers = 0.005eV), temperature 7' = 0K, and source-drain bias, V;, = 0.

7.3.1 Effective Potential Barrier, U,

Based on the tight-binding model, we numerically calculate in Fig. 7.2. the spin po-

larization of current (P) in the 2DEG conduction channel as a function of the effective
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potential barrier U, taking into account the effects of channel length (d) and the num-
ber of barriers within d, i.e. M. Both M and d characterize the spin current conduction
path. Fig. 7.2(a) and (b) show the variation of P with increasing Uy at 7' = 0K, for
different values of M and d. Previously, based on a simpler flux-continuity model which
assumes a d-function profile for the magnetic fields, it has been found that P is sensitive
to U across the conduction path. GF calculations confirm this oscillatory behavior of
P with Ug. As shown in Fig. 7.2(a) and (b), the oscillation of P increases in magni-
tude and frequency with increasing U, especially as U.g approaches the Fermi energy
of the leads. This supports previous notion that this device could be used as a tunable
source of spin current supply, for spin conductance in the device can be modulated by
gate bias. The effect of modulation has been particularly sensitive when U. is close to
the Fermi energy where electron transport occurs. This is especially so, given that the
modulation of P exceeds £10% for all values of M and d considered in Fig. 7.2(a)
and (b), and can be converted to a measurable conductance change by well-established
magneto-resistance techniques. At certain values of U, the spin polarization is zero, i.e.
P = 0%. By modulating the gate bias such that P = 0%, the device can be utilized to

function as a basic resistor without any spin polarizing effect.

7.3.2 Number of FM gates, M

It is reasonable to expect that the magnitude of the spin polarization should increase with
the number of magnetic gates M for a fixed channel length d, and indeed, this trend is
reflected in the numerical results of Fig. 7.2(a) where d is fixed at 20nm. When M = 1,

we attain a modulation of P of +10% over a gate bias range AU of 0.95 — 1.00eV;
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while for M = 3, the modulation in P reaches £30% over AU of 0.95 — 1.00eV .
However the frequency and the shape of the curves look similar with increasing M in
that the zero-crossing P = 0 points for all three curves coincide, leaving only the curves
between the fixed P = 0 points to vary in strength. In fact the region at around zero-
crossing “1” 1s a useful zone for device operation as varying Uy about this point changes

P from positive to negative and vice versa.

7.3.3 Conduction channel length, d

The inset in Fig. 7.2 (a) shows the effect of M on the P for device with longer channel
length, i.e. d = 35nm. It is worth noting that the effect of increasing M on the P curves
of a device with d = 35 is similar to that with d = 20nm, except for the presence of
more zero-crossing P points in the case of longer channel length. These results show
that channel length affects the gate operating bias zone for conductance modulation but

has little effect on the conductance modulation itself.

We will now investigate the effect of the conduction channel length d on P more
thoroughly, while keeping the number of gates constant at M/ = 3. Figure 7.2 (b) shows
the variation P for different channel length. Two major effects are observed with in-
creasing channel length. Firstly, as in the case of increasing M, we notice an increase in
the average magnitude of the P oscillations with increased d. The maximum amplitude
of oscillation increases from P = £50%, £95%, to £100% when d is increased from
d = 20nm, 35nm to 50nm, respectively. Secondly, unlike in the case of increasing M,
we find a strong dependence of the frequency of the P oscillations on increased chan-

nel length. For instance within the range shown in the Fig. 7.2(b), we can notice one
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peak when d = 20nm, three peaks when d = 35nm and four peaks when d = 50nm.
Higher frequency implies that a small change in the U, will cause multiple variations in
P across various zero-crossings. The increase in the number of zero-crossing P points
over Uy offers a wider range for choosing the proper gate bias operating zone, but
overly crowded zero-crossings within a small Uy range implies operation instability. A
small fluctuation of Uy due to thermal of stray fields could cause sufficient unsolicited

conductance modulation, sufficiently to destabilize the device.

In general, the increase in both d and M results in improved performance, in
terms of higher spin polarization strength and/or greater range of zero-crossings for
conductance modulation. However, in practical terms, it is not advantageous to increase
these two parameters indefinitely. As discussed above, although a high frequency of P
oscillations with U is desirable for conductance modulation in a spin transistor, too
high a frequency will be detrimental to device performance, since the device becomes
sensitive to any small fluctuations in the gate bias. Indeed, if the device is to be used as
a constant and not a tunable spin current source, it would be more advantageous for the
gate oscillations in P to be minimal, so that the device can provide a stable supply of spin
current. Besides, a short gate or device length is preferred for device miniaturization.
Furthermore, our model assumes ballistic electron transport in the 2DEG channel, i.e.

the optimal values of d and M would be constrained by the electron’s MFP in the 2DEG.

7.3.4 Temperature 7'

All the above calculations have been carried out at 7' = 0K. For a more practical

application we have also shown the results at room temperature, 7" = 300 K. The results
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are plotted in Fig. 7.2(c) and (d). As expected at room temperature the spin polarization
is highly degraded. However, we still obtain significant spin polarization of P > 10%
even at room temperature. The effect of M on P at room temperature [refer Fig. 7.2(c)]
is similar to the effect of M on P at T' = 0K. However channel length, d shows a very
significant effect on P at room temperature. Indeed Fig. 7.2(d) shows that device with
longer channel length is more sensitive to temperature change, and thus the performance
degrades more significantly at room temperature. For example, the maximum value of P
for the device with d = 20nm drops only 30% (from P = 50% at T' = 0K to P = 20%
at T = 300K), compared to a huge drop of 95% (from P = 100% at T' = 0K to
P = 5% at T = 300K) for the device with d = 50nm. This shows that shorter devices
are less susceptible to the detrimental effect of temperature change to P. The reason
for such degradation is obvious as at higher temperature, the thermal broadening of
the lead Fermi energy have a strong degradation effect on spin dependent transmission
across the barriers, necessarily reducing spin current. The useful conclusions we can
draw from these results is that while increasing M and d will increase P, the latter
subjects the device to a more severe temperature degradation. The obvious pointers to
device physicists are, for those who seek to improve P of a spin transistor, engineering
more FM gates within a fixed channel length would be a more effective approach than

increasing the channel length.

The effect of temperature has largely been neglected in previous studies which
focused mainly on the theoretical concept of field-induced spin current. To study the
temperature effect more thoroughly, we investigate the decrease of P with increasing
temperature for different values of U as shown in Fig. 7.3(a). In fact, the suppression

of P due to temperature is also dependent on the applied gate bias. For example at
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Figure 7.3: a) Spin polarization, P as a function of temperature, T at different values of Ukg.
Inset in (a) shows P as a function of ULy, at different T'. b) P as a function of gate bias voltage,
V, at different values of Ugg. Inset in (b) shows spin polarization, P as a function of U, at
different Vj,.

Uetr = 0.99E )/, a very steep decrease in the magnitude of P with increasing temper-
ature is noticed compared with other values of U.g. The inset in Fig. 7.3(a) shows that
the variation of P vs. U, is suppressed as temperature increases, clearly showing the
degradation effect of temperature not only lowers average P but slows its variation with

U.tt, thus lowering conductance modulation.

7.3.5 Bias Voltage V,,

In the above, we have investigated the effects of device geometry on the spin current
in the limit of zero source-drain bias, i.e. V, — 0. In the following, we will study the
effects of a finite applied bias voltage (1}) on the spin polarization. To calculate the spin
current for a finite V;, we recall (6.29) with ppgy = Ep + (—)eV4/2. The dependence
of P on V}, is shown in Fig. 7.3(b). The main function of the source-drain bias, V} is to
provide a current drive through the device, whilst maintaining the device sensitivity to

the gate bias. Therefore, for device stability, the variation in P with V}, should not be
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too large, since the purpose of V} is not to modulate the spin current. In the main plot
of Fig. 7.3(b), we found the variation in P with V, to be minimal for very low V}, i.e.
Vi, < 0.025eV . For medium values of V;, i.e. 0.025eV < V;, < 0.2eV the variation in P
with V}, is relatively large. For larger source-drain bias, i.e. V; > 0.2eV/, the magnitude
of P decreases to close to zero and its variation with Vj, is also low compared to the
region of medium Vj. It is quite clear now that medium V; region is not suitable for
device operation. Taking a closer look at the low V}, region reveals interestingly that
P changes significantly with Ug; in fact such trend is also observed in the medium V;,
region. One can thus conclude that the low V}, region is ideal for spin transistor operation
as it provides all the required features, namely high average P, sensitive P modulation
by U, and importantly insensitive P modulation by V;,. However, it is important to
note that in a practical device, V} has to be large enough to provide sufficient current
drive through the device; optimization would thus be necessary here. In fact the inset in
Fig. 7.3(b) shows non-heuristically that when V;}, is low, P as well as its modulation with
U, 1s generally higher. A closer inspection of the inset also shows that as V}, increases,
there is a shift in the maximum value of P. For instance when V}, increases from 0V,
0.05V, to 0.1V the negative peaks of P shift from Ue(Frar) = 0.988, 0.992, to 0.997
respectively. It is important to note that although both positive and negative peaks shift,

the zero-crossing remain pretty much fixed to 0.987eV.

7.3.6 Magnetic Barrier Profile

In most of the previous studies of spin polarization under magnetic field, a §-magnetic

field was utilized. Here, we defined a more realistic barrier with Lorentz distribution.
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Figure 7.4: Spin polarization, P as a function of Ueg . (a) and (c) correspond to an magnetic
field with v = 100nm and 1nm, respectively. (b) shows P with increasing spread in magnetic
field profile, ~.

In this more realistic distribution, the magnetic field spreads over a distance along z-
axis. Therefore it is worth studying the effect of the spread on polarization of current
in the device. In our simulation, this spread is characterized by a scalar parameter,
v. Figure 7.4 shows the variation of P for different . For all the values of 7’s, the
peak of the magnetic field is fixed at 17. As shown in the figure the maximum value
of P increases with increasing v for a fixed gate bias. This result which shows that
spatially broadened field could generate higher spin polarization than focused field is an
interesting finding, since it is more technologically easy to produce a magnetic field that

spreads over a large distance, than producing a concentrated magnetic field.

The P peak also shifts towards the left as the v increases. Knowing this trend, one

can attempt to capture the P peak by lowering U for higher v. These results would
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again be useful for device engineers to optimize the performance of a spin transistor at

least for achieving high P.

7.4 Summary

We have applied the GF formulation described in the previous chapter to design a viable
form of spin current transistor which passes electron through a series of wavy magnetic-
electric barriers. We carried out a detailed simulations that take into consideration the
field broadening effect, the anticipated temperature degradation of spin polarization, and
calculated P, P variation with gate bias and source-drain bias, subject to important ge-
ometrical property of channel length as well as the number of FM gates within a fixed
channel length. We concluded that increasing channel length or the number of FM gates
within increases P; but raising the latter within a fixed channel length should be prefer-
able as it does not exacerbate the temperature degradation of P, and is consistent with
the trend of device minituarization. Another important conclusion of this work is that we
have identified the low V}, region to be suitable for the operation of this spin transistor, as
in this region, the device delivers high P, reasonably sensitive P variation with gate bias,
and relatively insensitive P variation with source-drain bias. Last, results which show
that broadened field is capable of generating higher P than spatially concentrated field
is a rather jubilating finding for imparting broadened field to the device is technologi-
cally easier. In summary, our device could provide useful guidance to experimentalists

or device engineers seeking to device a truly viable form of spin current transistor.



Chapter

Multiscale Spin Tunneling Theory

In the previous chapter, we have used GF method to study the spin transport across magnetic and
electric barrier. In this chapter we integrate the two main spin transport models we have described
earlier, i.e. 1) the microscopic GF formalism, and 2) macroscale SDD model, and develop a
multiscale spin tunneling theory across FM/SC interface. This multiscale approach opens the
possible for the detailed theoretical studies of interfacial properties (e.g. height, shape and spin
asymmetry) required for achieving high SI via tunneling. Based on the calculated results, the
optimal interfacial properties have been identified for possible experimental verification.”’

8.1 Introduction

Electron propagation through potential barriers, which are induced either by interfacial
roughness between adjacent layers, systematic doping of bulk layers with impurities,
band alignment between different layer materials, or external potential applied locally,

plays a crucial role in multilayer devices, e.g. SV sensors,’®-80:90:150. 151 MTJ 152,153 [a(

15,61,154,155 and traditional CMOS transistors. In fact, in semi-

eral spintronics devices
conductor spintronic devices, the presence of tunneling barriers can greatly enhance SI
efficiency from a FM electrode into the SC device.*®3”*! Even in conventional ferro-
magnetic metal multilayers, spin-dependent scattering at the layer interfaces as opposed

to scattering in the bulk, provides a significant contribution to the GMR effect.'* !5

Conversely, spin flip at the interfaces can result in a large suppression of MR.">” More

143
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recently, basic understanding of the ballistic tunneling process through barriers,'® and
rapid advances in nanofabrication techniques, have improved the capability of engineer-

ing interfacial barriers with significantly better performance.!>

In this chapter, we develop a multiscale spin transport theory for the investigation
of tunneling SI, which is an important phenomenon for spintronic applications. Spin
current due to conduction electrons is a non-conserved quantity, and thus the efficiency
with which it is transmitted from a magnetic source layer to a usually non-magnetic
collector layer, is crucially determined by the physics of the electron propagation and
transmission through the interfacial barrier. Therefore, the SI process warrants a de-
tailed analysis beyond the conventional macroscopic picture. Previous theoretical in-
vestigations of SI across a tunnel barrier are either based on the purely semiclassical
SDD approach [Sec. 2.2] (which treats the barrier as a lump resistance element), or by

focusing on the ballistic tunneling across the barrier region [Chap.6].

Here, we apply the effective mass GF formalism [refer Sec. 6.3] to analyze the
microscopic effects of the tunnel barrier potential on the incident spin-current. At the
same time, the transmitted spin current is also dependent on the spin accumulation and
resulting electrochemical potential at the two adjacent contacts. The spin accumula-
tion on the contacts can be determined by considering the semi-classical SDD transport
[Sec. 2.2] within the bulk of the contacts.?>3%3¢ Thus, the main focus of this chapter is
to 1) introduce a self-consistent approach that combines the microscopic GF formalism
within the nano-scale barrier and the SDD model within the macroscopic contacts, and
2) based on this model, study the effects of barrier properties, e.g. potential profile and

geometry, on the tunneling transport, in order to optimize the tunneling SI for potential
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spintronic applications.

In the self-consistent approach, the nonequilibrium potentials at the leads are cou-
pled to the GF calculation for transport within the barrier. One consequence of this
self-consistent approach is that the effective barrier resistance as seen by the spin-up
and down electrons becomes a dynamical quantity which depends on external factors
such as the applied bias, instead of a static parameter which is solely dependent on the
intrinsic barrier properties. The resulting SI efficiency in the multilayer will be a func-
tion of external parameters, e.g. the applied voltage bias or current density,'®*16! in
agreement with recent experimental observations. Thus, our model can incorporate spin
transport effects that may have been neglected by previous models. The analysis of these
effects such as the increase in spin asymmetry of tunneling conductance with increasing

barrier height and barrier spin asymmetry, may potentially guide experimental efforts to

engineer interfacial barriers for optimal SI.

8.2 Model and Theory

8.2.1 Self-consistent Model

The basic structure under consideration [Fig. 8.1] is a multilayer device comprising a
bulk FM left layer acting as the spin injector, a thin interface, and the bulk SC right layer,
which receives the injected spin current. The interfacial barrier is located within the SC
region. At equilibrium, the Fermi levels of the SC and FM layers are equalized, but
under an applied electrical bias, a non-equilibrium electrochemical profile is obtained,

typically as shown in Fig. 8.1 (top). Note that in both the FM and SC layers, there
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Figure 8.1: (Top) Non-equilibrium distribution of electrochemical potential across the multi-
layer structure under electrical bias. (Bottom) Magnified diagram of the interfacial barrier of
thickness w = 2.5nm, which is spatially discretized into n = 5 planar sections for the GF anal-
ysis. pur (ur) indicates the spin-up electrochemical potential at the boundaries of the barrier, i.e.
at A and B. Erp(EFrg) is the equilibrium Fermi level of the left(right) contacts. E indictaes
the conductacne band of the seiconductor. For clarity, only the spin-up potentials are drawn.

will be a split in the spin-up and down electrochemical potentials in the vicinity of the

interfacial barrier, resulting in spin accumulation.

In most previous works utilizing GF analysis, the electrochemical potentials ad-
jacent to the barrier on both sides are treated as a reservoir constant, i.e. independent of
the nature of electron propagation within the barrier. Whilst in the bulk SDD approach,
electron transport in the magnetic multilayers has been modeled based on purely pas-
sive factors, such as device geometry, resistivity and the different spin diffusion lengths
in its constituent layers. In our self-consistent, multiscale approach, however, the spin-
dependent electrochemical potentials and the tunneling resistance across the barrier are

solved self-consistently by combining the microscopic GF model within the barrier and
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Figure 8.2: Self-consistent calculation scheme for interfacial resistance and current density,
which is iterated until the current density converges.The calculation begins by assuming initial
values of the charge current density (j, = j, + Jjp) and interface resistance (/27). Based on the
SDD equations, the spatial distribution of the electrochemical profile within both the FM and
SC leads can be determined. Subsequently, the evaluated electrochemical potential values at
sites immediately adjacent to the barrier are input as variables in the GF calculation of electron
transmission through the barrier. The microscopic model within the barrier constitutes a parallel
scheme to determine the current density (j,) and the interfacial resistance (). The calculation
cycle is repeated until the current densities j, and j,, and hence the corresponding interfacial
resistances Ry and Ry converge.

the SDD model in the contacts, as illustrated schematically in Fig. 8.2.

In this self-consistent calculation scheme the interfacial resistance and current
density is iterated until the current density converges. In this way, we have unified the
microscopic GF and macroscopic SDD models within and outside the barrier, respec-
tively, and obtain the effective tunneling resistance value which is consistent with both
models. Thus, the nonequilibrium potentials at the leads are coupled to the GF calcula-

tion for transport within the barrier.

8.2.2 Green’s Function (GF) formalism

The interfacial central region of the three-region device of Fig. 8.1, of thickness w = 2.5
nm, is discretized into n planar sections. The number of discrete sections is chosen to
be n = 5 such that the width of each section a = w/n = 0.5nm is smaller than

the Fermi wavevector A\p ~ 1.5nm thus ensuring accuracy of the tight-binding GF
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calculations. The left FM and the right SC regions are both treated as semi-infinite in
width. Throughout this chapter, the superscript R(A) refers to retarded and advance
function, and the subscript L(R) refers to the function at left(right)contact. Following
the tight-binding lattice formalism [Sec. 6.3], the retarded GF matrix for the interfacial
region can be expressed by G = (F — Ho — X — Eg)_l, where X and T are the
(5 x 5) self-energy matrices, due to adjacent sites on the contacts to the left and right of

the central region. The explicit form of G for the present model is given by:

- - —1

E — Hey — trgotr ¢ 0 0 0
t E — Heo ¢ 0 0
G = 0 t E — Hes t 0
0 0 t E — Hey t
I 0 0 0 t B — Hes — trgelr |

8.1)
where He; = (2t 4+ U;) for j = 1,..., 5, with U; being the localized potential at lattice
site j, t = h%/2ma? i.e. the energy coupling constant between adjacent discrete sites,
and a is the distance between them. Equation (8.1) is derived from (6.27). Since, in
the present model, there is no external magnetic field, (8.1) is obtained by setting the
magnetic field and vector potential terms in (6.27) to zero.

Before the inverse matrix of (8.1) can be evaluated, we require the explicit ex-
pression for the self-energies of ¢1,got;, and tggstz. In the one-dimensional single mode

form, as an approximation, the flat-potential analytic GF for the semi-infinite left and

right leads is given by go) = — (1/t) exp (z'k:L(R)a), where k) = \/Zm (E — VL(R)) Jh =

\/ 2m (E — prr) + Errg R)) /h, with Er (r) the equilibrium Fermi level of the left(right)

contacts, and /i1, r) the non-equilibrium electrochemical potential incident on the left/right
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side of the barrier. Vj is the energy quantity as described in Fig. 8.1. To calculate the
current perpendicular to the multilayer plane at a particular site, we consider the ballistic

spin current expression of (8.2) which could be obtained from (6.29),

—e [dE R "
Jo = kz: E / E (chr - fRU)TT‘CLCG [FLO'GU FLUGO—} (8.2)
//

where A is the device cross sectional area, o is the index for spin up(7)/down(|) and
fir =1/ [1+exp (E - ny, r) /KT is the Fermi occupation probability. Since the
non-equilibirum GF applies only to the interfacial potential in the SC region, and as-
suming that the SC material has a uniform effective mass over the transverse x-y plane,
T(E) = Trace [I'1,GET 1,G2] will be independent of k,,. Thus current can be calcu-

lated as:

- dk dE
5= [ G4 [ v - s 83

472

The final current expression is:

_ +oo
_ Z2mmekd / dET(E) (F¢ — F%) (8.4)

K="

—0o0

where Ff , = In [1+exp (uf r — E) /KT).

8.2.3 Boltzmann spin-drift-diffusive (SDD) model

The GF calculations described in the previous section require the electrochemical po-
tential values of 1, ;11 and j1) at the left/right boundaries between the central region and
the semi-infinite FM/SC contacts. These have to be determined by evaluating the elec-
trochemical potential profile within the bulk FM and SC leads using the macroscopic
SDD theory [(2.3)]. The potential discontinuity at the interface due to the interfacial
resistance is described by the following equation: —eJ§ 7 = n% — pg, where Rfis the

areal spin dependent interfacial resistance experienced by electrons at interface.
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Figure 8.3: Left axis: Spin-up and down resistances as a function of interfacial barrier height U.
The difference of resistances becomes increasingly more divergent with U. Right axis: Tunnel-
ing spin injection ratio y increases with U due to the increasingly spin asymmetric resistances.
Inset: Spin-up and down resistances (left axis) and spin injection ratio (right axis) as a function
of spin asymmetry 7 of barrier potential, with Uy fixed at 0.2eV.

The electrochemical potential i, ; at the interfaces and R7 are solved self-consistently
by combining the microscopic GF model within the barrier and the Boltzmann SDD

model in the contacts, as illustrated schematically in Fig. 8.2.

8.3 Results and Discussion

Based on the above self-consistent scheme, we calculate the resistances 2y and 2| as
experienced by the spin-up and down electrons, respectively, and the SI ratio, defined as
v = (j1 —41)/(Jr +J;) at z = w. Unless otherwise stated, we assume the following
parameter values in our calculations:>3 162163 j = 106 A /em?, resistivity (prar, psc) =
(1077,10~*)Qm, intrinsic spin polarization ratio (apyr, asc) = (0.4,0.0), effective

mass (mj,, mso) = (1,0.067)m,, and Fermi energy (Frys, Ers) = (10,0.05)eV.

Figure 8.3 shows that both the magnitude (R; + R|) and spin asymmetry (R; — R))
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of the interfacial barrier resistance increases with interfacial barrier height U, even when
the barrier height is spin-independent (i.e. 7 = 0). While the former is a well-established
fact, the latter is a rather unexpected result arising out of the self-consistent, multi-
scale calculations. This is because the semiclassical SDD models predict high SI only
in the presence of spin-asymmetric tunnel barriers.*® The divergence between the R;
and R| with increasing barrier height naturally leads to a higher SI ratio, as by the ~y
curve of Fig. 8.3. Additionally, as shown in the inset of Fig. 8.3, the divergence be-
tween the spin-up and down resistances also increases with increasing spin asymmetry
n = (U, — Uy)/(Uy 4+ U)) of the barrier potential, thus enhancing the SI ratio through

the barrier.

It is worth noting that the increase of SI ratio with increasingly divergent spin
resistance is consistent with previous theoretical results.® Since it has been previously
predicted that SI efficiency may be improved by increasing the spin asymmetry of the
tunneling barrier potential, considerable experimental efforts have been focused on en-
gineering suitable tunneling barrier with a large spin-split property. Our calculations,
however, suggest that high SI efficiency may also be achieved by engineering a suit-
ably high barrier potential, without necessarily having to enhance its spin-split property,
which is a more challenging proposition in practical tunnel barriers. Thus, the fact that
the spin asymmetry of barrier resistance is sensitive to the barrier height is a useful result
of our work. Further, it is instructive to conduct a systematic study of how the diver-
gence between the spin-up and down resistances is influenced by specific tunnel barrier

profiles and thickness.

We consider three types of barrier potentials: 1) exponentially increasing (in go-
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Figure 8.4: Spin injection ratio  as a function of barrier height U and barrier geometry as
characterized by Ar. The barriers considered have zero spin-asymmetry (1 = 0) and the same
area under their respective potential curve.

ing from the FM to the SC layer), 2) exponentially decreasing and 3) square profiles.
These barrier profiles are visually depicted in the inset of Fig. 8.4. For a quantitative
description of the barrier profile, we introduce a variable A = (Uy/U), which is the
ratio of the barrier potential at z = 0 (U)) to the height of an equivalent square barrier
(U). Barriers of the same thickness w can be considered equivalent when the area under
their respective barrier potentials are equal. This is because for barriers with identical
w, the area under the barrier represents the average potential experienced by the tunnel-
ing electron while traversing across the barrier. By keeping the area under the barrier
constant, we thus have Ar < 1 (Ag > 1)for the exponentially increasing (decreasing)
potentials, and Ar = 1 for the square barrier.

We first consider the effect of barrier height for three representative barrier po-
tentials with specific Ag values of 0.22, 1.0 and 2.37, respectively. For all three barrier
shapes, the SI ratio increases monotonically with the barrier height U, but to a varying

extent depending on the barrier geometry (Fig. 8.4). Barriers with an exponentially de-
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creasing (increasing) slope exhibit the least (greatest) sensitivity to increase in barrier
height. Next, we analyze the effect of barrier geometry (i.e. Ag) on spin injection. As
seen from the inset of Fig. 8.4, there is a substantial decrease in the SI ratio with increas-
ing Ag. This is because the effective tunneling resistance of an exponentially decreasing
barrier (i.e. with Az > 1) is lower than that of an exponentially increasing barrier (with
Agr < 1). This translates to a lower SI efficiency, since (as shown in Fig. 8.3) SI gen-
erally increases with increasing resistance of the interfacial barrier. While a higher U
improves the SI ratio v, the rate of increase in 7 is suppressed at large Ag values. It
should be noted that barriers with Ar ~ 2 have a profile similar to that of a Schottky
barrier. Thus, our analysis indicates that a Schottky effect at a FM/SC interface is detri-
mental to achieving high SI efficiency, compared to the more square-like insulating (e.g.

oxide) barrier potential of the same tunneling resistance.

8.4 Summary

We integrated the two spin transport models that we have described previously — SDD
and GF - and developed a multiscale spin tunneling theory to study the tunneling SI
process through FM/SC interfacial barrier by means of a self-consistent analysis. The
calculated results show that SI efficiency increases with barrier height, as well as bar-
rier asymmetry. The former trend is not obvious and has not been formally predicted
previously. Our model also predicts a strong dependence of the SI ratio on the barrier
profile. In general, an exponentially increasing interfacial barrier between a FM metal
and a SC contact yields a higher ratio compared to a Schottky-like exponentially de-

creasing barrier. This suggests that a pronounced Schottky effect should be avoided in
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order to achieve a high SI ratio. Our calculated results provide a guide to the engineering
(e.g. via doping) and biasing of interfacial barriers in order to obtain the optimal barrier

height and profile for tunneling SI.



Chapter

Conclusion

9.1 Conclusion

In this thesis, first, we developed a mathematical model to describe the spin transport
in a PSV device. Using this model, we analyzed the effect of material parameters on
the MR of the PSV. In our analysis we focused mainly on understanding the physics of
spin transport as well as optimizing the material parameters to achieve high MR ratio.
We discover various novel effects which are further utilized to enhance the MR ratio.
Then, we studied the optimization of MR by including additional resistive components—
IR and additional layers—into the basic PSV device. In both cases, we found that there
is a competition between all the individual resistive components in dominating the spin
asymmetry of the device. We also analyzed the interplay between this competitive resis-
tance effect and spin-relaxation for further optimization of the MR. Then, we studied the
current confinement effect which rises due to the effect of patterning the layers in a SV
device. The current confinement effect further complicates the competitive resistance
effect due to other phenomenon such as current crowding and spreading resistance. To

optimize the MR, all these effects were considered. We showed that device performance

155
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can be highly enhanced by carefully utilizing these effects.

Then, we studied electron and spin transport across a ballistic channel in a 2DEG
spin transistor. We found that the transport properties of the device, such as the trans-
mission probability, the SI efficiency and the MR ratio, all exhibit oscillatory behavior
when the electron energy is varied. The basis of these oscillations is the resonant trans-
port across the 2DEG. By utilizing this resonant transport property, we further proposed
a SC-based gate controlled MR device that could perform the function of a metallic SV,
but with the advantage that its MR can be optimized (post-fabrication) and its stability
enhanced by controlling a gate bias voltage. Next, we modified the spin transistor by
designing a viable form of spin transistor in which electron passes through a series of
wavy magnetic-electric barriers. We carried out a detailed simulations that take into con-
sideration the field broadening effect, the temperature degradation of spin polarization,
and calculated SI, SI variation with gate bias and source-drain bias, subject to impor-
tant geometrical property of channel length as well as the number of FM gates within a
fixed channel length. This device provided useful guidance to experimentalists or device

engineers seeking to device a truly viable form of spin current transistor.

Finally, we combined the two main mathematical models that we have developed
in this thesis—SDD and GF-and developed a multiscale theory to study the tunneling SI
process through an interfacial barrier by means of a self-consistent analysis. The calcu-
lated results enable us to carry out MR optimization by utilizing the interfacial properties
such as barrier profile and barrier spin-asymmetry. Based on the calculated results, the

optimal interfacial properties have been identified for possible experimental verification.
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In summary, in this thesis we have successfully achieved the 3 main objectives:

1. We have developed mathematical models to describe the physics of spin transport
in spintronic nanodevices. The two main mathematical models that were devel-
oped in this thesis are, i.e.1) semi-classical SDD model, and 2)the mesoscopic GF

formalism.

2. Using these models, we have studied the effects of various device parameters on
spin transport. Via our studies, we have understood the physics of spin trans-
port, as well as identified various anomalous and novel effects. The spin transport
physics/effect that were noticed and/or studied are:

e The effect of structural and physical parameters.
e The effect of spin-independent resistivity on spin-asymmetry.

e Anomalous MR suppression effect due to the coupling of spin relaxation
with resistivity.

e The complex interplay between spin-asymmetry, spin relaxation and the
anomalous MR suppression effect due to increase in FM layer thickness.

e competitive resistance effect due to interfacial resistance and additional lay-
ers.

e Current confinement, current crowding and spread resistance due to pattern-
ing of layers.

e Resonant spin tunnelling in ballistic regime.
e Gate controlled MR in spin-transistors.
o Ballistic spin tunneling across magnetic-electric barriers.
o Effect of interfacial barrier geometry and shape.
3. By careful utilization of the results and theoretical knowledge obtained from our

analysis, we further explored different means as well as proposed new designs to

enhance the performance of spintronic devices.

Our results, models and the simulation programs that have been developed to model spin

transport are also useful for the experimentalist to predict the device performance prior
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to conducting experiments and practical realization.

9.2 Further work

The GF formulism introduced in this thesis is a very powerful tool to study the quantum
transport phenomena in nanodevices. Thus by using the GF method, we can continue
to study many other spin transport phenomena, which could be useful in optimizing
the performance of spintronic devices. In the future I will use the NEGF method to
study physics of electron transport in 1D materials, especially in graphene nanoribbons
(GNR). The GNR is a quasi-one dimensional system which has attracted various in-

167-173 and optical!">17 properties. I will

teresting studies on transport,'+-1% magnetic,
develop a mathematical model based on the pi-orbital tight binding (TB) method [4] to
describe the electron transport in GNR. Using this model, I will investigate the effects of
atomic disorder on the electronic transport in graphene. The effect of applied magnetic

field in a disordered graphene will also be investigated. I will further

1. include other physical phenomena such as spin scattering and phonon scattering
into the existing model;

2. model different structure such as shaped modified GNR and bilayer GNR; and
investigating their effects on the electronic transport.

My aim is to gain a clear understanding of these phenomena and further utilize the

effects in device application, e.g. in magnetoresistive devices.
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