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Abstract

Research in electron spin-based electronics, or ”spintronics”, has a universal goal

to develop applications for electron spin in a broad range of electronics and strives

to produce low power nanoscale devices. Spin injection into semiconductors is an

important initial step in the development of spintronic devices. The primary goal

of spin injection is to create a highly spin polarized population of electrons inside a

semiconductor at room temperature for study, characterization, and manipulation.

This dissertation investigates magnetic tunnel spin injectors that aim to meet the

spin injection requirements needed for potential spintronic devices.

Magnetism and spin are inherently related, and chapter 1 provides a detailed

introduction of magnetic tunneling and spin polarized electron transport, followed by

a summary of the field of spintronics. Chapter 2 then describes the fabrication of the

spin injector structures studied in this dissertation, and also illustrates the optical spin

detection technique that correlates the measured electroluminescence polarization

from quantum wells to the electron spin polarization inside the semiconductor.

Chapter 3 reports the spin injection from the magnetic tunnel transistor (MTT)

spin injector, which is capable of producing highly spin polarized tunneling currents

through spin selective scattering in its multilayer structure. The MTT achieves a

lower bound of ∼ 10% injected spin polarization at 1.4 K measured from the circu-

larly polarized electroluminescence from InGaAs quantum wells. Chapter 4 reports
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spin injection from CoFe-MgO(100) tunnel spin injectors, where spin dependent tun-

neling through MgO(100) produces highly spin polarized tunneling currents. These

structures achieve lower bound injected spin polarizations exceeding 50% at 100 K and

30% at 290 K measured from the circularly polarized electroluminescence from GaAs

quantum wells. The CoFe-MgO spin injectors also demonstrate excellent thermal

stability, maintaining high injection efficiencies even after exposure to temperatures

of up to 400 ◦C. Bias voltage and temperature dependent studies on these structures

indicate a significant dependence of the electroluminescence polarization on the spin

and carrier recombination lifetimes inside the semiconductor.

Chapter 5 investigates the spin and carrier lifetime effects on the electrolumines-

cence polarization using time resolved optical techniques. These studies suggest that

a peak in the recombination lifetime with temperature is responsible for the nonmono-

tonic temperature dependence observed in the electroluminescence polarization, and

that the initially injected spin polarization from CoFe-MgO spin injectors is a nearly

temperature independent ∼ 70% from 10 K up to room temperature.
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Chapter 1

Magnetic Tunneling and

Spin Injection

The magnetic tunnel spin injectors described in this dissertation follow an extensive

history of research in magnetic tunneling and spin polarized current, and a brief sum-

mary of the field is included in the first part of this introductory chapter. The second

part of the chapter reviews spin injection, which combines aspects of magnetism,

optics, and spin physics altogether in a semiconductor setting.

1.1 Magnetic Tunneling

1.1.1 History

In the early 1970’s, P. M. Tedrow and R. Meservey measured the spin polariza-

tion of electrons tunneling from ferromagnetic metals (Fe, Co, Ni, and Gd) through

aluminum oxide (Al2O3) into superconducting aluminum metal under an external

magnetic field [1]. The spin polarization of the tunneling electrons was found to be

dependent on the magnetic orientation of the ferromagnetic materials, which could be
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2 CHAPTER 1. MAGNETIC TUNNELING AND SPIN INJECTION

manipulated by an applied magnetic field. In addition, from studies on Al |Al2O3 |Al

junctions under high external magnetic fields, the tunneling process was found to be

spin conserving [2].

These experiments suggested that by manipulating the magnetization of the fer-

romagnetic layers, one could control the tunneling current in a ferromagnetic metal-

insulator-ferromagnetic metal junction (FM | I |FM). This effect was first measured

by Jullière in 1975, who found a change in tunneling current of 14 % at 4.2 K in a

Co | amorphous-Ge |Fe junction [3]. Jullière proposed a simple model for the mea-

sured effect:
∆ G

Gp

=
Gp − Gap

Gp

=
2P1P2

1 + P1P2

(1.1)

where G is the junction conductance (p–parallel, ap–antiparallel alignment of the FM

layers), and P1 and P2 represents the spin polarization of the two FM layers. The

polarization within a FM layer is given by:

Player =
N↑ − N↓

N↑ + N↓

(1.2)

where N ↑(↓) are the Fermi level density of states of majority (minority) spin electrons

in the layer [3]. Later experiments with amorphous Ge as a tunneling barrier failed

to produce spin polarized transport [4], and researchers were unable to reproduce

Jullière’s results.

Ferromagnetic electrode

Tunnel barrier

Ferromagnetic electrode

Figure 1.1: A standard MTJ.
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Nevertheless, the Jullière model remains useful for characterizing spin dependent

current effects in FM | I |FM junctions. The change in junction resistance deriving

from the relative alignment of the FM layer magnetizations in a FM | I |FM junction

is termed magnetoresistance (MR), and generally expressed in one of two forms:

Tunnel Magnetoresistance (TMR) =
∆ R

Rp

=
Rap − Rp

Rp

=
2P1P2

1 − P1P2

(1.3)

Junction Magnetoresistance (JMR) =
∆ R

Rap

=
Rap − Rp

Rap

=
2P1P2

1 + P1P2

(1.4)

where R is the resistance across the FM | I |FM structure. Both TMR and JMR are

valid descriptions of the magnetoresistive effect and choice of either representation is

based on preference. The FM | I |FM junction, shown in fig. 1.1, is called the magnetic

tunnel junction (MTJ). The electrical current in the MTJ travels perpendicular to

the film plane (CPP) of the FM layers, where the FM layers act as electrodes.

Although MTJs remained an interesting and intense research topic since their

discovery in the early 1970’s, not until 1995 were significant MR values reported

at room temperature. Miyazaki and Tezuka reported JMR values of 30% at 4.2 K

and 18% at 300 K [5], although these results were later disputed when considering

geometrical nonlinear current flow effects [6]. Moodera et al. observed JMR values

of 24%, 20%, and 11.8% at 4.2, 77, and 295 K, respectively, using CoFe |Al2O3 |Co

and CoFe |Al2O3 |NiFe junctions [7]. The primary reasons for the improvement in

MR value and stability were the advances made in deposition and fabrication of the

junction devices. The ability to grow thin, smooth FM films and insulating layers

largely determines the operating capabilities of the final device. With modern day

deposition techniques, room temperature commercial devices based on the MTJ have

become a realistic possibility.

Several applications for MTJ devices have drawn significant interest. The MTJ
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has a possible application as a hard drive read sensor [8], where the goal is to exploit

the compactness and higher signal from a CPP MTJ as an improvement over exist-

ing current-in-plane Giant Magnetoresistance (GMR) [9] devices. Another potential

application is the implementation of the MTJ in magnetic random access memory

(MRAM). MRAM is a proposed memory technology offering nonvolatility (retaining

information even when the power is removed), high speed (projected to be faster

than both nonvolatile Flash RAM, and popular Dynamic RAM which requires a re-

fresh after each read), and high densities matching DRAM densities. Techniques for

building MRAM cells have been of interest for decades [10, 11], and the use of both

anisotropic MR [12] and GMR [13] have been proposed. However, today the MTJ

remains both theoretically and practically the most promising structure for use in

MRAM technologies [14,15].

1.1.2 Jullière Model: “Simple” Magnetic Tunneling Theory

The backbone of MTJ functionality is magnetoresistance–the change of resistance

(or current) across the junction when the magnetizations of the two FM layers are

parallel relative to antiparallel aligned. Typically, when the two magnetizations have

parallel alignment, the MTJ is in a low resistance (Rp) or high current mode, and

under antiparallel alignment, the MTJ is in a high resistance (Rap) or low current

mode (see fig. 1.2). An easy approach to understanding the function of the two

magnetic layers is to describe the bottom FM layer in fig. 1.2 as a spin filter, creating

a current of electrons with primarily one spin orientation. The top FM layer in fig. 1.2

acts as a spin detector, favoring one spin orientation (conventionally defined as the

majority spin) of electrons to tunnel and continue as current. In addition, conductance

through the FM materials can be viewed as a summation of two independent and

unequal components based on spin, or in other words, the sum of two spin polarized

currents [16–19].
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Moments Antiparallel

(high resistance/low current)

Moments Parallel

(low resistance/high current)

Figure 1.2: Typical MTJ operation where the bottom FM layer acts as a spin filter,
and the top FM layer acts as a spin detector. When the magnetizations of the two
FM layers are antiparallel, the MTJ is in a low current, high resistance mode. When
the magnetizations are parallel, the MTJ is in a high current, low resistance mode.

Jullière’s model [3] describes the zero bias voltage magnetoresistive effect using

the Fermi level density of states of the spin orientations in each FM layer. Since

tunneling in the MTJ is spin conserving [2], an electron of one spin state in the first

FM layer can only tunnel to an available identical spin state in the second FM layer.

Figure 1.3 illustrates this process when there is a larger majority spin density of states

at the Fermi level than minority spin density of states. When the two FM layers are

aligned, the large number of majority spin electrons in the first FM layer can tunnel

freely to the large density of states available for the same spin in the second FM layer

(both layers have the same majority spin orientation). In the parallel, low resistance

(high current) state, the current, Ip, is proportional to:

Ip ≈ N1
↑N2

↑ + N1
↓N2

↓ (1.5)

where N 1
↑(↓) refers to the Fermi level density of states of the majority (minority) spin

orientation in the first FM layer and N 2
↑(↓) refers to the Fermi level density of states
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2

FMFMFMFM

1 12

E
F

E
F

E
F

E
F

Ibig Imedium

Imedium
Imedium

N (E)N (E)

E

Figure 1.3: Density of states schematic for tunneling electrons in the parallel (left)
and antiparallel (right) alignment modes of the MTJ.

in the second FM layer (numerical referencing of the FM layers as defined in fig. 1.3).

Under parallel alignment of the FM layers, the tunneling current is spin polarized

with a polarization given by:

P =
n↑ − n↓

n↑ + n↓

(1.6)

where n↑(↓) refers to the number of majority (minority) spin electrons. For this

dissertation, the term “spin polarization” of an electron population refers to eqn. 1.6.

For antiparallel alignment, the majority spin electrons in the first FM layer are

minority spin electrons in the second FM layer. Thus, the small minority spin states

of the second FM layer limit the tunneling of the large number of majority spin

electrons in the first FM layer. Only the smaller number of minority spin electrons

from the first FM layer can tunnel freely to the majority spin states in the second FM
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layer. Under antiparallel alignment, the tunneling current, Iap, is proportional as:

Iap ≈ N1
↑N2

↓ + N1
↓N2

↑ (1.7)

In the antiparallel case, the tunneling current is not spin polarized.

Note that in fig. 1.3, the density of states for each spin orientation in a FM layer

are drawn shifted relative to each other due to the exchange interaction (also called

exchange splitting). This effect arises when the Fermi level lies in an energetically

narrow electron band that has a high density of states at the Fermi level (e.g. the 3d

band of a transition metal like nickel). In this case, it is energetically favorable for

the electrons to have the same spin, thereby minimizing their Coulomb energy, and

resulting in a lower energy for the electrons of one spin orientation. Opposing this

effect is the band energy needed to place two electrons in different states but with

the same spin instead of two electrons in one state with opposite spins. This band

energy is greater than the Coulomb energy if the Fermi level lies in an energetically

broad electron band with a low density of states at the Fermi level (e.g. the 4s band

in copper).

For academic interest, the Jullière model, though often used in analyzing MTJs,

is not rigorous. It assumes single domain magnetization and does not include several

factors such as the effects of bias voltage, temperature, disorder, and tunneling matrix

elements. Theoretical characterization and modeling of magnetic tunneling continues

to be an active field of research. For example, Zhang et al. have modeled the bias

voltage dependence of MR in MTJs, attributing the sharp decrease in MR at very low

biases to magnon scattering, and deriving expressions for the parallel and antiparallel

conductance [20]. MacDonald et al. have modeled the temperature dependence of

MR, predicting a T 3/2 behavior where the spin polarization is proportional to the

magnetization of the FM layer. Complimentary to the Jullière model, Slonczewski
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has modeled a FM | I |FM structure in a quantum mechanical system using a free

electron approach [21] and has also studied the effect of disorder [22] in MTJs on

the tunneling conductance. Theoretical predictions of exceedingly high MR in MTJs

with MgO(100) tunnel barriers have been reported by both Mathon and Umerski [23]

and Butler et al. [24, 25].

Another topic of continuing interest is the positive polarization (majority spin

dominant transport) measured in the superconducting tunneling microscopy experi-

ments of Tedrow and Meservey [1,26], which does not match theoretical calculations

for Co and Ni that show a higher density of states for the minority d-orbital elec-

trons at the Fermi level [27]. Extensive reviews of research in MTJs are available in

Refs. [6, 28].

1.1.3 Two Types of Magnetic Tunnel Junctions

The need to control either parallel or antiparallel alignment of the two FM layers with

an external magnetic field in useful devices yields two main types of MTJ structures.

The first type of MTJ consists of two FM layers having different coercivities, where

the coercivity of a FM layer is defined as the magnetic field where the layer switches its

magnetization direction. The second type of MTJ contains a “pinned” FM layer (its

magnetization is pinned in a specific direction) and a “free” layer (its magnetization

can change with an external magnetic field). Note, the magnetization of a FM layer

will saturate when all magnetic moments within the layer become aligned in a single

direction, either by pinning or by an external magnetic field bias. Materials with

magnetic anisotropy favoring a particular magnetization axis, or easy axis, will display

hysteresis in their magnetization under an external magnetic field sweep. A detailed

background in magnetic principles and materials is available in Ref. [29].
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Magnetization

Field

Field

“Soft” Layer

“Hard” Layer

Figure 1.4: Hysteresis loop sketch of two FM layers with differing coercivities assum-
ing the applied magnetic field along the easy axis of the FM layers.

The following sections describe two types of MTJs assuming positive TMR func-

tionality, where the junction is in its low (high) resistance mode when the magneti-

zations of the FM layers are parallel (antiparallel). Negative TMR exists when the

junction resistance is high (low) when the magnetizations of the FM layers are par-

allel (antiparallel). Examples of negative TMR include structures with Al2O3-Ta2O5

barriers [30] and Co |SrTiO3 |La0.7Sr0.3MnO3 junctions [31].

MTJ Type 1: FM layers with separate coercivities

One type of MTJ, with magnetization curves of its two FM layers shown in fig. 1.4,

uses FM layers of differing coercivities and changes resistance when an external mag-

netic field is swept between the two coercivity values. Starting at a sufficiently high

magnetic field, both FM layers are aligned with the field and the MTJ is in its low

resistance mode. Decreasing the applied field to zero and then increasing it in the

opposite direction first switches the magnetization of the FM layer with the lower

coercivity, denoted the soft layer. After switching the soft layer, the FM layers are

antiparallel and the MTJ switches to its high resistance mode. Continuing to increase
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Antiferromagnetic

Pinned FM Layer

Tunnel Barrier

Free FM Layer

(A) (B) Magnetization

Field

Field

Figure 1.5: A) Schematic of a pinned MTJ with an antiferromagnetic pinning layer.
B) Hysteresis loop diagrams, with the applied magnetic field along the easy axis of
the layers, of the free and pinned FM layers with each sketch drawn next to their
corresponding layers in (A).

the magnetic field eventually switches the magnetization of the other FM layer, de-

noted the hard layer, and the MTJ switches back to its low resistance state. As a

result, the MTJ has a high resistance value when the external magnetic field falls

between the coercivities of the two FM layers and a low resistance value otherwise.

MTJ Type 2: A magnetically pinned FM layer and a free FM layer

Today, the MTJ shown in fig. 1.5 is generally regarded as the frontrunner for MRAM

device applications. This type of MTJ uses an antiferromagnetic layer to pin the

magnetization of one of the FM layers [29,32]. The exchange interaction between the

antiferromagnetic layer and a FM layer of the MTJ magnetically hardens the FM

layer, adding a large offset to its coercivity. The other ”free” layer remains unaffected

by the antiferromagnetic layer. The magnetization of the pinned layer remains fixed

over the range of the applied magnetic field and can only be switched under a field

much higher than that used during device operation. Thus, the MTJ can switch from

a low resistance mode to a high resistance mode in small magnetic fields through
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Figure 1.6: Energy band schematic of a spin-valve transistor [45].

switching of the magnetization of the free layer, which has a low coercivity. This type

of MTJ shows promise for applications in future MTJ based device technologies such

as magnetic disk drive recording read heads and MRAM.

1.1.4 The Magnetic Tunnel Transistor (MTT)

In the quest for fully integrated device technologies utilizing spin information, spin

dependent hot electron transport has become an interesting topic in the study of

magnetoelectronic devices [33–46]. These devices have high and low resistance modes

determined by the alignment of electron spin states. One such hot electron spin

device is the spin-valve transistor (SVT) [45, 46]. A SVT, shown in fig. 1.6, consists

of a spin-valve base multilayer sandwiched between two semiconductors, which form

emitter and collector Schottky barriers with the base layer metals. The base layer

generally consists of two FM layers separated by a spacer metal layer such as Cu or

Au. Fabrication of the multilayer spin-valve base is essential to the operation of the

SVT device as the collector current (IC) that flows across the emitter-base-collector

SVT structure depends on the magnetization alignment of the FM base layers. The

change in collector current, called magnetocurrent (MC), deriving from the relative

alignment of the base layer FM moments has been reported as high as 300% at room
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Figure 1.7: Band diagram of a single base MTT. Here, IrMn is the antiferromagnetic
material that pins the emitter magnetization.

temperature [47]. While the SVT is an interesting spin-based structure, the device has

only limited control over the energy of the hot electron current since the emitter-base

Schottky barrier sets the electron energy.

In response to the SVT electron energy limitation, an adapted design having a

metal-oxide emitter in place of the original semiconductor emitter offers direct control

over the hot electron energy via tunneling from the emitter to the base layer [48,49].

This device has become known as the magnetic tunnel transistor (MTT), and is

essentially a MTJ grown on a semiconductor collector. A band diagram of the MTT

is shown in figure 1.7. The MTT is a three terminal device, having electrode contacts

at the emitter, base, and collector. The base layer is grown directly on the collector.

Then a tunnel oxide is deposited on the base layer, and an emitter FM layer completes

the MTJ structure on the semiconductor. In fig. 1.7, the additional layer on top of

the emitter layer is an IrMn antiferromagnetic layer, which pins the magnetization of

the emitter.
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The basic functioning of the MTT device is determined by two bias voltages, the

emitter-to-base bias (VEB), which controls the current tunneling from the emitter to

the base layer, and the collector-to-base bias (VCB), which controls the band bending

of the Schottky barrier between the base and collector. The pinned emitter injects

spin polarized electrons into the base, where the electrons then experience highly spin

dependent scattering determined by the magnetization of the base layer [33–41,45,46,

50–52]. Generally, electrons with spin parallel to the majority spin of the base layer

are scattered to a lesser degree than those with an antiparallel spin. An external

magnetic field controls the magnetization of the base layer, and thus determines the

electron spin transport across the base. Only electrons that retain sufficient energy to

overcome the Schottky barrier at the base-collector interface are collected as current.

As a result, the MTT has a magnetocurrent effect similar to the MR effect in the

standard MTJ:

Magnetocurrent =
IC,P − IC,AP

IC,AP

(1.8)

where IC,P and IC,AP represent the collector current for parallel and antiparallel align-

ment of the FM layers, respectively. The MTT collector current has a low value when

the emitter and base have antiparallel magnetizations, and a high value when the two

magnetizations are parallel. Figure 1.8, taken from Dijken et al. [53], shows the collec-

tor current behavior with magnetic field in a MTT with CoFe as the FM electrodes.

Extensive studies have measured large magnetocurrent values exceeding 3400% at

77 K for an MTT with a spin-valve base layer [54] and an interesting nonmonotonic

emitter-to-base bias voltage dependence of the magnetocurrent for MTTs with GaAs

collectors [55, 56]. Hot electron transport in both NiFe and CoFe have been mod-

eled [57] and the effect of nonmagnetic spacer layers in a spin valve base layer has

been documented [58]. Finally, functioning MTTs with Si collectors have also been
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Figure 1.8: Current vs. magnetic field for a single base MTT with CoFe emitter and
base layers. The MTT magnetocurrent is 64%, measured at room temperature with
an emitter-base bias of 1.4 V and a collector-base bias of 0 V [53].

reported, where various nonmagnetic seed layers were studied as a solution to adverse

silicide formation [59].

Overall, the MTT demonstrates significant current modulation based on spin,

however a major drawback is the inefficient current transport that results from its

multilayer structure. In general, the ratio of the collector current to the emitter to

base current in an MTT is ∼ 10−4 in the operating range that produces maximum

magnetocurrent values [53–58].

1.2 Semiconductor Spintronics and Spin Injection

1.2.1 Spintronics

Although extensive research on electron spin based phenomena in semiconductors

began in the 1960’s [60] and a spin-based device had been proposed by Datta and

Das in 1990 [61], research in spin-based devices did not draw significant attention until

the late 1990’s when continued scaling of silicon integrated circuit technology became
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increasingly difficult with each subsequent generation. Simultaneously, experimental

studies in GaAs demonstrated long spin lifetimes and coherent transport of spin

polarized electrons over distances larger than conventional channel lengths [28, 62–

64]. These results generated excitement over a possible spin-based device technology,

popularly called “spintronics”, where electron spin, rather than electron charge, would

be utilized for information processing.

New concepts for spin-based devices have since been proposed [65–67], and one

particular area of interest within spintronics has been the spin Hall effect [68–71],

where it has been predicted that a dissipationless spin current could exist in the

absence of a net charge current [69]. Comprehensive reviews of past, current, and

future research, both theoretical and experimental, on spin-based phenomena are

summarized in Refs. [28,72].

One of the major motivations for developing spin-based devices is greater function-

ality with lower power dissipation, where a spintronic device would aim to transfer and

process information utilizing the electron spin, without moving the electron charge.

This proposal has drawn significant interest due to the current power consumption

issues of conventional electronic technology. The traditional method of improving

charge-based computer chips, both clock speed and performance, by shrinking tran-

sistor sizes following Moore’s Law (the number of transistors on a chip doubles every

18 to 24 months) has become limited by transistor leakage and power density issues.

In short, shrinking transistors increases static power dissipation (while transistors

are “off”) as the smaller devices have relatively higher leakage currents. Shrinking

transistors to improve computer chips increases both the number of transistors per

area and the power dissipation, and thus rapidly increases the overall power density

consumption of a chip. This result leads to higher temperatures, which, in turn, leads

to even higher transistor leakage and power consumption. The power density problem

has led the major computer chip makers including IBM, Sun Microsystems, AMD,
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and Intel to shift computer processor design toward multicore processors. A pure

spin-based device might resolve the power density issue as the electron spin would be

utilized for information processing and require a very low, or even zero, charge flow.

Another motivation for research in spin-based devices derives from the fact that

spin is an inherent property of the electron, and nanoscale devices approaching quan-

tum regimes of operation may be able to utilize the spin property of the electron as

well as its charge. Also, utilizing spins in a semiconductor environment is advanta-

geous because of the lack of a background population of unpolarized electrons.

1.2.2 Spin Injection

In the pursuit for an integrated spin-based semiconductor device technology, the

first task is to create a population of spin polarized electrons inside a semiconduc-

tor for manipulation, generally referred to as spin injection. An ideal spin injector

would demonstrate high injected spin polarization, operate at room temperature,

and be both robust and easily fabricated for potential high throughput needs. Such

structures would be valuable tools for studying spin transport and dynamics within

semiconductors, and could potentially be used as actual components for an eventual

spin-based device.

Initial experimental work with dilute magnetic semiconductors has successfully

injected spin polarized current into semiconductor collectors [73–77]. However, the

magnetic ordering temperatures of these materials are far below room temperature,

limiting their potential for applications in realistic spin-based technology. Similarly,

ferromagnetic semiconductor spin injectors [78] are currently limited to low temper-

atures by their low Curie temperatures. For these reasons, FM metals, with Curie

temperatures well above room temperature, have drawn significant attention as po-

tential spin injectors. Despite their potential, diffusive injection into semiconductors

from FM metals is limited to ∼ 0.1% by the large conductivity mismatch between
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metals and semiconductors [79]. In the diffusive regime, the nonmagnetic semicon-

ductor, which has minimal conductance asymmetry related to spin, will dominate

electrical transport due to its high impedance relative to the FM metal. This limita-

tion prevents utilization of ohmic contacts between FM metals and semiconductors as

spin injectors. Indeed, efforts using FM diffusive contacts have shown only marginal

success [80–82].

In contrast, experimental studies using tunneling contacts such as Schottky tunnel

and metal-insulator injectors have reported injected polarizations much higher than

the diffusive limit of 0.1% [83–89]. For example, Hanbicki et al. [88] have reported

an optically measured 32% spin polarization of injected electrons at 4 K from an Fe-

Schottky contact into GaAs, while fully analyzing the tunneling transport across the

Schottky barrier. Adelmann et al. [89], also using Schottky contacts, have measured

up to 6% injected polarization at room temperature. Note that tunneling contacts

do not suffer from the conductivity mismatch as the tunneling resistance (recall that

tunneling is largely spin conserving [2]) dominates the transport characteristics [90].

1.2.3 Spin Relaxation

General

Knowledge of spin relaxation, especially in semiconductors, is essential to understand-

ing spin-related effects measured in a semiconductor environment. The origin of spin

relaxation can be modeled as a magnetic field contribution to the Bloch Hamiltonian

of an electron. For an applied magnetic field, one adds the following expression to

the Hamiltonian:

Ĥmag =
gq~

2m∗
σ · B (1.9)
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where q is the electron charge, m∗ is electron effective mass, g is the Landé g-factor,

and σ = (σx, σy, σz) are the Pauli matrices. The Bloch Hamiltonian then becomes:

Ĥ = Ĥo + Ĥmag (1.10)

where Ĥo = ~
2k2

2m∗
+V (r) and ~k is the electron momentum. Viewing equations 1.9 and

1.10, one can see that in the absence of a magnetic field, the Pauli matrices do not

appear and thus the spin of an electron does not play a role in the Hamiltonian. With

this scenario, a population of spin polarized electrons should retain its polarization

indefinitely. The empirical knowledge of spin relaxation reveals the presence of a spin

dependent term in the Hamiltonian. The question is then: What is the origin of this

spin dependent term in the absence of an applied magnetic field?

An illustrative example looks no further than the relativistic (or Lorentz) trans-

formation of the electric and magnetic field on a moving particle [91]:
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where the primed coordinate system is the rest frame of the particle, which moves

with velocity v along the x-axis (v = vx̂) relative to the unprimed lab frame, and

γ =
1

√

1 − v2/c2
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with c being the speed of light. Now, if B = 0 in the lab frame, from equa-

tions 1.11 and 1.12,

B′ = −
1

c2
(v × E′) (1.13)

In other words, if the magnetic field equals zero in one frame, an object in any other

frame moving at a velocity relative to the first frame will experience a magnetic

field described by eqn. 1.13. For completeness, if E = 0 in the lab frame, equa-

tions 1.11 and 1.12 give

E′ = (v × B′) (1.14)

which is the effective electric field providing the well known Lorentz force [F = q(v × B)]

on a charged particle moving in a magnetic field.

Eqn. 1.13 contributes to the Bloch Hamiltonian as the spin-orbit term:

Ĥ = Ĥo + Ĥmag + Ĥso , Ĥso =
gq~

2m∗
σ · (

v

c2
× E) (1.15)

In the end, the Hamiltonian does not distinguish between a real, applied magnetic

field, or something that “looks” like a magnetic field. Any phenomena or effect that

appears in the Hamiltonian in the same manner as a magnetic field will act as an

effective magnetic field in the system. Here, eqn. 1.15 shows that the spin-orbit term

acts as an effective magnetic field, described by eqn. 1.13, on an electron moving in

an electric field. This Lorentz correction example is useful in illustrating how spin

relaxation can occur, via spin-orbit coupling, in the absence of an applied magnetic

field. The next section will discuss modeling the spin-orbit interaction, and thus spin

relaxation, in a semiconducting solid, where band structure properties determine the

final form of the spin-orbit term.

As an aside, the name spin-orbit derives from the case of spherical symmetry with

a radial electric field, where E = -r1
r

∂V
∂r

. Since v = p 1
m

, v × E becomes L 1
mr

∂V
∂r

, and
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σ · L (σ represents spin and L is orbital angular momentum) appears explicitly in

the spin-orbit term.

Spin relaxation in semiconductors

In semiconductors, spin-orbit coupling is determined largely by the symmetries of

the crystal band structure. One source of spin-orbit coupling in semiconductors is

bulk inversion asymmetry. Unlike Si and Ge, GaAs and other zinc-blende structure

materials lack a center of inversion. In materials that lack bulk inversion symmetry,

band states with different spin quantum numbers are nondegenerate, even in the

absence of a magnetic field. Written symbolically, En(k, ↑) 6= En(k, ↓). Splitting of

energy states based on spin resembles the effect of a magnetic field, and hence, can

be modeled by an effective magnetic field. The conduction band spin splitting in

III-V materials, derived from bulk inversion asymmetry, was first described in 1955

by Dresselhaus [92] and the Hamiltonian can be written as:

ĤDresselhaus = γD

∑

i=x,y,z

σiki(k
2
i+1 − k2

i+2) , (i + 3 → i) (1.16)

where γD is the Dresselhaus coupling coefficient generally expressed in units of en-

ergy times length cubed (e.g. eV Å3) and k is the electron momentum component.

Equation 1.16 has the form of σ · Beff with an effective magnetic field

Beff , Dresselhaus ∝











kx(k
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y − k 2
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2

z − k 2
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2

x − k 2
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. (1.17)

Another source of spin-orbit coupling within a semiconductor is structural in-

version asymmetry, where V (r) 6= V (−r). While traveling in a semiconductor, an

electron feels a potential gradient (∇V ) that can exist from a variety of sources such
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as an externally applied electric field, or internal fields derived from energy band

bending in semiconductor device junctions and heterostructures. Since E = −∇V ,

a moving electron will feel an effective magnetic field from the potential gradient de-

scribed in a similar manner as that shown in the previous section with the Lorentz

transformation. This source of spin-orbit coupling inside a semiconductor was first

described in 1960 by Rashba [93] with the Hamiltonian:

ĤRashba = αR

∑

i=x,y,z

σi(ki+1Ei+2 − ki+2Ei+1) , (i + 3 → i) (1.18)

where αR is the Rashba coupling coefficient generally expressed in units of energy

times length (e.g. eV Å). Here, the effective magnetic field has the form

Beff , Rashba ∝ k × E =











kyEz − kzEy

kzEx − kxEz

kxEy − kyEx











. (1.19)

Thus, the spin-orbit term can now be expressed as

Ĥso = ĤDresselhaus + ĤRashba (1.20)

where ĤDresselhaus and ĤRashba are given by equations 1.16 and 1.18, respectively.

The main distinction between Rashba and Dresselhaus coupling is their dependence

on the electron crystal momentum, where the Rashba term varies with k, while the

Dresselhaus term varies with k3.

An additional source of spin-orbit coupling can come from structural strain such as

that from external stress on the structure or lattice mismatch in heterostructures. Al-

though not discussed in detail here, strain can be modeled by a deformation potential

described in terms of the unstrained potential, with an added correction dependent
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on a strain tensor times a potential gradient. Again, the potential gradient in the

deformation potential can act as an electric field with an effective magnetic field, and

contributes to the Hamiltonian via Rashba coupling.

Calculating the effect of spin-orbit coupling from the Dresselhaus and Rashba

terms can be simplified by assuming confinement in a particular plane. This assump-

tion corresponds to, for example, quantum confinement provided by a quantum well

structure. For a (100) quantum well sample, setting the [100]-direction as z, and the

confinement plane as the xy-plane, results in kz = 0 and k2
z → 〈k2

z〉, where 〈〉 indicate

an average or expectation value. Also, assuming that the confining potential (V ) is

inversion symmetric in the xy-plane, then ∂V
∂x

= ∂V
∂y

= 0 and E = Ez ẑ. With these

assumptions, the Dresselhaus and Rashba Hamiltonians become:

ĤDresselhaus = γD

[

σxkxk
2
y − σykyk

2
x − 〈k2

z〉(σxkx − σyky)
]

(1.21)

ĤRashba = αR(σxky − σykx) (1.22)

1.2.4 Spin Relaxation Mechanisms

This final introductory section summarizes the main spin relaxation mechanisms that

are relevant to electron spins in semiconducting solids. Note that only electron spin

relaxation is discussed, since theoretically, hole spins are expected to relax quickly

relative to electron spins due to intermixing of heavy-hole and light-hole states in

the valence band.1 Empirically, longer spin lifetimes have been observed for electrons

than for holes in semiconductor systems [28].

1Although a large split-off between the light and heavy holes can lead to longer hole spin life-
times [94].
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D’yakonov-Perel’ Spin Relaxation

The D’yakonov-Perel’ (DP) spin relaxation mechanism derives from a k -dependent

effective magnetic field that exists in materials that lack bulk inversion symmetry,

and has been shown to be the most important spin relaxation mechanism in low

doped GaAs systems [28,60]. The spins dephase as the effective magnetic field varies

depending on the electron momentum. Theoretically, the DP spin relaxation rate

is inversely proportional to the momentum scattering rate and also becomes more

efficient (∼ E3
k
) at increasing electron energies for hot electrons. In addition, the DP

mechanism is generally suppressed by a magnetic field applied along the direction of

the spins, as the applied field competes with the effective magnetic field [28,60].

Elliot-Yafet Spin Relaxation

Another spin relaxation mechanism is the Elliot-Yafet (EY) spin relaxation mecha-

nism where spin-orbit coupling couples electron states of opposite spins and in combi-

nation with momentum scattering, leads to spin relaxation. The EY spin relaxation

rate is directly proportional to momentum scattering and plays a significant role in

small bandgap and large spin-orbit split materials [28]. The opposite dependence

on momentum scattering distinguishes the DP and EY mechanisms, where the DP

mechanism results in dephasing of spins in between collisions while the EY mechanism

accounts for spin relaxation during collisions.

Bir-Aronov-Pikus Spin Relaxation

A third spin relaxation mechanism is the Bir-Aronov-Pikus (BAP) mechanism, which

derives from electron interaction with holes. Spin relaxation can occur via scattering

with holes and the rate depends on several factors describing the type of hole in the

interaction. In the nondegenerate case, the BAP spin relaxation rate is proportional
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to the hole population, while it is proportional to the cube root of the hole population

in the degenerate case [28,60].

Hyperfine Interaction

A final spin relaxation mechanism is the hyperfine interaction where electron spins

can relax by interacting with the nuclear spins in the crystal solid. Although the GaAs

nuclei carry a 3/2 spin, the hyperfine interaction is only significant for electrons in

localized states such as quantum dots or dilute dopant levels. For spin injection,

electrons are injected at energies above the bottom of the conduction band, and the

effects from the hyperfine interaction are expected to be negligible.



Chapter 2

Spin Injector Fabrication and Spin

Detection Techniques

This short chapter describes the experimental methods employed in the spin injection

studies of this dissertation. The first part summarizes spin injector fabrication with

magnetron sputtering. The second part of the chapter describes the optical detection

technique and experimental setup used to measure the injected spin polarization

inside the semiconductor.

2.1 Spin Injector Fabrication

All magnetic tunnel spin injectors were grown in an entirely self-contained custom de-

signed magnetron sputtering deposition system, shown in fig. 2.1, at the IBM Almaden

Research Center. Two types of spin injectors were grown for spin injection, a magnetic

tunnel transistor (MTT) spin injector and a CoFe-MgO spin injector (see fig.2.2).

The deposition process utilized shadow mask patterning, which provided fast, effi-

cient production of tunnel injector junctions on semiconductor substrates. For the

MTT spin injector, a rectangular ferromagnetic base layer was grown first, followed

25
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Figure 2.1: Photograph of the magnetron sputtering deposition system used to grow
MTT and CoFe-MgO tunnel spin injectors.

MTT CoFe-MgO

GaAs substrate

Oxide tunnel barrier

Oxide isolation pad

Ferromagnetic metal

Figure 2.2: Top view drawing of the MTT and CoFe-MgO spin injectors.
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Figure 2.3: Top view photograph of a MTT.

by a thin Al2O3 tunnel barrier grown over the entire sample. After deposition of the

tunnel barrier, thick Al2O3 isolation pads were deposited to prevent shorting of the

emitter layer to the substrate. Finally, the ferromagnetic emitter layer was grown

on top of the isolation pads, along with a Ta capping layer to prevent oxidation of

the emitter. For the CoFe-MgO spin injector, a thin MgO(100) tunnel barrier was

grown first over the entire sample, followed by the deposition of MgO isolation pads

and a CoFe emitter layer capped with Ta. The isolation pads and emitter layers

defined the junction area. The substrates for the spin injection structures consisted

of GaAs based quantum well heterostructures that were used to optically detect the

spin polarization of injected electrons. The substrates were grown by molecular beam

epitaxy at Stanford University.

A top view of a real MTT device is shown in fig. 2.3 where the thin tunnel oxide

is not visible. The CoFe-MgO junction looks similar to the MTT, only without the

rectangular base ferromagnetic layer.
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2.2 Optical Detection of Spin Polarization

The detection of spin polarization inside a semiconductor is nontrivial. The detectors

used here are GaAs based quantum well light emitting diodes, which emit circularly

polarized light corresponding to the electron spin polarization. With this technique,

the electron spin polarization inside the quantum well can be measured directly.

2.2.1 Optical Selection Rules

The band structure of bulk GaAs around the Γ point is sketched in fig. 2.4. The

conduction band states are s-like and have zero orbital angular momentum. Thus,

the total angular momentum of electrons in the conduction band derives from spin

only, and the band is two-fold degenerate for the two available spin states.1 The

valence band is p-like and has an orbital angular momentum of one. Thus, the total

angular momentum of the hole states has both spin and orbital components. As

shown in fig. 2.4, the valence band states have bands denoted the heavy-hole (HH),

light-hole (LH), and split-off band. Spin-orbit interaction leads to the split-off band,

where the energy of a given state is lower when the magnetic moment from a spin is

aligned with the magnetic moment from the electron orbital angular momentum. The

heavy-hole and light-hole states are degenerate at the Γ point in bulk GaAs, however

in quantum wells, the degeneracy is lifted due to confinement (the two bands have

different effective mass), and strain for materials such as InGaAs. Also, the heavy-hole

band has a higher density of states near the Γ point because it has less dispersion than

the light-hole band, leading to an approximately three times greater light emission

from radiative electron-HH recombination than electron-LH recombination [60].

In the Faraday geometry, where the electron spin is aligned along the direction

1In actuality, for GaAs the degeneracy in the conduction band is lifted due to bulk inversion
asymmetry. See section 1.2.3.
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Figure 2.4: E vs. k band diagram for bulk GaAs around the Γ point.
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Figure 2.5: Optical recombination selection rules in the Faraday geometry.

of light propagation, radiative recombination in the quantum well follows well de-

fined optical selection rules [60]. The selection rules are shown in fig. 2.5, where the

electron and hole states are labeled by their total angular momentum quantum num-

ber. Circular polarized light can only transfer (∆mj) ±1 angular momentum to the

system, and as shown in fig. 2.5, luminescence from the quantum well will have a cir-

cular polarization corresponding to the spin of the recombining electron [60,95]. For

electron-HH recombination, a −1
2

electron will recombine with a −3
2

hole state emit-

ting σ+ circularly polarized light, while a +1
2

electron will recombine with a +3
2

hole

state emitting σ− circularly polarized light. The two light components are sometimes

denoted as left-hand and right-hand circularly polarized for σ+ and σ−, respectively.

When one points the thumb along the light propagation direction, the curling of the

fingers matches the rotating direction of the electric field vector belonging to the

associated light component.
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Figure 2.6: Experimental setup for optical studies of spin injection.

2.2.2 Optical Detection Setup

The experimental setup for the optical spin detection technique used in the spin

injection experiments is illustrated in fig. 2.6.2 The sample (S) sits inside a supercon-

ducting magnet cryostat, which allows temperature control from 1.4 to 300 K and also

applies an external magnetic field of up to 7 T. The sample is oriented such that the

applied magnetic field (H) is parallel to the propagation direction of the luminescence

being measured, perpendicular to the sample film plane. Again, this geometry, where

the applied magnetic field and the electrons spins are aligned along the axis of the

propagation direction of the luminescence, is called a Faraday geometry. As described

in the previous section, only in the Faraday geometry will the emitted light exhibit

a circular polarization that is directly correlated with the spin of the recombining

electrons. A liquid crystal retarder (LCR) in combination with a linear polarizer

(A) analyzes the circularly polarized light components, with a selected component

then being measured by a grating spectrometer and a charge-coupled device (CCD).

Based on the circular polarization of the luminescence, the radiative recombination

from electrons of both spin orientations can be counted separately, giving a direct

measurement of the spin polarization inside the quantum well immediately before

recombination.

2A separate experimental setup for time resolved optical studies is described in chapter 5.
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Chapter 3

Magnetic Tunnel Transistor Spin

Injector

This chapter presents the initial characterization of spin injection using the MTT as a

spin injector into a GaAs-InGaAs quantum well heterostructure [96]. The In0.2Ga0.8As

quantum wells in GaAs form a light emitting diode (LED) that emits circularly po-

larized light, where the strength of polarization is dependent on the spin orientation

of the recombining electrons. Electroluminescence from the In0.2Ga0.8As quantum

wells shows a polarization of ∼ 10% with MTT spin injection at 1.4 K after a lin-

ear background subtraction in the applied magnetic field. The electroluminescence

polarization is found to be strongly dependent on the collector-to-base bias voltage

across the semiconductor LED heterostructure.

3.1 Introduction

As noted previously (see section 1.2), creating a population of spin polarized electrons

inside a semiconductor is an initial step towards developing spin-based electronic de-

vices. The MTT (see section 1.1.4) represents a potential candidate for spin injection

33
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that is not affected by the conductivity mismatch problem [79] of diffusive contacts

since electrons are injected ballistically into the semiconductor collector [90]. In addi-

tion, contrary to spin injectors with a single FM layer, the MTT is not limited by the

spin dependent Fermi level tunneling spin polarization of the FM metal [48, 49, 53].

Instead, the spin polarization of injected electrons is determined by spin filtering in

the base region where the polarization can approach 100% [55, 57]. Another advan-

tage of the MTT is that it offers more degrees of freedom for transport manipulation.

With three terminals, both the emitter-to-base and collector-to-base bias voltages can

be controlled to manipulate the spin polarized injection current. While the MTT can

potentially provide a highly spin polarized injection current, a significant shortcoming

is the relatively low collector current as most of the current passes through the base

contact.

For this spin injection study, the collector of the MTT structure is a GaAs-InGaAs

quantum well heterostructure that allows for optical detection of the injected electron

spins. The overall MTT spin injector structure is illustrated in the band diagram

schematic in fig. 3.1.

3.2 MTT-Spin LED Fabrication

The semiconductor spin detector LED was grown by molecular beam epitaxy (MBE).

Starting with a beryllium doped p+GaAs substrate, three p-Al0.32Ga0.68As layers

(total thickness of 780 nm) with stepped doping concentrations were grown followed

by a 60 nm Al0.32Ga0.68As intrinsic layer. The AlGaAs layers help confine injected

electrons to the quantum wells and also prevent beryllium dopant diffusion into the

quantum wells. Next, three GaAs-In0.2Ga0.8As quantum wells were grown on top of

the AlGaAs layers, with InGaAs well widths of 8 nm and GaAs well spacing widths

of 15 nm. On top of the quantum wells, an additional 5 nm Al0.32Ga0.68As layer was
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Figure 3.1: Band diagram of an MTT on a GaAs-InGaAs spin detector LED.

added to help confine holes traveling from the p-type back-side to the quantum well

region for recombination. Finally, 100 nm of n-GaAs, with a doping concentration

∼ 5× 1016 cm−3, forms the top layer of the GaAs collector. The top GaAs layer was

lightly doped to reduce current leakage due to Schottky tunneling from the eventual

base layer. Before removal from the MBE chamber, an arsenic cap layer was deposited

on top of the GaAs to protect the surface layer from oxidation after removal from the

MBE chamber.

After growing the semiconductor collector structure, the sample was placed inside

a high vacuum sputtering chamber and heated to ∼ 520 ◦C to remove the arsenic cap

by sublimation. After cooling to ambient temperature, a MTJ was then grown on top

of the GaAs, to form the MTT, using DC magnetron sputtering with shadow mask

patterning. Three masks patterned the base, emitter isolation, and emitter layers,

respectively [53]. The base layer consists of 3.5 nm Ni81Fe19 deposited directly on the
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GaAs, followed by a second layer of 1.5 nm Co84Fe16. A thin (∼ 1.5 Å) aluminum

layer was then deposited to prevent oxidation of the underlying base layer. Next, an

aluminum oxide (Al2O3) tunnel barrier was grown via reactive sputtering of aluminum

metal in an oxygen ambient. The final oxide thickness was ∼ 2.2 nm. Then after

deposition of the isolation pads, 5 nm of Co84Fe16 was deposited for the emitter layer

and then capped with 5 nm of Ta to prevent emitter oxidation.

There are several advantages to using GaAs-InGaAs quantum wells. First, the

InGaAs quantum well luminescence energy is smaller than the bandgap of GaAs,

which allows back-side measurement of the electroluminescence signal. Measuring the

signal through the GaAs substrate, as opposed to front-side emission, minimizes the

effect of magnetic circular dichroism derived from polarization dependent interaction

between the luminescence and the FM layers. Second, the heavy-hole (HH) and light-

hole (HH) energy splitting (∆E in fig. 2.5) in InGaAs, due to confinement and strain,

is greater than either emission linewidth. Photoluminescence studies on the 8 nm

wide In0.2Ga0.8As quantum wells indicate a ∼ 40 nm wavelength separation between

electron-HH and electron-LH emission peaks. As shown in the next section, the

emission linewidth of the electroluminescence signal is ∼ 3 nm. Thus, the electron-

HH recombination emission can be analyzed independently without any contribution

from electron-LH emission, which emits distinctly different circularly polarized light

for a given spin population (see fig. 2.5).

Figure 3.1 shows the bias voltage setup and approximate band effects of the entire

device structure. The emitter-to-base bias (VEB) controls the energy of the tunneling

electrons while the collector-to-base bias (VCB) controls the band bending of the

semiconductor LED structure. The magnetic field is applied perpendicular to the

film plane, along the axis of the light propagation for detection, consistent with a

Faraday geometry. Note, the direction of the applied field is determined by the

requirement of the Faraday geometry in the optical detection scheme, and therefore,
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large fields are required to rotate the FM magnetic moments out of the film plane.

The applied magnetic field creates a spin asymmetry in the MTT injector pro-

portional to the net magnetic moments of the FM layers. The emitter injects spin

polarized electrons into the base, where the electrons undergo spin dependent scatter-

ing determined by the magnetic orientation of the base layer. The electrons with spin

parallel to the majority spin of the base layer are scattered to a lesser degree than

those with an antiparallel spin. Here, the external field aligns the emitter and base

layer moments. Only electrons that retain sufficient energy to overcome the Schottky

barrier at the base collector interface are collected as current. As a result, minority

spin electrons from the emitter layer are removed preferentially from the current, and

the net current injected into GaAs should be highly spin polarized. The injected elec-

trons then relax energetically into the quantum wells and recombine with unpolarized

holes from the substrate, emitting light with a circular polarization corresponding to

the spin of the recombining electrons.

3.3 Electroluminescence Spectra and Polarization

Electroluminescence measurements at 1.4 K with VEB = −2.06 V and VCB = 1.0 V

are shown in fig. 3.2. The electroluminescence signal is dependent on the applied

magnetic field, where σ+ circularly polarized emission dominates in positive fields, σ−

circularly polarized emission dominates in negative fields, and the two components

are identical in zero field.1 Figure 3.3 shows the energy splitting of spin states under

positive applied magnetic field. The relative energy of an electron spin state under

1
σ

+ and σ
− emissions are defined in section 2.2.1.
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Figure 3.2: Electroluminescence intensity vs. wavelength at 1.4 K for applied magnetic
fields of 2.5, 0, and -2.5 T with VEB = −2.06 V and VCB = 1.0 V. Dark and light lines
represent σ+ (left-hand) and σ− (right-hand) circularly polarized light, respectively.
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Figure 3.3: Schematic energy representation of spin states under positive magnetic
field based on the Zeeman equation (eqn. 3.1).
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an external field is determined by the Zeeman equation:

EZeeman = − m · B (3.1)

m = − gµBms

where m is the magnetic moment of the electron, B is the magnetic flux density, g is

the material g-factor, µB is the Bohr magneton, and ms is the spin quantum number

with a value of ±1
2
. Under a positive magnetic field, the −1

2
electron spin state is

the majority spin state in the FM metal, while GaAs and InGaAs have a negative

g-factor and thus have a spin state energy splitting opposite to that in the FM metal.

The injected −1
2

spin electrons recombine and emit σ+ luminescence. Since this

representation of spin injection and recombination matches that shown in fig. 3.2

with σ+ (σ−) dominating at positive (negative) field, the electroluminescence signal

indicates majority carrier injection. This point is worth noting since the primary

purpose of the spin injector is to create a large population of majority spin carriers

for spin polarized current.

For analyzing the electroluminescence signal shown in fig. 3.2, the emission in-

tensity for each polarization component is measured for a range of applied magnetic

fields, and then their integrated intensities are used in the following equation to de-

termine the circular polarization of the electroluminescence (EL):

PEL =
I+ − I−

I+ + I−
(3.2)

where I+ and I− are the integrated intensities of the σ+ and σ− components, re-

spectively. Again, the optical selection rules within the quantum well under Faraday

geometry correlate the circular polarization of the emitted light to the spin polariza-

tion of electrons immediately prior to recombination [60,95].
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Figure 3.4: Electroluminescence polarization at 1.4 K (a) measured data and (b)
after subtraction of a linear background. Bias voltage conditions are the same as in
fig. 3.2. Dashed line in (b) represents the net magnetic moment of the MTT injector
measured with a SQUID magnetometer at 10 K.

3.4 Polarization Dependence on Magnetic Field

Figure 3.4(a) shows the electroluminescence polarization (PEL) dependence on applied

magnetic field at 1.4 K with VEB = −2.06 V and VCB = 1.00 V. The PEL magnitude

increases rapidly with magnetic field up to approximately ±2 T, as the field rotates

the magnetic moments of the emitter and base layers out of plane. The net magnetic

moment of the MTT saturates out of plane at ∼ 2 T. Interestingly, there is an

additional slow increase of PEL at higher fields. Due to the negative g-factor of

GaAs, low temperature thermalization of electrons should produce a background

signal that decreases with magnetic field. One possible explanation for the positive

background signal is that the light and heavy-hole splitting from the strain in the

quantum wells is large enough that the hole spins no longer relax quickly compared
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to the electrons. Normally, the wave function intermixing of the hole states results

in extremely fast hole spin relaxation. However, if the holes retain their spin, low

temperature thermalization due to Zeeman splitting for the hole states, which have

a larger g-factor than electrons, could lead to a positive background signal with

increasing magnetic field.

A linear background subtraction is employed to remove the magnetic field depen-

dent background contribution and yields a corrected polarization (PC) plot shown in

fig. 3.4(b), which reveals a saturation polarization of ∼ 10%. Note that polarization

dependent reflection at the FM base-GaAs interface may add artificially to the elec-

troluminescence polarization. However, a separate photoluminescence experiment,

where linearly polarized light is reflected off the base layer through the substrate,

found this effect to show a polarization of less than 1% that was not field depen-

dent. Finally, the dashed curve in fig. 3.4 represents the net magnetic moment of the

MTT injector measured in a magnetic field, applied perpendicular to the film plane,

with a superconductor quantum interference device (SQUID) at 10 K. The magnetic

field dependence of the magnetization shows excellent agreement with the field de-

pendence of PC , where the net magnetic moment saturates at the same point as the

measured electroluminescence polarization. This result confirms that PC derives from

the injection of spin polarized electrons from the MTT spin injector.

The saturated polarization of ∼ 10% obtained in fig. 3.4(b) corresponds to a

minimum estimate of injected spin polarization into GaAs. The spin splitting in the

GaAs conduction band from bulk inversion asymmetry is proportional to E
3

2 , where E

is the hot electron energy. Consequently, the D’yakonov-Perel’ (DP) spin relaxation

mechanism becomes more efficient at elevated electron energies [60]. The injected

electrons likely lose a significant amount of spin polarization via the DP mechanism

as they relax energetically to the bottom of the GaAs conduction band. Additional

spin relaxation can also occur inside the quantum well before recombination [97,98].



42 CHAPTER 3. MAGNETIC TUNNEL TRANSISTOR SPIN INJECTOR

Figure 3.5: The collector-to-base bias voltage dependence of (a) PEL, hole current
(inset), and (b) electroluminescence intensity at 1.4 K and 2.5 T. VEB = −2.06 V for
these measurements.

Thus, the actual injected spin polarization of electrons should be significantly higher

than the measured electroluminescence polarization.

3.5 Polarization Dependence on Collector-Base Bias

Figure 3.5(a) summarizes the PEL bias dependence on the collector-to-base voltage

(VCB) at 1.4 K and an applied magnetic field of 2.5 T. For VCB < 1 V, the luminescence

signal is too weak to obtain a PEL value. Increasing VCB above 1 V decreases PEL,

which changes sign at VCB ∼ 1.4 V, and then settles at a relatively constant value with

bias voltage. Note that PEL does not exclude background effects. The sign reversal

suggests that the injected electrons likely lose their initial spin orientation through

spin relaxation, and then develop a polarization of the opposite spin orientation due
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to thermalization to the +1
2

spin state in the magnetic field in GaAs-InGaAs (see

fig. 3.3) before recombination.

Increasing VCB increases the hole current flowing from the p+GaAs substrate.

Elevated electron-hole interactions can result in a higher spin relaxation rate through

the Bir-Aronov-Pikus (BAP) mechanism [60]. With a low hole concentration, the spin

relaxation rate is proportional to the number of holes in the quantum wells, and thus

the relaxation rate increases with increasing bias voltage. However, above a threshold

hole concentration, in the degenerate case, the BAP mechanism exhibits a much

smaller dependence on the hole population [60]. Other spin relaxation processes could

also show a bias voltage dependence. For example, the DP mechanism is very sensitive

to hot electron energy, becoming much more efficient at higher energies [60]. Higher

biases bend the conduction band of the n-GaAs region lower in energy, increasing

the amount of energy relaxation needed for hot electrons to reach the bottom of the

quantum wells to recombine. This increased energy relaxation process likely elevates

the loss of electron spin orientation.

The bias dependence of electroluminescence intensity at 2.5 T appears in fig. 3.5(b).

Initially, electron-hole recombination becomes more efficient with increasing bias, as

more holes are injected into the quantum wells to recombine with electrons. However,

the intensity saturates with bias near 1.4 V (approximately the turn-on voltage for

the diode), as the signal becomes limited by the number of injected electrons from

the MTT and stays relatively constant. Meanwhile, the intensity of the σ+ compo-

nent decreases significantly, likely because spin relaxation becomes more efficient at

high biases and electrons also thermalize to the +1
2

state before recombination. As a

result, PEL becomes negative.
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3.6 Summary

The magnetic tunnel transistor has successfully demonstrated spin injection into

GaAs, measured directly using electroluminescence, and has the potential for ap-

plications in future spin-based research and device development. The MTT has the

advantage of utilizing a base layer for spin filtering and could provide electron cur-

rents approaching 100% spin polarization. In addition, the three terminals allow

for extended study and manipulation of the electrical transport characteristics. Un-

fortunately, the tunneling process along with the spin filtering and transport over

the Schottky barrier interface results in very small injected current levels, which

limit the electroluminescence signal used to measure the injected spin polarization.

Indeed, the low luminescence signals prevented further studies examining the spin

injection dependencies on emitter-to-base bias and temperature. Based on magne-

tocurrent transport measurements, higher injected polarizations are expected at lower

emitter-to-base bias voltages. While the initial results using optical detection infer

only modest values of spin polarized current, these values are more likely limited by

spin relaxation mechanisms inside the semiconductor rather than the MTT injector.

The measured 10% polarization is therefore a lower bound value for the injected spin

polarization.



Chapter 4

CoFe-MgO(100) Tunnel Spin

Injector

Addressing the experimental obstacles of the MTT injector, this chapter reports the

higher injected electron spin polarization achieved with a CoFe-MgO tunnel injector

into an AlGaAs-GaAs quantum well spin detector [99, 100]. The spin polarization is

measured directly using optical detection of the electroluminescence signal emitted

from an AlxGa1−xAs-GaAs quantum well. Spin injection from CoFe-MgO tunnel

injectors creates electroluminescence polarizations exceeding ∼ 50% at 100 K and

exceeding ∼ 30% at 290 K inside GaAs. The tunnel injectors also demonstrate

excellent thermal stability, retaining efficient spin injection even after exposures to

temperatures up to 400 ◦C. Finally, the electroluminescence polarization is found to

exhibit a strong bias voltage dependence and, interestingly, a dramatic nonmonotonic

dependence on temperature.

45
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4.1 Introduction

Spin injection, as discussed previously in section 1.2.2, is an important area of research

for the development of spin-based devices. Within spintronics technology, magnesium

oxide (MgO) will likely play a key role in a variety of applications. While the MTT

can enhance injector spin polarization through spin filtering of hot electrons in the

base region, another possible approach for highly spin polarized electron injection is

to exploit MgO as a spin filtering tunnel barrier.

Amorphous aluminum oxide (Al2O3) is universally popular as the tunnel barrier

in magnetic tunneling devices because it is robust and comparatively easy to grow

uniformly without pinholes. Unfortunately, theoretical analysis of tunneling trans-

port remains difficult for these devices due to the amorphous nature of the barrier.

In addition, a clear epitaxial relationship between Al2O3 and FM metals does not

exist [24]. On the other hand, crystalline MgO as a tunnel barrier allows for theo-

retical modeling and prediction of spin polarized tunneling. Optimistic calculations

predict a TMR ratio in excess of 1000% for a MgO(100) barrier of ∼ 20 atomic planes

coinciding with a majority electron dominant spin polarized current [23].

Theoretical modeling by Butler et al. [24] predicts that tunneling conductance

through crystalline MgO(100) is determined by the symmetry between Bloch states

in the FM metal and the evanescent states inside the tunnel barrier. The majority

spin tunneling conductance involves electrons in the Bloch state with ∆1 symmetry

where the transverse momentum is small (k// ∼ 0), and which decays slowly across the

tunnel barrier. Minority tunnel conductance is primarily through interface resonance

states. This picture favors majority carrier spin polarized tunneling through an MgO

barrier [24,25].

Experimental studies with magnetic tunnel junctions support the theoretical pre-

dictions of enhanced spin transport across MgO tunnel barriers. Yuasa et al. [101]
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have reported 180% TMR at room temperature in single-crystal (100) Fe |MgO |Fe

tunnel junctions. Parkin et al. [102] have reported an even higher ∼ 220% room

temperature TMR in polycrystalline, but highly (100) textured, CoFe |MgO |CoFe

tunnel junctions, while also measuring ∼ 85% tunneling spin polarization (TSP)

in CoFe |MgO |AlSi tunnel structures using superconducting tunneling spectroscopy.

This TSP value approaches values observed from half-metallic ferromagnets [103].

The results obtained with MgO tunnel barriers exceed the typical values of tradi-

tional Al2O3 MTJs, which display ∼ 55% TSP [15,26], and room temperature TMR

up to ∼ 70% [104]. Both the theoretical predictions and the experimental data from

MgO-based tunneling structures suggest that MgO could be utilized in highly efficient

tunnel spin injectors.

4.2 Injector-Spin LED Fabrication

A band diagram schematic of the CoFe-MgO spin injector grown on an AlGaAs-GaAs

quantum well structure appears in fig. 4.1. Figure 4.2 shows a cross-section transmis-

sion electron micrograph (XTEM) of the spin injector and detector structure. The

individual layers are readily distinguishable and the MgO and CoFe layers, although

polycrystalline, are highly (100) textured.

The semiconductor spin LED detector, with a single GaAs quantum well, was

grown by molecular beam epitaxy (MBE). The full semiconductor structure was:

p+GaAs substrate | 570 nm p-AlxGa1−xAs | 75 nm i-AlxGa1−xAs | 10 nm i-GaAs |

15 nm i-AlxGa1−xAs | 100 nm n- or p- AlxGa1−xAs | 5 nm i-GaAs. Different alu-

minum concentrations (x) were used to vary the quantum well depth. Doping of

the top AlGaAs layer was varied to be either n ∼ 5 × 1016cm−3 or p ∼ 1 × 1017cm−3.

The final GaAs top layer protects the AlGaAs layer from oxidation in subsequent

processing. The semiconductor samples were then capped with an arsenic layer to
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Figure 4.1: Band diagram of a CoFe-MgO spin injector grown on an AlGaAs-GaAs
spin LED structure.
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Figure 4.2: XTEM image of a CoFe-MgO spin injector sputter deposited on GaAs.
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prevent damage during transport from the MBE chamber to the magnetron sput-

tering system, where the tunnel spin injectors were grown. Before deposition of the

injector, the samples were heated to 550 ◦C for 10 minutes to remove the arsenic cap.

After cooling to ambient temperature, a shadow mask deposition process was utilized

to define the tunnel barrier (∼ 3 nm MgO) and top FM electrode (5 nm Co70Fe30

capped with 5-10 nm Ta to prevent oxidation). The final active injector area was

∼ 100× 300 µm2. A single voltage source (VT ) controlled the bias voltage across the

entire injector-semiconductor structure (see fig. 4.1).

The tunnel injector-spin LED structure grown here addresses several issues that

complicated the previous MTT injector study. First, with a smaller g-factor (∼ −0.44),

a GaAs quantum well introduces a lower magnetic field dependent background polar-

ization than an InGaAs quantum well.1 Second, a single quantum well simplifies the

quantum well structure. Disadvantages compared to InGaAs include the smaller light

and heavy-hole band splitting and the need to measure the luminescence from the

front-side of the sample. Although the electron-LH emission peaks are closer to the

electron-HH emission peaks in this setup (relative to the InGaAs quantum well), the

spectra nevertheless do not overlap and remain distinct. Back-side emission from the

GaAs quantum well is largely reabsorbed by the GaAs substrate, and therefore front-

side emission is used to measure the injected polarization. Light traveling through

the spin injector will lose intensity and also acquire a background polarization signal,

due to circular dichroism, from interaction with the FM metal. However, the direct

injection of electrons into the semiconductor results in a sufficient electrolumines-

cence signal, while background effects from interaction with the FM metal are small

compared to the final measured polarizations. The tunnel injector is more robust

than the MTT injector as the MTT can have (or develop) a poor Schottky barrier

1InAs has a g-factor of ∼ −20, while the g-factor for InGaAs falls in between the values for GaAs
and InAs
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or emitter-base tunnel barrier. The metal-insulator-semiconductor structure setup

allows for a voltage distribution that will not easily break the tunnel barrier. Finally,

the two layer CoFe-MgO tunnel spin injector is easier to grow than the MTT.

Figure 4.1 illustrates the direction of light propagation and also the direction of

magnetic field, which again must be applied perpendicular to the film plane in order

to obtain the required Faraday geometry of the detection scheme. The magnetic field

rotates the CoFe magnetic moment out of the film plane, creating an asymmetry

of electron spins aligned perpendicular to the film. This spin polarized population

is then injected directly into the AlGaAs-GaAs heterostructure where they relax

energetically and recombine in the GaAs quantum well, emitting circularly polarized

light corresponding to the spin polarization of electrons injected into the quantum

well.

4.3 CoFe-MgO on an Al0.08Ga0.92As-GaAs

quantum well heterostructure

4.3.1 Electroluminescence Measurements

Sample electroluminescence spectra are shown in fig. 4.3 for an n-i-p sample structure

with 8% Al doped barriers with applied magnetic fields of 5, 0, and -5 T at 100 K.

Note that the electron-LH peaks appear in fig. 4.3. These peaks are absent in the

emission spectra from the GaAs-InGaAs quantum wells in fig. 3.2, where the com-

pressive strain in the InGaAs splits off the light-hole band from the heavy-hole band

significantly. While there is minimal strain in the AlGaAs-GaAs quantum wells, the

split off between the light and heavy-hole bands due to confinement is sufficient to

allow unambiguous analysis of electron-HH emission only. The electron-HH emission
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Figure 4.3: Electroluminescence intensity vs. wavelength for an n-i-p 8% Al doped
barrier sample at 100 K for applied magnetic fields of 5, 0, and -5 T with VT = 1.8 V.
Dark and light lines represent σ+ (left-hand) and σ− (right-hand) circularly polarized
light, respectively.

indicates majority carrier injection (see section 3.3) where σ+ (σ−) emission domi-

nates at positive (negative) magnetic field. As expected, neither circularly polarized

component dominates in the absence of a magnetic field indicating that at zero field,

there is no net spin polarization of electrons perpendicular to the film plane. Also

note that in fig. 4.3, the emission peaks shift to higher energy (lower wavelength)

and the intensity increases significantly in the magnetic field. The shift to higher

energy is normally attributed to the diamagnetic shift as materials naturally oppose

applied magnetic fields [105]. Experimentally, the enhancement of the luminescence

in a magnetic field is consistent with a shorter radiative recombination lifetime, which

would contribute to a positive magnetic field dependent background polarization as

spins would have less time to relax before recombining radiatively with holes.

The polarization of the electroluminescence signal is determined using eqn. 3.2
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Figure 4.4: Electroluminescence polarization vs. magnetic field at 100 K for a CoFe-
MgO spin injector grown on an 8% Al barrier, n-i-p spin LED sample (a) before
and (b) after background polarization subtraction. A comparative measurement for
a nonmagnetic Pt injector is shown in (a) and a SQUID magnetometer measurement
of the CoFe magnetic moment overlays the background corrected data in (b).

restated here for convenience:

PEL =
I+ − I−

I+ + I−

where I+ (I−) is the integrated electron-HH σ+ (σ−) emission intensity. Note that,

as expected, the electron-LH emission has an opposite polarization as compared to

the electron-HH emission, consistent with the optical selection rules described in

section 2.2.1. Recall that the electroluminescence polarization represents a lower

bound value for the injected polarization as it measures the spin polarization of the

electrons immediately before radiative recombination [60,95]. Due to spin relaxation,

the injected electron spin polarization will be reduced during the lifetime within the

semiconductor before recombination.
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Figure 4.4(a) shows the electrolumenescence polarization dependence on applied

magnetic field for an 8% Al doped barrier, n-i-p sample at 100 K. The polarization

increases rapidly with magnetic field magnitude up to ∼ 2 T, as the field rotates the

CoFe moment out of the film plane. Above 2 T, PEL continues to increase linearly,

although at a slower rate, and reaches ∼ 50% at 5 T. The linear increase of PEL after

saturation of the CoFe magnetic moment could derive from a combination of a sup-

pression of spin relaxation by the magnetic field and a shorter radiative recombination

lifetime in the magnetic field, as discussed earlier. Indeed, a longitudinal magnetic

field (in this case, perpendicular to the film plane) reduces D’yakonov-Perel’ (DP)

spin relaxation [60], which is generally considered the most important spin relaxation

mechanism in our experiment (see section 1.2.4). Note, control photoluminescence

measurements conducted on similar quantum well structures using circularly polar-

ized pump light also show a decreased spin relaxation in the presence of a longitudinal

magnetic field.

A magnetic field dependent recombination lifetime can also contribute to the back-

ground signal. The stronger luminescence intensities at higher magnetic fields suggest

a shorter radiative recombination lifetime. This effect can lead to an increasing po-

larization with increasing field as carriers have less time to spin relax before being

measured optically. Note that the Zeeman splitting in GaAs is negligible compared to

thermal energies at 100 K and, therefore, cannot account for the observed background

polarization.

The electroluminescence polarization corrected (PC) by subtracting a linear, mag-

netic field dependent, background polarization is shown in fig. 4.4(b). Ideally, this

corrected polarization represents a measure of spin polarization excluding the influ-

ence of the external magnetic field on spin relaxation and recombination lifetime,

and is measured as high as 42% at 100 K. The solid line in fig. 4.4(b) is the CoFe

magnetic moment measured in a perpendicular-to-plane magnetic field with a SQUID
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magnetometer at 20 K. The normalized field dependence of the electroluminescence

polarization shows excellent agreement with the SQUID data, which is consistent with

the electroluminescence polarization being a result of the injection of spin polarized

electrons from the CoFe layer.

As a reference measurement, the PEL of a control sample with a nonmagnetic Pt

electrode in place of CoFe is also shown in fig. 4.4(a). The polarization is on the

order of 1% and has a very weak magnetic field dependence. Additional photolumi-

nescence experiments with linearly polarized pump light, both reflected and trans-

mitted through the CoFe layer, also gave small polarizations (< 2%) and a weak field

dependence. These results indicate that the effects of polarization-dependent light

absorption or reflection by the metal and semiconductor layers are very small.

4.3.2 Bias Voltage and Temperature Effects

The bias voltage dependence of PC over a 1.4-100 K temperature range is summarized

in fig. 4.5 for both n-i-p and p-i-p samples with 8% Al doped barriers. The relatively

small confinement potential of the GaAs-Al0.08Ga0.92As quantum well results in weak

electroluminescence signals at elevated temperatures, and becomes a limiting factor

for measurements above 100 K. Over the available temperature range, PC decreases

with bias at any given temperature.

A similar bias dependence in photoluminescence experiments has been attributed

to spin relaxation through the DP mechanism before photoexcited electrons recombine

in the quantum wells [106, 107]. Recall that DP spin relaxation occurs in semicon-

ductors lacking bulk inversion symmetry due to spin precession about an effective

magnetic field, whose orientation and magnitude depend on the electron’s momen-

tum. A higher bias voltage results in a larger effective magnetic field and consequently,

more rapid spin relaxation.

A notable point is the lack of data at lower biases in fig. 4.5. Returning to the
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Figure 4.5: PC vs. bias voltage over a 1.4-100 K temperature range for (a) n-i-p and
(b) p-i-p samples with 8% Al doped barriers.
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Figure 4.6: Current-voltage characteristics for an 8% Al n-i-p sample. The data was
taken at 0 T. Data at 5 T was nearly identical. Inset is the same data, plotted on a
log scale for reference.

band diagram schematic in fig. 4.1, a sufficient signal-to-noise ratio in the electro-

luminescence signal is obtained only after the overall device turn-on. The applied

bias must first turn-on the semiconductor junction.2 Then mobile holes from the

substrate move to the MgO-GaAs interface, allowing biasing of the tunnel barrier for

spin injection. The current-voltage plot in fig. 4.6 for an 8% Al barrier n-i-p sample

illustrates the bias voltage needed to turn on the overall spin injector-semiconductor

structure.

Perhaps more intriguing is the nonmonotonic temperature dependence of PC ,

which has a high value at low temperatures and at first, decreases with tempera-

ture towards a minimum at ∼ 50 − 60 K. PC then increases with temperature up to

2The heavily doped p-type substrate makes a p-i-p band structure qualitatively similar to an
n-i-p band structure for the low surface doping concentrations in the spin detectors.
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Figure 4.7: PC vs. temperature for both n-i-p (circles) and p-i-p (triangles) samples
with 8% Al doped barriers at a given bias voltage.

100 K, the highest temperature at which measurements could be made with the 8% Al

doped barrier quantum wells. Figure 4.7 illustrates this unique temperature depen-

dence more clearly, plotting PC at a given bias voltage as a function of temperature

for both n-i-p and p-i-p samples.

The nonmonotonic temperature dependence can be explained by the temperature

dependencies of both carrier recombination lifetime and spin relaxation, and is the

focus of the study presented in chapter 5. In short, recombination lifetime is important

as the longer the lifetime, the longer the electron has to relax in spin before being

measured or removed from the system through a nonradiative pathway. For spin

relaxation, the DP spin relaxation rate is given by [108]:

1

τDP
s

∝ τp · T, (4.1)

and is proportional to the momentum scattering time (τp) because frequent electron
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momentum scattering randomizes the orientation of the effective internal magnetic

field from which the DP mechanism is derived. From eqn. 4.1, the DP spin relaxation

rate follows a temperature dependence similar to carrier mobility. Ionized impurity

scattering, which has a weak temperature dependence, dominates momentum scatter-

ing at low temperatures and the DP spin relaxation rate increases with temperature.

At high temperatures polar optical phonon scattering, which increases rapidly with

temperature, dominates the momentum scattering and the DP spin relaxation rate

decreases with temperature.

The contribution of other spin relaxation mechanisms, such as the Elliot-Yafet

(EY) and Bir-Aronov-Pikus (BAP) mechanisms, could be important if the DP re-

laxation rate is low. However, EY or BAP spin relaxation cannot explain the non-

monotonic nature of the PC temperature dependence. The EY spin relaxation rate

is proportional to the momentum scattering rate and thus would have the opposite

temperature dependence as our experimental data, while the BAP relaxation, due to

electron-hole exchange interactions, displays a monotonic temperature dependence.

Note that magnetic field effects are also important in our experiment. As stated

earlier, the radiative recombination lifetime shows a magnetic field dependence (see

section 4.3.1), which could contribute to the background slope seen above the ∼ 2 T

saturation value. The background signal also varies with temperature. Figure 4.8

compares the polarization measured in a 5 T field to the background corrected PC .

A negative background signal appears below ∼ 40 K, likely due to thermalization

in the Zeeman split carrier states and the negative g-factor of GaAs. This effect

diminishes as the temperature increases since thermal energies become larger than

the Zeeman splitting energy. The background slope signal then becomes positive at

higher temperatures, likely due to magnetic field suppression of DP spin relaxation

and reduction of the radiative recombination lifetime in the magnetic field. Due to



4.3. CoFe-MgO on Al0.08Ga0.92As-GaAs 59

Figure 4.8: Measured electroluminescence polarization at 5 T (circles) and back-
ground corrected PC (triangles) vs. temperature for an 8% Al n-i-p sample at
VT = 1.8 V.

the temperature dependence of the background signal, the background corrected po-

larization PC provides a means to compare an effective zero field electroluminescence

polarization at different temperatures. However, the linear subtraction method likely

oversimplifies the background contribution and could lead to temperature dependent

artifacts.

A final point to note is the applied bias voltage, VT , across the entire spin injector-

semiconductor structure. As the temperature changes, the total voltage drop across

the MgO barrier, the n- or p-AlGaAs depletion region, and the quantum well re-

gion can vary slightly even when VT remains constant. As shown in fig. 4.5, PC is

sensitive to the bias conditions and raises the question that the temperature depen-

dence of PC may derive from variations in the bias voltage distribution across the

entire structure. However, varying the voltage drops across different regions of the
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spin injector-semiconductor structure would introduce a monotonic temperature de-

pendence, and therefore cannot account for the experimental results. In addition,

current-voltage characteristics, shown in fig. 4.6, do not reveal any anomalies that

would result in the observed temperature dependence.

4.3.3 Thermal Annealing and Stability

After the initial polarization measurements, the samples were then annealed in a high

vacuum anneal furnace at various temperatures in an effort to obtain higher levels of

spin injection analogous to the post anneal improvements seen in the TMR of MTJs

and the tunneling spin polarization of CoFe-MgO-AlSi tunnel structures [102]. Ther-

mal annealing likely improves the crystal structure of the MgO and may also allow

oxygen to diffuse out of the magnetic layers into the MgO, improving the tunneling

interface. Figure 4.9 shows a ∼ 10% improvement in the measured electrolumines-

cence polarization in an 8% Al n-i-p sample after annealing, with PC reaching nearly

55% after the 340 ◦C anneal. Interestingly, the sample showed very little improve-

ment for annealing temperatures up to 300 ◦C, and then a temperature dependent

polarization improvement after annealing above 300 ◦C. Figure 4.10 shows a plot of

PC vs. temperature measured in the sample after annealing at sequentially higher

temperatures. While PC improved in general at all temperatures with annealing, the

increase in polarization was significantly larger for temperatures greater than 70 K

than for lower temperatures. Again, since MgO is crystalline, thermal annealing will

likely improve the tunnel barrier quality as well as the MgO interfaces with both

CoFe and GaAs if oxygen preferentially diffuses into the MgO. While these effects

can explain the general improvement in spin injection, they cannot account for the

unusual temperature dependent improvement in polarization observed in fig. 4.10.

One possible explanation for the temperature dependent improvement is a contri-

bution from a low Curie temperature component to the magnetization of the device.
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Figure 4.9: Improvement in electroluminescence polarization with thermal annealing
for an 8% Al barrier n-i-p sample (a) before and (b) after background polarization
subtraction. Data shown at 100 K and VT = 1.8 V.

Figure 4.10: PC vs. temperature for an 8% Al n-i-p sample after annealing at various
temperatures up to 400 ◦C. Relatively greater polarization improvement is found for
temperatures greater than ∼ 70 K.
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Such a contribution is sometimes seen in MTJs with Al2O3 barriers and may ac-

count for the large increase of TMR with decreasing temperature below ∼ 70 K [109].

Annealing could raise the Curie temperature of this component and thus extend its

magnetization contribution to higher temperatures. However, the change in the po-

larization improvement seen between 70 K and 80 K is too abrupt to model as a Curie

temperature effect. In any case, the origin of such an effect is unclear.

Another possible explanation for the experimental results are variations in the spin

relaxation rate arising indirectly from thermal annealing. While the heterostructure is

unlikely changed by the low (relative to MBE growth) temperature anneal treatments,

changes in the tunnel barrier could affect the trajectories of the electrons injected into

the semiconductor collector. The tunneling probability is exponentially dependent on

the tunnel barrier thickness, thus, changes to the tunnel barrier structure could alter

the angular spread of the cone of injected electrons. This effect could well result

in changes in the spin relaxation rate, which is strongly dependent on the electron

momentum perpendicular and parallel to the plane of the quantum well structure.

Since the spin relaxation rate has a temperature dependence, such changes could

result in a temperature dependent polarization improvement with annealing.

Overall the CoFe-MgO spin injectors show general improvement in the measured

electroluminescence polarization at all temperatures after thermal annealing. While

the temperature dependent improvement is intriguing, the most important aspect of

fig. 4.10 is that the injected polarization remains at a high value, even after exposing

the spin injectors to 400 ◦C. This result demonstrates the excellent thermal stability of

the CoFe-MgO spin injector, another desirable trait for the fabrication and processing

aspects of a universal spin injector.
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Figure 4.11: Electroluminescence intensity vs. wavelength for a 16% Al p-i-p sample
at 290 K for applied magnetic fields of 5, 0, and -5 T with VT = 2.0 V.

4.4 CoFe-MgO on an Al0.16Ga0.84As-GaAs

quantum well heterostructure3

4.4.1 Electroluminescence Measurements

The 8% Al doped barrier quantum well samples discussed previously are unable to

produce a significant electroluminescence signal above 100 K. Therefore, in order to

obtain higher temperature results, 16% Al doped barriers are used to provide a larger

energy confinement for carriers in the GaAs quantum well. For these samples, the

electron-LH and electron-HH emissions are easily separable at low temperatures, but

as shown for a 16% Al p-i-p sample in fig. 4.11, the emission peaks are much broader

and overlap at room temperature. In this case, the emission peaks are fitted with

Lorentzian functions, and the integrated electron-HH emission intensity is used in

determining the electroluminescence polarization (eqn. 3.2). Again, σ+ (σ−) emission

3Samples described in this section have been annealed at 300◦C for one hour.
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Figure 4.12: Electroluminescence polarization vs. magnetic field for a 16% Al p-i-p

sample at 290 K with VT = 2.0 V, (a) before background and (b) after background
polarization subtraction.

dominates at positive (negative) magnetic field for the electron-HH peak, and the

two components are equal at 0 T. The spectra clearly indicate spin injection into the

quantum well at 290 K. Note that the total intensity is much lower than that seen at

low temperatures, as nonradiative pathways, such as carrier escape from the quantum

well, become more significant at high temperatures. Also, the longer wavelength of

the peaks is due to bandgap shrinking in GaAs with temperature.

Figure 4.12 shows the electroluminescence polarization measurement for a CoFe-

MgO injector grown on a 16% Al barrier p-i-p spin detector at 290 K with VT = 2.0 V.

Here, the CoFe-MgO tunnel spin injector demonstrates an injected spin polarization

of nearly 50% in a 5T field and a background corrected polarization exceeding 30%

at 290 K. Although the background signal is significant at high temperatures, the
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Figure 4.13: PC vs. bias voltage at selected temperatures for a 16% Al p-i-p sample.

data after background subtraction (PC) still matches the SQUID data corresponding

to the CoFe magnetic moment.

4.4.2 Bias Voltage and Temperature Effects

Figure 4.13 shows the bias voltage dependence of PC in a 16% Al p-i-p sample. Similar

to the data from the samples with an 8% Al doped barrier quantum well, PC decreases

with increasing bias at all temperatures.

The temperature dependence of the electroluminesence polarization from 1.4-

290 K is presented in fig. 4.14, which shows both the polarization at 5 T and the

corrected PC value. The PC temperature dependence follows a similar nonmonotonic

trend as that seen with the shallow 8% Al barrier quantum wells, although the rise

in polarization at higher temperatures is less dramatic. Also, the values for PC are

lower than the values measured with shallow wells. This result is expected because

the efficiency of the DP spin relaxation mechanism increases rapidly with electron
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Figure 4.14: Measured electroluminescence polarization at 5 T (circles) and back-
ground corrected PC (triangles) vs. temperature at VT = 2.0 V for a 16% Al p-i-p

sample.

energy [60]. Hot electrons high in the conduction band will undergo significant spin

relaxation during thermalization down to the bottom of the quantum well.

The 5 T data in fig. 4.14, as compared to PC , reveals a strong temperature depen-

dence of the background signal. A plot of the background signal with temperature

is shown in fig. 4.15. At low temperatures, the background signal is negative, likely

due to thermalization in the Zeeman split electron states inside GaAs, which has a

negative g-factor. As the temperature increases, thermal energies become larger than

the Zeeman splitting energy, diminishing this effect. The background then settles at

a low positive value, which can be attributed magnetic field suppression of DP spin

relaxation [60] and also to the field dependence of the recombination lifetime. Again,

the total electroluminescence intensity at high fields is, in general, larger than that at

low fields. This apparent field dependence of radiative recombination lifetime could

be the source of the sharp increase in the background signal at high temperatures.
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Figure 4.15: Background polarization signal vs. temperature for a 16% Al p-i-p sample
with VT = 2.0 V.

Figure 4.16: Current vs. temperature in a 16% Al p-i-p sample with VT = 2.0 V.
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Overall, the bias voltage dependence and the temperature dependence of PC dis-

play trends and behaviors similar to that observed in the shallow 8% Al quantum

wells. A final note is that over the large temperature range from 1.4 K to 290 K, the

current in the structure changes dramatically with increased thermal energy. How-

ever, no features were observed in the variation of electrical current with temperature,

shown in fig. 4.16, that could account for the nonmonotonic temperature dependence

of PC or the background signal.

4.5 Summary

The CoFe-MgO spin injector, inspired by theoretical and experimental results showing

high tunneling spin polarization in MgO-based tunneling structures, achieves several

important goals of spin injection. First and foremost, it has demonstrated high levels

of spin injection, exceeding 50% lower bound spin polarization at 100 K, and exceed-

ing 30% lower bound spin polarization at 290 K measured in the electroluminescence

polarization from GaAs quantum wells. Note, the high magnetic fields to rotate the

CoFe moment out of the film plane are not fundamental, but a requirement of the

optical detection scheme. For potential applications that do not require optical de-

tection in the Faraday geometry, much smaller, or even zero, fields can be used to

magnetize the CoFe along its easy axis. The CoFe-MgO spin injectors demonstrate

excellent thermal stability, maintaining efficient spin injection after exposure to tem-

peratures up to 400 ◦C. As with the MTT spin injector, the CoFe-MgO tunnel spin

injector is grown by magnetron sputtering, a deposition technique capable of a high

throughput of devices.

The stability and robustness of the CoFe-MgO injector on the AlGaAs-GaAs het-

erostructure allows for extensive studies of both the bias voltage dependence and the
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temperature dependence of the injected spin polarization. These studies reveal a sig-

nificant dependence of the electroluminescence polarization on both spin relaxation

and the carrier recombination within the quantum well.
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Chapter 5

Spin and Recombination Lifetime

Effects in GaAs

While the CoFe-MgO tunnel spin injector achieves most of the goals for spin injec-

tion into semiconductors, an ideal spin injector would demonstrate a constant spin

injection efficiency over a wide temperature range. In this chapter, the source of the

nonmonotonic temperature dependence seen in the electroluminescence polarization

from the GaAs quantum wells is investigated. The results from electrical spin in-

jection are compared to an expected polarization value derived from time resolved

optical measurements of carrier spin and recombination lifetime [110]. Time resolved

optical studies suggest that the nonmonotonic temperature dependence seen in the

electroluminescence polarization derives from a peak in the carrier recombination life-

time with temperature. These results provide evidence of temperature independent

spin injection of ∼ 70% from 10 K to room temperature from the CoFe-MgO spin

injectors.

71
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5.1 Introduction

The temporal decay of both spin polarization and carrier population within a quantum

well is expected to be exponential. Assuming a single exponential in each case, the

optically measured polarization from the quantum well detector is related to the

injected spin polarization by the following [111]:

Pmeasured = Pinjected ·
τs

τs + τr

= Pinjected ·
[

1 +
τr

τs

]−1

(5.1)

where τs is the spin lifetime and τr is the total carrier recombination lifetime defined

by radiative (τrad) and nonradiative components (τnrad):

τ−1
r = τ−1

rad + τ−1
nrad . (5.2)

As described by eqn. 5.1, the injected spin polarization of electrons will be reduced

by a factor dependent on both the spin lifetime and the total carrier recombination

lifetime before measurement of the electroluminescence polarization from the quan-

tum well. Spin lifetime, deriving from spin relaxation, will clearly affect the measured

polarization. However, the recombination lifetime also plays a critical role, especially

in the case of optical detection from semiconductors. Mainly, a longer carrier life-

time translates into a longer time for spin relaxation to occur, leading to lower mea-

sured values of electroluminescence polarization. Returning to eqn. 5.1, if τr À τs,

most of the injected electrons will relax in spin before recombining with holes, and

Pmeasured → 0.

5.1.1 Temperature dependence of spin lifetime

The D’yakonov-Perel’ (DP) mechanism has been shown to be the most important

spin relaxation mechanism in low doped GaAs systems [60]. Within a quantum well,
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the first order term for the DP spin relaxation rate is proportional to the momen-

tum scattering time and temperature [98, 108, 112, 113]. Deriving from its inverse

dependence on the momentum scattering rate, the DP spin relaxation rate will have

a qualitative trend similar to carrier mobility, which generally goes through a peak

with temperature [114]. Thus, theoretical predictions based on the DP mechanism in

a GaAs(100) quantum well show that the spin relaxation rate for spins aligned per-

pendicular to the film plane will go through a peak with temperature [98]. This peak

in the relaxation rate would correspond to a dip in the measured electroluminescence

polarization. However, theoretical work on the spin lifetime dependencies on mobility,

quantization energy, and temperature has shown that the peak in the relaxation rate

will not result in a significant rise in the spin lifetime at higher temperatures [115].

Indeed, attempts to model the DP mechanism based on momentum scattering, using

eqn. 5.1 and assuming a constant recombination lifetime, are unable to reproduce the

sharp rise seen in the temperature dependence of the electroluminescence polarization

at elevated temperatures [116].

Note, the second order term for the DP spin relaxation rate decreases with in-

creasing temperature, opposing the first order term [112,113]. The DP spin relaxation

rate in a GaAs(100) quantum well can be expressed as [113]:1

1

τz

=
4τp

~2

[

(

α2
R + γ2

D〈k
2
z〉

2
)

(

2mekBT

~2

)

− (δ + 2) γ2
D〈k

2
z〉

(

2mekBT

~2

)2

+ (δ + 2)(δ + 3)
1 + ν1/ν3

16
γ2

D

(

2mekBT

~2

)3]

(5.3)

where z is defined as the growth and confinement direction for the quantum well and

τ−1
z is the spin relaxation rate for spins aligned perpendicular to the film plane. The

1See section 1.2.3 and Appendix A for details on eqn. 5.3.
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first and second order terms would give rise to a peak in the spin relaxation rate. The

third order term is consistent with the temperature dependence of the spin relaxation

rate in bulk material [60]. However, meaningful quantitative analysis using eqn. 5.3

is limited by the numerous unknown material constants including the Dresselhaus

coupling factor (γD) for quantum wells.2 In addition, the momentum scattering time

(τp) has a temperature dependence that is difficult to model in a quantum well system

and is normally obtained empirically by measuring the carrier mobility.

5.1.2 Temperature dependence of recombination lifetime

The total carrier recombination lifetime within the quantum well, given by eqn. 5.2,

while difficult to model quantitatively, is expected to have a temperature dependence

that goes through a peak with temperature. At low temperatures, the total recombi-

nation lifetime will first increase with increasing temperature as the radiative lifetime

becomes longer. Qualitatively, this effect arises because increasing thermal energy

works against the formation of electron-hole pairs. Continuing to increase the temper-

ature will eventually lead to a peak in the total recombination lifetime as nonradiative

pathways become activated, leading to a decrease in the overall carrier lifetime. These

temperature trends for the radiative, nonradiative, and overall recombination lifetimes

have been observed experimentally in GaAs quantum wells [118, 119]. Note that a

peak in the total recombination lifetime would lead to a nonmonotonic temperature

dependence in the electroluminescence polarization, as longer total carrier lifetimes

translate into more time for electrons to relax in spin before they are measured op-

tically from the quantum well or are removed from the system by a nonradiative

pathway.

Observing the temperature dependence of the electroluminescence intensity, as

shown in fig 5.1 for an 8% Al p-i-p sample, the recombination lifetime likely plays a

2Bulk values, however, have been estimated, for example see Ref. [117].
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Figure 5.1: Integrated electroluminescence intensity vs. temperature for an 8% Al
p-i-p sample, for I+ (left-hand) and I− (right-hand) circularly polarized light.

significant role in the final measured polarization. Although, since the electrolumines-

cence measures only radiative emission recombination, the intensities shown in fig. 5.1

are actually a measure of the total recombination lifetime divided by the radiative

component (τr/τrad).

5.2 Time Resolved Optical Studies

Time resolved optical techniques can be used to obtain quantitative experimental

data on both the spin lifetime and total recombination lifetime in the GaAs sample

structures. Time resolved Kerr rotation measures the effective spin lifetime of the

carriers in a sample, where the effective spin lifetime (τ ∗
s ) is defined as:

τ ∗−1
s = τ−1

s + τ−1
r . (5.4)
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Pump

Probe

Sample

Figure 5.2: Illustration of the time resolved Kerr rotation measurement.

An illustration of the measurement is shown in fig. 5.2. A circularly polarized pump

beam, propagating perpendicular to the film plane, creates a population of spin po-

larized carriers with spins aligned perpendicular to the film plane within the quantum

well. The pump beam is followed by a linearly polarized probe beam, which is reflected

off the sample. Owing to the magneto-optical Kerr effect, the major polarization axis

of the probe beam is rotated by an angle proportional to the electron spin polarization

in the quantum well. By varying the delay between the pump and probe beam, this

technique measures the effective spin lifetime τ ∗
s inside the quantum well.

In a similar setup to time resolved Kerr rotation, time resolved differential reflec-

tivity can be used to measure the total carrier lifetime. After the pump beam creates

a population of carriers within the sample, the reflected intensity of the probe beam,

which is dependent on the carrier population, is then measured. By varying the delay

between the pump and probe beam, this technique measures the total carrier recom-

bination lifetime τr. Together with the effective spin lifetime measurement obtained

from Kerr rotation, the spin lifetime τs can then be extracted using eqn. 5.4.
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5.3 Experimental Setup

Both time resolved Kerr rotation and differential reflectivity experiments were con-

ducted on the same AlGaAs-GaAs quantum well samples that produced the measured

electroluminescence polarizations reported in chapter 4. The samples were placed in

an optical cold-finger cryostat and a single bias voltage (VT ), applied across the en-

tire structure, was used in an experimental setup consistent with the sample setup

described in section 4.2. A circularly polarized pump beam and a linearly polarized

probe beam from a mode-locked Ti:sappire laser were focused to overlapping spots on

the CoFe-MgO spin injector with an angle of incidence of ∼ 5◦. The diameter of the

probe beam was ∼ 20 µm with a power of 8 µW, while the pump beam had a slightly

broader diameter and a power of 80 µW. The circularly polarized pump beam was

tuned to the heavy-hole absorption peak, and thus was capable of creating a highly

spin polarized population of electrons in the quantum well [60]. The delay between the

pump beam and the 2 ps long probe beam pulses was varied between 150 and 3000 ps

using a retroreflecting mirror on a translation stage. Using lock-in techniques, only

the pump-induced Kerr rotation of the linearly polarized probe beam was measured

in a balanced bridge setup, thus eliminating the background Kerr rotation from the

ferromagnetic electrode. Pump-induced changes in the reflected probe beam intensity

were monitored simultaneously by additional lock-in amplifiers. Finally a magnetic

field was applied perpendicular to the film plane, but was limited to magnitudes of

less than 0.8 T in the setup.

5.4 Experimental Results and Discussion

Figure 5.3 shows example fits of the time resolved Kerr rotation (KR) and differential

reflectivity (DR) for a 16% Al p-i-p AlGaAs-GaAs quantum well sample at 25 K and
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Figure 5.3: Time resolved Kerr rotation (a) and differential reflectivity (b) for a 16%
Al p-i-p sample measured at 25 and 125 K with VT = 2.0 V and 0.8 T applied magnetic
field. The exponential decay of the KR signal is determined by both spin decay and
carrier recombination, while the DR signal decays solely due to carrier recombination.
Solid straight lines represent exponential fits to the KR and DR signals.

125 K, with VT = 2.0 V and 0.8 T applied perpendicular magnetic field. Both the KR

and the DR decay exponentially, where the exponential fit to the KR data extracts

the effective spin lifetime τ ∗
s and the fit to the DR result gives the total recombination

lifetime τr. The fits in fig. 5.3 give τ ∗
s = 200(220) ps and τr = 360(722) ps at 25(125) K.

The measured effective spin lifetime τ ∗
s and recombination lifetime τr are shown

together with spin lifetime τs in fig. 5.4(a) for a 16% Al p-i-p sample. Solid sym-

bols refer to data at 0 T while open symbols refer to measurements with an applied

magnetic field of 0.8 T. The spin lifetime, in general, decreases with increasing tem-

perature, although a small inflection point occurs between 100-150 K. These results

are consistent with the theoretical work presented in Ref. [115]. The recombination
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Figure 5.4: (a) Measured τ ∗
s , τr, and τs vs. temperature for a 16% Al p-i-p sample with

VT = 2.0 V. Solid and open symbols are for 0 T and 0.8 T magnetic fields, respectively.
(b) Background corrected electroluminescence polarization PC from electrical spin
injection and the expected measured polarization for ∼ 70% injected spin polarization
using the spin and recombination lifetimes measured at 0 T.

lifetime, however, displays a peak with temperature. This peak, deriving from radia-

tive and nonradiative lifetime temperature characteristics described in section 5.1.2, is

likely the source of the nonmonotonic temperature dependence seen in the electrolu-

minescence polarization. A small magnetic field dependence appears in the measured

lifetimes. However, a thorough analysis is limited by the maximum magnetic field of

0.8 T in this experimental setup.

In fig. 5.4(b), the background corrected polarization PC , obtained from electrical

injection, is plotted on the same scale as a curve for an assumed 70% injected polar-

ization extracted from the lifetimes in fig. 5.4(a) at 0 T and eqn. 5.1. The similarity

of the two curves indicates that electrical spin injection from the CoFe-MgO is ∼ 70%

over a large temperature range up to room temperature. The injected polarization
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Figure 5.5: (a) Measured τ ∗
s , τr, and τs vs. temperature for an 8% Al p-i-p sample

with VT = 1.9 V. Solid and open symbols are for 0 T and 0.8 T magnetic fields,
respectively. (b) Corrected electroluminescence polarization PC from electrical spin
injection and the expected measured polarization for ∼ 70% injected spin polarization
using the spin and recombination lifetimes measured at 0 T.

has a much smaller temperature dependence than the nonmonotonic temperature de-

pendence seen in the electroluminescence polarization, which derives from a peak in

the recombination lifetime inside the semiconductor quantum well. Similar results

are shown for an 8% Al p-i-p sample in fig. 5.5, where the peak in the recombination

lifetime results in a nonmonotonic temperature dependence in the measured polariza-

tion, while the injected polarization is relatively temperature independent at ∼ 70%.

Note, for the measurements in fig. 5.4 and fig. 5.5, the applied bias voltage VT is set

to mimic the bias voltage conditions of the electrical injection experiments.

While the optical studies provide useful insight into the effects of the spin and

recombination lifetimes on the electroluminescence polarization, the experiment still
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differs from electrical injection. In electrical injection, spin polarized electrons are

injected ballistically into GaAs and recombine with holes from the substrate. The

optical experiments create electrons and holes simultaneously in the quantum well,

likely leading to a different band profile than for electrical injection. Also, PC is

the measured electroluminescence polarization after subtraction of a magnetic field

dependent background signal, and represents an effective zero field result for data

obtained at a finite field. The lifetimes used to calculate the expected polarization

in fig. 5.4(b) and fig. 5.5(b) are actual zero field lifetimes. Overall, the variation in

experimental setup and conditions between electrical injection and the optical studies

likely contribute to the quantitative differences seen in the two experiments.

5.5 Summary

In this study, time resolved Kerr rotation, differential reflectivity, and electrical spin

injection experiments on GaAs quantum well spin detectors directly measure the ef-

fects of spin and carrier recombination lifetime on the electroluminescence polarization

in spin injection experiments. Understanding lifetime effects within the semiconduc-

tor is essential for the development of semiconductor spintronic devices. While both

spin and carrier recombination lifetimes affect the measured polarization from spin

injection, a peak in the temperature dependence of the total recombination lifetime

is found to correspond to the dip observed in the temperature dependence of the

electroluminescence polarization. These results show that the electrical spin injec-

tion efficiency from CoFe-MgO spin injectors exhibits a much smaller temperature

dependence than the dramatic nonmonotonic behavior of the electroluminescence po-

larization. In addition, the time resolved studies indicate that the CoFe-MgO spin

injectors retain a high spin injection efficiency of ∼ 70% for a wide temperature range

from 10 K up to room temperature.
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Chapter 6

Conclusion

Pioneering results on electron and hole spin diffusion lengths and spin lifetimes within

GaAs in the late 1990’s sparked the growth of a novel field of research called spin-

tronics. This development, in combination with the daunting power density issues

facing conventional semiconductor technologies, resulted in a broad scientific effort to

explore electron spin related phenomena with the hope of eventually producing useful

spin-based technologies.

By utilizing the spin property of electrons, spintronic devices have the potential

for much smaller sizes and lower power densities than their charge-based counterparts.

Semiconductors remain attractive because of the extensive knowledge in semiconduc-

tor physics already obtained with conventional technologies, the lack of a large back-

ground population of unpolarized electrons, the extensive manufacturing base, and

the prospect of integrating spin devices with conventional devices for optimal func-

tionality. Scientifically, spin transport and dynamics within semiconductors offers an

enriching field of research, combining aspects of magnetism, optics, and electronics.

Experimentally, the initial step to developing a spintronic device is electrical spin

injection. In order to study and potentially utilize spins in a semiconducting ma-

terial, a method is needed to create a population of spin polarized carriers inside
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the semiconductor. Ideally, the source of spin injection would have to demonstrate

efficient spin injection at room temperature. Other desirable characteristics include

robustness in fluctuating environment operating conditions, easy fabrication for a po-

tential need of high throughput, and also a dual functionality as a possible detector

or filter for spin polarized current. The spin detector concept begins to bridge the

gap between electrical spin injection and electrical spin detection, which is viewed

as a second important step to developing a spintronic device. Indeed, the optical

detection techniques generally used for detecting spins in spin injection experiments

are not practical for device application and require large magnetic fields.

The magnetic tunnel transistor spin injector has demonstrated a lower bound

injected spin polarization of ∼ 10% at 1.4 K measured from electroluminescence

polarization in a magnetic field after subtraction of a linear background signal. One

of the advantages of the MTT is that it has three terminals that can vary both the

emitter-to-base and the collector-to-base bias voltage. The emitter-to-base voltage

can vary the energy of the ballistically injected electrons while the collector-to-base

voltage controls the band bending within the semiconductor collector. The drawback

of the MTT is the low injected current into the semiconductor after electrons tunnel

from emitter to base, traverse the spin filtering base layer, and then overcome the

Schottky barrier at the base-collector interface. The low injected current magnitude

enables measurements only at low temperatures and high (∼ 2 V) emitter-to-base bias

voltage to attain a sufficient signal-to-noise ratio in the electroluminescence signal.

These limitations prevented an extended study of the MTT spin injector, for example,

at lower emitter-to-base voltages where a much higher spin polarization of the injected

current is expected based on magnetocurrent measurements.

Note that the MTT remains a useful device for the study of spins in semiconduc-

tors, although it is limited in the present spin injection studies by the optical detection

scheme. The low injected electron current magnitudes may not present a problem in
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an eventual application or device, depending on the mode of spin detection. The three

terminals offer tuning of the electron energies in the electrical transport, which can

be used to affect both the injected spin polarizations as well as the spin dynamics and

relaxation rates within the semiconductor. For example, an interesting experiment

would be to use the base layer as a Schottky tunneling spin injector and then vary

the emitter-to-base bias to alter the spin polarization profile of the injected electrons.

The CoFe-MgO tunnel spin injector has achieved most of the primary goals of spin

injection by demonstrating, from electroluminescence, a lower bound injected polar-

ization exceeding 30% at 290 K, while showing good thermal stability withstanding

exposures up to 400 ◦C. Figure 6.1 shows the reported injected polarizations from

various spin injector sources to provide a perspective for the results achieved in this

work with the CoFe-MgO injector. Note, the points in fig. 6.1 include only results

using direct optical detection of injected spins from electroluminescence polarization,

and omits measurements that extract the injected polarization indirectly.1

The CoFe-MgO spin injectors, as well as the MTT spin injectors, are grown via

magnetron sputtering, a deposition technique capable of producing a high through-

put of spin injectors if needed. An additional advantage of the CoFe-MgO injector is

that the tunneling barrier thickness can be varied for a desired resistance, making the

injector potentially more versatile and scalable. Thorough analysis of the spin injec-

tion from CoFe-MgO reveals important effects of both spin and carrier recombination

lifetime on the optically measured polarization. Specifically, the electroluminescence

polarization shows a dramatic nonmonotonic temperature dependence, displaying a

minimum over the measurable temperature range of the quantum well detector. Time

resolved optical studies show that the dip in the electroluminescence polarization with

1An example of an indirect measurement is the ∼ 70% value reported in chapter 5, which is
obtained from fitting spin and carrier lifetime effects to the direct electroluminescence measurement.
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Figure 6.1: Achieved, optically measured, lower bound injected spin polarizations
from ZnMnSe [74], BeMnZnSe [77], GaMnAs [78], Fe Schottky [85,89], Fe-Al2O3 [120],
MTT, and CoFe-MgO spin injectors. Open symbols represent results achieved by the
end of 2001, while the closed symbols are results achieved by 2005.

temperature derives from a peak in the carrier recombination lifetime with temper-

ature in the quantum well detector. More importantly, measurements of the spin

and carrier recombination lifetime suggest that the spin injection from the CoFe-

MgO injector is ∼ 70% from 10 K up to room temperature, showing a much smaller

dependence on temperature than the electroluminescence polarization.

As stated previously, the large magnetic fields, on the order of a few tesla, in the

spin injection experiments are not fundamental to the spin injection structure, but

are a requirement of the optical spin detector and the detection scheme under Faraday

geometry. For potential applications not requiring optical measurement with Faraday

geometry, the spin injectors are likely to have their net magnetic moment aligned in

the film plane along their easy axis, requiring magnetic fields on the order of millitesla,

rather than tesla. In this scenario, injected spins would be aligned parallel to the film

plane and spin polarized current can be injected even under remnant magnetization
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of the spin injectors in the absence of a magnetic field.

With the development of a robust, room temperature spin injector, future work

aims to develop an electrical spin detector. The CoFe-MgO is being studied as a

possible detector for spin polarized current and devices having CoFe-MgO structures

as both a spin injector and a spin detector are being investigated. Additional exper-

imental effort is also being devoted to measuring the spin dynamics of electron spins

moving inside semiconductor channels using time resolved optical techniques such as

Kerr rotation. An example test structure would be a semiconductor channel region

(either silicon-on-insulator, two-dimensional electron gas, or a membrane of GaAs or

Si) with both a spin injector and a spin detector separated by a finite distance. Elec-

tron spins would then be injected into the channel and then extracted at the detector,

where a magnetoresistive effect should arise depending on the magnetizations of the

injector and detector. Magneto-optical Kerr rotation can be used to characterize

spin transport within the channel region while optical pumping and spin extraction

magneto-effects can characterize spin tunneling from the semiconductor into metals.

For the field of spintronics as a whole, a means of electrical detection is the next

critical challenge. While ideas for detection of spin polarized current are available, a

method of reading and interpreting spins for information processing remains undis-

covered. However, concerning spin injection, the CoFe-MgO spin injectors developed

in this dissertation have completed the first stage in research towards a spintronics

device technology by providing highly efficient, robust, room temperature spin injec-

tors that can be fabricated with high throughput. Both the MTT and CoFe-MgO

spin injectors have the potential to play a crucial role in the experimental study of

spin properties within semiconductors, and possibly represent precursors to actual

components in eventual spintronic devices.
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Appendix A

D’yakonov-Perel’ spin relaxation in

GaAs(100) quantum wells

This appendix is adapted from a full derivation of the D’yakonov-Perel’ (DP) spin

relaxation rate in GaAs(100) quantum wells1 by Anthony Ndirango [113] and is in-

cluded here with the permission of Mr. Ndirango. Ndirango notes that the material

presented below, although not published in this form, was well understood by the orig-

inal authors who developed the equations for DP spin relaxation in Refs. [60,108,121].

A.1 Derivation of Equation 5.3

The macroscopic spin polarization of an ensemble can be modeled as [113]

Sα(t) =
∑

k

Tr
{

ρ(Ek; t)σα

}

, α = x, y, z (A.1)

1This derivation assumes elastic, spin independent, and spin conserving scattering for nondegen-
erate electrons.
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where {σx, σy, σz} are the Pauli matrices, ρ(Ek; t) is a density matrix that character-

izes the spin state of the system, and the trace (Tr) is a (2 × 2) matrix trace over

spin-space. The evolution of the density matrix is given by [60,113,122]

∂ρ(Ek; t)

∂t
= −

1

~2

∞
∑

n=−∞

1

νn(Ek)

[

Ĥ−n, [Ĥn, ρ(Ek; t)]
]

(A.2)

where

Ĥn ≡

∫ 2π

0

1

2π
Ĥso(k) exp(−inϕk) dϕk , tan(ϕk) ≡

ky

kx

νn(Ek) ≡

∫ 2π

0

Γk→k′(1 − cos(nθk,k′)) dθk,k′ , θk,k′ ≡ ϕk − ϕk′

and Γk→k′ is the momentum scattering rate. Γk→k′ can be modeled with a power law,

Γk→k′ ∼ |k − k′|−2δ, where δ is a constant determined by the source(s) of scattering.

Assuming a parabolic dispersion relation (~2k2 = 2m∗Ek, m∗ is effective mass) while

considering only elastic scattering yields the following:

|k − k′|2 = k2 − 2kk′cos(θkk′) + k′2 =
2m∗

~2
Ek(1 − cos(θkk′))

=⇒ Γk→k′ ∼ |k − k′|−2δ =
~

2δ

(2m∗)δ
Ek−δ

1

(1 − cos(θkk′))δ
(A.3)

Using this expression for Γk→k′ to find νn(Ek) in the third line of eqn. A.2 results in

νn(Ek) = ζnE
−δ
k

(A.4)

where ζn is a real, constant coefficient.
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Returning to equation A.2 and combining it with eqn. A.1 produces

∂Sα(t)

∂t
=

∑

k

Tr

{

∂ρ(Ek; t)

∂t
σα

}

= −
1

~2

∑

k

∞
∑

−∞

1

νn(Ek)
Tr

{

[

Ĥ−n , [Ĥn, ρ(Ek; t)]
]

σα

}

(A.5)

which can be converted to the following form [60,112,113,122]

∂Sα(t)

∂t
= −

∑

β

(τ−1)αβSβ(t) , β = x, y, z (A.6)

with

(τ−1)αβ ≡

∫

%DOS(E)[F+(E) − F−(E)] Ωαβ(E) dE
∫

%DOS(E)[F+(E) − F−(E)] dE

Ωαβ(E) ≡
π

~2

∞
∑

n=−∞

1

νn(E)
Tr

{

[

Ĥ−n, [Ĥn, σβ]
]

σα

}

F±(E) ≡
1

1 + exp[η(E − µ±)]
, η ≡

1

kBT

where %DOS(E) represents the density of states at energy E, kB is Boltzmann’s con-

stant, and µ+(−) is the chemical potential for “spin up (down)” electrons. Now, if the

spin-splitting is small such that |µ+ − µ−| ¿ |µ±|, where µ± = µ0 ±
∆
2

and µ0 is the

equilibrium chemical potential, one can approximate

F+(E) − F−(E) ≈ ∆
∂F0

∂E
, F0(e) ≡

1

1 + exp[η(E − µ0)]
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Using this simplification, (τ−1)αβ in eqn. A.6 becomes

(τ−1)αβ =

∫

%DOS(E)∂F0

∂E
Ωαβ(E) dE

∫

%DOS(E)∂F0

∂E
dE

(A.7)

The expression for the spin-orbit Hamiltonian (Ĥso = ĤDresselhaus + ĤRashba) using

equations 1.21 and 1.22 yields the following characteristics for Ωαβ

Ωxx(E) = Ωyy(E)

Ωxy(E) = −Ωyx(E)

Ωxz(E) = Ωzx(E) = Ωzy(E) = Ωyz(E) = 0

As a result, the only non-zero components of (τ−1) are

(τ−1)xx = (τ−1)yy

(τ−1)xy = −(τ−1)yx

(τ−1)zz

With this knowledge, eqn. A.6 can now be written as

∂Sz(t)

∂t
= −(τ−1)zzSz(t) (A.8)

∂S±(t)

∂t
= −(τ−1)±S±(t) (A.9)

where S± ≡ Sx±Sy and (τ−1)± ≡ (τ−1)xx±(τ−1)yx. Under this scenario, τz represents

the spin relaxation time for spins aligned with the [100]-directional axis, while τ+ and

τ− are the spin relaxation times for spins aligned with the [110] and [11̄0]-directional

axes, respectively. Finally, with all the pieces in eqn. A.6 defined, one can derive the
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following expressions for τz and τ±:

1

τz

=
4τp

~2

[

(

α2
R + γ2

D〈k
2
z〉

2
)

(

2m∗kBT

~2

)

− (δ + 2) γ2
D〈k

2
z〉

(

2m∗kBT

~2

)2

+ (δ + 2)(δ + 3)
1 + ν1/ν3

16
γ2

D

(

2m∗kBT

~2

)3]

1

τ±
=

2τp

~2

[

(

α2
R ∓ γ2

D〈k
2
z〉

)2
(

2m∗kBT

~2

)

± (δ + 2) γD(αR ∓ γD〈k
2
z〉)

(

2m∗kBT

~2

)2

+ (δ + 2)(δ + 3)
1 + ν1/ν3

16
γ2

D

(

2m∗kBT

~2

)3]

where T is temperature, and

τp ≡

∫

%DOS(E)∂F0

∂E
1

ν1(E)
dE

∫

%DOS(E)∂F0

∂E
dE

represents the momentum relaxation time. The calculation assumes τp ¿ τz, τ±. This

parameter is generally expressed with its relation to electron mobility, µp = qτp/m
∗,

which can be measured empirically. Note, νn is the momentum scattering rate defined

in eqn. A.2. Also, from the expressions in equations A.2 and A.3

ν1

ν3

=







(2−δ)(3−δ)
δ2−δ+6

, δ < 3
2

1
9
, δ ≥ 3

2

.
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