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Abstract

The efficient electrical generation of a spin accumulation inside a semiconductor
(SC) utilizing the interface with a ferromagnetic metal (FM) is essential for the re-
alization of many spintronic device concepts, in which the spin of the electron is
exploited in addition to its charge for computational and memory purposes. At
FM/n-type SC hybrid contacts, the application of a reverse bias leads to the in-
jection of spin-polarized electrons into the SC. Alternatively, an applied forward
bias can be used to generate a spin accumulation of opposite sign due to the ex-
traction of electrons with a particular spin orientation. In this work, the electrical
generation and detection of a spin accumulation is studied using epitaxial and
laterally structured ferromagnetic metal/n-type GaAs hybrid systems in various
measurement geometries. To achieve a high spin generation efficiency, the spin-
independent electrical properties of the contact have to be considered in addition
to the choice of the injector material with respect to its degree of spin polariza-
tion. Here, it is shown that the current-voltage characteristics can even constitute
the dominating design parameter with respect to the spin injection properties. In
addition, a novel device concept is presented and studied experimentally. This ap-
proach essentially relies on spin extraction as the spin generation process in a local
spin valve geometry. In contrast to local spin valves based on spin injection, the
presented extraction spin valve can be regarded as a building block of an extended
device comprising multiple extraction events along the lateral spin transport chan-
nel. It is shown how such multiple extraction spin valves allow for an intriguing
functionality, which can be used, for example, for the read-out of data in magnetic
memory applications.

Keywords: spintronics, III-V semiconductors, magnetism, spin valves, extraction
spin valve
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Zusammenfassung

Im Gebiet der Spin-Elektronik wird der Spin des Elektrons zusätzlich zu seiner
Ladung für Bauelementkonzepte ausgenutzt. Hierbei ist die effiziente elektri-
sche Erzeugung einer Spinakkumulation in einem halbleitenden Material von
großer Bedeutung. Die Erzeugung der Spinakkumulation kann mithilfe eines
ferromagnetischen Metall-Kontaktes erfolgen. Wird eine elektrische Spannung an
die Grenzfläche zwischen dem ferromagnetischen Metall und dem Halbleiter so
angelegt, dass spinpolarisierte Elektronen vom Metall in den Halbleiter fließen,
spricht man von elektrischer Spininjektion. Bei einer Umkehrung der Spannung
werden bevorzugt Elektronen der entgegengesetzten Spinorientierung aus dem
halbleitenden Material entfernt. Dieser Prozess wird als Spinextraktion bezeich-
net. In dieser Arbeit wird die elektrische Erzeugung einer Spinakkumulation in
lateral strukturierten, epitaktischen Hybridstrukturen bestehend aus ferromagne-
tischen Metallkontakten auf n-dotiertem GaAs untersucht. Allgemein ist neben
der Spinpolarisation im Ferromagneten auch die spinunabhängige elektrische
Charakteristik eines Kontaktes von zentraler Bedeutung für die effiziente Spiner-
zeugung. Hier wird gezeigt, dass die gewöhnlichen Strom-Spannungs-Kennlinien
die Spininjektionseigenschaften dominieren können. Außerdem wird ein neuarti-
ges Bauelementkonzept vorgestellt und experimentell untersucht. Hierbei handelt
es sich um ein lokales Spin-Ventil, welches Spinextraktion statt Spininjektion als
Spinerzeugungsprozess verwendet. Im Gegensatz zum gewöhnlichen lokalen
Spin-Ventil kann ein solches Extraktions-Spin-Ventil als Baustein eines erweiterten
Bauelements angesehen werden, welches auf mehreren, aufeinanderfolgenden
Extraktionsprozessen beruht. Die Eigenschaften des Extraktions-Spin-Ventils
werden diskutiert und es wird gezeigt, wie seine Funktionalität beispielsweise für
das Auslesen der Daten in magnetischen Speichern angewendet werden kann.

Schlagwörter: Spintronik, III-V-Halbleiter, Magnetismus, Spin-Ventile, Extraktions-
Spin-Ventil
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CHAPTER 1

Introduction

The rapid advancement in information technology in the last half of the 20th and
the beginning of the 21st century is frequently described with what is referred to as
Moore’s law,1 which according to Gordon E. Moore “has come to refer to almost
anything related to the semiconductor industry that when plotted on semi-log pa-
per approximates a straight line.”2 In essence, Moore’s law relates to the obser-
vation that technological key figures, such as the integration density or the per-
formance of electronic components in integrated circuits, increase exponentially
at a given rate (e.g., a doubling of the economically viable transistor density on a
microchip every two years). The accompanying enhancement of the computing
power is driven by technological innovation. For example, the advances in lithog-
raphy have stimulated a decrease of typical feature sizes (like the gate length of a
transistor) from a few micrometers3 in the 1970s to less than 20 nm today.4 How-
ever, it is frequently argued that the downscaling of the metal oxide semiconductor
field-effect transistor (MOSFET), which has been at the heart of the development
strategy of the semiconductor industry for more than 30 years, has already reached
its physical limitations.3 Limits to transistor scaling are set by current leakage as
a consequence of quantum mechanical tunneling and the capability to remove the
Joule heat generated by an increased power density.5

Because the strategy of shrinkage cannot be pursued indefinitely, novel ap-
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Chapter 1 Introduction

proaches are investigated, which focus on new geometries6 or an increase in func-
tionality to maintain the rate of progress in computational devices. A promising
route to increase the functionality of electronic components is the use of the elec-
tron spin in addition to its charge. The corresponding field of research is called
spintronics and has already led to remarkable progress in storage technology. The
observation that the electrical resistance of all-metallic ferromagnetic/non-mag-
netic/ferromagnetic stacks depends sensitively on the relative magnetization ori-
entation of the ferromagnetic layers7,8 in 1988 (the giant magnetoresistance effect
for which A. Fert and P. Grünberg were awarded the Nobel Prize in Physics9

in 2007) and the subsequent research conducted by S. Parkin10,11 resulted in the
rapid implementation of the technology in commercially available storage media
as read heads of magnetic hard disk drives. In addition, the efficient control of
charge transport by the magnetization directions in magnetic tunnel junctions12,13

with a thin tunnel barrier as the non-magnetic spacer material between two fer-
romagnetic metals has led to another class of non-volatile memory referred to as
magnetoresistive random access memory.14

While the commercial potential of spintronics has been demonstrated for the
above-mentioned all-metallic systems, dedicated research is still necessary to pave
the way for the introduction of semiconductor-based spintronic devices into broad-
scale commercial applications. The promising prospects of the utilization of the
spin degree of freedom in semiconductor technology become apparent from the
useful properties of semiconducting materials like the control of the charge den-
sity using dopants or gate voltages. In addition, semiconductors exhibiting a direct
band gap are particularly interesting for spin-based optoelectronic applications.
In a proposed spin-based transistor15,16 – essentially a metal-oxide-semiconductor
field-effect transistor (MOSFET) with ferromagnetic contacts – the on and off states
are controlled by changing the spin orientation of a spin-polarized current flowing
between the ferromagnetic source and drain contacts. The reversal of the spin di-
rection is achieved via spin-orbit effects induced by the application of an electrical
voltage to the gate terminal. The manipulation of the transistor current without a
change of the amount of charge in the semiconducting channel opens the potential
for a more energy-efficient operation as compared to a conventional charge-based
MOSFET.
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Key challenges of all-electrical, semiconductor-based spintronic devices are the
generation of a spin-polarized current, its transport, manipulation, and detection.
Scientific advances have been made including the successful spin injection into
various semiconducting materials.17–20 However, it has been pointed out that a
high efficiency of electrical spin generation and detection is essential to achieve an
acceptable on/off current ratio in a spin-based transistor.21

Among the semiconducting materials, GaAs constitutes a particularly interest-
ing candidate for spin-based research and applications due to its long spin lifetime
(more than 100 ns at low temperatures22), which corresponds to a spin transport
length on the micrometer scale,23 exceeding the channel length of modern tran-
sistors by several orders of magnitude. Furthermore, due to its direct band gap,
GaAs is most suitable for optical spin detection schemes24–28 as well as spin-based
optoelectronic applications.29,30

The results presented in this thesis focus on the electrical generation, transport,
and detection of a non-equilibrium spin density in lateral spin transport structures
based on GaAs and epitaxial contacts with ferromagnetic metals. In chapter 2, the
basic understanding of electrical spin generation and detection in semiconducting
materials is reviewed. In particular, the different measurement geometries em-
ployed in this thesis are explained. The sample fabrication method by molecular
beam epitaxy and lithography techniques as well as the measurement setup em-
ployed for spin transport experiments are described in chapter 3.

In chapter 4, the results of the investigation of the electrical spin generation,
transport, and detection using different ferromagnetic metals deposited on n-type
GaAs are presented. For this study, the non-local, the three-terminal, and the lo-
cal geometries are used to gain an improved understanding of the spin genera-
tion process. It is shown that the current-voltage characteristics of the ferromag-
net/semiconductor contacts have a strong influence on the spin signal in all ge-
ometries. The implications of these results regarding the engineering strategy for
highly efficient spin injector contacts are discussed.

A novel device concept is proposed and experimentally demonstrated in chap-
ter 5. In this approach, spin-polarized currents are generated by spin extraction
at one ferromagnetic contact and locally detected at a subsequent ferromagnetic
contact. The working principle of such an extraction spin valve is studied in vari-
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Chapter 1 Introduction

ous field-dependent measurements. Furthermore, it is shown that the underlying
principle of operation can be regarded as a building block of an extended device,
which is based on multiple spin extraction and detection events.

Finally, in chapter 6, the results are briefly summarized, and an outlook for fu-
ture investigations is given.
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CHAPTER 2

Background

In this chapter, information is presented with regard to the scientific background
of the experimental results described in chapters 4 and 5. Essentially, aspects are
compiled from the literature, which are helpful for the understanding of the fol-
lowing chapters. The succession of sections follows the generic sequence of phe-
nomena, which have to be considered when designing all-electrical spin transport
experiments or spintronic devices: the generation of a spin accumulation, spin
transport, and the detection of a spin accumulation.31

2.1 Electrical spin injection and extraction

Electrical spin injection and extraction refer to the generation of a non-equilibrium
spin density in a non-magnetic material (NM) by the application of an electrical
bias voltage across a shared interface of the NM with a ferromagnetic metal (FM).
If spin-polarized charge carriers flow from the FM to the NM, one speaks of spin
injection. Alternatively, a reversal of the direction of current flow also induces a
non-equilibrium spin density in the NM, and this process is referred to as spin
extraction.

A schematic representation of an FM/NM interface is shown in Fig. 2.1(a). The
spin-dependent band structure in the ferromagnetic material leads to different re-
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Chapter 2 Background

(a)

(b)

(c)

FM NM

λSλFM
S

µ↑

µ↓

RSC
↑

RSC
↓

RFM
↑

RFM
↓

Figure 2.1: (a) Schematic representation of a ferromagnetic metal
(FM)/non-magnetic material (NM) contact. The current is spin polar-
ized in the FM and unpolarized in the NM far from the interface. (b)
Profile of the electrochemical potential µ↑ and µ↓ for spin-up and spin-
down electrons, respectively (after Ref. 32). λFM

S denotes the spin diffu-
sion length in the FM, λS in the NM. (c) Two-current resistor model (af-
ter Ref. 16) with the resistances of spin-up (spin-down) electrons in the
FM/semiconductor, RFM/SC

↑ (RFM/SC
↓ ).

sistivities for the two spin orientations (spin up or ↑ and spin down or ↓) and hence
the electrical current in such a material is naturally spin polarized so that the cur-
rent densities of the two spin orientations in this region are generally not equal,
e.g., j↑ > j↓. Upon application of an electrical bias, a spin-polarized current flows
across the interface, and an accumulation of spins occurs in the non-magnetic re-
gion. This spin accumulation corresponds to a higher density of a particular spin
orientation of the conduction electrons with respect to the opposite orientation,
and it is described by a difference of the electrochemical potential of spin-up and
spin-down electrons,

∆µ = µ↑ − µ↓ . (2.1)

6



2.1 Electrical spin injection and extraction

Due to spin diffusion, the spin accumulation is not restricted to the interface,
but reaches into the FM and NM regions. A non-zero ∆µ corresponds to a non-
equilibrium situation, and it is accompanied by spin relaxation processes so that it
decays exponentially both in the FM and NM with characteristic lengths, the spin
diffusion lengths λFM

S and λS, respectively. This behavior leads to a zone of spin
accumulation close to the interface, as it is schematically depicted in Fig. 2.1(b).
While the current in the FM far from the interface is spin polarized, the current in
the NM is completely unpolarized far from the interface. In the steady state, the
out-of-equilibrium spin distribution in the zone of spin accumulation leads to spin
flips so that the incoming and outgoing spin currents are balanced.32,33

When the NM is a semiconducting material as it is the case for the investigated
structures in this thesis, a peculiarity occurs, which is related to the large resistivity
of the semiconductor with respect to the ferromagnetic metal. It has been pointed
out33–35 that for ohmic contacts with a low specific resistivity efficient spin injec-
tion cannot be achieved. This obstacle is referred to as the conductivity mismatch
problem. A simplified description can be made using the resistor model shown
in Fig. 2.1(c). In a two-current model, i.e., for two parallel conduction channels
for the spin-up and spin-down electrons, the resistances for both spin orienta-
tions are equal in the semiconductor, RSC

↑ = RSC
↓ = RSC. In contrast, due to the

spin-dependent band structure, the resistances in the ferromagnetic metal are of
a different magnitude, e.g., RFM

↑ < RFM
↓ . Since for FM/semiconductor contacts

RSC ≫ RFM
↑/↓, the total currents are approximately equal for both spin channels so

that the spin injection is inefficient.16

When spin relaxation is taken into account, it is found33 that not only the resis-
tances but also the spin diffusion lengths in the two materials are important. For
transparent† contacts, which are characterized by a low specific contact resistivity,
the efficient spin injection is prevented, if the spin resistance, i.e., the product of the

† Strictly speaking, the condition of a transparent contact (specific contact resistivity ρc ≪
rFM, rSC) to any semiconducting material is difficult if not impossible to fulfill experimentally
as pointed out in Ref. 36. For example, the specific resistivity of a metal contact to n-type GaAs
amounts to at least 10−11 Ωm2, even if it is specifically designed as a low-resistance ohmic
contact.37 (Schottky and oxide barrier contacts are more resistive.) This value is significantly
larger than a typical rFM of 10−14 Ωm2 (e.g., Ref. 38) so that such a contact cannot be con-
sidered transparent in an actual experimental situation. However, similar to the conductivity
mismatch argument, a small injection efficiency is predicted for the regime rFM < ρc < rSC,
which is sometimes referred to as the back flow or feedback regime.36
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Chapter 2 Background

resistivity and the spin diffusion length, of the non-magnetic material rSC = ρNλS

drastically exceeds the spin resistance of the ferromagnetic metal rFM = ρFMλFM
S .

Here, ρN and ρFM denote the resistivities of the non-magnetic material and the
ferromagnetic material, respectively.

Suggested ways to circumvent the conductivity mismatch problem are the use
a spin-dependent interface resistance between the ferromagnetic metal and the
semiconductor,39 the injection of hot electrons,40 or the injection from a ferromag-
netic half metal,34 which constitutes a fully spin-polarized material. Following
the theoretical descriptions of the spin injection problem, successful spin injec-
tion from ferromagnetic metals into semiconducting materials has been achieved
experimentally using different solutions to the conductivity mismatch problem,
such as spin injection through a Schottky tunnel barrier contact,17,41 an oxide bar-
rier between the ferromagnetic metal and the semiconductor,42 an Esaki tunnel
contact with a ferromagnetic semiconductor,43 or hot-electron spin injection.44

The samples investigated in this thesis consist of ferromagnetic metal/Schottky
tunnel barrier contacts to n-type GaAs, for which the specific contact resistivity ρc

significantly exceeds both rSC and rFM so that the conductivity mismatch does not
impede the efficient spin injection. For this situation, the standard theory of spin
injection16,32,36 predicts a magnitude of the spin accumulation in the semiconduc-
tor right at the interface of

∆µ = 2PGrSC j = 2PGρNλS j , (2.2)

with the spin polarization of the tunnel conductance denoted by PG = (G↑ −
G↓)/G, where G = G↑ + G↓ is the total tunnel conductance, while G↑/↓ are the
tunnel conductances of spin-up and spin-down electrons, respectively. j = j↑ + j↓
denotes the current density. When additional influences on the efficiency of spin
generation are considered, PG will be substituted by the effective spin generation
efficiency Pgen, as it will be explained in more detail in section 4.4.3. Importantly,
for tunnel contacts to the semiconductor, the generated spin accumulation is ex-
pected to be proportional to the current density as well as the spin resistance of
the semiconductor.

8



2.2 Spin transport

2.2 Spin transport

A spin accumulation in a non-magnetic material is a non-equilibrium property
and consequently subject to spin relaxation processes. In the following, this issue
is explained for the case of the semiconducting materials with a focus on the ma-
terial used in the experiments of this study, n-type GaAs. In addition, the spin
manipulation during transport using a perpendicular magnetic field is described,
which is referred to as the Hanle effect.

2.2.1 Spin relaxation in n-type GaAs

An imbalance of spin-up and spin-down electrons in a non-magnetic semiconduc-
tor constitutes a non-equilibrium situation. Without a persistent spin generation
process, the spin accumulation therefore decays. This relaxation occurs through
different processes, but can be described using a characteristic time scale, the spin
lifetime τS.

Within the framework of the Bloch equations,31 a distinction is commonly made
between the spin relaxation time T1, which corresponds to the decay time of the
spin component along the direction of a static external magnetic field, and the
spin dephasing time T2. The latter is related to the dephasing of a spin ensemble
due to different precession frequencies of the individual spins in a perpendicular
magnetic field. However, in this thesis, no distinction is made between T1 and T2,
and the decay of a spin accumulation is described using only a single characteristic
time τS.

Four mechanisms have been identified to be the most important causes of spin
relaxation of conduction electrons in non-magnetic semiconductors.31 First, the
Elliot-Yafet mechanism plays an important role in systems with structural inver-
sion symmetry such as Si or Ge. Here, the spin-orbit coupling leads to a certain
spin flip probability during momentum scattering events. Second, the Bir-Aronov-
Pikus mechanism describes the spin relaxation due to the exchange interaction
with the spins of holes. This mechanism is important for photoexcited electrons in
p-doped semiconductors.

In the samples based on bulk n-type GaAs channels which are investigated in
this thesis, other mechanisms dominate the spin relaxation. The dependence of the

9
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insulator metal

Hyperfine
interaction

Dyakonov-
Perel

10 -1
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Figure 2.2: Spin relaxation time τS as a function of the donor concentration
in GaAs at low temperatures (from Ref. 45).

spin lifetime on the doping density in n-type GaAs at low temperatures is shown
in Fig. 2.2. The largest lifetimes exceeding 100 ns are observed for donor concen-
trations n close to the metal-insulator transition at 2×1016 cm−3. For lower doping
densities, the spin lifetime is limited by hyperfine interaction, where donor-bound
electrons interact with randomly oriented nuclear spins. To obtain long spin life-
times, a nominal doping density of 5×1016 cm−3 is used for the spin transport
channels in the experiments described in this thesis. In the region above the metal-
insulator transition, the Dyakonov-Perel mechanism is the dominant cause of spin
relaxation.

The Dyakonov-Perel mechanism occurs in semiconductors without inversion
symmetry such as GaAs. In this case, a momentum-dependent spin-orbit split-
ting of the conduction band occurs. The individual electron spins precess in the
effective spin-orbit field, which changes its sign and/or magnitude after every
momentum scattering event. As a consequence and in contrast to the Elliott-Yafet
mechanism, for the Dyakonov-Perel mechanism the dephasing of the spin ensem-
ble takes place between the momentum scattering events. In addition, while the

10



2.2 Spin transport

Elliott-Yafet mechanism becomes more effective with stronger momentum scatter-
ing, the Dyakonov-Perel mechanism leads to an increase of τS in this situation.31

2.2.2 Hanle effect

The Hanle effect results from the spin dynamics in a magnetic field, which is not
directed along the orientation of the electron spins. The spin drift-diffusion equa-
tion16 takes into account spin precession, spin diffusion, spin drift, and spin relax-
ation so that the time evolution of a spin density s in a magnetic field H is given
by

∂s
∂t

= s × ΩL + D∇2s − vd∇s +
s
τS

. (2.3)

Here, t denotes the time, ΩL = gµBµ0H/h̄ the Larmor precession frequency, with
the g-factor g, the Bohr magneton µB, the vacuum permeability µ0, and the re-
duced Planck constant h̄. vd is the electron drift velocity and D the spin diffusion
coefficient, which is related to the spin lifetime τS via the spin diffusion length λS

as
λS =


DτS . (2.4)

Note that the spin diffusion length λS determines the spatial profile of the spin
accumulation for the case of pure diffusion. If electric fields are present, how-
ever, the characteristic length scale determining the spatial distribution of the spin
accumulation can be enhanced along the direction of electron flow. In this case,
one speaks more generally of the spin drift length, while the term spin relaxation
length generally refers to both cases.16

The solution to equation 2.3 can be given for the experimentally relevant situ-
ation of a one-dimensional spin transport geometry, where a spin accumulation
is generated at point 0 and is detected at a point x. During transport, this spin
accumulation is subject to a magnetic field applied along the z-direction, i.e., per-
pendicular to the orientation of the spins. Due to diffusive transport, the spins
reach x via many different paths so that they exhibit a wide range of flight times
during which they precess and relax. Therefore, the integration over all transit
times t is necessary so that all electrons reaching x on their diffusive paths are
taken into account. The y component of the spin density at x can then be written

11



Chapter 2 Background

as16

sy(x) ∝
 ∞

0

1√
4πDt

e−(x−vdt)2/(4Dt)e−t/τS cos(ΩLt)dt . (2.5)

Due to diffusive motion, the distribution of the transit times is determined by the
diffusion coefficient D. The second exponential term represents spin relaxation
during transport, while the cosine function describes the spin precession with the
Larmor frequency.

Equation 2.5 can be numerically integrated to obtain fit curves for magnetic-
field dependent voltages generated by a spin accumulation in one of the electrical
detection schemes described in the next section. As a consequence, the occurrence
of Hanle curves can be regarded as a proof of successful spin injection. In addi-
tion, Hanle curves can be used to determine the spin lifetime in the non-magnetic
material.

2.3 Electrical detection of a spin accumulation

An overview of the electrical spin detection schemes used in this study is shown
in Fig. 2.3. First, an established method is the three-terminal spin detection (3T),
which uses only one ferromagnetic contact and is shown in Fig. 2.3(a). Second, the
non-local spin valve (NLSV) demands two ferromagnetic contacts and is charac-
terized by a separation into a charge transport and spin generation region on the
left-hand side of Fig. 2.3(b) as well as a region of purely diffusive spin transport
on the right-hand side, where the detection occurs. Furthermore, in the local spin
valve (LSV) arrangement of Fig. 2.3(c), the local resistance is measured between
two ferromagnetic contacts. This LSV essentially constitutes an FM/NM/FM struc-
ture. Finally, Fig. 2.3(d) shows the extraction spin valve (ESV), which has not been
previously described in the literature. In the following, the corresponding mea-
surement geometries will be explained in more detail.

2.3.1 Three-terminal spin detection

The three-terminal method of Fig. 2.3(a), i.e., using a single ferromagnetic contact
for both the spin generation and spin detection, has the advantage that it does not
necessitate small structures on the micrometer scale as it is the case for the NLSV,
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2.3 Electrical detection of a spin accumulation

(a)
3T

V

FM

NM

(b)
NLSV

V

FM1 FM2

(c)
LSV

V
(d)
ESV

I

FM1 FM2

Figure 2.3: Measurement geometries for spin transport experiments on
structures consisting of ferromagnetic metal (FM) contacts on a non-
magnetic (NM) channel. (a) Three-terminal (3T), (b) non-local spin valve
(NLSV), (c) local spin valve (LSV), and (d) extraction spin valve (ESV) ge-
ometry. Sources of constant current are depicted as circled arrows. V and
I indicate voltage and current measurements, respectively.

LSV, and ESV, where spin relaxation during spin transport from the generation
to the detection point demands a close a proximity of the ferromagnetic contacts.
For the same reason, the measured signals using the three-terminal scheme are
comparatively large so that this method constitutes a very useful technique for
the study of spin injection and spin extraction. It has been applied to various
ferromagnet/semiconductor combinations, where a spin accumulation has been
detected in GaAs,46–48 Si,19,49–51 and Ge.52,53 However, an important disadvantage
of this method is the fact that, since the measurement scheme does not require
spin transport in the semiconducting channel, one cannot be certain from 3T data
alone that the generated spin polarization is located in the conduction band of
the semiconductor, which is important for practical application and constitutes
an important requirement for proposed spin-manipulation schemes.15 In this con-
text, spin accumulation values which drastically exceed the theoretical expectation
have been found in many experiments.19,47,49,50,54,55 This spin accumulation has
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Figure 2.4: (a) Schematic representation of a ferromagnetic metal (FM)/n-
type semiconductor (SC) Schottky contact. Depicted is the spin-depend-
ent density of states (DOS) of the Heusler alloy Co2FeSi. The application
of a bias voltage Vint = EFM

F − ESC
F (with EFM

F and ESC
F describing the Fermi

levels in the FM and the SC, respectively) induces a splitting of the elec-
trochemical potentials for spin-up and spin-down electrons (µ↑ and µ↓,
respectively) in the SC close to the interface. ECB denotes the bottom edge
of the semiconductor conduction band. (b) The application of a perpen-
dicular magnetic field H induces a spin precession and spin dephasing,
leading to a Lorentzian field-dependence of ∆µ according to equation 2.11,
with a full width at half maximum (FWHM), which is inversely propor-
tional to the spin lifetime τS [(b) is adapted from Ref. 19].

been attributed to localized interface states rather than the conduction band of the
semiconductor.47

To explain the measurement principle, a ferromagnet/semiconductor (SC) Schot-
tky contact is schematically depicted in Fig. 2.4(a). The density of states is shown
for the ferromagnetic Heusler alloy Co2FeSi, which exhibits a band gap for minor-
ity spins according to the calculation presented in Ref. 56. Upon application of an
electrical voltage Vint, the spin-dependent tunneling across the interface leads to
the generation of a spin accumulation in the conduction band of the semiconduc-
tor as described by the difference of the electrochemical potentials µ↑ and µ↓.
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2.3 Electrical detection of a spin accumulation

Following the argument made in Ref. 36, the tunnel currents of spin-up (I↑) and
spin-down (I↓) electrons are

I↑ = G↑(Vint − ∆µ/2) , (2.6)

I↓ = G↓(Vint + ∆µ/2) . (2.7)

The corresponding charge and spin currents are then given by

I = I↑ + I↓ = GVint − PGG∆µ/2 , (2.8)

IS = I↑ − I↓ = PGGVint − G∆µ/2 . (2.9)

Equation 2.8 can be rewritten as

Vint =
ρc

A
I + PG∆µ/2 , (2.10)

with the area of the contact A. From this expression, it is seen that the spin accu-
mulation ∆µ can be detected as an additional, spin-induced voltage drop across
the contact.

To separate the relatively small spin-induced signal (second term on the right-
hand side of equation 2.10) from the conventional charge resistance term (first
term), ∆µ is commonly modulated via the Hanle effect. As explained in sec-
tion 2.2.2, the Hanle effect is observed when a magnetic field is applied perpen-
dicular to the spin orientation. The resulting decay of the spin accumulation with
increasing magnetic field H due to spin precession and dephasing is schemati-
cally depicted in Fig. 2.4(b). As pointed out in the supplemental material of Ref.
19, equation 2.5 reduces to a Lorentzian curve for one ferromagnetic detection con-
tact after integration over the contact area, and the magnetic-field dependence of
the spin accumulation is given by

∆µ(H) =
∆µ(H = 0)
1 + (ΩLτS)2 . (2.11)

Importantly, the width of the Hanle curve is inversely proportional to the spin
lifetime τS.

15



Chapter 2 Background
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Figure 2.5: Schematic representation of the density of states (DOS) as a
function of energy E for the ferromagnetic injector contact FM1, the non-
magnetic channel (NM), and the ferromagnetic detector contact FM2 in
the non-local spin valve geometry of Fig. 2.3(b). A voltage Vinj is applied
to FM1 leading to spin injection and hence a spin accumulation ∆µ builds
up in NM. This spin accumulation is detected (neglecting spin relaxation
in NM) at FM2 and results in a voltage change ∆V upon magnetization
reversal (from Ref. 58).

2.3.2 Non-local spin valve

In the non-local spin valve geometry, the spin and charge currents are separated as
depicted in Fig. 2.3(b). The left ferromagnetic contact FM1 carries a current, which
results in the electrical generation of a spin accumulation in the semiconducting
channel. On the left-hand side, where the charge current flows, the spin accu-
mulation is subject to both drift and diffusion. To the right of the spin generating
contact, however, the spin transport is purely diffusive, and the spin accumulation
decays exponentially with distance from the spin generating contact. The spin ac-
cumulation is detected by the open circuit on the right-hand side, where Johnson-
Silsbee spin-charge coupling16,57 induces measurable potential drops across the
right ferromagnetic contact FM2. This detection scheme has been first applied to
all-metallic spin valves57–61 and is also an established tool for the study of spin
transport in ferromagnet/semiconductor systems.62–64

To illustrate the working principle of the NLSV, the spin injection as well as the
detection mechanisms are schematically presented in Fig. 2.5 in terms of simpli-
fied band structure diagrams. The density of states in the ferromagnetic metals
FM1 and FM2 is spin-dependent (shown is the particular case of a fully spin po-
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2.3 Electrical detection of a spin accumulation

larized material). As a consequence, the application of an electrical bias Vinj across
the FM1/NM interface leads to a spin-polarized current and induces a spin accu-
mulation ∆µ in the non-magnetic channel as indicated by the higher filling of the
spin-up band. After spin diffusion toward FM2, the spin accumulation forces the
electrochemical potential of this floating electrode to adjust according to the pre-
requisite of no charge flow into FM2 in the steady state. This mechanism results in
the appearance of a spin-induced non-local voltage.

Because background signals occur even in the non-local geometry, the spin-
dependent signal is frequently modulated by the application of an external mag-
netic field to separate it from spurious signals. The spin valve measurement makes
use of a magnetic field applied along the easy axis of magnetization of the ferro-
magnetic contacts so that the change in the non-local voltage is observed upon a
switching between a parallel and an antiparallel magnetization configuration. As
seen from Fig. 2.5, when spin relaxation during the diffusive transport between
FM1 and FM2 is neglected, the reversal of the magnetization direction of one ferro-
magnetic contact leads to a change of the non-local voltage by ∆V = ∆µ, if FM2
is fully spin polarized. Otherwise, a spin detection efficiency of less than unity
has to be taken into account. Alternatively, the spin transport can be studied us-
ing the manipulation of the spin accumulation during transport in the NM via the
Hanle effect as it was the case for the three-terminal detection and according to
equation 2.5.

Essentially, the change in the non-local voltage upon magnetization reversal can
be deduced from equations 2.2 and 2.10 for I = 0 (i.e., no current flow across the
detecting contact) and by taking into account the exponential decay of the spin
accumulation with distance d between the generation and detection points,

∆V = PG∆µ exp (−d/λS) = (PG)
2ρNλS j exp (−d/λS) . (2.12)

For the interpretation of the data presented in chapter 4, additional geometrical
factors will be considered.16,60,65 Furthermore, a distinction will be made between
the efficiency of spin generation Pgen and the efficiency of spin detection Pdet. This
discrimination proves convenient, because the bias conditions of FM1 and FM2
are in general very different.
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2.3.3 Local spin valve

The local spin valve geometry is depicted in Fig. 2.3(c). This FM/NM/FM struc-
ture constitutes a technologically relevant arrangement, because its two-terminal
resistance can be modulated by the relative orientation of the magnetizations of the
ferromagnetic contacts. With metallic materials as the NM spacer, the local spin-
valve scheme and the giant magnetoresistance effect7,8 are used for the read-out
of magnetic data in hard disk drives allowing for a high areal recording density.
In addition, FM/NM/FM structures – in particular in the form of magnetic tunnel
junctions,12 in which the NM is a thin, insulating barrier – find application as the
memory cells in magnetoresistive random access memories.14

Local spin valves using semiconductors as the NM are particularly interesting
as several proposed spin manipulation schemes in spin-based transistor concepts
rely on the semiconducting properties of the channel.15,31,66 Aside from the ma-
nipulation mechanism used during spin transport, these device concepts demand
the efficient spin injection, transport, and detection in the local, lateral geome-
try of Fig. 2.3(c). The important figure of merit is the magnetoresistance ratio
MR = ∆R/Rp, where ∆R = Rap − Rp, with Rap (Rp) denoting the resistance in
the antiparallel (parallel) magnetization configuration.

In contrast to the non-local spin generation and detection, the experimental
demonstration of the local spin valve operation is challenging and has been shown
in rare cases only.64,67–69 The reasons lie in the occurrence of strong electrical back-
ground signals unrelated to the spin accumulation as well as the difficulty to fulfill
the theoretically formulated requirements,33 which are sometimes referred to as
Fert’s criterion and are discussed below. In addition and compared to the non-local
geometry, the local spin valve is more prone to spurious signals, because the spin
and charge currents are no longer separated. Physical effects, which can make the
interpretation of LSV resistances difficult, include the local Hall effect,70,71 where
the magnetic stray fields generated by the ferromagnetic contacts lead to a spu-
rious Hall voltage. Furthermore, lateral currents in the ferromagnetic contacts
can generate unwanted anisotropic magnetoresistance signals, which also lead
to magnetization-dependent voltage changes. In addition, tunneling anisotropic
magnetoresistance72 can induce spin-valve like signals if multiple-step magneti-
zation reversal processes occur in the FM. The signatures of these phenomena can
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2.3 Electrical detection of a spin accumulation

be similar to that of the desired local spin valve measurement so that these spu-
rious signals can be difficult to separate from the true local spin valve signals.
However, spatially dependent measurements yielding an exponential decay of the
signal with the spin drift length taken together with Hanle measurements, where
the local spin valve voltage is measured as a function of a perpendicular magnetic
field, allow for a high degree of confidence that the measured signal indeed origi-
nates from a true spin-valve effect. Spatially-dependent measurements on samples
similar to those investigated in this thesis are found in Ref. 73. In addition, local
Hanle effect measurements are presented in section 5.4.

In addition to the conductivity mismatch problem, which demands a lower limit
of the interface resistance between the ferromagnetic contact and the semiconduc-
tor for efficient spin injection, the operation in the local spin valve geometry fur-
ther necessitates an upper limit of the interface resistance. The latter constraint is
related to the average time that an electron spends in the channel with respect to
its spin relaxation time.

The magnetoresistance ratio in FM/NM/FM structures can be quantified as
shown by the calculations in Ref. 33, and the result is depicted in Fig. 2.6 for an
FM/SC/FM structure in a current-perpendicular-to-plane geometry. For the ob-
servation of a maximal magnetoresistance signal, the specific contact resistivity
has to lie in a relatively narrow range, which is determined by the ratio of the spe-
cific contact resistivity and the spin resistance of the semiconducting channel. In
addition, the maximal MR of P2

gen/(1− P2
gen) is reached only if the transport length

is significantly shorter than the spin relaxation length.
Geometrical corrections apply for a lateral geometry as in Fig. 2.3(c), and the

Fert condition for an appreciable magnetoresistance is32,64

d
λS

≪ w
W

ρc

ρNλS
≪ 1 , (2.13)

where w denotes the thickness of the channel and W the width of the contacts. The
left inequality relates to the conductivity mismatch problem. The inequality on the
right can be expressed in terms of the dwell time of the electrons in the channel,32

which may not exceed the spin lifetime when a large MR is desired.
Some strategies for the improvement of the performance of FM/NM/FM de-
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Figure 2.6: Calculated magnetoresistance ratio ∆R/R(P) = MR of a fer-
romagnetic metal (F)/tunnel barrier (I)/semiconductor (N)/I/F structure
(shown in the inset) with the spin diffusion lengths in the F, lFsf = λFM

S =
60 nm, and in the N, lNsf = λS. tN = d denotes the spin transport length,
r∗b = ρc is the specific contact resistivity of the tunnel barrier, and rF = rFM
and rN = rSC are the spin resistances of the ferromagnetic metal and the
semiconductor, respectively. The calculation was performed with a spin
generation efficiency Pgen of 50% (from Ref. 33).

vices can be discussed based on equation 2.13. For a reduction of the left term,
it is clear that the transport length d should be small with respect to the spin re-
laxation length λS. The latter can be increased by using a different non-magnetic
channel material, but only few materials with a spin diffusion length exceeding
that of GaAs with an optimized doping density according to Fig. 2.2 have been
reported (including graphene with λS of more than 100 µm74). A decrease of d
can be achieved by using electron-beam lithography for smaller feature sizes (the
samples investigated in this thesis are fabricated by standard photolithography
methods). Alternatively, using a vertical (current-perpendicular-to-plane) instead
of the lateral geometry could allow for a drastic reduction of the spin transport
length. For example, the epitaxial growth of vertical Fe3Si/semiconductor/Fe3Si
structures has been demonstrated,75 but it has to be kept in mind that the vertical
geometry may not be suitable for electrical spin manipulation schemes.15

Note that the specific contact resistivities ρc of the samples investigated in this
thesis are too high to fulfill the right inequality of equation 2.13. Consequently,
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2.3 Electrical detection of a spin accumulation

the term in the center has to be reduced to obtain an increase in the MR. An anal-
ysis focusing on the reduction of ρc is performed in section 4.8. Apart from an
optimization of ρc, ρN, and λS, the ratio w/W can be reduced in the lateral ge-
ometry. However, an increase of the contact width W demands an increase of
the center-to-center spacing between the detection and generation points, which
would make the left inequality more difficult to satisfy. A decrease in the channel
thickness w constitutes the most promising approach and suggests the use of a
two-dimensional electron gas38 or graphene74 as the NM.

2.3.4 Extraction spin valve

While the above-mentioned measurement geometries constitute well-established
tools for the study of all electrical spin transport, a novel approach is introduced
in this thesis. The arrangement is depicted in Fig. 2.3(d) and is referred to as an
extraction spin valve. As for the NLSV and LSV, spin-valve and Hanle signals
are the signatures of spin transport in the ESV geometry. The working principle
of the ESV is essentially described by a local spin valve, which uses spin extrac-
tion instead of spin injection for the generation of the spin accumulation in the
non-magnetic channel. In a current divider arrangement, an unpolarized drift
current becomes spin-polarized by spin extraction at FM1 in Fig. 2.3(d). Then, this
spin-polarization is detected using the spin-dependent transmission at FM2. As a
consequence, the distribution of currents among the two output leads depends on
the relative magnetization orientation of FM1 and FM2 as explained in detail in
chapter 5.

Interestingly and in contrast to the three other spin detection schemes, the ex-
traction spin valve can be extended to lateral devices comprising multiple spin
generation events. This will be explained in more detail in sections 5.4 and 5.6.

21





CHAPTER 3

Experimental

In this chapter, the experimental techniques that are used to obtain the results in
the following two chapters are described including the fabrication of spin trans-
port devices using the growth by molecular beam epitaxy and the processing by
optical lithography. Furthermore, the setup used to perform the spin transport
measurements is discussed.

3.1 Sample preparation

3.1.1 Sample growth

The samples investigated in this work were fully grown by molecular beam epi-
taxy (MBE) in a multiple-chamber system. The apparatus comprises a chamber
for the growth of semiconductor materials (based on GaAs, Ge, and Si) intercon-
nected under ultra-high vacuum (UHV) conditions with a chamber for the deposi-
tion of elementary metals (e.g., Co, Fe, and Al) and their alloys (in particular Fe3Si,
Co2Fe, and Co2FeSi). The semiconducting part is nominally the same for all inves-
tigated samples, and the growth sequence from bottom to top is as follows (sum-
marized in Fig. 3.1). First, a semi-insulating GaAs(001) substrate is loaded into
the MBE system and heated to a substrate temperature TS of about 580 ◦C under
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10 nm Ferromagnetic metal

15 nm GaAs:Si (ninterface = 5 × 1018 cm−3)

15 nm GaAs:Si (nchannel → ninterface)

1500 nm GaAs:Si (nchannel = 5 × 1016 cm−3)

5 nm GaAs


50×
5 nm Al0.33Ga0.67As

300 nm GaAs

GaAs(001) semi-insulating substrate

Figure 3.1: Layer sequence of the spin transport devices grown by molec-
ular beam epitaxy (system operated by J. Herfort and C. Herrmann).

UHV conditions for oxide desorption. Next, an approximately 300-nm-thick and
not intentionally doped GaAs buffer layer is grown to obtain a flat and clean sur-
face. Furthermore, a subsequently grown 50× Al0.33Ga0.67As(5 nm)/GaAs(5 nm)
(TS = 610 ◦C) superlattice structure is intended to further capture impurities and
enable a higher-quality active region. Afterward, an n-type (silicon-doped) GaAs
layer with a thickness of 1.5 µm is grown at TS = 580 ◦C to act as the conductive
semiconducting channel in the spin transport experiments. The nominal donor
density of nchannel = 5 × 1016 cm−3 is chosen to be close to the metal-insulator
transition in GaAs with the intent to achieve long spin lifetimes.45 Then, a layer
with a thickness of 15 nm and a linearly increasing doping density ranging from
nchannel to ninterface = 5 × 1018 cm−3 is grown followed by the 15-nm-thick top-
most heavily doped (ninterface) GaAs layer. The high level of doping near the in-
terface with the ferromagnetic metal yields a narrow Schottky barrier, which can
be overcome by the conduction electrons via tunneling. Hereafter, the samples are
transferred under UHV into the growth chamber for metals, where approximately
10-nm-thick layers of the ferromagnetic metals Fe3Si, Co2Fe (both chapter 4), and
Co2FeSi (chapter 5) are deposited. The growth of these alloys on GaAs(001) is
well-established and details can be found, e.g., in Refs. 76–79.
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Figure 3.2: Sample surface showing the arrangement of the ferromagnetic
metal (FM) contacts on the conducting n-type GaAs mesa region.

3.1.2 Sample processing

After the growth, lithography steps are necessary to process the samples into lat-
eral spin transport devices. An optical micrograph of the fully processed sample
surface showing the arrangement of ferromagnetic contacts on a semiconducting
mesa region is presented in Fig. 3.2. To obtain the desired structures, standard
photolithography techniques are used. During one processing run, several de-
vices (with different geometries) are simultaneously fabricated on a piece with a
typical size of 1×1 cm2 cleaved from an MBE-grown quarter of a 2-inch wafer. The
processing sequence is described in the following.

First, Ti (thickness 10 nm) and Au (120 nm) layers are evaporated in a stripe pat-
tern, which serves as an etch mask to define the shape of the ferromagnetic stripe
contacts. The orientation of the long side of the stripes is chosen to coincide with
the magnetic easy axis of the ferromagnetic metal for the samples which exhibit
a pronounced magnetic anisotropy. Then, dry etching of the ferromagnetic metal
layers, the heavily-doped interfacial region, and the upper region of the channel
with a total depth of about 100 nm ensures that spin and charge transport be-
tween the stripes occurs in the channel region doped with nchannel. Next, a wet
etching step with a depth of at least 1500 nm is performed to define a conductive
mesa region with an area of 54 × 400 µm2. Afterward, the sputter deposition of
a 150-nm-thick SiO2 layer ensures the electrical insulation of the semiconducting
channel from the metallic contact leads, which are deposited in the final process-
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(a)

400 µm

(b)

5 mm

Figure 3.3: (a) Optical micrograph of processed sample pieces. (b) Wire-
bonded sample on an eight-pin chip carrier.

ing step. These metal leads and the accompanying bond pads provide the elec-
trical contact to the ferromagnetic stripes and consist of evaporated Ti (thickness
10 nm) and Au (150 nm) layers. In addition, during the processing procedure of
the spin transport devices, sample pieces with AuGe contacts on Hall bars are fab-
ricated for conventional carrier density and mobility measurements. The mask
was designed together with P. Bruski, and the processing steps were performed
by W. Anders. More detailed information about the processing of spin transport
structures can be found in Ref. 73.

After the lithographic processing, the sample is mounted onto an eight-pin chip
carrier and wire-bonded. As examples, optical images of two of the total 64 de-
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Figure 3.4: Schematic diagram of the setup used for spin transport mea-
surements. H denotes the orientation of the magnetic field.

vices, which are fabricated in one processing run, as well as a sample on a chip
carrier are presented in Fig. 3.3.

3.2 Experimental setup for spin transport measurements

The experimental setup used for the electrical generation and detection of a spin
accumulation in the GaAs channel is schematically shown in Fig. 3.4. The chip
carrier is placed inside a He exchange gas cryostat (Oxford Instruments), which
allows for the cooling of the sample down to a minimal temperature between
4 and 5 K. The temperature is adjusted by means of an Oxford ITC 4 tempera-
ture controller system. A manipulator is used to set the desired orientation of the
sample with respect to a magnetic field, which is applied using current-carrying
Helmholtz coils in close proximity to the cryostat. The coils are positioned so that
the sample is centered with respect to them. Their current is supplied by a Kepco
bipolar operational power supply, which facilitates a maximal current of about 7 A
corresponding to a magnetic field with µ0H = 20 mT at the position of the sample.
The accuracy of µ0H amounts to about ±0.03 mT.
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In addition, wire connections leading into the sample space enable the applica-
tion of direct currents to the spin transport structures using a Keithley 236 source
measure unit. Alternating currents are supplied by a Keithley 6221 current source.
Furthermore, a nanovoltmeter (Keithley 2182A) measures constant voltages, and
a Stanford SR850 lock-in amplifier is used for phase-sensitive detection.

During a typical measurement procedure, an electric current is applied to spec-
ified terminals of the spin transport structure, while a voltage is read-out between
these or different terminals as a magnetic field is applied. Automated control of
field sweeps, data acquisition, and instrument control are performed using a com-
puter program written in National Instruments LabVIEW.
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CHAPTER 4

Electrical spin generation in
ferromagnet/n-GaAs hybrid

structures
This chapter deals with experiments performed on lateral spin transport devices
based on n-type GaAs channels with different ferromagnetic injector metals. The
central results are:

• Fe3Si/n-GaAs is a suitable hybrid system for the study of all-electrical spin
generation, transport, and detection in the non-local, three-terminal, and lo-
cal geometries.

• The efficiency of spin generation from Fe3Si layers into n-GaAs decays with
interface bias, which limits the operational conditions of spin transport de-
vices, especially those relying on spin injection.

• Comparable spin generation efficiencies of different contacts yield drasti-
cally different spin signals depending on the spin-independent current-volt-
age characteristics.

• Spin-induced signals in the three-terminal geometry are consistent with stan-
dard theory as well as results obtained from non-local measurements and
hence originate from a spin accumulation in the conduction band of GaAs
rather than from interface states.
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4.1 Introduction

Numerous spintronic device concepts rely on the efficient electrical generation of
a spin accumulation inside a semiconductor (SC) using the interface with a fer-
romagnetic metal (FM). As explained in chapter 2, the application of a reverse
bias to an FM/n-type SC hybrid contact leads to the injection of spin-polarized
electrons into the SC. Alternatively, an applied forward bias can be used to gener-
ate a spin accumulation of opposite sign80 due to the extraction of electrons with
a particular spin orientation. Frequently employed all-electrical spin generation
and detection schemes make use of a lateral semiconductor channel with multi-
ple ferromagnetic contacts. Typical geometric arrangements include the non-local
and the three-terminal geometries, in which successful spin injection and detection
have been reported for GaAs,46,62,64 Si,19,81 and Ge20,50 channels, amongst others
using the ferromagnetic metals Fe3Si on n-Si82 as well as CoFe on n-GaAs83 and n-
Si.84 In addition, spin transport in the technologically more relevant two-terminal
arrangement of the local spin valve has been demonstrated.64,67–69 However, un-
ambiguous reports of local spin valve operation are scarce due to the presence of
large spin-independent background signals and the difficulty to fulfill the require-
ments of the dwell time and feedback problems33 (cf. section 2.1). For the same
reason, only small magnetoresistance ratios are observed.

The efficiency of the spin generation process has been found to depend sen-
sitively on the choice of the FM, as it has been observed in studies using spin
light-emitting diodes (LEDs) based on GaAs, where the injection efficiency was
found to be significantly higher for Co2FeSi85 as compared to Fe,17 MnAs,86 and
Fe3Si87 injectors. This increase in efficiency has been attributed to the spin-de-
pendent band structure of Co2FeSi. The results of this chapter emphasize that the
spin-independent current-voltage characteristics also have a strong influence on
the spin injection properties of a contact. Lateral spin valve structures with an
n-type GaAs channel and different FM contacts are studied. The investigation fo-
cuses on Fe3Si contacts, but also results obtained using a Co2Fe spin source are
presented for comparison. Spin transport measurements in the non-local, three-
terminal, and local geometries show that the electrical properties of the contacts
even constitute the dominating design parameter regarding spin injection in these
samples.
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Table 4.1: Parameters of the samples used in this chapter. FM denotes the
ferromagnetic material and TS is the substrate temperature during growth
of the ferromagnetic metal layer. d is the center-to-center spacing between
the central contacts, and W1, W2, . . . are their widths.

Sample FM TS (◦C) d (µm) W1, W2, . . . (µm)

A1 Fe3Si 50 11.5 5, 5, 5

A2 Fe3Si 50 7.5 4, 5, 4, 5, 4

A3 Fe3Si 50 18.5 22, 9

B Fe3Si 200 18.5 22, 9

C Co2Fe 50 7.5 4, 5, 4

4.2 Experimental

The samples were grown and processed as explained in chapter 3. A total of five
samples are investigated in this chapter, all consisting of ferromagnetic metal lay-
ers with a thickness of approximately 10 nm grown epitaxially on an n-type GaAs
channel with a thickness w of 1.5 µm. While the semiconducting part is nominally
the same for all samples, the samples feature different ferromagnetic materials or
contact geometries. Their contact materials as well as the growth temperatures
and some important geometrical properties are summarized in Table 4.1.

Three of the samples are cleaved from the same wafer and are referred to as
A1, A2, and A3. All of these devices contain an Fe3Si contact layer grown at a
substrate temperature TS of 50 ◦C as the ferromagnetic spin generator. For this
growth temperature, the ferromagnetic metal layer is amorphous as seen from the
lack of interference fringes in the x-ray diffraction curves of Fig. 4.1. The amor-
phous growth of Fe3Si at low temperatures has previously been ascribed to a low
adatom mobility.76 The widths and the spacings of the ferromagnetic contacts dif-
fer among samples A1–A3 as explained in the next paragraph. Sample B also
makes use of Fe3Si as the ferromagnetic metal. However, in contrast to samples
A1–A3, the substrate temperature during growth is 200 ◦C, which yields a crys-
talline ordering of the film. Detailed information about the epitaxial growth of
Fe3Si on GaAs(001) can be found in the literature.76,77 For sample C, a crystalline
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Figure 4.1: ω − 2θ x-ray diffraction curves around the GaAs(004) reflection
(strong line at ω − ω0 = 0◦, ω0 = 33◦) for the unprocessed samples A, B,
and C. The other sharp lines stem from the 50×(Al0.33Ga0.67As/GaAs) su-
perlattice. Diffraction peaks and thickness interference fringes originating
from the ferromagnetic layers are observed for samples B and C (data ac-
quired by J. Herfort).

Co2Fe film grown at 50 ◦C acts as the FM spin source.
The ferromagnetic contacts are arranged on the conductive GaAs mesa region

with an area of 54 × 400 µm2 as schematically shown in Fig. 4.2. The spacing be-
tween the outer contacts (labeled L and R) and the central contacts (labeled 1, 2, 3,
. . . ) amounts to more than 150 µm, which exceeds the spin relaxation length in the
semiconducting channel by more than one order of magnitude. As a consequence,
L and R serve as sources of unpolarized electrons or reference potential probes.

All measurements in this chapter are performed using a steady-state technique
with a nanovoltmeter for the detection of potential drops, except for the Hanle
curves presented in section 4.4.2, which are measured using a lock-in amplifier
in conjunction with alternating currents. The measurements are conducted at a
temperature of 20 K unless otherwise indicated.
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Figure 4.2: Schematic diagram of a spin transport device. W1 is the width
of the ferromagnetic contact 1. The spacing between the outer (L and R)
and inner (1, 2, 3, 4, . . . ) contacts is much larger than the spin relaxation
length λS. The number of inner contacts varies between the samples.

4.3 Ferromagnetic metal/n-GaAs contacts

In this section, it is demonstrated that the current flow into and out of the inves-
tigated ferromagnet/semiconductor contacts is laterally homogeneous, which is
a prerequisite for the adequacy of the method used afterwards to determine in-
terface voltages. In addition, it is shown that the current-voltage characteristics
can be understood in the framework of the standard theory of field emission, and
it is concluded that the overall behavior of the contacts is in accordance with the
design of the structures.

4.3.1 Potential distribution below the contact

For the electrical characterization of the metal/semiconductor contacts, the three-
terminal arrangement of Fig. 4.3(a) is used. Compared to other contact resistance
measurement techniques, this method has the advantage that it eliminates back-
grounds from the series resistance of the semiconductor and does not necessitate
an additional ohmic contact. However, a more thorough investigation of the spa-
tial potential distribution below a biased contact proves worthwhile to confirm
that the measured potential originates from a uniform interface voltage. This con-
dition is met if the contact exhibits a large specific contact resistivity ρc = Rc A
with respect to the sheet resistance of the semiconducting channel Rsh.88 Rc and A
denote the resistance and area of the contact, respectively.

The measurement configuration can be regarded as a contact end resistance
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Figure 4.3: (a) Measurement geometry for the determination of the
current-voltage characteristics of ferromagnet/semiconductor contacts.
(b) Normalized potential distribution for indicated specific contact resis-
tivities ρc, contact width W = 5 µm, and sheet resistance Rsh = 540 Ω/�.

(CER) test structure.88 A detailed analysis has been carried out in Ref. 89 and
yields the spatial distribution of the potential under the current-carrying contact,

V(x) =
I


Rshρc

Wy

cosh [(W − x)/LT]

sinh [W/LT]
, (4.1)

with current I, specific contact resistivity ρc, contact width W, contact length Wy,
and transfer length88

LT =


ρc/Rsh . (4.2)

For further analysis, it is useful to estimate the minimal contact resistance ρc of
all investigated samples in the bias range of interest. To do so, current-voltage
curves are measured in the geometry of Fig. 4.3(a). Note that the investigated
Schottky contacts show a rectifying behavior so that ρc is a function of the current
I. In addition, it is important to point out that the measured voltage in this geom-
etry is determined by the potential at the contact end V(W).88 Of all investigated
samples, a minimal resistance V(W)/I of 400 Ω is found in the forward-biased
contacts of sample A1 at a current of 600 µA. Using V(W) ≤ V(0) and the contact
width and length for this sample, 5 and 54 µm, respectively, one can estimate the
specific contact resistivity to be at least 10−7 Ωm2.

Note that this consideration neglects the resistance of the metallic layer. This
omission constitutes a valid approximation because typical resistivities of epitax-
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ial metals are on the order of ρFM = 10−7 Ωm (e.g., Ref. 90) so that for a metal
thickness on the order of tFM = 10 nm one obtains ρFMtFM ≪ ρc.

Figure 4.3(b) shows the potential distribution according to equation 4.1 for dif-
ferent specific contact resistivities and a contact width of 5 µm. The sheet re-
sistance under the contact is approximated by the sheet resistance between the
contacts, which is accessible by conventional four-point measurements and has
been determined to be about 540 Ω/� at 20 K for all samples using alloyed ohmic
AuGe contacts on a Hall bar structure. Clearly, for the estimated lower bound of
ρc = 10−7 Ωm2, the spatial distribution can be considered homogeneous across
the contact area. In this case, the transfer length exceeds the contact width, and
the CER method yields

Vint/I = ρc/A (4.3)

with a universal interface potential Vint = V|x=W
∼= V|x=0.

4.3.2 Current-voltage characteristics

Figure 4.4 shows the current density j = I/A as a function of Vint measured ac-
cording to the geometry of Fig. 4.3(a) for samples A1, B, and C. All contacts exhibit
a rectifying behavior as expected for metal/semiconductor Schottky contacts. No-
tably, only sample A1 shows an appreciable current density in the reverse direc-
tion. It is shown later that the resistance of the barrier with respect to reverse
current flow is of crucial importance for the spin injection properties of the con-
tact.

To gain further insight, the current-voltage characteristics can be analyzed using
standard theory. Figure 4.5 shows a schematic diagram of the energy bands at a
forward-biased metal/n-type semiconductor Schottky contact. Here, φB denotes
the Schottky barrier height, Vint again describes the voltage applied to the inter-
face, ξ2 is the Fermi energy of the semiconductor with respect to the bottom of the
conduction band, φ is the potential energy of the barrier, and Em is the energy of
the tunneling electrons.

Depending on the particular barrier shape and temperature of operation, differ-
ent mechanisms are responsible for the electronic transport. At elevated tempera-
tures, the main contribution to the current is the thermionic emission (TE) of elec-
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forward reverse bias

Figure 4.4: Current density j as a function of Vint for samples A1, B, and C
at 20 K.

trons over the top of the barrier. However, for low temperatures and high doping
levels, tunneling through the barrier dominates the transport. Thermionic-field
emission (TFE) refers to the tunneling of electrons which upon thermal excitation
reach an energy level where the barrier is sufficiently narrow. In degenerate semi-
conductors, field emission (FE) of electrons near the Fermi energy is a substantial
contribution.

A rough criterion88,92 to determine the relevant transport mechanism involves
a comparison of the thermal energy kBT to the tunneling parameter E00, which is
given by91

E00 =
eh̄
2


N

m∗εs
, (4.4)

where e denotes the elementary charge, h̄ the reduced Planck constant, m∗ the elec-
tron effective mass of the semiconductor, εs its permittivity, N the doping density
close to the interface, kB the Boltzmann constant and T the absolute temperature.
The regimes are then defined as: E00 ≤ 0.5 kBT for TE, 0.5 kBT < E00 < 5 kBT for
TFE, and E00 ≥ 5 kBT for FE.

The investigated spin transport structures are designed such that tunneling con-
tributions are dominant in the temperature range of interest. The evaluation of
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Vint

φB
φ

ξ2

Em

Figure 4.5: Potential energy diagram of a forward-biased Schottky contact
with the metal on the left and the degenerately doped n-type semiconduc-
tor on the right side (from Ref. 91). T emission describes the thermionic
emission of electrons over the barrier. F and TF indicate the tunneling con-
tributions to the electronic transport, i.e., field emission and thermionic-
field emission, respectively. The other labels are explained in the main
text.

equation 4.4 using parameters of GaAs and a density of donors in the highly-
doped interface region of 5 × 1018 cm−3 yields

E00 ∼= 44 meV ,

which is larger than kBT even at room temperature. As a consequence, in the
investigated samples FE is expected to constitute the dominant transport process
below about 100 K complemented by TFE for higher temperatures.

Padovani and Stratton91 derive expressions for the tunneling current contri-
butions, which can be used to fit the current-voltage characteristics as shown in
Fig. 4.6. For the forward-biased contact – that is for electron flow from the semi-
conductor into the metal, which is the relevant configuration for electrical spin
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(a) (b)

Figure 4.6: (a) Forward and (b) reverse current characteristics for samples
A1, B, and C at 20 K. The solid lines are fits according to equations 4.5 and
4.6.

extraction – the current can be written as93

j = js exp [eVint/(nkBT)] FE
= js exp (eVint/E00) . (4.5)

js denotes the saturation current density and n the ideality factor. While the ideal-
ity factor generally accounts for all transport mechanisms and deviates from unity
in the case of tunneling contributions, the term on the right-hand side constitutes
the expression for the limit of pure field emission.91 As explained above, one can
assume pure field emission for the investigated contacts at low temperatures, and
the tunneling parameters E00 of 54 meV (sample A1), 47 meV (B), and 60 meV
(C) obtained from the fitting of the forward-current characteristics at 20 K are all
in reasonable agreement with the estimate from equation 4.4. However, a slight
enhancement of the tunneling parameters is observed in the experiment as com-
pared to the theoretical estimate, which possibly indicates additional tunneling
paths through the barrier due to defect-assisted tunneling.93

Electrical spin injection requires a reverse current, and the corresponding ex-
pression from Ref. 91 for low temperatures and eVint > φB reads

j = A∗


E00

k

2 φB − eVint

φB
exp


−

2φ3/2
B

3E00(φB − eVint)1/2


. (4.6)
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Figure 4.7: Temperature dependence of (a) the current-voltage character-
istics and (b) the tunneling parameter E00 and ideality factor n extracted
from the forward current according to equation 4.5 for sample A2. RT
denotes room temperature.

By taking the value of E00 deduced above and treating the effective Schottky bar-
rier height φB and the effective Richardson constant of the metal A∗ as fit param-
eters, one obtains a satisfactory agreement with the experimental reverse-current
density as shown in Fig. 4.6(b). From the fitting procedure, φB is determined to be
0.26 eV (sample A1), 0.61 eV (B), and 0.56 eV (C). The high leakage current in the
reverse direction for sample A1 in comparison with samples B and C is directly
reflected in the smaller effective Schottky barrier height, which will be shown to
be advantageous for the spin injection properties of the contact. The origin of a re-
duction in φB can lie in an increased density of defects at the metal/semiconductor
interface.94

The temperature dependent current-voltage characteristics of sample A2 pre-
sented in Fig. 4.7(a) further support that field emission is the dominant transport
mechanism in the devices. As seen from Fig. 4.7(b), the tunneling parameter de-
duced from the forward current according to equation 4.5 is essentially indepen-
dent of temperature up to room temperature, which indicates that transport pro-
cesses other than field emission are not relevant in this regime.91,93
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4.4 Non-local spin valve

In this section, the electrical spin generation and subsequent non-local detection
of a spin accumulation in the semiconductor is discussed. The spin-induced volt-
ages are investigated as a function of transport length, current, and perpendicular
magnetic field. From this analysis, important sample properties such as the spin
diffusion length and the spin lifetime of the channel are deduced. Furthermore,
it is shown that the spin generation efficiency decreases with increasing interface
bias, and possible physical origins of this decay are discussed. A consequence of
this bias dependence is the fact that a larger area of the injector contact can lead to
an enhanced range of operational currents for spin injection.

4.4.1 Non-local detection of a spin accumulation

To find evidence for electrical spin generation and detection in the investigated
material system, measurements are carried out in the non-local spin valve config-
uration of Fig. 4.8(a). As explained in section 2.3.2, in this geometry an electrical
current is driven across the interface between the left ferromagnetic contact and
the semiconducting channel. Depending on the direction of current flow, spin in-
jection or extraction occurs underneath this contact. The generated spin accumu-
lation diffuses into all directions, and it is sensed non-locally by the right contact.
The measured voltage depends on the relative magnetization orientation of the
generating and detecting contacts.

Figure 4.8(b) shows the non-local voltage for sample A2 with a magnetic field
applied along the easy axis of magnetization of the contacts. The measurement
signal exhibits a transition between the parallel and antiparallel magnetization
configuration, because the coercive fields of the two contacts are slightly different.
The coercive fields can be determined from such curves and are found to be (2.1±
0.3) mT for sample A1, (3.2 ± 1.2) mT for sample A2, (1.9 ± 0.4) mT for sample B,
and (11.9 ± 1.6) mT for sample C.

The peak at zero magnetic field is typically attributed to dynamic nuclear polar-
ization (DNP),95–100 which occurs in GaAs at low temperatures. The spins of the
nuclei can be oriented by the spin-polarized electrons, which exist in the semicon-
ducting region due to the electrical spin generation. The strong magnetic field of
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Figure 4.8: (a) Schematic representation of a non-local spin valve arrange-
ment and (b) non-local voltage as a function of the magnetic field µ0Hy
for sample A2 and a current of −100 µA (spin extraction) at 20 K. ∆V de-
notes the voltage difference between the antiparallel (ap) and the parallel
(p) magnetization configuration.

the spin-polarized nuclei, which is in general not parallel to the external magnetic
field, in turn leads to a dephasing of the spins of the conduction electrons and
hence to a peak in the non-local voltage when no field is applied. Upon applica-
tion of the field along the easy axis of magnetization of the contacts, the precession
axis of the electron spins is forced along the total magnetic field, which is a super-
position of the nuclear and the external magnetic field. It follows that for large
external fields the DNP effect is suppressed. In addition, an effective magnetic
field induced by a finite roughness of the ferromagnet/semiconductor interface
can also lead to spin dephasing when no external magnetic field is applied.101 The
latter effect is closely related to the three-terminal inverted Hanle curves discussed
in section 4.5.

Equation 2.12 presented in section 2.3.2 for the non-local voltage can be ex-
tended to account for geometrical corrections, which yields an expression for the
spin-induced voltage ∆V = Vap − Vp detected at a distance d from the spin gener-

41



Chapter 4 Electrical spin generation in ferromagnet/n-GaAs hybrid structures

λS = (6.1 ± 0.2) µm
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Figure 4.9: Spin-induced voltage ∆V as a function of center-to-center sep-
aration d between spin generation and spin detection. The measurement
was performed at 20 K for spin extraction conditions with I = −100 µA
(sample A1), −500 µA (A2), and −200 µA (C). The solid lines represent
the exponential decay according to equation 4.7.

ation point63–65

∆V = −
PgenPdetλSρN I

S
exp (−d/λS) , (4.7)

and describes the exponential decay of the spin accumulation with the character-
istic length scale λS, which is the spin diffusion length. Furthermore, Pgen and Pdet

are the spin generation and spin detection efficiencies, respectively, and ρN and S
are the bulk resistivity and the cross-sectional area of the semiconducting chan-
nel, respectively. Vp (Vap) is the potential measured for the parallel (antiparallel)
magnetization configuration.

λS can be determined from measurements using different contact separations
as shown in Fig. 4.9. Because spin relaxation occurs in the semiconducting part
of the structures, which is nominally the same for all samples, the values of λS

are expected to agree, which is manifested in similar slopes for the samples in
the representation of Fig. 4.9. The spin diffusion length at 20 K is found to be
(5.6 ± 0.4) µm for sample A1, (6.1 ± 0.2) µm for sample A2, and (6.2 ± 0.4) µm
for sample C. These results are in good agreement with reports of spin diffusion
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spin extraction injection

Figure 4.10: Non-local spin valve signal ∆V as a function of current for
samples A1, B, and C at 20 K.

lengths in n-type GaAs channels with similar doping densities.62,64,102 Note that
for sample B no device with varying contact separations was available.

The dependence of the non-local spin valve signal ∆V on the applied current
is depicted in Fig. 4.10. Negative (forward) currents denote spin extraction con-
ditions, while positive (reverse) currents correspond to spin injection. Notably,
spin extraction is observed for all samples, but only sample A1 shows an appre-
ciable spin-induced voltage for spin injection conditions. As expected, this spin
signal exhibits an opposite sign as compared to the negative current region, in-
dicating that the generated spin polarization for spin injection is the opposite of
that for spin extraction. Also confirming one’s intuition, the spin extraction signal
increases with current in all three samples. Note that the similarity of the behavior
of samples A1 and C is coincidental, which becomes clear when one considers that
the spin transport lengths are different for all samples. More importantly, the spin
injection signal for sample A1 does not behave monotonically, exhibiting a peak
of roughly −4 µV for 20 µA. This finding is explained below by considering the
current-voltage characteristics of the contact.
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4.4.2 Hanle curves

The most straightforward way to manipulate the spin polarization during trans-
port between the generating and detecting electrodes uses an external magnetic
field, which is oriented perpendicular to the direction of the spin polarization.
While this manipulation scheme is not practical for devices, it is widely regarded
as a robust proof of spin transport. Due to the magnetic anisotropy, the in-plane
magnetization of the ferromagnetic stripes is not affected for small fields applied
perpendicular to the sample plane. However, a spin precession and dephasing of
the conduction electrons in the semiconductor is induced. The resulting depen-
dence of the non-local voltage on the out-of-plane magnetic field is referred to as
a Hanle curve as explained in section 2.2.2.

Typically, Hanle curves are analyzed using the one-dimensional drift-diffusion
model46,57,60,62,64 (see section 2.2.2), which yields the spin-induced non-local volt-
age

V = V0

 ∞

0
dt

1√
4πDt

e−(d−vdt)2/(4Dt) e−t/τS cos (ΩLt) , (4.8)

with V0 = (±PgenPdet IλSρN/S)(λS/τS), the Larmor precession frequency ΩL =

gµBµ0Hz/h̄, the spin diffusion coefficient D, the spin lifetime τS, and the g-factor
for GaAs, g = −0.44. Because the detecting contact is located in the region of
pure spin diffusion, the drift velocity vd is set to zero for the non-local configura-
tion. The plus (minus) sign corresponds to the parallel (antiparallel) magnetization
configuration.

Figure 4.11 shows non-local Hanle curves for sample A2 using a parallel magne-
tization configuration and two different center-to-center contact spacings (d = 7.5
and 22.5 µm). For this measurement, a lock-in technique is used, in which the for-
ward current is modulated with a square waveform between 0 and −100 µA at a
modulation frequency of 137 Hz. The maximal spin signal is found at zero field,
while for fields exceeding 20 mT the spin polarization at the detecting contact dis-
appears. The fit lines are based on equation 4.8 and the relation

λS =


DτS (4.9)

as well as the known value for λS (Fig. 4.9). The best agreement with the exper-
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Figure 4.11: Non-local spin signal as a function of the out-of-plane mag-
netic field µ0Hz for spin extraction conditions and a parallel magnetization
configuration (sample A2 at 20 K). The data are presented for two different
contact spacings d. The blue fits are calculated according to equation 4.8
with τS = 28 ns. Note that a linear background has been subtracted from
the data.

imental data is achieved using a spin lifetime τS of 28 ns. This value falls into
the range of previously reported spin lifetimes in n-type GaAs, which have been
found to lie between 2 and 64 ns for a similar doping density at low tempera-
tures.62–64,102–104

From the spin lifetime, the spin diffusion coefficient can be calculated to be
13× 10−4 m2/s, which is more than a factor of two larger than the charge diffusion
coefficient De = µkBT/e of about 6 × 10−4 m2/s, as determined from Hall mea-
surements at 20 K, where µ denotes the Hall mobility. On the one hand, differences
between the spin and charge diffusivity have been previously reported.105–107 On
the other hand, with the extent of ambiguity taken into account when spin life-
times are determined from Hanle curves, the agreement is quite satisfactory. Some
of the potential sources of error shall be discussed in the following. First, it is
found that the estimation of the spin lifetime sensitively depends on the subtrac-
tion of the spin-independent background, which contributes to the raw measure-
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ment data due to thermal drift. In fact, spin lifetimes between 20 and 30 ns are
found in consecutive runs with similar initial conditions. Furthermore, it is known
that other mechanisms can have an influence on the Hanle lineshape, such as a de-
viation from a perfectly perpendicular orientation of the field with respect to the
spin polarization or a magnetic domain structure of the ferromagnetic contacts.95

In addition, dynamic nuclear polarization95,96,100 as well as stray fields resulting
from an interfacial roughness101 (cf. section 4.5) dephase the injected spin polariza-
tion. Finally, the extension from the one-dimensional to a two-dimensional drift-
diffusion model was shown to yield a higher consistency of the measured spin
lifetimes.108

Altogether, the estimated spin lifetime of 28 ns is not to be treated as a pre-
cise value. However, the consistency with literature reports and qualitative agree-
ment with the one-dimensional spin drift-diffusion model corroborates that the
observed signals originate from the transport of spin-polarized electrons in the
semiconductor.

4.4.3 Bias dependence of electrical spin generation

In this section, the knowledge of the contact j(Vint)-characteristics is brought to-
gether with the current dependence of the electrical spin generation to elucidate
the bias dependence of spin generation.

Importantly, in the current dependence of the spin-induced voltage in the non-
local configuration (cf. Fig. 4.10) a deviation of the spin signal from a linear behav-
ior is observed. For further analysis, it is instructive to investigate the spin signal
in terms of its bias dependence. Rewriting equation 4.7 yields

∆V
I


Vint

= Pgen(Vint)
PdetλSρN

S
exp (−d/λS) . (4.10)

The term on the left-hand side is sometimes referred to as the non-local resistance.
Note that the detecting contact is unbiased in the non-local arrangement so that
Pdet is constant. Thus, the bias dependence of the measurement signal reflects the
bias dependence of the spin generation efficiency Pgen. λS was determined in sec-
tion 4.4.1, and the other parameters can be inferred from conventional transport
measurements (ρN) or are known geometrical factors according to the sample de-
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Figure 4.12: Schematic diagram showing a ferromagnet/semiconductor
interface, where an electrically generated spin accumulation is reduced by
initial processes inside an interface proximity region (represented by the
black box), before the spin accumulation value ∆µ(x) reaches the value
given by the effective generation efficiency Pgen, ∆µ(x = 0) = 2PgenρNλS j
according to equation 2.2, and decays exponentially in space with the
characteristic length λS.

sign (d and S).
In equation 4.10, Pgen is to be understood as the effective injection or extraction

efficiency, which corresponds to the spin accumulation value ∆µ(x = 0) before the
occurrence of the purely diffusive lateral spin transport to the detecting contact.
After ∆µ(x = 0) = 2PgenρNλS j is reached, the spin accumulation value decays
exponentially with a well-defined decay length λS. This concept is schematically
shown in Fig. 4.12. In the one-dimensional framework, a spin accumulation is
generated by spin injection or spin extraction at the ferromagnet/semiconductor
interface. This spin accumulation is then reduced by spin relaxation processes
inside an interface proximity region with an output spin accumulation value of
∆µ(x = 0). Possible mechanisms that reduce the spin polarization in the proximity
of the generating contact are explained below.

Figure 4.13 shows PgenPdet as a function of Vint for samples A1, B, and C. The val-
ues are obtained from equation 4.10 using the measured non-local resistances and
a semiconductor bulk resistivity ρN of 8.4 × 10−4 Ωm deduced from conventional
four-point conductivity measurements with alloyed ohmic AuGe contacts on a
Hall bar structure at 20 K. For samples A1 and C, λS is taken from Fig. 4.9, while
the spin diffusion length is assumed to be 6 µm for sample B, which is the aver-
age value of the other three samples. The cross-sectional area of the non-magnetic
channel S is 81 µm2, and d is the known center-to-center spacing between the con-
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Figure 4.13: Interface-bias dependence of the product of the spin genera-
tion and spin detection efficiency for samples A1, B, and C at 20 K accord-
ing to equation 4.10.

tacts.
From this consideration, a low-bias estimate of the spin injection efficiency can

be given for sample A1. It is assumed that for zero bias Pdet is equal to Pgen. Then
the spin injection efficiency is estimated to be about 19.5%. This value roughly
accords with previously reported values in non-local spin transport devices using
similar Schottky contacts to n-type GaAs. At low temperatures, an injection effi-
ciency of 16% has been obtained for Co2FeSi64 and Fe62 contacts, while 20% has
been observed for CoFe contacts.103

Values of the effective injection efficiency are available for interface biases rang-
ing from spin extraction to spin injection conditions for sample A1. Note that a
constant injection efficiency would imply that the induced spin polarization scales
linearly with the applied current. However, Pgen is seen to decay both with for-
ward and reverse bias. While the low-bias value is approximately equal for spin
injection and extraction, the decay is more rapid for extraction. In the experimen-
tal situation, the interface bias applicable in the forward direction is limited by
the height of the Schottky barrier. With a vanishing height of the effective energy
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barrier, other circuit elements dominate the series resistances and voltage drops so
that high and potentially damaging currents would be necessary to reach a higher
Vint in the forward direction than shown. In the reverse direction, Pgen can be ob-
served to be reduced to less than 10% for a bias of 0.5 V. All in all, efficient electrical
spin generation is limited to small interface biases.

A bias dependence of the spin injection efficiency has been presented in the
literature for spin LEDs109,110 and for spin injection experiments both in the three-
terminal19,50,54 and non-local geometries, including reports of a sublinear increase
of the spin-induced non-local voltage with current83,111,112 or a decay of Pgen with
increasing forward and reverse bias.63,103,113,114 However, the reasons for this be-
havior have not always been unambiguously identified. In the following, physical
mechanisms that are potentially responsible for the decay of Pgen with bias are
discussed. These can be grouped into processes which have an influence on the
actual polarization of the tunneling current across the Schottky barrier on the one
hand and spin relaxation mechanisms in the semiconductor on the other hand.
The latter essentially occur in the interface proximity region of Fig. 4.12.

Naturally, the spin polarization of the tunneling current depends on the spin-
dependent band structure of the ferromagnet.115,116 For a forward-biased contact,
electrons can tunnel from the semiconductor into excited states of the ferromag-
net. Then, the energy dependence of the spin-dependent density of states above
the Fermi level generally leads to an increase or decrease of the spin extraction ef-
ficiency with bias. In fact, a decay of the spin polarization in Fe3Si with increasing
energy can be found by comparing the calculated density of states for the two spin
channels presented in Ref. 117. Consequently, the influence of the band structure
on the spin extraction process can be identified as the likely cause for the decay
of the extraction efficiency with increasing forward bias. However, for reverse
bias, the spin polarization at the Fermi energy should dominate the spin injection
process due to the increasing thickness of the Schottky barrier with lower energy.
Even when contributions from the spin polarization below the Fermi energy are
assumed to be relevant, the strong decay of the injection efficiency with reverse
bias cannot be explained.

Furthermore, it has been pointed out that the bias dependence of the contact
resistivity has to be considered for non-ohmic contacts. For a rectifying Schot-
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tky contact, the specific contact resistivity decreases with forward bias due to a
decrease in the barrier height and a narrowing of the space-charge region. A de-
crease of the barrier resistance has been identified to lead to a decrease in the spin
injection efficiency because of the feedback (cf. section 2.1) of the spin accumula-
tion on the spin current.36,118,119 However, the investigated contacts in this thesis
are too resistive to be affected by the feedback problem as addressed in section 4.6.

In addition, spin relaxation processes in the interface proximity region shown
in Fig. 4.12 can lead to a reduction of the effective injection efficiency. The con-
tact is electrically biased so that the injected electrons have to traverse a region of
electric fields. One possible reason for the decay of Pgen with bias is the stronger
Dyakonov-Perel spin relaxation for larger k vectors.120,121 This effect has been
identified as the reason for a reduction of the electroluminescence polarization
in spin LEDs with increasing reverse bias.122,123

It has also been discussed that for a high reverse bias electrons can tunnel from
the ferromagnet into bands other than the Γ-valley of GaAs, namely the L- and
X-valleys, which exhibit short spin lifetimes.118,124 In fact, as pointed out in Ref.
83, the spin injection efficiency is expected to decay for interface voltages beyond
300 mV.

Finally, Joule heating of the semiconductor in the region of current flow can
lead to a reduction of the spin lifetime. The spin lifetime is expected to decrease
with temperature.31,108 This effect is asymmetric with interface bias due to the
rectifying behavior of the contact so that the dissipated electrical power is smaller
for a given positive Vint than for −Vint. A decay of Pgen can be expected for forward
and reverse bias, and Joule heating would be in accordance with the experimental
observation of a faster decay for spin extraction as compared to the decay for spin
injection in Fig. 4.13. This mechanism would lead to a reduction of the spin lifetime
with increasing interface bias, which will be ruled out experimentally in section
4.5.

The representation of Fig. 4.13 is useful for a comparison of the extraction effi-
ciencies of the different samples. For example, one can conclude that, regardless
of the degree of crystal ordering, Fe3Si yields a higher value of PgenPdet than Co2Fe
for a given interface bias. However, in terms of the detectability of the signal, it
is desirable to obtain a large absolute signal ∆V for a given current I in the repre-
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Figure 4.14: Current density as a function of interface voltage for sam-
ple A3 at 20 K and the geometries shown in the inset.

sentation of Fig. 4.10. For a given bias-dependent generation efficiency, the ∆V-I
relationship can on the one hand be tuned by a modification of the geometrical
factors such as the spacing between the contacts according to equation 4.10. On
the other hand and more importantly, a modification of the current-voltage char-
acteristics can lead to an improvement of the ∆V-I characteristic. In the following
section, it will be shown that increasing the contact area constitutes a feasible way
to tune the current-voltage characteristics in order to obtain larger spin-induced
voltages for a given current.

4.4.4 Influence of contact area

The above results have important implications concerning the spatial dimensions
of the spin injector and their influence on the operation of spin valve devices. Since
the injection efficiency strongly decays with increasing reverse bias (see data for
sample A1 in Fig. 4.13), the operation at small Vint is a prerequisite for the obser-
vation of large spin-induced signals. However, ∆V is proportional to the current
I (cf. equation 4.10). Consequently, a contact with a larger area A – providing a
higher current for moderate potential drops across the interface – should allow for
the observation of spin injection over a wider current range. This hypothesis is
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Figure 4.15: (a) Current and (b) interface bias dependence of non-local
spin valve signal for sample A3 at 20 K for the geometries depicted in the
inset.

experimentally confirmed in this section.
The investigated sample is a device from the same wafer as samples A1 and

A2 and is in the following referred to as sample A3 (see Table 4.1). It comprises
two Fe3Si contacts in close proximity, one 9 µm, the other 22 µm wide as shown
in the inset of Fig. 4.14. Except for their widths, the two contacts are nominally
the same by design. As expected, the j(Vint)-characteristics are nearly identical,
which confirms that the electrically active area of the contact coincides with the
geometrical contact area, in accordance with the estimate made in section 4.3.1.

The non-local spin valve signal ∆V is shown as a function of applied current in
Fig. 4.15(a) for the geometries depicted in the inset. Clearly, the performance is
improved for spin generation with a larger contact area, which yields signals of an
increased magnitude and spin injection over a wider current range. In particular,
the maximum of the spin injection signal is shifted from about 15 µA for the small
contact to about 40 µA for the large contact.

Figure 4.15(b) displays the same measurement signal as a function of interface
voltage Vint across the biased contact, as inferred from Fig. 4.14. Note that the
maximum of the spin injection signal is observed at the same interface bias of
about 200 to 300 mV for both measurement geometries. This finding corroborates
that Vint rather than I is the crucial parameter when physical mechanisms related
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Figure 4.16: ∆V/I as a function of interface bias for the geometries shown
in the inset of Fig. 4.15(a).

to the spin generation efficiency are studied.
The non-local resistance ∆V/I, which is proportional to the effective injection

efficiency according to equation 4.10, is shown in Fig. 4.16 as a function of in-
terface bias. It is expected that the injection efficiency, being independent of the
contact size, coincides, because the contacts differ only in their widths. Indeed,
the same behavior is found for both measurement geometries. This finding clearly
shows that, for a given injection efficiency, larger non-local spin valve signals can
be obtained by increasing the size of the spin generating contact.

4.5 Detection of a spin accumulation in the three-terminal
geometry

This section deals with the all-electrical generation and detection of a spin accumu-
lation in the three-terminal geometry. The intention behind these measurements
is to gain more insight into the bias-dependence of the spin generation efficiency
and spin relaxation processes close to the interface. As explained in section 2.3.1
and in contrast to the non-local geometry, the spin accumulation value right at the
ferromagnet/semiconductor interface101 and in interface states47 is accessible by
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Figure 4.17: (a) Schematic representation of the measurement geometry
used for three-terminal spin generation and detection. (b) Interface volt-
age as a function of the out-of-plane magnetic field µ0Hz for sample A2
at 20 K and spin extraction conditions with a current of −30 µA. The spin
accumulation leads to a Hanle voltage with a field dependence which can
be approximated by a Lorentzian curve (red) according to equation 4.11.

three-terminal measurements. Hanle curves are obtained for spin extraction con-
ditions, and the inferred bias dependencies of the spin lifetime and the magnitude
of the spin signal are investigated. In addition, the results are compared to the
expectation from theory.

The measurement geometry for the three-terminal generation and detection of
a spin accumulation is shown in Fig. 4.17(a) and coincides with the arrangement
used for the determination of the j(Vint)-characteristics in section 4.3.2. The same
ferromagnetic contact is used for the generation and for the detection of the elec-
trically generated spin accumulation so that this geometry can be regarded as the
limiting case of the non-local arrangement with zero separation between the spin
generating and detecting contacts (d = 0). The current flow leads to a spin accu-
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mulation underneath the ferromagnetic contact. A perpendicular magnetic field
induces a spin precession and dephasing, which is manifested in a decrease of the
interface voltage with increasing magnetic field. In contrast to the non-local Hanle
measurements presented in section 4.4.2, the perpendicular field does not lead to
a sign reversal of the ensemble-averaged spin polarization, because no defined
average distance between the points of spin generation and spin detection exists.

As described in section 2.3.1, the reduction of the chemical potential splitting as
a function of field leads to an approximately Lorentzian line shape given by19 (see
equation 2.11)

∆µ(Hz) =
∆µ(Hz = 0)
1 + (ΩLτS)2 , (4.11)

where ∆µ(Hz) and ∆µ(Hz = 0) are the spin accumulations with and without an
applied magnetic field, respectively, and ΩL again denotes the Larmor precession
frequency, ΩL = gµBµ0Hz/h̄. As shown in equation 2.10, ∆µ(Hz = 0) is related to
the spin-induced part of the interface voltage as19

∆µ(Hz = 0) =
2∆Vint

PG
(4.12)

with the tunnel spin polarization PG.
A measurement of Vint as a function of the out-of-plane magnetic field is shown

in Fig. 4.17(b) for sample A2 and spin extraction conditions. The solid line rep-
resents a Lorentzian fit, which allows for a linear background. From the fitting
procedure, ∆Vint as well as τS can be obtained and are shown in Fig. 4.18.

The spin resistance-area product (spin-RA) ∆Vint/j is presented in Fig. 4.18(a)
and is seen to decrease with forward bias. In contrast to the non-local geometry
the detecting contact is biased in the three-terminal geometry. Consequently, the
results in Fig. 4.18(a) reflect the bias dependencies of the efficiencies of spin gener-
ation as well as spin detection. For small bias, the decay of the spin signal is faster
than in the non-local geometry (cf. Fig. 4.13). This is expected, if the efficiency of
the detection also decreases with bias. However, in the higher forward bias region
(Vint . −0.2 V), the spin-RA depends only weakly on bias.

In contrast to the non-local geometry, no spin-induced signals could be observed
for the three-terminal geometry using spin injection conditions. The reasons are
twofold: First, the absolute signals are small for spin injection, because efficient
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(a) (b)

Figure 4.18: (a) Three-terminal spin signal and (b) spin lifetime versus in-
terface bias for sample A2 derived from Lorentzian fits according to equa-
tion 4.11.

spin injection is limited to the small forward bias region only (cf. Fig. 4.10), and
second, the large contact resistance of the reverse-biased Schottky contact leads to
a large background signal in the interface voltage. Therefore, the absolute volt-
age noise is substantially stronger in the positive voltage range, preventing the
observation of Hanle curves.

From the Hanle curves, the spin lifetime can be extracted. As seen from equa-
tion 4.11, the width of the Hanle curve is inversely proportional to τS. Figure
4.18(b) shows the spin lifetime as a function of the interface bias. The measured
spin lifetime is found to lie between 13 and 30 ns, depending on the bias condi-
tions. These values agree well with the lifetime of 28 ns estimated from the non-
local spin valve measurements in section 4.4.2, especially when one considers that
some ambiguity19 exists when lifetimes are determined from three-terminal Hanle
curves.

Due to the fact that the spin lifetime is not found to decrease with forward bias,
Joule heating can be ruled out as the cause of the decay of the spin generation ef-
ficiency with bias (see discussion in section 4.4.3). In addition, the agreement of
the spin lifetimes deduced from the three-terminal and non-local measurements is
in accordance with the previous assumption that the decay of the spin generation
efficiency with forward bias (spin extraction) is not related to spin relaxation pro-
cesses in the interface proximity region, as opposed to the proposed mechanisms
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Figure 4.19: Three-terminal Hanle and inverted Hanle curves with a mag-
netic field applied perpendicular to the sample plane (µ0Hz) and along the
easy axis of magnetization (µ0Hy), respectively, for sample A2, a current of
−200 µA, and a temperature of 20 K. A constant background voltage Vint,0
has been subtracted. ∆Vtotal

int denotes the maximal spin-induced voltage
and amounts to 183 µV.

leading to the decay of Pgen for injection conditions. Rather, the decay of the ex-
traction efficiency is likely related to a true decay of the tunnel spin polarization
PG due to a reduction of the band structure polarization within the ferromagnetic
metal.

Various articles report on a bias dependence of the spin lifetime in the proxim-
ity of an interface with a ferromagnetic metal, including reports of a slight increase
with forward voltages,51,125 similar to the observation of Fig. 4.18(b). A possible
explanation is given in Ref. 51, which is related to the conduction band edge vari-
ation with bias. More precisely, a forward bias reduces the height of the Schottky
barrier and the strength of the electric field close to the interface. As a consequence,
the Dyakonov-Perel spin relaxation mechanism becomes less effective, which re-
sults in an increased spin lifetime.

Figure 4.19 shows a comparison of Vint for different magnetic field directions. As
before, a field sweep in the out-of-plane direction results in a dip in the interface
voltage at zero field. A sweep in the in-plane direction along the easy axis of
magnetization also results in a strong field dependence. However, the sign of the
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field dependence is inverted. Hanle curves for in-plane field sweeps have been
frequently reported for three-terminal measurements50,53,101,126 and are referred to
as inverted Hanle curves.

The occurrence of an inverted Hanle curve has been explained by a finite rough-
ness of the interface between the ferromagnetic metal and the adjacent non-mag-
netic layer.101 This roughness leads to magnetic fringe fields in the semiconductor,
which decay with distance from the interface. If a spin accumulation exists close
to the interface, spin precession in the fringe fields results in spin dephasing. As
a consequence, even the spin signal which is measured at zero field is reduced.
Upon application of a magnetic field along the easy axis of magnetization, how-
ever, the precession axis is forced along that direction, and the effect of the rough
interface is suppressed.

Another possible reason for the apparent dephasing at zero field is the preces-
sion of the electron spins in the magnetic field of polarized nuclei. As discussed be-
fore, this is the effect that a peak at zero magnetic field in non-local spin valve mea-
surements in GaAs at low temperatures is typically ascribed to62,63 (section 4.4.1).
In addition, a combination of the two effects is possible.

Looking at Fig. 4.19, one finds that the dephasing is substantial. At large µ0Hy,
the spin accumulation reaches its maximal value, and it is reduced to little more
than one third of this value for zero field. The difference between the high-field
values of the Hanle and the inverted Hanle curve labeled ∆Vtotal

int is the value that
should be compared to the standard theory,16 which does not take the described
additional spin dephasing processes into account.

The expected spin signal in the three-terminal configuration according to the
standard theory can be deduced by combining equations 2.2 and 2.10, and is writ-
ten as

∆Vint/j = (PG)
2ρNλS . (4.13)

In addition, a geometrical correction applies for situations other than λS ≫ (W,w),
that is, for a spin diffusion length which is larger than the contact dimensions.
Taking the geometrical correction for thin channels into account,33 one obtains

∆Vint/j = (PG)
2ρNλSW/w , (4.14)
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with w denoting the channel thickness and W the contact width. Note that this
expression is equivalent to equation 4.7 for the spin signal in the non-local case. In
this sense, the three-terminal spin detection scheme constitutes the limiting case
of the NLSV with a contact separation which goes to zero.

Taking the low-bias value of PgenPdet from Fig. 4.13 for (PG)
2, one can estimate

the expected spin signal in the three-terminal geometry as ∆Vint/j ∼= 0.5 kΩ/µm2

using equation 4.14. This estimated value is larger than the measured ∆Vtotal
int /j

of 0.2 kΩ/µm2 as seen from Fig. 4.19, and the discrepancy can be attributed to
the bias dependence of the extraction efficiency. This overall consistency between
the measured and estimated values is in contrast to many previous reports of spin
generation experiments in the three-terminal geometry. Frequently, an enhance-
ment of the measurement signal with respect to the theoretical estimate based on
equation 4.13 of several orders of magnitude is observed.19,47,49,50,54,55 An expla-
nation is given in the form of a two-step tunneling process via localized interface
states close to interface between the tunnel barrier and the semiconductor47,127,128

or by an underestimation of the electrically active area of the contact.19

Since in this work experiments in different geometries are performed on a single
device, a direct confirmation that the spin signals observed in the three-terminal
geometry originate from a spin accumulation in the conduction band of GaAs and
not from interface states can be achieved by comparing the three-terminal signal
with the non-local signal. The non-local geometry requires spin transport via itin-
erant electrons between the generating and the detecting contacts so that a spin
accumulation in localized states is not relevant. For a contact spacing d of 7.5 µm
and a current of −200 µA, a non-local voltage of 56 µV is measured for sample
A2 (measurement not shown), which can be extrapolated to the three-terminal
limit by multiplication with the factor exp (d/λS). This procedure yields an ex-
pected three-terminal signal (due purely to a spin accumulation in the conduc-
tion band) of 191 µV, which agrees well with the measured three-terminal signal
∆Vtotal

int = 183 µV from Fig. 4.19. Furthermore, this agreement shows once more
that, for the used bias and magnetic field conditions, the effective spin generation
efficiency Pgen is approximately equal to the tunnel spin polarization PG so that
spin relaxation processes in the interface proximity region of Fig. 4.12 are of minor
importance.
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forward reverse bias

Figure 4.20: Specific contact resistivity ρc as a function of current applied
to the ferromagnet/semiconductor junction of sample A2 at 20 K.

All in all, one can be confident that in the presented three-terminal measure-
ments the spin voltage truly stems from a spin accumulation of the conduction
band electrons rather than from a spin accumulation in localized interface states.
This conclusion is drawn from a comparison of the spin lifetimes and the mag-
nitudes of the spin signals in the non-local geometry with measurements in the
three-terminal geometry.

4.6 Local spin valve

In this section, the all-electrical spin injection and detection in the local spin valve
arrangement is discussed. It is shown that the results of the previous sections have
implications for the operation in this technologically relevant geometry, which is
characterized by two back-to-back Schottky contacts. To emphasize the impor-
tance of the spin injecting contact, Fig. 4.20 depicts the specific contact resistivity
measured in the three-terminal geometry according to equation 4.3 as a function
of current for sample A2. The rectifying behavior of the contacts is seen from
the asymmetry with respect to the direction of electron flow. Therefore, the series
resistance of the local spin valve circuit is dominated by the reverse-biased con-
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Figure 4.21: (a) Schematic diagram of a local spin valve arrangement and
(b) local resistance as a function of magnetic field µ0Hy for sample A2 and
a constant applied current of 4 µA at 20 K. ∆R denotes the difference in
resistance between the antiparallel (ap) and the parallel (p) magnetization
configuration.

tact, which can result in adverse bias conditions for spin injection as the injection
efficiency decreases with interface bias (cf. section 4.4.3). As shown below, the re-
sulting current window for local spin valve operation can be directly inferred from
the bias dependence of the spin injection efficiency.

The local spin valve geometry is depicted in Fig. 4.21(a). A measure of the spin
signal in this configuration is the magnetoresistance ratio MR = ∆R/Rp, with
∆R = Rap − Rp and Rap (Rp) denoting the resistance in the antiparallel (parallel)
magnetization configuration. As pointed out in section 2.3.3, the interface resis-
tances play a major role for the performance of such a device. On the one hand,
a sizable interface resistance is needed to overcome the conductivity mismatch or
feedback problem. On the other hand, if the interface resistance is too large, the
dwell time of the electrons in the channel becomes comparable to the spin relax-
ation time, and the magnetoresistance signal is small.

As explained in section 2.3.3, an expression of the MR is given in Ref. 33 for a
local spin valve in a current-perpendicular-to-plane geometry. This geometry dif-
fers from the geometry used in the investigated lateral spin transport structures.
Nonetheless, it is instructive to make use of this formula to gain insight into the
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Figure 4.22: Visualization of the magnetoresistance for a local spin valve
structure operated in the current-perpendicular-to-plane geometry ac-
cording to the equations given in Ref. 33 with the known parameters for
sample A2: Pgen = 0.2, λS = 6.1× 10−6 µm, and ρN = 8.4× 10−4 Ωm. The
crosses mark the conditions corresponding to the investigated samples, as
indicated.

expected performance of these devices. Taking the values 2.3 × 10−6 Ωm2 for ρc

as seen from Fig. 4.20 and the spin diffusion length λS = 6.1 µm as the value of
the spin drift length as well as a spin injection efficiency Pgen of 20% (all values
obtained in the previous sections at low bias for sample A2), one can plot the ex-
pected MR as a function of the specific contact resistivity and the transport length
as shown in Fig. 4.22.

The magnetoresistance ratio is seen to increase with smaller transport length,
and an optimum of the specific contact resistivity is found at about 10−8 Ωm2. For
larger values of ρc, the MR decays rapidly. The maximal magnetoresistance ratio
of P2

gen/(1 − P2
gen) ≈ 4% is expected for transport lengths below a few hundred

nanometers. The conditions for the actual samples (specific contact resistivity at
low bias and transport length d) are visualized in the form of crosses in Fig. 4.22.
Clearly, the contacts of all samples are found to be too resistive to yield an optimal
spin signal in the local configuration. Nonetheless, a small but detectable MR of
0.015% is expected for sample A2.

The lateral transport geometry of Fig. 4.21(a) requires a geometric correction,32,33

which leads to a shift in the window of appreciable magnetoresistance (see equa-
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Figure 4.23: (a) Change in local spin valve resistance ∆R = Rap − Rp as
a function of the applied current I and (b) interface-bias dependence of
∆V = Vap − Vp. The inset shows the measurement geometry for the de-
termination of Vint, which is the voltage drop across the reverse-biased
Schottky contact.

tion 2.13), and the resulting condition is explicitly given in Ref. 64 as

d
λS
1.2

≪ w
W

ρc

ρNλS  
150

≪ 1 , (4.15)

with W denoting the average contact width, w the channel thickness, and inserting
the parameters of sample A2. Clearly, the maximal value of MR is not reached if
the transport length exceeds the spin relaxation length (d/λS > 1). However, in a
biased device, the spin relaxation length typically exceeds the spin diffusion length
due to the drift induced by the electric field,64,129,130 which could potentially lead
to increased signals. More importantly, as it was the case without the geometric
correction, the investigated samples are not expected to fall into the window of a
substantial magnetoresistance. Specifically, the interface resistance is too large by
more than two orders of magnitude for the condition to hold.

Nonetheless, MR signals, albeit small, can be observed as shown in Fig. 4.21(b)
for a field sweep along the easy axis of magnetization. The resistance of the device
is increased for an antiparallel magnetization configuration, and the MR ratio is
found to be 0.016% for an applied current of 4 µA. The analysis above (Fig. 4.22)
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Figure 4.24: Comparison of the local spin valve resistance changes ∆R =
Rap − Rp for sample A2 with PgenPdet as deduced from the non-local spin
valve signals for sample A1 under spin injection conditions as a function
of interface voltage.

predicted a magnetoresistance ratio of 0.015% for sample A2, which is in surpris-
ingly good agreement with the measured value considering the different geometry
as well as the uncertainty of all parameters.

Since the local spin valve is a device which relies on the efficient injection of
a spin-polarized current, the magnetoresistance signal is expected to decay with
an increasing interface potential across the reverse-biased Schottky contact. Figure
4.23(a) shows ∆R as a function of the applied current. As expected, the magnetore-
sistance signal is maximal for small currents and decays rapidly, and no difference
in resistance between the parallel and antiparallel configurations is observed be-
yond about 30 µA.

For further comparison the interface bias dependence of the magnetoresistance
signal is addressed in Fig. 4.23(b). The figure depicts the voltage difference ∆V =

Vap − Vp as a function of the interface potential measured across the spin injecting
contact while a local spin valve current I is applied as shown in the inset. ∆V
is seen to increase with Vint and forms a peak between 200 and 300 meV, which
agrees very well with the interface-bias dependence of the non-local spin valve
signal of Fig. 4.15(b).
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To further strengthen the hypothesis that the operation of the local spin valve
is limited by the bias dependence of the spin injection efficiency, Fig. 4.24 com-
bines the local magnetoresistance for sample A2 and the decay of the non-local
spin valve signal for sample A1 (same data as in Fig. 4.13) in one plot. The data
points of ∆R are seen to track the decay of the non-local spin valve signal, which
indicates that both local and non-local spin valves are limited by the same mech-
anism, which is the decay of the spin injection efficiency with increasing interface
bias.

4.7 Discussion

In this section, a few aspects and consequences of the above-mentioned results
are discussed. Generally speaking, the findings emphasize that in addition to the
magnetic properties of the contacts, such as the Curie temperature or the energy-
dependent spin polarization of the conduction electrons around the Fermi energy
of the ferromagnetic metal, also the current-voltage characteristics have to be con-
sidered when engineering contacts for the efficient electrical spin injection. The
importance of the contact resistivity has been pointed out in the literature in terms
of the conductivity mismatch problem and the feedback problem for small contact
resistivities (cf. chapter 2). In addition, for contact resistivities which are too large,
the dwell time problem limits the magnetoresistance in local spin valve structures.
These considerations are manifested in equation 4.15. In this respect, the reported
results of this chapter can be regarded as an investigation of an additional con-
straint that limits the electrically generated spin accumulation in the semiconduc-
tor. That is, if the spin generation efficiency decays with bias for a given contact,
the contact resistance must be sufficiently small to allow for an appreciable current
at a small interface bias. This aspect has to be kept in mind when designing spin
injection experiments.

For rectifying Schottky contacts that are biased in the reverse direction, the con-
sequences are particularly drastic as can be seen from the presented comparison
of the samples A, B, and C. Consider the forward direction in Fig. 4.13, which is
the relevant condition for spin extraction. Importantly, the efficiency of spin gen-
eration is found to be comparable for all three samples, at least judging from the
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available bias range. Nonetheless, the performance of the samples is fundamen-
tally different in that samples B and C neither allow for the detection of non-local
voltages for spin injection conditions nor do they show a measurable magnetore-
sistance in the local spin valve configuration. This behavior of samples B and C is
explained by a high contact resistivity in the reverse direction in combination with
an assumed decay of the injection efficiency with increasing reverse bias.

These conclusions are actually found to be of a more universal relevance, when
one considers that a decay of the spin generation efficiency or a sublinear increase
of the spin signal with applied current has been reported for various spin injector
systems other than the Fe3Si/n-GaAs contacts investigated in this study, including
contacts of ferromagnetic metals with n-type GaAs,28,63,103,111–114,131,132 n-type and
p-type Si,19,50,54,84,133 and n-type Ge.119 Such a behavior probably originates from
a combination of the above-mentioned mechanisms (cf. section 4.4.3). Even if the
detailed origins are not fully understood, a decay of the bias dependence of the
injection efficiency is a regularly observed behavior.

In particular, the described behavior demands close attention to be paid to the
bias conditions when the performance of different injector materials in spin light-
emitting diodes is evaluated. As briefly described in section 4.1, the spin injection
efficiency in GaAs-based spin LEDs has been found to depend sensitively on the
choice of the injector metal. While for Fe, MnAs, and Fe3Si (TS = 200 ◦C) spin in-
jection efficiencies of 5%,17,134 6%,86 and 10%87 have been observed, respectively,
the spin injection efficiency was found to be 50% for a Co2FeSi injector.85 This leap
in efficiency has been attributed to the spin-dependent band structure of Co2FeSi,
which is predicted to be a ferromagnetic half metal.135 However, a more than five-
fold increase cannot be solely explained by the assumed high spin polarization of
the conduction electrons in the ferromagnet, considering that the spin polariza-
tion of Fe, MnAs, and Fe3Si is about 45%.136–138 Rather, the voltage drop across the
Schottky contact has to be taken into account.

The optical detection of the injected spin accumulation demands light emission
and thus a forward bias across the p-n junction on the order of the built-in po-
tential. In that situation, the ferromagnet/n-type GaAs contact is reverse biased,
which can result in substantial interface voltages across the Schottky barrier. In
fact, with respect to Fe3Si, Co2FeSi forms a contact with n-GaAs that yields rela-
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tively high leakage currents in the reverse direction.139 Although the mechanism
of this leakage is not known at present, it allows for the operation of Co2FeSi-based
spin LEDs at a smaller interface potential across the Schottky barrier. This circum-
stance is likely to enable operating conditions with a larger injection efficiency.
In other words, it is probable that the more resistive contacts of spin LEDs using
Fe3Si lead to the determination of the injection efficiency at a substantial interface
voltage, which is expected to be lower than its zero-bias value.

As pointed out in section 4.4.4, the size of the contact can be increased to achieve
the operation of spin injection devices at small interface biases leading to an im-
provement of the spin signal. While an increase of the contact length Wy may be
practical, an increase of the contact width W is not suitable for most applications.
Consider for example a local spin valve in the lateral geometry, where an increase
in size of the injector contact would inevitably lead to an increase in the average
(center-to-center) spin transport length. This example shows that there is a need
for more sophisticated techniques of contact engineering. Some of which will be
discussed in the last section of this chapter.

4.8 Outlook

Finally, some strategies for the improvement of the performance of all-electrical
spin injection and detection devices are discussed for a given semiconductor mate-
rial (unaltered λS and ρN) and aside from a geometrical optimization of the device
structure. Clearly, it is of great importance that a reduction of the specific contact
resistivity is achieved. The reasons are twofold: First, considering the criterion of
equation 4.15, it is clear that a reduction of ρc by two orders of magnitude is de-
sirable to overcome the dwell time problem in local spin valves. Second, because
the spin injection efficiency is found to decay with increasing reverse bias, a large
contact resistance drastically reduces the magnitude of voltages induced by spin
injection in all geometries.

A high level of doping in the semiconductor near the interface with the metal-
lic contact leads to a reduction of the Schottky barrier width. Therefore, a larger
tunneling probability can in principle be achieved by increasing the donor con-
centration in that region. However, an increase well beyond the nominal dop-
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ing concentration of 5×1018 cm−3 is difficult to achieve due to the electrical self-
compensation of Si impurities.140,141 Another way to reduce the depletion layer
width is the use of a thin, delta-doped layer in the semiconductor region close to
the contact with the ferromagnet as shown for contacts to silicon.84,133 An alter-
native strategy consists of using a ferromagnetic metal or an additional interfacial
layer of a non-magnetic metal with a low work function. It has been shown that
a sub-nanometer thin layer of Gd between a ferromagnetic metal and an oxide
tunneling barrier leads to a reduction of the height of the Schottky barrier in the
semiconductor.142 This approach is not suitable for direct contacts to GaAs without
oxide barriers, however, because metal contacts are known to pin the Fermi level
close to mid-gap irrespective of their work function.92 Lastly, significantly lower
contact resistivities have been reported for devices using oxide or graphene51 lay-
ers as tunneling barriers between the ferromagnetic metal and the semiconductor.
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CHAPTER 5

Extraction spin valves

In this chapter, results drawn from the investigation of lateral Co2FeSi/n-GaAs
spin transport structures are presented. The most important aspects are:

• A novel device concept is presented. It consists of a local spin valve, which
utilizes spin generation by extraction instead of injection. This device is re-
ferred to as an extraction spin valve.

• It is shown experimentally that the extraction spin valve concept can be ex-
tended to a device comprising two extraction events.

• The measurements can be understood quantitatively in the framework of a
simple spin transport model.

• Extraction spin valves relying on multiple spin extraction events can poten-
tially find application as spin polarizers, magneto-logic gates, or for the read-
out of magnetic data.

Most of the results of this chapter have been previously described in Refs. 143–
145 as well as the publication text of the European patent EP 2 688 072 B1.
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5.1 Introduction

As it was the case for the previous chapter, this chapter deals with the gener-
ation and detection of a non-equilibrium spin polarization in the n-type GaAs
channel of lateral ferromagnet/semiconductor hybrid spin transport structures.
As explained earlier, local spin valves constitute an important building block for
spintronic device concepts. These devices rely on electrical spin injection and the
subsequent local detection of the spin-polarized drift current. However, here the
focus will lie on the generation by electrical spin extraction, i.e., upon electron flow
from the semiconductor into the ferromagnetic metal.

Applications which utilize spin extraction have so far been considered in theo-
retical device proposals only.146–148 This kind of device benefits from the fact that
the Schottky barrier is forward biased, which yields higher currents than in re-
verse bias. Consequently, for a device relying on spin extraction, a decrease in the
efficiency of spin generation with increasing interface bias does not constitute as
much of an impediment as it was outlined for the conventional local spin valve in
section 4.6.

The Heusler alloy Co2FeSi is used as the spin generator in this chapter. Com-
pared to the other ferromagnetic metals used in the previous chapter, the current
voltage characteristics of the Co2FeSi/n-GaAs contacts are more symmetric with
respect to forward and reverse directions and have the advantage of allowing for
a higher current at a given interface bias.64,139

Furthermore, Co2FeSi is a particularly promising material for spintronic appli-
cations due to its high Curie temperature of more than 1000 K135 and especially
due to its predicted half-metallic character. Calculations using density functional
theory have been performed,56,135 which show a gap of the minority spin density
of states in a region around the Fermi energy for Co2FeSi in its fully ordered L21

phase. The close lattice matching with GaAs enables the epitaxial growth of hybrid
interfaces with a high degree of perfection, as demonstrated in a series of publi-
cations.78,79,149 In particular, it was found that the material crystallizes predomi-
nantly in the L21 phase for the growth at substrate temperatures exceeding 200 ◦C,
while it exhibits a partly-disordered B2 phase for lower substrate temperatures
accompanied by a coexistence of both phases with a vertical150 and lateral151–154

spatial distribution.
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The crystallographic ordering of the ferromagnetic layer strongly influences the
spin injection properties of Co2FeSi/n-GaAs contacts in spin light-emitting diodes.
Specifically, the sign of the injected spin polarization depends on the dominating
phase.56 However, while for a high degree of order in the ferromagnetic film a
high growth temperature is desirable, it has to be considered that other thermally
activated processes such as the diffusion of Co and Fe atoms into the semicon-
ducting part85,109,155,156 and the interfacial degradation79 adversely affect the spin
injection efficiency. An optimal substrate temperature of 280–300 ◦C has been iden-
tified to constitute a compromise between these detrimental effects and the crys-
tallographic disorder and it yielded a spin injection efficiency of about 50% in spin
light-emitting diodes.56,85

In addition, the all-electrical spin injection, transport, and detection in lateral
transport structures based on the Co2FeSi/n-GaAs hybrid system has been inves-
tigated.64 Here, spin valve as well as Hanle signals have been reported in both the
non-local and the local configuration. From these measurements, a spin injection
efficiency of 16% and a spin drift length of 11 µm were inferred at 40 K.

In this chapter, the extraction spin valve (ESV) is introduced as a new mem-
ber to the family of spin valve devices in lateral ferromagnet/semiconductor spin
transport structures, which includes the well-studied non-local spin valve (NLSV,
section 4.4.1) and the less frequently reported local spin valve (LSV, section 4.6).
This novel magnetoresistance device is essentially a local spin valve based on spin
extraction. It is shown that the extraction spin valve offers intriguing characteris-
tics including the scalability to lateral multiple extraction devices.

5.2 Experimental

The structures investigated in this chapter were grown by MBE and processed us-
ing optical lithography according to the description in chapter 3. Two samples
are studied, namely sample 1 and sample 2. Both make use of the ferromagnetic
Heusler alloy Co2FeSi grown epitaxially on the n-type GaAs channel at a substrate
temperature of 280 ◦C as the spin generating layer. The thickness of this layer is
16 nm for both samples. Figure 5.1 shows the processed sample 1 with the con-
ductive GaAs mesa region and evaporated Au/Ti contacts. The ferromagnetic
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mesa

100 μm

A B C D

Figure 5.1: Optical micrograph of sample 1 with ferromagnetic contact
stripes labeled A, B, C, and D.

contacts are labeled A, B, C, and D with widths 10, 8, 10, and 12 µm, respectively.
The edge-to-edge spacing between B and C as well as between C and D is 14 µm
(3 µm) for sample 1 (sample 2), while the spatial separation between A and B
(about 145 µm) exceeds the spin relaxation length by more than one order of mag-
nitude. Therefore, contact A serves as a source of unpolarized electrons, while
contacts B, C, and D are used for extraction and/or detection of electron spins.

The electrical measurements rely on a steady-state method, wherein currents
are determined from nanovoltmeter readings of voltage drops across an ohmic
resistor with a resistance of 82.4 Ω. All measurements presented in this chapter
are performed at a temperature of 40 K.

5.3 Extraction spin valve

In this section, the extraction spin valve is introduced as a novel type of spin trans-
port device. The measurement geometry and principle of operation is explained
in detail. Also, it is shown that the underlying mechanism – the generation of a
spin-polarized drift current by spin extraction at one ferromagnetic contact and its
subsequent detection at another ferromagnetic contact – can be suppressed by an
out-of-plane magnetic field via Hanle spin precession and dephasing. Next, the
current dependence of the extraction spin valve effect is presented, followed by
an estimation of the efficiency of spin extraction by comparison with a local spin
valve arrangement.

Spin extraction is the essential physical process necessary for the operation of
ESV devices. To demonstrate that spin extraction at a ferromagnetic contact leads
to an exploitable polarization for spin valves, the configuration depicted schemat-
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Figure 5.2: (a) Schematic representation of a spin extraction experiment,
with ferromagnetic electrodes B and C. Black arrows indicate the direc-
tion of net electron flow. (b) Output current IC as a function of the
in-plane magnetic field (applied along the ferromagnetic easy axis) for
Itotal = 500 µA at 40 K. A higher current level is observed for an antiparal-
lel (ap) as compared to a parallel (p) orientation of the magnetizations of
B and C.

ically in Fig. 5.2(a) is utilized. An unpolarized electron current is injected into an
n-type GaAs channel at stripe A, whereas stripes B and C serve as a pump-and-
probe arrangement, i.e., the degree of spin extraction at contact B is detected at
stripe C via a spin-dependent contact resistance. In this current divider, a current
source supplies a constant Itotal so that electrons flow into both B and C stripes in
a parallel manner. Since the spatial separation between stripes A and B exceeds
the spin drift length in GaAs, the electron current is unpolarized when reaching
contact B.

The partial current IC measured in sample 1 is shown in Fig. 5.2(b) as a function
of the external magnetic field µ0Hy applied along the easy axis of magnetization of
the ferromagnetic stripes. Due to the different coercivities of the FM electrodes, the
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(a)

totalI
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Figure 5.3: (a) Current versus applied field for output leads B (left) and
C (right) with Itotal = 600 µA (sample 1) measured in separate runs. The
arrows indicate the parallel and antiparallel magnetization configurations
of B and C. (b) Simplified circuit diagram for the measurement of IC and
IB. The contact resistances are represented by ohmic resistors (blue), and
the horizontal resistors (gray) represent the resistance of the semiconduc-
tor channel. ∆RC denotes the spin dependence of the contact resistance,
and the black arrows indicate the direction of the net electron flow.

system undergoes a switching sequence from a parallel (p) to an antiparallel (ap)
configuration and back to a parallel configuration upon sweeping the field. Cor-
respondingly, the switching of IC upon magnetization reversal of the FM stripes is
observed. Note that the switching field is of a stochastic nature, as seen from the
different peak widths for positive and negative fields. Such stochastic behavior
has been reported before in non-local spin valve structures.102 Furthermore, as it
was the case for the non-local spin valve in section 4.4.1, the feature at Hy = 0 can
be attributed to dynamic nuclear polarization100 or stray fields resulting from a
roughness of the ferromagnet/semiconductor interface.19

The dependence of IC on the magnetization configuration is an indication of
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(a) (b)

Figure 5.4: Output current IC of the extraction spin valve as a function of
the out-of-plane magnetic field Hz for sample 1 and Itotal = 500 µA. The
red (black) line represents the measurement for an antiparallel (parallel)
magnetization configuration of contacts B and C. (a) Raw data, (b) modi-
fied data obtained by subtracting a magnetic field-dependent background
IC,0.

magnetoresistance mediated by a spin polarization of the conduction electrons in-
side the semiconductor. The observed behavior is explained by a contact resistance
of the probe stripe C which depends on the orientation of this spin polarization
relative to the magnetization of stripe C. Obviously, the origin of the electron po-
larization is a spin generation process at the pump stripe B. In contrast to the case
of spin injection at contact B (see comparison with local spin valve experiment
below), the resistance at stripe C decreases in the ap configuration, i.e., the spin
polarization generated at the forward-biased FM/SC contact of stripe B is antipar-
allel to that generated by spin injection. This observation identifies spin extraction
as the generation process at stripe B.80 Altogether, the measurement demonstrates
that the electron polarization induced by spin extraction is sufficient to observe a
clear local spin valve effect between the ferromagnetic stripes B and C.

A comparison of the field dependence of the output currents through contacts B
and C is shown in Fig. 5.3(a) for two separate measurements. While IC switches to
a higher current state for an antiparallel magnetization configuration, IB is found
to be reduced for this configuration. This observation confirms a magnetization-
dependent change in contact resistance at C and can be explained by the circuit
schematic depicted in Fig. 5.3(b). This model circuit uses an ohmic approxima-
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Figure 5.5: Output current changes ∆IC as a function of the applied cur-
rent Itotal (sample 1). The red solid line is the calculated current change
resulting from a contact resistance change of ∆RC = 0.25 Ω.

tion of all contact resistances. The current is unpolarized prior to the extraction
event at contact B and thus experiences no magnetization-dependent resistance at
that contact, whereas the polarized current into C leads to a spin-dependent resis-
tance RC ± ∆RC/2. A higher (lower) contact resistance corresponds to the parallel
(antiparallel) magnetization configuration of B and C.

To further corroborate that spin transport between the contact stripes is respon-
sible for the magnetization-dependent output signals of the extraction spin valve,
spin precession and dephasing in an out-of-plane magnetic field is studied. Fig-
ure 5.4(a) shows the measured output current IC as a function of µ0Hz. Different
background levels for the two curves arise due to thermal drift.

To illustrate the difference between the curves for the parallel and antiparal-
lel case, the same measurement is shown in Fig. 5.4(b) with a subtracted field-
dependent background current IC,0, which is approximated by a quadratic poly-
nomial in Hz. The non-linearity of the background signal possibly arises from
three-terminal Hanle spin precession, where the spin polarization is generated and
detected by the same ferromagnetic contact, similar to the situation described in
section 4.5.

The output current shows a peak at zero magnetic field for the antiparallel and
a dip for the parallel magnetization configuration. For an increased field strength,
the spin polarization is dephased, and both configurations yield the same output
current. The difference of the signals at zero field corresponds to the height of the
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peaks for the in-plane field sweeps of Fig. 5.2. In addition, the curves in Fig. 5.4(b)
can be fitted with reasonable parameters according to the model described in sec-
tion 4.4.2. All in all, one can be confident that the described observation corre-
sponds to the Hanle effect, and its observation can be regarded as evidence for
spin transport in the extraction spin valve.

The dependence of the spin extraction signal on the applied current is depicted
in Fig. 5.5. The jumps in current upon magnetization reversal, ∆IC = IC,ap − IC,p,
increase monotonically with Itotal. When the direction of electron flow is reversed,
i.e., for a net electron flow from B and C into the faraway contact A, no spin-
dependent signals are observed, which indicates that spin injection at B is not
appreciably affected by a spin imbalance in the semiconductor channel. Kirch-
hoff’s rules are analyzed for the simple model circuit of Fig. 5.3(b) to extract the
spin-dependent part of the contact resistances ∆RC from the measured current
changes. All resistances in the model circuit are approximated to be ohmic and are
estimated from pairwise measurements of current-voltage curves between all con-
tacts of sample 1‡. ∆RC is found to be about 0.25 Ω for 500 µA ≤ Itotal ≤ 700 µA.

To quantify the efficiency of spin generation by extraction, one can compare the
spin-dependent contact resistances (∆RC) for two cases: spin extraction (∆Rextr

C )
and spin injection (∆Rinj

C ) at contact B. For the injection, the local magnetoresis-
tance is measured between B and C with all other leads disconnected as shown
in Fig. 5.6. Such a local spin valve (LSV) experiences a voltage change for a con-
stant applied current when the magnetization directions of the electrodes undergo
a transition between the parallel and antiparallel configurations, analogous to the
description in section 4.6. This behavior can be described by a change in contact
resistance at contact C due to spin injection at contact B. The magnetoresistance
∆R = Rp − Rap is then estimated as ∆Rinj

C = −0.37 Ω for an applied current of
266 µA.

For both the LSV and the ESV (see Figs. 5.2 and 5.6), the spin-dependent resis-
tances can be approximated by

∆Rextr/inj
C = Sextr/inj

C δ = Sextr/inj
B e−d/λS δ , (5.1)

where Sextr/inj
B (Sextr/inj

C ) denotes the electron spin polarization arriving at contact B
‡ RB = RC = 513 Ω, GaAs channel resistance between contacts B and C: RCh = 75 Ω
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Figure 5.6: (a) Local spin valve resistance RBC as a function of µ0Hy for
contacts B and C on sample 1 and an applied current of 266 µA. (b) Corre-
sponding schematic diagram.

(C) generated by extraction or injection, λS the spin drift length in the SC, and d the
separation between contacts B and C. δ is a quantity proportional to the detection
efficiency. Since the detection mechanism is the same for the LSV and the ESV, the
spin generation efficiencies ηextr/inj ∝ Sextr/inj

B can be compared:

ηextr/ηinj = ∆Rextr
C /∆Rinj

C
∼= −0.7 .

From this estimate, two important results can be deduced: First, the non-equilibri-
um resulting from a forward bias across the Schottky contact exhibits an opposite
sign compared to a reverse bias, which confirms the expectation.80 Second, the
spin generation by extraction is of a comparable efficiency as the spin generation
by spin injection. However, both spin injection and extraction are expected to
exhibit a strong bias dependence (cf. section 4.4.3), which should be taken into
account for a more rigorous comparison.

5.4 Double extraction spin valve

The spin extraction experiment depicted above can be regarded as a building block
of an extended device with a more complex functionality, which will be referred
to as a double extraction spin valve (DESV). The corresponding current divider
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Figure 5.7: Double extraction spin valve. A circuit schematic is shown in
(a). The output current ID as a function of the in-plane field Hy is dis-
played in (b) for sample 1.

circuit comprising three output leads is shown in Fig. 5.7(a). Here, the electrical
current flows from the remote contact A into the contacts B, C, and D in a parallel
manner. As for the ESV, the extracted spin information from contact B is sensed by
contact C. Furthermore, an additional contact D detects the extracted spins from
both B and C.

The measured output current ID exhibits three different levels upon sweeping
the in-plane magnetic field as shown in Fig. 5.7(b). These levels correspond to par-
ticular magnetization configurations of the ferromagnetic electrodes B, C, and D,
as indicated by the arrows. Note that the labeling of the intermediate configura-
tions ↓↓↑ (BCD) and ↓↑↑ is not obvious at this point. However, the magnetization
configurations can be determined experimentally using Hanle measurements in
the local geometry or, alternatively, theoretically deduced after consideration of a
model for spin transport (both explained below in this and the following sections).

For further investigations, a slightly more sophisticated circuit is employed,
which includes a second current source as illustrated in Fig. 5.8(a). Note that this
modification with respect to the circuit in Fig. 5.7(a) leaves the direction of net
electron flow in the device unchanged. However, the measurement of VCD across
the additional current source I2 has the advantage of a higher sensitivity to spin-
dependent changes in resistance at contacts C and D and yields a lower noise level
in the experiments. For further analysis sample 2 is used, which has the benefit of
a smaller contact spacing so that larger spin-induced signals are obtained.
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Figure 5.8: (a) Circuit schematic of a double extraction spin valve com-
prising two current sources. The output voltage VCD upon sweeping Hy
for sample 2 with I1 = 400 µA and I2 = 50 µA is depicted in (b). All six
sequences of output voltage changes ∆VCD measured in successive field
sweeps are shown in (c). The corresponding magnetization configurations
have been experimentally determined and are indicated by black arrows.
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Figure 5.9: Illustration of the DESV switching sequences. The colored ver-
tical arrows represent the magnetization orientations of the three ferro-
magnetic contacts B, C, and D in that order. The colors indicate the four
different electrical output levels. Gray arrows represent the six possible
sequences of single switching events, which lead to a complete reversal of
the magnetization configuration.

As seen from Fig. 5.8(b), one can again access three output voltage levels by
sweeping the field from negative to positive ferromagnetic saturation and vice
versa with each voltage level corresponding to a particular magnetization config-
uration of contacts B, C, and D. From a series of successive measurements shown
in Fig. 5.8(c) it becomes clear that not only the exact switching fields exhibit a ran-
domness, as it was inferred from the different peak widths in the case of the ESV
in Fig. 5.2(b), but the order of magnetization reversals also occurs in a stochastic
manner. As a consequence, a variety of possible sequences of single switching
events is observed that lead to a complete reversal of the magnetization configu-
ration from ↓↓↓ to ↑↑↑. In total, six sequences and four unique output levels are
observed, as indicated by the different colors.

Table 5.1: Numbers of ferromagnetic contacts, magnetization configura-
tions, electrical output levels, and switching sequences in extraction spin
valve devices. The ESV and the DESV correspond to the cases m = 2 and
m = 3, respectively.

FM contacts Magnetization configurations Output levels Sequences

2 4 2 2

3 8 4 6

m 2m 2m−1 m!
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(a) (b) B C D

B C D

B C D

Hz

(c)

(d)

(e)

Figure 5.10: Exemplary local Hanle-effect measurements for the assign-
ment of the magnetization configuration ↑↑↓ to the magenta output volt-
age level of the DESV (sample 2). An aborted measurement of VCD upon
sweeping µ0Hy in the DESV arrangement of Fig. 5.8 is shown in (a). Hanle
voltages Vlocal as a function of the out-of-plane field µ0Hz in the local ge-
ometry for the indicated electrode pairs with a subtracted background
voltage Vlocal,0 are depicted in (b). The corresponding measurement con-
figurations are displayed in (c) – (e).

To illustrate the increase in device functionality which accompanies the addition
of one more ferromagnetic output lead to the ESV, some observed features of the
DESV are emphasized. The device comprises 3 ferromagnetic contacts, which lead
to 8 different magnetization configurations. These configurations can be grouped
into 4 pairs of 2 which are symmetrically equivalent (such as ↓↑↓ and ↑↓↑) and
thus share a common output level. As a result, 4 unique output voltage levels are
observed. In the experimental situation, where the magnetization reversal of the
contacts occurs at a stochastic switching field, the sweeping of the external field
allows for the observation of 6 different switching sequences. These correspond
to all possible ways to get from ↓↓↓ to ↑↑↑ with single switching events, as illus-
trated in Fig. 5.9. In addition, an overview including a generalized approach for
an extraction spin valve with multiple ferromagnetic contacts is given in Table 5.1.
The richness of possible output levels stems from the fact that all but the first and
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Figure 5.11: Model circuit for the double extraction spin valve of Fig. 5.8.
All resistances in the circuit are approximated to be ohmic.

last of the ferromagnetic contacts act in a dual role as a spin generator and a spin
detector so that m ferromagnetic contacts lead to 2m magnetization configurations,
m! switching sequences, and 2m−1 unique output levels.

To assign the magnetization configurations of the DESV [denoted by the black
arrows in Fig. 5.8(c)] to their corresponding output levels, spin precession and de-
phasing in the Hanle geometry is investigated for the local geometry and with
a magnetic field applied out of the sample plane. This direction corresponds to
the magnetic hard axis of the FM contacts, and thus the in-plane magnetization is
maintained for the applied magnetic fields, as explained previously in section 4.4.2
for the non-local geometry and in section 5.3 for the ESV geometry. Examples of
local Hanle measurements are shown in Fig. 5.10(b). To find the magnetization
configurations, the procedure is as follows. First, the output level of interest is
prepared by aborting a sweep of the in-plane magnetic field µ0Hy in the MESV
configuration as shown in Fig. 5.10(a). Then, the local voltages for a constant ap-
plied current of 400 µA are measured in the LSV arrangement as a function of
the out-of-plane field Hz for the denoted electrode pairs, see Fig. 5.10(b). Finally,
the observed shapes of the Hanle curves allow for a mutual determination of the
relative magnetizations of B, C, and D. More specifically, spin dephasing with in-
creasing field leads to a peak (dip) at Hz = 0 for an antiparallel (a parallel) mag-
netization orientation of each pair of contacts. Consequently, the magnetization
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Table 5.2: Experimental double extraction spin valve output levels ∆VCD
[compare Fig. 5.8(c)], spin-dependent contact resistances, and spin polar-
ization values deduced from the model. The upper (lower) sign of Sin

C and
Sin

D corresponds to the magnetization state ↑ (↓) of contact B.

Conf. (BCD) ↑↑↑, ↓↓↓ ↑↑↓, ↓↓↑ ↑↓↑, ↓↑↓ ↑↓↓, ↓↑↑
∆VCD (exp.) 0 by def. (−34±4) µV (27±3) µV (43±2) µV

∆RC 0.62 Ω 0.62 Ω −0.62 Ω −0.62 Ω

∆RD 0.68 Ω −0.68 Ω −0.32 Ω 0.32 Ω

Sin
C ±5.4% ±5.4% ±5.4% ±5.4%

Sin
D ±5.9% ±5.9% ∓3.0% ∓3.0%

configuration ↑↑↓ (BCD) is deduced for the aborted output level. All other mag-
netization configurations can be assigned to their corresponding voltage levels in
the same way.

The output levels ∆VCD in Fig. 5.8(c) can be explained quantitatively by regard-
ing a spin transport model (explained in the next section) in conjunction with the
simple model circuit shown in Fig. 5.11. In the first step, the spin-induced changes
in the contact resistances are related to the measured output voltages for all con-
figurations using Kirchhoff’s laws,

VCD =
(RC + ∆RC/2)((I2 − I1)RB + I2RCh1)

RB + RC + ∆RC/2 + RCh1
+ I2(RD +

∆RD

2
+ RCh2) . (5.2)

The contact and channel resistances are estimated to be RB = RC = RD = 825 Ω
and RCh1 = RCh2 = 175 Ω from pairwise measurements of current-voltage curves
between all contacts of sample 2. The obtained values are presented in Table 5.2.
The circuit model is consistent with the experimental data within the sensible re-
strictions that (a) the contact resistance of C is dependent on the relative orienta-
tion of the magnetizations of B and C (high for parallel, low for antiparallel) and
(b) the spin dependence of the contact resistance of D is dominated by the rela-
tive magnetization orientation of C and D. In the next step, the changes in contact
resistance are explained by the actual extraction-induced spin polarization in the
semiconductor using a model for spin transport.
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FM1 FM2 FM3 FM

...

m

FM1P FM2P FM3P FMP m

Figure 5.12: Schematic of a generalized multiple spin extraction device
comprising m ferromagnetic electrodes. The circuit nodes are labeled PFMj.

5.5 Spin transport model

To describe spin transport in the devices a simple model is developed for an ex-
traction spin valve comprising multiple contacts. The special case of the DESV
arises from this consideration, and a comparison of the measured values and the
theory is performed.

5.5.1 Generalized form for multiple ferromagnetic contacts

In this section, a general extraction spin valve comprising m ferromagnetic output
leads is considered as shown in Fig. 5.12. The illustrated structure is referred to
as a multiple extraction spin valve (MESV). Figure 5.13 illustrates two subsequent
ferromagnetic stripes j and j + 1 in a such a multi-stripe structure. The incoming
electron current Iin

j at node Pj is characterized by the partial currents ↑ Iin
j and ↓ Iin

j

of opposite spin polarization and the corresponding polarization Sin
j ,

Iin
j = ↑ Iin

j + ↓ Iin
j , (5.3)

Sin
j =

↑ Iin
j − ↓ Iin

j
↑ Iin

j + ↓ Iin
j

. (5.4)

The outgoing electron current Iout
j at Pj is assumed to be generated by a spin-

dependent reflection at the ferromagnetic stripe j. The resulting spin extraction is
given by the extraction coefficient η,

↑ Iout
j = a(1 ± η)↑ Iin

j , (5.5)
↓ Iout

j = a(1 ∓ η)↓ Iin
j , (5.6)
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I
in
j I

j

out
j I

in
j+1

j+1

Pj Pj+1

Figure 5.13: Current divider schematic for the spin transport model. See
text for an explanation of the labels.

with the sign on the right side of the expression given by the relative orientation of
the electron polarization and the magnetization orientation of stripe j. The factor
a accounts for a change in the absolute value of the current. The electron polariza-
tion Sout

j of the outgoing current at Pj,

Sout
j =

↑ Iout
j − ↓ Iout

j
↑ Iout

j + ↓ Iout
j

, (5.7)

is subject to spin relaxation, which leads to a reduced spin polarization of the in-
coming electron current at Pj+1,

Sin
j+1 = Sout

j e−dj/λS , (5.8)

where dj is the distance between stripes j and j + 1 and λS is the spin drift length.
Normalizing the incoming electron current at Pj+1, the resulting partial currents
are given by

↑ Iin
j+1 = 1

2 (S
in
j+1 + 1) , (5.9)

↓ Iin
j+1 = 1 − ↑ Iin

j+1 . (5.10)

Note that dimensionless currents are regarded, because in the end only the spin
polarizations are of interest. Finally, the resistance change at stripe j+ 1 is expected
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to be proportional to the polarization of the incoming electron current:

∆Rj+1 = cSin
j+1 . (5.11)

5.5.2 Three ferromagnetic contacts (double extraction spin valve)

The DESV constitutes the special case of an MESV with m = 3 output leads. Using
the described model, one can connect the contact resistances ∆RC and ∆RD to the
incoming spin polarizations Sin

C and Sin
D as shown in Table 5.2. Based on the non-

local and local spin valve measurements on similar device structures in Ref. 64,
ηextr = 16% and λS = 11 µm are chosen as realistic parameters. Using a propor-
tionality constant c of 11 Ω, a very good agreement with the experimental data is
achieved, which shows that the simple model serves as a good approximation for
the double extraction spin valve.

Note that the observation ∆RD > ∆RC for a parallel orientation of the magne-
tizations of B and C indicates an increased spin polarization induced by the cas-
cade of two extraction events. The same relative change of the spin polarizations
(Sin

D > Sin
C ) is obtained by the transport model. This observation has implications

regarding the potential application of MESVs as sources of highly spin-polarized
drift currents. In the following section, application examples of multiple extrac-
tion spin valves will be discussed, in particular but not exclusively regarding their
use as spin polarizers.

5.6 Application examples

Finally, examples for the use of multiple extraction spin valves in proposed de-
vices are given. In contrast to the commonly used two-terminal spin valves, the
multiple extraction scheme allows for the functional interplay of more than two
ferromagnetic contacts in lateral device structures and thus enables novel types of
non-volatile magneto-logic or magnetic memory applications.

5.6.1 Multiple extraction spin valves as spin polarizers

The model described in section 5.5 has implications concerning devices which rely
on multiple spin extraction. In the case of the double extraction spin valve of Ta-
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FM1 FM2 FM3 FM

...

m

FM1P FM2P FM3P FMP m

d
(a)

(b) (c)

Figure 5.14: (a) Schematic of a generalized MESV with an all-parallel mag-
netization configuration and a uniform center-to-center contact spacing d.
(b) Calculated output spin polarization Sout

j as a function of the FM stripe
index j for different contact spacings. (c) Calculated saturation value of
the MESV output spin polarization as a function of the ratio d/λS for dif-
ferent extraction efficiencies η.

ble 5.2, the model suggests that the spin polarization in the semiconducting chan-
nel can be increased by the second extraction event at contact C. This indication
raises the question if the spin polarization of the conduction electrons in the chan-
nel of an MESV with an all-parallel magnetization configuration [as illustrated in
Fig. 5.14(a)] can be significantly enhanced by a repeated removal of a particular
spin orientation using spin extraction.

Figure 5.14(b) shows the calculated outgoing spin polarizations for an MESV
consisting of 20 stripes as a function of the stripe number (j = 0 represents the
incoming unpolarized electron current) assuming different spacings between the
contacts d. The sample parameters, which resulted in a good agreement with the
experiment for the DESV (η = 16%, λS = 11 µm), are used for a parallel mag-
netization configuration. According to the model, it is evident that multiple spin
extraction can indeed serve as a tool for the generation of an electron current with
a spin polarization which considerably exceeds the extraction efficiency. However,
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TRUE

FALSE

Figure 5.15: Visualization of the definition of the threshold voltage for the
operation of the DESV as a binary magneto-logic gate. The upper three
voltage levels correspond to a logical false value, while the lowest output
voltage corresponds to true.

local detection of the generated spin polarization in the way depicted above could
impose challenges on the measurement sensitivity in terms of an acceptable signal-
to-noise ratio, because the usage of an increased number of output leads results in
a decrease in current per contact and thus reduces the magnitude of the spin sig-
nal. Nevertheless, high degrees of spin polarization inside the semiconductor with
values close to 0.89 after about 20 extraction events for a contact spacing of 0.5 µm
are calculated.

The saturation polarization of such a spin extraction device is determined by
the extraction efficiency and the ratio d/λS as shown in Fig. 5.14(c). Note that
even for relatively moderate extraction efficiencies highly spin-polarized currents
can be generated if the contact spacing is small with respect to the spin drift length.
In fact, for a substantial enhancement of the spin polarization, spin relaxation re-
quires the entire device size (from the first to the last ferromagnetic contact) to
fall within a few spin drift lengths. Interestingly, for a given device the output
spin polarization at the last stripe can be varied in sign and magnitude by using a
magnetization configuration which differs from the completely parallel state.

5.6.2 Multiple spin extraction for magneto-logic gates

Generally, in an MESV non-volatile input magnetization states are used to control
an output voltage or current, which can be measured in each of the output leads.
For m ferromagnetic electrodes as binary inputs, one obtains 2m−1 output states.
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Table 5.3: Exemplary magneto-logic operation of a double extraction spin
valve. The magnetizations of B and C are regarded as inputs, while the
magnetization state of D is used to program the logic functions NOR and
AND.

In: In: Program: In: In: Program:

B C D Out B C D Out

↓ ↓ ↑ 1 NOR

↑ ↑ ↓ 1 AND
↑ ↑ ↑ 0 ↓ ↓ ↓ 0

↑ ↓ ↑ 0 ↓ ↑ ↓ 0

↓ ↑ ↑ 0 ↑ ↓ ↓ 0

Consequently, the concept of multiple spin extraction and detection opens up the
possibility for multi-level logic functionality.

In particular, the described double extraction spin valve of Fig. 5.8 can be oper-
ated as a reconfigurable magneto-logic gate. In an exemplary approach, the multi-
level output that was shown in Fig. 5.8(c) is reduced to a binary output by the as-
signment of the logical output value ’1’ or true to the lowest voltage level (magenta
state) and the combination of all other voltage states into the logical output ’0’ or
false as depicted in Fig. 5.15. Then, by associating the magnetizations of contacts
B and C with binary inputs, the magnetization state of D can be used to program
the gate to perform the logical operations NOR and AND. A corresponding logic
truth table is given in Table 5.3. Several other logic functions can be realized by
the double extraction spin valve in this way.

Note that logical cascading would demand the conversion of an electrical output
signal to a magnetic input of a subsequent gate. Although conversion schemes
from current to magnetization direction exist – such as switching by spin-transfer
torque or switching by the magnetic field of a current carrying wire according to
Ampère’s law – it is fair to say that the comparably weak output signal limits the
suitability of the scheme for practical computation.
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5.6.3 Multiple extraction spin valves for memory read-out

Another potential application of the MESV is the read-out of magnetic data. The
magnetization directions of the ferromagnetic electrodes can be regarded as an ar-
ray of stored information. Since the electrical output state of an MESV reflects the
magnetization configuration of the entire system, an array of magnetic bits can
be read by performing only one measurement. This concept might allow for a
comparably simple cell architecture and circuit design compared to conventional
magnetoresistive random access memory (MRAM), where the read-out of individ-
ual cells demands a highly sophisticated cell architecture with the need for a stack
of at least two magnetic layers per bit for magnetoresistance read-out and a tran-
sistor for the access of individual cells. Such as in conventional MRAM, writing
of data in an MESV-based memory could be achieved using spin-transfer torque
switching or an array of crossing word lines.

As for magneto-logic gates based on multiple spin extraction, it should be taken
into consideration that an increased number of output electrodes results in a re-
duced spin signal in one particular contact. Hence, a scaled-up device with a large
number of logical inputs/magnetic bits may impose challenges on the sensitiv-
ity of the detection. Furthermore, it should be considered that the symmetrically
equivalent magnetization configurations share a common output level. Therefore,
the unique assignment of an electrical output level to its corresponding magneti-
zation configuration requires the knowledge of one input magnetization.

It is important to point out that while the spin polarizer demands that the entire
array of FM contacts does not exceed the spin relaxation length for high efficiency,
the described memory read-out relies on spin transport between neighboring con-
tacts. Therefore, a scaling of the device to more ferromagnetic contacts should
not degrade the device performance due to spin relaxation as long as a spacing of
neighboring contacts within spin relaxation length is ensured.

5.7 Outlook

The results of this chapter can be regarded as a proof of principle of the extraction
spin valve scheme and its extension to multiple extraction devices. Possible fur-
ther experiments include all strategies which are suited to improve the magnitude
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of the signals and the operating temperature range. As explained earlier, the most
important system parameters that can be tuned are the extraction efficiency of the
FM/SC interface, the spin relaxation length of the semiconductor, and the dimen-
sions of the device. The operation temperature is inherently limited by the Curie
temperature of the ferromagnetic metal, which drastically exceeds room tempera-
ture in the case of Co2FeSi. However, the spin relaxation rate in semiconducting
channels is known to increase with higher temperatures.22

Note that the ESV scheme is generally applicable for any material combination
as long as the channel and the contacts are conductive and the contacts are ferro-
magnetic. Thus, in addition to semiconductors, a wide range of materials – e.g.,
metals or low-dimensional systems such as graphene as the material of the non-
magnetic channel – can be chosen to tune the material properties.

In addition, note that there has been some controversy about the prospect of
the usage of the MESV as a spin polarizer. In fact, while the findings presented
in section 5.5.2 indicate a slight enhancement of the spin polarization in the semi-
conductor by the second extraction event, further experiments on MESVs contain-
ing a larger number of stripes are needed to verify this prospect. However, in
the all-electrical detection scheme described above, the spin polarizations are in-
ferred indirectly from electrical measurements in conjunction with the spin trans-
port model. To achieve a more direct insight into the spin density distributions,
spatially resolved spin imaging can be a very useful tool. Available methods in-
clude the visualization of the out-of-plane spin component using scanning Kerr
microscopy with the laser beam incident perpendicular to the sample plane. This
technique requires spin precession in a perpendicular magnetic field to deduce
in-plane polarizations, as described for example in Refs. 23 and 27. Another ap-
proach directly images the in-plane spin component also using the polar magneto-
optical Kerr effect but on a cleaved edge of the sample.28

Furthermore, while the model in section 5.5 describes the experimental results
well, the assumptions made are rather crude. In particular, the efficiency of spin
generation at a particular circuit node is intuitively expected to depend on the
magnitude of the current which flows into the contact. If, for example, the resis-
tance of a particular contact is very large so that no current flows into it, there will
be no spin extraction and thus no generation of a spin accumulation. In the model,
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this behavior is described in terms of an empirical extraction efficiency, which con-
tains the dependencies on all relevant parameters such as currents or local fields.
However, the assumption of the same efficiency value for all contacts then poten-
tially represents a simplification. For a more accurate description, a better model
has to be developed to overcome the mentioned limitations.
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CHAPTER 6

Conclusions and outlook

In this thesis, the electrical spin injection and extraction from ferromagnetic metals
into n-type GaAs using lateral spin transport structures are studied. As an impor-
tant result, the efficiency of spin generation from the ferromagnetic alloys Fe3Si
and Co2Fe depends on the interface voltage, which is applied to the contact. In
particular, the effective injection efficiency for Fe3Si contacts decreases rapidly for
increasing reverse bias as observed in non-local spin valve measurements. Fur-
thermore, the employed Schottky tunnel contacts are strongly rectifying so that
they demand high interface voltages for an appreciable current flow in the re-
verse direction as seen from the current-voltage characteristics. The combination
of these two effects – a low injection efficiency at increased interface voltages and
rectifying current-voltage curves – leads to adverse operational conditions for spin
transport devices relying on spin injection. This behavior is explicitly demon-
strated for the local spin valve, which operates only in a low-current regime. Sim-
ilarly, the described problem can lead to inaccuracies when comparing the spin in-
jection efficiencies deduced from electroluminescence polarization measurements
of spin light-emitting diodes. In particular, the spin injection efficiency previously
reported for Fe3Si contacts to GaAs likely constitutes an underestimate of the true
low-bias efficiency. These results emphasize the importance of the current-voltage
characteristics when contacts for the efficient electrical spin generation are engi-
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neered.
As another result of this work, the realization and investigation of a novel spin-

tronic device is presented using the Heusler alloy Co2FeSi as the ferromagnetic
contact material. It is shown experimentally that this extraction spin valve can
be extended to two extraction events and that its behavior can be understood
using a straight forward model of spin transport in the device. The extraction
spin valve, especially in the form of the extended device comprising multiple ex-
traction events, exhibits intriguing properties, which can potentially be used for
multi-level logic devices. Furthermore, the multiple extraction scheme is poten-
tially interesting for the read-out of a magnetic memory.

Lastly, a brief outlook for possible future work is given beyond the scope of
the suggestions presented in sections 4.8 and 5.7, which are directly related to the
results described in the corresponding chapters. The local spin valve geometry
shares key challenges with a proposed spin-based transistor,15,31 i.e., both devices
necessitate the electrical generation of a spin-polarized drift current, its transport,
and its local detection. Albeit at low temperatures and with a small efficiency,
these processes are shown experimentally in this work. Consequently, the main
focus for future work can lie on the operation at room temperature and on an
increase in the spin generation and detection efficiencies. In addition, for transistor
operation, the challenge of manipulating the spin polarization during transport
between the ferromagnetic contacts remains.

For practical purposes, it is of particular importance that the spin orientation in
the semiconductor can be controlled without the need for external magnetic fields.
As part of this work, spin manipulation via the Hanle effect using external mag-
netic fields is described. A similar but more practical approach would use spin
precession in electrically controlled local magnetic fields that are induced using
micro-coils157 deposited on the spin transport channel. Alternatively, electrically
controllable magnetic stray fields from ferromagnetic regions close to the channel
have the potential to allow for a polarization reversal. Another frequently dis-
cussed approach15 makes use of the Rashba effect, where the spin-orbit coupling
in the semiconductor enables the induction of a spin precession by application of
a gate voltage.

Regarding the desired operation at non-cryogenic temperatures, note that room
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temperature spin injection and detection has been reported for GaAs,17,18,102,103,158

Si,19,49,50,159 and Ge.52 With a further improvement of the room temperature oper-
ation as a goal, research aiming at the optimization of the spin injection efficiency
at low temperatures constitutes a promising starting point. On the one hand, this
strategy relates to the optimization of the electrical contact resistances as explained
in detail in this work. On the other hand, further approaches include tailoring the
spin-dependent band structure of the ferromagnetic metal156 as well as using the
spin filtering properties of tunneling oxides such as MgO.160

All in all, the possibilities for using the spin of the electron in micro and nano-
structured materials are versatile and remain an intriguing challenge for both basic
and applied research in the future.
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spintronics, Acta Physica Slovaca 57, 565–907 (2007).

17 H. Zhu, M. Ramsteiner, H. Kostial, M. Wassermeier, H.-P. Schönherr, and
K. Ploog, Room-Temperature Spin Injection from Fe into GaAs, Physical Review
Letters 87, 016601 (2001).

100

http://dx.doi.org/10.1103/PhysRevLett.61.2472
http://dx.doi.org/10.1103/PhysRevLett.61.2472
http://dx.doi.org/10.1103/PhysRevB.39.4828
http://dx.doi.org/10.1103/PhysRevB.39.4828
http://www.nobelprize.org/nobel_prizes/physics/laureates/2007/advanced.html
http://www.nobelprize.org/nobel_prizes/physics/laureates/2007/advanced.html
http://dx.doi.org/10.1103/PhysRevLett.64.2304
http://dx.doi.org/10.1103/PhysRevLett.64.2304
http://dx.doi.org/10.1002/phbl.19970530624
http://dx.doi.org/10.1002/phbl.19970530624
http://dx.doi.org/10.1103/PhysRevLett.74.3273
http://dx.doi.org/10.1103/PhysRevLett.74.3273
http://dx.doi.org/10.1103/PhysRevLett.74.3273
http://dx.doi.org/10.1016/0304-8853(95)90001-2
http://dx.doi.org/10.1016/0304-8853(95)90001-2
http://dx.doi.org/10.1038/nmat2024
http://dx.doi.org/10.1038/nmat2024
http://dx.doi.org/10.1063/1.102730
http://dx.doi.org/10.1063/1.102730
http://dx.doi.org/10.1063/1.102730
http://dx.doi.org/10.2478/v10155-010-0086-8
http://dx.doi.org/10.2478/v10155-010-0086-8
http://dx.doi.org/10.1103/PhysRevLett.87.016601
http://dx.doi.org/10.1103/PhysRevLett.87.016601
http://dx.doi.org/10.1103/PhysRevLett.87.016601


Bibliography

18 X. Jiang, R. Wang, R. Shelby, R. Macfarlane, S. Bank, J. Harris, and S. Parkin,
Highly Spin-Polarized Room-Temperature Tunnel Injector for Semiconductor
Spintronics using MgO(100), Physical Review Letters 94, 056601 (2005).

19 S. P. Dash, S. Sharma, R. S. Patel, M. P. de Jong, and R. Jansen, Electrical cre-
ation of spin polarization in silicon at room temperature, Nature 462, 491–494
(2009).

20 Y. Zhou, W. Han, L.-T. Chang, F. Xiu, M. Wang, M. Oehme, I. A. Fischer,
J. Schulze, R. K. Kawakami, and K. L. Wang, Electrical spin injection and trans-
port in germanium, Physical Review B 84, 125323 (2011).

21 S. Bandyopadhyay and M. Cahay, Electron spin for classical information pro-
cessing: a brief survey of spin-based logic devices, gates and circuits, Nano-
technology 20, 412001 (2009).

22 J. M. Kikkawa and D. D. Awschalom, Resonant Spin Amplification in n-Type
GaAs, Physical Review Letters 80, 4313–4316 (1998).

23 S. A. Crooker, M. Furis, X. Lou, C. Adelmann, D. L. Smith, C. J. Palmstrøm, and
P. A. Crowell, Imaging spin transport in lateral ferromagnet/semiconductor
structures, Science 309, 2191–2195 (2005).

24 R. Fiederling, M. Keim, G. Reuscher, W. Ossau, G. Schmidt, A. Waag, and L. W.
Molenkamp, Injection and detection of a spin-polarized current in a light-
emitting diode, Nature 402, 787–790 (1999).

25 Y. Ohno, D. K. Young, B. Beschoten, F. Matsukura, H. Ohno, and D. D.
Awschalom, Electrical spin injection in a ferromagnetic semiconductor het-
erostructure, Nature 402, 790–792 (1999).

26 B. Jonker, Y. Park, B. Bennett, H. Cheong, G. Kioseoglou, and A. Petrou, Robust
electrical spin injection into a semiconductor heterostructure, Physical Review
B 62, 8180–8183 (2000).

27 Y. K. Kato, R. C. Myers, A. C. Gossard, and D. D. Awschalom, Observation of
the spin Hall effect in semiconductors, Science 306, 1910–1913 (2004).

101

http://dx.doi.org/10.1103/PhysRevLett.94.056601
http://dx.doi.org/10.1103/PhysRevLett.94.056601
http://dx.doi.org/10.1038/nature08570
http://dx.doi.org/10.1038/nature08570
http://dx.doi.org/10.1103/PhysRevB.84.125323
http://dx.doi.org/10.1103/PhysRevB.84.125323
http://dx.doi.org/10.1088/0957-4484/20/41/412001
http://dx.doi.org/10.1088/0957-4484/20/41/412001
http://dx.doi.org/10.1088/0957-4484/20/41/412001
http://dx.doi.org/10.1103/PhysRevLett.80.4313
http://dx.doi.org/10.1103/PhysRevLett.80.4313
http://dx.doi.org/10.1126/science.1116865
http://dx.doi.org/10.1126/science.1116865
http://dx.doi.org/10.1038/45502
http://dx.doi.org/10.1038/45502
http://dx.doi.org/10.1038/45509
http://dx.doi.org/10.1038/45509
http://dx.doi.org/10.1103/PhysRevB.62.8180
http://dx.doi.org/10.1103/PhysRevB.62.8180
http://dx.doi.org/10.1103/PhysRevB.62.8180
http://dx.doi.org/10.1126/science.1105514
http://dx.doi.org/10.1126/science.1105514


Bibliography

28 P. Kotissek, M. Bailleul, M. Sperl, A. Spitzer, D. Schuh, W. Wegscheider, C. H.
Back, and G. Bayreuther, Cross-sectional imaging of spin injection into a semi-
conductor, Nature Physics 3, 872–877 (2007).

29 R. Farshchi, M. Ramsteiner, J. Herfort, A. Tahraoui, and H. T. Grahn, Optical
communication of spin information between light emitting diodes, Applied
Physics Letters 98, 162508 (2011).

30 M. Holub, J. Shin, D. Saha, and P. Bhattacharya, Electrical Spin Injection and
Threshold Reduction in a Semiconductor Laser, Physical Review Letters 98,
146603 (2007).
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