
Chapter 1

Introduction

The electron is a quantum mechanical object which, apart from charge, also does
possess an intrinsic angular momentum (S = h̄/2) and, directly coupled to that,
a magnetic moment (M = gµBS). When an electron interacts with an external
electromagnetic field, this happens not only via the Lorentz force, but also via the
coupling of its intrinsic magnetic moment to the external magnetic field. The quan-
tization of the spin for a free electron imposes that, whenever measurements are
done along a certain direction, there are only two possible outcomes, consequently
the names for these states as spin up and spin down. The energy scale associated
with this interaction (Zeeman energy) is generally much smaller compared to the
Fermi energy in metals or standard semiconductors, therefore the expected effects
on transport are negligibly small. However, there exists a specific class of mate-
rials, namely the ferromagnets, where an intrinsic inequivalence between the two
spin eigenstates is present due to the ”exchange interaction”.

Naturally, one could try exploiting this intrinsic spin imbalance present in fer-
romagnetic materials to provide an extra degree of freedom to be used in semi-
conductor electronic devices. However, although the fundamental concepts needed
to understand spin transport have been available for a longer time [1], a dramatic
growth in the research in this field took place in the last few years [2]. The name of
spintronics is nowadays used to describe the field of research on electronic devices
in which the electron spin plays the role of the active element [2]. Presently the re-
search drive in the field of spin-dependent transport is two-fold: both commercial
application and fundamental research driven. The applied side is based on the very
rapid commercial success of giant magnetoresistance (GMR) devices as magnetic
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field sensors in the read-heads of hard-disks, entering large-scale production within
ten years from discovery. Moreover, magnetic random access memories (MRAM)
have the potential of replacing CMOS based non-volatile FLASH memories in the
future [3]. On the other side, the physics of spin is interesting for the field of quan-
tum computation [4–6]. The intrinsic binary nature of electronic spin suggests it
could be used as the basic unit, the qubit, for quantum information storage and
processing. Moreover, as spin interactions with the environment and with other
spins are much weaker than Coulomb interactions, one expects that spin coherence
should be preserved on much longer time scale. Therefore electron or nuclear spins
form the quantum bits of some promising proposals for realizing quantum comput-
ers [7]. For these proposals to work, one needs to be able to precisely manipulate
the dynamics of the spin in solid state devices. This explains the strong interest
in understanding spin interactions and determining and controlling the life-time of
spin carriers. The downside of the much weaker spin interactions with the environ-
ment0 is that the spin injection and manipulation are more difficult than those of
charge. This thesis is aimed at contributing to the basic understanding of physics
of electrical spin injection in hybrid materials, in particular semiconductors.

1.1 spintronics: a historical perspective

Historically, the first transport effect which was related to spin properties was the
observation that the resistance of a ferromagnetic strip depended on the relative
angle between the magnetization and the direction of the current [8]. The physical
origin of this effect, named anomalous magneto-resistance (AMR) is the s-d band
scattering induced by the external magnetic field, mixing which dependents on the
wavevector of the electron. The much higher effective mass of the d band provided
an increase in resistivity when electrons are scattered from the s band into the d
band. On a short time scale, the effect found commercial application in magnetic
field sensors, mainly used in the read-heads of hard-drives.

Experimentally, the first determination of the spin polarization of the conduc-
tion band in a ferromagnetic material has been performed by Tedrow and Meser-
vey in the early 70’s [9]. This was achieved by studying the magnetoconductance
of a ferromagnet/Al2O3 /Al tunnel junctions. The tunnelling current between two
metallic electrodes separated by a thin insulating layer depends on the product of
the densities of states of the two electrodes. The advantage of using superconduc-
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ting Al as one of the electrodes is that the difference in densities of states at the
Fermi level, i.e. the spin polarization, is exactly known. The physical origin of the
spin subband polarization in a superconductor is the Zeeman splitting of the two
sharp BSC peaks in the densities of states. Based on this, the spin polarization at
the Fermi level in the ferromagnet could be determined as varying between 11% in
Ni and 43% in permalloy (Ni80Fe20).

These results prompted the work on ferromagnet/tunnel barrier/ferromagnet
junctions, where the device conductance is expected to depend on the relative mag-
netization of the two ferromagnetic electrodes. Assuming that tunnelling is adia-
batic ( spin and total energy is conserved during the process), the conductance will
be proportional to the products of the densities of states for each subband, therefore
to the relative magnetization of the two ferromagnetic layers [10]. As such junc-
tions exhibit the memory effect effect, i.e the zero field conductance depends on
the relative magnetization which, on its turn depends on the magnetic history, they
can be used as memory devices [11]. The present record for non-volatile memories
is a magnetoresistance ratio (defined as the change in resistance with respect to half
the average resistance) in the order of 45% at room temperature[12].

The tunnel magnetoresistance (TMR) is an spin dependent interface effect,
and it does not require non-equilibrium spin accumulation and transport in a non-
magnetic material. The first effect directly related to spin transport was the ob-
servation in 1989 by Baibich et al. of a strong dependence in the resistance of an
Fe/Cr multilayer sandwich as function of the relative parallel/anti-parallel align-
ment of the ferromagnetic layers [13]. The effect, named giant magneto-resistance
effect (GMR), had the same commercial success as AMR in the field of magnetic
sensor applications (latest generations of hard-drives read-heads use GMR sensors)
[14]. The physical origin of the GMR effect is the phenomenon of spin accumula-
tion [15]. There are two contributions to the GMR effect. The first one is a bulk
contribution as the conductivity of a bulk ferromagnet depends on the spin specific
subband. The second contribution is due to the fact that the interface transmission
of a clean ferromagnet/normal metal interface will also depend on the specific spin
subband index. In a Fm/N multilayer, when the relative alignment of the ferromag-
netic layers is anti-parallel, the majority carriers in one layer will be the minority
carriers in the second layer and the spin subband dependent interface transmissiv-
ities are reversed. When current is passed through, the carriers will accumulate at
the second Fm/N interface. As a consequence, the conductance of the system in the
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anti-parallel alignment is reduced comparative to the parallel one.

From a fundamental physics point of view, what one would like to be able to is
to inject a non-equilibrium spin population in a non magnetic material and subse-
quently be able to study how spin information is transported in the non-magnetic
material. In standard FN multilayers used in studying the GMR effect, one makes
use of the exchange coupling between the ferromagnetic layers in order to con-
trol the magnetization. The exchange coupling decreases very fast to zero if the
spacing between the layers is increased. Therefore, it allows to explore a rather
limited range of only a few nanometers for the ferromagnetic electrode spacing. In
order to study spin transport and spin flip in the non-magnetic layer, another type
of magnetic interaction must be used to control the magnetization direction of the
ferromagnetic layers. A breakthrough experiment in the field was the experiment
of Johnson and Silsbee on spin injection and detection in an Al single crystal [16].
They observed that the total conductance of an permalloy/ ballistic Al /permal-
loy spin valve junction varied periodically with a perpendicularly applied magnetic
field. Here, the magnetization of the Py electrodes remained fixed, due to the pres-
ence of shape unisotropy. The physical origin of the conductance modulation is
the Hanle effect: the injected spin will coherently precess in the external magnetic
field, and the effective direction of the spins seen by the detecting electrode will
depend on the total angle of precession, i.e. periodical with the applied magnetic
field.

Another seminal experiment in the field of spintronics was the direct observa-
tion of spin accumulation in a Au thin film by Johnson [17]. His device, called
the spin transistor, had a stacked structure consisting of two electrodes, one of Au
and another of permalloy (Py), deposited next to each other on top of an Py/Au
sandwich. The injection of spin polarized carriers, which takes place when sending
current through the first Py/Au interface, could be detected as a finite voltage dif-
ference between the parallel Au and Py electrodes deposited on top of the injecting
stack. The top Py electrode functioned as spin-sensitive voltage probe. The magni-
tude of the output voltage depended on the relative magnetization of the two layers.
However, the low resistance of the stack geometry made this a difficult experiment,
as the very small output signals required detection by means of SQUID electronics.
The absolute magnitude of the effect and the dependence on the Au layer thickness
could not be fitted with the standard theory of spin polarized transport [18,19]. As
it will be discussed in detail later on in chapter seven, their results are actually
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incompatible with the results obtained in this thesis.

Although a three terminal device, the Johnson spin transistor was not an active
device, i.e did not allow direct amplification/direct electric control of the source-
drain conductance. Instead it relied on the application of an external magnetic field
to change its output voltage. The first three terminal active device was suggested
more than a decade ago by Datta and Das [20], who proposed an electronic device
analogous to the electro-optic modulator. Their idea was to use a two dimensional
electron gas to make a field effect transistor (FET) structure with ferromagnetic
electrodes. The presence of ferromagnetic injector and drain allows the observation
of the spin valve effect. The presence of the Rashba-type spin-orbit interaction will
induce spin precession. However, the magnitude of the Rashba spin splitting, and
consequently of the average angle of spin precession, could be controlled by an
external gate. Therefore the total channel conductance will depend on the applied
gate voltage, i.e. the device will have a field effect transistor -like behavior, so
the name given to this device of spin-FET. The essential requirements for a spin-
FET device to function are, first, a good efficiency in the injection of the spin
polarized carriers into the semiconductor and, second, a long spin relaxation time
in the semiconductor.

The proposal of Data and Dus lead to a intense focus on realizing the spin injec-
tion in semiconductor heterostructures. With respect to the issues of how to realize
in practice spin injection and detection, different approaches were taken. The first
successful experiments were the all optical experiments reported by Kikkawa and
Awschalom [21]. They used a circularly-polarized pump beam to excite electrons
into the conduction band, where the photons impart their angular momentum to
electron-hole pairs. Due to selection rules, the excited spin will have a non-zero
average spin. Subsequent precession of these spins about the applied magnetic field
is then detected by a time-delayed probe pulse whose linear polarization rotates an
amount proportional to the electronic magnetization upon transmission through the
sample (the Faraday Effect). Similar studies in bulk GaAs reveal extremely long
transverse spin lifetimes, up to 1µs [22,23].

The electrical spin injection was demonstrated by Fiederling et al.[24]. They
drove current from a giant Zeeman splitting spin-aligner into a light emitting diode
and subsequently performed optical detection of spin injection by looking at the
polarization of the emitted light. Due to the giant Zeeman splitting present in the
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spin-aligner, at low temperatures and high magnetic fields, these materials are fully
spin-polarized, providing an ideal spin injector. Recently, Schmidt et al. showed a
GMR-like behavior of the magnetoresistance of Zeeman spin-split semiconductor
/ normal semiconductor/ Zeeman spin-split semiconductor junctions [25]. In their
experiment, the spin valve effect was due to the suppression of the conductance of
one spin channel by varying the polarization of the spin-aligner as function of the
magnetic field or temperature.

A similar experiment to the one of Fiederling et al. has been performed by
Ohno et al., where electrical spin injection occurs in zero magnetic field from a di-
lute magnetic semiconductor (DMS) into a non-magnetic semiconductor [26]. Un-
der forward bias, spin polarized holes from the p-type ferromagnetic semiconductor
(Ga,Mn)As and unpolarized electrons from an n-type GaAs substrate are injected
into an embedded (In,Ga)As quantum well (QW) separated from the ferromagnetic
region by a spacer layer. The hole spin polarization in the QW is measured by an-
alyzing the polarization of the emitted electroluminescence. The same principle of
optical detection by looking at the polarization of the emitted light has been used
by Zhu et al. to observe the electrical spin injection from ferromagnetic Fe across
a Schottky barrier in a GaAs/(In,Ga)As light emitting diode [27]. In their experi-
ment, the results could be understood in term of tunneling from the ferromagnetic
material into the semiconductor.

The two experiments of spin injection described until now relied on optical de-
tection. However, from a device point of view, a major breakthrough would be
to have all electronic device, preferably operating at room temperature. Therefore
large efforts have been dedicated to observe the ’standard’ spin valve effect, but
with semiconductors as the intermediate layer [28], as a first step towards the re-
alization of the spin-FET. The possibility to modulate the magnitude of spin orbit
coupling parameter in InAs 2DEGs by means of an external gate has already been
demonstrated [29–31].

Gardelis et al. claim to have observed spin valve effects in a InAs based field
effect transistor with Py source and drain[32]. However, a finite spin polarization
of the semiconductor itself was required in order to interpret the experimental ob-
servations as spin valve effect.

Hu et al., by measuring in a multi-injector HEMT geometry with ferromag-
netic electrodes, observed a gate and electrode spacing difference in the magne-
toresistive behavior of an InAs 2DEG channel,a result which they attributed to spin
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injection[33].

However, the fact that the standard lateral spin valve geometry leads to impor-
tant local Hall phenomena has already been pointed out [34]. Moreover, at low
temperatures, semiconductors show strong weak localizations corrections to the
conductance. Due to the dependence on the local magnetization of the contacts,
these spurious phenomena will often closely resemble the signals expected from
spin transport. In our opinion, none of the previously mentioned experiments give
an unambiguous proof of spin dependent transport.

The failure in realizing direct electrical spin injection, lead to a change in the
experimental approach. There were a few attempt at making use of the Rashba
interaction as a detection mechanism. Meier et al. [35], tried to observe spin injec-
tion by modulating the spin orbit interaction via an external gate. However, their
devices also suffer from the spurious effects of strong weak localization corrections
to the conductance of a semiconductor.

Recently Hammar et al. [37,38] have claimed the observation of electrical spin
injection into a 2DEG, by making use of the Rashba spin orbit interaction in the
semiconductor heterostructure as the detection mechanism. Their work has been
commented upon and it was suggested that in such a system the detection is not
possible within linear transport [39], and the observed behavior is probably related
to a local Hall effect [40]. A more detailed analysis of these claims and a discussion
whether or not the Rashba interaction can be used to detect spin injection will be
provided in chapter eight of this thesis.

Here we conclude our brief survey of the field of spin dependent electronics.
The overview was by no means intended to be exhaustive, as this is beyond the
scope of any introduction. The present research in the field of spin polarized trans-
port is by far not limited by the topics presented sofar. For example, a lot of ef-
fort has been put into observing spin effects in scanning tunnelling experiments
(STM) [41]. Direct spin injection from a ferromagnetic STM tip into GaAs has
been demonstrated [42]. Efforts were also put into the epitaxial growth of ferro-
magnetic material on semiconductors, e.g. Fe on GaAs [43], or into making use of
the Schottky barrier appearing at the metal-semiconductor interface to realize spin
injection [44]. Another interesting direction started with the experiments of Katine
et al., who showed that when a spin current is injected in a ferromagnet, the mag-
netization feels a torque and, if the current density is high enough, it will trigger
the reversal of the magnetization direction [47].



10 Chapter 1 Introduction

1.2 this thesis

The question to be addressed in this thesis is whether can we can electrically inject a
non-equilibrium spin population in a semiconductor and subsequently detect and/or
make use of it in actual devices. Spintronics is a new, fast developing field and, as
briefly described in the previous section, there are certain controversies related to
interpretation of different experiments [17,32,33,35,38]. The fundamental question
is whether the observed effects can or cannot be attributed to spin polarized trans-
port. Therefore key issues to be addressed are whether one can analyze critically
the presently available data and, secondly, whether there are methods to isolate in
a reliable way spin accumulation from the all the other spurious magnetoresistive
effects.

The original research goal when this work was started was the realization of
spin injection in a InAs-based FET device with ferromagnetic source and drain
(the spin-FET device in the geometry proposed by Datta and Das [20]) and subse-
quently to make use of the device in order to obtain information about the spin-flip
processes in semiconductors. The choice for InAs based system was based on the
lack of a Schottky barrier and, consequently, the possibility to realize clean con-
tacts to such a system. Therefore the main research focus was originally on realiz-
ing direct electrical injection by using ferromagnetic metals in clean contact with
semiconductors. Simultaneously, the same approach was taken by other groups.
However, we were not able to observed spin injection. Therefore the actual ’focus’
of the research was shifted towards understanding the fundamental physics behind
spin injection and the intrinsic limitations therein. A firm theoretical footing in
describing the physics of spin accumulation, and a potential method to separate
it from other spurious effects will be presented in this thesis. With respect to the
physics underlying spin injection, it will be shown that the difference in conductiv-
ities between a metal and a semiconductor gives a basic obstacle to spin injection.
Based on this insight, a step back was taken in the experimental work, by looking at
experiments on all-metal systems, where the conductivity mismatch problems are
expected to be reduced. A connection was made with the work of Friso Jedema,
who was trying to observed spin injection in metallic system. In the last part of the
thesis, based on our results both for metallic and semiconducting systems, a critical
analysis of available data about spin injection in semiconductors and metals will be
given.
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Having discussed the goal and the general context in which this thesis is written,
let us go into the detailed structure of this thesis:

chapter two: The fundamental concepts necessary to understand spin transport
in hybrid systems, and in semiconductor heterostructures in particular, are intro-
duced. The emphasis is on familiarizing the reader with the concepts that will be
used throughout the rest of the thesis. The essential point is that each spin species
can be treated as a independent fermionic system in thermal equilibrium, with only
a weak interaction between the two spin systems via the spin flip processes. There-
fore an independent electrochemical potential can be defined for each species. As a
consequence, without loss of generality, the transport can be described exclusively
in terms of spin diffusion between reservoirs kept at different potentials. Next the
transport properties of a ferromagnetic material will be discussed, followed by a
two simple applications of the diffusive model: the single N/F interface and the
ferromagnet voltage probe. The chapter will end with an short overview of the
main spin flip mechanisms in the solid state.

chapter three: It is dedicated to the technology needed to prepare our experi-
mental structures, and the characterization of the transport properties of the used
materials. A brief description of two-dimensional electron (2DEG) systems will be
given and the issue of interface properties will be discussed.

chapter four: A key element in being able to realize spin injection is the con-
trol of the magnetization of the electrodes. This chapter describes our efforts in
understanding the magnetic reversal processes in ferromagnetic wires. Submicron
Ni wires were investigated by means of magnetoresistance (AMR) measurements.
The switching behavior is analyzed as function of the wire aspect ratio and the
angle of the applied magnetic field relative to the easy axis of the wires. The con-
clusion was that for angles close to 90◦ degrees the switching is best described by
the Stoner Wohlfarth model, while for lower angles the reversal process is probably
due to domain wall nucleation and motion. The ratio between the switching fields
in perpendicular and parallel configuration did not depend on wire aspect ratio.

chapter five: Here one of the core results of this thesis is introduced. The theo-
retical modelling is put on a firm ground and the concept of conductance mismatch
is introduced. We have calculated the spin-polarization effects of a current in a
two dimensional electron gas which is contacted by two ferromagnetic metals. In
the purely diffusive regime, the current may indeed be spin-polarized. However,
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it turns out that even in the case when the spin flip in the semiconductor is neg-
ligible, the efficiency of the spin injection is heavily reduced by the unfavorable
ratio between the conductivities of the two materials. For a typical device geome-
try the degree of spin-polarization of the current is limited to less than 0.1%, only.
The change in device resistance for parallel and antiparallel magnetization of the
contacts is up to quadratically smaller, and will thus be difficult to detect.

chapter six: This chapter will describe our experimental efforts in realizing
the electrical spin injection in semiconductors. We studied submicron lateral spin
valve junctions, based on high mobility InAs/AlSb 2DEG, with Ni, Co and Permal-
loy as ferromagnetic electrodes. In a standard HEMT geometry it is very difficult to
separate true spin injection from other effects, including local Hall effect, anoma-
lous magnetoresistance (AMR) contribution from the ferromagnetic electrodes and
weak localization/anti-localization corrections, which can closely mimic the signal
expected from spin valve effect. The reduction in size, and the use of a multiter-
minal non-local geometry allowed to reduce the unwanted effects to a minimum.
Despite all our efforts, we have not been able to observe spin injection. However,
this ’negative’ result in Fm/2DEG/Fm devices is actually consistent with theoretical
predictions for spin transport in diffusive systems.

chapter seven: It has been suggested by M. Johnson [37], and later claimed to
have been measured experimentally by Hammar et al. [38], that one can use the
Rashba interaction to detect spin injection. In this chapter we would like to put
spin transport in the presence of the Rashba interaction on a solid footing. It will
be shown that within the linear transport, the presence of the Rashba spin splitting
does not allow detection. The implication of the Onsager reciprocity relations on
measuring these effect will also be discussed.

chapter eight: The insight that conductivity mismatch plays a key role in sup-
pressing spin injection in metal/semiconductor junctions suggested to check our
predictions in all metallic systems, which should be less affected by the conduc-
tivity mismatch problems. Here we report the electrical injection and detection
of spin currents and spin accumulation at room temperature in an all-metal lateral
mesoscopic spin valve. The Py ferromagnetic electrodes were making good ohmic
contact to a copper cross. Due to spurious magnetoresistive contribution of the fer-
romagnetic electrodes, this could only be detected in a non-local geometry. Our
results are in quantitative agreement with the theoretical predictions based on a



1.2 this thesis 13

diffusive model, and the spin flip length in Cu could be determined.

chapter nine: The last chapter will be dedicated to a different subject: meso-
scopic superconductivity. However, there is a clear technological link to the pre-
vious work, as this work is based on the same semiconductor technology, and a
key issue is the quality of the metal-2DEG interface. We investigate the trans-
port in short multiterminal Josephson junctions obtained by coupling a semicon-
ductor quantum dot to superconducting electrodes via transparent contacts. For
this purpose 500x500nm dots, etched in high mobility InAs/AlSb heterostructures
were contacted to Nb superconducting electrodes. The inclusion of an Aharonov-
Bohm superconducting loop allowed to study the influence of the phase on the
transport properties. By comparing samples with different cleaning procedures, we
concluded that the InAs surface treatment has an essential role in determining the
junction properties. In the finite bias regime we observed lower then expected gap
voltages and an anomalous temperature dependence. This behavior is tentatively
attributed to the presence of an induced gap in the InAs beneath the superconduc-
ting electrodes.
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