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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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4 Chapter 1 Introduction

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].
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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
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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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Chapter 2

Fundamental concepts in describing spin
polarized transport

The goal of this section is to introduce the basic physical concepts necessary in or-
der to describe spin polarized transport in hybrid systems. First of all, the concept
of electrochemical potential will be introduced, followed by a short description of
the linear response theory for transport in diffusive systems. The two equivalent ap-
proaches, the drift approach and the diffusion approach will also be introduced. The
standard description will be generalized to include spin (the two currents model)
and the spin diffusion equation will be introduced. Next the transport properties
of a ferromagnetic material will be discussed, followed by two simple examples
of applications of the diffusive model for spin transport: the single non-magnetic
metal/ferromagnet (N/F) interface and the concept of ferromagnet voltage probe.
The chapter will end with an short overview of the main spin flip mechanisms in
the solid state.

17
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2.1 the concept of electrochemical potential

It is known that when a large number of non-charged particles (also charged parti-
cles, e.g. electrons, provided there is no externally applied electric field) within a
certain volume are in full thermodynamic equilibrium, the ensemble is character-
ized by a constant chemical potential. By definition, the chemical potential corre-
sponds to the average energy necessary to add a particle to the system. In this case,
a gradient in the chemical potential is the fundamental driving force for particle
transport. Between two systems there is no net particle transport when their chem-
ical potentials are equal (i.e. they are in equilibrium). If we look at normal metallic
materials, as electrons are spin 1/2 particles, the conduction electrons form a Fermi
system, usually well described in terms of a simple Fermi gas. The corresponding
Fermi energy in usual metals is in the order of a few eV. As the energy scale corre-
sponding to temperature (1K = 40µeV ) is much smaller then the Fermi energy in
most systems, one expects that temperature will have only small effects on trans-
port properties. It can be easily shown that in the case EF >> kBT , the chemical
potential of the fermionic system is approximately equal to the Fermi energy [1].

For simplicity, one usually sets the reference chemical potential corresponding
to a particle at the Fermi surface to zero. For small variations from equilibrium
(∆µ << EF ), the chemical potential is then related to the excess particle density n

via the density of states at the Fermi energy µch = n/N(EF ). However, in addition
to the kinetic energy, a particle may also have potential energy. If the reservoir is
kept at a certain electrostatic potential V , then the relevant quantity in describing
the thermodynamic equilibrium will be the electrochemical potential. In the most
general case, one must replace the electrostatic potential by the potential energy in
order to include other interactions, for example the Zeeman energy (±1

2gµBB) in a
magnetic field. Therefore the electrochemical potential is given in the general case
by:

µ = µch − eV ± 1
2
gµBB (2.1)

with g being the gyromagnetic ratio, µB the Bohr magnetron and the factor 1/2 is
included in order to take into consideration the spin of the electron.

The electrochemical potential is linearly related to the total particle density. It
is essential to keep in mind that the electrochemical potential, being the quantity to
describe the thermodynamic equilibrium, its gradient is the unique driving force for
particle transport. It includes both contributions to transport due to an externally
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applied electrical field and eventual contributions due to diffusion induced by a
spatially-varying particle density.

Let us consider now a well-defined region where electrons are in thermal equi-
librium, brought only in weak contact with the outside world. We will denote as an
electron reservoir any electron system that is in equilibrium, all incoming electrons
from the outside world are absorbed and the spectrum of the outcoming electrons
is thermal. It can be shown that the charge transport properties of any system can
be understood in terms of an active region (sample or device) which is connected
to different electron reservoirs [2].

The last question to be addressed in this section is related to what does a volt-
meter actually measure. Physically, a voltmeter can be understood as being com-
posed out of two reservoirs, weakly connected to the two points between which we
intend to measure the voltage. Moreover, the two reservoirs are coupled in such a
way that no net current is drawn through the sample due to this coupling (i.e. there
is no net particle current between the sample and the reservoirs). Therefore what a
voltmeter measures in reality is the difference in the electrochemical potentials be-
tween the two points to which it is coupled. Only in the case when there is no spatial
variation in particle densities and there is no other transport effect due to other inter-
actions (e.g. due to a the presence of a magnetic field, or a gradient in temperature)
will the measured voltage be equal to the difference in electrostatic potentials. This
difference between the difference in electrostatic potentials between two point and
the measured value by a voltmeter will prove essential in order to understand what
happens when one of the reservoirs which form the voltage probes of the voltmeter
is a ferromagnet (anticipating a little bit the outcome, one expects that spin effects
will play a role in determining the measured voltage).

2.2 transport in the linear response and the diffusive pic-
ture

Let us consider the situation depicted in fig. 2.1: two electron reservoirs are kept at
a fixed potential difference V and they are connected to each other via a diffusive
conductor. Due to the applied voltage, an electric field will be present inside the
conductor. The presence of this external electric field will induce in the steady state
a change in the electron distribution function within the conductor.

The new distribution function in the presence of the electrical field can in prin-
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ciple be determined by solving the Boltzmann equation

∂f(k)
∂t

field +
∂f(k)

∂t
coll +

∂f(k)
∂t

drift = 0 (2.2)

The Boltzmann equation simply states that, in the steady state, the changes in
the distribution due to the applied electrical field, due to particle collisions (mo-
mentum scattering) and due to drift (particle transport) cancel each other.

The linear response theory is based on the assumption that the change in distri-
bution function compared to the equilibrium one is small [3], and therefore can be
described in first order as being linear in the driving force (the externally applied
electric field E)

f(k) = fFD(k) + g(k) (2.3)

with fFD(k) being the equilibrium Fermi Dirac distribution and g(k) the change
in distribution due to the applied field.

Moreover, one describes the collision within the relaxation time approximation,
i.e it is assumed that if the external fields were switched off, the non-equilibrium
part will decay exponentially to zero. Then the non-equilibrium part of the distri-
bution function reads

gk = −τeE · vk
∂fFD(k)

∂εk
(2.4)

with τ the momentum relaxation time, vk the group velocity and e the electric
charge.

The outcome for an isotropic system, after introducing all previous assump-
tions in the Botzmann equation, is that the effect of the applied field is a small
and uniform shift of the distribution function with a ’drift-velocity’ relative to the
equilibrium Fermi Dirac distribution. The drift velocity is

vd = E
eτ

m∗h̄
(2.5)

where m∗ is the effective mass of the electrons. The total current density j will
depend linearly on the the electric field E (Ohm’s law in local form)

j = σE (2.6)

with σ the electrical conductivity.
The situation is more complicated for non-isotropic systems. In this case, the

scalar conductivity has to be replaced by the conductivity tensor. In the linear
response regime, conductivity still remains a Fermi surface property.
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There are two different ways to look at physics behind transport in the linear
regime (see also fig. 2.1):

the drift (electrodynamics) picture: Here one looks at the entire sea of elec-
trons, starting form the bottom of the conduction bands. The local electron density
( electric charge) is zero, but there is a spatially varying electrical field. The ap-
plied field affects the movement of all electrons and, in the case of a homogeneous
media, the Fermi-Dirac distribution is uniformly shifted in k-space with the same
amount kd. Therefore particle transport is described in terms of a uniform drift
under the influence of external electrical field.

the diffusion picture: Here instead of looking at the entire Fermi see, one
looks only at electrons in a smaller energy range µ2 − µ1 (see also fig. 2.1). This
is justified because the rest of the electrons does not participate in transport, as the
Fermi sea is completely filled for energies below µ2 (the total momentum of a filled
Fermi sea is zero, therefore no net transport is possible). As a consequence, the
presence of the fully occupied states well below the Fermi surface can be neglected
(i.e redefining the zero of the chemical potential µ2 = 0. In this picture there is no
electric field present (the bottom of the bands in this energy range is flat and equal
to µ2, or, in other words, the change in total density of the compensated electrons
cancels out the external electric field and there is no net electric field present). In
the diffusion picture, only a spatially varying excess electron density exists, and
particle transport is determined by diffusion.

In a real-life case, the exact spatial dependence of the electrical field will de-
pend on the screening properties of the conductor. In linear response the measured
resistances cannot depend on the screening properties, and the drift and diffusion
pictures are completely equivalent in this regime. In general, the exact spatial de-
pendence of the electrical field is either unknown or difficult to compute. Therefore
the diffusion picture is in most cases handier, as it does not require to calculate ex-
actly the spatial dependence of electric field. Moreover, the diffusion picture has
the advantage that can be easily generalized to include more that one species of
particles (for example, to also include the spin degree of freedom) or to include the
effects of other interactions (e.g. the effects of a magnetic field)
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FIGURE 2.1. Schematics of transport within linear response a. the effect of an uniform
electric field on particle distribution function: the effect can be described either in terms of
a shift of the Fermi sphere (left) or an non-equilibrium occupation of the two left and right-
going subbands (right) b. transport in the drift picture. One looks at the full energy scale,
particle transport is due to drift in the external electric field. The particle density is constant
in space c. the diffusion picture. One looks only at particles with energies between µ1 and
µ2. There is a spatially varying particle density and transport is due to diffusion
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In a real-life experiment, what one measures is the conductance (resistance)of
the sample. As the conductance is a response function, in the linear regime it
has to obey the Onsager reciprocity relations [5]. A conductance measurement
corresponds to having two electron reservoirs that form the current source and other
two electron reservoirs that form the voltage measurement circuit. If one makes
use of only two reservoirs, each taking part in both current and voltage circuits,
the measurement is called a two-terminal measurement. If the current and voltage
reservoirs are different, the measurement is known as a four-terminal measurement.

The Onsager reciprocity relations imply that, in the case of a four terminal mea-
surement of resistance/conductance, interchanging current and voltage reservoirs
and reversing the magnetic field and all the magnetizations will leave the measured
current-voltage characteristics invariant [6]. For a two terminal measurement, this
means that the two terminal resistance is an even function of the magnetic field;
R(B) = R(−B), where, again, −B also implies that all magnetizations have also
been reversed. The Onsager reciprocity relations can be used to check the consis-
tency of the measurements. However they cannot be used to draw any physical
conclusions, e.g. whether of not spin injection was observed, as they are always
obeyed in the linear regime.

2.3 basic transport equations in hybrid systems

In this section the standard linear response transport formalism will be extended
to include the spin degree of freedom. The main assumption one makes is that
in the used materials the interactions between the two spin populations are weak
(or, in other words, the spin lifetime is much larger than the momentum relaxation
time). The validity of this approximation has been discussed by Valet and Fert
[8]. If this does not hold the transport equations become non-local and an extra
spin-mixing resistance will arise [9]. However,if this approximation holds, the two
spin populations can be treated as two separate, weakly-interacting thermodynamic
ensembles. As a consequence, an independent chemical potential can be attributed
to each spin population.

Charge transport is still described by Ohm’s law in the local form, but this can
be applied independently to each spin subband:

j↑,↓ = −σ↑,↓/e
∂µ↑,↓
∂x

(2.7)
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where σ↑,↓ are the conductivities for each spin subband. The two conductivities
are related to the densities of states at the Fermi level N↑,↓(EF ), and the diffusion
constants D↑,↓ via the Einstein relation:

σ↑,↓ = N↑,↓(EF )e2D↑,↓ (2.8)

The diffusion constants for each spin direction depend on the Fermi velocities and
mean free paths: D↑,↓ = 1/3vF↑,↓l↑,↓, with vF↑,↓ the spin dependent Fermi veloc-
ities, l↑,↓ the electron mean free paths and the factor 1/3 takes care of the dimen-
sionality of the system.

The next step is to include the interactions between the two spin populations.
Spin flip processes are included via the continuity equations (i.e. total particle
number conservation) for each spin species

1
e
∇j↑ = − n↑

τ↑↓
+

n↓
τ↓↑

(2.9)

1
e
∇j↓ = +

n↑
τ↑↓

− n↓
τ↓↑

(2.10)

with n↑ and n↓ being the particle densities for each spin. The detailed balance
principle imposes that the two spin populations are in equilibrium when no driving
force is applied . Therefore the two spin flip rates 1/τ↑↓ and 1/τ↓↑ are related to
each other:

N↑(EF )/τ↑↓ = N↓(EF )/τ↓↑ (2.11)

In general the two scattering times are unequal in a ferromagnet material, as a
direct reflection of the dependence of the Fermi surface on spin. They are usually
much larger than the momentum scattering time τ = lm/vF , with lm = (1/l↑2 +
1/l↓2)−1/2 the spin average mean free path. By using these equilibrium relations
2.11 one can recast the continuity equations into the following form

1
e
∇j↑ = −1

e
∇j↓ =

µ↑ − µ↓
N(EF )τsf

(2.12)

with N(EF ) = N↑(EF ) + N↓(EF ). τsf is the spin flip time

1
τsf

=
1

τ↑↓
+

1
τ↓↑

(2.13)

Equation 2.12 demonstrates again that the only driving force in spin flip pro-
cesses is the difference in electrochemical potentials!



2.3 basic transport equations in hybrid systems 25

One can replace the current densities in eq. 2.12 from the Ohm’s law. The
obtained result is the diffusion equation, the fundamental equation to describe spin
dependent transport

∂2µ↑ − µ↓
∂x2

=
1

D · τsf
(µ↑ − µ↓) (2.14)

Here D is the spin averaged diffusion constant, determined by

1
N(EF )D

=
1

N↑(EF )D↑
+

1
N↓(EF )D↓

(2.15)

The diffusion constant and the spin flip time can be grouped together to intro-
duce the spin flip length λsf

λsf = (Dτsf )1/2 (2.16)

Equation 2.14 is the fundamental equation used to describe spin transport in
diffusive systems, as long as the spin lifetime is longer than the momentum scatter-
ing time. If this relation does not hold, one would have to resort to look directly at
the Boltzmann equation [8]. Together with the particle and total current conserva-
tion laws, it can be used in determining the magnitude of the expected spin effects
on electric transport. In the following three sections we will looks at spin transport
effects in a few simple geometries.

2.3.1 ferromagnetic materials

Ferromagnets are materials where, due to the presence of the exchange interaction,
the d-spin subbands are shifted with respect to each other. The most simple way to
describe them is in terms of the Stoner model, where one assumes simple parabolic
bands see fig 2.2. Due to this splitting of the d-bands, ferromagnets exhibit a finite
equilibrium magnetization. The density of states at the Fermi level and the Fermi
velocities are also different for the two spin subbands. Due to the difference in
densities of states and in Fermi velocities, a ferromagnetic material will be charac-
terized by two different bulk conductivities for the two spin directions:

σ↑,↓ = N↑,↓e2D↑,↓ (2.17)

with the diffusion constants for each spin direction given by D↑,↓ = 1/3vF↑,↓l↑,↓
Here N↑,↓ denotes the spin dependent densities of states (DOS) at the Fermi energy,
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EF

N↓(E)N↑(E)

s

d

FIGURE 2.2. band structure of a ferromagnet in the simple Stoner picture. The d spin
subbands are shifted in energy due to the exchange interaction, leading to a finite magneti-
zation and a difference in densities of states and Fermi velocities.

vF the spin dependent Fermi velocities and l the electron mean free paths. The spin
dependence of the conductivities are determined by the spin dependence of both the
densities of states and the diffusion constants.

By definition, the current polarization is given by

α =
j↑ − j↓
j↑ + j↓

(2.18)

Then, according to eq. 2.17 the current in a bulk ferromagnet will be spin polarized,
and the current polarization will be given by

αF =
σ↑ − σ↓
σ↑ + σ↓

(2.19)
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2.3.2 example: the single N/F interface

The transport properties of a single normal metal/ferromagnet interface (F/N) have
been discussed previously by van Son et al. [11]. Here we review the main results
and the derivation, in order to familiarize the reader with the methods of solving
the diffusive model.

We assume an 1D model, with the ferromagnet extending for x < 0 and the
normal material at x > 0. The general form of the steady state solution of the
spin diffusion equation in an homogeneous medium (either the ferromagnet of the
normal metal) is:

µ↑,↓(x) = a + b · x ± c

σ↑,↓
e+x/λsf ∓ d

σ↑,↓
e−x/λsf (2.20)

However, not all the constants (a, b, c↑,↓, d↑,↓) are independent. One has to
impose that at ±∞ the solutions for the chemical potentials coincide with the stan-
dard bulk dependence of the electrochemical potential (µ↑ |x→±∞= µ↓ |x→±∞=
c + j/σ · x, with j the current density and c is a constant).

At the interface the boundary conditions require, assuming ideal interfaces,
that the chemical potentials are continuous, and the current in each spin channel is
conserved (no spin flip processes at the interface). However, it is easy to generalize
these conditions to include arbitrary spin-dependent interface transparencies. If the
interface conductance is G↑,↓ = G0(1±γ), with G0 the total interface conductance
and γ the spin asymmetry coefficient, then

µ↑,↓ |−0 −µ↑,↓ |+0= G0(1 ± γ) (2.21)

For the simple F/N geometry with an ideally transparent interface (Gint = ∞),
the solutions reads:

µF,↑,↓ = c + j/σF · x +
a

(1 ± αF )σF
exp(x/λF ) (2.22)

and, respectively

µN,↑,↓ = d + j/σN · x + b/σN exp(−x/λN ) (2.23)

In the previous formula j is the total current density passing through the interface.
Normally one sets the average potential at the interface in the normal region to zero,
i.e. d = 0
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F
sfλ N

sfλ

FIGURE 2.3. By driving current through a NF interface a non-equilibrium spin popula-
tion are created. Due to current conversion, the average chemical potential will have a jump
at the interface.

The current conversion process at the interface will give rise to a split in the
electrochemical potential of the two spin species. By solving the diffusion equation
with the appropriate boundary conditions, one finds that the polarization of the
current that crosses the interface is given by

α|x=0 = αF
1

1 + (1 − α2
F )σF λN

σNλF

(2.24)

Moreover, the spin related interface resistance is given by:

RI =
∆µ

j
= α2

F λN/σN × 1
1 + (1 − α2

F )σF λN
σNλF

(2.25)

Equation 2.25 suggests that the total spin-accumulation-induced interface re-
sistance is proportional to the minimum of either the ferromagnet or the normal
material conductance over a distance of a spin flip length. This already hints that
in the case the normal material is a semiconductor, i.e. it has a much lower con-
ductivity than the ferromagnet, the spin dependent part of the interface resistance
is small compared to the spin independent part.
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2.3.3 ferromagnetic voltage probe

What happens when a ferromagnetic material is used as a voltage probe?

The case when the chemical potentials of the two spin populations are equal
(there is no spin imbalance present) is trivial: there is no difference between a
ferromagnet and a normal metal, as both will measure the unique electrochemical
potential of both spin populations.

F2

-4 -3 -2 -1 0 1 1 2 3 4 5

0

sf

∆µ
−∆∆µ

,

x(λF)

µ
N F2F1

y

F1          N      x
j

N

FIGURE 2.4. A ferromagnetic probe enables the detection of a non-equilibrium spin pop-
ulation, created e.g. by driving current through a NF interface. If the electrochemical
potentials of the two spin states are different (µ↑ �= µ↓), the voltage measured by a ferro-
magnetic probe will be different from the voltage measured by a normal probe connected
to the same point.

The interesting case takes place when there is a spin imbalance present, i.e.
the electrochemical potentials of the two spin populations are not equal. Let us
assume that two probes, one ferromagnetic(characterized by conductivity σF and
spin polarization αF ) and one normal (conductivity σN and respectively no spin
polarization) are attached (see fig 2.4 ) to a point x of the device where a spin
splitting is present (µ↑ �= µ↓), .
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As shown in section 2.3, the decay rate of the electrochemical potentials in the
ferromagnetic material will be different for the two spin populations (proportional
to σ↑,↓/λF ). The average electrochemical potential at infinity (the measured value)
will be different from the average value of the chemical potentials (what a non-
magnetic voltage probe would measure) (see fig 2.4 )

The chemical potential measured by the normal probe is µN = 1/2(µ↑ + µ↓)
(the average chemical potential), while the one measured by the ferromagnetic
probe is, depending on the polarization direction of the ferromagnet relative to the
sign of the spin splitting,

µF = µN ± ∆µintαF (2.26)

where ∆µint = 1/2(µ↑ − µ↓) is the splitting in the chemical potential at the F/N
interface [10].

The sign is negative when the high er electrochemical potential corresponds to
the same spin direction as the majority carrier in the probe ferromagnet. Therefore
a ferromagnetic contact is a spin sensitive probe, and can be used to detect the
presence of spin accumulation.

2.4 spin injection mechanisms

The issue to be addressed here is how a non-equilibrium spin population can be
created inside a semiconductor or metal. Until now, three main methods of injecting
non-equilibrium spin carrier have been used:

1) optical injection, by making use of the selection rules in generating electron-
hole pairs in a semiconductor. If either left or right circularly polarized light is used
to optically generate non-equilibrium carriers, the selection rules require ∆S =
+1 and respectively ∆S = −1, therefore one spin direction will be generated
preferentially.

2) tunnelling of carriers from a ferromagnetic material into a non-magnetic
material. The tunnelling conductance is proportional to the product of densities of
states at the Fermi level on both sides of the barrier. Due to the different densities
of states in the spin subbands in the ferromagnet, the tunnelling rates from the
ferromagnet to the normal region are different for the two spin subbands (i.e the
tunnelling current is spin polarized). A non-equilibrium spin population is thus
injected in the normal region. This effect is purely an interface effect.
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3) injection via clean interfaces, by passing current from a ferromagnetic region
into a non-magnetic one, as discussed in the previous section. This mechanism is
different from tunnelling, as the spin accumulation is due to the bulk properties of
the materials. However, one has to keep in mind that the realization of good tun-
nelling barriers on semiconductors is rather challenging from technological point
of view. Thus the fact that spin injection via clean interfaces depend only on bulk
properties makes this an attractive route towards realizing spin injection.

2.5 spin relaxation

After having looked at the different methods of realizing spin injection, let us fo-
cus now on the spin relaxation mechanisms. Spin relaxation refers to processes
that bring an unbalanced population of spins into equilibrium. The presence of
several types of interactions will cause the non-equilibrium part of the population,
and therefore the non-equilibrium part of the magnetization, to decay exponentially
towards zero. Two main relaxation processes can be identified. The z component
of the spin (i.e. the component along the spin quantization axis) decreases as indi-
vidual spins flip, bringing the population towards equilibrium. However, this direct
process requires energy relaxation towards the lattice (therefore named spin -lattice
relaxation), and as a consequence is a rather slow process. However, a second type
of process, not requiring energy exchange, can destroy the perpendicular compo-
nent. Every spin will also see the field created by the neighboring spins, therefore
precessing in a local field which contains a random component. This causes the
perpendicular component to decay with a different time constant.

Let us assume that the good spin quantization axis is z. The total spin of the
system is S and the external magnetic field is B. The terms ‖ and ⊥ describe the
components parallel and perpendicular to the z axis. The time evolution of the spin
will be described by the Bloch equations:

dS⊥
dt

= γ(B × S)⊥ − S⊥/T2 (2.27)

dS‖
dt

= γ(B × S)‖ − (S − S‖)/T1 (2.28)

Here, T1 and T2 are the two phenomenological constants that describe spin flip
processes. The constants T1 and T2 describe the decay of the longitudinal and re-
spectively the transverse spin order and are analogous to the constant introduced to
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describe nuclear spin lifetimes in nuclear magnetic resonance (NMR) experiments.
The constant T2 can be measured in conduction-electron spin resonance (CESR)
experiments [13].

However, if any interactions between spins and other degrees of freedom are
present, then pure spin states are not real eigenstates anymore, therefore they will
have only a finite lifetime. These interactions affect both the longitudinal and the
transversal spin lifetimes. In the next subsection, the physical origin of these mech-
anisms will be discussed.

2.5.1 spin-orbit interaction

Spin-orbit interaction is a relativistic effect that occurs when a quantum mechanical
particle with a non zero spin moves in a region with a non-zero electric field.

When an electron is moving with relativistic velocities in a static electric field,
in the rest frame of the electron the original static electric field transforms into a
field that has also a magnetic field component, whose magnitude is given by the
standard Lorentz transformation

Beff (x) = (v × E(x))/c (2.29)

The presence of this effective magnetic field, that the electron feels in its rest frame,
affects both the dynamics of the spin and the total energy of the electron. This
interaction is called spin-orbit interaction.

One should keep in mind that the only possible interaction for the spin degree of
freedom is with a magnetic field, whose source can be either an externally applied
magnetic field, or the effective field generated by the spin-orbit interaction. The
static electric field causing the spin-orbit interaction can have different physical
origins, for example being the electric field of the atomic nucleus, or related to the
crystal or band structure of the solid.

As we are interested in transport properties, here we will concentrate on spin re-
laxation processes for conduction electrons. Three main spin relaxation mechanism
were found as the most relevant for conduction electrons in metals and semicon-
ductors:

i) the Elliot-Yafet mechanism [14]. The Elliot-Yafet mechanism is due to the
fact that in real crystals Bloch states (i.e momentum eigenstates) are not spin-
eigenstates anymore. The physical origin of the lift-off of the spin degeneracy
of the Bloch states is that the lattice ions induce a local atomic electric field, which
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a

b

FIGURE 2.5. Schematic view of the Elliot-Yafet (a.) and the D’yakonov Perel’ (a.) re-
laxation mechanisms. The Elliot-Yafet spin flip mechanism is due to the interaction of
spins with the electric field of the atomic nuclei. The corresponding spin lifetime is pro-
portional to the momentum scattering time. As a consequence, the spin flip length will
depend linearly on the mean free path (or diffusion constant). The D’yakonov Perel’ spin
flip mechanism is due to the presence of a crystal field, and the spin flip length is indepen-
dent of the mean free path

via the spin orbit interaction will mix spin up and spin down states (see fig. 2.5).
The Elliot Yafet mechanism leads to a spin relaxation rate 1/T1 proportional to the
momentum scattering rate. Usually this is expected to be the main spin-flip mech-
anism in metals. If Elliot-Yafet is the main spin scattering mechanism, the spin flip
length (λsf =

√
Dτsf ) will be linearly proportional to the mean free path.

ii) the D’yakonov Perel’ mechanism [15]. This mechanism is related to a lift
in spin degeneracy due to the presence of a finite electric field in crystals lacking
inversion symmetry (the crystal field). Therefore, the electrons feel a momentum-
dependent effective magnetic field and the spin precesses around this effective field
(see fig. 2.5b). The process can be imagined as a random walk in spin space. The
spin relaxation rate induced by the D’yakonov Perel’ mechanism will be inversely
proportional on the momentum scattering rate, therefore the corresponding spin
flip length is independent of the mean free path (the dependence on the momentum
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scattering rate is cancelled out by the diffusion constant).

iii) the Bir-Aronov Pikus mechanism [16] is due to the electron-hole exchange
interaction, and it plays an important role in semiconductors with a high over-
lap between the electron and hole wavefunctions. Fluctuations in the effective
hole concentration, due to different effective mass, produce an fluctuating effective
magnetic field generated by the total spin of holes. This induces a precession of
the electron spin around an instantaneous axis, analogous to the D’yakonov Perel’
mechanism.

2.5.2 the Rashba interaction

The Rashba interaction is another specific case of spin orbit type interaction [17].
It is important only in two-dimensional systems in which a uniform electric field is
present, perpendicular to the plane in which the electrons are moving. The strong
perpendicular field is present in systems in which the electron confining potential
is not a symmetric square well. For example, in InAs systems, the surface states of
InAs are confined in an asymmetric well, usually well approximated by a triangular
well (see chapter 3 for details). This shape of the confining potential is the source
of the uniform built-in electric field.

k

EF

kx

ky

δk

FIGURE 2.6. The dispersion relation in the presence of the Rashba interaction. a) in the
1D case, the two parabolas are spin split. b) In the 2D case gets two shifted paraboloid
of revolution and the Fermi surface will be given by two circles. The arrows indicate the
eigenstate of the spins for the corresponding wave vector. The dotted surfaces correspond
to shift of the Fermi surface due the application of a driving field
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It is immediate to see that the dispersion relation for the two dimensional elec-
trons in the presence of the Rashba hamiltonian can be written as

ε(k) =
(h̄k)2

2m
+ α(E × k) × σ (2.30)

Here k is the electron wavevector, m is the electron mass and α a constant
which quantifies the coupling strength, E is the electric field present in the 2DEG,
along the z axis.

The above dispersion relation in the 1D case reduces to ε(kx) = k2
x/2m±α′kx,

i.e. one gets two shifted parabolas. The Fermi surface in the 2D case becomes a
paraboloid of rotation (see fig 2.6)

The implication of such a dispersion relation is that there exists two distinct
particles having the same energy for a given value of k (equivalent to a k dependent
Zeeman spin splitting). This implies that, assuming 1D transport, at the Fermi
energy there can be two different values of kF .

However, the Rashba interaction is fundamentally different from a Zeeman in-
teraction due to the fact that it does no require the breaking of time-reversal sym-
metry.
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Chapter 3

Materials and device fabrication
technology

Before discussing the experimental data in the subsequents chapter, here a brief
characterization of the used semiconducting materials and description of the fab-
rication process of the samples will be given. All semiconductor experiments de-
scribed in this thesis were performed on a two dimensional electron gas (2DEG)
hosted in an InAs/AlSb quantum well. Typical values for the mobilities and den-
sities in our 2DEG after the removal of the top layer are in the order of 1.2m2/V s

and 1.0 × 1016m−2 respectively. We were able to fabricate highly transparent
metal/2DEG interfaces by cleaning the InAs surface by means of a low energy
Ar-ion sputtering prior to ferromagnet deposition.
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3.1 InAs based 2DEG systems

In normal metals or semiconductors, real electrons move in a three dimensional
space. However, in certain semiconductor heterostructures, by means of careful
bandgap engineering, electrons can be trapped in a very narrow potential well that
restrict the movement in one dimension only to quantized levels so that transport
can occur only in the other two dimensions. The result is a two dimensional elec-
tron gas (2DEG). 2DEGs are usually obtained by the epitaxial growth of thin layer
of a low bandgap semiconductor, sandwiched between two high bandgap materials
that act as barriers. Moreover, by growing an extra doping layer, usually spatially
separated from the active layers by a spacer layer to improve mobility, the position
of the Fermi level can be controlled so that it is above the bottom of the conduction
band of the middle layer, therefore forming the 2D electronic layer. Compared to
normal metal these materials are attractive due to the very high mobilities, allow-
ing the study of ballistic transport, and the possibility to control carrier density by
means of an external gate.

EF

EC

EV

vacuumInAs

AlGaSbAlGaSb

FIGURE 3.1. Schematics of the band structure of a InAs based 2DEG, neglecting the
band bendings. Usually, the bottom of the quantum well is not flat, giving rise to a built-in
electric field perpendicular to the well. This electric field is responsible for the Rashba
interaction.
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There are two main classes of materials that are regularly used as 2DEG sys-
tems: GaAs/AlGaAs and InAs/AlSb systems. Although if compared with GaAs/
AlGaAs systems, InAs based materials have lower mobilities and they are much
more difficult to gate (the to high leakage current through the AlSb barrier layer
limit the maximum gate voltage that can be applied), there is one clear advantage:
InAs does not form a Schottky barrier when brought into contact with a metal, thus
allowing the realization of highly transparent contacts between the metal and the
2DEG. This is due to the fact that InAs, unlike GaAs, which forms a Schottky
barrier when brought in contact to a metal, forms a surface accumulation layer,
therefore pinning the Fermi level in the conduction band [1].

InAs systems are a popular tool to investigate superconducting properties in
mesoscopic regime [2]. The presence of a strong Rashba interaction lead to an inter-
est in looking at the influence of the spin orbit interaction on mesoscopic transport
phenomena. The possibility to control the magnitude of the Rashba spin orbit cou-
pling parameter by means of gating (i.e. controlling the magnitude of the electric
field) has already been demonstrated [3,4]. Furthermore, the spin-orbit interaction
plays a crucial role in determining the persistent currents and the Aharonov-Bohm
effect in mesoscopic one-dimensional rings, where the spin orbit interaction in-
duces a Berry phase [5–7].

3.2 characterization of our InAs/AlSb heterostructures

The specific layer composition of the 2DEG used for spin injection experiments is
depicted in fig 3.2. The heterostructure has been grown epitaxially on an undoped
2” GaAs wafer by van der Graaf et al. in IMEC, Belgium. The thickness of the
InAs layer is chosen such that only the first subband (kz = 0) is populated (the
corresponding Fermi wavelength of the electron gas, λF ≈ 20nm, is of the same
order as the thickness of the quantum well.

The experiments described in chapter 9 were performed on a slightly different
wafer, G1763, where the 15nm InAs well has been sandwiched between two 40nm
thick AlSb layers. The AlSb layer has been protected against oxidation by a 10nm
Al0.3Ga0.7Sb layer. The role of the cap layer is to prevent the oxidation in the
atmosphere of the highly reactive AlSb layer.

The wafer have been characterized by using a standard Hall bar to measure the
magnetic field dependence of both the diagonal (σxx) and the off-diagonal (σxy)
components of the conductivity tensor. The Hall resistance (1/σxyB) is inversely



40 Chapter 3 Materials and device fabrication technology

30nm   Al0.3Ga0.7As

15nm    InAs   (active layer)

200nm   Al0.3Ga0.7As

20x  2.5nm   GaSb
        2.5nm   AlSb  superlattice

500nm   GaSb

FIGURE 3.2. Cross-section with the exact layer composition of wafer G2282. The 2DEG
is hosted in the InAs layer and the AlxGa1−xSb form the barrier layers. The GaSb/AlSb

superlattice has the role of releasing strain and insuring an epitaxial growth.

proportional to the carrier density. The same information can be extracted from the
beating pattern of the longitudinal magnetoresistance (Shubnikov-de Haas effect),
due to the formation of quantized Landau levels in high magnetic field. Typical
experimental data for Hall and Shubnikov-de Haas measurement can be seen in
fig. 3.3. The measured values for square resistance, mobilities and carrier densities
are synthesized in table 3.1.

We have characterized our wafer both with and with the top barrier layer re-
moved. The removal of the barrier layer increases the carrier density by a factor of
5-10, and reduced the mobility by approximately the same factor. This decrease in
mobility can be explained due to an increased surface scattering (the presence of a
sharp vacuum barrier forces the penetration of the electron wavefunction into the
bottom barrier layer, hence the increased scattering).
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FIGURE 3.3. Typical measurements for both longitudinal and transversal components of
the resistivity tensor for our wafers (Hall and Shubnikov de Haas effects). They allow the
determination of the carrier density and the mobility for our wafers

TABLE 3.1. Electron mobility, square resistance and electron density at 4.2K for our
wafers

material top barrier removed) with top barrier
G 2282 µ[m2/V S] 1.82 -

Rsq[Ω] 400 -
ns[1016m−2] 0.8 -

G 1864 µ[m2/V S] 1.16 8.0
Rsq[Ω] 350 150

ns[1016m−2] 1.4 0.45
G 1763 µ[m2/V S] 0.7 5.7

Rsq[Ω] 600 200
ns[1016m−2] 1.5 0.55
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3.3 sample fabrication and measurement setup

All samples were made by combining optical and e-beam lithography. The Au/Ti
contact finger pattern has been defined by optical lithography.

From technological point of view, the most critical part is the definition of the
conducting InAs channel. The best option is the use of wet chemical etching, as
this is expected to lead to sharp edges that produce specular electron reflection,
therefore preserving the high mobility of the 2DEG and reducing the probability of
surface spin flip scattering.

One of the known problem for InAs based heterostructures is the lack of very
good quality selective etchant for the top AlSb barrier layer [8]. The issue is the
very high underetch rate for standard etchants, therefore limiting their use in the
submicron regime. AlSb selective etching is a very critical technology step and
reproducibility is a serious issue. Although etchants that alleviate this problem
have been demonstrated [9], we chose to remove the top layer prior to all other
processing, in order to improve processability and reproducibility. It is known that
the effect of top layer removal is a strong reduction in the mobility of the electrons
due to increased surface scattering and an increase in the electron density. However,
we still expect that the spin flip length in the 2DEG to remain high.

After the InAs channel was defined by wet etching, the ferromagnetic elec-
trodes were deposited. InAs oxidizes in the atmosphere, and the native InAs is
insulating. A critical step is ensuring a transparent interface between the semi-
conductor and a metal. This was realized by means of low voltage Ar Kaufmann
etching. The procedure is known to induce a large number of defects in the InAs
layer [10], leaving a diffusive 3D region underneath the contacts. The issue of in-
terface characterization will be discussed in more detail in the last chapter of this
thesis.

The measurements described in this thesis have been performed by standard
ac lock-in techniques and most equipment is commercially available: Keithley 220
voltage sources, Stanford Research 830 DSP lock-in amplifier, Prema voltmeters.
The current sources were home built on the specifications of Delft University of
Technology. However, the measurements describes in the last chapter required
much lower base temperature, therefore they were performed in a Kelvinox dilution
fridge, with a base temperature in the order of 100mK. All leads were filtered by
a room temperature RC filters, and at 4.2K by a three series RC filter and a home-
made copper powder filter. The role of the copper powder filter was to filter high
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frequency noise, therefore reducing the electron temperature.



44 References

References

[1] H. Takayanagi, T. Akazaki and J. Nitta, Phys. Rev. Lett. 75, 3533 (1995)
[2] A. Chrestin, T. Matsuyama, U. Merkt, Phys.Rev. B 55, 8457 (1997)
[3] J.P. Heida, B.J. van Wees, J.P Kuipers, A.F. Morpurgo, T.M. Klapwijk and G.

Borghs Phys. Rev. B 57, 11911 (1998)
[4] C.M. Hu, J. Nitta, T. Akazaki, H. Takayanagi, Phys. Rev. B 60, 7736 (1999)
[5] A.G. Aronov and Y.B. Lyanda Geller, Phys. Rev. Lett. 70, 343 (1993)
[6] A. F. Morpurgo, J. P. Heida, T. M. Klapwijk, B.J. van Wees and G. Borghs,

Phys. Rev. Lett. 80, 1050 (1998)
[7] J. Nitta, F.E. Meijer and H. Takayanagi, Appl. Phys. Lett. 75, 695 (1999)
[8] C. Nguyen, Univ. of Santa Barbara, Ph.D. thesis, unpublished.
[9] A. Morpurgo, B.J. van Wees, T.M. Klapwijk and G. Borghs Appl. Phys. Lett.

40, 1435 (1997)
[10] P. C. Magnee et.al, Appl. Phys. Lett. 67,3569 (1995)



Chapter 4

Magnetization reversal processes in Ni
wires

Submicron Ni wires were investigated by means of magnetoresistance (AMR) mea-
surements. The goal is to gain insight into the magnetization reversal processes.
The switching behavior is analyzed as function of the width and of the aspect ra-
tio of the wires. By examining the dependence of the switching field on the angle
between the applied external field and the wire and on the sweeping rate we draw
conclusions about the relevant mechanisms involved. We found out that for an-
gles 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.
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4.1 introduction

The interest in the underlying mechanism of the magnetization reversal processes
have motivated many studies and prompted intense research activities [1-7]. With
the improvement of lithographic techniques, present research is mainly focused
on either single nanoscale ferromagnetic particles [1,2] or mesoscopic wires [3-7].
One of the advantages of this type of submicron structures with well defined shapes,
is that they allow to test the applicability of different magnetization models and the
predictions of micromagnetic calculations. The reported investigations made use
of a large variety of experimental techniques, including SQUID magnetometry [4],
micro Kerr (MOKE) measurements [5], Lorentz force microscopy [11] or magnetic
force microscopy MFM [7]. In this paper we concentrate on electrical transport
measurements. The resistance of a ferromagnetic sample has a cos2 dependence
on the angle between the directions of the magnetization and the of the current
(the anomalous magnetoresistance effect - AMR). Thus careful MR measurements
can yield useful insight not only in transport properties, but also into non-transport
processes like magnetization reversal. As AMR is a band structure effect, at room
temperature the sensitivity is retained as long as the band structure of the metal is
preserved or we do not enter the ballistic regime[8][9]. This high sensitivity allows
one to probe mesoscopic samples, otherwise unavailable to other techniques, like
MOKE measurements.

Adeyeye et al. [6] studied the switching dependence of NiFe wire arrays on the
array spacing, both by AMR and MOKE measurements. Single Ni wires have been
investigated by Wernsdorfer et al. [4] at low temperatures by means of SQUID
magnetometry. They found that the switching shows an activated behavior, with
activation energy well below the expected value. The effect of bar width on sin-
gle nanoscale Ni and Co wires was studied by Jia and Chou [8], who also found
significant Barkhausen noise at room temperature. Our work on single isolated
nanowires has been motivated by their potential use as injector/detector electrodes
in laterally controlled spin valve structures [10]. This type of application requires
good control over the coercive fields. As coercive fields are difficult to determine
by AMR for a parallel configuration, we propose to use the angular dependence
of the switching fields to determine them. Moreover, a thorough knowledge of
the magnetization reversal processes is fundamental, as coherent spin rotation pro-
cesses are preferred to domain structure formation in lateral spin valve structures.
The same angular dependence can be used to test models describing different pos-
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sible magnetization reversal mechanisms.

4.2 magnetization reversal processes in mesoscopic wires

Different models can be considered for describing the magnetization reversal pro-
cesses in mesoscopic wires.

The simplest description is provided by the Stoner and Wohlfarth model (SW)[12].
It assumes a single ferromagnetic domain and coherent magnetization rotation. The
total energy is written as a sum of magnetostatic and shape anisotropy energies

E = HMs cos(θ − θ0) + Ks sin2 θ0 (4.1)

θ0 and θ are the angles between the magnetization direction and the easy axis, and,
respectively, the external field and the easy axis, while Ks is the anisotropy constant
and Ms the saturation magnetization. The angle between the magnetization and the
applied field for a given field can be determined analytically by minimizing the total
energy. The coercive field, as a function of the direction of the applied field reads

Hc = Hc0(cos2/3 θ + sin2/3 θ)−3/2 (4.2)

where Hc0 = 2 ·Ks/Ms is the coercive field in perpendicular (θ = 90◦) direction.
In case of high aspect ratio cylindrical wires, Wernsdorfer et al. [4] suggested

the curling model [14] for describing the reversal processes. The model is valid
for small angles and it assumes that the magnetization direction rotates in a plane
perpendicular to the anisotropy axis of the wire, effectively reducing the longitu-
dinal component of the magnetization. The caveat in our case is that instead of
a cylindrical geometry, we have a rectangular geometry, which unfortunately is
not analytically solvable. Aharoni [13] computed lower and upper bounds for the
switching fields for θ = 0◦ in the rectangular geometry. For high aspect ratios
wires (width/thickness > 4), the switching field is determined only by the width of
the wire. We propose to extend this result for all angles. The switching field as a
function of the direction of the applied magnetic field reads:

Hc =
π

2
Ms

µ0

a(1 + a)√
a2 + (1 + 2a) cos2 θ0

(4.3)

where a = (d/d0)2, d is the wire diameter and d0 is the exchange length (d0 =
2A1/2/Ms, with A the exchange interaction constant). The formula gives the same
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analytical dependence as the one for a cylindrical geometry, the only difference
being the normalization factor in front of (d/d0)2 in order to match for θ = 0◦ the
bounds computed by Aharoni.

Another possible mechanism involves the formation of a domain structure within
the wire. The simplest case is nucleation of a domain wall (DW) at one end of the
sample and its propagation along the wire. This mechanism has been confirmed
experimentally by Lorentz micrography by Otani [11]. To quantitatively describe
this process, we propose a simple model, which we will call, for simplicity, the
DW motion model. First, the magnetization direction within a 180 Bloch DW is
described by

θ(x, a) =
π

eκ(a−x) + 1
(4.4)

where a is the center of the domain wall, and κ is a material constant, proportional
the inverse of the domain wall width, depending on the exchange interaction con-
stant.

We consider that a domain wall enters at one end of the wire when the total
gain in magnetostatic energy (E = − ∫

V M(θ)Hdv) associated with the formation
of the DW exceeds the increase in exchange energy (Eex =

∫
V κs( dθ

dx)2dv, κs

being the exchange constant). The critical field Hc for a DW to enter the wire can
be numerically determined from the above condition. Once a DW is formed, its
propagation to the other end is favorable energetically (it lowers the magnetostatic
energy), as long as there are no strong pinning centers. This sweeping of the DW
through the sample effectively reverses the magnetization of the wire.

4.3 AMR measurements and analysis

Thin ferromagnetic wires (70nm) with widths varying between 150 and 600nm

and 9µm length have been defined by means of high resolution e-beam lithography.
As substrate we used a thermally oxidized Si wafer (100nm SiO2). The pattern
was defined in PMMA, the deposition was made in a e-beam evaporation machine
and lift off in hot acetone. The two ends of each wires were contacted by optically
defined goldpads, giving a two terminal geometry. An overlap of about 0.5µm was
allowed in order to avoid edge effects when the magnetoresistance is measured.
The exact width of the wires after processing was determined by imaging them
under a SEM.
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FIGURE 4.1. Coercive field Hc dependence on wire width.

Room temperature MR measurement were performed with a constant current
passing through the wires. The temperature dependence and also a comparison to
other ferromagnetic materials will be presented elsewhere. The signal was detected
by standard lock-in technique. All magnetoresistance curves have been corrected
for a small hysteresis present in the magnet.

Typical MR curves as a function of the direction of the external field are shown
in fig. 4.2. Also plotted are the theoretical curves predicted by the SW model.

For the perpendicular case the signal is remarkably clean, indicating the lack
of Barkhausen noise. This is probably due the geometry which allows us to avoid
edge effects. It is also an indication that coherent rotation processes are dominant
for high angles. The only question mark is related to the high field regime, where
the resistance continues to decrease on a higher scale than the coercive field.

The very wide dip present in the parallel field configuration (θ = 0◦) suggest
that for small angles a more complicated magnetic structure is formed. A rather
non-trivial observation is that the resistance, and implicitly the magnetization, is
reduced even for positive fields, when the magnetization is expected to retain its
saturation value.

More interesting is the case when the external field is applied under an angle
relative to the easy axis. Here we expect an abrupt switching of the magnetization
direction for a given field. This switch corresponds to a jump in the MR curve.
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FIGURE 4.2. Typical MR curves for our wires for different directions of the applied field.
The thick lines are the experimental curves and the narrow ones the theoretical prediction
of the Stoner Wohlfarth (SW). The coercive field for the SW model was determined by
the best fit for the θ = 90◦ case. For lower angles the switching takes place earlier than
predicted by the SW model.

The position and the amplitude of this jump can be used to infer valuable infor-
mation about the switching mechanisms. For high angles, the behavior can be
described by coherent spin rotation processes. Reducing the angle, an alternative
switching mechanism takes over and allows the magnetization to reverse before
the critical value for spin coherent processes is reached. Before this switching oc-
curs the behavior is consistent with a coherent spin rotation process. Afterwards,
the magnetization follows the backwards curve so again in this region we expect
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only coherent rotation. The amplitude of the dip when switching occurs is also
consequently reduced with the decrease in the angle.

The angular dependence of the coercive field Hc for different wires and the
theoretical prediction of SW, curling and DW motion models are all plotted in fig.
4.3. The switching fields correspond to lower fields than the one corresponding
to a coherent rotation of the magnetization (SW model). For very high angles
(θ ≈ 90◦), the switching seems to correspond to coherent rotation. For lower
angles at first sight we can not distinguish whether the switching corresponds to a
DW movement or a curling mechanism. In order to resolve this aspect, we have
measured MR curves corresponding to different sweeping rates. We have found
that the switching field dependents on the sweep rate. This fact suggest an activated
process, i.e. the magnetization has to overcome an energy barrier in order to switch.
This is consistent with a DW formation, as this can be regarded intrinsically as an
activated process.

The fact that the normalized critical field does not seem to depend on wire
width, makes the angular dependence plot suitable for inferring the switching field
in the parallel configuration, when the dip is generally not present. Fig. 4.3 gives
the scaling of the determined coercive field Hc with the width of the wire in the
perpendicular configuration (θ = 90◦). If we assume coherent rotation processes,
the coercive field depends on the wire width through the shape anisotropy constant
Ks = 1

2NM2
s , N being the demagnetization factor. For high aspect ratios, we

can use an approximately ellipsoidal geometry and the demagnetizing constant is
inversely proportional to the width, N ∝ l

l+w , l and w being the wire length and
width.

In summary, we investigated submicron Ni wires by means of magnetoresis-
tance (MR) measurements. in order to gain insight into the magnetization reversal
processes. By carefully examining the dependence of the switching field on the an-
gle of the applied external field and the sweeping rate we concluded 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 nucle-
ation and motion. The angular dependence can also be used to infer the switching
fields for a parallel geometry.
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FIGURE 4.3. Coercive field Hc angular dependence for different wires and the theore-
tical prediction of SW, curling and DW motion models. For lower angle the SW theory
breaks down and the switching seems to be controlled by either DW or curling mecha-
nisms. The normalized coercive field does not seem to depend on wire width.
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Chapter 5

Conductance mismatch: a basic obstacle
for spin injection in semiconductors

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, for a typical device
geometry 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.

(Published as: G. Schmidt, D. Ferrand, L. Molenkamp, A.T. Filip, B. J. van
Wees, Phys. Rev. B Rap. Comm. 62, R4790 (2000))
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5.1 introduction

Spin-polarized electron injection into semiconductors has been a field of growing
interest during the last years [1–4]. The injection and detection of a spin-polarized
current in a semiconducting material could combine magnetic storage of informa-
tion with electronic readout in a single semiconductor device, yielding many ob-
vious advantages. However, up to now experiments for spin-injection from fer-
romagnetic metals into semiconductors have only shown effects of less than 1%
[5,6], which sometimes are difficult to separate from stray-field-induced Hall- or
magnetoresistance-effects[2]. In contrast, spin-injection from magnetic semicon-
ductors has already been demonstrated successfully[7,8] using an optical detection
method.

Typically, the experiments on spin-injection from a ferromagnetic contact are
performed using a device with a simple injector-detector geometry, where a ferro-
magnetic metal contact is used to inject spin polarized carriers into a two dimen-
sional electron gas (2DEG)[5]. A spin-polarization of the current is expected from
the different conductivities resulting from the different densities of states) for spin-
up and spin-down electrons in the ferromagnet. For the full device, this should
result in a conductance which depends on the relative magnetization of the two
contacts[1].

A simple linear-response model for transport across a ferromagnetic/normal
metal interface, which nonetheless incorporates the detailed behaviour of the elec-
trochemical potentials for both spin directions was first introduced by van Son et
al.[9]. Based on a more detailed (Boltzmann) approach, the model was developed
further by Valet and Fert for all metal multilayers and GMR[10]. Furthermore, it
was applied by Jedema et al. to superconductor-ferromagnet junctions[11]. For
the interface between a ferromagnetic and a normal metal, van Son et al. obtain
a splitting of the electrochemical potentials for spinup and spindown electrons in
the region of the interface. The model was applied only to a single contact and its
boundary resistance[9]. We now apply a similar model to a system in which the
material properties differ considerably.

5.2 modelling spin injection in a semiconductor

Our theory is based on the assumption that spin-scattering occurs on a much slower
timescale than other electron scattering events[12]. Under this assumption, two
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electrochemical potentials µ↑ and µ↓, which need not be equal, can be defined for
both spin directions at any point in the device[9]. If the current flow is one dimen-
sional in the x-direction, the electrochemical potentials are connected to the current
via the conductivity σ, the diffusion constant D, and the spin-flip time constant τsf

by Ohm’s law and the diffusion equation, as follows:

∂µ↑,↓
∂x

= −e j↑,↓
σ↑,↓

(5.1)

µ↑ − µ↓
τsf

=
D ∂2(µ↑ − µ↓)

∂x2
(5.2)

where D is a weighted average of the different diffusion constants for both spin
directions[9]. Without loss of generality, we assume a perfect interface without
spin scattering or interface resistance, in a way that the electrochemical potentials
µ↑↓ and the current densities j↑↓ are continuous.

Starting from these equations, straightforward algebra leads to a splitting of
the electrochemical potentials at the boundary of the two materials, which is pro-
portional to the total current density at the interface. The difference (µ↑ − µ↓)
between the electrochemical potentials decays exponentially inside the materials,
approaching zero difference at ±∞.

(µ↑(±∞) = µ↓(±∞)) (5.3)

A typical lengthscale for the decay of (µ↑ − µ↓) is the spin-flip length λ =√
Dτsf of the material. In a semiconductor, the spin-flip length λsc can exceed

its ferromagnetic counterpart λfm by several orders of magnitude. In the limit of
infinite λsc, this leads to a splitting of the electrochemical potentials at the interface
which stays constant throughout the semiconductor. If the semiconductor extends
to ∞, Eqs. 5.1 in combination with Eq. 5.3 imply a linear and parallel slope
of the electrochemical potentials for spin-up and spin-down in the semiconductor,
forbidding injection of a spin-polarized current if the conductivities for both spin
channels in the 2DEG are equal. At the same time, we see that the ferromagnetic
contact influences the electron system of the semiconductor over a lengthscale of
the order of the spin-flip length in the semiconductor. A second ferromagnetic
contact applied at a distance smaller than the spin-flip length may thus lead to a
considerably different behavior depending on its spin-polarization.

In the following, we will apply the theory to a one dimensional system in which
a ferromagnet (index i = 1) extending from x = −∞ to x = 0 is in contact with
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a semiconductor (index i = 2, 0 < x < x0), which again is in contact to a second
ferromagnet (index i = 3, x0 ≤ x ≤ ∞). This system corresponds to a network of
resistors R1↑,↓, RSC↑,↓, and R3↑,↓, representing the two independent spin channels
in the three different regions as sketched in Fig. (1a).

The (x dependent) spin-polarization of the current density at position x is defined
as

αi(x) ≡ ji↑(x) − ji↓(x)
ji↑(x) + ji↓(x)

(5.4)

where we set the bulk spin polarization in the ferromagnets far from the inter-
face α1,3(±∞) ≡ β1,3. The conductivities for the spin-up and spin-down chan-
nels in the ferromagnets can now be written as σ1,3↑ = σ1,3(1 + β1,3)/2 and
σ1,3↓ = σ1,3(1 − β1,3)/2. We assume that the physical properties of both fer-
romagnets are equal, but allow their magnetization to be either parallel (β1 = β3

and R1↑,↓ = R3↑,↓) or antiparallel (β1 = −β3 and R1↑,↓ = R3↓,↑). In the linear-
response regime, the difference in conductivity for the spin-up and the spin-down
channel in the ferromagnets can easily be deduced from the Einstein relation with
Di↑ �= Di↓ [11] and ρi↑(EF ) �= ρi↑(EF ), where ρ(EF ) is the density of states at
the Fermi energy, and D the diffusion constant.

To separate the spin-polarization effects from the normal current flow, we now
write the electrochemical potentials in the ferromagnets for both spin directions as
µ↑,↓ = µ0 + µ∗

↑,↓, (i = 1, 3), µ0 being the electrochemical potential without spin
effects. For each part i of the device, Eqs. (5.1) apply separately.

As solutions for the diffusion equation, we make the Ansatz

µi↑,↓ = µ0
i + µ∗

i↑,↓ = µ0
i + ci↑,↓ exp±((x − xi)/λfm) (5.5)

for i = 1, 3 with x1 = 0, x3 = x0, and the + (-) sign referring to index 1 (3),
respectively.
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FIGURE 5.1. (a) Simplified resistor model for a device consisting of a semiconductor
(SC) with two ferromagnetic contacts (FM) 1 and 3. The two independent spin channels are
represented by the resistors R1↑,↓, RSC↑,↓, and R3↑,↓. (b) and (c) show the electrochemical
potentials in the three different regions for parallel (b) and antiparallel (c) magnetization
of the ferromagnets. The solid lines show the potentials for spin-up and spin-down elec-
trons, the dotted line for µ0 (undisturbed case). For parallel magnetization (b), the slopes
of the electrochemical potentials in the semiconductor are different for both spin orienta-
tions. They cross in the middle between the contacts. Because the conductivity of both
spin channels is equal, this results in a (small) spin-polarization of the current in the semi-
conductor. In the antiparallel case (c), the slopes of the electrochemical potentials in the
semiconductor are equal for both spin orientations, resulting in unpolarized current flow.
(Note that the slope of µ in the metals is exaggerated).
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From the boundary conditions µ1↑(−∞) = µ1↓(−∞) and µ3↑(∞) = µ3↓(∞),
we have that the slope of µ0 is identical for both spin directions, and also equal in
region 1 and 3 if the conductivity σ is identical in both regions, as assumed above.
In addition, these boundary conditions imply that the exponential part of µ must
behave as c exp (x/λfm) in region 1 and as c exp (−(x − x0)/λfm) in region 3.

In the semiconductor we set τsf = ∞, based on the assumption that the spin-
flip length λsc is several orders of magnitude longer than in the ferromagnet and
much larger than the spacing between the two contacts. This is correct for several
material systems, as semiconductor spin-flip lengths up to 100µm have already
been demonstrated [13]. In this limit, we thus can write the electrochemical poten-
tials for spin-up and spin-down in the semiconductor as

µ2↑,↓(x) = µ1↑,↓(0) + γ↑,↓ x, γ↑,↓ = constant (5.6)

While the conductivities of both spin-channels in the ferromagnet are different,
they have to be equal in the two dimensional electron gas. This is because in the
2DEG, the density of states at the Fermi level is constant, and in the diffusive
regime the conductivity is proportional to the density of states at the Fermi-energy.
Each spin channel will thus exhibit half the total conductivity of the semiconductor
(σ2↑,↓ = σsc/2).

If we combine equation 5.5 and 5.5 and solve in region 1 at the boundary x = 0
and in region 3 at x = x0 we are in a position to sketch the band bending in the
overall device. From symmetry considerations and the fact that j2↑ and j2↓ remain
constant through the semiconductor (no spin-flip) we have

µ1↑(0) − µ1↓(0) = ±(µ3↓(x0) − µ3↑(x0)) (5.7)

where the +(-) sign refers to parallel (antiparallel) magnetization, respectively.
This yields c1↑ = −c3↑ and c1↓ = −c3↓ in the expression for µ↑↓ in Eq. 5.5 for the
parallel case, which is shown schematically in Fig. (1b). The antisymmetric split-
ting of the electrochemical potentials at the interfaces leads to a different slope and
a crossing of the electrochemical potentials at x = x0/2. We thus obtain a different
voltage drop for the two spin directions over the semiconductor, which leads to a
spin polarization of the current. In the antiparallel case where the minority spins
on the left couple to the majority spins on the right the solution is c1↑ = −c3↓ and
c1↓ = −c3↑ with j↑ = j↓. A schematic drawing is shown in Fig. (1c). The splitting
is symmetric and the current is unpolarized.
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5.3 conductance mismatch

The physics of this result may readily be understood from the resistor model (Fig.
1a). For parallel (antiparallel) magnetization we have R1↑ + R3↑ �= R1↓ + R3↓
(R1↑ + R3↑ = R1↓ + R3↓), respectively. Since the voltage across the complete
device is identical for both spin channels, this results either in a different (parallel)
or an identical (antiparallel) voltage drop over RSC↑ and RSC↓.

For parallel magnetization (β1 = β3 = β) the finite spin-polarization of the
current density in the semiconductor can be calculated explicitly by using the con-
tinuity of ji↑,↓ at the interfaces under the boundary condition of charge conservation
for (ji↑ + ji↓) and may be expressed as:

α2 = β
λfm

σfm

σsc

x0

2

(2λfmσsc

x0σfm
+ 1) − β2

(5.8)

where α2 is evaluated at x = 0 and constant throughout the semiconductor,
because above we have set τsf = ∞ in the semiconductor.

For a typical ferromagnet, α2 is dominated by (λfm/σfm)/(x0/σsc) where
x0/σsc and λfm/σfm are the resistance of the semiconductor and the relevant part
of the resistance of the ferromagnet, respectively. The maximum obtainable value
for α2 is β.

However, this maximum can only be obtained in certain limiting cases, i.e.,
x0 → 0, σsc/σfm → ∞, or λfm → ∞, which are far away from a real-life situa-
tion. If, e.g., we insert some typical values for a spin injection device (β = 60%,
x0 = 1µm, λfm = 10 nm, and σfm = 104σsc), we obtain α ≈ 0.002%. The
dependence of α2 on the various parameters is shown graphically in Figs. (2a) and
(2b) where α2 is plotted over x0 and λfm, respectively, for three different values
of β. Apparently, even for β > 80%, λfm must be larger than 100 nm or x0 well
below 10 nm in order to obtain significant (i.e. > 1%) current polarization. The de-
pendence of α2 on β is shown in Fig. (3a) for three different ratios σfm/σsc. Even
for a ratio of 10, α2 is smaller than 1% for β < 98%, where the other parameters
correspond to a realistic device.

By calculating the electrochemical potential throughout the device we may also
obtain Rpar and Ranti which we define as the total resistance in the parallel or an-
tiparallel configuration, respectively. The resistance is calculated for a device with
ferromagnetic contacts of the thickness λfm, because only this is the lengthscale
on which spin dependent resistance changes will occur. In a typical experimental
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setup, the difference in resistance ∆R = (Ranti − Rpar) between the antiparallel
and the parallel configuration will be measured. To estimate the magnitude of the
magnetoresistance effect, we calculate ∆R/Rpar and we readily find

∆R

Rpar
=

β2

1 − β2

λ2
fm

σ2
fm

σ2
sc

x2
0

4

(2λfmσsc

x0σfm
+ 1)2 − β2

(5.9)
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FIGURE 5.2. Dependence of α2 on λfm (a) and x0 (b), respectively for σfm = 100 σsc

and three different values of β. In fig. (a), x0 is 1µm. Note that α2 is only in the range of
% for β ≈ 100% or λfm in the µm-range. In fig. (b) we have λfm = 10 nm and again,
we see that for a contact spacing of more than 10 nm, α2 will be below 1% if a standard
ferromagnetic metal (β < 80%) is used.
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Now, for metallic ferromagnets, ∆R/Rpar is dominated by (λfm/σfm)2/(x0/σsc)2

and is approx. α2
2. In the limit of x0 → 0, σsc/σfm → ∞, or λfm → ∞, we again

obtain a maximum which is now given by

∆R

Rpar
=

β2

(β − 1)(β + 1)
(5.10)

Fig (3b) shows the dependence of α2 and ∆R/Rpar on β, for a realistic set of
parameters. Obviously, the change in resistance will be difficult to detect in a
standard experimental setup.

We have thus shown, that, in the diffusive transport regime, for typical ferro-
magnets only a current with small spin-polarization can be injected into a semicon-
ductor 2DEG with long spin-flip length even if the conductivities of semiconductor
and ferromagnet are equal (Fig (3a)). This situation is dramatically exacerbated
when ferromagnetic metals are used; in this case the spin-polarization in the semi-
conductor is negligible.

Evidently, for efficient spin-injection one needs a contact where the spin polar-
ization is almost 100%. One example of such a contact has already been demon-
strated: the giant Zeeman-splitting in a semimagnetic semiconductor can be uti-
lized to force all current-carrying electrons to align their spin to the lower Zeeman
level[7]. Other promising routes are ferromagnetic semiconductors[8] or the so
called Heusler compounds[14] or other half-metallic ferromagnets[15,16]. Exper-
iments in the ballistic transport regime[17] (where σsc has to be replaced by the
Sharvin contact resistance) may circumvent part of the problem outlined above.
However, a splitting of the electrochemical potentials in the ferromagnets, neces-
sary to obtain spin-injection, will again only be possible if the resistance of the
ferromagnet is of comparable magnitude to the contact resistance.
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FIGURE 5.3. Dependence of α2 and ∆R/R on β. In (a) α2 is plotted over β for different
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is plotted versus β with σfm/σsc = 100, with the corresponding values for ∆R/R on a
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to detect in the experiment.
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Chapter 6

Experimental search for spin injection in
a 2DEG

The electrical injection of spin polarized electrons in a semiconductor can be achieved
in principle by driving a current from a ferromagnetic metal, where current is
known to be significantly spin polarized, into the semiconductor via ohmic con-
duction. For detection a second ferromagnet can be used as drain. We studied
submicron lateral spin valve junctions, based on high mobility InAs/AlSb two-
dimensional electron gas (2DEG), with Ni, Co and Permalloy as ferromagnetic
electrodes. In the standard geometry it is very difficult to separate true spin injec-
tion from other effects, including local Hall effect, anomalous 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 multiterminal non-local ge-
ometry allowed us to reduce the unwanted effects to a minimum. Despite all our
efforts, we have not been able to observe spin injection. However, we find that this
’negative’ result in these systems is actually consistent with theoretical predictions
for spin transport in diffusive systems.

(published as A. Filip, B.H. Hoving, F.J. Jedema, B. J. van Wees and G. Borghs,
Phys. Rev. B 62, 9996 (2000))
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6.1 introduction

The idea to use the spin of the electron in electronic devices has gained a lot of
momentum lately, leading to the appearance of the field of ’spintronics’ [1]. It is
envisioned that spin sensitive electronics would open new perspectives to semicon-
ductor device technology. The potential to inject and control the electronic spin in
a semiconducting material is also of great interest for the field of quantum compu-
tation [2]. The first active device was suggested a decade ago by Datta and Das [3],
who proposed an electronic device analogous to the electro-optic modulator. The
essential requirements for such a device is the efficiency of injection of the spin
polarized carriers into the semiconductor and the long spin relaxation time. The
latter requirement was shown to be met in time resolved optical experiments at low
temperatures, where lifetimes as long as 1µs for spin in GaAs were observed [4].
Regarding the issue of spin injection, different approaches were taken. Optical in-
jection and detection of spin polarized carriers in semiconductors have been shown
in a experiment by J. Kikkawa and D.D. Awschalom [5]. Spin injection from a
ferromagnetic STM tip into GaAs has also been demonstrated [6]. The electrical
injection from a fully polarized magnetic semiconductor, used as spin aligner, into
a semiconductor and optical detection was also shown [7].

From a device point of view, a major breakthrough would be to have all elec-
tronic device, preferably operating at room temperature. Therefore large efforts
have been dedicated to observe the spin valve effect, with semiconductors as the
’intermediate’ layer [8]. Recently Hammar et al. [9] have claimed the observation
of electrical spin injection in a 2DEG, by making use of the Rashba spin orbit inter-
action in the semiconductor heterostructure as the detection mechanism. However,
this work has been commented upon and it was suggested that in such a system the
detection is not possible within linear transport [10], and the observed behavior is
probably related to a local Hall effect [11]. Gardelis et al. [12] claim to have ob-
served spin valve effects in a semiconductor field effect transistor with Py source
and drain. A finite spin polarization of the semiconductor itself was required in
order to interpret the experimental observations as spin valve effect. Another inter-
esting approach has been taken by Meier et al. [13], who tried to observe spin in-
jection by modulating the spin orbit interaction via an external gate. Hu et al. [14],
by measuring in a multi-injector HEMT geometry with ferromagnetic electrodes,
observed a gate and electrode spacing difference in the magnetoresistive behavior,
which they attributed to spin injection. However, the fact that the standard lat-
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eral spin valve geometry leads to important local Hall phenomena has already been
pointed out [15]. 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.

In our experiments, we considered the multi-terminal lateral spin valve geom-
etry, as depicted in fig. 1b. Two types of measurements are possible. In the first
one, called the ’classic’ spin valve geometry, the current is injected and taken out
from the ferromagnetic electrodes. The voltage is measured between the same
electrodes, giving a standard four terminal measurement of the junction. A second
geometry, which we refer to as the non-local geometry, corresponds to injecting
current from the semiconducting channel into the first ferromagnetic electrode and
measure the voltage between the second ferromagnetic electrode and the semicon-
ducting channel (see fig. 1). Due to current polarization in the injecting ferro-
magnet, at the interface a spin accumulation will form, which will extend over a
characteristic spatial length-scale given by the spin flip length. If a second ferro-
magnet is present in the vicinity of this interface, it can be used as a spin sensitive
voltage probe to detect this spin accumulation. This is similar to the Johnson’s po-
tentiometric method [16], used for detecting spin accumulation in Au. However,
the essential advantage of a true lateral geometry resides in the fact that no electrical
current is flowing between the injector and the detector electrodes. Therefore this
geometry allows to suppress any ’spin independent’ magnetoresistive contribution,
i.e. the weak localization/anti-localization change in conductivity of the semicon-
ductor, and a possible magnetoresistance contribution of the interface resistance.

6.2 experimental details

The experiments were performed on devices made from high mobility InAs/AlSb
heterostructures, MBE grown on an GaAs substrate. Fig.1a shows a SEM im-
age of the FM/2DEG/FM junctions. Prior to processing, the top barrier layer
was removed by wet chemical etching with Microposit MF321 photoresist devel-
oper. The exposed 15nm thick InAs layer hosts a 2DEG with an electron density
ns = 1.5 · 1016m−2 and a mobility of µ = 1.5V/m2s. In the first step 40nm
thick Ti/Au metallization contacts were deposited by means of optical lithography
and e-beam evaporation. An approx. 1µm wide 2DEG channel was defined by
optical lithography and selective wet chemical etching, with a succinic acid based
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solution. The use of wet etching techniques kept the mesa at the smallest height
possible, only 15nm. Consequently, this allowed to reduce the spurious contribu-
tion due to local Hall effects at the mesa edges to a minimum. In the last step the
ferromagnetic electrodes were defined by means of electron beam lithography. In
order to ensure different coercive fields the two electrodes had different widths,
150 and 300nm in case of Py and Co samples, and 150 and 450nm for the Ni
samples. On all samples the electrode lengths were 8 and respectively 12µm, the
spacing was 300nm, and the thickness of the ferromagnetic layer was 60nm. Co
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FIGURE 6.1. a) SEM micrograph of a sample. The 1µm wide 2DEG channel is hori-
zontal, and two ferromagnetic electrodes are vertical. b) Sketch of the two measurement
configurations. The indices ’SV’ and ’NL’ refer to the classic spin-valve and, respectively,
to the non-local geometry. In the latter there is no current flow between injector and detec-
tor.
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and Py were deposited by sputtering, and Ni by e-beam evaporation. Prior to depo-
sition, the InAs surface was cleaned by means of a low voltage Ar plasma etching.
This was done in order to remove the native InAs oxide and to ensure good ohmic
contact between the semiconductor and the ferromagnet. The cleaning procedure
is known to affect the InAs layer by enhancing the electron density and reducing
mobility. A a consequence, a diffusive three dimensional InAs region is formed
underneath the ferromagnetic contacts. The square resistances were in the order
of 2 − 4Ω for the ferromagnets and 300Ω for the 2DEG channel. The measured
interface resistance were around 350Ω and 750Ω for the wide and, respectively,
the narrow electrode. Based on 2DEG material parameters, by evaluating the num-
ber of modes in our channel, we calculated an average ferromagnet/InAs interface
transmission in the order of 30%. For comparison, samples where the native InAs
surface was left intact were also made. In this case the contact resistance varied
between 10 and 100KΩ.

Measurements were performed by standard ac-lock-in techniques, both at room
temperature and at 4.2K. The switching behavior of the electrodes was character-
ized by four terminal anomalous magnetoresistance (AMR) measurements of the
ferromagnetic electrodes. In most devices, in contrast to the room temperature be-
havior, where a clear difference in the coercive fields of the two electrodes could be
established, the exact coercive fields at helium temperature could not be inferred.
At 4.2K the AMR curves in parallel magnetic field showed only a smooth behav-
ior,the switching events being not visible. However, in some of the devices clear
switching of the magnetization direction of each electrode could be observed. Fig
2 shows one representative plot of a Py/2DEG/Py device where the presence of
different coercive field for the two electrodes could be established. No resistance
modulation is observed when the two ferromagnets switch from a parallel to an
anti-parallel configuration. We carefully characterized over 20 devices with differ-
ent ferromagnetic materials, out of which at least three showed switching events
in the 4.2K AMR curves, but no signal which could be attributed to spin injection
was observed.

6.3 spin injection in a semiconductor: a critical analysis

The outstanding question is to which extent can we understand these results. As-
suming weak spin scattering, the transport can be described in terms of two in-
dependent spin channels. This corresponds to an approach based on the standard
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Fert-Valet model for describing spin transport [17]. The theoretical implications
for a two terminal geometry without spin flip processes in the semiconductor have
already been worked out by Schmidt et al. [18]. Here we extend the analysis to the
multiterminal geometry sketched in fig. 1, and we also allow for a finite spin flip
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FIGURE 6.2. Spin valve measurements for a Py/2DEG/Py device. Top two curves give
the AMR traces for the two ferromagnetic electrodes, showing different coercive fields in
one sweep direction.No spin signal is observed in any of the geometries. The dashed lines
correspond to a sweep of the magnetic field towards positive fields.
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length in the semiconductor. The ferromagnets and the semiconductor are treated
as diffusive 1D channels. Therefore the transport properties of each channel are
fully determined by the bulk conductivities (σF and, respectively, σN ), the spin
flip lengths (λF and λN ), and, for the ferromagnet, the bulk spin polarization of the
current ( αF = σ↑−σ↓

σ↑+σ↓ ). If a current is driven through such a non-homogeneous sys-
tem, the electrochemical potential for spin up and spin down electrons (µ↑ and µ↓)
can be non-equal. This difference, due to different conductivities in the two spin
channels, will decay differently in a ferromagnet than in a normal region, leading
to a measurable voltage.

The spin transport, within the relaxation time approximation, is described by
the diffusion equation

D
∂2(µ↑ − µ↓)

∂2x
=

(µ↑ − µ↓)
τsf

(6.1)

where, τsf is the spin-flip scattering time, and D is the spin averaged diffusion
constant (D = (N↑ + N↓)(N↑/D↑+N↓/D↓)−1, with N(EF ) the density of states
at the Fermi level). The currents are related to electrochemical potentials via Ohm’s
law

j↑,↓ = −(
σ↑,↓
e

)
∂µ↑,↓
∂x

(6.2)

The charge and spin conservation at each interface has also to be taken into
consideration. We assume transparent interfaces, thus we also require the equality
of the chemical potential on both sides of the interface.

By adding the appropriate boundary conditions at infinity, so that far away
from the interface one recovers the bulk transport properties, the previous system
of equations can be solved analytically for the two geometries depicted in fig. 1a.

The resistance change between the parallel and the anti-parallel configuration
of the magnetizations of the two electrodes in the ’classic’ spin valve geometry is
given by

∆RSV = 2Rsq
λN

w

αF
2

(M2 + 1)sinh(L/λN ) + 2Mcosh(L/λN )
(6.3)

with
M = 1 + σF

σN

λN
λF

(1 − αF
2)

Rsq is the square resistance of the semiconductor, L is the spacing between the
two ferromagnets, and w is the width of the channel. In the non-local configuration
the signal is reduced by a factor of two ∆RNL = 1

2∆RSV
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In the limit λN− > +∞ one recovers a result similar to the one predicted by
Schmidt et al. for the standard geometry [18]

∆RNL ≈ Rsq
λF

2

w · L(
σF

σN
)2

αF
2

1 − αF
2

(6.4)

The relevant range of parameters for ferromagnet/2DEG/ferromagnet junctions
is σF >> σN and λN >> λF , meaning that, for a spin polarization of the ferro-
magnet smaller than 100%, the conductivity mismatch correction factor M is large,
M >> 1 . Then the expected signal can be expressed as

∆RNL = Rsq
λN

w

1
sinh(L/λN )

(αF /M)2 (6.5)

i.e. the injection efficiency is reduced from αF to αF /M . This shows spin valve
signal is reduced due to the conductivity mismatch between the semiconductor and
the ferromagnet. Moreover, the spin injection efficiency is very sensitive to the spin
flip length in the ferromagnetic material. If this length is small, the expected spin
signal is also reduced.

Based on GMR experiments [19], a spin flip length between 8 and 40nm and
a bulk current spin polarization around 35% is expected for Py. Assuming for the
2DEG a spin flip-length an order of magnitude of 1µm, we obtain the reduction
in spin injection efficiency, M = 90. This corresponds to an absolute signal of
0.2mΩ, or in the order of magnitude of 10−6 of the square resistance. The best
signal resolution we could obtained was only 5mΩ, so the expected spin signal
was well below the sensitivity threshold.

The direct conclusion to be extracted from the modeling, also pointed out by
Schmidt et al. [18], is that the conductivity mismatch blocks spin injection. This
result is stemming from the fact that the lowest conductance in the problem, the
conductance of the semiconductor, is spin independent. One possible solution is
to make use of magnetic semiconductors, with low conductivity or very high spin
polarization, as in the experiments of Fiederling et al. and Ohno et al. [7]. A
second choice would be to use tunnel barriers as the injecting mechanism, where
the spin polarization of the tunneling current depends directly on the products of
the densities of states in the two materials.

One more aspect should also be considered: what is the actual reliability of the
model. Recently we were able to observe spin valve effects in a similar geometry
with Cu replacing the semiconductor as the normal channel [20]. Using the values
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obtained in GMR experiments for the spin flip lengths and spin polarization in the
ferromagnet [19], the order of magnitude of the observed effect was in quantitative
agreement to the theoretical predictions. Obviously, the main difference in the all
metal devices was the absence of conductivity mismatch between the two materials.
A potential limitation in the semiconductor case is the fact that the 2DEG channel is
quasi-ballistic. Nevertheless, the presence of the diffusive regions underneath the
ferromagnetic contacts should allow us to use a diffusive model to describe spin
injection. Moreover, the conductivity mismatch arguments should also be valid
for a purely ballistic channel. In that case, the expected signal should be given by
an analogous of eq. 6.5, with the diffusive 1D conductivity of the semiconductor
being replaced by the inverse of the Sharvin resistance, due to presence of only
a few model in the 2DEG channel. Thus the conductivity mismatch arguments
should be valid in any device with where the intermediate region has the lowest
conductivity, for example in the case of carbon nanotubes [21].

In conclusion, submicron lateral spin valve structures in high mobility InAs/AlSb
heterostructures have been fabricated, with Ni Co and Py as ferromagnetic elec-
trodes. Despite all efforts to improve signal resolution and eliminate spurious ef-
fects, no spin injection was observed. By no means this ’negative’ outcome of
our experiments can be considered as a proof that spin injection in a semiconduc-
tor is not possible with usual metallic ferromagnets. However, the agreement with
theoretical predictions casts some doubt on the feasibility of straightforward spin
injection from a metallic ferromagnet into a semiconductor.
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Chapter 7

Spin transport in the presence of the
Rashba interaction

In this chapter the impact of the presence of the Rashba spin-orbit interaction on
spin transport properties will be discussed. It has been recently suggested [1] and
claimed to be measured experimentally by Hammar et al. [2] that the spin splitting
due to Rashba interaction can be used as a detection mechanism of spin injec-
tion. However, we will show that within the linear transport the Rashba interac-
tion does not provide any spin detection mechanism. Assuming that the predicted
rectification could be present, the issue of separating any experimental evidence of
this effect from the local Hall effect based on symmetry considerations will also be
discussed.
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78 Chapter 7 Spin transport in the presence of the Rashba interaction

7.1 Rashba interaction and spin subband conductivities

In a recent article [2], P.R. Hammar and M. Johnson claim the detection of a spin
accumulation in a two dimensional electron gas (2DEG) by using a novel approach.
The physics of the detection mechanism is presented within the framework of a
diffusive band transport model described in the same paper [3]. The interesting idea
put forward by Hammar and Johnson is that the spin splitting present in a 2DEG
due to the Rashba spin orbit interaction leads in the presence of an applied voltage
to a splitting in the chemical potential which can be detected by a ferromagnetic
probe. However, in this work we show that their model is based on flawed initial
assumptions and within linear transport the Rashba spin orbit splitting does not
provide any mechanism to detect a spin accumulation. Therefore the measured
signal in the experiment of Hammar and Johnson is unrelated to spin transport.

Due to the Rashba spin-orbit interaction, in a 2DEG where an interfacial elec-
tric field arising from an asymmetric confining potential is present, a momentum
dependent splitting between the two spin directions appears. Assuming the simple
1D case, this splitting is linear in k, and leads to non-equal total densities of states
for each spin direction for positive and negative k vectors. The energy dispersion
relation for motion in the x direction is given by

εk =
h̄2k2

x

2m
± αkx (7.1)

The argument of Hammar et al. is that the presence of an electric field leads
to a shift of the Fermi surface with δk, and due to different densities in the two
spin subbbands, the shift of the Fermi energies will be non-equal, leading to finite
difference between the chemical potentials of the two spin channels. However one
should realize that the relevant quantity for charge transport is the group velocity,

vk =
1
h̄
∇kεk (7.2)

(where ∇k denotes the k-space gradient) and not the phase velocity h̄k/m∗ [4].
Assuming standard band transport and within the usual relaxation time approxima-
tion, the application of an electric field leads to a drift velocity for electrons [5]. In
the general case the drift velocity can be computed as

δvk · ∇kεk = eτ(vk · E) (7.3)
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where e is the electron charge, and τ the electron scattering time. Only in the simple
case of non-shifted parabolic bands the effect of the applied £eld can be understood
in terms of a shift in k-vector δk.

One can see by substituting in the dispersion relation in the presence of the
Rashba interaction (7.1) that the Fermi-level group velocities for the two spin di-
rections are equal vkF ,↑ = vkF ,↓ =

√
2εF /m∗. The total densities of states in the

two spin subbands for positive and respectively negative group velocities are also
equal. Actually the latter is a very general requirement, and is due to particle con-
servation: in equilibrium the total left and right going particle current in each spin
subband must be equal. As a consequence, the shifts of the Fermi surfaces when an
electric field is applied will be equal, thus no imbalance in the chemical potentials
of the two spin channels will be induced by the application of an electric field.

k

EF

2η
mα−

2η
mα

FIGURE 7.1. a) the dispersion for an 1D channel in the presence of the Rashba inter-
action. The shift of the two spin bands is exaggerated for visibility. The hashed region
corresponds to electrons with positive k vector but with negative group velocity, therefore
transporting charge in the opposite direction.

In a different formulation [3], it was implied that the presence of the Rashba
interaction and the corresponding shifts in energy for the two spin directions give
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a direction and spin dependent conductance g+,↑ = g−,↓ �= g+,↓. However, within
linear response, the general definition for conductivity in the x direction for an
arbitrary Fermi surface reads [5]

σxx =
e2τ

4π3h̄

∫
dSF

(vk)2x
|vk| (7.4)

where the integration is performed over the Fermi surface and (vk)x is the x com-
ponent of the group velocity. This shows again that the only relevant quantity for
transport is the group velocity and not the wave vector. The presence of a linear
shift in the dispersion relation due to the Rashba term modi£es neither the group
velocities nor the conductivities of the two spin subbands. Therefore no detection
of spin injection is possible.

In conclusion, we have shown that the shift in the Fermi surfaces induced by
the Rashba spin orbit interaction does not produce within linear response regime
any splitting in the chemical potentials. Therefore the experimental observations of
Hammar and Johnson are unrelated to the spin valve effect.

7.2 diffusion equation and spin injection

Another approach to look at the validity of the claims of Hammar et al. [2] would
be to use a ”reductio ad absurdum” argument. Let us assume for the moment that
indeed there exist a finite difference in the chemical potentials of the two spin
bands. In equilibrium, the spin transport is governed by the diffusion equation [6]:

D
∂2(µ↑ − µ↓)

∂x2
=

µ↑ − µ↓
τsf

(7.5)

with D the averaged diffusion constant and τsf the spin flip time. The predicted
difference in chemical potentials [1] is space independent so the left side of the
equation is zero. In the presence of spin flip scattering, independent of how large
the spin life time τsf is, the only space independent solution allowed is the trivial
solution µ↑ − µ↓ = 0. This result is inconsistent with the prediction of Hammar
and Johnson. Even if one considers the ideal case when no spin flip scattering
is present, then the two spin populations are completely non-interacting, therefore
the spin densities must be conserved independent of each other. As a direct con-
sequence, the local chemical potentials, as they are a measure of the local spin
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densities, must remain constant when a voltage is applied, thus no spitting in the
chemical potentials is possible.

One final note: a more detailed quantum mechanical description on how the
Rashba interaction can be treated can be found in a recent paper by Molenkamp
et al. [10]. They also point out that the Rashba interaction is very different from
a Zeeman type splitting as it does not break time reversal symmetry, therefore it
cannot produce a splitting in the chemical potentials. However, the spin orbit inter-
action in a region where spin current are present might induce a Hall voltage, but
not produce a spin valve effect [11]

7.3 Hall effect and symmetry considerations

The natural question is whether one can understand the experimental results of
Hammar and Johnson. As in their experiment transport through takes place through
a semiconductor-metal interface, acting as a barrier, it cannot be excluded that some
sort of rectification is possible, leading to V (I) �= −V (−I). This effect, if present,
obviously does not depend on the direction of the magnetization M, since the elec-
tron spin is not relevant for rectification in metal-semiconductor junctions. On
the other side, the presence of the ferromagnetic wire might lead to stray fields
and, consequently to stay-fields induced local Hall effect. This local Hall contri-
bution will be magnetizatioon dependent. The presented data do not exclude that
the observed effects are due to a combination of a (magnetization-independent)
rectification at the metal-semiconductor interface, combined with a magnetoresis-
tive (local Hall) effect due to the presence of stray fields [7].

It is, however, possible to distinguish between this explanation and that of Ham-
mar and Johnson. To support their case they should show that the rectification be-
havior observed in the V characteristics changes sign, when the magnetization M
is reversed. In other words, for a fixed configuration of current and voltage leads,
they should show explicitly that the relation V (I)M = −V (−I)−M is obeyed, for
the full current range. In particular, this implies that when M switches direction
when the coercive field is exceeded, and a change ∆R is observed for positive cur-
rents, an opposite change ∆R should be observed at negative I (see fig 7.2 for the
details). This behavior can then clearly be distinguished from a Hall effect, which
predicts that the change in resistance ∆R will have the same sign for both current
directions.
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FIGURE 7.2. a) expected change in IV due to the presence of the claimed spin dependant
rectification effect b) expected change in IV due to the presence of a local Hall effect.
Measuring the absolute sign of the voltage change when the magnetization is flipped for
both positive and negative current would allow to separate between the two effect. The
dashed line give the original current-voltage characteristic (CVC) and the solid line the
CVC after magnetization has switched. The changes in the CVC were exaggerated for
visibility reasons
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Chapter 8

Observation of spin injection in an
all-metal mesoscopic spin valves

The electrical injection of spin polarized electrons can be achieved in principle
by driving a current from a ferromagnetic metal, where current is known to be
significantly spin polarized, into the semiconductor or normal metal via ohmic con-
duction. For detection a second ferromagnet can be used as drain. 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 ferromagnets were
making good ohmic contact either to a Cu cross. In the all-metal case we observe
a clear spin accumulation signal. Due to spurious magnetoresitive contribution of
the ferromagnetic electrodes, this could only be detected in a non-local geometry.
Our results are in quantitative agreement with the theoretical predictions based on
a diffusive model.

(Published as: F.J. Jedema, A.T. Filip and B.J. van Wees, Nature 410, 345, 2001
[1])
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8.1 introduction

An exciting new direction in the field of spin based electronics or ’spintronics’, is
the possibility to generate, control and apply spin polarized currents [1-3]. Spin
currents and the associated phenomenon of spin accumulation can be created by
driving a current from a ferromagnetic electrode into a non-magnetic metal or semi-
conductor. This was first demonstrated in a spin injection experiment by Johnson
and Silsbee on a single crystal aluminium bar at 27K [4]. recent experiments have
shown successful optical generation and detection of spin injection in semiconduc-
tors at low temperatures, using circularly polarized light and magnetic semicon-
ductors [5-7]. However, the realization of fully electrical spin injection as well
as detection at room temperature has remained outstanding. 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.

Spin accumulation plays an important role in spin polarized phenomena as gi-
ant magnetoresistance (GMR), domain wall magnetoresistance and spin current
induced magnetization switching experiments [8-11]. This makes it desirable to
study the effect isolated from other spin related phenomena, such as spin dependent
interface scattering, anisotropic magnetoresistance(AMR) and Hall effects. Large
spin accumulation effects have been claimed by Johnson using a ferromagnet - nor-
mal metal - ferromagnet geometry [12-13]. However the interpretation of the data
has raised problems since the magnitude of the observed effect require a polariza-
tion in the normal metal very close to 100% [14-17]. Another problem is that the
magnetoresistance of the ferromagnetic contacts, such as AMR and Hall effects,
can mask or even mimic the spin accumulation signal.

We have fabricated mesoscopic lateral spin valves to completely isolate the
spin accumulation signal, using a multiterminal geometry. In our experiment we
use NiFe electrodes to drive a spin polarized current into copper (Cu) strip, see fig
1. We observe clear spin signals at T=4.2K, as well as room temperature. From our
analysis we deduce a spin flip length in the Cu wire of about 1µm at 4.2K, which
is reduced to around 350nm at room temperature.

8.2 device fabrication

Two batches of samples were made in a two step lift-off process, using e-beam
lithography for patterning. The firs batch (i) had a fixed Py electrode spacing (i),
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whereas in the second batch (II) L is varied from 250 to 2µm. To avoid magnetic
fringe fields from the ferromagnetic electrodes, the 40nm thick Py electrodes were
sputtered first on a thermally oxidized substrate. Different geometric ratios of Py1
and Py2 are used to obtain different coercive fields [19]. These allow to control the
relative magnetization configuration (parallel/anti-parallel) of the Py1 and Py2, by
sweeping an applied magnetic field, directed parallel to their easy magnetic axis.
The sizes of the Py1 and Py2 in the batch I were 2.0x0.8µm2 and 14x0.5µm2

respectively, as shown in fig 1a. An additional set of Py1 and Py2, with sizes of
2.0x0.5µm2 and 14x0.1µm2, was used in batch 2. This set showed an improved
magnetic behavior and had 3 times larger coercive fields.

In the second fabrication step, 50nm thick crossed Cu strips were deposited
by e-gun evaporation in 1.010−8mbar. Prior to the Cu deposition, the oxide of
the Py electrodes was removed by ion milling, to ensure transparent contacts. The
conductivities of the Py and Cu films were determined to be σPy = 6.6 · 107Ωm−1

and σCu = 3.5 · 107Ωm−1 at RT. The RRR ratio was 2 for both metals.

8.3 non-local spin valve measurements and analysis

The measurements were performed by standard ac-lock-in techniques, using cur-
rent magnitudes of 100µA to 1mA. First we note that in the conventional spin valve
geometry (sending a current from contacts 1 to 7, and measuring the voltage be-
tween contacts 4 and 9), the signal was completely dominated by the AMR and
Hall effects of the Py contacts, having a typical magnitude of 10mΩ. Although
we have used the AMR signal to confirm the switching of the Py electrodes, its
presence has made any observation of a spin signal in the conventional geometry
impossible.

However, in the non-local spin valve geometry, see fig 8.1b, the spurious ef-
fects can be eliminated. This technique is similar to the potentiometric method
of Johnson. However in our case we have completely separated the current and
voltage circuits. Current now enters from contact 1 (Py1) and is extracted at con-
tact 5 (Cu), whereas the voltage is measured between contact 6 (VCu) and contact
9 (VPy). Changing the relative magnetization configuration from parallel to anti-
parallel will yield a signal only if the densities (electrochemical potentials) of the
spin-up and the spin-down electrons in the center of the Cu cross are unequal. In
a parallel configuration it will measure a lower value. Changing from parallel to
anti-parallel configuration will therefore decrease the voltage VPy2 measured by
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FIGURE 8.1. Sample layout a) SEM image of the mesoscopic spin valve junction. The
two wide horizontal strips are the ferromagnetic electrodes Py1 and Py2. The vertical
arms of the Cu cross (contacts 3 and 8) lay on top of the Py strips, the horizontal arms of
the Cu cross form contacts 5 and 6. Contacts 1,2,4,7 and 9 are attached to Py1 and Py2
electrodes to allow the four terminal measurement of the Py electrodes. b) Sketch of the
two measurement configurations. The indices ’SV’ and ’NL’ refer to the classic spin-valve
and, respectively, to the non-local geometry. In the latter there is no current flow between
injector and detector.

Py2, resulting in an increase in the voltage difference (VCu − VPy) measured, and
hence an increase in the resistance.

Figures 2a and b show typical data taken at 4.2K and room temperature for a
sample from batch 2, with 250nm Py electrode spacing. While sweeping the mag-
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FIGURE 8.2. The spin valve effect at T=4.2K (a) and room temperature (b) in the non-
local geometry for a sample with 250nm Py electrode spacing. An increase in the resistance
is observed, when the magnetization configuration is changed from parallel to anti-parallel
configuration. The solid (dashed) lines correspond to negative (positive) sweep direction.
c, d The ’memory’ effect. For clarity c and d are offset downwards. We note that the
vertical scale of a is different from that of b, c and d. The sizes of Py1 and Py2 electrodes
are 2.0 × 0.5µm2 and14 × 0.1µm2
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netic field from negative to positive field, we observed an increase in the resistance
when the magnetization of the Py1 flips at 9mT, resulting in an anti-parallel mag-
netization configuration. When the magnetization of Py2 flips flips at 47mT (4.2K)
and 38mT (RT), the magnetization are parallel again, but now point in the opposite
directions. The magnitude of the background resistance, around 30mΩ at 4.2K and
120mΩ depends on the geometrical shape of the Cu cross and is typically a fraction
of the Cu square resistance.

Figure 8.2 c and d shows the ’memory effect’. Coming from high positive
magnetic fields, the sweep direction of B is reversed after Py1 has switched, but
Py2 has not. At the moment of reversing of the sweep direction, the magnetic
configuration of Py1 and Py2 is anti-parallel, and accordingly a higher resistance is
measured. When the magnetic field is swept to its original high positive value, the
resistance remains at its increased value until Py2 switched back at a positive field
of 8mT . At zero B field the resistance can have two different values, depending
on the magnetic history of the Py electrodes. Samples with larger Py electrode
spacing show identical switching behavior, but the magnitude of the spin signal
∆R is reduced, as we will discuss below.
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FIGURE 8.3. Dependence of the magnitude of the spin signal ∆R on the Py electrode
distance L. The solid squares represent data taken at T=4.2K; the solid circles represent
data taken at room temperature. The solid line represent the best fits based on equation
(8.1)
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We have calculated the theoretically expected magnitude and the Py electrode
distance dependence of the spin valve signal δR for the non-local geometry fig.
8.1b in the diffusive transport regime and for transparent interfaces, following the
lines of the standard Valet Fert model for GMR [20,21], adapted for our multi-
terminal geometry. We obtain [22]:

∆R =
α2

F
λN

σNAe(−l/2λN )

(M + 1)(M sinh(l/2λN ) + cosh(l/2λN ))
(8.1)

with

M =
1

1 − α2
F

λNσF

λF σN
(8.2)

where αF = (σ↑ − σ↓)/(σ↑ + σ↓) is the bulk current polarization of the Py elec-
trodes, σ↑(σ↓) are the spin up (down) conductivities in the metal, σN (σF ) is the
total conductivity of the normal metal (ferromagnet), λN (λF ) is the spin flip length
in the normal metal (ferromagnet), L is the distance between the two Py electrodes,
and A is the cross-sectional area of the normal metal wire. Equation 8.1 implies
that for λN � L, the magnitude of the spin signal ∆R will decay exponentially as
a function of L. In the opposite limit λF � L � λN , the spin signal has a 1/L

dependence. We note that the spin signal ∆R is determined by the bulk conduc-
tances of the ferromagnet and of the normal metal over a distance of the spin flip
lengths. The origin of the spin signal is therefore different from the spin dependent
transport in tunnel junctions experiments, where the density of states at the inter-
face is crucial, whereas for transparent contacts, which is the case in our devices,
the interface properties are expected to be less important [16,22].

We have measured the reduction of the magnitude of spin signal ∆R as function
of the Py electrode spacing L, as shown in fig. 8.3. By fitting the data to eq. 8.1 we
have obtained λN in the Cu wire. From the best fits we find that λN = 1 ± 0.2µm

at T = 4.2K andλN = 350± 50nm at room temperature. The obtained values are
compatible with those reported in the literature [24]: λN ≈ 450nm for Cu in GMR
measurements at 4.2K. However, we cannot make a straightforward comparison
between the GMR results and ours. In the thin films we use, the elastic mean free
path of the electrons is limited by the surface scattering, causing the conductivity
of the Cu to be much smaller than in GMR multilayers. We also note that in fig.
8.3 no good fit can be obtained for the data where L = 250nm. As the Py spacing
is approaching the width W of the Cu wire, the presence of the side arms (fig 8.1.a)
will give rise to a local enhancement of the conductance of the Cu cross and hence
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can result in an increase in the spin signal. Therefore in this limit we can expect
deviations from our one-dimensional model.

We can calculate the spin flip times τsf in the Cu wire, using a Fermi velocity
vF = 1.57 × 106ms−1 (ref. 25). At 4.2K we find τsf = 42ps, while at room
temperature τsf = 11ps. We will not discuss the physics of the spin flip scattering
processes er. However, comparing the spin-flip time with the elastic scattering time
τe = 2.9 × 10−14s at 4.2K, we find that on average the spin is flipped after about
103 elastic scattering events in the Cu wire.

In principle the fits of fig 8.3 also yield the spin polarization αF and the spin
flip length λF of the Py electrodes. However, the values of αF and λF cannot
be determined separately, because in the relevant limit (M  1) which applies
to our experiment (12 < M < 36), the spin signal is proportional to the product
α2

F λ2
F . From the fits we find that αF λF = 1.2nm at 4.2K and αF λF = 0.5nm

at room temperature. Taking from refs. 17 and 18 a spin flip length in the Py of
λF = 5.5nm (at 4.2K) a bulk current polarization of 22% in the Py electrodes is
found: αF = 0.22. These values are in the same range as the results obtained from
the analysis of the GMR effect [10,11,18,?,24].

With the obtained parameters we can calculate the maximum current polariza-
tion P = I↑ − I↓/I↑ + I↓ in the Cu wire. For the samples with the smallest Py
electrode spacing we obtain P ≈ 2%at 4.2K. When we scale the observed signals
to the device cross sections, we find that the scaled spin-valve signals of refs. 13
and 14 are typically four orders of magnitude larger than ours. This contract cor-
responds with the need to invoke a spin polarization of the current in the normal
metal of about 100% to explain the results of refs. 13 and 14 in terms of spin accu-
mulation. In our opinion this must imply that the observed effects of refs. 13 and
14 cannot be related to spin accumulation.

We have thus demonstrated spin injection and accumulation in a mesoscopic
spin valve. We find an surprisingly long spin flip length in Cu of around 1µm at
4.2K and about 350nm at room temperature. For the smallest Py electrode spacing,
the magnitude of the spin signal and the current polarization P in the Cu wire are
limited by the unfavorable ratio of the spin independent resistance of the Cu strips
(L/σN ) and the spin-dependent resistance of the Py ferromagnet (λF /σF ). In prin-
ciple, larger signals can therefore be obtained by a proper choice of materials and
geometries.

Finally, we note that our system permits the study of spin transport phenomena,
such as controlled spin precession in solid states devices and the control of the spin
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polarized currents at room temperature by additional ferromagnetic contacts [4,26].
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Chapter 9

Anomalous proximity effect in
multiterminal S/QD/S junctions

We investigate the phase coherent transport in short multi-terminal superconduc-
tor/quantum dot/superconductor junctions. The ultimate goal is to obtain a system
in which the superconducting properties are determined by a small, discrete num-
ber (N < 10) of Andreev bound states and study the in¤uence of the discrete
states present in the quantum dot on the superconducting properties. For this pur-
pose 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 superconducting phase
on the transport properties. The transport properties were strongly dependent on
the InAs surface treatment before the Nb superconductor deposition. The etched
through samples, where Nb made only side contact to InAs, showed characteristics
consistent with the physics of a clean Josephson junction in the short limit, with
a well defined subhamonic gap structure. However, the other batches, depending
on the exact surface cleaning treatment, showed an anomalous behavior, including
features corresponding to an energy scale lower than the superconducting gap and
an anomalous temperature dependence. We tentatively attribute this behavior to the
presence of an induced superconducting gap in the InAs beneath the superconduc-
ting electrodes.

(submitted to Phys. Rev. B)
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9.1 introduction

The transport mechanisms in superconducting weak links has attracted a lot of
interest [1-12]. When the weak link is formed by a normal metal or a semiconductor
sandwiched between two superconducting reservoirs, the most natural description
is in terms of Andreev reflection and Andreev bound states [1]. Due to the energy
gap of the superconductor, quasiparticles (QP) in the normal region cannot enter
the superconductor as long their energy is lower than the gap energy. However
they can form a Cooper pair with a second QP from below the Fermi level, leaving
behind a phase conjugated hole with opposite momentum. If phase coherence is
preserved the hole can retrace the electron path and be converted into the original
electron at the second Superconductor/normal metal (SN) interface. This leads
to the formation of Andreev bound states in the normal region, which carry the
supercurrent.

The question we would like to address here is what happens when only a dis-
crete number of modes are allowed the normal region, i.e. the normal region is
close to a zero dimensional system. Ideally one would like to reach the situation
that transport is determined by a single level, i.e. a single Andreev bound state is
occupied. This requires that the energy level spacing in the quantum dot is of the
same order of magnitude as the superconducting gap, and both energy scales to be
much larger than the effective electron temperature.

First of all, one needs to be able to properly identify whether the experimental
system can be described as a ’superconducting quantum dot’. In principle, this can
be achieved by doing a spectroscopic analysis of the density of states in the quan-
tum dot as function of the phase difference between the superconductors, i.e. per-
forming spectroscopy of the Andreev levels. Experimentally, this can be realized
by coupling either a tunnel barrier or quantum point contact to the system. First re-
sults in this direction were reported by Morpurgo et al. [2] who studied the Andreev
bound states in a ballistic InAs two-dimensional electron gas (2DEG) channel with
superconducting boundaries by means of a superconducting analogue of the reso-
nant tunneling. Recently Pierre et al. were able to perform tunnel spectroscopy of
the energy distribution function of quasiparticles in silver wires connected to su-
perconducting reservoirs biased at different potentials [3]. They observed several
steps in the distribution function, which were manifestations of multiple Andreev
reflections at the NS interfaces.

Another interesting question is whether or not the Coulomb blockade is present
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in such systems. Averin suggests that in fully transparent single mode Josephson
junctions the Coulomb blockade is completely suppressed by a mechanism related
to the chiral anomaly [5]. At finite Andreev reflection probability, the suppression
is only partial and the process can be understood in terms of the Landau-Zener
transition.

Schomerus et al. suggested that the physics of such a system depends on
whether the classical motion in the QD is chaotic or integrable [6,7]. S/2DEG/S
systems have been recently studied by Bastian et al. who observes sharp spikes
in the differential resistance at low temperatures which were attributed to quasi-
particle interference effects, related to the presence of Andreev bound states [8].
Takayanagi et.al claim to have observed supercurrent quantization in supercon-
ductor/quantum point contact/superconductor junctions [9]. The in¤uence of non-
equilibrium quasiparticle injection on the supercurrent in S/2DEG/S junctions was
investigated by Neurohr et al.[10]. They observed that the Josephson current is
suppressed by an quasiparticle injection current via an additional normal lead.
Richter et al. have also investigated the effect of injection of a normal current
into a S/2DEG/S junction [12]. Kutchinsky et al. observed a dissipative Josephson
current in multiterminal Al/GaAs/Al junctions.

In order to obtain a S/QD/S system, 500x500nm dots were etched in a high
mobility InAs 2DEG and contacted to Nb superconducting electrodes afterwards.
In this paper we report on the detailed analysis of these systems, with focus on the
impact of the interface properties on the both zero and finite voltage bias transport
properties. The work is organized as follows: in the subsequent section, the fab-
rication of the junctions and the experimental setup are described. The observed
subharmonic gap structures are discussed next. Depending on the interface clean-
ing procedure, we observed lower then expected gap voltages and an anomalous
temperature dependence. The behavior is tentatively attributed to the presence of
an induced gap in the InAs beneath the superconducting electrodes.

9.2 experimental details

The samples were prepared from an InAs/AlSb 2DEG, epitaxially grown on an
GaAs wafer. Prior to processing, the top 40nm GaSb protection and the 10nm AlSb
barrier layer were removed by wet chemical etching with photoresist developer.
The exposed 15nm thick InAs layer hosts a 2DEG with an electron density ns =
1.5 · 1016m−2 and an electron mean free path le = 0.3µm. In the first step, the
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Ti/Au contact finger pattern is defined by optical lithography. Then, by optical
lithography and wet chemical etching, the InAs 2DEG was removed everywhere
except in a central 70×70µm area. A set of small e-beam Ti/Au markers in order to
allow a precise alignment of the subsequent layers were defined next. Afterwards,
by means of e-beam lithography and wet chemical etching, square InAs quantum
dots, approximatively 500×500nm in size, are defined. In a third lithographic step,
the patterned dot is connected to Nb superconducting terminals. The deposited
Nb leads were 70nm thick, and approximatively 200nm wide. The wire width is
increased to 400nm approximatively 1µm away from the junction. Fig 1b shows
an scanning electron microscope (SEM) image of the samples. The sample design
allowed to measure in a four terminal geometry the critical current and the critical
temperature of the 400nm wide Nb leads.

Prior to Nb deposition the InAs interface is cleaned by in-situ low voltage Ar
RF-plasma cleaning (8mtorr Ar pressure, 40W RF power), in order to obtain high
transparency interfaces by removing the insulating native InAs oxide. In order to
determine the impact of this treatment, three nominally identical batches, with dif-
ferent cleaning times (60s, 90s and respectively 240s) were fabricated. The three
batches will be denoted as short etched, long etched and etched through, or, respec-
tively A, B and C. Batch C also contained a test sample from the same exposed
InAs layer wafer in order to determine the etching depth. During the 240s cleaning
procedure 30± 5nm of material was removed, i.e the full InAs layer was removed
and the superconducting Nb leads made only side contacts to the 2DEG layer.

We investigated two different device geometries, as shown in fig 1a. In the type
I geometry the dot was connected to four Nb leads. In order to be able to control
the phase difference, two of the leads were connected in an 5x5µm Aharonov-
Bohm loop. The type II geometry is an open dot geometry, as the QD is connected
to a normal reservoir. In this geometry we do not expect any effects due to level
quantization.

All measurements are performed in a dilution fridge cryostat, with a base tem-
perature of 100mK. The leads were filtered by three stages of RC filters and a
copper-powder filter [13] to reduce RF noise. The measurements were in the cur-
rent bias regime and the differential resistance was measured by standard lock-in
techniques. In total we studied six devices, three devices of batch C, two of batch
A and one of batch B.
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FIGURE 9.1. a) schematics of the two design geometries (hereafter to be named type I
and type II, respectively) for our S/QD/S devices. b) SEM micrographs for an actual device
of each type. The brighter middle region is the InAs dot, defined by means of isolating
trenches (darker) c) schematics for the expected cross-section through the devices.

9.3 differential resistance characteristics

The Ar RF plasma cleaning procedure before the Nb deposition step is known to
damage the InAs 2DEG layer [14]. As a consequence in the cleaned region a
high electron density and low mobility disordered InAs layer is left (see fig 1c).It
is by now established that an essential parameter determining the physics of an
S/2DEG/S device is the S/2DEG interface transparency [15]. Therefore, one ex-
pects that the transport properties will strongly depend on the quality the 2DEG/S
interface i.e. the InAs surface cleaning procedure. In transparent SNS junctions, if
the separation between the superconductors is smaller the phase coherence length
and the temperature low enough at zero bias one expects to observe a supercurrent.
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At finite energies, sharp resonances due to the energy conserving process of multi-
ple Andreev re¤ection should be present in the differential resistance characteristics
[16].

In figs. 9.2, 9.3 and 9.4 we show the typical differential resistance charac-
teristics for each of the studied batches. The experimental differential resistance
characteristics were strongly dependent on the RF plasma cleaning time (batch de-
pendent), while being reproducible within the same batch.
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FIGURE 9.2. Typical set of differential resistances as function of voltage for the etched
through samples (batch C, T = 0.1K). The subhamonic gap structure due to multiple
Andreev re¤ection processes is clearly visible. The zero bias feature is due to the Josephson
current.

The etch through samples (batch C)(fig 9.2) showed the expected behavior for
clean SNS junctions with a clear subharmonic gap structure (SGS), at least four
multiple Andreev reflection (MAR) resonances being visible. The strength of the
MAR process is also confirmed by the fact that at low bias the differential resis-
tance is reduced by a factor of more than 2, the maximum expected reduction for
independent interfaces. Using the position of the MAR resonances, we extracted
a value of 1.15meV for the Nb gap, in very good agreement with the measured
critical temperature of the Nb leads (6.2K). Moreover the observed critical currents
were high, with IcRn products ranging between 500 to 800µeV . These value are
in the same order of magnitude with the value of the Nb superconducting gap, and
close to the theoretical expectations for a short Josephson junction [17].
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FIGURE 9.3. a. Typical set of differential resistances as function of voltage for the short
etched samples(batch B), in a type I geometry. b, c three terminal dVdI characteristics, ob-
tained by sending current through the junction (S1-S2)and measuring the voltage between
S1 and S3 and S2 and S3 respectively. The observed features in the dVdI characteristics
are contact independent, suggesting that the relevant quantity is the voltage drop across the
junction.

The short etching time samples also showed clear superconducting proximity
corrections to the conductance (see fig.9.3). Within the standard BTK model, the
ratio between the subgap resistance and the normal state resistance can be used
to evaluate the Andreev reflection probability and the interface transmission. The
experimental values correspond to an Andreev reflection probability A ≈ 0.5, sug-
gesting an transparent interface. The observed IcRn products were much lower
than the ones from batch C, in the order of 100 µeV . However, the most striking
observation was that the energy scale associated with the observed subharmonic
gap structure, with an apparent gap voltage 2∆eff = 0.6meV does not agree with
the measured Nb gap of the electrodes of 7.2K. Due to this discrepancy, we decided
to plot the data as function of bias current and not voltage. The multi-terminal ge-
ometry allowed to look at the differential resistance characteristics of each Nb/QD
contact separately (fig 9.3 b and c) The SGS structure for each contact were similar,
suggesting that the observed features are energy related.

The long etching time samples (batch B) showed pronounced sample dependent
resistive peaks(see fig 9.4). The measured critical currents were the lowest, with
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FIGURE 9.4. I.(a) Typical set of four terminal differential resistance characteristics for
the long etched samples in type 1 geometry. (b),(c) Three terminal characteristics, obtained
by sending current between contacts S1 and S2, and measuring voltage between contacts
S1 and S3, and S2 and S3, respectively (see also £g 1a). The sharp features observed
in the dVdI characteristics of the junction are sum of two electrode dependent behaviors.
II. Changes in the three terminal characteristics (b and c) when the current and voltage
leads are interchanged. The solid lines correspond to injecting current via the higher ohmic
terminal S3, while the dashed and dotted to injecting current via S1 and respectively S2

IcRn products in the order of 40µeV . The observed features are not straightfor-
ward to understand. First of all, the energy scale associated with the disappearance
of all features (≈ 0.12meV ) is much smaller than the inferred Nb gap from the
measurement of the critical temperature (Tc = 7.5K). The discrepancies between
the expected superconducting gap and the observed features is the highest for this
batch. Moreover, if one would try to use the ratio of the normal state to the subgap
resistance to determine the Andreev reflection probability, one would get that the
Andreev reflection probability is unity, A=1. One direct interpretation would be
that these features correspond to a poor quality Nb layer, and the peaks correspond
to resistive transitions in the Nb due to the exceeding of the critical currents in the
narrow Nb close the the junction. However, the measured critical current in the
400nm wide Nb showed critical currents of 100µA, with almost three orders of
magnitude higher than the currents corresponding to the resistive peaks. Moreover,
the total resistance change in the subgap regime, of over 500Ω exceeds the total
resistance of the Nb wires. Secondly, the three terminal characteristics (see panel
II of fig 9.4)show that the position of these features depend on the energy of the
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injected quasiparticles, suggesting energy related features.
Summarizing, in the subgap differential resistance characteristics we observed

a clear subharmonic gap structure for the etched through batch, while the other two
batches showed an anomalous behavior, with associated energy scales different
from the measured Nb superconducting gap values. Table 1 gives an overview of
the observed results.

TABLE 9.1. Comparison of the observed properties for the three batches. ∆eff (mV )
refer to the observed characteristic energy scale in the SGS structure. The Thouless en-
ergy was inferred both from sample dimension and quasiparticle interference(see also next
section)

batch A(60”) B(90”) C(240”)
Ic(nA) 90 40 2200
TNb

c (K) 7.2 7.1 7.1
∆Nb(meV ) 1.15 1.08 1.1
∆eff (meV ) 0.3 0.12 1.15
IcRn/e(meV ) 0.07 0.04 0.66

9.4 phase coherent transport and the behavior in an ex-
ternal magnetic field

9.4.1 low bias characteristics: Josephson supercurrents

In this section we focus on the phase coherent properties. At low temperatures,
if the separation between the superconducting electrodes is much smaller than the
phase coherence length in the normal material, one expects to observe a Josephson
supercurrent at zero bias. Its magnitude depends, via the IcRN product, on whether
the electron motion inside the dot is ballistic or diffusive and whether the junction
length is smaller or larger then the superconducting coherence length in the 2DEG
[17]. The latter condition is equivalent to whether the Thouless energy is larger or
smaller then the superconducting gap. For our system, the electron motion is ex-
pected to be quasi-ballistic, with only a few scattering before the electron traverses
the dot (spacing between the superconducting electrodes varying between 200 to
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500nm from sample to sample and an estimated mean free path in the order of
300nm). Using a Fermi energy in the order of 100meV, corresponding to the InAs
surface accumulation layer, we estimated an Thouless energy around 1.2 to 2meV
in our structures. The same Fermi energy, combined with an electron density of
1.0×1016m−2 and an area of 500x500nm gives an average level spacing of around
120µeV .

In all three batches we could observe at zero bias the presence of Josephson
supercurrents. However, the magnitude were different from batch to batch (see
table 1). The etched through samples showed the highest supercurrents, with an
IcRN product around 700µeV , close to the theoretical estimates. The long etched
samples had the lowest IcRN product, only in the order of 40µeV . An interesting
observation was that the IcRN products in all three batches seemed to be certain
fraction of the ’effective’ energy scale associated with the observed subharmonic
gap structure.
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FIGURE 9.5. Type I geometry is analogous to a SQUID geometry, therefore applying a
magnetic flux through the loop allows the modulation of the critical current and/or of the
differential resistance. The left graph shows the modulation of the differential resistance of
the long etched junctions for different bias current as function of the magnetic field (batch
B). The right panel gives the same dVdI dependence on the magnetic field for the short
etched batch (A)

The measured current voltage characteristics (CVC) for a Josephson junction
depend on the effective electron temperature [21]. By fitting the experimental CVC
with the standard RCSJ model, we could infer the effective electron temperatures
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in the dots. We concluded that in the short etched batch the electron temperature
was around 200mK, while in the long etched samples the effective temperature
was 400mK. Both temperatures were higher than the base temperature of 100mK.
Therefore the level spacing in the dots (100µeV ) was only slightly larger than the
effective electron temperature, therefore we expect that only rather broad energy
levels to be formed in the quantum dots.

Moreover, the presence of the superconducting loop in the allows to analyze the
influence of the phase difference on the supercurrent. One could try to understand
a type I geometry in terms of three superconducting banks, Josephson coupled to
each other. Neglecting the coupling between the two superconducting banks form-
ing the loop, as their relative phase is fixed, the system is analogous to a SQUID
device. The observed behavior in a small magnetic field is shown in fig. 9.5.

-1.0 -0.5 0.0 0.5 1.0

0.98

1.00

1.02

1.04

1.06

1.08

1.10

1.12

1.14

 

 0.6   meV
 0.4   meV
 0.2   meV
 0.17 meV
 0.14 meV
 0.08 meV
 0.04 meV

R
 / 

R
0

B (Φ0)

-1.0 -0.5 0.0 0.5 1.0
0.994

0.996

0.998

1.000

1.002

1.004

1.006

1.008

1.010

1.012

1.014

1.016

1.018

1.020

 5.6   meV
 4.8   meV
 4.0   meV
 3.2   meV
 2.4   meV
 1.55  meV
 1.0   meV
 0.75  meV
 0.2   meV

 

 

R
 / 

R
0

B (Φ
0
)

FIGURE 9.6. High bias magnetoresistance curves for the short etched (top) and the long
etched (bottom) samples. This proves that quasiparticle interference in preserved up to high
voltages (approx. 0.5meV and 5meV respectively)

9.4.2 high bias characteristics: quasiparticle interference

A different phase coherent process can be observed in the same geometry at finite
bias voltages. The conductance in the center of the dot is dependent on the inter-
ference pattern from partial waves that were Andreev re¤ected from each super-
conducting bank (Andreev interferometer)[11,19]. The interference pattern should
have a maximum for energies in the order of either the Thouless energy of the
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superconducting gap, whichever is smaller. Therefore the quasiparticle interfer-
ence allows one to determine experimentally whether the Thouless energy or the
superconducting gap are the relevant energy scale. We observed quasiparticle os-
cillations up to approx. 4meV in the short etched batch and only around 0.6 meV
in the long etched samples. The maximum for the quasiparticle interference ampli-
tude in the long etched samples was consistent with the energy scale on which the
proximity correction to the subgap conductance disappeared (2∆eff = 0.22meV ),
while in the short etched it was in agreement with the expected Thouless energy
(ETh ≈ 0.75meV ). The corresponding current associated to this disappearance in
both batches were well below the measure critical currents of the Nb (≈ 100µA),
therefore we do not believe that the disappearance of the interference is due to the
suppression of superconductivity in the Nb electrodes.
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FIGURE 9.7. dVdI characteristics for high magnetic fields (equivalent to a few magnetic
field quanta’s through the dot) for the long (left panel) and short etched (right panel) sam-
ples. One ¤ux quanta through the dot would correspond to approx. 35mT . Curves were
shifted vertically for clarity. The short etched sample showed a very pronounced zero bias
resistive peak in high magnetic fields, whose origin is unclear

.

For completeness, we also show the dVdI characteristics in high magnetic
fields. The etched through samples (not shown) did not show any strong depen-
dence on the magnetic field, only a weakening of the subgap structure. The most
striking observation was of a pronounced zero bias resistive peak in the resistance
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of the short etched junction, with the zero bias resistance increasing a factor a 2
above the normal state value. The feature disappeared above the Nb critical tem-
perature. However, presently we are not able to offer a clear explanation for this
strong-localization like feature.

Summarizing, at low bias we observed Josephson supercurrents in all three
bathes. However, the magnitude of the observed IcRn products were strongly de-
pendent on the batch (see table 1 for details). Quasiparticle interference at higher
biases was also observed, the energy scale up to which it was preserved being also
batch dependent.

9.5 Temperature dependence and the possibility of an in-
duced gap

To further corroborate our observations we investigated the temperature depen-
dence of the observed differential resistance characteristics. In figs ?? we show
temperature traces for all three batches.
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FIGURE 9.8. Differential resistance characteristics for different temperature for the
etched through samples (batch C). The curves were shifted vertically for clarity.

The etched through samples showed only the regular behavior. With increasing
temperature, due to thermal broadening, the subharmonic gap structure vanishes
slowly. However, at 4.2K one can still see a clear superconducting proximity cor-
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rection to the conductance. The short etched batch showed an anomalous behavior,
due to a faster than expected decay of the proximity corrections to the conductance
as function of temperature. All subharmonic gap features disappeared between 3K

and 4K. An even stronger anomaly was observed in the long etched batch. Here
all featured disappeared at a temperature around 1K. We reiterate, that we could
check on the sample the critical temperature of a 400nm wide part of the Nb leads,
and it remained superconducting up to approx. 7K
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FIGURE 9.9. Differential resistance characteristics for different temperature for the short
etched samples (batch B). All SGS features disappear at 4.2K, temperature below the Nb
critical temperature (Tc = 7.1K). The curves were shifted vertically for clarity.

The relevant question is to what extent can we understand the anomalous be-
havior of the long and the short etched batches. A schematics of a cross-section
through one of our devices is given in fig. 9.1. It is known that the RF plasma
cleaning will induce a high electron density disordered 2DEg underneath the con-
tact. Due to the much lower number of modes that couple this region to the quan-
tum dot, compared to the number of modes coupling the disordered region to the
superconducting Nb, we suggest that one can describe the system as an NS bilayer
formed by the Nb and the disordered 2DEG layer, that is weakly coupled to the
quantum dot. Therefore, the quantum dot will ’feel’ the superconducting proper-
ties of this disordered 2DEG/Nb bilayer and not of the bare Nb in batches A and B.
As the disordered region is missing in the etched through samples, here the prox-
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imity corrections should depend on the properties of the Nb layer. The physics of
an NS bilayer has already been discussed extensively in the literature ??. Belzig
et al. suggested that in the N region an induced energy gap will be present [22].
Their predictions were in quantitative agreement with the experimental results of
Vinet it et al., who performed exact spectroscopy of the density of states in metal-
lic SN systems, by means of an low temperature STM. Similar observations for
Nb/InAs/Nb systems were made by Chrestin et al. [15]. The expected value of
the induced gap inside the normal layer depends on the ratios of electron densities
and the coherence lengths in the superconductor and the normal region. For low
densities in the normal region, one expect that the induced gap has approximately
the same value as the superconducting gap.
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FIGURE 9.10. Differential resistance characteristics for different temperature for the
long etched samples (batch A). The sharp features disappear around 1K, below the Nb
critical temperature (Tc = 7.1K). The curves were shifted vertically for clarity.

In our case, the electron density in the disordered region is expected to grow
with the RF plasma cleaning time (the defect density increases with increasing the
cleaning time), therefore the long etched batch is expected to have a lower value
of the induced gap. All our experimental data on the short and long etched bathes
seems consistent with observing features that correspond to an effective gap value
that is different than the Nb superconducting gap. Therefore a possible interpreta-
tion is that we are observing the induced gap in the disordered region underneath
the Nb superconducting banks.
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The theoretical calculations [22] suggest that the induced gap is always as a
certain fraction of the Nb superconducting gap, therefore it should have the same
temperature dependence. However, in our batches, we observe that the proximity
effect features have a qualitatively different temperature dependence. In principle,
this would imply that inside the disordered normal region there is not only an in-
duced pair amplitude due to superconducting proximity effect, but also an induced
pair potential is also present, i.e. the induced gap is a real superconducting gap.

9.6 summary

We investigated the transport properties of multiterminal superconductor/ quantum
dot/ superconductor systems. 500x500nm quantum dots were etched in a high mo-
bility InAs 2DEG and contacted to Nb superconducting electrodes afterwards. in
order the obtain clean interfaces, the InAs surface was cleaned in-situ by means
of low voltage Ar RF plasma before Nb sputtering. The observed behavior was
strongly dependent on the properties of the InAs/Nb interface. Three batches, with
different interface cleaning (short cleaning time, long cleaning time and etched
through, where Nb was only making side contact on the InAs) were studied. The
inclusion of a Aharonov-Bohm type superconducting loop allowed to look at su-
percurrent modulation by a magnetic field and, at finite bias, at quasiparticle inter-
ference.

The etched through samples showed the expected behavior for a clean SNS
junction, with a well-pronounced subharmonic gap structure and critical currents
close to the theoretical estimates. The short cleaning time batch also showed prox-
imity corrections to the conductance at low biases. However the voltage scale as-
sociated with the observed features was lower than the Nb superconducting gap
and the observed critical current were also lower. The long etching time batch
showed sample dependent resistive peaks in the differential resistance characteris-
tics. The energy scales on which these features disappeared was the lowest, much
lower than the Nb superconducting gap. Both the short and the long etching time
batches showed an anomalous temperature dependence of the subgap differential
resistance characteristics, which vanished at lower temperatures than expected. The
observed behavior in these two batches we tentatively attributed to the presence of
an induced gap in the disordered InAs beneath the superconducting electrodes.



References 113

References

[1] A.F. Andreev, Sov. Phys. JETP 19, 1228 (1964), [Zh. Eksp. Teor. Fiz. 46,
1823 (1964)].

[2] A. Morpurgo, B.J. van Wees, T. M. Klapwijk and G. Borghs, Phys. Rev. Lett.
[3] F. Pierre, A. Anthore, H. Pothier, C. Urbina and D. Esteve Phys. Rev. Lett. 86,

1078 (2001)
[4] E. Scheer et.al. Phys. Rev. Lett. 78,3565 (1997)
[5] D.V. Averin, Phys. Rev. Lett. 82, 3685 (1999)
[6] H. Schomerus and C.W. Beenakker, Phys. Rev. Lett. 82, 2951 (1999)
[7] J.A. Melson, P.W. Brower, K.M. Fram and C.W. Beenakker, Phys. Rev. B

(1999)
[8] G. Bastian et al. Phys. Rev. Lett. 81(8),1686 (1997)
[9] H. Takayagi, T. Akazaki and J. Nitta, Phys. Rev. Lett. 75 3533, 1995

[10] K. Neurohr et.al Phys. Rev. B 59, 11197 (1999)
[11] J. Kutchinsky et al. Phys. Rev .Lett. 78, 931 (1997)
[12] A. Richter it et al., unpublished
[13] J.M. Martinis, M.H. Devoret and J.M. Clarke, Phys. Rev. B 35, 4682, 1987
[14] P.C. Magnee et.al, Appl. Phys. Lett. 67,3569 (1995)
[15] A. Chrestin, T. Matsuyama, U. Merkt, Phys.Rev. B 55, 8457 (1997)
[16] M. Octavio, M. Tinkham, G. E. Blonder, and T. M. Klapwijk Phys. Rev. B 27,

6739 (1983)
[17] I.O. Kulik, Sov. Phys. JETP 30, 944 (1970); U. Schussler and R. Kummel,

Phys. Rev. B 47, 2754 (1993); F.K. Wilhelm, A.D. Zaikin and G. Schon,
Czech. J. Phys 46,2395 (1996); P. Dubos, H. Courtois and B. Pannetier, Phys.
Rev. B 63, 064502 (2001)

[18] M. Thomas, H.-R. Blank, K.Wong, H. Kroemer, and E. Hu, Phys. Rev. B 58,
11676 (1998)

[19] A. Dimoulas, J.P. Heida, B.J. van Wees, T.M. Klapwijk, W. van der Graaf and
G. Borghs, Phys. Rev. Lett. 74, 602 (1995)

[20] J. Kutchinky et al. Phys. Rev. Lett. Phys. Rev. Lett. 83, 4856 (1999)
[21] D.E. McCumber, J. Appl. Phys 39, 3113 (1968);L.G. Aslamazov and A.I.

Larkin, Zh. Eksp. Teor. Phys. Pis. Red. 9, 150 (1968) [Sov. Phys. JETP Lett.
9, 87]

[22] W. Belzig C. Bruder, and Gerd Schn, Phys. Rev. B 54, 9443 (1996); S. Pil-
gram, W. Belzig and C. Bruder Phys. Rev. B 62, 12462 (2000)



114 References

[23] B. Aminov, A.A. Golubov,and M.I. Kupriyanov, Phys. Rev. B 53, 365-373
(1996)

[24] Yu. V. Nazarov, Phys. Rev. B 58, 5783 (1998);cond-mat/0012112
[25] P. Samuelsson, J. Lantz, V. S. Shumeiko, G. Wendin Phys. Rev. B 62, 1319

(2000)
[26] A. Jacobs, R Kummel and H. Plehn Appl. Phys. Lett. Superlattices and Mi-

crostructures, Vol. 25, Nr. 5/6, 669-681 (1999)
[27] M. Jakob, H. Stahl, J. Appenzeller, B. Lengeler, H. Hardtdegen and H. Luth,

Appl. Phys. Lett. ?,? (1999)
[28] M. Vinet, C. Chapelier, F. Lefloch, Phys. Rev. B 63, 165420 (2001)



Summary

Ferromagnetic materials are materials in which, due to the presence of the exchange
interaction, the two spin subbands are shifted in energy with respect of each other.
This accounts for a finite magnetization and different densities of states at the Fermi
level. It also implies that any electrical current flowing through a bulk ferromag-
netic material is spin polarized. For the transport properties of hybrid ferromagnetic
/non magnetic systems, which form the focus of this thesis, there are two effects
that are of main interest:

the spin valve effect: The conductance of a ferromagnet/non-magnetic ma-
terial/ferromagnet sandwich depends on the relative magnetization of the two fer-
romagnetic layers. This is known as the spin valve effect. Physically, it can be
understood in terms of the simple two currents model, in which the total conduc-
tance of the system is given by adding the conductance of the two spin channels in
parallel. A change in the direction of the magnetization of second layer leads to a
change in the conductance of each spin channel.

the spin-field effect transistor(FET): It was suggested by Datta and Dus that,
starting from a standard spin valve junction, a transistor-like device can be obtained
if one is able induce spin precession in a controllable way in the non-magnetic layer.
They proposed to use a two dimensional electron gas(2DEG), where the electron
gas is confined in a asymmetric quantum well. The asymmetry of the well causes
a Rashba-type spin-orbit interaction and therefore can induce spin precession. The
magnitude of the Rashba spin-splitting is proportional to the well asymmetry pa-
rameter and, in principle, can be controlled by an external gate. Hence the average
angle of spin precession depends on the applied gate voltage. As a consequence
that the total channel conductance is a function of the applied gate voltage, i.e. the
device will have a FET-like behavior.

this thesis:

The original goal when the research was started was the realization of the spin-
FET device. In the long run, the goal was to use the device to obtain information
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about the spin-flip processes in semiconductors. For the actual device, we chose
to use an InAs 2DEG channel in contact with metallic ferromagnetic source and
drain (Ni, Co or permalloy). The choice for InAs-based systems was due to the fact
that InAs forms a surface accumulation layer and no Schottky barrier is present
when brought in contact to metals. Consequently, by using InAs based materials,
it is possible to obtain highly transparent metal-2DEG contacts. Simultaneously, a
similar approach was taken by other groups. However, we were not able to observe
spin injection in the semiconductor and the results reported in literature were also
inconclusive. Therefore the actual focus of the research was shifted towards under-
standing the fundamental physics behind spin injection and the intrinsic limitations
therein.

This thesis starts with the first chapters dedicated to introducing the fundamen-
tal concepts required to understand the physics of spin transport in hybrid ferro-
magnet/normal systems, and in semiconductor heterostructures in particular. As
long as the spin interaction are weak (i.e. the spin flip time is much longer than
the momentum scattering time), each spin species can be treated as a independent
fermionic system in thermal equilibrium. Hence an independent electrochemical
potential can be defined for each species. The transport transport in such ferro-
magnet/normal systems can be described exclusively in terms of spin diffusion be-
tween reservoirs kept at different potentials.

With respect to the physics underlying spin injection, it will be shown in this
thesis that the difference in conductivities between a metal and a semiconductor
gives a basic obstacle to spin injection. We have calculated the spin-polarization
effects of a current in a two dimensional electron gas which is contacted by two
ferromagnetic metals. It turns out that even in the case when the spin flip in the
semiconductor is negligibly small, the efficiency of the spin injection is heavily re-
duced by the unfavorable ratio between the conductivities of the two materials. For
a typical device geometry the degree of spin-polarization of the current is limited
to less than 0.1%, only. The change in device resistance for parallel and antipar-
allel magnetization of the contacts is up to quadratically smaller, and will thus be
difficult to detect.

Before performing the spin injection experiments, we studied the magnetization
reversal processes in submicron Ni wires by means of magnetoresistance (AMR)
measurements. The goal was to gain insight into the magnetization reversal pro-
cesses. The switching behavior was analyzed as function of the width and of the
aspect ratio of the wires. We examined the dependence of the switching field on
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the angle between the applied external field and the wire. We found out 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.

Experimentally, we studied submicron lateral spin valve junctions, based on
high mobility InAs/AlSb 2DEG, with Ni, Co and Permalloy as ferromagnetic elec-
trodes. In a standard HEMT geometry it is very difficult to separate true spin injec-
tion from other effects, including local Hall effect, anomalous magnetoresistance
(AMR) contribution from the ferromagnetic electrodes and weak localization/anti-
localization corrections, which can closely mimic the signal expected from spin
valve effect. Therefore we chose for a non-local type of measurement, where the
current and voltage paths were spatially separated. However, despite all our efforts,
we have not been able to observe spin injection in InAs. This ’negative’ result in
Fm/2DEG/Fm devices was actually consistent with the conductivity mismatch ar-
guments. This is due to the fact that the spin dependent part, which is proportional
to the resistance of the ferromagnetic leads over a spin flip length, is much smaller
then the spin independent part of the semiconductor resistance.

This insight was used in designing and analyzing experiments on all metal sys-
tems, where the conductivity mismatch problems are expected to be less severe.
A connection was made with the work of Friso Jedema, who was trying to ob-
served spin injection in metallic systems. Therefore, in this thesis the results for
all metal-systems are also given. We report the electrical injection and detection of
spin currents in an all-metal lateral mesoscopic spin valve. The junction was made
out of Py ferromagnetic electrodes, making good ohmic contact to a copper cross.
A non-local geometry was used in order to eliminate the spurious magnetoresistive
contribution of the ferromagnetic electrodes. The observed spin signals were in
quantitative agreement with the diffusive model that we developed. Moreover, by
looking at the signal dependence on the electrode spacing the spin flip length in Cu
could be determined.

It has been suggested theoretically by M. Johnson, and later claimed to have
been measured experimentally by Hammar et al., that one can use the Rashba in-
teraction to detect spin injection. In chapter eight we discuss spin transport in the
presence of the Rashba interaction. Here we show that within the linear transport,
the presence of the Rashba spin splitting does not allow the detection of spin injec-
tion. We also discuss the implication of the Onsager reciprocity relations and show
that by by looking at the symmetry of the IV characteristics one can discriminate
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between a local Hall effect and a putative direction dependent rectification due the
Rashba interaction.

The last chapter of the thesis deals with a different subject: mesoscopic super-
conductivity. However, there is a clear technological link to the previous work, as
this work is based on the same semiconductor technology, and a key issue is the
quality of the metal-2DEG interface. We investigated the phase coherent transport
in devices obtained by coupling a semiconductor 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 de-
pendence. This behavior was tentatively attributed to the presence of an induced
gap in the InAs beneath the superconducting electrodes.
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Samenvatting

Ferrromagnetische materialen zijn materialen in welke, als gevolg van de verwis-
selings interactie, de twee spin subbanden ten opzichte van elkaar verschoven zijn.
Dit betekend een eindige magnetisatie en verschillende toestandsdichtheden op de
Fermi energie. Dit impliceert ook dat een elektrische stroom door een ferromag-
netisch materiaal spin gepolariseerd is. Voor de transport eigenschappen van hy-
bride ferromagnetische/ niet ferromagnetische systemen, die in dit proefschrift cen-
traal staan, zijn twee effecten van groot belang:

het ”spin valve” effect: De geleiding van een ferromagneet/ niet magnetisch
materiaal/ ferromagneet sandwich hangt of van de relatieve magnetisatie richting
van de twee ferromagnetische lagen. Dit staat bekend als het ”spin valve” effect. De
achterliggende fysica kan worden begrepen in termen van een simpel twee stromen
model, waarin de totale geleiding wordt gegeven door de geleiding van de twee par-
allelle spinkanalen bij elkaar op te tellen. Een verandering in de magnetisatie richt-
ing van de tweede laag leidt tot een verandering in de geleiding van elk spinkanaal.

de spin veld effect transistor (spin-FET) : Datta en Das hebben laten zien
dat, uitgaande van een standaard spin valve-junctie, een transistorachtig device
verkregen kan worden, indien men in staat is om gecontroleerde spin precessie
te induceren in de niet magnetische laag. Zij stelden voor om een tweedimension-
aal elektronen gas te gebruiken (2DEG), waar het elektronen gas wordt begrenst
door een asymmetrische potentiaal put. De asymmetrie van de put resulteert in een
Rashba-type spin-orbit interactie en kan daardoor spin-precessie veroorzaken. De
grote van de Rashba spinsplitsing is proportioneel aan de asymmetrie van de po-
tentiaal put en kan in principe worden geregeld door een externe electrode (”gate”).
Derhalve hangt de gemiddelde spin precessie af van de aangelegde spanning. Dit
betekent ook dat de totale geleiding van het kanaal een functie is van de aangelegde
electrode spanning, dat wil zeggen dat het device een zich gedraagt als een FET.

dit proefschrift: Het oorspronkelijke doel van het onderzoek was het realis-
eren van een spin-FET device. Het idee was om dit device op de lange termijn
te gebruiken om informatie te verkrijgen over zogenaamde ”spin-flip” processen in
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halfgeleiders. Voor de realisatie van het device, besloten we een InAS 2DEG kanaal
te gebruiken dat in contact stond met een metallische ferromagnetische ”source” en
”drain” (Ni, Co of permalloy). De keuze voor systemen gebasseerd op InAs werd
ingegeven door het feit dat InAs een ladings-accumulatie laag aan de oppervlakte
vormt waardoor er geen Schottky barrire ontstaat wanneer het in contact wordt
gebracht met metalen. Door op InAs gebaseerde materialen te gebruiken kunnen
daarom hoog transparante metaal-2DEG contacten verkregen worden. Andere on-
derzoeksgroepen kozen tegelijkertijd voor een vergelijkbare aanpak. Echter, wij
waren niet in staat om de injectie van spin in de halfgeleider waar te nemen en
ook de in de literatuur vermelde resultaten zijn niet doorslaggevend. Het onder-
zoek werd daarom meer gericht op het begrijpen van de fundamentele fysica achter
spin injectie en haar intrinsieke beperkingen. De eerste hoofdstukken van dit proef-
schrift zijn gewijd aan het introduceren van de fundamentele concepten die vereist
zijn om de fysica van spin transport in hybride ferromagneet/ normale systemen
en in halfgeleider hetero structuren in het bijzonder. Zolang de spin interacties
zwak zijn (dat wil zeggen, de spin flip tijd is veel langer dan de tijd tussen twee in-
elastische botsingen) kan elk spin populatie worden beschouwd als een onafhanke-
lijk fermion systeem in thermisch evenwicht. Daarom kan voor elk populatie een
onafhankelijke elektrochemische potentiaal worden gedefinieerd. Het transport in
zulke ferromagneet/ normaal systemen kan worden beschreven in termen van enkel
en alleen spin diffusie tussen reservoirs met een verschillende potentiaal.

Met betrekking tot de fysica die ten grondslag ligt aan spin injectie zal er in
dit proefschrift worden aangetoond dat het verschil in geleidbaarheid tussen een
metaal en een halfgeleider resulteert in een fundamenteel obstakel voor spin in-
jectie. We hebben de spin polarisatie effecten van een stroom in een twee di-
mensionaal elektronen gas berekend, dat in contact staat met twee ferromagnetis-
che metalen. Het blijkt dat, zelfs in het geval dat de spin flip in de halfgelei-
der verwaarloosbaar klein is, de efficintie van de spin injectie zwaar wordt onder-
drukt door de ongunstige ratio tussen de geleidbaarheden van de twee materialen.
Voor een gebruikelijke device geometrie is de mate van spin-polarisatie beperkt tot
slechts 0, 1%. De verandering in weerstand voor parallele en anti-parallele mag-
netisatie van de contacten is maximaal kwadratisch kleiner en daarom moeilijk
te detecteren. Voor aanvang van de spin-injectie experimenten, hebben we eerst
het omslag processen van de magnetisatie in submicron Ni draadjes bestudeerd,
door middel van magnetoweerstand (AMR) metingen. Het doel was inzicht te
verkrijgen in magnetisatie-omslag processen. Het schakelgedrag is geanalyseerd
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als een functie van de breedte en van de aspectratio van de draadjes. We onder-
zochten de afhankelijkheid van het schakelveld op de hoek tussen het aangelegde
veld en het draadje. Het bleek dat voor hoeken van rond de 90o het schakelgedrag
het best wordt beschreven door het Stoner Wohlfarth model, terwijl voor kleinere
hoeken het omslag proces waarschijnlijk veroorzaakt wordt door het verplaatsen
van domein randen. Submicron laterale spin valve juncties, gebaseerd op een
NiAs/AlSb 2DEG met hoge mobiliteit en Ni, Co, Permalloy als ferromagnetis-
che electrodes, zijn experimenteel bestudeerd. In een standaard HEMT geometrie
is het erg moeilijk om echte spin signalen van andere effecten te onderscheiden,
waaronder het lokale Hall effect, magnetoweerstand (AMR) bijdragen van de fer-
romagnetische electrodes en zwakke lokalisatie / anti-lokalisatie correcties. Deze
effecten kunnen resulteren in een meetsignaal dat sterk lijkt op het verwachte spin
valve signaal. Daarom hebben we gekozen voor een niet lokaal type meeting, waar-
bij stroom en spannings paden van elkaar gescheiden zijn. Ondanks onze inspan-
ning zijn we er echter niet in geslaagd om spin injectie in InAs waar te nemen. Dit
”negatieve” resultaat is wel consistent met het geleidbaarheids ”mismatch” argu-
ment. Dit omdat het spin afhankelijke deel van de weerstand van de halfgeleider,
dat evenredig is met de weerstand van de ferromagnetische draadjes over een spin
flip lengte, veel kleiner is dan het spin onafhankelijke deel. Dit inzicht is gebruikt
in het ontwerpen en analyseren van experimenten met systemen van alleen met-
alen, waar de problemen met de mismatch in geleiding minder groot zijn. Hierdoor
ontstond er een koppeling met het werk van Friso Jedema, die probeerde om spin in-
jectie in metallische systemen waar te nemen. Daarom zijn in dit proefschrift de re-
sultaten voor metallische systemen ook opgenomen. We beschrijven de elektrische
injectie en detectie van spin stromen in een volledig metalen laterale mesoscopische
spin valve. De junctie gemaakt van Py ferromagnetische elektrodes in goed Ohms
contact met een koperen kruis. Een niet lokale geometrie is gebruikt om zo mag-
netoweerstands bijdragen van de ferromagneten te elimineren. De waargenomen
spin signalen waren in kwantitatieve overeenstemming met het diffusie model dat
we hebben opgesteld. Ook kon op basis van de afhankelijkheid van het signaal
van de afstand tussen de elektrodes de spin flip lengte in Cu worden bepaald. M.
Johnson heeft voorgesteld om het Rashba effect te gebruiken om spin injectie te
detecteren, hetgeen Hammer et al. later naar eigen zeggen experimenteel hebben
gerealiseerd. In hoofdstuk 8 bespreken we spin transport in de aanwezigheid van
Rashba interactie. Hier laten we zien dat in het lineaire transport regime, de aan-
wezigheid van Rashba spin splitsing de detectie van spin injectie niet toestaat. We
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bespreken ook de implicatie van de Onsager reciprociteits relaties en laten zien dat
men door naar de symmetrie van de IV karakteristieken te kijken het lokale Hall
effect van een richting afhankelijke correctie ten gevolge van de Rashba interac-
tie van elkaar kan onderscheiden. Het laatste hoofdsstuk van dit proefschrift han-
delt over een ander onderwerp: mesoscopische supergeleiding. Er bestaat echter
een duidelijk technologisch verband met voorafgaand werk, aangezien dit werk
gebaseerd is op dezelfde halfgeleider technologie. De kwaliteit van het metaal-
2DEG grensvlak speelt hier een belangrijke rol. We onderzochten het fase coher-
ente transport in devices die werden verkregen door een halfgeleidende quantum
dot te koppelen aan supergeleidende elektrodes via transparante contacten. Voor
dit doeleinde werden 500x500nm dots, getst in InAs/AlSb heterostructuren met
hoge mobiliteit in contact gebracht met Nb supergeleidende elektrodes. Het aan-
brengen van een Aharonov-Bohm supergeleidende ring maakte het mogelijk om de
invloed van de fase op de transport eigenschappen te bestuderen. Door de sam-
ples met verschillende schoonmaak procedures met elkaar te vergelijken, hebben
we geconcludeerd dat een InAs oppervlakte behandeling een essentiele rol speelt
bij het bepalen van de eigenschappen van de junctie. In het eindige voltage-regime
hebben we lager dan verwachtte kloof spanningen en een ongewone temperatuurs
afhankelijkheid waargenomen. Dit gedrag is toegeschreven aan de aanwezigheid
van een geinduceerde gap in het InAs onder de supergeleidende elektrodes.
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