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Chapter 1

Introduction
The electron was discovered in 1897 by J.J. Thomson as an elementary
particle embodying a finite amount of charge. The charge property makes
a (moving) electron in free space interact with electromagnetic fields via
the Coulomb and Lorentz forces and enables metals and semiconductors
to carry an electrical current. The observation of the Zeeman effect in
1896 and fine structure anomalies in the line spectra of atoms led to the
suggestion in 1925 by Uhlenbeck and Goudsmit [1, 2] that the electron also
has a ’spin’, an intrinsic angular momentum (S), and directly coupled to it a
magnetic moment. The electron spin provides another degree of freedom for
the electron to interact with a magnetic field. The most direct experimental
proof of the existence and quantized nature of the electron spin (Sz = ±/2)
was obtained by Stern and Gerlach in 1922 [3], being consistent with the
earlier line spectra observations and predictions from Dirac’s relativistic
wave equation formulated in 1928 [4, 5]. The quantization of the spin of a
free electron imposes that, whenever it is measured, it can have only two
possible values: spin-up and spin-down.

1.1

Spintronics

Probably the first observation showing that the spin can affect electron
transport dates back to 1857 when the anisotropic magnetoresistance (AMR)
effect was reported [6], showing that the resistance of a metallic ferromagnet depends on the angle between the magnetization and current direction
[7]. This thesis is the result of the ongoing effort to study spin dependent
electron transport phenomena and to understand the underlying physical
mechanisms from which they result. The justification for this research is
both curiosity driven as well as a vision that explicit use of the spin degree
of freedom of the electron could result in spin-based electronic applications
of new and improved functionality, for example in the area of quantum computation or information (storage) technology [8–11]. This field of research
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has been labelled with the term ”spintronics” and has seen a rapid growth
over the past few years.
Since the discovery of the AMR effect, the most well known examples
of spin dependent electron transport phenomena are the superconducting
tunnelling experiments[12–14], the giant magnetoresistance (GMR) effect
in metallic multilayers [15–19] and tunnelling magnetoresistance (TMR) of
magnetic tunnel junctions [20–22]. This work lead to the idea of electrical
spin injection as a method to create non-equilibrium spin populations in
nonmagnetic metals as was proposed in 1976 by Aronov and Pikus [23, 24].
Electrical spin injection was experimentally realized by Johnson and Silsbee in 1985 when they demonstrated spin accumulation and precession in
a single crystal aluminium bar up to temperatures of 77 K [25–27]. The
work described in this thesis focuses on the electrical injection of spins, the
transport and manipulation of the spin information and the detection of
the resulting spin polarization in nonmagnetic diffusive metals in the linear
response regime. Planar spin valve devices are used to study and determine
the spin relaxation length, which is the fundamental length scale involved
with spin dependent electron transport in the diffusive regime.
Recent years have also seen a number of other potential interesting spintronic devices. The injection of hot electrons ≈ 1 eV above the Fermi energy
EF in Co/Cu multilayers have shown a significant spin filtering effect, enabling transistor functionality and ballistic electron magnetic microscopy
[28–30]. Another interesting development is the ability of spin polarized
currents to initiate a (local) magnetization reversal in thin ferromagnetic
wires and Co/Cu multi-layer pillars [31–36]. For a recent and more complete overview on the field of spintronics, including the developments of the
semiconductor spintronics area, the reader is referred to Refs. [8, 10, 37].

1.2

This thesis

In the early stages of this PhD project research efforts were directed towards
spin accumulation and spin polarized Andreev reflection in ferromagnetic
metal-superconductor (F/S) systems [38]. However, drawing conclusions
from these initial experiments proved to be difficult. At the same time
experimental efforts in Groningen, undertaken by Andrei Filip [39], had
failed to realize the electrical injection of spins from a ferromagnetic metal
into a 2-dimensional semiconductor via transparent contacts.
Therefore the focus shifted towards the realization of electrical spin injection in nonmagnetic diffusive metals and an effort was made to reproduce
results reported in 1993 by Johnson [40–42]. These efforts have resulted in
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a clear and unambiguous experimental demonstration of spin injection in
metallic systems at room temperature and are presented in the successive
chapters of this thesis.
In chapter 2 the basic model for spin transport in the diffusive transport
regime is given, involving the electrical injection of spin currents into nonmagnetic metals, the transfer and manipulation (precession) of the spin information, and the electrical detection the resulting spin polarization. This
model is applied to our multi-terminal device geometry. A multi-terminal
resistor model of spin injection and detection is presented in order to elucidate the principles behind the reduction of the polarization of the spin
current at a transparent F/N interface, also referred to as ”conductivity
mismatch” [43].
Chapter 3 describes the sample fabrication processes to make the spin
injection devices and discusses the used sample geometries and measurement
techniques.
Chapter 4 describes the behavior of magnetization reversal in ferromagnetic strips. Control of the magnetization direction of a ferromagnetic strip
is an important prerequisite to be able to perform spin injection experiments. It is shown that by measuring the AMR resistance of submicron
ferromagnetic strips the magnetization reversal can be monitored under application of an external magnetic field. The magnitude of the switching
field is found to depend on the width of the submicron strips.
In chapter 5 the spin injection and spin accumulation measurements are
presented for ferromagnetic metal-nonmagnetic metal-ferromagnetic metal
(F/N/F) spin valves with transparent contacts. Clear spin accumulation signals are obtained in a ’non-local’ measurement geometry, whereas these signals can be completely overwhelmed by spurious magnetoresistance effects
in a ’conventional’ measurement geometry. Permalloy N i80 F e20 (Py), cobalt
(Co) and nickel (Ni) are used as ferromagnetic injector and detector electrodes, whereas copper (Cu) and aluminum (Al) are used as nonmagnetic
metal. The obtained results (spin relaxation lengths and spin polarization)
are analyzed using the model for spin transport in the diffusive regime and
are compared to theoretical calculations and results obtained from GMR,
CESR, anti-weak localization and superconducting tunneling experiments.
Chapter 6 reports on spin injection experiments from a ferromagnetic
metal into a nonmagnetic metal strip via a tunnel barrier contact. The
injection via a tunnel barrier leads to an increased polarization of the current
in the nonmagnetic metal and hence an increased spin accumulation signal.
It is shown that the spin direction can be controlled by inducing a coherent
spin precession due to an applied perpendicular magnetic field. By inducing
an average precession angle of 180 degrees, the sign of the spin signal can
be reversed.
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In chapter 7, the last chapter, it is shown that the spin reversal associated
with Andreev reflection generates an excess spin density close to the F/S
interface, which leads to a spin contact resistance.
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