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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
5

6

Chapter 1.

Introduction

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.

8
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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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Chapter 2

Theory of spin polarized electron
transport
2.1

Introduction

In general there are different theoretical transport formalisms which can be
used to describe transport, ranging from the most simple, but transparent,
free electron model, to complex ’ab initio’ transport calculations where the
physics can be difficult to interpret due the rigorous applied mathematical
frameworks [1]. Ab initio calculations are characterized by the fact that no
empirical parameters are used in the calculation and only the position of
the atoms enter. The appropriate formalism to describe transport is determined by the transport regime applicable to a given experimental system
or device. This usually depends on the characteristic physical length scale
involved versus the size of the experimental system or device. The size of
the metallic device structures as studied in this thesis are much larger than
the elastic mean free path. Therefore the transport regime applicable to
our devices is the diffusive regime which is described by the Boltzmann
transport formalism.
The second important length scale for spin dependent diffusive transport
is the spin relaxation length, which expresses how far an electron can travel
in a diffusive conductor before its initially known spin direction is randomized. As the spin relaxation length in metals is usually much larger than
the elastic mean free path, the transport can be described in terms of two
independent diffusive spin channels. This ’two current transport model’ [2–
4] has been applied to describe transport in ferromagnetic metals [5–8], to
describe transport across a F/N interface [9] and to explain the current perpendicular to plane (CPP) GMR effect, also known as the Valet-Fert (VF)
model [10]. All mentioned approaches treat the nonmagnetic and ferromagnetic metals as free electron materials. Based on the the assumption that
the elastic scattering time and the inter band scattering times are shorter
11
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than the spin flip times (which is usually the case) the two current model
is adequate to describe and explain the observed magnetoresistance effect
in CPP-GMR multilayers. However, it is unable to quantify the bulk and
interface spin asymmetry parameters and spin relaxation lengths as introduced in the VF model.
Understanding the physical origin of these parameters is currently an
active field of research. Only recently for example Fabian and Das Sarma
[11] have performed an ab initio band structure calculation to evaluate the
spin relaxation time in elemental aluminum (Al), from which the spin relaxation length in Al can be deduced. The interfacial spin asymmetry parameters have been evaluated in diffusive Co/Cu and Fe/Cr multilayers in Refs.
[1, 12–14], whereas bulk spin asymmetry parameters have been evaluated
for diffusive fcc Co and bcc Fe bulk ferromagnetic metals in Ref.[15], as well
as for diffusive Co/Cu and Fe/Cr multilayers .

2.2

Stoner ferromagnetism

In general magnetism originates from the spin of the electron, having a much
larger magnetic moment than the nucleus of an atom. A net electron spin
in an atom results from flexibility of ordering in the electronic arrangement
of the electrons around the nucleus and the requirement for the electron
wave function to obey the Pauli exclusion principle, that is: the complete
wave function of a two or more electron system has to be antisymmetric
with respect to the interchange of any two electrons. Therefore the symmetry (symmetric or antisymmetric) of the spin part of the wave function
influences the symmetry of the spatial wave function and hence influences
the total Coulomb energy of the electron system. The difference in energy
between a two electron system with a symmetric (triplet) or antisymmetric
(singlet) spin part of the wave function is referred to as the exchange energy
Eex . For example, ferromagnetism exists in iron (Fe), nickel (Ni) and cobalt
(Co) atoms due the dependence of the Coulomb energy (the exchange energy) on the particular arrangement of the electrons and their spin in the
3d shell [16, 17]. It is intriguing to notice that these elements, having a
nuclear charge of Z = 26, Z = 27 and Z = 28 respectively, have a magnetic
moment, whereas the next element in the periodic table copper (Cu) with
Z = 29 (and thus only 1 electron more) does not show any ferromagnetism.
The reason is that Cu has a complete filled 3d shell, leaving no room for
any flexibility in the electronic arrangement.
For the elementary ferromagnetic transition (3d) metals Fe, Ni and Co,
the ’magnetically active’ electrons have band-like properties, i.e. they are
not bound to any particular nucleus. The Stoner criterium determines if a

2.2. Stoner ferromagnetism
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Figure 2.1: (a) Schematic illustration to derive the Stoner criterium of ferromagnetism, see text. (b) Band structure of a ferromagnetic metal in the simple
Stoner picture. The d spin sub-bands are shifted in energy due to the exchange
interaction, leading to a finite magnetization and a difference in the densities of
states (N↑ , N↓ ) and Fermi velocities at the Fermi-energy (EF ).

3d transition metal is stable against the formation of a ferromagnetic state,
i.e. a Stoner ferromagnet or not. This criterium is schematically illustrated
in Fig. 2.1a. Roughly, the Stoner model assumes energy bands, where the
3d-spin sub-bands are shifted with respect to each other due to the presence
of the exchange interaction. For ferromagnetic ordering to occur the gain
in exchange energy has to be larger than the increase in the kinetic energy
[18]. Due to the exchange splitting of the d-bands, ferromagnetic metals
exhibit a finite magnetization in thermodynamic equilibrium.

2.2.1 Electrical properties
A second effect of the exchange splitting is that the density of states (DOS)
at the Fermi-energy (EF ) and the Fermi velocities become different for the
two spin sub-bands. Due to the spin dependent DOS, Fermi velocities and
scattering potentials, a ferromagnetic metal is characterized by different
bulk conductivities for the spin-up and spin-down electrons:
σ↑,↓ = e2 N↑,↓ D↑,↓ with D↑,↓ = 1/3vF ↑,↓ le↑,↓ .

(2.1)

Here σ↑,↓ denotes the spin-up and spin-down conductivity, e is the absolute value of the electronic charge, N↑,↓ is the spin dependent DOS at the
Fermi energy, D↑,↓ the spin dependent diffusion constant, vF ↑,↓ the average
spin dependent Fermi velocity and le↑,↓ the average spin dependent electron mean free path. By definition, throughout this thesis, the spin-up (↑)

14
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electrons are related to the majority electrons which are determining the
magnetization and the spin-down (↓) electrons are related to the minority
electrons. The bulk current polarization of a ferromagnetic metal is then
defined as:
σ↑ − σ↓
.
(2.2)
αF =
σ↑ + σ↓
To quantify the magnitude of the current polarization is not a simple
task, as it lies outside the scope of the free electron model. Even the sign of
the bulk current polarization in ferromagnetic metals is not trivial as will be
discussed in the next paragraph. However for the conventional ferromagnets
(Fe, Co and Ni) the magnitude of αF is expected to be in the range 0.1 <
|αF | < 0.7. Note that αF is defined similarly as the parameter β in the VF
model.

2.2.2 Spin polarization
This section is included to stress the difference of the current polarization
in different experiments and transport regimes. Although for transport
experiments the definition of polarization is always related to the current,
the relevant physical quantities determining these (spin) currents can be
very different [19].
Polarization of the conductivity of bulk ferromagnetic metals
Fert and Campbell used the idea of a two-current model [2–4] to describe
transport properties of Ni, Fe and Co based alloys [5, 6]. The temperature dependence of binary Ni and Fe alloys and a deviation from the
Matthiessen’s rule in the residual resistivity of ternary alloys at low temperatures allowed them to extract the spin dependent resistivities of a given
impurity (among them Ni, Fe and Co) in a Ni, Fe or Co host metal [7, 8].
They obtained very high spin asymmetry ratios ρ0↓ /ρ0↑ for Fe (ρ0↓ /ρ0↑ = 20)
and Co (ρ0↓ /ρ0↑ = 30) impurity resistivities in a Ni host metal [7]. Here
ρ0↑ , ρ0↓ are the spin-up and spin-down resistivities induced by the impurity
in the host metal. However low spin asymmetry ratios were obtained for Ni
(ρ0↓ /ρ0↑ = 3) and Co (ρ0↓ /ρ0↑ = 1) impurity resistivities in a Fe host metal
[7]. This result is interesting as it shows that the spin dependent scattering
in Ni, Fe and Co would produce a positive polarization αF , using:
αF =

ρ0↓ /ρ0↑ − 1
.
ρ0↓ /ρ0↑ + 1

(2.3)

On the other hand it can be shown by a simple exercise that αF is predicted to be negative when (spin dependent) scattering is disregarded. From
band structure calculations in Ref. [20] the total spin dependent DOS and
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average Fermi velocities can be obtained for Ni, being 2.51 states/Rydberg/
atom and 0.76·106 m/s for the majority (up) spin and 21.28 states/Rydberg/
atom and 0.25 · 106 m/s for the minority (down) spin. According to Eq. 2.1
these values and assuming le↑ = le↓ would result in a negative αF , the opposite as obtained from the extrapolation of the results in Ref. [7] via Eq. 2.3.
A similar situation exists for fcc Co, where a negative polarization of the
ballistic conductance is predicted by taking only the electronic band structure into account [13]. Ab initio band structure calculations which take into
account spin-independent scattering predict a positive polarization αF for
fcc Co of about 60 % [15]. However, in Ref. [15] a negative polarization αF
of 30 % is obtained for bcc Fe. The close intertwining of electronic structure, spin independent and spin dependent scattering therefore prohibits a
transparent picture, which can predict the sign of the polarization αF , let
alone its magnitude.
In Ref. [21] the current polarization of metallic Co is taken to be positive as a reference to other metals, as several theory papers predict it to be
positive [15, 22, 23]. The measured magnitude of the current polarization
of Co in CPP-GMR experiments is reported to be in the range 35 − 50 %
[21, 24–26]. For Py values are reported to be in the range of 65 − 80% [27–
29], having the same (positive) sign as Co [21]. The situation gets even more
interesting for ferromagnetic metals doped with impurities. For instance,
the sign of the (positive) polarization of bulk Ni can be made negative by
adding only 2.5 at. % Cr [21], favoring a qualitative agreement with the
spin asymmetry ratio ρ0↓ /ρ0↑ < 1 for Cr impurities in a Ni host [7, 21].
All spin valve experiments described in this thesis use the same ferromagnetic metal for spin injection as well as detection. Therefore no information about the sign of αF can be obtained as αF enters squared, via
injector and detector, in the magnitude of the experimentally observed spin
accumulation.
Interface polarization of transparent contacts
The interface polarization for transparent contacts between diﬀusive metals,
as expressed by γ in the VF theory for a CPP-GMR multilayer geometry is
defined as:
R↓int − R↑int
,
(2.4)
γ = int
R↓ + R↑int
where R↑int and R↓int are the interface resistances of the spin-up and spindown channels. The origin of the interface resistance between two different
diffusive metals in a CPP-GMR multilayer geometry can be two fold. One
ingredient is the electronic structure of the metals, which is labelled with
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the term ’intrinsic potential’ in Ref. [21]. The other contribution stems
from disorder at the interface, such as intermixing, impurities and interface
roughness and has been labelled with the term ’extrinsic potentials’ in Ref.
[21].
On the theoretical side progress has been made to resolve the different
contributions to the total interface resistance. It was shown for Co/Cu
multilayers that diffusive electron propagation through the bulk Co and
Cu multilayers in combination with specular reflection at the interfaces
could account for the experimentally observed values of γCo/Cu ≈ 70 %
[12, 21, 26, 30–32]. Including disorder at the Co/Cu interface did not change
this result much [14]. Note however that the positive sign of the polarization
is again different from the ballistic Sharvin conductance polarization for
bulk fcc Co, which yields a negative value reflecting the higher minority
DOS [13]. The sign change originates from the fact that the majority spin
Co and Cu band structures are well matched, whereas this is not the case
for the minority spin [13]. For Fe/Cr multilayers the interface resistance
of the majority spin is larger and hence a negative spin polarization γ is
obtained, ranging from 30 % to 70 % for disordered and clean interfaces
respectively [14].
Experimentally it has been very difficult to discriminate between the ’intrinsic’ and ’extrinsic’ interface resistance contributions [21]. To complicate
things even further, a recent attempt has revealed that not the impurities
at the interface of Co/Cu multilayers seem to matter for the CPP-GMR
effect, but rather 3d ferromagnetic dopants in the bulk Cu layers and Cu
impurities in the bulk Co layers [33].
Interface polarization of tunnel barrier contacts
For the polarization of ferromagnetic tunnel barrier contacts the situation
is even more complex and spectacular. The tunnelling spin polarization P
for a F/I/N tunnel barrier junction is defined as:
P =

GT↑ B − GT↓ B
,
GT↑ B + GT↓ B

(2.5)

where GT↑ B and GT↓ B are the tunnel barrier conductivities of the spin-up
and spin-down channels. This definition corresponds to the definition of the
electrode spin polarization used in the Julliere model describing the tunnel
magnetoresistance (TMR) effect of F/I/F junctions [34, 35] and also corresponds to the definition of the polarization of F/I/S junction in the work
of Tedrow and Meservey [36]. Positive spin polarizations for F/Al2 O3 /S
tunnel barrier junctions were obtained in Ref. [36] for Fe, Co and Ni ferromagnetic electrodes yielding values of 40 %, 35 % and 23 % respectively.
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The sign of the polarization can be determined in F/I/S junctions, because
the magnetic field direction splitting the DOS of the Al superconductor is
known. Note that this positive sign is again counter intuitive in relation
with the higher DOS for the minority ↓ electrons.
Later work on magnetic F/I/F tunnel junctions (MTJ) showed that the
polarization P can be ’tuned’ from positive to negative. In Co/Al2 O3 /Co
junctions the sign of the electrode polarization P could be reversed from
positive to negative by inserting a fraction of a Ru monolayer in between the
Co electrode and Al2 O3 tunnel barrier. This effect was attributed to a strong
modification of the local DOS at the Co/Ru interface [37]. Furthermore,
the positive sign of the spin polarization P for a Co/Al2 O3 /Al tunnel barrier
changes into a negative polarization when the aluminum oxide is replaced
by a strontium titanate or cerium lanthanite tunnel barrier [38]. This shows
that the polarization of tunnel junctions not only depends on the thickness
and effective height of the tunnel barrier [39], but also on the (local) DOS
and the tunnel barrier material. For a detailed review and discussion on
the nature of the spin polarization in MTJ’s the reader is referred to Refs.
[36, 40–42].

2.2.3 Anisotropic magnetoresistance
The resistivity of single ferromagnetic strips can be a few percent smaller
or larger when the magnetization (M) is perpendicular to the current direction as compared to a parallel alignment. This effect is known as the
anisotropic magnetoresistance (AMR) effect [43–45]. Changes in the resistance of a few percent are easily measurable, making it a sensitive way to
monitor the magnetization direction and magnetization reversal processes
of a submicron ferromagnetic strip.
AMR is a band structure effect and in Refs. [44, 46] it is argued that the
microscopic origin relies on the anisotropic spin-orbit mixing of the spin-up
and spin-down d bands accompanied by an anisotropic intra-band sd scattering probability, being largest for M parallel the k vector of the minority
spin electrons. When both effects are taken into account the resistivity ρ
of the ferromagnetic metal is usually found to be larger when M is parallel
(ρ|| ) to the direction of the current than in the situation where M is perpendicular to the direction of the current (ρ⊥ ). The resistance difference
ρ|| − ρ⊥ is derived to be proportional to the square cosine of the angle Ψ
between the current and M [44, 45]:
ρ|| = ρ⊥ + ∆ρ · cos2 (Ψ) .

(2.6)

The typical magnitude of ∆ρ for N i80 F e20 (Py), Co and Ni metals is in
the order of a few percent of ρ⊥ and has a positive sign.
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Spin injection and accumulation: the basic
idea

Here the concept of spin injection and accumulation is introduced in a way
similar to the pedagogical model introduced by Johnson & Silsbee [47] to
describe the induced magnetization in a nonmagnetic metal. However one
has to keep in mind that this description of spin injection and accumulation
is only valid in the situation where a nonmagnetic metal is weakly coupled,
i.e. via tunnel barriers, to its electrical environment. This is shown in detail
in §2.6.
VF

VN
I

I
F

N
λF

λN

Figure 2.2: Schematic representation of the experimental layout for electrical
spin injection. A current I is flowing through a F/N interface. The arrows indicated with λF and λN on either side of the F/N interface represent the distance
where the spin accumulation exists in the F and N metal. The spin accumulation
can be probed by attaching a F and N voltage probe to N within a distance λN
from the F/N interface.
The first step is to the inject spins in a nonmagnetic metal by a ferromagnetic metal. This is realized by connecting a ferromagnetic strip (F) to
a nonmagnetic strip (N), as is shown in Fig. 2.2. The current I is flowing
perpendicular to the F/N interface and therefore the experimental geometry of Fig. 2.2 is related to the current perpendicular to the plane (CPP)
GMR experiments where the current is flowing perpendicular to the planes
of the F and N multilayers [1, 24, 48]. As the conductivities for the spin-up
and spin-down electrons in a ferromagnetic metal are unequal, the usual
charge current (I↑ + I↓ ) in F is accompanied by a spin current (I↑ − I↓ )
transporting magnetization in (or against) the direction of charge current.
This makes a ferromagnetic metal an ideal candidate as an electrical source
of spin currents for temperatures below the Curie temperatures.
When the electrons carrying the spin current (I↑ − I↓ ) have crossed the
F/N interface from F to N, the conductivities for the spin-up and spin-down
electrons are equal. This will cause the electron spins to pile up or accumulate over a distance λF and λN at either side of the F/N interface: the
induced magnetization, see Fig. 2.3c. The phenomenon of spin accumulation can be explained as follows. The driving force for electrical currents is
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N↑(E)
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Figure 2.3: (a) Schematic representation of the spin dependent DOS and occupation of the d states in a ferromagnetic metal. (b) Unpolarized DOS of the
free electron like s states in a nonmagnetic metal. (c) Spin accumulation in a
nonmagnetic metal: the induced magnetization. The non-equilibrium population
of the spin-up and spin-down states is caused by the injection of spin polarized
current.
an electrochemical potential gradient. When this reasoning is reversed one
can see that the injection of a spin current in a nonmagnetic metal must be
associated with different spin-up and spin-down electrochemical potential
gradients. This results in different spin-up (µ↑ ) and spin-down (µ↓ ) electrochemical potentials, with their difference being largest at the interface.
By definition the magnitude of this difference (µ↑ − µ↓ ) is called the spin
accumulation or the induced magnetization.

2.4

Spin injection and accumulation in a diffusive
conductor

The theory is focussed on the diffusive transport regime, which applies when
the mean free path le is shorter than the device dimensions. The description
of electrical transport in a ferromagnetic metal in terms of a two-current
(spin-up and spin-down) model dates back to Mott [2–4]. This idea was
followed by Fert and Campbell to describe the transport properties of Ni,
Fe and Co based alloys [5–8]. Van Son et al. [9] have extended the model
to describe transport through transparent ferromagnetic metal-nonmagnetic
metal interfaces, as shown in Fig 2.2. A firm theoretical underpinning, based
on the Boltzmann transport equation has been given by Valet and Fert [10].
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They have applied the model to describe the effects of spin accumulation
and spin dependent scattering on the CPP-GMR effect in magnetic multilayers. This standard model allows for a detailed quantitative analysis of
the experimental results.
An alternative model, based on thermodynamic considerations, has been
put forward and applied by Johnson and Silsbee (JS) [49]. In principle
both models describe the same physics, and should therefore be equivalent.
However, the JS model has a drawback in that it does not allow a direct
calculation of the spin polarization of the current (η in Refs. [49–53]),
whereas in the VF model all measurable quantities can be directly related
to the parameters of the experimental system [10, 54, 55].

2.4.1 The two channel model
In general, electron transport through a diffusive channel is a result of
a difference in the (electro-)chemical potential of two connected electron
reservoirs [56]. An electron reservoir is an electron bath in full thermal
equilibrium. The chemical potential µch is by definition the energy needed
to add one electron to the system, usually set to zero at the Fermi energy
(this convention is adapted throughout this text), and accounts for the kinetic energy of the electrons. In the linear response regime, i.e. for small
deviations from equilibrium (|eV | < kT ), the chemical potential equals the
excess electron particle density n divided by the density of states at the
Fermi energy, µch = n/N (EF ). In addition an electron may also have a potential energy, e.g. due to the presence of an electric field E. The additional
potential energy for a reservoir at potential V should be added to µch in
order to obtain the electrochemical potential (in the absence of a magnetic
field):
µ = µch − eV ,

(2.7)

where e denotes the absolute value of the electron charge.
From Eq. 2.7 it is clear that a gradient of µ, the driving force of electron
transport, can result from either a spatial varying electron density ∇n or
an electric field E = −∇V . Since µ fully characterizes the reservoir one
is free to describe transport either in terms of diffusion (E = 0, ∇n = 0)
or in terms of electron drift (E = 0, ∇n = 0). In the drift picture the
whole Fermi sea has to be taken into account and consequently one has to
maintain a constant electron density everywhere by imposing: ∇n = 0. We
use the diffusive picture where only the energy range ∆µ, the difference in
the electrochemical potential between the two reservoirs, is important to
describe transport. Both approaches (drift and diffusion) are equivalent in
the linear regime and are related to each other via the Einstein relation:
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(2.8)

where σ is the conductivity and D the diffusion constant. The transport in
a ferromagnet is described by spin dependent conductivities:
1
(2.9)
σ↑ = N↑ e2 D↑ , with D↑ = vF ↑ le↑
3
1
σ↓ = N↓ e2 D↓ , with D↓ = vF ↓ le↓ ,
(2.10)
3
where N↑,↓ denotes the spin dependent density of states (DOS) at the
Fermi energy (EF ), and D↑,↓ the spin dependent diffusion constants, expressed in the average spin dependent Fermi velocities vF ↑,↓ , and average
electron mean free paths le↑,↓ . Throughout this thesis our notation is ↑ for
the majority spin direction and ↓ for the minority spin direction. Note that
the spin dependence of the conductivities is determined by both densities of
states and diffusion constants. Also in a typical ferromagnetic metal several bands (which generally have different spin dependent densities of states
and effective masses) contribute to the transport. However, provided that
the elastic scattering time and the inter band scattering times are shorter
than the spin flip times (which is usually the case) the transport can still
be described in terms of well defined spin up and spin down conductivities.
Because the spin up and spin down conductivities are different, the
current in the bulk ferromagnetic metal will be distributed accordingly over
the two spin channels:
σ↑ ∂µ↑
(2.11)
e ∂x
σ↓ ∂µ↓
j↓ =
,
(2.12)
e ∂x
where j↑↓ are the spin up and spin down current densities. According
to Eqs. 2.11 and 2.12 the current flowing in a bulk ferromagnet is spin
polarized, with a polarization given by:
j↑ =

σ↑ − σ↓
.
(2.13)
σ↑ + σ↓
The next step is the introduction of spin flip processes, described by a
spin flip time τ↑↓ for the average time to flip an up-spin to a down-spin, and
τ↓↑ for the reverse process. Particle conservation requires:
αF =

1
n↑
n↓
+
,
∇j↑ = −
e
τ↑↓ τ↓↑
1
n↑
n↓
−
,
∇j↓ = +
e
τ↑↓ τ↓↑

(2.14)
(2.15)
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with n↑ and n↓ being the excess particle densities for each spin. Detailed
balance imposes that:
N↑ /τ↑↓ = N↓ /τ↓↑ ,

(2.16)

so that in equilibrium no net spin scattering takes place. As pointed
out already, usually these spin flip times are larger than the momentum
scattering time τe = le /vF . The transport can then be described in terms
of the parallel diffusion of the two spin species, where the densities are controlled by spin flip processes. It should be noted however that in particular
in ferromagnets (e.g. permalloy [27–29]) the spin flip times may become
comparable to the momentum scattering time. In this case an (additional)
spin-mixing resistance arises [1, 7, 57], which will not be discussed further
in this thesis.
Combining Eqs. 2.11, 2.12, 2.14, 2.15, 2.16 and using the Einstein relation (Eq. 2.8) one can find that the effect of the spin flip processes can now
be described by the following diffusion equation (assuming diffusion in one
dimension only):
(µ↑ − µ↓ )
∂ 2 (µ↑ − µ↓ )
=
,
(2.17)
D
2
∂x
τsf
where D = D↑ D↓ (N↑ +N↓ )/(N↑ D↑ +N↓ D↓ ) is the spin averaged diffusion
constant, and the spin relaxation time τsf is given by: 1/τsf = 1/τ↑↓ +1/τ↓↑ .
Note that τsf represents the timescale over which the non-equilibrium spin
accumulation (µ↑ − µ↓ ) decays and therefore is equal to the spin lattice
relaxation time T1 used in the Bloch equations: τsf = T1 = T2 , see also §2.8.3
for more details. Using the requirement of (charge) current conservation,
the general solution of Eq. 2.17 for a uniform ferromagnetic or nonmagnetic
wire is now given by:
C
D
exp(−x/λsf ) + exp(x/λsf )
σ↑
σ↑
C
D
= A + Bx − exp(−x/λsf ) − exp(x/λsf ) ,
σ↓
σ↓

µ↑ = A + Bx +

(2.18)

µ↓

(2.19)

where we have introduced the spin relaxation length:

λsf =


Dτsf .

(2.20)

The coefficients A,B,C, and D are determined by the boundary conditions imposed at the junctions where the wires are coupled to other wires. In
the absence of interface resistances and spin flip scattering at the interfaces,
the boundary conditions are: 1) continuity of µ↑ , µ↓ at the interface, and
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2) conservation of spin-up and spin-down currents j↑ , j↓ across the interface.
In the Valet-Fert theory [1, 10] the spin relaxation length (λVsfF ) is
defined differently as expressed in Eq. 2.20, namely as: (λVsfF )2 =(1/D↑ +
VF
VF
. Here τsf
is the spin relaxation time as used in V-F theory.
1/D↓ )−1 τsf
2
Eq. 2.20 would yield: λsf =([N↓ /D↑ (N↑ + N↓ ) + N↑ /D↓ (N↑ + N↓ )]−1 τsf . In
Ref. [10] the definition of λVsfF is justified with a reference to Ref. [9], which
however does not clarify it. In nonmagnetic metals, where D↑ = D↓ = DN
and N↑ = N↓ , Eq. 2.20 yields for the diffusion constant of the nonmagnetic
metal: D = DN . However the V-F definition in this case yields a different
diffusion constant: DV F = 12 DN . Therefore the spin relaxation time (τsf )V F
in the V-F theory corresponds to twice the value of τsf as defined in Eq.
2.20 in nonmagnetic metals: (τsf )V F = 2τsf = 2T1 .

2.5

Spin injection with transparent interfaces

In this section the two current model is applied to a single F/N interface [9]
and multi-terminal F/N/F spin valve structures, following the lines of the
standard Valet Fert model for CPP-GMR. A resistor model of the F/N/F
spin valve structures 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” [58].

2.5.1 The transparent F/N interface
Van Son et al. [9] applied Eqs. 2.18 and 2.19 to describe the spin accumulation and at a transparent F/N interface. By taking the continuity of the
spin-up and spin-down electrochemical potentials and the conservation of
spin-up and spin down-currents at the F/N interface two phenomena occur.
This can be seen in Fig. 2.4 which shows how the spin polarized current (I)
in the (bulk) ferromagnetic metal is converted into a non-polarized current
in the nonmagnetic metal away from the interface. First a “spin-coupled”
interface resistance arises given by:
RI =

∆µ
α2 (σ −1 λN )(σF−1 λF )
= −1 F N
eI
(σF λF ) + (1 − αF2 )(σN−1 λN ),

(2.21)

where σN , σF and λN , λF are the conductivity and spin relaxation length
of the nonmagnetic metal region and the ferromagnetic metal region respectively. Note that in a spin valve measurement one would measure a spin
dependent resistance ∆R = 2RI between parallel and anti-parallel magnetization configuration of the spin valve.
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Figure 2.4: Electrochemical potentials (or densities) of spin-up and spin-down
electrons with a current I flowing through an F/N interface. Both spin accumulation as well as spin coupled resistance can be observed (see text). The figure
corresponds to λN = 5λF .
The second phenomenon is that at the F/N interface the electrochemical
potentials µ↑ , µ↓ of the spin-up and spin-down electrons are split. This
implies that spin accumulation occurs, which has the maximum value at
the interface:
µ↓ − µ↑ =

2∆µ
αF

(2.22)

with ∆µ given by Eq. 2.21.
In addition the expression for the spin polarization of the current at the
interface is given by:
P =

αF σN λF
I↑ − I↓
=
I↑ + I↓
σN λF + (1 − αF2 )σF λN

(2.23)

Thus the above equations show that the magnitude of the spin-coupled
resistance, spin accumulation and polarization of the current is essentially
λN holds
limited by ratio of σN−1 λN and σF−1 λF . Since the condition λF
in almost all cases for metallic systems, this implies that the spin relaxation length in the ferromagnetic metal is the limiting factor to obtain a
large polarization P. This problem becomes progressively worse, when (high
conductivity) metallic ferromagnets are used to inject spin polarized electrons into (low conductivity) semiconductors and has become known as
“conductivity mismatch” [58, 59]. Another way to look at it is that the ferromagnetic metal behaves as a very effective spin reservoir because once the
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electron has diffused (back) into the ferromagnetic metal its spin is flipped
very fast. The proximity of the ferromagnetic metal disturbs therefore a
non-equilibrium spin population present inside the nonmagnetic metal.

2.5.2 Multi-terminal F/N/F spin valve structures
In this section the model of spin injection is applied to a non local geometry,
which reflects the measurement and device geometry, see Fig. 2.5a and Fig.
3.7b.
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Figure 2.5: (a) Schematic representation of the multi-terminal spin valve device.
Regions I and VI denote the injecting (F1 ) and detecting (F2 ) ferromagnetic
contacts, whereas regions II to V denote the four arms of a normal metal cross
(N ) placed in between the two ferromagnets. A spin polarized current is injected
from region I into region II and extracted at region IV. (b) Diagram of the
electrochemical potential solutions (Eqs. 2.18 and 2.19) in each of the six regions
of the multi-terminal spin valve. The nodes represent the origins of the coordinate
axis in the 6 regions, the arrows indicate the (chosen) direction of the positive
x-coordinate. Regions II and III have a finite length of half the ferromagnetic
electrode spacing L. The other regions are semi-infinite.

In the (1-dimensional) geometry of Fig.2.5a 6 different regions can be
identified for which Eqs. 2.18 and 2.19 have to be solved according to their
boundary conditions at the interface. The geometry is schematically shown
in Fig.2.5b, where the 6 different regions are marked with roman letters I to
VI. Using Eq. 2.18 for parallel magnetization of the ferromagnetic regions,
the equations for the spin-up electrochemical potentials from region I to
region VI read (in numerical order):
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je
2C
x+
exp(−x/λF )
σF
σF (1 + αF )
−je
2E
2F
x+
exp(−x/λN ) +
exp(x/λN )
σN
σN
σN
2G
exp(−x/λN )
σN
je
2G
x+
exp(−x/λN )
σN
σN
2H
2K
exp(−x/λN ) +
exp(x/λN )
σN
σN
2D
B+
exp(−x/λF ) ,
σF (1 + αF )

µ↑ = A −

(2.24)

µ↑ =

(2.25)

µ↑ =
µ↑ =
µ↑ =
µ↑ =

(2.26)
(2.27)
(2.28)
(2.29)

where σ↑ = σF (1 + αF )/2 and A to K are 9 unknown constants. The
equations for the spin-down electrochemical potential in the six regions
of Fig. 2.5 can be found by putting a minus sign in front of the constants C, D, E, F, H, K, G and αF in Eqs. 2.24 to 2.29. Constant B is the
most valuable to extract from this set of equations, for it gives directly the
difference between the electrochemical potential measured with a normal
metal probe at the center of the nonmagnetic metal cross in Fig. 2.5a and
the electrochemical potential measured with a ferromagnetic voltage probe
at the F/N interface of region V and V I. For λsf >> L i.e. no spin relaxation in the nonmagnetic metal of regions II and V, the ferromagnetic
voltage probe effectively probes the electrochemical potential difference between spin-up and spin-down electrons at center of the nonmagnetic metal
cross. Solving the Eqs. 2.24 to 2.29 by taking the continuity of the spin-up
and spin-down electrochemical potentials and the conservation of spin-up
and spin down-currents at the 3 nodes of Fig. 2.5b, one obtains:
B = −je

αF2 λσNN e−L/2λN

,
(2.30)
2(M + 1)[M sinh(L/2λN ) + cosh(L/2λN )]
where M = (σF λN /σN λF )(1 − αF2 ) and L is the length of the nonmagnetic
metal strip in between the ferromagnetic electrodes. The magnitude of the
spin accumulation at the F/N interface of region V and V I is given by:
µ↑ − µ↓ = 2B/αF .
In the situation where the ferromagnets have an anti-parallel magnetization alignment, the constant B of Eq. 2.30 gets a minus sign in front.
Upon changing from parallel to anti-parallel magnetization configuration
(a spin valve measurement) a difference of 2∆µ = 2B will be detected
in electrochemical potential between the normal metal and ferromagnetic
voltage probe. This leads to the definition of the spin-dependent resistance
2B
, where S is the cross-sectional area of the nonmagnetic strip:
∆R = −ejS
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αF2 σλNNS e−L/2λN

∆R =

.
(2.31)
(M + 1)[M sinh(L/2λN ) + cosh(L/2λN )]
Eq. 2.31 shows 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 ∆R has a 1/L dependence. In this limit and under
the constraint that M L/2λN >> 1, Eq. 2.31 can be written as:
2αF2 λ2N
.
(2.32)
M (M + 1)σN SL
In the situation where there are no spin flip events in the normal metal
(λN = ∞) Eq. 2.32 can be written as in an even more simple form:
∆R =

2αF2 λ2F /σF2
.
(2.33)
(1 − αF2 )2 SL/σN
The important point to notice is that Eq. 2.33 clearly shows that even
in the situation when there are no spin flip processes in the normal metal,
the spin signal ∆R is reduced with increasing L. The reason is that the spin
dependent resistance (λF /σF S) of the injecting and detecting ferromagnets
remains constant for the two spin channels, whereas the spin independent
resistance (L/σN S) of the nonmagnetic metal in between the two ferromagnets increases linearly with L. In both nonmagnetic metal regions II
and V (Fig. 2.5) the spin currents have to traverse a total resistance path
over a length λF + L/2 and therefore the polarization of the current flowing
through these regions will decrease linearly with L and hence the spin signal
∆R. Note that in the regions V and VI no net current is flowing as the
opposite flowing spin-up and spin-down currents are equal in magnitude.
Using Eqs. 2.11, 2.12 and 2.24 the current polarization at the interface
of the current injecting interface can be calculated. The interface current
j int −j int
polarization is defined as P = j↑int +j↓int and one obtains:
∆R =

↑

↓

M eL/2λN + 2cosh(L/2λN )
.
(2.34)
2(M + 1)[M sinh(L/2λN ) + cosh(L/2λN )]
In the limit that L >> λN we obtain the polarization of the current at
a single F/N interface, see Eq. 2.23:
P = αF

αF
.
(2.35)
M +1
Again, Eq. 2.35 shows a reduction of the polarization of the current at
the F/N interface, when the spin dependent resistance (λF /σF S) is much
smaller than the spin independent resistance (λN /σN S) of the nonmagnetic
metal as already mentioned in §2.5.1.
P =
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The spin signal ∆RConv can also be calculated for a conventional measurement geometry, see Fig. 3.7a, writing down similar equations and
boundary conditions as was done for the non local geometry (Eqs. 2.24
to 2.29). One finds:
∆RConv = 2∆R .

(2.36)

Eq. 2.36 shows that the magnitude of the spin valve signal measured
with a conventional geometry is increased by a factor two as compared to
the non local spin valve geometry (see also Eq. 45 of Ref. [54]).

2.5.3 Resistor model of F/N/F spin valve structures
More physical insight can be gained by considering an equivalent resistor
network of the spin valve device [60, 61]. In the linear transport regime,
where the measured voltages are linear functions of the applied currents,
the spin transport for the conventional and non local geometry can be represented by a two terminal and four terminal resistor network respectively.
This is shown in Fig. 2.6 for both parallel and anti-parallel configuration
of the ferromagnetic electrodes. The resistances R↓ and R↑ represent the
resistances of the spin up and spin down channels, which consist of the
different spin-up and spin-down resistances of the ferromagnetic electrodes
(R↑F , R↓F ) and the spin independent resistance RSD of the nonmagnetic wire
in between the ferromagnetic electrodes. From resistor model calculations
one obtains:
2λF
RF +
w(1 + αF ) 
2λF
=
RF +
w(1 − αF ) 

R↑ = R↑F + RSD =
R↓ = R↓F + RSD

L N
R
w 
L N
R ,
w 

(2.37)
(2.38)

F
N
where R
= 1/σF h and R
= 1/σN h are the ”square” resistances of
the ferromagnet and nonmagnetic metal thin films, w and h are the width
and height of the nonmagnetic metal strip. The resistance R = (λN −
N
/w in Fig. 2.6c and Fig. 2.6d represents the resistance for one
L/2)2R
spin channel in the side arms of the nonmagnetic metal cross over a length
λN − L/2, corresponding to the regions IV and V of Fig. 2.5b.
L the spin dependent resistance ∆RConv between
Provided that λN
the parallel (Fig. 2.6a) and anti-parallel (Fig. 2.6b) resistor networks for
the conventional geometry can be calculated using Eqs. 2.37 and 2.38. One
obtains the familiar expression [1, 24]:

∆RConv =

(R↓ − R↑ )2
.
2(R↑ + R↓ )

(2.39)
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Figure 2.6: The equivalent resistor networks of the spin valve device. (a) The
conventional spin valve geometry in parallel and (b) in anti-parallel configuration.
(c) The non-local spin valve geometry in parallel and (d) in anti-parallel
configuration.
For the non local geometry and under the condition λN
L the spin
dependent resistance ∆R between the parallel (Fig. 2.6c) and anti-parallel
(Fig. 2.6d) resistor network can also be calculated. One obtains:
∆R =

(R↓ − R↑ )2
.
4(R↑ + R↓ )

(2.40)

Eq. 2.40 again shows that the spin signal measured in a non local geometry is reduced by a factor 2 as compared to a conventional measurement.
RSD Eqs. 2.37 and 2.38 can be used to rewrite
Provided that R↑F , R↓F
Eq. 2.40 into:
2

F
2αF2 λ2F R
∆R =
.
N
(1 − αF2 )2 LwR

(2.41)

Using S = wh and replacing the square resistances by the conductivities
Eq. 2.41 reduces to Eq. 2.33. A direct relation can now be obtained between
N
F
, R
and the relevant spin
the experimentally measured quantities ∆R, R
dependent properties of the ferromagnetic metal:
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R↓ − R↑ =

N
8∆RR

L
=
w

F
4αF λF R
.
(1 − αF2 )w

(2.42)

Eq. 2.42 shows that the magnitude of the bulk spin dependent resistance
of the ferromagnetic electrode can be determined directly from the observable experimental quantities as the length, width and square resistance of
the nonmagnetic wire and the spin dependent resistance ∆R.

2.6

Spin injection with tunnel barrier contacts

The presence of tunnel barriers for spin injection is crucial to increase the
magnitude of the spin valve signal. They provide high spin dependent resistances as compared to the magnitude of the spin independent resistance
in the electrical circuit. The importance manifests itself in two ways.
First, the high spin dependent resistance enhances the spin polarization of the injected current flowing into the Al strip by circumventing the
“conductivity mismatch” obstacle [62, 63]. One can therefore consider spin
injection via a tunnel barrier as an ’ideal’ spin current source, because the
spin independent ’load’ resistance connected to the terminals of this spin
source do not influence the polarization of the source current. This is illustrated in Fig. 2.7a, where a resistor scheme for a F/I/N spin injector is
shown.
Second, the high spin dependent resistance causes the electrons, once
injected, to have a negligible probability to loose their spin information
by escaping into the ferromagnetic metal. One can therefore consider spin
detection via a tunnel barrier as an ’ideal’ spin voltage probe as the spin
relaxation induced by the voltage probe is much weaker than the spin relaxation of the material wherein the non equilibrium spin accumulation or
density is probed by the measurement. This is illustrated in Fig. 2.7b,
where a resistor scheme for a F/I/N spin detector is shown.
Therefore, in a spin valve experiment where the injection and detection
is done via tunnel barriers, the spin direction of the electrons during their
time of flight from injector to detector can only be altered by (random) spin
flip scattering processes in the N strip itself or in the presence of an external
magnetic field, by coherent precession.
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Figure 2.7: (a) Resistor model of a F/I/N spin injector, showing the resistances
experienced by the spin-up and spin-down current over a length λF + λN being
dominated by the tunnel barrier resistances. (b) Resistor model of a F/I/N spin
detector, showing the weak coupling (high resistance) of a F voltage probe to
the spin-up and spin-down populations in a nonmagnetic region N of volume
V. The ’short’ circuiting resistances 2RN represent the spin relaxation due to a
nonmagnetic voltage probe strongly (transparent contact) coupled to N.

2.6.1 The F/I/N injector
The polarization P of the current in the resistor network of the F/I/N spin
injector in Fig. 2.7a is given by:.

PF/I/N

(R↓F + R↓T B ) − (R↑F + R↑T B )
R↓T B − R↑T B
=
= TB
,
(R↑F + R↑T B ) + (R↓F + R↓T B ) + 4RN
R↓ + R↑T B

(2.43)

2λF
2λF
F
F
N
where R↑F = w(1+α
R
, R↓F = w(1−α
R
, RN = λN /σN S = λwN R
F)
F)
and R↑T B (R↓T B ) are the spin-up (spin-down) tunnel barrier resistances. The
(R↑F − R↓F ) and
r.h.s. term of Eq. 2.43 is obtained using (R↑T B − R↓T B )
TB
TB
N
4R . Eq. 2.43 shows that the polarization of the current in
R↑ + R ↓
the nonmagnetic metal is given by the tunnelling polarization P determined
by the spin-up and spin-down tunnel barrier resistances.

2.6.2 The F/I/N detector
Here the situation is considered of a ferromagnetic metal strip connected as
a voltage probe via a tunnel barrier to a nonmagnetic region N of volume
V (V
λsf S). The F/I/N voltage probe can be represented by resistances
R↑T B and R↓T B , see Fig. 2.7b. By demanding a zero net charge current
flow into the voltage probe one can find that the detected potential of the
ferromagnetic voltage probe is a weighted average of µ↑ and µ↓ in N:
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P (µ↑ − µ↓ ) (µ↑ + µ↓ )
+
.
(2.44)
2
2
(µ +µ )
The term ↑ 2 ↓ in Eq. 2.44 yields the value which would be measured
by a nonmagnetic voltage probe (P = 0) at the position of the ferromagnetic
(µ +µ )
voltage probe. Usually ↑ 2 ↓ = 0 as N is connected to the ground in a real
measurement. The F/I/N detector can be considered an ’ideal’ spin detector
as long as the spin current flowing from ferromagnetic voltage probe via the
tunnel barrier into the N region is much smaller the spin relaxation current
in N itself (see Eq. 2.53).
Note that a semi-infinite nonmagnetic metal strip connected as a voltage probe to the N region via a transparent contact can be represented
N
for both the spin-up and spinby resistances 2RN = 2λN /σN S = 2λwN R
down channel, see Fig. 2.7b. Because both R↑T B and R↓T B are much larger
than 2RN , the opposite flowing spin-up and spin-down currents from ferromagnetic voltage probe via the tunnel barrier to (and from) the N region
are much smaller than the spin-up and spin-down currents flowing from
(and into) the nonmagnetic voltage probe. The nonmagnetic voltage probe
would therefore ’short circuit’ the spin-up and spin-down electrochemical
potentials existing in N.
µF =

2.6.3 The F/I/N/I/F lateral spin valve
Let us consider a 1-D system consisting of an infinite nonmagnetic metal
strip (N) and ferromagnetic metal strip (F) at x = 0 contacting the nonmagnetic metal strip via a tunnel barrier, see Fig. 2.8. If x → ±∞ the
spin unbalance in N is completely relaxed. This means that Eqs. 2.18 and
2.19 for x > 0 in N reduce to:
−x
) x>0,
(2.45)
λN
−x
µ(x)↓ = −µ0 exp(
) x>0.
(2.46)
λN
Eqs. 2.45 and 2.46 can be solved by taking the continuity of the spin-up
and spin-down electrochemical potentials and the conservation of spin-up
and spin down-currents at the injecting contact at x = 0:
µ(x)↑ = µ0 exp(

2µ0
,
e
I
= − −
2
I
= − −
2

I↑ R↑T B − I↓ R↓T B =
I↑
I↓

(2.47)
µ0 σN S
,
eλN
µ0 σN S
.
eλN

(2.48)
(2.49)
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Figure 2.8: (a) Cross section of a spin valve device, where the ferromagnetic
spin injector (F1) is separated from the nonmagnetic metal (N) by an Al2 O3
tunnel barrier. The second ferromagnetic electrode (F2) is used to detect the
spin accumulation at a distance L from the injector. (b) The spatial dependence
of the spin-up and spin-down electrochemical potentials (dashed) in the Al strip.
The solid lines indicate the electrochemical potential (voltage) of the electrons in
the absence of spin injection.
Note that in deriving Eqs. 2.47, 2.48 and 2.49 the spin-up and spindown electrochemicals in the ferromagnetic metal have been assumed to
be the same. From Eqs. 2.47, 2.48 and 2.49 the magnitude of the spin
accumulation µ↑ − µ↓ at x = 0 yields:
µ↑ − µ↓ = 2µ0 =

IeRN P
,
1 + 2RN /(R↑T B + R↓T B )

(2.50)

RT B −RT B

where RN = σλNNS and P = R↓T B +R↑T B . The denominator of Eq. 2.50
↑
↓
contains the ratio of the spin dependent and spin independent resistances,
2RN /(R↑T B + R↓T B ). If this ratio is large, the spin unbalance is reduced. If
RN ), then:
the tunnel resistance is sufficiently high (R↑T B + R↓T B
µ0 =

IeRN P
.
2

(2.51)

At a distance L from the F1 electrode in Fig. 2.8 the induced spin
accumulation (µ↑ − µ↓ ) in the Al strip can be detected by a second F2
electrode via a tunnel barrier. Using Eqs. 2.45, 2.46, 2.51 and 2.44 the
magnitude of the output signal (V/I) of the F2 electrode relative to the Al
voltage probe at distance L from F1 can be calculated:
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−L
µF − µN
P 2 λsf
V
exp(
),
=
=±
I
eI
2SσN
λsf

(2.52)

where µN = (µ↑ +µ↓ )/2 is the measured potential of the Al voltage probe
and the + (-) sign corresponds to a parallel (anti-parallel) magnetization
configuration the ferromagnetic electrodes. Eq. 2.52 shows that in the
absence of a magnetic field the output signal decays exponentially as a
function of L [52, 64].

2.6.4 Injection/relaxation approach
Another way to arrive at Eq. 2.52 is to balance the injection and relaxation
rate right underneath the injector (x = 0) as used in Refs. [51–53]. In
steady state the injection and relaxation rates should be equal:
∆nV̂
I ↑ − I↓
=
,
e
τsf

(2.53)

where V̂ = S·2λsf denotes the volume in which the spin unbalance is present
and ∆n = n↑ − n↓ = (µ↑ − µ↓ )N (EF )/2 = µ0 N (EF ) is the difference in
electron density of spin up and down electrons. Here use is made
 ∞ of the fact
that the total number of excess spin particles is given by S −∞ ∆n(x)dx =
 
∞
dx = 2Sλsf ∆n(0). Subsequently one finds:
2S 0 ∆n(0) exp λ−x
sf
µ0 =

P Iτsf
P Ieλsf
=
.
2eN (EF )Sλsf
2SσN

(2.54)

Here the Einstein relation Eq. 2.8 is used to arrive at the last expression.
From the general solution of the diffusion equation and the boundary condition µ↑ (x)|x→∞ = 0 one finds:
µ↑ (x) =

P Ieλsf λ−x
e sf .
2SσN

(2.55)

The detector potential, see Eq. 2.44, is therefore given by Eq. 2.52.
To arrive at the result obtained by Johnson (Refs. [51, 52, 65]) one has
to take a finite volume V = L · S. Using Eq. 2.53 one obtains:
µ0 =

P Ieλ2sf
P Iτsf
=
.
eN (EF )V
σN SL

(2.56)

Using Eq. 2.44, the spin valve resistance for a nonmagnetic strip of a
finite volume V would than be given by:

2.7. Conduction electron spin relaxation in nonmagnetic metals

35

P λ2sf
∆R = 2µF /Ie = 2P µ0 /Ie = 2
.
(2.57)
σN SL
Eq. 2.57 yields the expression obtained in Refs. [51, 52, 65]. Note that
in order to arrive at Eq. 2.57 one has to assume spin detection via tunnel
barrier contacts.

2.7

Conduction electron spin relaxation in nonmagnetic metals

The fact that a spin can be flipped implies that there is some mechanism
which allows the electron spin to interact with its environment. In the
absence of magnetic impurities in the nonmagnetic metal, the dominant
mechanism that provides for this interaction is the spin-orbit interaction,
as was argued by Elliot and Yafet [66, 67]. When included in the band
structure calculation the result of the spin-orbit interaction is that the Bloch
eigen functions become linear combinations of spin-up and spin-down states,
mixing some spin-down character into the predominantly spin-up states and
vice versa [68]. Using a perturbative approach Elliot showed that a relation
can be obtained between the elastic scattering time (τe ), the spin relaxation
time (τsf ) and the spin orbit interaction strength defined as (λ/∆E)2 :
τe
λ 2
=a∝(
) ,
τsf
∆E

(2.58)

where λ is the atomic spin-orbit coupling constant for a specific energy
band and ∆E is the average energy separation from the considered (conduction) band to the nearest band which is coupled via the atomic spin orbit
interaction constant. Yafet has shown that Eq. 2.58 is temperature independent [67]. Therefore the temperature dependence of (τsf )−1 scales with
the temperature behavior of the resistivity being proportional to (τe−1 ). For
many clean metals the temperature dependence of the resistivity is dominated by the electron-phonon scattering and can to a good approximation
be described by the Bloch-Grüneisen relation [69]: (τsf )−1 ∼ T 5 at temperatures below the Debye temperature TD and (τsf )−1 ∼ T above TD .
Using data from CESR experiments, Monod and Beuneu [70, 71] showed
that (τsf )−1 follows the Bloch-Grüneisen relation for monovalent alkali and
noble metals. In Fig. 2.9 their results are replotted for Cu and Al, using
the revised scaling as applied by Fabian and Das Sarma [68]. In addition,
data points for Cu and Al at T /TD ≈ 1 from the spin injection experiments
described in Chapters 5 and 6 are plotted, using the calculated spin orbit
strength parameters from Ref. [70]: (λ/∆E)2 = 2.16 · 10−2 for Cu and
(λ/∆E)2 = 3 · 10−5 for Al.
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Figure 2.9: The (revised) Bloch-Grüneisen plot [68]. The quantity C · (τsf
) is

plotted versus the reduced temperature T /TD on logarithmic scales. C represents
ph −1
) to the (original) plotted width of a CESR resonance
a constant which links (τsf
peak, normalized by the spin orbit strength (λ/∆E)2 and the resistivity ρD at
ph −1
)
is the phonon induced spin
T = TD : C = (γ(λ/∆E)2 ρD )−1 . Here (τsf
relaxation rate, γ is the Larmor frequency and TD is the Debye temperature.
Values ρD = 1.5 · 10−8 Ωm and TD = 315 K for Cu and ρD = 3.3 · 10−8 Ωm and
TD = 390 K for Al are used from [69, 72]. The dashed line represents the general
Bloch-Grüneisen curve. The open squares represent Al data taken from CESR
and the JS spin injection experiment (Refs. [50, 73]). The open circles represent
Cu data taken from CESR experiments (Refs. [74–76]). The solid square (Al)
and circle (Cu) are values from the spin injection experiments described in this
thesis and Refs. [64, 77].

From Fig. 2.9 it can be seen that for Cu the Bloch-Grüneisen relation
is well obeyed, including the newly added point deduced from our spin
injection experiments at RT (T /TD = 0.9). For Al however the previously
obtained data points as well as the newly added point from the injection
experiments at RT (T /TD = 0.75) are deviating from the general curve,
being about two orders of magnitude larger than the calculated values based
on Eq. 2.58 and the Bloch-Grüneisen relation. Note that data points for
the Bloch-Grüneisen plot shown in Fig. 2.9 cannot be extracted from the
spin injection experiments at T = 4.2 K (Chapters 5 and 6), because the
impurity (surface) scattering rate is dominating the phonon contribution at
T = 4.2 K.
Fabian and Das Sarma have resolved the discrepancy for Al in Fig. 2.9
by pointing out that so called ’spin-hot-spots’ exist at the Fermi surface of
poly valent metals (like Al). Performing an ab initio pseudo potential band
structure calculation of Al they showed that the spin flip contribution of
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these (small) spin-hot-spot areas on the (large) Fermi surface dominate the
total spin flip scattering rate (τsf )−1 , making it a factor of 100 faster than
expected from the Elliot-Yafet relation [11, 78, 79]. A simplified reasoning
for the occurrence of these spin-hot-spots is that in poly valent metals the
Fermi surface can cross the first Brillioun zone making the energy separation
∆E in Eq. 2.58 between the (conduction) band to the spin orbit coupled
band much smaller at these (local) crossings and hence result in a larger
spin orbit strength (λ/∆E)2 . The newly added data point in Fig. 2.9 for Al
shows that the under estimation of the spin orbit strength also holds at RT
(T /TD = 0.75). However it is in excellent agreement with the theoretically
predicted spin relaxation time at RT ([11]) as will be discussed in Chapter
5.

2.8

Electron spin precession

A (rotating) spinning top will not fall to the ground under the influence of
gravity, but rather start to circulating trajectory which is called precession.
The gravitational force will exert a torque T on the spinning top which
makes angular momentum vector L to describe a trajectory which forms
the surface of a cone on completing a full cycle. The top angle of the cone is
determined by the angle θ between the direction of the gravitational force
Fg and L. The precession frequency ωp of a spinning top (or gyroscope)
under the action of a torque T is:
ωp =

|T|
|L| sin θ

(2.59)

A similar phenomenon occurs with the electron spin under the influence
of a (perpendicular) magnetic field B⊥ . The B⊥ -field will exert a torque
on the spin equal to T = −µB B⊥ sin θ which will make the electron spin
precess, a phenomenon known as the Larmor precession. Here gµB /2 is the
spin magnetic moment associated with the spin angular momentum S, g
is the g-factor and µB is the Bohr magneton. The precession frequency,
known as the Larmor frequency, of the electron spin becomes:
gµB B⊥
,

where  is Planck’s constant divided by 2π.
ωL = −

(2.60)

2.8.1 The ballistic case
This section applies only to a strictly 1D-ballistic channel as was shown to
be a basic requirement for the originally proposed spin FET device by Datta
and Das [80, 81]. If a perpendicular field is applied to the initial direction of
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the spin, the spin signal will be modulated by the precession. The injected
electron spins from F1 into the N strip are exposed to a magnetic field B⊥,
directed perpendicular to the substrate plane and the initial direction of the
injected spins being parallel to the long axes of F electrodes. Because B⊥
alters the spin direction of the injected spins by an angle φ = ωL t and the
F2 electrode detects their projection onto its own magnetization direction
(0 or π), the spin accumulation signal will be modulated by cos(φ). Here
t is the time of flight of the electron travelling from F1 to F2, which for
a single mode ballistic channel would be single valued. Assuming there is
no backscattering at the interfaces, the observed modulation of the output
signal as a function of B⊥ would be a perfect cosine function, as is shown
in Fig. 2.10.
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Figure 2.10: Oscillatory modulation of the spin valve signal (V/I) in a ballistic
nonmagnetic metal or semiconductor strip N. The label 1,2 and 3 refer to a
precession angle of 0, 90 and 180 degrees.
For a parallel ↑↑ (anti-parallel ↑↓) configuration we observe an initial
positive (negative) signal, which drops in amplitude as B⊥ is increased
from zero field. The parallel and anti-parallel curves cross each other where
the angle of precession is 90 degrees and the output signal is zero. As B⊥ is
increased beyond this field, we observe that the output signal changes sign
and reaches a minimum (maximum) when the angle of precession is 180
degrees, thereby effectively converting the injected spin-up electrons into
spin-down electrons and vice versa. Note that in this description the spin is
considered as a classical object, i.e. the quantum mechanical phase of the
spin is ignored.

2.8.2 The diffusive case
Since our metal is diffusive, the travel or diffusion time t between injector
and detector is not unique. Diffusive transport implies that there are many
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different paths which can be taken by the electrons in going from F1 to F2.
Therefore a spread in the diffusion times t occurs and hence a spread in
precession angles φ = ωL t.

x=L

℘(t )

no spin flip

τsf

with spin flip

τD τD+τsf

t

Figure 2.11: Probability per unit volume that, once an electron is injected, will
be present at x = L without spin flip (℘(t)) and with spin flip (℘(t)·exp(−t/τsf )),
as a function of the diffusion time t.

In an (infinite) diffusive 1D conductor the diffusion time t from F1 to
F2 has a broad distribution ℘(t):
℘(t) =


1/4πDt · exp(−L2 /4Dt) ,

(2.61)

where ℘(t) is proportional to the number of electrons per unit volume
that, once injected at the F1 electrode (x=0), will be present at the Co2
electrode (x = L) after a diffusion time t. In Fig. 2.11 ℘(t) is plotted as
a function of t, showing that long diffusion times t (t
τD ) still have a
L2
corresponds to the peak position in ℘(t)
considerable weight. Here τD = 2D
= 0). So even when τsf is infinite the broadening of diffusion times
( δ℘(t)
δt
will destroy the spin coherence of the electrons present at F2 and hence will
lead to a decay of the output signal.
However, spin relaxation by spin flip processes should be taken into account as well. The chance that the electron spin has not flipped after a
diffusion time t is equal to exp(−t/τsf ). If we multiply ℘(t) with this relaxation factor we obtain the probability (per unit volume) that an excess spin
particle is located at x = L after a diffusion time t, see Fig. 2.11. Taking
into account spin flip results in a much smaller weight for the long diffusion
times t (t
τD ) as compared to the original distribution ℘(t) without spin
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flip. The damped probability peaks at approximately the same value as ℘(t),
L2
, if τD and τsf are assumed to be in same order of magnitude.
i.e. at τD = 2D
Because of the diffusive broadening all individual electrons can have
different precession angles φ = ωL t and therefore the output signal (V /I) is
a summation of all contributions of the electron spins over all diffusion times
t. This results in a spread of precession angles ∆φ = ωL (B⊥ )t and hence
a damping of the spin signal. However, in the experiment one would like
to observe a sign reversal before the spin signal is completely smeared by
the diffusive broadening. To see this sign reversal, the spread in precession
angles ∆φ should be smaller than π, whereas at the same time the average
precession angle should be larger than π:
max
)τsf ≤ π ,
ωL (B⊥

(2.62)

max
ωL (B⊥
)τD ≥ π ,

(2.63)

max
where B⊥
is the maximum field that is applied. Combining Eqs. 2.62
and 2.63 one immediately finds that these 2 conditions are satisfied when
τD ≥ τsf or:
√
L ≥ 2 λsf .
(2.64)

Note that Eqs. 2.62 - 2.64 are only hand waving results.
Now the output voltage V as a function of the applied field B⊥ can be
calculated. The first step is to calculate the number of excess spins with
their magnetic moment along the y-direction (see Fig. 2.10) in the normal
metal parallel to the detector. This number consists of a summation of all
injected spins arriving at F2. Therefore the injection rate P I/e has to be
multiplied by probability distribution ℘(t) exp(−t/τsf ) times the rotation
around the z-axis cos(ωL t). This product has to be integrated over all
diffusion times t and one obtains:
 

IP ∞
−t
dt .
(2.65)
℘(t) cos(ωL t) exp
n ↑ − n↓ =
eS 0
τsf
By using Eq. 2.44 and by noting that µ↑ − µ↓ = N (E2 F ) (n↑ − n↓ ) the output
voltage for a parallel (+) and anti-parallel (-) magnetization configuration
of the ferromagnetic electrodes becomes:
P2
V (B⊥ ) = ±I 2
e N (EF )S





∞

℘(t) cos(ωL t) exp
0

Using the program Mathematica T M the integral

−t
τsf


dt .

(2.66)
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∞

Int(B⊥) =

℘(t) cos(ωL t) exp
0

−t
τsf


dt

(2.67)

can be solved and the obtained expression is:
ωL
1
1 exp −L Dτsf − i D
Int(B⊥) = Re ( √
).
1
2 D
−
iω
L
τsf

(2.68)

Eq. 2.68 shows that in the absence of precession (B⊥ = 0) the exponential decay of Eq. 2.52 is recovered. It can also be shown by using standard
goniometric relations that Eq. 2.68 is identical to the solution describing
spin precession obtained by solving the Bloch equations with a diffusion
term [82]. This will be discussed in the §2.8.3.
1.0

VP (normalized)
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Figure 2.12: Precession signal. VP is plotted as a function of the reduced magnetic field parameter b for several values of the reduced injector-detector separation l (see text for their definition)
The shape of the graph of V (B⊥ ) as a function of B⊥ depends on both
the spin relaxation length and the diffusion constant of the normal metal.
In Fig. 2.12 the precession signal VP for parallel magnetization is plotted as
a function of the reduced field b for several values of the reduced injectordetector separation l, where l, b are defined as:

l≡

b ≡ ωL τsf ,
√
τD
2 L
=
,
τsf
2 λsf

(2.69)
(2.70)
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respectively. For l = 0.5 the signal is almost critically damped since the
condition in Eq. 2.64 is not satisfied.

2.8.3 The magnetic picture
It is convenient to express a spin unbalance in terms of the electrochemical
potential since both injection and detection are electrical. However, a spin
accumulation is accompanied by a net magnetization Mn . If there is any
interaction with internal or external magnetic fields it might be more handy
to express a spin accumulation in terms of Mn . Also, since Mn is a vector,
there are no problems in case there is not one practical quantization axis
for the whole system, for example if the magnetization axes of injector and
detector are not parallel.
Particle density, electrochemical potential, and magnetization are easily related to each other:
|Mn | = µB ∆n = µB

N (EF )
∆µ .
2

(2.71)

Upon injection in the nonmagnetic metal, Mn is parallel to the magnetization of the injector Mn whereas during transport the magnetization
direction might change as a result of interaction with a magnetic field. A
statistic description of this process in terms of precessing single electrons
was the starting point in §2.8. By summing over all travel times weighted
by their statistical probability and taking spin flip into account Mn (L) is
calculated.
However one could also start with the macroscopic magnetization Mn (0)
and use the Bloch equations with an added diffusion term to calculate
Mn (L). This approach was adapted by Johnson and Silsbee [47] and we
will discuss this approach briefly in the next paragraph.
Bloch equations
Another way to obtain Eq. 2.66 is to solve the Bloch equations with an
added diffusion term [47]. Applying the magnetic field in the z-direction
(the quantization axis), the magnetization of the F1 and F2 strip along the
y-direction and the 1-dimensional diffusion along the x-direction (see Fig.
2.10) the Bloch equations read:
My
∂ 2 My
dMy
+D
,
= −ωL Mx −
dt
T2
∂x2
dMx
Mx
∂ 2 Mx
+D
.
= ωL My −
dt
T2
∂x2

(2.72)
(2.73)
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= −

∂ 2 Mz
Mz
+D
.
T2
∂x2

(2.74)

Note that in a metal, and in zero field, there is no distinction between the
longitudinal ”spin lattice” relaxation time T1 and the transverse ”dephasing” relaxation time are equal. The reason is that the energy barrier for
T1 spin flip processes is relatively small compared to the total (kinetic) energy the electrons at the Fermi energy. Johnson and Silsbee have found an
analytical solution for this set of equations. They obtain for the detected
potential by (a weakly coupled) ferromagnetic voltage probe relative to the
ground (nonmagnetic voltage probe) [47]:

I
T2
1 2
(2.75)
F1 {b, l} ,
Vd = P 2
2 e N (EF )S 2D
where
F1 {b, l} =

Here f (b) =

√

1 
lb
[ 1 + f (b)cos( 
)−
f (b)
1 + f (b)
√
lb
b
sin( 
)]e−l 1+f (b) .
−
1 + f (b)
1 + f (b)

(2.76)

1 + b2 , b ≡ ωL T2 is defined as the reduced magnetic field
2

L
parameter and l ≡ 2DT
is defined as the reduced injector-detector sepa2
ration parameter. It can be shown by using standard goniometric relations
that Eq. 2.66 is identical to the solutions 2.75 and 2.76. In particular, using
goniometric relations and some algebra one can find that find:
√
1 τsf
(2.77)
F1 {b, l} ,
Int(B⊥) =
2 2D
indeed showing that Eq. 2.66 is equal to Eq. 2.75. Furthermore, it
shows that indeed T2 = T1 = τsf . The definition of τsf in this thesis is
therefore equal (as it should) to the spin lattice relaxation time T1 used in
the Bloch equations [47, 82].

2.8.4 Modulation of the precession signal in high magnetic
fields
In the previous paragraphs of this chapter it was assumed that the magnetization of both injector and detector were and stayed parallel to the y-axis.
In practice it turns out that the magnetization of both injector and detector strips are tilted out of the substrate plane with an angle θ by a strong
perpendicular field B⊥ in the z-direction, see Fig. 2.10. Here the case is
discussed where Mi,d is lifted with an angle θ from the substrate (x-y) plain:
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ei = (0 cos θ1 sin θ1 )T ,
ed = (0 cos θ2 sin θ2 ) .

(2.78)
(2.79)

Here θ1 is the angle between the magnetization direction of the injector
electrode and the substrate (x-y) plane and θ2 is the angle between the
detector electrode and the substrate (x-y) plane. The magnitude of the
injected magnetization at the injector electrode at x=0 is |M0 | = µB (n↑ −n↓ )
and using Eq. 2.65 the magnetization at x = L is then given by:
 

µB IP ∞
−t
Rz (ωL t) ei dt ,
ML =
℘(t) exp
(2.80)
eS
τsf
0
where ℘(t) is equal to Eq. 2.61 and Rz (ωL t) denotes the standard matrix for a rotation around the z-axis with the precession angle ωL t. The
electrochemical potential and, hence, the output voltage V , can then be
calculated by taking the inner vector product of Eq. 2.80 with ed . Using
Eqs. 2.44 and 2.71 to determine the correct pre-factor one obtains:
V (B⊥ , θ1 , θ2 ) = V (B⊥ ) cos θ1 cos θ2 + |V (B⊥ = 0)| sin θ1 sin θ2 ,

(2.81)

where V (B⊥ ) is given by Eq. 2.66. The extra cosine terms result in a
reduction of the precession signal, whereas the sine terms result in a constant
signal (independent of the Lamor frequency). If θ1 = θ2 = 90◦ , then the
magnetization of both the injector and the detector are aligned with the
perpendicular field B⊥ and no precession takes place anymore.

2.9

Remarks

The theory above has shown that the description of spin diffusion and precession with the Bloch equations, as applied by Johnson and Silsbee in Refs.
[47, 50], is fully consistent with the electron transport approach as described
in the previous paragraphs in the limit that the ferromagnetic electrodes are
weakly coupled to the nonmagnetic region, i.e. via tunnel barriers. In the
opposite regime of transparent contacts one can conclude that the physics
of spin injection and the CPP magnetoresistance are essentially the same.
In the general case of arbitrary nature of the electrical contacts and non
collinear magnetization of the ferromagnetic electrodes the description of
spin and electron transport becomes more complicated due the appearance
of a mixing conductance [83, 84].
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Chapter 3

Experimental techniques and
sample fabrication
3.1

Introduction

The discovery of several new phenomena in mesoscopic physics is a direct
result from the advances obtained in the fabrication of nanometer scale
devices in the last two decades. One of the most important factors has
been the development of electron beam lithography, EBL, which uses a
focussed beam of high energy electrons to expose an electron sensitive resist
on a suitable substrate. The short wavelength of the high energy electrons
enables fabrication of devices with a much higher resolution (∼ 50 nm) than
those fabricated using optical lithography techniques. This accuracy makes
EBL a well suited technique to pattern structures which are smaller than
the relevant length scale for studying spin dependent electron transport in
metals. In nonmagnetic metals the relevant length scale for spin injection
is the spin relaxation length, which for thin metallic films is of the order of
1 µm.

3.2

Sample fabrication techniques

In this paragraph the techniques necessary to fabricate the devices presented
in the remainder of this work are discussed. After a short introduction on
the principle of electron beam lithography in §3.2.1, a description of the
fabrication of two different resist systems which can be used in the metal
deposition processes discussed is given in §3.2.2. In the last paragraph the
method to remove the resist after evaporation (lift-off) is discussed.
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development

deposition

lift-off

PMMA

Substrate

Figure 3.1: Schematic description of the lift-off process. An electron sensitive
resist is exposed to a high energy electron beam (left). The exposed areas are
dissolved in a suitable developer and material is deposited on top of the remaining
resist structure (two center images). As a last step the sample is put in a strong
solvent that removes all resist. Material deposited on top of the resist is hence
removed (right).

3.2.1 Electron beam lithography, EBL
The first EBL machines were developed in the late 1960s. Shortly thereafter came the discovery that a common polymer, polymethyl methacrylate
(PMMA), made an excellent e-beam resist [1]. Despite sweeping technological advances, PMMA is still the most commonly used e-beam resist. The
main advantages of EBL are high resolution and great flexibility. Designs
for devices can be made in a computer program and directly used to expose
a sample. The time consuming step of mask making necessary for optical
lithography is not needed. These advantages make it the most commonly
used patterning method in a research environment. The most important
drawback, low speed, which is crucial in an industrial environment, is less
applicable here. All essential elements of the samples discussed in this work
have been fabricated using EBL with a 37 keV electron beam generated by
a customized JEOL 840 scanning electron microscope (SEM) and equipped
with software from Raith Gmbh. With this system resolution to a line
width of 50 nm is possible. The general principle of the sample fabrication
is shown in Fig. 3.1. An electron sensitive resist mostly based on PMMA is
applied on top of a (silicon) substrate by spin coating and drying on a hot
plate. Subsequently a predefined pattern is exposed using the high energy
electron beam with the result that polymer chains exposed to the electron
beam are broken and become soluble in a suitable developer [2]. The maximum resolution obtained in the system is not determined by the diameter
of the electron beam nor the by the electron wave length but by scattering
and subsequent broadening of the electron beam in the resist (forward scattering) and scattering of the electron beam in the substrate and subsequent
reflection back into the resist (backscattering). The latter gives rise to secondary exposure of the resist, which is especially strong near large exposed
areas. This proximity effect makes EBL a non-straightforward technique
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for complex patterning [3]. After the e-beam exposure, the sample is put
in a suitable developer which removes the exposed areas of the resist. The
next step is the material deposition. E-gun evaporation is used to deposit
the various metals, except for permalloy N i80 F e20 (Py), which is deposited
using DC sputtering in a argon environment. The Py layers are sputtered at
IMEC (Belgium). After deposition, the sample is put in a solvent, usually
heated acetone, to remove the polymer and the metal on top of it. This
technique is called lift-off.

3.2.2 Creating an evaporation mask using electron beam
lithography
In this thesis two different resist systems in combination with e-beam lithography to fabricate our samples are used: a conventional PMMA bi-layer
system for conventional metal deposition using evaporation or sputtering
and a tri-layer system using a PMMA-MA ballast layer, a germanium (Ge)
middle layer and PMMA top layer used for shadow evaporation techniques.
In Fig. 3.2 the fabrication procedure of the two resist systems is described.
The used substrate for all experiments is a single side polished P-doped
Si < 100 > wafer (ρ = 100 − 200 Ωcm) with a thermally grown oxide of
approximately 200 nm.
Conventional PMMA bi-layer
This technique represents the standard and most widely used resist system
for electron beam lithography. The substrate is covered with two layers of
PMMA using spin coating and baking on a hot plate. The layers have a
different molecular weight with the heaviest compound on top. This has
the advantage of forming a better, i.e. slightly overhanging, resist profile,
as shown in the top right part of Fig. 3.2. Such a profile is important for a
good lift off, especially in the case of DC sputtering. The following process
is used to create the PMMA bi-layer:
Bottom layer: Du Pont Elvacite PMMA 2010 (medium molecular weight),
4% in chlorobenzene, filtered with 0.2 µm filters and spun at 4000 rpm for
70 seconds depending on the desired resist height. Subsequently, the resist
is baked for 10 minutes on a hot plate at 170◦ C.
Top layer: Du Pont Elvacite PMMA 2041 (very high molecular weight),
2% in O-xylene using the same spin speed and baking settings. For the highest possible resolution, hardness and best resist profile, a time of 3 hours is
used for baking on a hot plate at 170◦ C. It is important to use for this top
layer a rather weak solvent, such as O-xylene, to prevent intermixing of the
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Figure 3.2: Schematic representation of the two different lithographic systems
used in this thesis for the fabrication of the spin injection devices. The top row
shows the process of making a conventional PMMA bi-layer system. The middle
and bottom rows show the more complex fabrication of tri-layer system and the
creation of a suspended germanium (Ge) layer with well defined undercuts used
for shadow evaporation techniques.

two layers during application of the second layer. The typical thickness for
each layer is about 150 nm, making the total thickness of the bi-layer about
300 nm [4].
The sample is exposed using a 37 keV electron beam with a typical dose of
200 µCcm−2 . Smaller structures with a line width of ∼ 100 nm typically
need twice this dose. Subsequently a wet development step is carried out
for 50 seconds in a 3:1 mixture of IPA:MIBK (2-propanol:methyl-isobutylketone) and flushed for 60 seconds in IPA. As a last step a short anisotropic
oxygen etch is done in a reactive ion etcher to remove the last PMMA remnants left on the substrate: Oxygen pressure 9 µBar, Power = 40 W, etch
time: 20 seconds.
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PMMA-germanium-MA trilayer
This recipe is used for the fabrication of spin injection devices with a shadow
evaporation technique [5]. Shadow evaporation is a necessary technique to
be able to fabricate tunnel barrier contacts in a controlled way and will be
discussed in §3.2.3. The process of fabricating the tri-layer resist system is
schematically shown in the middle and bottom rows of Fig. 3.2.
Bottom layer: Allresist GMBH ARP 680.10 PMMA-MA (in methoxyethanol). The spin speed determines the thickness of the resist: 2000 rpm
gives a thickness of 1.2 µm. The spin time is 70 seconds and baking is 20
minutes at 170◦ C on a hot plate.
Germanium layer: The germanium (Ge) layer is put on top of the bottom
PMMA-MA layer by e-gun evaporation at a rate of 0.1-0.2 nm/s in a high
vacuum system with a background pressure of 1 · 10−7 mbar. The thickness
of the Ge layer is 40 nm.
Top layer: Allresist GMBH ARP 671.04 PMMA (in chlorobenzene). Spin
speed is determined again by the desired layer thickness: 4000 rpm gives a
thickness of 400 nm. The spin time is 70 seconds and baking is 20 minutes
at 150◦ C on a hot plate.
The deposition of the PMMA-MA bottom layer and the PMMA top layer
is identical to the procedure described in the previous paragraph, except for
the fact that the top layer is now baked at 150◦ C in stead of 170◦ C. The
baking temperature of the top layer is lower than that of the bottom layer
because otherwise out-gassing from the bottom layer will cause a cracking
of the Ge layer.
To expose both resist layers a typical (high) dose of 200 µCcm−2 necessary,
whereas for the exposure of only the PMMA-MA bottom layer a typical
(low) dose of 100 µCcm−2 is used. After e-beam exposure the sample is developed for 40 seconds in 3:1 IPA:MIBK with a 60 second stop in IPA. The
top layer is developed only where it has received the high dose. The pattern
in the top layer is now transferred into the Ge by means of an anisotropic
dry etch in a reactive ion etcher using the following settings: CF4 gas with a
pressure P = 25 µBar at 40 W for about 40 seconds. The exact etch time is
monitored using a laser interferometer to prevent over-etching, which causes
a decrease in resolution of the line width. Subsequently the bottom layer is
developed for 40 seconds in 5:1 IPA:MIBK with a 10 second stop in IPA and
a 30 second stop in demi-water. Both bottom resist regions, having received
either a normal dose or a low dose, are developed in this step. As a last
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step the remaining resist on top of the germanium is completely removed
using an oxygen plasma at 9 µBar with 40 W power for 3 minutes. Due
the complete removal of the top resist layer a minimum thickness of the
suspended mask is obtained, being limited by the thickness of the Ge layer.

3.2.3 Metal deposition
After completion of the mask, three different methods have been used to
deposit metals: electron gun evaporation, electron gun evaporation in combination with shadow evaporation and DC sputtering.
Electron gun evaporation
Electron gun evaporation is a thermal evaporation process. The sample is
placed on a sample holder which is positioned upside down in a vacuum
chamber. On the bottom of the chamber a rotatable source is present containing 4 different source metals: nickel (Ni), cobalt (Co), germanium (Ge)
and aluminum (Al). A high energy electron beam is used to heat one of the
metals, which evaporates and condenses on the sample facing the heated
metal source. In between the sample and the metal source a shutter is
positioned functioning as a on/off switch to control the deposition. The
deposition rates are typical in the order of 0.1 - 1 nm/s for the above mentioned metals. The higher the evaporation speed and the lower the pressure,
the cleaner the film. The main advantages of e-gun evaporation are high
power, so that materials with high melting points can be evaporated. Another advantage is the fact that evaporation in vacuum is highly anisotropic,
i.e. in one specific direction. This property enables the deposition process
called shadow evaporation. The base pressure of the system is 2·10−7 mbar.
Shadow evaporation
For shadow evaporation a sample holder is used that can be tilted and
rotated in combination with a resist system with undercuts as can be seen
in Fig. 3.2, see also Refs. [5, 6]. Due to the anisotropic nature of the
deposition by e-gun evaporation, different projections of an opening in the
mask can be deposited without breaking the vacuum. The principle is
shown in the left panel of Fig. 3.3 where two depositions are done with two
different angles to the substrate: one perpendicular and one at an angle θ.
As a result two projections are deposited on the substrate a distance d apart.
If a second projection is not desired at a specific location the undercut can
be made smaller at that point, as shown in the right panel of Fig. 3.3.
At sufficient large angles θ’ the material is then deposited in the side wall
of the resist, resulting in a removal upon lift-off. An advantage of shadow
evaporation is that it allows one to fabricate complex structures consisting
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Figure 3.3: The principle of shadow evaporation. By evaporating in two steps
with a difference in angle θ through a resist system with a suspended mask,
structures can be shifted with respect to each other by a distance d (left picture).
Also structures can be prevented to be deposited on the substrate by using large
angles θ’ and smaller undercuts. This results into a projection into the side wall
of the resist and therefore removal upon lift-off (right picture).

of two different metals without taking the sample out of the evaporation
chamber. In particular, by using aluminum as one of the metals the shadow
evaporation technique facilitates a control of the interface transparency of
the contacts from fully transparent (T ≈ 0.5) to the tunnel barrier regime
(T ≈< 5 · 10−5 ) by exposing the aluminum to oxygen after deposition.
Sputtering
For metallic alloys, where a well defined stoichiometry is desired, another
method for deposition is used. For the deposition of permalloy N i80 F e20
(Py) DC magnetron sputtering with a low pressure argon plasma is used in
combination with the conventional PMMA bi-layer resist. The sputtering of
the Py layers has been done at IMEC (Belgium) in the group of G. Borghs
and J. de Boeck. A drawback of sputtering is the fact that it is isotropic,
which demands a better (more overhanging) resist profile than evaporation.
If this condition is not met, very high ’ears’ are formed at structure edges,
which can cause major problems if a good step coverage of the sputtered
Py layer is needed by in a second deposition step.

3.2.4 Lift-off
The last step in the process is lift off. For delicate samples in which metals are used with relatively poor adhesion, such as copper, the sample is
immersed in boiling acetone until all residual material has lifted off. Then
it is flushed in cold ethanol and the sample is spin dried. For more robust
samples, such as Al, Co, Ni and sputter deposited Py with a tantalum (Ta)
adhesion layer, ultrasonic agitation in heated acetone can be used. Ultra-
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sonic agitation in combination with the stronger (heated) solvent J.T.Baker
PRS 3000 resist stripper can be important, especially after sputter deposition of the Py metal, to remove resist ’ears’ at the edges of a structure.

3.3

Interface quality

3.3.1 Transparent interfaces
As discussed previously, shadow evaporation can be used to deposit different
layers without breaking the vacuum. This guarantees a transparent interface if the back ground pressure is sufficiently low. A metallic interface
is considered highly transparent when the interface resistance is indistinguishable from the metallic bulk diffusive resistance over an elastic mean
free path.
However, shadow evaporation is not always possible, for example in the
case of Py sputter deposition. In this case a two or more step process is used,
in which every metal layer is deposited using a different lithography step.
Hence the surface of the first layer is exposed to the ambient atmosphere
for a prolonged period causing contamination and the possible formation of
oxides. To create a highly transparent interface between two metal layers,
two cleaning steps are necessary prior to the deposition of the second layer.
First an oxygen plasma etch is applied to remove PMMA remnants from
the surface. This is included in every resist fabrication step. Secondly an in
situ etch with an inert gas is applied prior to the deposition of the second
metal.
30 s
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Phase contrast micrographs
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8
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1

2
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Figure 3.4: Etch depth as a function of etch time for a 40 nm thick Py film. The
linear fit through the origin yields an etching rate of 5 nm/minute. The micrographs on the left show the etched steps as observed by optical phase contract
microscopy at 100 X magnification
The native oxide present at the surface of the Py, Co or Ni metals can
be removed by ion beam milling or Kaufmann etching. A typical etch of
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about 30 seconds at an argon (Ar) pressure of 2 · 10−4 mbar, an acceleration
beam voltage of 500 eV and an etch current of 1.3 ± 0.1 mA is sufficient to
remove a few nm of metal. This was verified by measuring the height profile
of lithographically patterned steps in 40 nm thick Py and Co films with
a Dektak3 ST surface profile measuring system. Interestingly, the etched
steps of only a few nm height could also be observed with a phase contrast
microscope. In Fig. 3.4 a plot is shown of the etch depth versus etch time
for Py, as well as photographs of the etched pattern as observed by phase
contrast microscopy at 100 X magnification.

3.3.2 Tunnel barrier junctions
In some cases a tunnel barrier between two metallic layers is desired. There
are many ways to fabricate tunnel barriers, however the use of aluminium
oxide (Al2 O3 ) as a tunnel barrier material is particularly easy from a fabrication point of view and it has proven itself as a reliable barrier over many
years in superconducting tunneling experiments [7] and in ferromagnetic
tunnel junctions [8]. In this work an Al/Al2 O3 /Co nonmagnetic metaltunnel barrier-ferromagnetic metal system is used for spin injection and
detection. The fabrication procedure is based upon shadow evaporation.
In the first step aluminium is deposited by e-gun evaporation through a
suspended mask. Next, without breaking the vacuum, pure O2 is let into
the vacuum system for 10 minutes and an Al2 O3 oxide layer is formed.
Guided by a rather extensive investigation of the contact resistance for
Al/Al2 O3 /Cu junctions by Baselmans [9], the Al/Al2 O3 /Co tunnel junctions are exposed to three different pressures (5 · 10−3 mbar, 1 · 10−2 mbar)
and 5 · 10−2 mbar for 10 minutes each, to determine the tunnel barrier quality and the contact resistance as a function of oxygen exposure (O2 pressure
times oxidation time). In Fig. 3.5 the resulting contact resistance is shown
as a function of oxygen exposure together with the results for Al/Al2 O3 /Cu
junctions as obtained by Baselmans [9].
For all oxygen exposures of 3, 6 and 30 mbar · s an increase of the
Al/Al2 O3 /Co junction contact resistance of about 10 % is observed upon
cooling from RT to liquid He temperature. This is, in combination with
the quadratic dependence of the resistance on the DC voltage bias as shown
in the top right graph of Fig. 3.5, a good indication that the dominant
transport process from the Al to the Co is electron tunnelling [10, 12, 13].
The same behavior was observed for the Al/Al2 O3 /Cu junctions except for
the data point at 6 mbar · s, for which the observed quadratic dependence
of the resistance upon voltage bias changes sign and becomes much weaker.
Also the increase in resistance upon cooling to liquid He temperature for
this sample disappears, indicating that the Al/Al2 O3 /Cu tunnel barrier
is probably suffering from pinhole leakage currents. The shift in voltage
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Figure 3.5: Contact resistance at 4.2 K of Al/Al2 O3 /Cu and Al/Al2 O3 /Co tunnel junctions as a function of oxygen exposure (pressure multiplied by time). In
all cases the oxidation time is 600 seconds. The right graphs show the differential
resistance as a function of a dc bias voltage for a junction at RT and a junction
at T = 150 mK. The quadratic dependence of the resistance at RT on the dc bias
voltage is a good indication of a tunnel barrier [10]. The shift between the two
curves (Co-Al = current from Co to Al, Al-Co = current from Al to Co) as a
function of bias direction is attributed to the difference in work function between
Al and Co [11]. At T= 150 mK a tunnelling behavior is observed, showing the
BCS gap and DOS in Al.

between the two curves in the inset as a function of the bias direction (from
Al to Co or vice versa) is a result of the different work functions between
Co and Al.

3.4

Fabrication procedure of the individual samples

In this paragraph the fabrication process for two different types of spin valve
devices is discussed in detail. The first type are lateral ferromagnetic metalnonmagnetic metal-ferromagnetic metal (F/N/F) spin valve structures with
transparent interfaces. For these devices different ferromagnetic metals,
permalloy (Py), cobalt (Co) and nickel (Ni), are used as electrical spin
injectors and detectors. For the nonmagnetic metal both aluminium (Al)
and copper (Cu) are used.
The second type of devices are lateral Co/Al2 O3 /Al/Al2 O3 /Co spin
valves with tunnel barrier contacts.
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3.4.1 Design requirements
The aim is to fabricate a lateral spin valve consisting of two ferromagnetic
electrodes and a nonmagnetic metal transport channel. Both types of spin
valve devices should have the following properties:
• The ferromagnetic electrodes should be single domain over at least the
region which is in contact with the normal metal. Multiple domains
would mean injection/detection of both spin components, reducing the
injection efficiency. In addition the micro-magnets should have a well
defined easy axis along which the magnetization aligns. This means
that the aspect ratio (length/width) of the micro-magnet should be
high (∼ 5).
• The micro-magnets should have different coercive (”switching”) fields.
In this way, parallel and anti-parallel magnetization directions of the
micro-magnets can be realized by sweeping the external field from positive to negative values and vice versa. Studies show that the coercive
field mainly depends on the width of the electrodes (see Chapter 4)
for aspect ratios larger than 4.
• The separation between the electrodes should be variable (200nm 2µm) in order to measure the length dependence of the spin signal.
In addition the tunnel barrier devices (second type) should have an additional requirement:
• The tunnel barrier resistance should be much higher than the resistance of the normal metal over a spin relaxation length to overcome
”conductivity mismatch” [14, 15]. In practice this condition is fulfilled
for even the most transparent (T ≈ 1 · 10−5 ) tunnel barriers, see Fig.
3.5. On the other hand, the tunnel resistance should not become too
high in order to limit the voltage drop over the barrier as an 1-2 nm
thick Al2 O3 barrier breaks down at about 1 Volt [13, 16, 17].

3.4.2 F/N/F spin valve structures
Sample fabrication
P-doped Si < 100 > wafers are used as a substrate material with a 200 nm
thermally grown oxide on top. In a first step the basic electrical contact
pattern and 10 bond pads consisting of 5 nm Ti and 30 Au are fabricated
using UV-optical lithography. In Fig. 3.6 the 10 contact fingers of this
optically defined structure can be seen. In between these 10 contact fingers
an area of about 30 × 40 µm2 is left blank for EBL patterning.
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Figure 3.6: Optical micrograph (top) and a scanning electron microscope (SEM)
picture (bottom) of a lateral mesoscopic spin valve device with a ferromagnetic
electrode spacing L = 500 nm. The two horizontal strips are the ferromagnetic
electrodes F1 (Py1) and F2 (Py2). Their sizes are (2 × 0.5 µm2 ) and (14 ×
0.15 µm2 ) respectively. An aluminum (Al) cross is placed in between the Py
electrodes, which vertical arms lay on top of the Py electrodes. A total of 10
contacts are connected to the device.

Subsequently the spin valve devices are fabricated in two steps by means
of e-beam lithography with a conventional PMMA bi-layer resist and lift-off
technique. To avoid magnetic fringe fields, the ferromagnetic electrodes are
deposited first. The 40 nm thick Py electrodes are sputter deposited on a 2
nm tantalum (Ta) adhesion layer. The base pressure of the sputter system
at IMEC (Belgium) was 2 · 10−8 mbar vacuum, whereas the background Ar
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pressure during sputtering was 1 mbar. A small B-field of 3 mT along
the long axis of the Py electrodes was applied during growth in order to
align the magneto crystalline anisotropy with the magnetic shape anisotropy
of Py electrode. The conductivity of the Py film was determined to be
σP y = 6.6 · 106 Ω−1 m−1 and σP y = 1.2 · 107 Ω−1 m−1 at RT and 4.2
K respectively. The 40 nm thick Co (99.95 % pure) and 30 nm thick Ni
(99.98 % pure) electrodes were deposited by e-gun evaporation in a 1 · 10−6
mbar vacuum (base pressure: 2 · 10−7 mbar). The conductivities of the Co
and Ni films were determined to be σCo = 4.2 · 106 Ω−1 m−1 and σN i = 7.6 ·
106 Ω−1 m−1 at RT, whereas at 4.2 K they were σCo = 7.3 · 106 Ω−1 m−1
and σN i = 1.6 · 107 Ω−1 m−1 . In the second EBL fabrication step, 50
nm thick crossed Cu (99.99 % pure) or Al (99.999 % pure) strips were
deposited by e-gun evaporation in a 1 · 10−8 mbar vacuum (base pressure:
2 · 10−9 mbar). Prior to the Cu or Al deposition, a few nm of Py, Co or
Ni material was removed from the ferromagnetic electrodes by Kaufmann
etching at 500 Volt for 30 seconds in a 2·10−4 mbar Ar environment, thereby
removing the oxide to ensure transparent contacts (see Fig. 3.4). The time
in between the Kaufmann sputtering and Cu or Al deposition was about 3
minutes. The conductivities of the Cu and Al films were determined to be
σCu = 3.5 · 107 Ω−1 m−1 and σAl = 3.1 · 107 Ω−1 m−1 at RT, whereas at 4.2
K they were σCu = 7.1 · 107 Ω−1 m−1 and σAl = 8.0 · 107 Ω−1 m−1 .
Measurement geometry
Two different measurement geometries are used to measure the spin valve
effect in the F/N/F device structures, the so called ’conventional’ geometry (Fig. 3.7a) and ’non-local’ geometry (Fig. 3.7b). In the conventional
measurement geometry the current is sent from contact 1 to 7 and the signal R = V /I is measured between contacts 4 and 9, see Fig. 3.6. The
conventional geometry suffers from a relatively large background resistance
as compared to the spin valve resistance. Small parts of the ferromagnetic
electrodes underneath the vertical Cu or Al wires of the cross are included in
this background resistance, which can give rise to AMR [18] contributions
and Hall effects. These ”contact” magnetoresistances of the ferromagnet
electrodes can be measured by using the measurement geometries as shown
in Fig. 3.7c and 3.7d. Note that in these geometries no spin valve signal
can be measured as only one on the ferromagnetic electrodes is involved in
the measurement.
In the non-local measurement geometry the current is sent from contact 1 to 5 and the signal R = V /I is measured between contacts 6 and
9. This technique is similar to the ”potentiometric” method of Johnson
used in Refs. [19–21]. However, the separation of the current and voltage
circuits allow us to remove the AMR contribution and Hall effects of the
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ferromagnetic electrodes completely: the (magneto) resistance of the current injecting contact (F1) is not relevant because any voltage drop that
develops across it will not influence the current that is sent through it and
similarly, no current flows through the ferromagnetic voltage contact (F2),
so its (magneto) resistance does not effect the voltage measurement. Therefore the only region which could possibly give rise to a magnetoresistance
signal is the nonmagnetic metal cross, but explicit measurements confirm
that this region does not produce any magnetoresistance. Moreover, this
central region would be unable to produce a Hall signal in a non local measurement with a magnetic field perpendicular to the substrate plane as both
voltage probes are attached longitudinal to the direction of the current.
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Figure 3.7: Measurement geometries used for the F/N/F spin valve devices.
Spin valve measurements are performed in two geometries, (a) represents the
conventional measurement geometry and (b) the non local measurement geometry. The contact magnetoresistance of the ferromagnetic electrode are measured
using geometry (c) for the F1 electrode and geometry (d) for the F2 electrode

3.4.3 F/I/N/I/F spin valve structures
P-doped Si < 100 > wafers are used as a substrate material with a 200 nm
thermally grown oxide on top, having the same electrical contact pattern as
desbribed in §3.4.2. Subsequently the spin valve devices are fabricated by
means of a shadow evaporation process in combination with the PMMAgermanium-MA tri-layer resist mask. Figure 3.8 shows the mask design
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which is written in the tri-layer resist by e-beam exposure. The light gray
areas are exposed with a low dose, whereas the dark grey and black areas
are exposed with a high dose. When the tri-layer resist is developed (see
§3.2.2) the light grey areas is Fig. 3.8 form the undercuts of the shadow
mask, whereas the dark grey and black regions represent the removed Ge
layer. Note that in the middle of Fig. 3.8 the Ge layer forms a fully
suspended bridge across the PMMA-MA bottom layer.

Figure 3.8: Mask design for the lateral Co/Al2 O3 /Al/Al2 O3 /Co spin valves with
tunnel barrier contacts.

Co2

stray
projections

Co1
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Co1

SiO2

Al

Al
2 µm

Figure 3.9: Scanning electron microscope (SEM) picture (right) and an atomic
force microscopy (AFM) picture of a lateral Co/Al2 O3 /Al/Al2 O3 /Co spin valve
with tunnel barrier contacts with a ferromagnetic Co electrode spacing L = 1100
nm.

After completion of the mask, a two step shadow evaporation procedure
is used to make the sample. First we deposit an Al layer from the left and
right side of Fig. 3.8 at a pressure of 1·10−6 mbar, under an angle of θ = 65◦
with the substrate normal, see also Fig. 3.3. In this way a continuous Al
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strip underneath the suspended Ge mask is made with a thickness of 50
nm. Next, without breaking the vacuum, an Al2 O3 oxide layer is formed
at the Al surface due to a 10 minutes O2 exposure at 5 x 10−3 mbar. In
a third step, after the vacuum is recovered, two Co electrodes with sizes
of 0.4 × 4 µm2 (Co1) and 0.2 × 12 µm2 (Co2) and a thickness of 50 nm
are deposited from below Fig. 3.8 under an angle of θ = 20◦ with the
substrate normal. In Fig. 3.9a a SEM picture is shown of a sample with a
Co electrode spacing of L = 1100 nm. Dummy or stray shadow projections
can also clearly be identified in Fig. 3.9.
The conductivity of the Al strips of the samples used in Ref. [22] was
determined to be σAl = 1.1 · 107 Ω−1 m−1 at RT and σAl = 1.7 · 107 Ω−1 m−1
at T = 4.2 K. The conductivity of the Co strips in these samples was
determined to be σCo = 4.1 · 106 Ω−1 m−1 at RT, whereas the resistance of
the Al/Al2 O3 /Co tunnel barriers was typically 600 Ω for the Co1 electrode
and 1200 Ω for the Co2 electrode at RT.

3.5

Measurement techniques

The samples are glued to standard 16 pin sample holders using Oxford instruments Varnish. Electrical connection to the samples is made by means
of ultrasonic wire bonding using 25 µm Al-Si (1% Si) wires. The sample
holders can be placed in a dip-stick for measurements at 1.4 - 4.2 K or in
a holder thermally anchored to the mixing chamber of a Kelvinox dilution
refrigerator for measurements over 0.1 - 1 K. In both cases copper plates
at the lowest temperature surround the sample. For all spin valve measurements at RT and dip-stick measurements at 1.4 - 4.2 K no RC filtering
was used. For superconducting tunnelling measurements in a dilution fridge
noise filtering is applied, consisting of a single stage home-built RC filter at
room temperature and three RC low pass filters in series (each consisting
of a 2.7 kΩ metal film resistance and a 1 nf multilayer capacitance) plus
a copper powder filter at the lowest temperature, analogous to the system
described in Ref. [23]. The low-pass RC filters have a low frequency cut-off
of 60 kHz. At high frequencies, in the order of several 100 MHz, the attenuation of these filters decreases, due to stray capacitances in the resistors.
For the filtering of the frequencies above 0.5 GHz the copper powder filter
is used.
The connections from the RT or cryogenic system to the measurement
setup are done using twisted pairs of co-axial cables. The electrical measurements are performed using voltage controlled current sources and differential
voltage amplifiers which are electrically isolated from the environment by
means of high frequency magnetic coupling. Standard lock-in detection
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techniques to measure AC signals are used in combination with standard
multi-meters to measure the output voltage from the amplifiers. The electrical measurements for the spin valves with transparent contacts (F/N/F) are
done in a symmetrical mode, which means that the current source applies
a voltage from − 12 V to + 12 V to send the ac current through the sample and
the electrical wiring. Because both electrical leads from the current source
to the sample have a much larger resistance (≈ 100 Ω each) than the measured (4-terminal) resistance of the sample, the potential at the position
of the voltage probes stays close to zero. This makes the detection of the
small spin injection signals of the order of 10 − 100 nV easier to detect, as
the common mode signal is easier suppressed by the differential amplifier.
However, for the electrical measurements on the Al/Al2 O3 /Co tunnel barrier spin valves it is necessary to use an assymmetrical mode, which means
that the current source applies a voltage from 0 to V to send the ac current
through the sample and the electrical wiring. The Al strip is connected to
the inactive or ground (V=0) terminal of the current source in the asymmetrical mode. Because of the asymmetrical resistance in the current leads,
the full potential swing from 0 to V is mostly across the tunnel barrier resistance, leaving the potential of the Al strip close to 0 and hence reducing
the common mode signal for the differential amplifier.
The magnetic fields at RT are generated using a GMW 3470 electromagnet which is able to deliver a maximum field of 400 mT with a pole
gap distance of 25 mm. At low temperatures (T < 4.2 K) higher magnetic
fields up to 8 T are achieved with a superconducting magnet.
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Chapter 4

Magnetization reversal processes
in rectangular ferromagnetic strips
4.1

Introduction

The resistance of a single Py, Co or Ni strip is a few percent smaller when
the magnetization direction is perpendicular to the current direction as compared to a parallel alignment. This effect is known as the anisotropic magnetoresistance (AMR) effect [1]. The AMR effect can therefore be used to
monitor the magnetization reversal or ’switching’ behavior of the ferromagnetic Py, Co and Ni electrodes [2]. Three different models are discussed here
which describe the magnetization reversal processes in mesoscopic strips
[3]. Their applicability depends on the dimensions of the magnetic strip
and its material properties such as the saturation magnetization Ms , the
crystalline anisotropy contants K1 , K2 ,..., and the exchange constant A.
For elongated particles as the ferromagnetic strips used in this thesis, nonuniform magnetization reversal processes are most likely to be present as
the width
 of the strip always largely exceeds the (magnetic) exchange length
λex = 4πA/µ0 MS2 , being ≈ 6 nm, ≈ 7 nm and ≈ 21 nm for Fe, Co and
Ni respectively [3].

4.2

Magnetization reversal via uniform rotation

The simplest description is provided by the Stoner and Wohlfarth model
(SW) [4]. It assumes a single ferromagnetic domain and coherent magnetization rotation. Neglecting the magneto-crystalline anisotropy, the total
energy for an ellipsoid of revolution is written as a sum of magnetostatic
and shape anisotropy energies:
E = −µ0 HMs cosφ −

µ0 Ms2
(Dz − Dx ) cos2 (φ − θ) ,
2
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(4.1)
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where Ms is the saturation magnetization, Dz and Dx are the demagnetization factors, and φ and θ are the angles between the magnetization direction
and the applied field, and, respectively, the external field and the easy axis.
The second term on the right of eq. 4.1 represents the shape anistropy energy of the ellipsoid, which is equal to the magnetostatic self-energy of the
particle. For an elongated ellipsoid along the z-axis the demagnetization
factors would be Dx = 0.5, Dy = 0.5 and Dz = 0. The angle between
the magnetization and the applied field for a given field can be determined
analytically by minimizing the total energy. The switching or coercive field
as a function of the direction of the applied field reads:
Hc (θ) = H0sw (sin2/3 θ + cos2/3 θ)−3/2 ,

(4.2)

where H0sw = Ms (Dz −Dx ) is the saturation field in perpendicular (θ = 90◦ )
direction, which corresponds to the demagnetization field along the (short)
x-axis of the ellipsoid of revolution. An upper value estimate is therefore
obtained of the switching field for a permalloy ellipsoid of µ0 H0sw = 540 mT
, using Ms = 8.6 · 105 A/m, whereas for a Co ellipsoid µ0 H0sw = 900 mT is
obtained, using Ms = 1.4 · 106 A/m. In Fig. 4.1a and 4.2a the saturation
field is indicated by B0sw = µ0 H0sw for Py and Co rectangular strips. Here
the saturation fields are less than the maximal upper value, due smaller
demagnetization factors for the rectangular Py and Co bars [5].
However for fields applied parallel to the easy axis (θ = 0) of a mesoscopic strip, it was found that the switching field is one order of magnitude
smaller than the SW-model predicts [6–12]. To explain these low switching
fields another switching mechanism have been proposed: a magnetization
curling process.
The curling model assumes that the magnetization direction rotates in a
plane perpendicular to the anisotropy axis of the wire, effectively reducing
the longitudinal component of the magnetization and hence the magnitude
of the switching field [13–15]. For rectangular shaped strips, the upper and
lower bound of the magnitude of the switching field have been calculated for
a B-field applied parallel to the easy axis (θ = 0◦ ) of the strip. For aspect
ratios d/h < 4, where 2d is width and 2h is the height of the strip, these
upper and lower bounds are the same. The magnitude of the switching field,
as calculated by Aharoni, can then be written as [14]:
π
λ2ex
= Ms 2 .
(4.3)
2
d
For permalloy one finds that λex ≈ 12 nm, using A = 1 · 10−11 J/m and
Ms = 860 kA/m. For a 100 nm wide rectangular Py electrode and a field
applied parallel to the long (easy) axis, a switching field of µ0 Hccurl (0◦ ) = 91
mT would thus be obtained.
Hccurl (0◦ )
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Figure 4.1: (a) Typical AMR curve at RT of a 14 × 0.5 µm2 Py strip with the
magnetic field applied in the plane of the substrate and perpendicular to the
current. (b) AMR behavior at T = 4.2 K with the magnetic field parallel to
the direction of the current for two rectangular Py strips with dimensions 2.0 ×
0.8 µm2 (bottom) and 2.0 × 0.5 µm2 (top). The solid (dotted) curve corresponds
with a negative (positive) sweep direction of the B-field.

4.3

Non-uniform magnetization reversal

This mechanism assumes that the switching of the magnetization is mediated by the nucleation of a domain-wall [16, 17]. A domain-wall (or more)
is nucleated (annihilated) when the cost of exchange energy associated with
the domain wall is lower (higher) than the gain in magnetostatic energy
upon increasing the external field. Once it is nucleated it can sweep through
the material, thereby lowering the total magneto static energy. This mechanism has been confirmed experimentally by Lorentz micrography by Otani
[18]. Recent MFM studies of 1 µm wide iron and permalloy wires seem to
indicate that in these wires a multi-domain structure is formed during the
reversal process [19, 20]. However an analytical expression of the magnitude
of the nucleation field cannot easily be given, as one has to numerically solve
the time dependent Landau-Lifshitz equations for each value of the applied
magnetic field.

4.4

The AMR behavior of rectangular Py and Co
strips

Typical anisotropic magnetoresistance (AMR) curves at RT of a 14×0.5 µm2
Py strip and 0.2 × 12 µm2 Co strip are shown in Fig. 4.1a and Fig. 4.2a.
The magnetic field in these measurements is directed perpendicular to the
long axis of the strips and parallel to the substrate plane. The saturation

a
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Figure 4.2: Perpendicular AMR of a 0.2 × 12 µm2 Co electrode, (a) with the
magnetic field B applied perpendicular the Co strip but parallel to the substrate
plane at RT and (b) with the magnetic field B applied perpendicular to the
substrate plane at T = 4.2 K. The inset in (b) shows the angle between the
magnetization M and the direction of the current through the wire, see text.

fields as used in the SW-model are indicated by B0sw . The 40 nm thick
and 500 nm wide Py strip has a demagnetization factor in the direction
of the applied magnetic field of D ≈ 0.06 [5] and the SW-model predicts
B0sw ≈ 65 mT, which is close the observed value of around 80 mT. The 50
nm thick and 200 nm wide Co electrode has a demagnetization factor in the
direction of the applied magnetic field of Dy ≈ 0.15, yielding an expected
saturation field of B0sw ≈ 270 mT, according to the SW-model. This is
more than a factor two larger than the observed value of around 110 mT.
When the magnetic field is applied perpendicular to the substrate plane at
T = 4.2 K, shown in Fig. 4.2b, a saturation field is found approximately
B0sw = 1.8 T. The deviation from the expected SW-model saturation field
at RT in Fig. 4.2a might be related by an additional anisotropy energy
due to strain in the Co film, because a 2 times larger switching field at
T = 4.2 compared to RT is also observed in the Co strips, when the magnetic field is applied parallel to the long-axis of the Co strip (see Chapter 6).
The inset of Fig. 4.2b shows the angle Ψ(= φ − θ) as a function of the
magnetic field, obtained by fitting the AMR curve of Fig. 4.2b to Eq. 2.6
and assuming that the magnetization rotation is uniform. According to the
Stoner and Wohlfarth model (Eq. 4.1) for θ = π/2, Dz = 0 and Dx = 1,
the angle Ψ between the current and the magnetization direction should
behave like Ψ = arccos(B/Ms ). However the inset of Fig. 4.2b shows that
this relation is only obeyed at low fields.
The typical AMR behavior at T = 4.2 K with the magnetic field directed parallel to the direction of the current (θ = 0◦ ) is shown in Fig. 4.1b
for rectangular 2.0×0.8 µm2 (bottom curves) and 2.0×0.5 µm2 (top curves)
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Figure 4.3: Atomic force microscopy (AFM) and magnetic force microscopy
(MFM) image (left) of 2.0 × 0.5 µm2 and 14.0 × 0.15 µm2 Py ferromagnetic
strips. The image is taken after the Py film is deposited. The right graph shows
the width dependence of the coercive magnetic field Bc = µ0 Hc for mesoscopic Py
strips at T = 4.2 K. The filled circles show Bc values of local Hall Effect (LHE)
measurements (taken from [20]), the filled triangles represent a modelling of Bc
by domain wall nucleation and solving the Landau-Lifshitz equations (taken from
[20]) and the filled squares are data obtained for the Py electrodes used in this
thesis. Note however that the LHE measurements are sensitive for magnetization reversal processes at the end of the Py strips, whereas in the spin injection
experiments one is sensitive to the middle part of the Py strips

sized Py strips. Coming from a negative B-field the 2.0 × 0.8 µm2 electrode
already has a change in the resistance before the magnetic field reaches zero.
After this first drop in the resistance at −3 mT, a broad step like transition
range is observed up to +15 mT, which indicates that the Py strip breaks
up in a multiple domain structure. The amplitude of the AMR signal is
about 3.3 % of the total resistance, which is a commonly reported value
[1]. Although the largest part of the magnetoresistance signal is expected
to originate from the AMR effect, other (smaller) contributions, such as
a possible domain wall resistance cannot be excluded. The 2.0 × 0.5 µm2
Py electrode shows a more ’ideal’ switching behavior, showing only a resistance change after the magnetic field has crossed zero and showing a much
narrower transition range from 7 to 14 mT. However, the amplitude of the
resistance dip has changed to 0.7 %. Taking the minimum of the resistance
dip as the switching field we find a value of 10 mT, which is much below
the SW switching field of µ0 H0sw = 65 mT. Applying the Curling model
(Eq. 4.3) to calculate the curling switching field is unfortunately not al-
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lowed, as the ratio d/h of this electrode is bigger than 4 (d/h = 13). For
the narrowest strip with a width of 150 nm no magnetoresistance signal is
observed in parallel field, which is an indication that this electrode behaves
as a single domain or reverses its magnetization by means of a fast domain
wall sweep. This hypothesis is indeed confirmed by an magnetic force microscopy (MFM) image, which is shown in Fig. 4.3. The image is taken
right after the deposition of the Py film. Note that a domain structure is
visible in the 2.0 × 0.5 µm2 Py strip right above the 150 nm wide Py strip
in Fig. 4.3.
The switching fields of the Py strips are in good agreement with results
obtained by Nitta et al. [20], who have determined the switching fields of
similar submicron Py strips by Local Hall Effect (LHE) measurements and
have calculated the expected switching fields for non-uniform magnetization
reversal, using the Landau-Lifshitz equation. Their results are replotted
together with the results obtained for the switching fields obtained from
AMR measurements of the 800 nm, 500 nm and 150 nm wide Py strips
used in the injection experiments described in this thesis.

4.5

Magnetoresistance behavior of the Py/Cu contacts

A possible formation of a domain structure in the Py electrodes is important
for a spin valve measurement, since the spin relaxation length of Py is very
short (λ ≈ 5 nm, see [21, 22]) as compared to the domain size. In case of
domain formation the magnetization direction of the injecting and detecting
electrodes could be determined by the local domain(s) present at the Py/Cu
contact having a different magnetic switching behavior as the entire Py
electrode.
Therefore local measurements of the magnetoresistance at the Py/Cu
contact area are performed. These measurements are labelled with the
term ”contact” magnetoresistance. For example the ”contact” magnetoresistance of the 14.0 × 0.15 µm2 Py electrode can be measured by sending
current (see Fig. 3.6 and 3.7) from contact 6 to 8 and measuring the voltage with contacts 5 and 7. Note that in this geometry one is not sensitive
for a spin valve signal, as only one Py electrode is used in the measurement.
Fig. 4.4 shows the ”contact” magnetoresistance behavior at T = 4.2 K
of three rectangular Py electrodes with dimensions: 2.0 × 0.8 µm2 , 2.0 ×
0.5 µm2 and 14.0 × 0.15 µm2 . The ”contact” magnetoresistance of the 500
and 800 nm wide electrodes show a similar magnetoresistance behavior as
the magnetoresistance plots of the entire strips shown in Fig. 4.1, except
that there seems to be more asymmetry. For the 500 nm wide electrode
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Figure 4.4: ’Contact’ magnetoresistance behavior at T = 4.2 K of the Py/Cu
contact area for Py electrodes with dimensions 2.0 × 0.8 µm2 (top), 2.0 × 0.5 µm2
(middle) and 14.0 × 0.15 µm2 (bottom). The solid (dotted) curve corresponds
with a negative (positive) sweep direction of the B-field, which is applied parallel
to the long (easy) axis of the Py electrode.
a ’positive’ peak is shown in the positive sweep direction and a ’negative’
peak in the negative sweep direction. This indicates that the magnetization
reversal process is different for a positive and negative magnetic field sweep,
resulting in different domain structures at the Py/Cu contact. However, it
is important to note that the amplitude of the ’contact’ magnetoresistance
can be as high as 7 mΩ for the 800 nm wide Py electrode. This magnitude
is large compared to the amplitude of the spin valve effect, as will be shown
in Chapter 5.
For the 150 nm wide Py electrode (bottom curve) a ”contact” magnetoresistance behavior is observed, which appearance resembles much of a
Hall signal, showing a difference in resistance at large negative and positive magnetic fields. A Hall voltage perpendicular to the substrate surface
(z-direction) can be expected, as Py electrode is etched prior to the Cu deposition, causing the Cu wire to be a little bit ’sunk’ into the Py electrode.
Changing one voltage probe from contact 7 to contact 9 (at the other side
of the Py/Cu contact area, see Fig. 3.6) produces the same signal. Also
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the signal amplitude of 0.3 mΩ lies in the range of a Hall signal, which
would have a maximum of 1 mΩ, using a Cu Hall resistance of 1 mΩ/T for
a 50 nm thick film and a maximal obtainable magnetic field change upon
magnetization reversal of about 1 T. When we take the position of the Hall
step as the switching field at 42 mT, also a good agreement is found with
the curling switching field µ0 Hccurl (0◦ ) = 40 mT for a width 2d = 150 nm.
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Chapter 5

Spin injection in F/N/F systems
with transparent contacts
5.1

Introduction

The electrical injection and detection of spin accumulation is studied in lateral ferromagnetic metal-nonmagnetic metal-ferromagnetic metal (F/N/F)
spin valve devices with transparent interfaces. Different ferromagnetic metals, permalloy (Py), cobalt (Co) and nickel (Ni), are used as electrical spin
injectors and detectors. For the nonmagnetic metal both aluminium (Al)
and copper (Cu) are used. The magnetoresistance of the ferromagnetic contacts is found to be able to dominate the amplitude of the spin valve effect,
making it impossible to observe the spin valve effect in a ’conventional’ measurement geometry. However, in a ’non local’ spin valve measurement it is
possible to completely isolate the spin valve signal and observe clear spin
accumulation signals at T = 4.2 K as well as at room temperature (RT).
For Al spin relaxation lengths (λsf ) are obtained of 1.2 µm and 600 nm at
T = 4.2 K and RT respectively, whereas for Cu 1.0 µm and 350 nm found.
At RT these spin relaxation lengths are within a factor 2 of their maximum
values, being limited by phonon mediated spin flip processes. The spin valve
signals generated by the Py electrodes (αF λF = 0.5 [1.2] nm at RT [T = 4.2
K]) are found to be larger than the Co electrodes (αF λF = 0.3 [0.7] nm at
RT [T = 4.2 K]), whereas for Ni (αF λF < 0.3 nm at RT and T = 4.2 K) no
spin signal could be observed.

5.2

Spin accumulation in Py/Cu/Py spin valves

Permalloy N i80 F e20 (Py) ferromagnetic electrodes are used to drive a spin
polarized current into copper (Cu) crossed strips. For fabrication details and
77
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properties, see Chapter 3. Different aspect ratios of the rectangular ferromagnetic injector (Py1) and detector strips (Py2) result in different switching fields of the magnetization reversal process, allowing control over the
relative magnetization configuration of Py1 and Py2 (parallel/anti-parallel)
by applying a magnetic field parallel to the long axis of the ferromagnetic
electrodes [1, 2], see Chapter 4. Two sets [Py1,Py2] of different sizes are
used in the experiments. One set has dimensions of 2 × 0.8 µm2 (F1) and
14 × 0.5 µm2 (F2), whereas the other set has dimensions of 2 × 0.5 µm2
(F1) and 14 × 0.15 µm2 (F2). An example of a typical device is shown in
Fig. 3.6.
The measurements were performed by standard ac-lock-in-techniques,
using current magnitudes of 100 µA to 1 mA. Typical spin valve signals
of two samples MSV1 and MSV2 (of the same batch) with a Py electrode
spacing of L = 250 nm are shown in the Figs. 5.1, 5.2 and 5.3. They
are both measured in a non local and conventional measurement geometry.
Sample MSV1, data shown in Fig. 5.1 and 5.2, had a current injector Py1
electrode of size 2 × 0.5 µm2 , whereas the detector electrode Py2 had a size
of 14 × 0.15 µm2 . Sample MSV2, data in shown Fig. 5.3, had wider Py
electrodes of 2 × 0.8 µm2 and 14 × 0.5 µm2 . The first set of (narrower)
Py electrodes [Py1,Py2] had a more ideal switching behavior and had three
times larger switching fields as compared to the second set [Py1,Py2], see
also Chapter 4.

5.2.1 Non local spin valve geometry
Figure 5.1a and 5.1b show typical data in the non local measurement geometry taken at 4.2 K and RT for sample MSV1 with a 250 nm Py electrode
spacing. Sweeping the magnetic field from negative to positive field, an
increase in the resistance is observed, when the magnetization of Py1 flips
at 9 mT, resulting in an anti-parallel magnetization configuration. The rise
in resistance is due to the spin accumulation or equivalently an excess spin
density present in the Cu metal. When the magnetization of Py2 flips at
47 mT (T = 4.2 K) and 38 mT (RT), the magnetizations are parallel again,
but now point in the opposite direction. The magnitude of the measured
background resistance, around 30 mΩ at T = 4.2 K and 120 mΩ at RT,
depends on the geometrical shape of the Cu cross and is typically a fraction
of the Cu square resistance.
Figure 5.1c and 5.1d show the ”memory effect”. Coming from high
positive B field, the sweep direction of the B field is reversed after Py1 has
switched, but Py2 has not. At the moment of reversing the sweep direction,
the magnetic configuration of Py1 and Py2 is anti-parallel, and accordingly
a higher resistance is measured. When the B-field is swept back to its
original high positive value, the resistance remains at its increased level

5.2. Spin accumulation in Py/Cu/Py spin valves
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Figure 5.1: The spin valve effect at T = 4.2 K (a) and RT (b) in the non-local

geometry for a Py/Cu/Py spin valve device (sample MSV1) with 250 nm Py
electrode spacing. An increase in resistance is observed, when the magnetization configuration is changed from parallel to anti-parallel. The solid (dashed)
lines correspond to the negative (positive) sweep direction. (c),(d) illustrate the
”memory effect”. For clarity the (c) and (d) are off set downwards. Note that
the vertical scale of (a) is different from (b),(c) and (d). The sizes of the Py1 and
Py2 electrodes are 2 × 0.5 µm2 and 14 × 0.15 µm2

until Py1 switches back at a positive field of 9 mT. At zero B field the
resistance can therefore have two distinct values, depending on the history
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of the Py electrodes.

5.2.2 Conventional spin valve geometry
The top curve in Fig. 5.2 shows the magnetoresistance behavior of sample
MSV1 in the conventional measurement geometry. A small AMR contribution (dip in curve) of the Py1 electrode around −9 mT and a small Hall
signal caused by the Py2 electrode can be observed in the negative sweep
direction. Because a small part of the Py electrodes underneath the Cu wire
is measured in this geometry, (local) changes in the magnetization at the
Py/Cu contact area can produce an AMR or Hall signal [3]. In the positive
sweep direction a dip is no longer observed indicating that the magnetization
reversal of the Py1 electrode is not the same for the two sweep directions.
However, in the magnetic field range in between the two switching fields, a
resistance ’plateau’ from 10 mT up to a field of 45 mT is observed.
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Figure 5.2: The spin valve effect of sample MSV1 in a conventional measurement
geometry (top curve) at T = 4.2 K and non-local measurement geometry (bottom
curve), with a Py electrode spacing L = 250 nm. The sizes of the Py electrodes are
2×0.5 µm2 (Py1) and 14×0.15 µm2 (Py2). The solid (dotted) curve corresponds
with a negative (positive) sweep direction of the B-field.
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The magnitude of the spin valve effect measured in the conventional
geometry is about 4.1 mΩ at T = 4.2. This is about 2.5 times bigger than
the magnitude of the spin signal measured in a non-local geometry (1.6 mΩ).
Note that the factor 2.5 is deviating from the factor 2 as predicted by the Eq.
2.36. This is attributed to deviations from our 1-dimensional model, which
can be expected for the samples with the shortest Py electrode spacing
L = 250 nm, as the presence of the Cu side arms for these samples, see Fig.
3.6, are most felt.
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Figure 5.3: The spin valve effect of sample MSV2 in a conventional measurement
geometry (top curve) at T = 4.2 K and non-local measurement geometry (bottom
curve), with a Py electrode spacing L = 250 nm. The sizes of the Py electrodes are
2 × 0.8 µm2 (Py1) and 14 × 0.5 µm2 (Py2). The solid(dotted) curve corresponds
with a negative (positive) sweep direction of the B-field.

The top curve in Fig. 5.3 shows the magnetoresistance behavior in the
conventional measurement geometry for the sample MSV2. Here a change
of the resistance is already observed before the field has reached zero in a
positive field sweep, whereas the negative field sweep is very asymmetrical
compared to the positive field sweep. This is attributed to the formation of
a multi-domain structure in the 2×0.8 µm2 (Py1) electrode, causing a large
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Figure 5.4: Dependence of the magnitude of the spin signal ∆R on the Py
electrode distance L, measured on Py/Cu/Py samples in the non local geometry.
The solid squares represent data taken at T = 4.2 K, the solid circles represent
data taken at RT. The solid lines represent the best fits based on equation 2.31.

AMR (≈ 10 mΩ) signal at the Py/Cu contact area of the Py1 electrode (see
also Chapter 4).
However, in a non local measurement geometry, the ”contact” magnetoresistance contribution of the Py electrodes can be removed and a clear
spin valve signal is observed with a similar magnitude as sample MSV1.
This is shown in the bottom curve of Fig. 5.3. Note also that the larger
widths and aspect ratio of the Py electrodes in sample MSV2 result in three
times smaller switching fields as compared to sample MSV1.

5.2.3 Dependence on Py electrode spacing
A reduction of the magnitude of spin signal ∆R is observed with increased
electrode spacing L , as shown in Fig. 5.4. By fitting the data to Eq. 2.31
the spin relaxation length λN in the Cu wire is obtained. From the best fits
a value of 1 µm at T = 4.2 K, and 350 nm at RT is found. These values
are compatible with those reported in literature, where 450 nm is obtained
for Cu in GMR measurements at 4.2 K [4]. However a detailed discussion
on the obtained spin relaxation lengths and corresponding spin relaxation
times will be given in §5.5.
In principle the fits of Fig. 5.4 also yield the spin polarization αF and
the spin relaxation length λF of the Py electrodes. However, the values
of αF and λF cannot be determined separately, as in the relevant limit
(M >> 1) which applies to the Py/Cu/Py experiments (12 < M < 26),
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the spin signal ∆R is proportional to the product αF λF as is shown by
Eq. 2.33. From the best fits the value αF λF is obtained: αF λF = 1.2
nm at 4.2 K and αF λF = 0.5 nm at RT. Taking, from literature [5–7],
a spin relaxation length in the Py electrode of λF = 5 nm (at 4.2 K), a
bulk current polarization of ≈ 20 % in the Py electrodes at T = 4.2 K is
obtained: αF = 0.2. Note however that the injected spin polarized current
from the Py electrode is partially shunted by the Cu wire lying on top of
the Py electrode. By taking this effect into account the value αF λF could
be increased by a factor 2 to 3.
It is also possible to calculate the polarization of the current at the
Py/Cu interface. For a sample with a Py electrode spacing of L = 250 nm
at T = 4.2 K and using Eq. 2.34 we find: P  0.02, a factor 10 lower than
the bulk polarization αF of the Py electrodes. From the resistor model one
can see why the current polarization at the Py/Cu interface is reduced. For
this, first a calculation of the magnitude of the spin dependent resistance
difference is needed. Using Eq. 2.42 and L = 250 nm, ∆R = 1.6 mΩ,
N
= 0.3 Ω and w = 100 nm ( at T = 4.2 K) a value of R↓ − R↑ ≈ 100 mΩ
R
F
= 2 Ω it
is found. From the right hand side term of Eq. 2.42 and using R
can be checked that this indeed corresponds with the value of αF λF ≈ 1.2
nm, as was also obtained from the fit in Fig. 5.4. From Eqs. 2.37, 2.38
and using λF = 5 nm, αF = 0.2 (at 4.2 K) the spin-up and spin-down
resistance of the Py ferromagnet can be obtained:
2λF
RF ≈ 160 mΩ
w(1 + αF ) 
2λF
=
RF ≈ 260 mΩ .
w(1 − αF ) 

R↑P y =

(5.1)

R↓P y

(5.2)

This shows that the total resistance experienced over a length λF +λN by
the spin-up and spin-down currents is indeed dominated by the spin indeN
/w  6 Ω. Here the values of λN = 1 µm,
pendent resistance 2RN = 2λN R
N
R = 0.3 Ω at T = 4.2 K and w = 100 nm are used. This leads to a interface polarization of P ≈ (R↓ − R↑ )/(R↑ + R↓ + 4RN ) ≈ 1 % at the Py/Cu
interface.
All though the role of an interface resistance Rint for spin injection will
be described in the next paragraph, it is noted here that the small difference
R↓ −R↑ ≈ 100 mΩ responsible for a spin valve signal of ∆R = 1.6 mΩ could
possibly also result from an interface resistance at the Py/Cu interface.
Commonly reported resistivities of 5 · 10−16 Ωm2 for the Py/Cu interface
[5–9] and a contact area of S = 1 · 10−14 m2 (i.e. Rint = 50 mΩ) would
yield a realistic interface polarization of γ = 0.5 for the Py/Cu interface,
using Eq. 5.3. However, the specific details of the spin injection mechanism
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(interface, bulk or a combination) do not alter the conclusion that the total
spin dependent resistance R↓ − R↑ ≈ 100 mΩ is dominated by the spin
independent resistance of the Cu strip over a spin relaxation length and
hence leads to a considerable reduction of the spin valve signal, as was
pointed out above.

5.2.4 Comparison with Johnson Spin Transistor
The magnitude of the spin signals in the Py/Cu/Py samples, when scaled
to the cross sections utilized in the Au thin film devices of Ref. [10–12] (the
”Johnson spin transistor”), are more than 104 times smaller than obtained
in that previous work. However, in that earlier work it was necessary to
invoke a spin polarization exceeding 100 % to explain the results in terms
of spin accumulation [10–12]. This contrasts our results, which yield a spin
polarization P of the current at the Py/Cu interface of about 1 − 2%.
In Refs. [10–13] and [14] Johnson postulates that spin injection is mediated by interfacial transport, because the interface resistances R↑int , R↓int
would dominate the total resistance in both spin-up and spin-down channels: R↑int > R↑F + 2RN and R↓int > R↓F + 2RN respectively. Here R↑F and
N
/w.
R↓F are defined as in Eqs. 2.37 and 2.38 and RN = λN /σN S = λN R
In this limit spin injection would be characterized by the interfacial spin
injection parameter defined as:
η=

R↓int − R↑int
,
R↑int + R↓int

(5.3)

and Johnson derives the following expression (see also Eq. 2.57) for the
spin accumulation signal in a nonmagnetic region N of volume V = S · L
[12, 13]:
∆R =

2η 2 λ2N
.
σN SL

(5.4)

Applying Eq. 5.4 in Ref. [13] Johnson calculates an expected spin signal
of ∆R = 1.9 Ω for our device with the shortest Py electrode spacing L = 250
nm, as calculated by using S = 5·10−15 m2 , σCu = 7.1·107 Ω−1 m−1 , η = 0.4
and λN = 1.0 µm.
However a polarization of the current at the Py/Cu interface of η =
40 % would require spin dependent interface resistances of R↑int = 16 Ω and
R↓int = 37 Ω, using Eqs. 5.3, 2.40 and replacing Eqs. 2.37 and 2.38 by:
R↑ = R↑int + R↑F + RSD ,

(5.5)
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(5.6)

where the spin dependent interface resistances R↑int and R↓int have simply
been added up to bulk spin dependent resistances R↑F and R↓F because the
spin polarization η as well as the bulk spin polarization αF are found to be
positive (αF > 0 and η > 0) for Py and Cu [5–7, 15]. The values R↑int = 16 Ω
and R↓int = 37 Ω yield a total single interface resistance Rint = 11 Ω or
equivalently, a interface resistivity of 1 · 10−13 Ωm2 . This is more than a 100
times larger then the upper limit 0.1 Ω or equivalently a contact resistivity
of 1 · 10−15 Ωm2 that could be determined from our experiment, see Figs.
5.2 and 5.3.
The above arguments also apply for the experiment of Refs. [10–12]
where a gold layer is sandwiched in between two Py layers. There is no
physical reason why there should exist an interface resistivity larger than
1 · 10−13 Ωm2 between the Au and Py or Co layers in the experiment of Ref.
[10, 11], which can explain an interface current polarization of η = 0.4 or
more. Equation 5.4 can therefore not be applied to the experiment of Ref.
[10, 11], because it does not include the (fast) spin relaxation reservoirs of
the ferromagnetic injector and detector contacts, which dominate the total
spin relaxation in the case of transparent contacts, as was already pointed
out in Refs. [16, 17].
In view of this, given the unexplained discrepancies (η > 3) of the earlier
work in Ref. [10–12], and the more consistent values obtained in the recent
work, it is the author’s opinion that the results of Refs. [10–12] cannot be
reconciled with spin injection and spin accumulation.

5.3

Spin accumulation in Py/Al/Py spin valves

Here spin injection experiments are described using permalloy N i80 F e20
(Py) strips as ferromagnetic electrodes to drive a spin polarized current
via transparent contacts into aluminum (Al) crossed strips, see Fig. 3.6.
Similar current polarizations and spin relaxation lengths for Py and Al are
obtained as in Section 5.2.

5.3.1 Spin valve measurements
Figure 5.5 shows a typical spin valve signal of a Py/Al/Py sample with a
Py separation spacing of L = 250 nm and Py electrodes of sizes 2 × 0.8 µm2
and 14 × 0.5 µm2 .
The top curve in Fig. 5.5 shows the magnetoresistance behavior in the
conventional measurement geometry. Again the magnetoresistance signals
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Figure 5.5: The spin valve effect of a Py/Al/Py sample using a conventional
measurement geometry (CONV, top curve) at T = 4.2 K and non-local measurement geometry (NL, bottom curve), with a Py electrode spacing L = 250 nm.
The sizes of the Py electrodes are 2 × 0.8 µm2 (Py1) and 14 × 0.5 µm2 (Py2).
The solid (dotted) curve corresponds with a negative (positive) sweep direction
of the B-field.

of the Py contacts are dominating in this geometry, reaching a maximal amplitude of about 6 mΩ. Note that the two resistance values at high positive
and negative field differ by a value of about 0.3 mΩ, which is attributed to
a local hall effect caused by the 14 × 0.5 µm2 Py electrode. The bottom
curves in Fig. 5.5 show magnetic field sweeps in the non local measurement
geometry, which clearly shows a spin valve signal having removed all spurious contact magnetoresistance effects. The magnitude of the spin valve
signal measured is 0.18 mΩ at 4.2 K.
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5.3.2 Dependence on Py electrode spacing
A reduction of the magnitude of spin signal ∆R of the Py/Al/Py samples is
observed with increased electrode spacing L, as shown in Fig. 5.6. However,
for the T = 4.2 K data this dependence is not monotonic. The spin valve
devices with small L = 250 nm and L = 500 nm show a smaller spin valve
signal than the device with L = 1 µm. We note that all the devices shown
in Fig. 5.6 are from the same (processing) batch. However, the granular
structure of the Al film with a grain size in the order of the width of the
Al strip causes fluctuations in the resistance of the Al strip in between the
Py electrodes. The samples with L = 250 nm and L = 500 nm indeed
show a higher resistance than expected when measured in the conventional
geometry at T = 4.2 K. This irregular behavior of the resistance due to
grains is not observed at RT due to the additional presence of phonon
scattering. From the best fits to Eq. 2.31 a spin relaxation length λN in Al
of 1.2 µm at T = 4.2 K and 600 nm at RT is found. Note that the spin
relaxation lengths are about 2 times larger than reported in Ref. [18]. The
reason for this increase is the higher conductivity of the Al in these samples,
caused by a lower background pressure of 1 · 10−8 mbar during evaporation
as compared to a background pressure of 1 · 10−6 mbar used in Ref. [18].
T = 4.2K
T = 293K
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Figure 5.6: Dependence of the magnitude of the spin signal ∆R on the Py
electrode distance L, measured in the non local geometry for Py/Al/Py spin
valves. The solid squares represent data taken at T = 4.2 K, the solid circles
represent data taken at RT. The solid lines represent the best fits based on Eq.
2.31.
The fits of Fig. 5.6 also yield the spin polarization αF and the spin
relaxation length λF of the Py electrodes. Their values are found to be
αF λF = 1.2 nm at 4.2 K and αF λF = 0.5 nm at RT, in agreement with
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the Py/Cu/Py spin valve data of Sec. 5.2. Note that for the Py/Al/Py spin
valve also applies that M >> 1 and thus the spin signal ∆R is proportional
to the product αF λF (25 < M < 32). Using Eq. 2.34, a polarization P for
the Py/Al/Py sample with the smallest Py electrode spacing of L = 250
nm at T = 4.2 K is found to be only 3%: P = 0.03.

5.4

Spin injection using Co and Ni ferromagnetic
electrodes

From Eq. 2.42 it can be seen that the magnitude of the spin dependent
resistance (R↓ − R↑ ) is sensitive to the properties αF , λF and σF of the
ferromagnetic metal. As (R↓ − R↑ ) enters squared in the spin valve signal
∆R, see Eq. 2.40, an increase of λF with a factor 10 would increase ∆R with
a factor 100. Therefore cobalt (Co) and nickel (Ni) are tried as ferromagnetic
spin injectors and detectors to increase the magnitude of the spin valve
signal, as larger spin relaxation lengths can be expected for these materials
[19–21].

5.4.1 Spin accumulation in Co/Cu/Co spin valves
Figure 5.7a shows a ”contact” magnetoresistance trace and magnetic switching behavior at RT of a 14 × 0.5 µm2 (Co2) electrode of a Co/Cu/Co spin
valve device with a Co electrode spacing of 250 nm and Co electrodes of
sizes 2 × 0.8 µm2 and 14 × 0.5 µm2 . The ”contact” magnetoresistance is
measured by sending current from contact 5 to 7 and measuring the voltage between contacts 6 and 9 (see Fig. 3.7d). Note that in this geometry
the measured voltage is not sensitive to a spin valve signal as only one Co
electrode is used in the measurement configuration. The magnetoresistance
traces of Fig. 5.7a indicate a clear switching of the magnetization at ±20
mT of the 14 × 0.5 µm2 Co2 electrode and is attributed to a local Hall effect
produced at the Co/Cu contact area of the Co2 electrode.
Figure 5.7b shows the spin valve effect at RT for a Co/Cu/Co spin valve
device in a non local measurement. The magnitude of the spin dependent
resistance ∆R = 0.25 mΩ is slightly smaller than in the Py/Cu/Py spin
valve device. At T = 4.2 K the signal increases to ∆R = 0.8 mΩ. Using Eq.
2.31 and the values of σN , λN for Cu and σF for Co (see Chapter 3), values
of αF λF = 0.3 nm at RT and αF λF = 0.7 nm at T = 4.2 K are obtained.
These values are much smaller than reported for Co in GMR experiments,
where αF ≈ 0.5 and λF = 10 − 60 nm [5, 22–26]. This discrepancy will be
discussed in Section 5.5.2.
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Figure 5.7: a, ”Contact” magnetoresistance trace of the Co2 electrode with size
14 × 0.5 µm2 . The Hall signal indicates an abrupt magnetization switching of the
Co2 electrode. b, The spin valve effect at RT in a Co/Cu/Co device with a Co
electrode spacing L = 250 nm, using the non local measurement geometry. The
solid (dotted) curve corresponds with a negative (positive) sweep direction of the
B-field.

5.4.2 Spin accumulation in Ni/Cu/Ni spin valves
In Fig. 5.8a and 5.8b two ”contact” magnetoresistance traces of a Ni electrode (Ni1) with size 2 × 0.5 µm2 (top curve) and a Ni electrode (Ni2) with
size 14×0.15 µm2 (middle curve) are shown of a Ni/Cu/Ni spin valve device
with a Ni electrode spacing of 500 nm. For the Ni1 contact current is send
from contact 1 to 5 and the voltage is measured from contact 4 to 6 (see
Fig. 3.7c). For the Ni2 contact current is send from contact 5 to 7 and
the voltage is measured from contact 6 to 9 (see Fig. 3.7d). The magnetic
field in the measurements of Fig. 5.8 is applied perpendicular to the long
axis of the Ni electrodes, showing a more pronounced magnetic switching
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Figure 5.8: (a) ”Contact” magnetoresistance trace (see text) of the Ni1 electrode
with size 2×0.5 µm2 . (b) ”Contact” magnetoresistance trace of the Ni2 electrode
with size 14×0.15 µm2 . (c) The spin valve effect of a Ni/Cu/Ni device at RT with
a Ni electrode spacing of L = 500 nm, using a non local measurement geometry.
The solid (dotted) curve corresponds with a negative (positive) sweep direction
of the B-field.

behavior than an applied magnetic field along the long axis of the Ni electrodes. In the magnetic field sweeps of Figs. 5.8a and 5.8b a large magnetic
field range can be observed where the magnetization configuration of the Ni
electrodes is anti-parallel. However no spin valve signal could be detected
within experimental accuracy in the non local measurement geometry at
RT as well as at T = 4.2 K, as is shown in Fig. 5.8c (RT). An upper bound
on the spin valve signal is found to be ∆R < 20 µΩ at RT as well as at
T = 4.2K. Using Eq. 2.31 and the values of σN , λN for Cu and σF for Ni
(see Chapter 3), values of αF λF < 0.3 nm at RT as well as at T = 4.2 K
are obtained. These values are also much smaller than reported for Ni in
GMR experiments, where αF ≈ 0.2 [15, 27] and using a calculated λF = 15
nm. The calculation of λF for Ni and the low value of αF λF < 0.3 nm is
discussed next in Section 5.5.2.
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Spin relaxation times of conduction electrons
in metals

In this section our obtained spin relaxation lengths (λsf ) and their associated spin relaxation times (τsf ) in Cu and Al from the spin injection
experiments in sections 5.2, 5.3, 5.4 and Chapter 6 will be analyzed and
compared with theory and previously reported values from CPP-GMR [28],
CESR [29], weak localization [30] and superconducting tunneling experiments [31]. The obtained spin polarization and spin relaxation lengths in
Py, Co and Ni will be compared with reported values from CPP-GMR experiments.
In CESR experiments the measured electron spin transverse relaxation
time T2 is proportional to the width of the absorption peak at the resonance
frequency. Yafet [32] showed that in metals T2 is equal to the longitudinal
spin relaxation time T1 (T1 = τsf ). In weak localization and superconducting tunneling experiments the spin orbit scattering time τs.o. is determined, with τs.o. being defined similarly in both experiments [33]. Spin orbit
interaction in weak localization experiments is responsible for destructive
interference when electrons are scattered at (nonmagnetic) impurities [30],
whereas in the superconducting tunneling experiments it mixes up the spinup and spin-down quasi-particle density of states [31, 34].

5.5.1 Quantative analysis of the spin relaxation time τsf in
Cu and Al
Comparing the conductivities and spin relaxation lengths at RT and T = 4.2
K to each other, the impurity and phonon scattering rate and their associated spin relaxation rates can be obtained. Therefore an impurity spin
imp
and an inelastic (phonon) scattering ratio
relaxation ratio aimp = τ imp /τsf
ph
ph
ph
a = τ /τsf can be defined. Here (τ imp )−1 and (τ ph )−1 are the impurity
imp −1
ph −1
and phonon scattering rate and (τsf
) and (τsf
) are the impurity and
phonon induced spin relaxation rate. From the measured conductivity at
T = 4.2 K and Eq. 2.8 τ imp is determined. Subsequently using the Mathiessen rule (τe )−1 = (τ imp )−1 + (τ ph )−1 and the RT conductivity, τ ph can be
determined. Note that the impurity scattering in the transparent F/N/F
samples is dominated by surface scattering, as the mean free paths (le ≈ 60
nm) for both the Al and Cu thin films at T = 4.2 K are larger than their
film thicknesses (50 nm). In the calculation for Cu the free electron values [35] N (EF )Cu = 1.8 · 1028 states/eV/m3 and vF (Cu) = 1.57 · 106 m/s
are used, whereas for Al values of N (EF )Al = 2.4 · 1028 states/eV/m3 and
vF (Al) = 1.55 · 106 m/s are taken from Ref. [36].
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Aluminum (Al)
imp
τsf
[ps]
-

ph
τsf
[ps]

aimp
-

1

Theory
90
−4
Spin Injection
100
0.6 · 10
85 1
Spin Injection
70
3.7 · 10−4
124 1
3
−4
Spin Injection
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15 · 10
4 · 103 2
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9.0 · 10−4
1 − 57 · 103
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4-46 (0.2 − 1.2) · 10−4
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8-160
(0.1 − 5) · 10−4
-

Ref.
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−4 1

1.2 · 10
1.1 · 10−4
1.3 · 10−4
4.8 · 10−4
3
2.6 · 10−4

1
1
2
3

-

[37]
[18]
[38]
[39]
[37, 40, 41]
[42, 43]
[31, 44–46]

Copper (Cu)
Spin Injection
CESR
GMR
Anti-weak localiz.

41
2 − 9 · 103
4
5
Energy-level spectrosc.
20-80
1
2
3
4

0.7 · 10−3
0.8 · 10−3
19 · 10−3
1.3 · 10−3

-

14 1
2.0 · 10−3
2 − 21 · 103 4 1.1 · 10−3

-

-

1
4

[47]
[40, 48]
[4]
[42, 43]
[49]

For T=293 K
For T=45 K
For a temperature range T=[1..90] K
For a temperature range T=[1..60] K

imp
Table 5.1: Comparison of spin relaxation times of Al and Cu. τsf
[ps] is

the impurity induced spin relaxation time at low temperatures T ≤ 4.2 K due
ph
[ps] is the phonon
to surface scattering, dislocations or grain boundaries. τsf
induced spin relaxation time at elevated temperatures due to inelastic phonon
scattering. For definition of aimp and aph see text.

imp ph
The obtained parameters for Cu and Al (τsf
,τsf , aimp , aph ) are tabuph
lated in table 5.1. From tabel 5.1 one can see that τsf
and aph for Al at
RT are in good agreement with the theoretical values as predicted in the ab
initio bandstructure calculation by Fabian and Das Sarma [37]. They are
also in agreement with the results obtained from CESR experiments and
the earlier JS spin injection experiments at temperatures below 90 K. Note
that the spin relaxation times are 2 orders of magnitude larger in those
earlier experiments due the use of extremely clean samples with electron
ph
mean free paths of a few tens of micrometers. For Cu one can see that τsf
and aph at RT are in good agreement with the results obtained from CESR
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experiments at temperatures below 60 K.
The impurity scattering ratio aimp shows a much bigger spread in values
for both Al and Cu. The different origin of the impurities in the samples
used for the various measurement techniques is speculated to be the reason
for this spread. For the CESR experiments the impurity scattering is caused
by dislocations, whereas for our experiment it is mainly due to surface scattering.
The fact that about half of the momentum scattering processes in these
Al and Cu thin films at RT is due to phonon scattering implies that the
present obtained results on the spin relaxation lengths in Al and Cu can
be maximally improved by a factor of about 2 at RT. This is illustrated
by calculating the phonon induced spin relaxation length (λph
N ) at RT, as is
is
the
maximum
obtainable
spin
relaxation
length in
shown table 5.2. λph
N
Al and Cu at RT, limited by the phonon induced spin flip scattering in the
1
ph
absence of impurity scattering: λph
.
N = vF τ
3aph

Spin relaxation length at RT
σ4.2K [Ω−1 m−1 ]σRT [Ω−1 m−1 ] τ ph [s] λN [nm] λph
N [nm]
Al (Ref. [18])
Al (Ref. [38])
Cu (Ref. [47])
1

7

1.7 · 10
8 · 107
7.1 · 107

ph
λph
N = vF τ

7

1.1 · 10
3.1 · 107
3.5 · 107

−15

9 · 10
1.7 · 10−14
2.8 · 10−14

350
600
350

5

6

780
1200 6
560 7

1
3aph

2

vF (Al) = 1.55 · 106 m/s [35]

3

vF (Cu) = 1.57 · 106 m/s [36]

Table 5.2: Spin relaxation lengths λN and λph
N in Cu and Al at RT. λN is the

experimentally obtained spin relaxation length, whereas λph
N is the calculated
phonon induced spin relaxation length at RT, see text. σ4.2K and σRT are the
conductivities of the Al and Cu thin ﬁlms at T = 4.2 K and RT respectively. τ ph
is the phonon scattering rate at RT

Note that for the used thin films in this thesis it is not possible to realize
mean free paths of the order of micrometers as they will always be limited
by surface scattering. The CESR technique is not sensitive enough to deph
in these films as its resolution does not go beyond typically 1
termine τsf
ns. Obviously the SQUID detection technique used in Ref. [39] does not
operate at RT. Therefore spin injection into thin films is rather complemen-
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tary to the CESR techniques and the JS spin injection experiments in the
ph
in the temperature range from liquid Helium to RT, see
determining τsf
also Fig. 2.9.

5.5.2 Spin injection efficiency of Py, Co and Ni ferromagnets
In addition to the spin-orbit spin scattering in metallic ferromagnets, as
described above for nonmagnetic metals, there is spin flip scattering by
magnons [50]. In cobalt magnons are nearly absent at low temperatures and
only start to compete with the spin orbit spin flip scattering at temperatures
higher than T = 100 K [23, 24]. The spin flip scattering by magnons has
two effects. It will simply add to the spin orbit spin flip scattering rate
which reduces the spin relaxation length λF of the ferromagnetic metal at
higher temperatures. Secondly, it will lower the bulk current polarization
of the ferromagnetic metal αF by changing σ↑ and σ↓ and in addition by
giving rise to a ”spin mixing rate” which equalizes the spin-up and spindown currents in the ferromagnetic metal [50, 51]. The presence of spin flip
scattering by magnons can therefore lower αF as well as λF at RT.
At low temperatures (T < 100K) and in absence of magnetic impurities
an upper estimate can be given for the expected spin relaxation length in
1
,
Co and Ni due to the spin orbit spin flip scattering only: λF = vF τe 3a
where a is taken from spin flip scattering cross-sections determined by CESR
experiments [15, 52] and recently from magneto-optic experiments [53]:
aF e = 1.1 · 10−2 , aN i = 1.5 · 10−2 and aCo = 4.2 · 10−2 . Using a free electron
model, the spin relaxation length λP y for Py with σP y = 8.1 · 106 Ω−1 m−1
and λCo for Co with σCo = 1.7 · 107 Ω−1 m−1 have been estimated in this
way in Ref. [5]: λP y (calc) ≈ 9 nm and λCo (calc) ≈ 36 nm at T = 4.2 K
[5]. Note that λF scales linearly with τe and thus the conductivity of the
ferromagnetic metal. In this respect the reported value of λCo = 59 nm in
Ref. [23, 24] is quite remarkable, because the conductivity of the Co metal
(σco = 6.4 · 106 ) used in Ref. [23, 24] is about 3 times smaller then used to
calculate λCo (calc) in Ref. [5] (σco = 1.7 · 107 ), which makes the expected
λCo (calc) = 13 nm in the experiment of Refs. [23, 24].
For Ni we derive an estimate of λF using a free electron density of
5.4 · 1028 m−3 . With σN i = 1.6 · 107 Ω−1 m−1 and aN i = 1.5 · 10−2 , λF
in Ni at T = 4.2 K is calculated to be: λN i (calc) = 15 nm.

Because M > 10 (M = (σF λN /σN λF )(1−αF2 )) for all our spin valve samples, αF and λF cannot separately be determined from the magnitude of the
spin valve signal ∆R. In table 5.3 therefore the ”spin injection efficiency”
αF λF is given together with reported values from GMR experiments. Note
that the thin film conductivities for Py, Co and Ni are within a factor 2 of
the reported values in the GMR experiments.

5.5. Spin relaxation times of conduction electrons in metals

N i80 F e20
Co
4.2 K
RT
4.2 K
RT
αF λF (nm) MSV
1.2
0.5
0.7
0.3
1
2
αF λF (nm) GMR 3.6 - 4.0
4.5 - 27.7 8.1 - 15.52
1
2
3
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Ni
4.2 K RT
< 0.1 < 0.1
33
-

From Refs.[5–7]
From Refs.[19, 21–26]
From Refs.[15, 27] (αN i = 0.2) and using λN i (calc) = 15 nm

Table 5.3: Spin injection efficiencies αF λF in nm for three different ferromagnetic
metals. The data is deduced from the mesoscopic spin valve (MSV) experiments
with transparent contacts in a non local geometry using Cu as nonmagnetic metal
and compared with results from GMR experiments.

Table 5.3 shows that the obtained spin injection efficiency of the Py
ferromagnet αP y λP y is in quantative agreement with the values reported
in GMR experiments (αP y = 0.7, λP y = 5 nm), taking into account that
the obtained αP y λP y represents a minimal value due to a partially shunting
of the injected current by the Cu wire on top of the Py electrodes. The
reduction of αP y λP y at RT beyond the ratio 1.8 of the Py conductivies at
T = 4.2 K and RT could be attributed to magnons, lowering αF at RT.
For the Co and the Ni ferromagnets much smaller spin injection efficiencies
αF λF are observed, being more than 1 order of magnitude smaller than values of αF λF obtained in GMR experiments. So the question is, what is
causing this rather large reduction of the spin valve signal?
First the possible influences of an existing interface resistance at the
Co/Cu and Ni/Cu interfaces are discussed. From the resistance measured
in a conventional geometry an upper estimate of the (diffusive) interface
resistances can be determined. For the Co/Cu/Co spin valve of Fig. 5.7 an
upper limit for a single Co/Cu interface is found to be Rint = 0.4 Ω, whereas
for the Ni/Cu/Ni spin valve of Fig. 5.8 Rint = 0.6 Ω is found. Comparing
the associated interface resistivity (≈ 5 · 10−15 Ωm2 ) with calculated values
[20, 54–57] and values obtained from GMR [9, 22], the observed interface
resistivity is about 5 times larger than expected for Co/Cu (specular or
diffusive) interfaces. In case these Co/Cu and Ni/Cu interface resistances
are spin dependent, the spin signal would be (largely) increased as the sign
of the bulk and interface spin asymmetries of Co, Ni and Cu are found both
to be positive [15, 55–58] (αF > 0 and γ > 0). However this is clearly not
observed.
In the case of spin independent interface resistances, the interface resistance for each spin channel (≈ 1 Ω) will not reduce the measured spin valve
signal much as the spin independent interface resistance just adds to the
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(larger) spin independent resistance of the Cu strip of about 6 Ω for both
the spin-up and spin-down channels (see Sec. 5.2.4, Eqs. 5.5 and 5.6).
The spin signal can therefore only be significantly be reduced due to
a possible spin flip scattering mechanism at the interface, an effect which
has recently been studied in CPP-GMR spin valves [59, 60]. The physical
origin of this mechanism could be diverse, for instance: surface roughness
creating local magnetic fields due to the formation of random domains or
the formation of anti-ferromagnetic oxides CoO and NiO at the surface
during the time in between the Kaufmann sputtering and the Cu deposition. However the interfacial structure of the devices is basically unknown
and the most probable cause cannot be analyzed. If however such mechanisms would exist at the Co/Cu and Ni/Cu interface, they probably would
also appear at the Py/Cu interface. The Py/Cu/Py spin valve data show
that their manifestation in these samples is apparently absent or less severe.

Secondly, a change in the bulk properties of the Co and Ni could explain
the small spin valve signals, i.e. a (substantial) shortening of the bulk spin
relaxation length or a reduction of the polarization αF in the Co and Ni ferromagnetic metals. In CIP-GMR experiments [61] a strong decrease of more
than an order of magnitude in the GMR signal was reported upon changing
the base (H2 O) pressure of the sputter deposition chamber from 10−8 to 10−5
mbar, just before deposition the Co and Cu layers. This decrease in GMR
signal was more than could be accounted for by the increase in resistivity
of the layers. In the deposition chamber at Groningen the base pressure is
only 10−7 mbar, whereas in the experiments e.g. on Co/Ag multilayers [22]
the base pressure is of the system is 10−8 mbar. However, theoretical work
[58] does predict a bulk current polarization αCo ≈ 0.6 for fcc-Co, having
a conductivity close to our thin Co films σCo = 7.3 · 106 Ω−1 m−1 . Unfortunately the crystallinity and/or the crystal orientation of the Co films
used in this thesis are unknown. Note that the Co layers in the Co/Cu
multilayered nanowires [23, 24] and the Co/Ag multilayers [22] have a hcp
structure.
Finally, it cannot be excluded that the deviation from a true perpendicular current injection (see Fig. 2.2) in our planar device geometry could
influence the magnitude of the spin valve signal. For ballistic transport
in Co/Cu multilayers the magnetoresistance (MR) ratio was (theoretically)
shown to decrease by a factor of 10 for shallow injection angles with the
multilayer plane [56].

5.6. Conclusions

5.6
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Conclusions

Spin injection and accumulation in metallic mesoscopic spin valves with
transparent contacts is demonstrated. It is shown that in a conventional
measurement geometry the magnetoresistance effects of the injecting and
detecting contacts can be much larger than the spin valve effect, making it
impossible to observe the spin valve effect in a ’conventional’ measurement
geometry. However, these contact effects can be used to monitor the magnetization reversal process of the spin injecting and detecting contacts, see
Chapter four. In a non-local measurement geometry the spin valve effect
can be completely isolated. Using this geometry spin relaxation lengths in
Cu are found to be around 1 µm at T = 4.2 K and 350 nm at RT and
spin relaxation lengths in Al are found to be around 1.2 µm at T = 4.2
K and 600 nm at RT. The associated spin relaxation times in Al and Cu
are in good agreement with theory and values from experiments previously
reported in the literature. A rather striking result is that the spin relaxation lengths in Al and Cu at RT are fundamentally limited by phonon
scattering to a maximum length of about 1.2 µm and 600 nm for Al and Cu
respectively. For the Py material spin relaxation lengths and current polarizations are found to be in agreement with GMR experiments. However for
Co values of αF λF are obtained which are up to a factor 40 smaller than
their GMR counterpart. For Ni electrodes the spin valve measurement were
unsuccessful, no spin valve signal could be resolved within the limits of our
experimental accuracy, corresponding with αF λF at least a factor 10 lower
than expected. Three possible reasons could be identified causing the low
polarization and/or spin relaxation lengths, however the exact origin of the
reduction is unclear.
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Chapter 6

Electrical detection of spin
precession
6.1

Introduction

How can we study and control the behavior of the electron spin on its
way from A to B in a metal or semiconductor? This is an outstanding
question in the field of spintronics, where one investigates the dynamics
of the electron spin during transport and explores its possibilities for new
electronic applications [1–6]. Recently, electrical control of spin coherence
[7] and coherent spin precession during transport [8] was studied by optical
generation and detection techniques in semiconductors. Here controlled
spin precession of electrically injected and detected electrons in a diffusive
metallic conductor is reported, using tunnel barriers in combination with
metallic ferromagnetic electrodes as spin injector and detector. The output
voltage of the device is sensitive to the spin degree of freedom only, and its
sign can be switched from positive to negative, depending on the relative
magnetization of the ferromagnetic electrodes. 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, we are able to reverse the sign of the output voltage.

6.2

Polarize/analyze spin valve experiments

In the experiment a mesoscopic spin valve is used, see Fig. 6.1a , where a
cobalt ferromagnetic electrode (Co1) injects spin polarized electrons into an
aluminum (Al) strip via a tunnel barrier. At a distance L from the injector a second cobalt electrode (Co2) is placed, which detects spin polarized
electrons in the Al strip via a tunnel barrier. The presence of the tunnel
barriers is crucial as they provide a high spin dependent resistance, which
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Figure 6.1: Device Geometry. (a) Scanning electron microscope image of a
device with a cobalt (Co) electrode spacing of L = 650 nm. Current is sent from
Co1 into the Al strip. The voltage is measured between Co2 and the right side of
the Al strip. (b) Device cross-section. (c) The spatial dependence of the spin-up
and spin-down electrochemical potentials (dashed) in the Al strip. The solid lines
indicate the electrochemical potential (voltage) of the electrons in the absence of
spin injection.

enhances the spin polarization of the injected current flowing into the Al
strip [9–11]. In addition it causes the electrons, once injected, to have a
negligible probability to lose their spin information by escaping into the Co
electrodes.
During the time of flight from injector to detector, the spin direction of
the electrons can therefore only be altered by (random) spin flip scattering
processes in the Al strip or, in the presence of an external magnetic field,
by coherent precession. In this chapter, both processes are experimentally
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Figure 6.2: Spin valve effect. a, Output signal (V/I) as a function of the magnetic
field B, applied parallel to the long axis of the Co strips, for a sample with a Co
electrode spacing L = 650 nm at T = 4.2 K and RT. The solid (dashed) lines
correspond to the negative (positive) sweep direction. b, The dependence of the
spin dependent resistance ∆R on the Co electrode spacing L at T=4.2 K and RT.
The solid squares represent data taken at T = 4.2 K, the solid circles are taken
at RT. The solid lines represent the best fits based on equation 6.1

demonstrated by measuring the amplitude of the spin signal, first as a function of the Co electrode spacing L and secondly as a function of an applied
perpendicular magnetic field. A related method to probe spin injection and
detection was pioneered by Johnson and Silsbee [4]. However, the reduction
of sample dimensions with 3 orders of magnitude and the introduction of
tunnel barriers has increased the magnitude of the observed spin signal by
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more than a million, enabling the observation of a clear sign reversal of the
output voltage V due to coherent precession and has made possible an one
to one comparison with theory (see Chapter 2).
Two batches of 10 and 4 devices respectively with L ranging from 550 to
1350 nm were made, using a suspended shadow mask evaporation process
[12] and electron beam lithography for patterning, see Chapter 3. In the
first step an Al strip with a thickness of 50 nm and a width of 250 nm,
is evaporated on a thermally oxidized silicon substrate by e-gun evaporation. Next, the Al strip is exposed to an oxygen (O2 ) environment of 5·10−3
mbar for 10 minutes, producing a thin aluminum oxide (Al2 O3 ) layer. In the
third step, without breaking the vacuum, we evaporate two ferromagnetic
Co electrodes with sizes of 0.4 × 4 µm2 (Co1) and 0.2 × 12 µm2 (Co2) and a
thickness of 50 nm. Two Al/Al2 O3 /Co tunnel junctions are thus formed at
the overlap of the Co electrodes and the Al strip, see Fig. 6.1b. The conductivity of the Al film was measured to be σAl = 1.1 · 107 Ω−1 m−1 at room
temperature (RT) and 1.7 · 107 Ω−1 m−1 at T = 4.2 K. The resistance of the
tunnel barriers was typically determined to be 600 Ω for the Co1 electrode
and 1200 Ω for the Co2 electrode at RT, both increasing with 10 % at T =
4.2 K. Different geometric aspect ratios of Co1 and Co2 are used to obtain
different coercive fields. This allows to control their relative magnetization
configuration (parallel/anti-parallel), by sweeping an applied magnetic field
B, directed parallel to their long axes [5, 13].
The spin polarization P of the current I injected from the Co1 electrode
into the Al strip is determined by the ratio of the different spin-up and
spin-down tunnel barrier resistances R↑T B and R↓T B , which in first order can
N −N
be written as N↑↑ +N↓↓ [14–16]. Here N↑ (N↓ ) is the spin-up (spin-down) density of states at the Fermi level of the electrons in the Co electrodes. The
injected spin current causes the densities (or electrochemical potentials) of
the spin-up and spin-down electrons in the Al strip to become unequal, see
Fig. 6.1c. This unbalance is transported to the Co2 detector electrode by
diffusion, and can therefore be detected. Due to the spin dependent tunnel
barrier resistances, the Co2 electrode detects a weighted average of the two
spin densities, which causes the detected output voltage V to be proportional to P2 . Figure 6.2a shows a typical output signal (V/I) as a function
of an in plane magnetic field B, directed parallel to the long axes of Co1 and
Co2, taken at RT and 4.2 K. The measurements are performed by standard
a.c. lock-in techniques, using a current I = 100 µA. Sweeping the magnetic
field from negative to positive, a sign reversal of the output signal is observed, when the magnetization of Co1 flips at 19 mT (RT) and 45 mT (4.2
K), and the device switches from a parallel to anti-parallel configuration.
When the magnetization of Co2 flips at 25 mT (RT) and 55 mT (4.2 K),
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Figure 6.3: Modulation of the output signal (V/I) due to spin precession as a
function of a perpendicular magnetic field B⊥ , for L=650 nm, L=1100 nm and
L=1350 nm. The solid squares represent data taken at T = 4.2 K, whereas the
solid lines represent the best fits based on equations 6.2 and 6.3. The arrows
indicate the relative magnetization configuration (parallel/anti-parallel) of the
Co electrodes.
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the magnetizations are parallel again, but now point in the opposite direction. The fact that the output signal switches symmetrically around zero
indicates that this experiment is sensitive to the spin degree of freedom only.
The expected magnitude of the output signal as a function of the Co
electrode spacing L has been calculated in Chapter 2 by solving the spin
coupled diffusion equations for the spin-up and spin-down electrons in the
Al strip [17–20]. Taking into account that the tunnel barrier resistances are
much larger than the resistance of the Al strip over a spin relaxation length,
the expression reads:
−L
P 2 λsf
V
exp(
),
=±
I
2AσN
λsf

(6.1)

where λsf is the spin relaxation length, A the cross-sectional area and σN
the conductivity of the Al strip. The positive (negative) sign corresponds to
a parallel (anti-parallel) magnetization configuration of the Co electrodes.
Figure 6.2b shows the measured spin dependent resistance ∆R = ∆V /I
as a function of L, where ∆V is the output voltage difference between
parallel and anti-parallel configuration. By fitting the data to equation 6.1
a polarization P = 0.11 ± 0.02 is found at both T = 4.2 K and RT, whereas
spin relaxation lengths λsf = 650± 100 nm at T = 4.2 K and λsf = 350± 50
nm nm at RT are obtained. The diffusion constant D is calculated using
the Einstein relation σ = e2 N (EF )D, where e is the electron charge and
N (EF )Al = 2.4 · 1028 states/eV/m3 is the density of states of Al at the
Fermi energy [21].
Using D = 4.3 · 10−3 m2 s−1 at T = 4.2 K and D = 2.7 · 10−3 m2 s−1
at RT, one obtains τsf = 100 ps at T = 4.2 K and τsf = 45 ps at RT.
These values are in good agreement with those reported in the literature
[4, 22–25]. The ratio of the phonon scattering time divided by the phonon
ph
at RT in these Al strips are also
induced spin relaxation time aph = τ ph /τsf
consistent with the values obtained from the F/N/F samples with transparent contacts, as discussed in Chapter 5. For the samples discussed here one
finds aph = 1.1 · 10−4 , as shown in Table 5.1.
However, the obtained polarization P of around 10 % is lower than
previously reported values (up to 40 %) in superconducting tunneling and
TMR experiments [15, 16, 26]. Non-uniform (surface) magnetization at the
Co/Al2 O3 interface, which could lower the polarization, cannot account for
this discrepancy as the full parallel spin signal is obtained at large magnetic
fields as is shown in Fig. 6.5. The reduction might be related [27, 28]
to a different thickness of the Al2 O3 barrier of ∼ 1 nm in the spin valve
samples [29] as opposed to the thicker Al2 O3 barriers of ∼ 2 nm used in the
experiments of Refs. [15, 16, 26].
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Figure 6.4: Modulation of the output signal (V/I) due to spin precession as a
function of a perpendicular magnetic field B⊥ , for L = 650 nm and L = 1100 nm.
The solid squares represent data taken at RT, whereas the solid lines represent
the best fits based on equations 6.2 and 6.3. The arrows indicate the relative
magnetization configuration (parallel/anti-parallel) of the Co electrodes.

Having determined the parameters P, λsf and D, the spin precession of
the electron spin during its diffusion time t between Co1 and Co2 can be
studied. In an applied field B⊥ , perpendicular to the substrate plane, the
injected electron spins in the Al strip precess around an axis parallel to B⊥
and the output voltage V at the Co2 detector electrode will be modulated
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by the precession, as was derived in Chapter 2:
 
 ∞
P2
−t
dt .
(6.2)
℘(t) cos(ωl t) exp
V (B⊥ ) = ±I 2
e N (EF ) 0
τsf
However at large B⊥ , the magnetization direction of the Co electrodes
is tilted out of the substrate plane with an angle ϑ. When this effect is
included in the calculation one obtains:
V (B⊥ , ϑ) = V (B⊥ )cos2 (ϑ) + |V (B⊥ = 0)|sin2 (ϑ) .

(6.3)

Equation 6.3 shows that with increasing ϑ (from zero), the precession
signal is reduced and a positive background output signal appears. For
ϑ = 0 equation 6.3 reduces to equation 6.2. In the limit that ϑ = π/2 the
magnetization of the Co electrodes is perpendicular to the substrate plane
and parallel to B⊥ . No precession occurs anymore, and the full output
signal is recovered. The angle ϑ has been determined independently as a
function of B⊥ by measuring the anisotropic magnetoresistance (AMR) of
the Co electrodes, see Chapter 4. In Fig. 6.3 the measured output signal
at T = 4.2 K is plotted as a function of B⊥ for L = 650 nm, L = 1100 nm
and L = 1350 nm. Prior to the measurement a magnetic field B directed
parallel to the long axes of Co electrodes is used to prepare the magnetization configuration of the Co electrodes. For a parallel (anti-parallel)
configuration we observe an initial positive (negative) signal, which drops
in amplitude as B⊥ is increased from zero field. This is called the Hanle
effect in [4, 30, 31]. The two curves cross where the average angle of precession is about 90 degrees and the output signal is close to zero. As B⊥
is increased beyond this field, we observe that the output signal changes
sign and reaches a minimum (maximum) when the average angle of precession is about 180 degrees, thereby effectively converting the injected spin-up
population into a spin-down and vice versa. The data have been fit with
equations 6.2 and 6.3, as shown in Fig. 6.3. For all measured samples the
best fit parameters P, λsf and D are very close to those independently obtained from the length dependence measurements, as shown in Fig. 6.2.
In Fig. 6.4 the measured output signal at RT, as a function of B⊥
for L = 650 nm and L = 1100 nm. The RT temperature measurements
where done with the second batch of 4 devices and had a slightly higher
Al conductivity due to better alignment of two evaporation steps needed
to fabricate the Al strip underneath the suspended shadow mask. The
conductivity of the Al and Co strips were determined to be σAl = 1.3 ·
107 Ω−1 m−1 and σCo = 4.1 · 106 Ω−1 m−1 at RT, whereas the resistance of
the Al/Al2 O3 /Co tunnel barriers were determined to be 800 Ω for the Co1
electrode and 2000 Ω for the Co2 electrode at RT. No measurements were
performed at T = 4.2 K with these devices.
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Figure 6.5: Modulation of the output signal (V/I) due to spin precession as
a function of a perpendicular magnetic field B⊥ , for L = 1100 nm. The solid
squares/circles represent data taken at T = 4.2 K, whereas the solid lines represent the best fits based on equations 6.2 and 6.3. The arrows indicate the relative
magnetization configuration (parallel/anti-parallel) of the Co electrodes.
The data of Fig. 6.4 has been fit with eq. 6.2 and 6.3. A slightly
larger λsf = 500 nm is found as compared to Fig. 6.2, which is due to the
slightly higher conductivity in these samples. Using σ = e2 N (EF )D and
N (EF ) = 2.4·1028 states/eV/m3 [21] the spin relaxation time is found to be
τsf = 65 ps in the Al strip at RT. This value is in fair agreement with theory
[25] and consistent with the Al spin relaxation time obtained in Chapter 5.
Note also that at RT about half of the momentum scattering processes is
due to phonon scattering, which implies that the spin relaxation length can
be maximally improved by a factor of 2 at RT, see also table 5.2.
As already visible in Fig. 6.3 and 6.4, for B⊥ > 200 mT an asymmetry
is observed between the parallel and anti-parallel curves. This is due to
the fact that the magnetization of the Co electrodes does not remain in the
substrate plane. In Fig. 6.5 the measured output signal (V/I) at T = 4.2
K is plotted for L = 1100 nm up to B⊥ = 3 T, together with the calculated
curve, using P, λsf and D as obtained from the best fit in Fig. 6.3. The data
are in close agreement with equation 6.3, and shows a suppression of the
precessional motion of the electron spin. The full magnitude of the output
signal is recovered at large B⊥ , when ϑ = π/2 and no precession takes place
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any more.

6.4

Conclusions

An all-electrical solid-state device is fabricated which output signal is sensitive to the spin degree of freedom only. The electron spin direction can
be controlled coherently and can even be reversed at liquid Helium temperatures as well as at RT. The obtained spin relaxation times in Al are in
the order of 100 ps and are in agreement with theoretical predictions. The
obtained tunnelling polarization P is around 10 %.
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Chapter 7

Spin dependent transport in F/S
systems
7.1

Introduction

In this chapter a description is presented of spin-polarized transport in mesoscopic ferromagnet-superconductor (F/S) systems, where the transport is
diffusive, and the interfaces are transparent. 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. Expressions for the contact resistance are given for two terminal and four terminal
geometries. In the latter the sign depends on the relative magnetization of
the ferromagnetic electrodes.

7.2

The F/S system

Andreev reflection (AR) is the elementary process which enables electron
transport across a normal metal-superconductor (N/S) interface, for energies below the superconducting energy gap ∆ [1]. The incoming electron
with spin-up takes another electron with spin-down to enter the superconductor as a Cooper pair with zero spin. This corresponds to a reflection of
a positively charged hole with a reversed spin direction.
The spin reversal has important consequences for the resistance of a
ferromagnetic-superconductor (F/S) interface. A suppression of the transmission coefficient has been reported in F/S multilayers, [2] and in transparent ballistic F/S point contacts a reduction of the conductance has been
predicted and observed [3–5]. In F/S point contacts the Andreev reflection
process is limited by the lowest number of the available spin-up and spindown conductance channels, which are not equal due to a separation of
113
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the spin bands in the ferromagnetic metal, caused by the exchange interaction. However, in most experiments the dimensions of the sample exceed
the electron mean free path le , and therefore the electron transport cannot
be described ballistically.
Here spin-polarized transport in diffusive F/S systems is described, in
the presence of Andreev reflection for temperatures and energies below ∆.
In the analysis of the F/S interface only the electron transport below ∆ is
taken into account. This distinguishes this work from the studies of spin
injection in superconductors, which can only occur for energies above ∆.
It is shown that the AR process at the F/S interface causes a spin accumulation close to the interface, due to the different spin-up and spin-down
conductivities σ↑ and σ↓ in the ferromagnetic metal (F).
In first approximation the effects of phase coherence in the ferromagnetic metal are ignored. In the presence of a superconductor they can give
rise to the proximity effect [6–11]. The spin relaxation length (λF ) of the
electrons in the ferromagnetic metal, which is the distance an electron can
diffuse before its spin direction is randomized, is much larger than the exchange interaction length. This means that all coherent correlations in the
ferromagnetic metal are expected to be lost beyond the exchange length,
but the spin of the electron is still conserved.
Transport in a diffusive ferromagnetic metal can be described in terms
of its spin-dependent conductivities σ↑,↓ = e2 N↑,↓ D↑,↓ , where N↑,↓ are the
spin-up and spin-down density of states at the Fermi energy and D↑,↓ the
spin-up and spin-down diffusion constants [12–14]. In a homogeneous 1Dferromagnet the current carried by both spin directions (j↑,↓ ) is distributed
according to their conductivities:
j↑,↓ =

σ↑,↓ ∂µ↑,↓
,
e ∂x

(7.1)

where µ↑,↓ are the electrochemical potentials of the spin-up and spin-down
electrons, which are equal in a homogeneous system. In a non-homogeneous
system however, where current is injected into, or extracted from a material
with different spin-dependent conductivities, the electrochemical potentials
can be unequal. This is a consequence of the finite spin relaxation time τsf ,
which is usually considerably longer than the elastic scattering time τe . The
transport equations therefore have to be supplemented by:
D

µ↑ − µ↓
∂ 2 (µ↑ − µ↓ )
=
2
∂ x
τsf

(7.2)

where D = ( (N↑ +N↓↓ )D↑ + (N↑ +N↑↓ )D↓ )−1 is the spin averaged diffusion constant. Eq. 7.2 describes that the difference in µ decays over a length scale
N

N
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Figure 7.1: (a) Top view of a cross type F/S geometry. S is the superconducting
strip on top of two ferromagnetic strips F1 and F2. The magnetization of F2 can
be parallel or anti-parallel to the magnetization of F1. The x-axis is taken along
the ferromagnetic strips, where from x = 0 to x = W the superconducting strip
covers the ferromagnetic strips. (b) Side view.

λsf =



Dτsf , the spin relaxation length.

To describe the F/S system the role of the superconductor has to be incorporated. Here the interface resistance itself is ignored, which is justified
in metallic diffusive systems with transparent interfaces. The Andreev
reflection can then be taken into account by the following boundary conditions at the F/S interface (x = 0):
µ↑ |x=0 = −µ↓ |x=0 ,
j↑ |x=0 = j↓ |x=0 .

(7.3)
(7.4)

Here the electrochemical potential of the superconductor S is set to zero.
Eq. 7.3 is a direct consequence of AR, where an excess of electrons with
spin-up corresponds to an excess of holes and therefore a deficit of electrons
with spin-down and vice versa. Eq. 7.4 arises due to the fact that the total
Cooper pair spin in the superconductor is zero, so there can be no net spin
current across the interface. Note that for Eqs. 7.3 and 7.4 to be valid, no
spin-flip processes are assumed to occur at the interface as well as in the
superconductor.
Eqs. 7.1 ,7.2, 7.3 and 7.4 now allow the calculation of the spatial dependence of the electrochemical potentials of both spin directions, which have
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the general forms:
C x/λF
D
e
+ e−x/λF
(7.5)
σ↑
σ↑
C
D
(7.6)
µ↓ = A + Bx − ex/λF − e−x/λF
σ↓
σ↓
where A,B,C and D are constants defined by the boundary conditions. For
simplicity first the contact resistance at the F/S interface in a two terminal configuration is calculated, noted by V2T in Fig. 7.1(a), ignoring the
presence of the second ferromagnetic electrode F2. In this configuration we
find:
αF λF eI
µ↑ |x=0 = −µ↓ |x=0 =
(7.7)
σF (1 − αF2 )S
where αF = (σ↑ − σ↓ )/(σ↑ + σ↓ ) is the spin polarization of the current in the
bulk ferromagnetic metal and λF , σF = σ↑ + σ↓ , S are the spin relaxation
length, the conductivity and the cross-sectional area of the ferromagnetic
strip, respectively. Note that at the interface the electrochemical potentials
are finite, despite the presence of the superconductor. This is illustrated in
the left part of Fig. 7.2, where the spin-up and spin-down electrochemical
potentials are plotted as a function of x in units of λF . Defining a contact
resistance as RF S = ∆µ/eI at the F/S interface yields [15, 16]:
µ↑ = A + Bx +

αF2 λF
.
(7.8)
σF (1 − αF2 )S
Note that this is exactly half the resistance which would be measured in
a two terminal geometry of one ferromagnetic electrode directly coupled to
another ferromagnetic electrode with anti-parallel magnetization. One may
therefore consider the F/S interface as an ’ideal’ domain wall (which does
not change the spin direction), the superconductor acting as a magnetization
mirror.
The presence of the contact resistance at a F/S boundary clearly brings
out the difference between a superconductor and a normal conductor with
infinite conductivity. In the latter case the boundary condition Eq. 7.3 at
the interface is replaced by µ↑ = µ↓ = 0, and no contact resistance would
be generated [12]. An interesting feature to be noticed from Fig. 7.2 is
that the electrochemical potential of the minority spin at the interface is
negative.
The second observation to be made here is that the excess charge density
nc ∼ µ↑ + µ↓ is zero, whereas the spin density ns ∼ µ↑ − µ↓ has a maximum
close to the interface. This is a direct consequence of the AR process, where
a net spin current is not allowed to enter the superconductor. Continuity of
the spin currents at the F/S interface results in a spin accumulation in the
ferromagnetic metal, being build up over a distance of the spin relaxation
length λF .
RF S =
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Figure 7.2: Electrochemical potential in the ferromagnetic strip of Fig. 7.1 as a
function of distance along the x-axis in units of the spin relaxation length λF . The
potential of the superconductor at x = 0 is set to zero. The solid curves at x > 0
yield the chemical potentials for the two spin directions when the ferromagnetic
electrode F2 is magnetized parallel to the magnetization of F1. The dotted curves
yield the electrochemical potentials for anti-parallel magnetization.

7.3

4-Terminal geometry

To identify the contact resistance, the four terminal resistance is measured
by sending a current through terminals 1 and 3, and measuring the voltage between terminals 2 and 4, as illustrated by V4T in Fig. 7.1(a). We
assume that all current flows into the superconductor at x = 0, which is
reasonable to assume when the thickness dF of the ferromagnetic strip is
small compared to the width W of the superconductor and the width W
of the superconductor is in the order of the spin relaxation length of the
ferromagnetic strip, dF < W < λF (cf. Fig. 7.1(b)). Now the second
ferromagnetic electrode (F2) has to be included in the calculation. This
is done by requiring Eqs. 7.3 and 7.4 to include the spin currents of both
ferromagnetic electrodes and requiring their spin-up and down-spin electrochemical potentials to be continuous. For the resistance in the four terminal
geometry of Fig. 7.1 the calculation yields:
RF S  = ±

1
αF2 λF
2 σF (1 − αF2 )A

(7.9)

where the sign refers to the parallel (+) or anti-parallel (-) relative orientation of the magnetization of the two ferromagnetic electrodes. In the case of
anti-parallel arrangement one therefore has the rather unique situation that
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the voltage measured can be outside the range of source and drain contacts.
This is made possible by the Andreev reflection provided by the superconductor. In absence of the superconductor, one would always measure an
electrochemical potential between the source and drain contacts.
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Figure 7.3: (a) Top view of a F/N/S geometry. N is a normal metal strip


coupling to the two superconducting strips S. In the region S a superconductor
maybe present (see text). On top of the normal metal two ferromagnetic strips
F1 and F2 are placed. (b) Side view, terminals 3 and 1 are used for current
injection and extraction, whereas terminals 2 and 4 measure the voltage. M
refers to the magnetization of the ferromagnetic electrodes F1 and F2. L is the
distance between the two ferromagnetic electrodes and dN is the thickness of the
normal metal.

The above holds as long as the spin relaxation length λF exceeds the
width W of the superconductor. The complication of the above experiment
would be that it requires the width of the superconductor to be shorter than
the spin relaxation length in the ferromagnetic metal, which is expected to
be shorter than 60 nm [17, 18]. To remedy these complications, an alternative geometry is considered.
The geometry (F/N/S) of Fig. 7.3 consists of two superconducting strips
S, which are coupled by a thin layer of normal metal N, which has a larger
spin relaxation length (λN
sf ) than the spin relaxation length of the ferromagnetic metal (λF ). On top of the normal metal two ferromagnetic strips F1
and F2 are placed. Current is injected by F1 through the normal metal,
into the superconductor, whereas the voltage is detected by F2.
In the absence of a spin polarized current I, the measured resistance
R = V /I, will decay exponentially with R0 · exp(−CL/dN ), where R0 ≈

7.3. 4-Terminal geometry

119

ρN dN /AC is the resistance of the normal metal between the superconductor
and the current injector F1. Here ρN is the resistivity of the normal metal,
AC the contact area between F1 and S, dN the thickness of the normal metal,
C a constant of order unity and L the distance between the two ferromagnetic strips. This resistance will therefore vanish in the regime L
dN .
However, in the presence of a spin-polarized current I a spin density is created at the current injector F1, stretching out towards the voltage probe F2.
To calculate the signal at F2 we have to include the normal region. First,

it is assumed that the superconductor in the region S in Fig. 7.3 is absent.
The non-equilibrium spin density is taken to be uniform in the normal metal
in the region under F1, which is allowed as the thickness of the normal metal
is small compared to the spin relaxation length (λN ) in the normal metal,
λN . The electrochemical potentials in the normal region between the
dN
two ferromagnetic strips are described by solutions of Eq. 7.5 and 7.6, with
the constants A = B = 0. Then the resistance is calculated in the relevant
limit that the distance L does not exceed the spin relaxation length of the
normal region, L < λN . The expression for the resistance in this limit is
given by:
RF N S = ±

αF2 λF
2σF A(1 − αF2 ) +

2A
LσF
(1
σN λF

+ αF )2 (1 − αF )2

(7.10)

where σN is the conductivity of the normal metal and L is the distance
between the two ferromagnetic electrodes. When L > λN the signal will
decay exponentially.
Eq. 7.10 and Fig. 7.4 show that, even though no charge current flows in
the N layer, nevertheless a signal is generated at the ferromagnetic electrode
F2. In addition, Eq. 7.10 shows that the signal changes sign when the
polarization of F2 is reversed. A reduction of the thickness of the N film
will reduce the signal. This is a consequence of the fact that although no
charge current flows, the spin-up and spin-down currents are non-zero, and
their magnitude (and the associated voltage) depends on the resistance of
the N layer.
The above analysis is based on classical assumptions, where the superconducting proximity effect has been ignored in the normal metal. However,
it is known that a superconductor modifies the electronic states in the N
layer,[6, 7] which would be the case when a superconductor is present in the

region S (cf. Fig. 7.3).
In this situation Eq. 7.10 would still hold, for the electrochemical potentials in the normal metal satisfy the boundary condition of Eq. 7.3. When
the thickness dN of the normal layer is of the order of the superconducting
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Figure 7.4: Electrochemical potential versus distance or the F/N/S geometry.
The coordinate x = 0 defines the position of the ferromagnetic electrode F1. The
coordinate x = L = 2λF defines the position of the ferromagnetic electrode F2.
The solid curves for x > L yield the chemical potentials for the two spins when
the ferromagnetic electrode F2 is magnetized parallel to the magnetization of F1.
The dotted curves yield the chemical potentials for anti-parallel magnetization.

coherence length ξN , a gap ∆N will be developed in the normal metal. This
will prohibit the opposite spin currents in the normal metal to flow, and
therefore no signal will be detected at the ferromagnetic electrode F2. One
could control and eliminate the induced gap ∆N by applying a magnetic
field parallel to the ferromagnetic electrodes.

7.4

Conclusions

It is shown that the spin reversal associated with Andreev reflection in
a diffusive ferromagnet-superconductor junction, leads to a spin contact
resistance. The contact resistance is due to an excess spin density, which
exists close to the F/S interface, on a length scale of the spin relaxation
length in the ferromagnetic metal. In a multi-terminal geometry the contact
resistance can have a positive and negative sign, depending on the relative
orientation of the ferromagnetic electrodes.
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Samenvatting
Dit proefschrift behandelt fundamentele aspecten van elektrische spin injectie, transport en detectie van elektronspins in een niet-magnetisch metaal.
Centraal hierin staat de experimentele waarneming van een ophoping van
spin in een niet-magnetisch metaal. Deze waarneming geeft inzicht in wat er
gebeurt met de spin van een elektron, wanneer het zich door een elektrische
geleider verplaatst.
Gedurende het onderzoek zijn innovatieve ’spintronische’ devices ontwikkeld en gefabriceerd, waarvan het uitgangssignaal alleen gevoelig is
voor de spin van het elektron. Hiermee was het mogelijk om het signaal ten gevolge van de spinophoping volledig te isoleren van diverse parasitaire effecten. Het is mogelijk gebleken om bij kamertemperatuur de elektrisch geı̈njecteerde spins in het niet-magnetische metaal te laten draaien
(precederen) en vervolgens de resulterende spininformatie elektrisch te detecteren. Met simpele theoretische modellen, waarbij de elektronen worden
beschouwd als vrije elektronen, zijn de verkregen resultaten kwantitatief te
verklaren.
Het onderzoek is relevant voor het vakgebied van de spintronica, waar
gezocht wordt naar een rol voor de spin als informatiedrager in elektronische schakelingen. Hierbij gaat het zowel om verbetering van huidige elektronische functies, zoals bijvoorbeeld energie zuinige geheugens en kleinere
magnetische bits, als wel om de bestudering van nieuwe fysische concepten,
zoals bijvoorbeeld een - op spin gebaseerde - kwantumcomputer.
De elektronspin
Het elektron is een elementair deeltje met een eindige hoeveelheid elektrische
lading. Deze lading maakt het elektron gevoelig voor de Coulomb en Lorentz
krachten. Dit gecombineerd met de mogelijkheid om zich in meer of mindere
mate ’vrij’ te kunnen bewegen in metalen en halfgeleiders, maakt het elektron tot drager van elektrische stroom. Het elektron heeft echter nog een
eigenschap. Het beschikt over een intrinsieke draaiing (’spin’), aangeduid
met een impulsmomentum S, en rechtstreeks hier aan gerelateerd een magnetisch moment µ. Wanneer S gemeten wordt langs een bepaalde richting
(b.v. de z-richting), dan schrijft de kwantummechanica voor dat S slechts
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twee gekwantiseerde waarden kan aannemen: Sz = ± 12 . Elektronen komen
dus in twee smaken voor: ’spin-up’ en ’spin-down’. Klassiek gezien gedraagt
het elektron zich als een klein magneetje, zoals bijvoorbeeld een kompasnaald. Hiervan kan het magneetveld in twee tegenovergestelde richtingen
wijzen, met het magneetveld mee of er tegen in.
De ferromagneet als spin-bron
In een niet-magnetisch metaal komen even veel spin-up- als spin-downelektronen voor en dus blijft er netto geen magnetisch veld over. In een metallische ferromagneet is dat niet het geval. Hier veroorzaakt de ’exchangeinteractie’ een verschil in de totale aantallen spin-up- en spin-down- elektronen, hetgeen resulteert in een eindige magnetisatie. De voorkeursrichting
van de magnetisatie en dus ook de spinrichting van het elektron wordt
bepaald door de vorm van het magnetische metaal. Een tweede gevolg
van de exchange-interactie is dat deze de geleidbaarheid van een ferromagnetisch metaal voor de spin-up en spin-down elektronen verschillend maakt.
Behalve een ladingsstroom I = (I↑ + I↓ ) in de ferromagneet verwacht men
dan ook een ’spinstroom’ (I↑ − I↓ ), waarbij magnetisatie getransporteerd
wordt in de richting van de stroom (of er tegen in). Dit maakt een ferromagnetisch metaal geschikt als bron voor het leveren van een spinstroom
bij temperaturen onder de Curie temperatuur.
Spin-injectie en spinophoping: het magnetiseren van een niet-magnetisch
metaal
In de uitgevoerde experimenten wordt met behulp van een ferromagnetische
strip (F) een spinstroom in een niet-magnetische strip (N) geı̈njecteerd. Als
ferromagnetische metalen zijn nikkel (Ni), kobalt (Co) en een legering van
nikkelijzer (Ni80 Fe20 ) gebruikt en als niet-magnetische metalen zijn koper
(Cu) en aluminium (Al) gebruikt. Omdat de geleidbaarheid voor de spinup- en spin-down-elektronen in N even groot is, ontstaat er een ophoping
(accumulatie) van spin gepolariseerde elektronen aan het F/N grensvlak:
de geı̈nduceerde magnetisatie. Dit is als volgt te verklaren. De drijvende
kracht voor een elektrische stroom is een verschil in de elektrochemische
potentiaal (µ) tussen twee punten. Omgedraaid betekent dit dat wanneer
er verschillende spin-up- en spin-down-stromen geı̈njecteerd worden, ook de
spin-up en spin-down elektrochemische potentiaalgradiënten moeten verschillen. Hierdoor ontstaat er een niet-evenwichtssituatie, waarbij op de
positie van het F/N grensvlak verschillende elektrochemische potentialen
bestaan voor de spin-up (µ↑ ) en spin-down elektronen (µ↓ ). Het verschil
tussen µ↑ en µ↓ betekent dat er een overschot aan spin-up-elektronen aanwezig is en een tekort aan spin-down (of vice versa) en gaat dus gepaard
met een (geı̈nduceerde) magnetisatie.
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Spin-injectie via tunnelbarrières of transparante contacten?
In het onderzoek is gebleken dat een grotere spinpolarisatie van de geı̈njecteerde stroom aan het F/N grensvlak wordt gehaald via een Al2 O3
tunnelbarrière. Met een tunnelbarrière tussen de F en N strips bedraagt de
spinpolarisatie P ≈ 11 %, daarentegen bedraagt de spinpolarisatie met een
transparant F/N grensvlak slechts P ≈ 1 %. De reden hiervoor is gevonden
in het feit dat de spinafhankelijk weerstand van de ferromagneet met tunnelbarrière voor de spin-up- en spin-down-elektronen veel groter is dan de
spinafhankelijk weerstand van de ferromagneet met transparante contacten.
De spinpolarisatie P wordt niet alleen bepaald door de spinpolarisatie van de
bulk ferromagneet, maar ook door de spinonafhankelijke weerstand van de
niet-magnetische strip over een spinrelaxatielengte. De spinrelaxatielengte
is de afstand die een elektron kan afleggen, voordat het zijn oorspronkelijke
spinrichting verliest.
Spin-relaxatie
De grootte van de spinophoping (µ↑ − µ↓ ) aan het F/N grensvlak wordt begrensd door spin-flip-processen, waarbij een spin-up-elektron wordt omgezet
in een spin-down-elektron. Hoe groter het verschil (µ↑ − µ↓ ), hoe groter de
spinrelaxatiestroom. Wanneer de spinrelaxatiestroom net zo groot is als
de injectie van spinstroom (I↑ − I↓ ), stelt zich een stationaire situatie in.
Uit de experimenten blijkt dat deze stationaire situatie wordt bereikt bij
een spinophoping van ongeveer µ↑ − µ↓ = 10 µeV met een geı̈njecteerde
stroom van I = I↑ + I↓ = 100 mA en P = 11%. Ter vergelijking: een
typische metallische ferromagneet met een exchange-energie van 1 eV heeft
een magnetisatie van ∼1 Tesla. Daarentegen ’produceert’ een spinophoping
van µ↑ − µ↓ = 10 µeV in een Cu of Al strip maar een magnetisatie van 5
µTesla. Dit is zelfs kleiner dan het aardmagnetisch veld van ongeveer 60
µTesla. De eis om een spinrelaxatiestroom te verkrijgen die gelijk is aan
de geı̈njecteerde spinstroom resulteert in een gevonden spinrelaxatietijd τsf
van enkele tientallen picoseconden in Cu en ongeveer 100 picoseconden in
Al.
De experimenten leren dat ongeveer na 1000 verstrooiingsprocessen de
elektronspin zijn oorspronkelijke richting heeft verloren. Merk op dat juist
dankzij het feit dat de spin vele elastische en inelastische verstrooiingsprocessen overleeft, het überhaupt mogelijk is om in diffuse geleiders te kijken naar spintransport. De afstand die een elektron 
kan afleggen binnen de spinrelaxatietijd is de spinrelaxatielengte λsf = Dτsf , met D de
diffusieconstante van de Cu of Al strip. De gevonden spinrelaxatielengtes in
Cu and Al bedragen 350 nm en respectievelijk 600 nm bij kamertemperatuur
en 1 µm en respectievelijk 1.2 µm bij T= 4.2 K. Het blijkt dat bij kamertemperatuur de spinrelaxatielengtes in Cu en Al fundamenteel gelimiteerd zijn
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tot ≈ 1 µm door phononverstrooiingsprocessen.
De fysische achtergrond van de spin-flip-processen ligt in het feit dat
in metalen de spin geen goed gedefinieerd kwantumgetal is. Door de spinbaan koppeling raken de spin-up- en spin-down- Blochtoestanden met elkaar
vermengd. Omdat de spin-baan koppeling een vrij kleine verstoring vormt
ten opzichte van de kinetische energie, wordt maar een klein beetje van
een spin-down karakter in een overwegend spin-up-eigentoestand gemengd.
Hierdoor kunnen we nog steeds van ’spin-up’- en ’spin-down’-elektronen
spreken. Echter, door middel van verstrooiingsprocessen kan deze vermenging worden veranderd. Dit mechanisme voor de verstrooiing van de spin in
metalen wordt het Elliot-Yafet-mechanisme genoemd.
Elektrische detectie van de geı̈nduceerde magnetisatie
De grootte van de geı̈nduceerde magnetisatie of spinophoping in de nietmagnetische strip (N) is elektrisch te meten. Hiertoe wordt een tweede ferromagnetische strip (F2) op een afstand korter dan een spinrelaxatielengte
vanaf het spin-injectie punt (F1) aan N gekoppeld. Omdat de koppeling
van F2 met de spin-up- en spin-down-elektronen in N van verschillende
sterkte is - veroorzaakt door het verschil in de weerstand voor de spin-upen spin-down-elektronen - heeft F2 een voorkeur voor of µ↑ of µ↓ , al naar
gelang de magnetisatierichting van F2 ten opzichte van de geı̈njecteerde
magnetisatie. De gemeten spanning van F2 zal daarom verschillen met de
gemeten spanning van een niet-magnetische detector strip (N). Deze laatste
meet weliswaar op precies dezelfde positie, maar is in gelijke mate gevoelig
voor µ↑ en µ↓ , waardoor deze precies de helft van het verschil tussen µ↑ en
µ↓ weergeeft. Afhankelijk van de magnetisatieconfiguratie (parallel/antiparallel) van de F2 en F1 strips, zal F2 daarom een grotere/kleinere spanning meten ten opzichte van N.
Voor het detecteren van de spinophoping geldt ook dat dit beter gaat via
een Al2 O3 tunnelbarrière dan via transparante contacten. Door de Al2 O3
tunnelbarrière is de verstoring van de spinophoping in N geringer vanwege de
hogere weerstand. De hogere weerstand voorkomt dat tegengesteld lopende
spin-up- en spin-down-stromen vanuit het ferromagnetische spanningscontact de spinophoping in N doen verminderen.
Een opmerkelijk aspect van de gebruikte devicegeometrie is dat de spinophoping van F1 naar F2 wordt getransporteerd zonder dat er een netto
stroom tussen F1 en F2 loopt. Dit komt omdat de in tegengestelde richting
lopende spin-up- en spin-down-stromen even groot zijn. Aangezien er geen
netto stroom loopt daar waar de detectie van spinophoping plaatsvindt,
meet het niet-magnetisch spanningscontact (N) ook geen spanning. In de
afwezigheid van spinophoping zou het ferromagnetische spanningcontact
(F2) ook ”nul” spanning meten. Echter in het experiment blijkt dat wel
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degelijk een spanning wordt gemeten tussen F2 en N. Deze kan alleen verklaard worden door een onbalans in de spin-up- en spin-down-populaties van
de niet-magnetische strip.
Het draaien van de magnetisatie in het aluminium: spin precessie
De analogie tussen de elektronspin en een draaitol heeft het mogelijk gemaakt
om naar spinprecessie te kijken. Een (draaiende) draaitol valt onder invloed
van de zwaartekracht niet om, maar voert een langzame rondgaande beweging uit, die precessie wordt genoemd. Een soortgelijk effect treedt ook op bij
de elektronspin, maar nu onder invloed van een aangelegd magnetisch veld,
de zogenaamde ”Larmor precessie”. In het onderzoek is aangetoond dat
het mogelijk is de richting van de elektronspin, op zijn weg door de nietmagnetische strip, op een gecontroleerde manier te kunnen laten draaien
(precederen). Het blijkt dat de spinrichting gemiddeld 180 graden kan
worden gedraaid, waardoor de oorspronkelijke richting van de geı̈nduceerde
magnetisatie is omgedraaid. Er treedt echter ook een demping op van het
oscillerende signaal. Deze wordt veroorzaakt door het diffuse karakter van
de niet-magnetische strip. Er bestaan veel verschillende paden voor de elektronen om van F1 naar F2 te reizen en bij elke van deze paden behoort een
andere precessiehoek. Hierdoor wordt de gemiddelde precessiehoek op den
duur uitgemiddeld, hetgeen leidt tot een demping van het signaal.
Spinophoping aan een ferromagneet-supergeleider grensvlak
In het laatste hoofdstuk wordt theoretisch beschreven dat spinophoping
ook plaatsvindt aan een transparant grensvlak van een ferromagneet (F)
en een supergeleider (S). Dit wordt veroorzaakt door de omkering van
de spinrichting in het Andreev-reflectieproces. Het Andreev-reflectieproces
beschrijft hoe een elektrische stroom van ongecorreleerde elektronen op een
F/S grensvlak wordt omgezet in een supergeleidende stroom van Cooper
paren en omgekeerd. Een inkomend spin-up-elektron kan alleen de supergeleider binnen gaan, als hij een ander spin-down-elektron met zich meeneemt. Het feit dat de spin-up- en spin-down-elektronen niet in gelijke mate
voorkomen in de ferromagneet levert een bottleneck op voor het Andreevreflectieproces. Dit uit zich in een spinophoping aan het F/S grensvlak.
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