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Chapter 1

Introduction

Conventional electronics uses the elementary charge of an electron in the transport of
electrons. By controlling the electrical conductance of a semiconducting channel, it
is possible to make controllable switches1, which makes the highly advanced present
day electronics possible. In addition to the charge, the electron also has an angular
momentum projection 1

2~ associated with it, also known as the ’spin’ of an electron.
By combining ferromagnetic and non-magnetic materials in the form of devices this
feature of electrons has been extensively investigated in the last three decades and
lead to a new form of electronics known as spin-based electronics[1, 2].

It is perhaps less intuitive to see that when electrons are transported in materials,
they also carry energy, or heat. The coupling between heat and charge currents is
the subject of thermoelectricity[3]. It is used to detect heat currents in thermocouples
or to refrigerate parts which cannot be refrigerated by more traditional bulky heat
pumps, such as in outer space[4] or on small scales [5, 6].

In the bulk of this thesis, we explore the coupling between spin-based electronics
and thermoelectricity and demonstrate new functionality in nanoscale devices. In ad-
dition, we attempt to quantify the influence a fully spin-polarized charge current can
exert on the magnetization dynamics of the ferromagnetic material in such devices
and propose a novel experiment to induce such dynamics in a paramagnetic material.

To put this work in perspective, first an introduction is given into spin-based elec-
tronics which provides the most relevant concepts. Thereafter, thermoelectricity is
introduced along with its two main applications: the thermocouple and Peltier cool-
ing. In the next section, both fields are coupled and new functionality discussed which
we will refer here to as ’spin caloritronics’ [7]. Finally, we summarize the different
topics covered in this thesis.

1Also known as the transistor. Shockley,Bardeen and Brattain received the Nobel Prize in Physics in 1956
for research regarding the transistor.
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2 Chapter 1. Introduction

1.1 Spin-based electronics

The angular momentum or spin of an electron is often viewed as a spinning sphere
to which a vector can be associated pointing perpendicular to the plane in which the
electron spins. However, it is a purely quantum mechanical property of the electron.
Owing to quantum mechanics [8], the angular momentum of an electron can only
be measured parallel or antiparallel to the measurement apparatus which is used to
measure it. This was first demonstrated by a classical experiment of Stern and Gerlach
in 1922[9].

However, the connection between the transport of the elementary charge and
the angular momentum carried by electrons was realized already in 1857 when the
anisotropic magnetoresistance was discovered by lord Kelvin, long before the ground-
breaking experiment of Stern and Gerlach. He discovered that in magnetic materials
the conductivity depends on the angle between the direction of the magnetization
and the charge current. It was Mott in 1936[10] who was first to suggest a theory
of spin-dependent conduction which was a basis for a new field of electronics based
on this connection: spin-based electronics2. This formalism describes the electri-
cal transport of both spin channels individually, a concept known as the two-channel
model. It is used to describe transport in ferromagnets[11] and ferromagnetic/non-
magnetic layers[12]. Valet and Fert[13] were first to derive a diffusion-theory for
spin-dependent conduction in order to describe transport in ferromagnet/non-magnetic
devices where the current flows perpendicular to the layers (CPP). Because this is an
important theory used throughout this thesis and useful to understand the applications
of spintronics, it is quickly reviewed here.

Two-channel model

The two-channel model deals with the conduction of electrons in devices which con-
sist of ferromagnet and non-magnetic elements in which all the magnetizations are
pointing collinear, i.e. either parallel or antiparallel with respect to each other. An
introduction was given by Jedema[14]. In this model two channels are present, a
’spin-up’ channel which governs the conduction of electrons with their spin parallel
to any magnetization present and ’spin-down’ which governs the conduction of elec-
trons with their spin antiparallel to the magnetization. Both channels are assigned
different currents J↑,↓ = −σ↑,↓/e∇µ↑ with conductivities σ↑,↓ and chemical potentials
µ↑,↓. In a non-magnetic material the conductivities for both spin species are equal
and a charge current is carried equally by both channels leading to equal chemical
potentials µ↑ and µ↓.

In a ferromagnet a magnetization is present which spin polarizes the conduction
bands leading to different conductivities σ↑ and σ↓. This is illustrated by the Stoner
band model[15] in Fig. 1.1. When a charge current is now sent though the ferromag-
net, more current is carried by one of the spin channels and a resulting spin current

2Also called spintronics or magnetoelectronics
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Figure 1.1: Stoner band model and electrical spin injection at a ferromagnetic/non-magnetic inter-
face. a) Bandstructure of a ferromagnetic metal in the Stoner-band picture. For many metals with a semi
filled d-band the exchange interaction favors the splitting of the spin-dependent bands. This creates a net
magnetic moment as well as a different density of states N↑,↓ and Fermi velocity vF

↑,↓
for the electrons

participating in conduction around the Fermi energy EF . b) Illustration of the spin-dependent chemical
potentials µ↑,↓ when a charge current flows through a ferromagnetic/non-magnetic interface.

J↑ − J↓ flows through the ferromagnet. An interesting phenomena happens when we
sent a current through an interface of a ferromagnet and a non-magnetic material.
The resulting calculation[12, 14] of the spin-dependent chemical potentials is shown
in Fig. 1.1. The spin current in the bulk of the ferromagnet needs to become unpolar-
ized in the bulk non-magnetic material. The conservation of spin-dependent electron
currents now dictates a spin accumulation µ↑ − µ↓ needs to build up at the interface
to compensate this discontinuity. This allows spins and the magnetic moment associ-
ated with them to be injected into a non-magnetic material. Unlike the charge of an
electron, the angular momentum of an electron can be transferred to the environment
of the material. This process relaxes the spin potential and determines the relevant
length scale λ on which the spins can persist in the material.

In a ferromagnetic material the densities of states at the Fermi energy N↑,↓ for
both spin species is different leading to the different excess electron densities n↑,↓ =

N↑,↓µ↑,↓. Owing to this difference in density of states, when a spin accumulation is
allowed to relax in a ferromagnet material, the resulting potential is not simply the
average of µ↑ and µ↓ unlike the non-magnetic material where this is the case. This pro-
vides the build-up of a spin-dependent potential drop ∆µ along a ferromagnetic/non-
magnetic interface which makes the interface sensitive to a spin accumulation. In a
single interface, this potential drop is independent of the magnetization of the mate-
rial.

In a spin valve, two of such interfaces are placed closely together in a F1/N/F2
structure. A magnetic field can selectively switch both magnetizations of the ferro-
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magnets and align them parallel or antiparallel to each other. By virtue of the effects
just described, a spin accumulation is created at the first interface and detected at the
second interface and vice versa. The measured potential changes sign when one of the
magnetizations flips as the spin-dependent potentials at both interfaces are reversed.
This effect is often simplified by the resistor model derived by Valet and Fert, which
states that both spin channels have different resistances[13, 14]. With ordinary met-
als, this effect typically gives a difference in total resistance of the stack of <1%. The
relaxation length of metals ranges from a few nm for Platinum and magnetic alloys up
till 1 µm for aluminium or copper at low temperatures, which shows the intrinsic need
for nanoscale devices. In 1989 it was discovered that if the non-magnetic metal is re-
placed by specific tunnel barriers the effect can be greatly enhanced[16, 17]. These
days, it is possible to obtain a total resistance difference up till 600%[18] with tex-
tures MgO tunnel barriers. This effect is nowadays used on a large scale in read heads
for magnetic hard discs. When there are no tunnel barriers present in a spin-valve,
this effect is named the Giant Magnetoresistance (GMR). A Nobel prize was awarded
for this effect in 2007 to Fert[19] and Grünberg[20]. When there are tunnel barriers
present, the effect is referred to as Tunneling Magnetoresistance (TMR).

Non-local spin valve

An important concept is the non-local version of the F1/N/F2 spin valve. It was first
demonstrated by Johnson and Silsbee[21] in 1985 and later repeated in 2000 in our
group on the nanoscale[22]. In this experiment, the creation and detection of spin
accumulation is separated in a single spin valve device. The experiment and resulting
measurement of a non-local spin valve is shown in Fig. 1.2. A charge current is sent
through a first ferromagnet/non-magnetic interface which injects a spin current in the
non-magnetic material. The resulting spin accumulation is allowed to diffuse towards
a second ferromagnetic/non-magnetic interface where the spin accumulation is turned
into a potential. This potential is measured directly between the normal metal and the
second ferromagnet.

The advantages of this geometry is that ideally, there is no charge current flowing
through the detection circuit so no background potential due to an ordinary resistance
is measured. The spin current which is injected into the second ferromagnet is free of
charge current. This severely reduces a number of unwanted effects which are some-
times seen in the local version such as Anomalous Hall effects or effects due to the
magnetic coupling between both magnetizations[22]. Due to the additional distance
between both ferromagnets in this geometry and the separation of the injection and
detection of spin accumulation, it is also possible to show that the injected spins can
precess around a applied magnetic field perpendicular to both magnetizations[23].
Both the non-local spin valve and spin precession are specific to the illustration of
spin dependent transport such that they are used as a benchmark to demonstrate spin
dependent transport by electrical measurements in all sorts of (new) materials. Over
the course of years, electrical spin injection and detection was illustrated in the semi-
conductors Gallium Arsenide[24] and Silicon[25] but also in new materials such as
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Figure 1.2: Non-local spin valve. a) Measurement geometry. A spin accumulation µ↑ − µ↓ is created
at the FM1/NM interface which can diffuse towards the FM2/NM interface. The diffusive spin current
Js = J↑ − J↓ is converted into a potential at the FM2/NM interface where it is measured. b) Example of
a resulting non-local spin valve measurement by selectively switching the magnetizations with a magnetic
field. The small arrows indicate the orientation of both magnetizations.

Graphene[26].

Spin-transfer torque
A small decade after the discovery of Giant Magnetoresistance in 1989, it was pro-
posed that the injection of spin currents into a ferromagnet leads to the exchange of
angular momentum between the static magnetization carried by the bound electrons3

and the angular momentum of the spin current which is injected[27, 28]. This leads
to a torque on the magnetization of a ferromagnet which can drive magnetization
dynamics. This process is known as spin-transfer torque.

The dynamics of a magnetization is governed by the Landau-Lifshitz-Gilbert
(LLG) equation[29]. It describes how a magnetization ~M (T) evolves under (dy-
namic) magnetic fields ~H (T):

∂ ~M
∂t

= −γ ~M × ~H +
α

Ms

~M ×
∂ ~M
∂t
−

γ~µ0

2eV M2
s

~M ×
(
~Js × ~M

)
(1.1)

In this equation, the first term governs precession around magnetic fields and was
introduced by Landau and Lifshitz. Here γ = 176 GHz/T which determines the pre-
cession frequency. The damping of the precession is governed by the second term and
was reintroduced later by Gilbert. It is quantified by the dimensionless Gilbert con-
stant α. In ferromagnets, any tilt of the magnetization out of its easy axis creates in-
ternal magnetic fields, so-called demagnetization fields. These magnetic fields result
from the minimization of magnetostatic energy and are favored when the coupling
between spins is strong such that it prohibits the formation of magnetic domains[15].
3In the Stoner band model depicted in Fig. 1.1, these are represented by the electrons in the d band at
energies kbT below the Fermi energy.
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Figure 1.3: Applications of spin-transfer torque. a) The spin-torque oscillator as used in [34]. A charge
current IDC sent through the pillar induces a spin current with the spin pointing out of plane (Mpol) to
be injected into a thin ferromagnet (M f ree). The resulting torque tilts the magnetization out of plane and
makes it precess around its demagnetization field. In the stack a third magnetic layer (MA) converts the
emitted oscillating spin current into a voltage Vµ. b) Calculation of STT-switching of a ferromagnet strip.
c) Concept of STT-RAM. The state is read out through the GMR effect (R) while a pulse of current Ipulse
switches the magnetization through spin-transfer torque. d) Details of the STT-switching process.

The first two terms describe how a tilted magnetization can precess around these
internal as well as externally applied magnetic fields and eventually returns to a equi-
librium positions by virtue of damping. The influence of an externally injected spin
current Is on the magnetization dynamics is governed by the third term, introduced
by Slonczewski[27]. The effective torque, determined by the magnitude of this term,
scales inversely with the volume V of the magnet.

Independently from each other, both Slonczewski[27] and Berger[28] proposed
that the torque provided by a spin current can excite a stable form of magnetization
dynamics without the application of microwave frequency magnetic fields. They also
showed it is even possible to flip the magnetization of a ferromagnet in a spin valve
entirely by this effect. In the 2000’s, both effects were extensively experimentally
demonstrated[30–37].

Using the first effect, it has been shown that by designing ferromagnet/ non-
magnetic hybrid pillars it is possible to create a source of microwave (GHz) frequency
currents. The frequency of these microwaves can be tuned by the size of the charge
current which makes it a very compact tunable source of microwave frequency cur-
rents. This concept is known as the spin-torque oscillator (STO)4. An example of
a device used by Houssameddine et al.[34] is shown in Fig. 1.3a. It the previous
decade, this effect was studied in the time domain[32], the coupling between differ-
ent oscillators was investigated[33] and it was also shown to be a useful tool to study
the typically present higher order dynamics such as spin waves[30, 31].

When the torque on a magnetization is large enough it is also possible to change
the magnetic state entirely. This effect is illustrated in Fig. 1.3b. By creating an
GMR stack in which one of the ferromagnets is very thin, a large charge current can
4A more detailed introductory analysis can be found in [38].
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provide a torque on the thin magnet which can be sufficient to switch the magne-
tization of this ferromagnet. This magnetization can be switched back by applying
an opposite current. Using the GMR effect it is possible to read out the magnetic
state of the memory element by measuring its resistance with a smaller current. This
creates a form of non-volatile memory which can be entirely read out and written
electrically and is known as Spin-transfer torque RAM (STT-RAM[35]). The mag-
netization dynamics occurs in the GigaHertz range making it potentially a very fast
form of solid-state memory. With further reductions in minimal feature size, this form
of memory is likely to replace existing Dynamic-RAM in the future[35] because the
power consumption scales favorably. The principle of a STT-RAM has even been
demonstrated in the non-local spin valve geometry[37].

In recent years, the reciprocal effect of spin-transfer torque was also proposed and
demonstrated[39–41]. According to the Onsager reciprocity relation, if a spin current
coming from an adjacent material can excite magnetization dynamics, magnetization
dynamics should also be able to pump spin currents into the adjacent materials. This
effect was named ’spin pumping’ and was subsequently demonstrated in our group in
ferromagnetic resonance experiments[42].

1.2 Thermoelectricity
Similar to the process of electrical conduction, when a temperature difference is ap-
plied to a material heat starts to flow, which is then determined by the heat con-
ductance k (W/m/K). Unlike charge transport, heat transport is often dominated by
excitations of the lattice, called phonons, which can carry energy from one side of the
material to the other. However, in addition to its charge, electrons also have energy
associated with them. It is therefore no surprise that electrons can also participate
in heat transport. Because heat and charge can be transported by the same carrier,
a coupling between both forms of transport exists. This coupling is the subject of
thermoelectricity[3].

The most relevant example in this field is the occurrence of the Seebeck effect.
This effect describes the generation of a voltage as a result of an applied temperature
gradient. The Seebeck coefficient S determines the size of this effect and is defined
in terms of the electric field ES eebeck = −S∇T it generates. It arises from the fact
that the chemical potential µch(n,T, ..) is dependent on both electron density n and
temperature. In this case we can empirically derive the equation for charge currents
governing electrical conduction in the presence of temperature gradients:

J = −
σ

e
∇µch = −

σ

e

((
∂µch

∂n

)
T
∇n +

(
∂µch

∂T

)
n
∇T

)
(1.2)

= −σ (∇V + S∇T ) (1.3)

Where V is the measured voltage. The microscopic origin of this effect can perhaps
best be illustrated in terms of the free electron model[43]. In the free electron model,
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Figure 1.4: Schematic drawing of a thermocouple and a Peltier element. a) When a junction of two
dissimilar materials is heated a potential develops owing to the Seebeck effect. b) When a charge current
is sent through the same junction, it heats-up or refrigerates depending on the sign of the current. It is
caused by the discontinuity in Peltier induced heat transport (eq. 1.8). c) In a typical Py/Cu spin valve,
both effects occur at the two junctions resulting in a thermoelectric resistance.

the electrons around the Fermi energy which participate in electrical conduction can
be considered as an ideal gas. The kinetic energy of this free electron gas increases
as the temperature is increased. Some energy levels which were occupied at lower
energy become vacant while some levels at higher energy become occupied. The
Fermi-Dirac distribution gives the occupation probability of the energy levels:

f (E) =
1

e
E−µch
kBT + 1

(1.4)

The chemical potential µch is a function of both electron density and temperature.
The Fermi energy EF is defined as the highest occupied state at T=0 and is equal to
the chemical potential at this temperature. At a particulate temperature it needs to be
chosen such that the total electron density n comes out correctly:

n =

∫ ∞

0
N (E) f (E) dE (1.5)

Where N (E) is the density of states at a particulate energy. The exact behavior of the
density of states around the Fermi energy has a strong influence on how the chemical
potential depends on temperature. This can be understood as follows. If the density
of states is constant, it follows from the integral that at all temperatures the chemical
potential is equal to the Fermi energy. Generally the density of states is not constant
and becomes larger at larger energies. At constant chemical potential, when the tem-
perature is raised from T=0K the part of the integral 1.7 with E > µch then contributes
more to the integral then the lack of occupation probability at E < µch. This leads
to a higher electron density n at a constant chemical potential. In reality the den-
sity is fixed. In that case, the chemical potential becomes lower to accommodate the
situation.
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In addition to the density of states, the electron scattering time τ also depends on
energy. This dependence is related to the dominant scattering mechanism for elec-
trons5. For example, for electrons scattering with acoustic phonons, the scattering
time becomes lower at higher energy while for electrons scattering with ionized im-
purities it becomes higher. The velocity of electrons depends on the on the scattering
time. Let’s consider the transport of electrons from a hot to a cold end. The electrons
with E > µch at the hot side diffuse towards the empty states of the cold side while the
electrons with E < µch at the cold side diffuse towards the hot side creating a net flow
of energy, which governs the thermal conduction of electrons. When their velocity is
equal, an equal amount of charge diffuses from the hot to the cold end and vice versa.
However, if the velocity of one species is different from the other, a net charge flow
also occurs leading to the build-up of a potential.

Both effects contribute to the magnitude of the Seebeck effect. It is clear from
this discussion that the precise magnitude is strongly dependent on the specific ar-
rangement of the bands near the Fermi energy. It should be no surprise that the effect
is largest in semiconducting materials where the bands vary more strongly. In lower
dimensional materials, in particular quantum wires, the density of states varies con-
siderably more, making them promising thermoelectric materials[5, 6].

A formal calculation of this effect requires the use of a Boltzmann transport the-
ory and lies outside the scope of this thesis. In practice, a formula is often used which
is independent of the specific mechanism involved. It depends on the energy depen-
dence of the conductivity at the Fermi energy and is known as the Mott formula[45]
of thermoelectricity:

S = −
π2k2

BT
3e

dln (σ(E))
dE

(1.6)

In this thesis, only the empirical relation 1.2 will be used where the Seebeck
coefficients are used as input parameters. Only metals are considered, apart from an
occasional semiconducting or isolating substrate. For metals thermal conduction is
predominantly determined by electron transport through the Wiedemann-Franz law
which relates the thermal and electrical conductivity for different metals:

k = σLT (1.7)

the Lorenz number L is practically constant for different metals. This equation allows
us to determine the approximate thermal conductivities from its measured electrical
conductivity of materials.

When a temperature gradient induces a voltage across a material, the thermody-
namical Onsager reciprocity relation tells that a voltage gradient, or charge current,
should transport heat. This reciprocal effect is named the Peltier effect and was dis-
covered 12 years after the Seebeck effect. Analogous to Eq. 1.2 the heat current now

5See chapter 12 of Bushan[44].
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obtains an extra term:

Q = −σΠ∇V − k∇T (1.8)

Around 16 years after that, Lord Kelvin developed a thermodynamic theory which
relates both effects by the temperature: Π = S T which is known as the Kelvin-
Onsager relation.

The Seebeck effect can be used to convert heat into electricity or to measure the
temperature in the form of a junction of two dissimilar materials. By sending a charge
current through this junction, the Peltier effect can be used to refrigerate or heat this
junction depending on the sign of the current. In the non-local spin valve, both effects
occur at the two FM/NM junctions (See our reference[46]). This is illustrated in Fig.
1.4.

1.3 Spin Caloritronics

While spin-based electronics introduced the spin degree of freedom into the con-
cept of electrical conduction, thermoelectrics deals with the coupling between charge
and heat. Both concepts are more then century old. It is perhaps not surprising
that the coupling between spin, charge and heat was realized very early[47, 48], al-
though it does not date back as far as the 2-channel for conduction introduced by
Mott[10] in 1936. Arguably one could say the field is as old as thermoelectrics it-
self, as Seebeck himself in 1823 (falsely) interpreted his results on thermocouples in
terms of the magnetic orientation of materials by monitoring the deflection of a com-
pass needle[49]. He related the effect to the difference in temperature and magnetism
between the earth’s equator and the poles[3]. Magnetism was a popular topic at the
time as the consequences of the Maxwell equations for electromagnetism were yet to
be explored.

Nevertheless, the field was not explored experimentally until very recently. In
2006, a series of experiments performed by Gravier et al. determined the thermoelec-
tric power of a multilayer-GMR stack of pillars[50, 51]. Although the results were
clear, the interpretation was only qualitative owing to the large amount of physical
effects which can take place in the experiment, where a whole series of stacks were
used at the same time.

Two years later, an experiment coupling thermoelectricity and spin-based elec-
tronics was performed by Uchida et al. to reveal an effect known as the spin-Seebeck
effect[52]. It was shown that a heat current flowing through a ferromagnet can cre-
ate transverse voltages in connected materials with strong spin-orbit interaction. The
observed voltage was related to the inverse spin-Hall effect[53–55] in the connected
materials.

The effect was explained by the existence of a bulk spin accumulation which could
vary over macroscopic distances. This original interpretation was controversial6. Al-

6See for example Hatami[56] or this thesis: chapter 3.
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though an alternative explanation was reported[57], much of the details remain un-
clear at present. Similar experiments performed on ferromagnetic isolators[58] and
semiconductors [59] are yet to be put into perspective as signals appear to persist even
for interrupted ferromagnets or even when using point contacts instead of strips.

More theory concerning this field emerged which for simplicity was named spin-
caloritronics[7]. It was proposed that heat currents through ferromagnetic/non-magnetic
hybrid stacks can induce spin-transfer torque[60, 61] and also the role of spin waves
and temperature was theoretically investigated[57, 62].

1.4 This thesis

The work presented in this thesis covers a variety of experiments and theoretical
predictions which can be roughly divided into two parts. Although the described
theory can be considered general, all experimental work is performed on mesoscopic
devices containing ferromagnetic/non-magnetic metals which are connected to each
other by transparent, i.e. Ohmic, contacts.

In the main part, a diffusive theory for spin-dependent transport in the presence of
thermoelectricity is developed. This theory is included into three-dimensional finite-
element models which can be used to model devices. Using this theory, a variety
of new physical predictions were proposed. Of these predictions, thermal spin in-
jection, the spin-Peltier effect and the magnetic heat valve have been researched by
performing experiments on mesoscopic devices which were purposefully designed.

The second part describes our experimental efforts to quantify spin-transfer torque
in multiterminal lateral devices. To this purpose, resonance experiments were per-
formed in non-local spin valve devices and attempts were made to create a fully func-
tioning STT-RAM device. In addition, the paramagnetic analogue of the spin-torque
oscillator is proposed.

The following shortly lists what is covered in the following chapters of this thesis:

• Chapter 2 presents a diffusive 2-channel theory for collinear spin transport in
the presence of thermoelectricity and spin-dependent heat. We describe the
finite-element methods we use to model nanoscale devices with this theory.
Several novel physical concepts are proposed which result from the interplay
between spin and heat transport. We introduce the concepts of thermal spin
injection, the spin-Peltier effect and the magnetic heat valve. In addition, a
description is given on how to include various effects resulting from spin-orbit
interaction such as anomalous-Hall, anomalous-Nernst and spin-Hall effects
and how the coefficients governing these effects can be obtained from experi-
ments. We use these models to analyze our experimental data in the following
chapters as well as illustrate our theory by modeling devices from literature.

• Chapter 3 describes our measurements on a fabricated device in which we
demonstrate how a heat current over a ferromagnet/non-magnetic interface can
inject a spin current into the non-magnetic material. The effect is driven by the
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spin dependency of the Seebeck coefficient and is named thermally driven spin
injection.

• Chapter 4 describes our attempts to measure another prediction resulting from
thermal spin transport: the spin-Peltier effect. A spin current in the absence
of a charge current can induce a temperature difference at a ferromagnet/non-
magnetic interface. This is caused by the difference in spin-dependent Peltier
coefficients of a ferromagnet. We attempt to measure this effect in a set of
devices which were designed to minimize and quantify spurious effects.

• Chapter 5 shows the results of our attempt to measure the magnetic heat valve.
The magnetic heat valve is essentially the thermal equivalent of the spin valve.
Despite that we were unable to observe this effect, the sample does illustrate
how spin-orbit effects such as anisotropic magnetoresistance and anomalous-
Nernst can be measured in a lateral spin valve. From the measurements it is
possible to quantify the magnetization angle prior to the magnetic switching
process through the heat the magnet generates. Also, we determined the coef-
ficient governing the anomalous-Nernst effect.

• Chapter 6 covers the theory necessary to describe spin-transfer torque. We
describe how spin-transfer torque influences the ferromagnetic resonance
experiments[63] and propose a scheme to quantify spin transfer torque. We
also introduce the theory of non-collinear magnetoelectronics which is rele-
vant for modeling spin-transfer torque in nanoscale devices. At the end of this
chapter, we propose an experiment where the heat, which is generated by the
magnetization dynamics is detected using an on-chip thermocouple.

• Chapter 7 shows our experimental results aimed at quantifying spin-transfer
torque. We attempt to create a STT-RAM device from a non-local spin valve
by optimizing the geometry, and describe the spurious effects which hinder this
observation. It also describes measurements of a non-local spin valve where
one of the ferromagnets is fully embedded in one of the metal arms. We con-
clude with the successful demonstration of spin-transfer torque by performing
ferromagnetic resonance experiments and quantifying the torque which is ap-
plied.

• Chapter 8 proposes the paramagnetic analogue of the spin-torque oscillator. In
this concept, a static spin current injected into a paramagnetic spin-preserving
disc excites stable magnetization dynamics through precession around internal
demagnetization fields.

The thesis ends with an appendix where the details of the fabrication of nanoscale
devices are given, a summary, the publications and an acknowledgement to the people
who enabled this work.
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