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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.

1



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



1.1. Spin-based electronics 3

µ↑

µ↓

∆µ

FM NM

λF λN

J
a) b)

N↑ N↓

Eex

EF

E

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



1.1. Spin-based electronics 5

B (mT)

R 
(m

Ω
)

-100 100

0

4

8

0

Non-local Spin Valve

scan

J

V

FM1

FM2

B

JS

a) b)

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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Chapter 2

Thermal spin transport

In this chapter we extend the currently established diffusion theory of spin-dependent
electrical conduction by including spin-dependent thermoelectricity and thermal trans-
port. Using this theory, we propose experiments aimed at demonstrating novel effects
such as the spin-Peltier effect, the reciprocal of the recently demonstrated thermally
driven spin injection, as well as the magnetic heat valve. We use finite-element meth-
ods to model specific devices in literature to demonstrate our theory. Spin-orbit effects
such as anomalous-Hall, -Nernst, anisotropic magnetoresistance and spin-Hall are
also included in this model.

2.1 Introduction

Spintronics uses the spin degree of freedom to demonstrate new functionality in
ferromagnetic/non-magnetic hybrid devices[1]. In time, many new functional de-
vices have been proposed[2–4] and measured[5–8] utilizing the special properties of
spin transport. Recently, the coupling between thermoelectricity and spin transport
has been added to this field. New applications resulting from this coupling are sum-
marized under the branch called spin-caloritronics[7, 9–15].

A diffusive transport theory for spin-dependent electrical conduction is currently
well established[16, 17]. This theory has been extended to non-collinear systems[18,
19] which becomes relevant when spin-dependent tunneling through interfaces is con-
sidered or to quantify dynamic processes such as spin-transfer torque[20] or spin-
pumping[3, 21].

In this article, we extend the collinear theory of diffusive transport for spin-
dependent conduction to include spin-dependent thermoelectricity[22–25], spin-orbit
effects[8, 26, 27] and spin-dependent thermal transport[28]. We use finite-element
methods to demonstrate our theory and extract useful parameters from complex three-
dimensional device geometries[27, 29–32]. Various recent experiments are taken
from literature to extract the parameters which govern the effects. In our modeling,

17
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we ignore ballistic transport, which may give rise to (negative) non-local background
resistances in the devices, in particular at low temperatures[33].

The setup of this article is as follows. In section 2.2, we begin with a description of
finite-element modeling where we specify the structure of the model and the solvers
used. In Section 2.3 we describe how to make finite-element-models that describe
electrical spin-transport. We illustrate this model by calculating a recent example
from literature[34]. We also show how the direct and inverse spin-Hall effect can be
included and use it to model an experiment by Kimura et al.[26].

In section 2.4, we introduce the thermoelectric-spin model. This model can de-
scribe the individual effects related to thermoelectricity[27, 29, 31] or spin-dependent
electrical transport. However, the introduction of spin-dependent thermoelectric co-
efficients also allows to demonstrate two new physical effects: the recently demon-
strated thermal spin injection[30] and its Onsager reciprocal effect: the spin-Peltier
effect[35]. Thermal spin injection describes the injection of spins in a non-magnetic
material when a heat current is sent through a ferromagnetic/non-magnetic interface.
The spin-Peltier effect describes spin-dependent heat transport across this interface
due to the injection of spins in the ferromagnetic material.

In section 2.5, a phenomenological theory for spin-dependent heat transport is
proposed, where the concept of a spin temperature is introduced and the thermal
analogy of the spin valve: the magnetic heat valve[10]. We apply the model on a
previously measured sample[27] to determine an upper limit for the relaxation of
spin-dependent heat at room temperature. Thermoelectricity not only connects spin-
dependent charge transport to heat transport but also connects spin-dependent heat
transport to charge transport. This provides new ways to generate spin tempera-
tures and to detect these. The use of two ferromagnets in the proposed measurement
schemes ensures that the previously mentioned ballistic non-local resistances[33] do
not hinder the observation of the proposed effects[36, 37].

We conclude this article with a brief discussion on how the developed diffu-
sion theory, which is used to model spin-dependent effects, can be generalized to
a circuit theory that can also describe tunneling through interfaces or non-collinear
magnetizations[18, 38].

2.2 Finite-element modeling

The finite-element modeling in this article is performed using the software package
Comsol Multiphysics (version 3.5). It solves partial differential equations (PDE’s) for
1, 2 or 3 dimensional geometries defined in a CAD drawing program. In a diffusive
transport theory, the PDE’s are determined by the conservation of the generalized
currents for the physics considered. These can be formally derived from Boltzmann
transport theory[17, 39]. The fluxes, put into a vector by ~J =

(
Ju1 , Ju2 , ...

)
, are gov-

erned by a vector of continuous variables ~u = (u1, u2, ...) through the conductance



2.2. Finite-element modeling 19

matrix c̄:

~J = −c̄ ∇~u (2.1)

Depending on the dimensionality n (1D, 2D or 3D) of the finite-element model,
the elements of the fluxes Ju1 , Ju2 , ... are vectors themselves of size n. They determine
the currents in the respective directions defined by the coordinate system of the model.
The elements of the conductance matrix c̄(i, j) are then n×n matrices. For an isotropic
model, these are scalar matrices while for anisotropic transport, the elements can be
different. The PDE’s in the bulk are determined by the conservation of fluxes:

~∇ · ~J = ~f
(
~u
)

(2.2)

Where a source term ~f
(
~u
)

exists which may depend on the variables themselves. As
an example, for simple electrical transport ~u = V , ~J = Jc, c̄ = σ and f =0. Here V
is the voltage, Jc the charge current and σ the electrical conductivity. Eq. 2.1 then
states Ohm’s law while Eq. 2.2 is the Poisson equation representing the conservation
of charge. The system under consideration is solved by stating the boundary condi-
tions. These can be set for each variable (a Dirichlet condition) or flux (a Neumann
condition) individually. In our example of electrical conduction, a charge current
can be sent through the material by setting the charge current to a specific value at
one interface and the voltage to a specific value at another. The outer interfaces are
insulating Jc=0 and the currents are continuous across internal interface Jc|1 = Jc|2.

A (tetrahedral) mesh of typical 300k elements is created by the finite-element pro-
gram where specific detailed meshing is used in the areas of interest by specifying a
minimal element size. The PDE’s are solved using a built-in (non-linear) solver which
uses the iterative generalized minimal residual solver (FGMRES) with a geometric
multigrid preconditioner, which in its turn uses a a direct sparse object-oriented linear
equations solver (SPOOLES).

The models we use are generally non-linear and the device on which the model
is based is measured electrically. Therefore, the resulting measurable voltage is also
non-linear:

V = R1I + R2I2 + R3I3 + ... (2.3)

The contributions Rn(V/An) to the nonlinear voltage can be separately determined
from experiments. By using multiple lock-in systems which are set to measure the
different responses ω, 2ω, 3ω resulting from a sinusoidal charge current I of fre-
quency ω sent through the device, it is possible to determine these contributions[30].
We may extract them from the constructed model by studying how the simulated
voltages depend on the applied charge current. The nonlinear contributions Rn(V/An)
are determined by calculating the model at various currents and solving equation 2.3.
Here the used currents are typically of a size used in experiments where all interesting
contributions Rn(V/An) are considerable.
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Figure 2.1: Results of the modeling of the non-local spin valve structure used by Yang[34] et al. a) A
spin current is injected into the Cu bar which connects two ferromagnets FM1, FM2 by sending a charge
current I1−2 = 1 mA. The injected spins diffuse towards FM2 where they are absorbed. The color shows a
calculation of spin voltage Vs = V↑−V↓ at I1−2 = 1 mA for the structure with a 4 nm thin ferromagnet FM2.
b) Calculated spin valve signal V3−4/I1−2 (mΩ) versus the spin polarization for electrical conductance for
a 20 nm thick FM2. The grey area shows the measured spread.

2.3 Spin transport

Spin-dependent electron transport in systems consisting of collinear magnetizations
and clean ferromagnetic/non-magnetic interfaces is commonly described in terms of a
2-channel model. First suggested by Mott[16], and later derived from the Boltzmann
transport theory[17], it describes electrical conductance separately for spin-up (↑)
electrons, the component parallel to a magnetization, and spin-down electrons (↓), the
antiparallel component. Each channel has its own conductivity σ↑,↓, voltage V↑,↓ and
charge current J↑,↓. Usually a simplified resistor model is employed to describe spin-
dependent transport. While it is sufficient for many approximations, it can become
inaccurate for complex three-dimensional structures[40].

Spin-dependent transport can be modeled by a set of PDE’s by using the spin-
dependent voltages as variables ~u =

(
V↑,V↓

)
. The spin dependent currents ~J =

(
J↑, J↓

)
are then defined through equation 2.1 by the spin-dependent conductance matrix:

c̄ =

(
σ↑ 0
0 σ↓

)
(2.4)

The conservation of charge current is given by ~∇ ·
(
~J↑ + ~J↓

)
= 0. The Valet-

Fert equation ∇2(V↑ − V↓) =
V↑−V↓
λ2 is derived from the conservation of spin currents.

Defining a spin polarization for electrical conductance PI = (σ↑ − σ↓)/(σ↑ + σ↓) we
calculate the source term:

~f =
(1 − P2

I )σ
4λ2 (V↑ − V↓) ·

(
−1
1

)
. (2.5)
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The inputs for this model are the specific geometry, the conductivity σ = σ↑+σ↓,
spin relaxation length λ and spin polarization PI . These parameters can be deter-
mined from various experiments. For example, the relaxation length of non-magnetic
materials can be determined by varying the distance between two ferromagnets in a
spin valve[41], measuring spin precession[42] or embedding other materials in a spin
valve[43]. From the measured magnitude of the spin valve, the spin-product PIλF of
the ferromagnet is generally determined. Additional experiments can provide insight
about the magnitude of the individual contributions PI , λF . Angle-resolved pho-
toemission provides information about the relaxation length λF of ferromagnets[44]
(albeit high in the energy band), while the conductance polarization of ferromagnets
PI can be investigated by measuring the Doppler shift of spin-waves[45].

Although the model fits the observed spin-valve signals of devices with clean in-
terfaces very well[34], in lateral systems the model often overestimates the observable
spin-valve signals[26, 41, 42]. This is caused by the need to perform ion-milling prior
to deposition, in order to obtain Ohmic interfaces. This possibly causes an increased
surface area that decreases spin-valve signals[40]. Also, we cannot exclude that ad-
ditional scattering centers are introduced near the interface due to the ion-milling
process or that the interfacial scattering properties may be altered for a disordered
interface[46]. For the permalloy (Ni80Fe20) ferromagnet commonly used in a lateral
spin valve, the polarization is reduced from PI = 70%, determined from measured
Doppler shifts or pillar experiments, to 30-50%[41, 47].

An example of the application of this model can be found in Bakker[29]. Another
example of where this model can be applied is shown by Yang[34] et al. Here, the
non-local spin valve geometry[41, 48] is used to inject a spin current J↑ − J↓ free
of charge current (a so-called pure spin current) into a thin ferromagnet. The mag-
netization of this magnet is switched by the resulting spin-transfer torque[2, 20]. A
threshold exists for this process given in terms of the charge current which should be
sent through the device.

A model of this device geometry with resulting spin voltage is shown in Fig.
2.1. Using the measured conductances, relaxation length of copper λCu = 1µm and
spin valve signals, we determine an effective spin polarization of PI ≈0.6 from the
measured spin valve signals 9-21 mΩ from a batch of samples with thick ferromag-
nets. By performing an integration of the spin current flowing through the FM2/NM
interface, we find that the amount of pure spin current injected into the second ferro-
magnet Is is 13.5% of the total charge current I sent through the device. For metallic
F/N interfaces, the non-collinear spin injection efficiency is often comparable to the
collinear spin injection efficiency[18, 46]. This allows us to use this efficiency to
calculate spin-transfer torque. Using an effective formula for spin-transfer torque
switching[49] we find that the ferromagnet should switch at Is=930µA using com-
mon parameters[6]. In the experiment, the required charge current I=5mA results in
a a spin current of Is=675µA. Considering the empirical spread found for the spin
valve signals, this is very reasonable.

Because the electrical current density spread throughout the device is modeled,
the Biot-Savart law also allows to calculate the magnetic fields present in the device.
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This magnetic field is determined by performing a volume integral over the entire
device. We find that the magnetic field at the center of the switchable ferromagnet
is |~B| = 1.2 mT at the maximum applied charge current of 5 mA while the switching
field of the magnet is 8 mT. This directly rules out that the magnetization switches
by the induced magnetic fields, but it can be responsible for observed asymmetries in
the spin-transfer torque switching process.

2.3.1 Spin-Hall Effect
Spin-orbit effects in ferromagnets are often sizeable due to their intricate band align-
ment. As a result, measurements on spin-orbit effects in ferromagnets were already
reported more then a century ago[50]. First D’Yakanov and Perel[51] and later
Hirsch[4] suggested that the same process which governed these effects in ferromag-
nets, whether it be due to band alignment (intrinsic) or spin-dependent scattering
(extrinsic)[52], can also be responsible for a new effect in paramagnetic materials:
the spin-Hall effect[8, 53].

The direct spin-Hall effect describes that when a charge current Jc is sent through
a material with strong spin-orbit interaction, a spin current Js flows away from the
center of the conductor with its spin direction ~m, a unity vector, perpendicular to the
charge and spin current. In the inverse version, a spin current flowing through the
material creates a voltage perpendicular to the spin and spin current direction. Based
on a Boltzmann transport theory derived by Zhang[39], the effects are governed by
the following two equations:

~∇VS H = −
θS H

σ
~m × ~Js (2.6)

~∇V IS H
s =

θS H

σ
~m × ~Jc (2.7)

Here ~∇VS H and ~∇V IS H
s are the bulk charge and spin voltages resulting from the direct

and inverse spin-Hall effect and θS H is the spin-Hall angle, typically�1. Both effects
can be included into the 2-channel model. To do this, we rewrite both equations
into spin-up and spin-down currents and obtain the new spin-dependent conductance
matrix:

c̄ =

(
σ↑ σS H

↑

σS H
↓

σ↓

)
(2.8)

Where non-diagonal elements σS H
↑,↓

are included. These become skew-symmetric ma-
trices determined by the spin-direction ~m considered in the device:

σS H
↑,↓ (i, j) = ∓θS Hσ↑,↓

∑
k

εi jkmk (2.9)

Here (i,j,k) are the indices of the predefined xyz axes and εi jk is the Cevi-Levita
symbol.
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Figure 2.2: Calculated spin voltages Vs (µV) for the device of Kimura[26] et al. a) In the direct spin-
Hall configurations a charge current I1−2 = 1 mA is sent from ferromagnet to copper arm and the resulting
spin-Hall voltage V3−4 is measured on the Pt strip. b) XZ cross section in the middle of the platinum strip
in the inverse spin-Hall configuration. The charge current I3−4 = 50 µA is short-circuited by the copper
strip which is why most spin accumulation enters through the corners. When the spin voltage enters the
copper strip it is only a small fraction of the ±8µV spin voltage present in the bulk platinum. The voltage
V1−2 is now measured by converting the spin voltage Vs to a charge voltage at the FM/NM interface.

To demonstrate the theory, we model a device measured by Kimura[26] et al.
where both the direct and inverse spin-Hall effect were measured in a single nanoscale
device at room temperature for the first time. The results from this model are shown
in Fig. 2.2. The device consists of a single permalloy ferromagnet which is connected
to a 4 nm thin platinum strip by a copper cross. A pure spin current can be injected
into the platinum strip by sending a charge current I1−2 from the ferromagnet to one of
the arms of the copper cross. When the magnetization of the ferromagnet is aligned in
the ±y-direction, the spin current flowing into the platinum in the -z direction creates
a voltage due to the inverse spin-Hall effect in the x-direction. This voltage can be
measured between the two contacts present on the platinum strip. In the same device,
sending a charge current through the platinum strip creates a spin current flowing in
the z-direction where the spins are aligned in the ±y-direction, which is now due to
the direct spin-Hall effect. When this spin current arrives at the permalloy strip, it is
converted into a voltage which can be electrically measured.

Both the direct and inverse spin-Hall signal in this device are around 60 µΩ

at room temperature at a distance of 400 nm from platinum strip to ferromagnet.
Using the common parameters PPy=0.3, λPy = 5 nm, λPt = 2 nm and λCu = 350
nm[40, 41, 47] and the measured conductivities, we find that a spin-Hall angle for
platinum of θPt

S H = 5·10−2 accurately models both signals. This angle is around 8
times smaller than previously calculated. The difference between the spin-Hall angle
found by the three-dimensional model and the analysis of Kimura[26] et al. is par-
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tially caused by the difference in used parameters1. However, it is mostly due to the
inaccuracy of the bulk resistor model and spin-Hall formula[39] for three-dimensional
structures used in the analysis of Kimura. The bulk resistor model is essentially an
approximation of the diffusion model we use to model the device[32]. It is known
that this approximation can be too coarse in specific three-dimensional cases[40]. To
illustrate the three-dimensional nature of this device, we note that only 1% of the
charge current goes fully through the platinum strip when the current is sent from
contact 3 to 4, because the copper on top of the strip essentially short-circuits the
strip. This causes a highly non-uniform spin injection (and for the inverse effect: de-
tection) at the platinum strip, which is illustrated by the cross section in Fig. 2b. This
example clearly demonstrates the need for a three-dimensional model to accurately
fit the relevant parameters.

2.4 Thermoelectricity and Spin

Thermoelectricity extends charge transport theory and includes effects governed by
the Seebeck, Peltier and thermal conductivity coefficients. We have recently shown
that thermoelectric effects can be accurately modeled in nanoscale devices[27, 29–
31]. In this modeling, we have also included transport effects due to spin-orbit in-
teraction by adding anisotropic elements to the conductivity and Seebeck coefficient
matrices. We note that by symmetry, we expect equivalent anisotropic contributions
to the Seebeck, Peltier and thermal conductivity. However, specific measurements
demonstrating the related transport effects have not been reported to the author’s
knowledge.

The spin-transport model extends charge transport theory to include the spin-
dependency of the conductivity and introduces the concept of spin-dependent volt-
ages V↑,↓. The model which extends charge transport theory to include both ther-
moelectricity and spin-transport is named the thermoelectric-spin model. It has been
used for almost 50 years to describe thermoelectricity in ferromagnets[54] and more
recently, to describe thermoelectricity of multilayered spin valves[24, 38, 55] and
spin transport in ferromagnets[7, 11, 12].

The relevant physics and measurable voltages in devices can be calculated us-
ing finite-element modeling. The spin dependent voltages and temperature are the
variables ~u =

(
V↑,V↓,T

)
and the fluxes are determined by the spin-dependent charge

currents and heat current ~J =
(
J↑, J↓,Q

)
. The conductance matrix now allows us to

include spin-dependent Seebeck S↑,↓ and Peltier coefficients Π↑,↓ to describe not only
the coupling between charge and heat transport, but also the coupling between spin

1The difference between the used parameters and the original reported parameters in the experiment of
Kimura et al. explains a factor 2 difference in the found spin-Hall angle.
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and heat transport. The conductance matrix is given by:

c̄ =

 σ↑ 0 σ↑S ↑
0 σ↓ σ↓S ↓

σ↑Π↑ σ↓Π↓ k

 (2.10)

The conservation of charge currents remains unchanged. However, the Valet-Fert
equation is altered because in the derivation thermoelectricity is disregarded. It is
originally derived using particle conservation[56]:

1
e
∇ · J↑,↓ = ∓

n↑
τ↑↓
±

n↓
τ↓↑

(2.11)

Here τ↑↓ represents the time for a spin up electron to flip its spin to spin down while
τ↓↑ represents the time from a spin down electron to flip its spin to spin up. The excess
electron densities are given by the Einstein relation for metals n↑↓ = N↑↓eV↑↓, with
N↑↓ the spin dependent densities of states at the Fermi energy. In the thermoelectric-
spin model, the spin-dependent charge currents J↑,↓ = −σ↑,↓

(
∇V + S ↑,↓∇T

)
addition-

ally includes a temperature gradient as well as the spin-dependent Seebeck coeffi-
cients.

The Seebeck coefficient describes how the conductivity depends on energy and is
described by the Mott formula. By virtue of the Einstein relation for metals, the See-
beck coefficient is determined by the energy derivative of the density of states

(
dN
dE

)
EF

and the relaxation time
(

dτ
dE

)
EF

at the Fermi energy. To develop an altered Valet-Fert
equation, the energy dependence of the densities of states N↑,↓ and relaxation times
τ↑↓,↓↑ needs to be taken into account at the right side of Eq. 2.11. While theoreti-
cally these contributions can be taken into account, in practice not much is known
about these specific energy dependencies. For simplicity, we ignore such terms in the
modeling and note that they can be responsible for small bulk source terms[7, 30].
Conservation of charge, spin and heat currents are now taken directly from the in-
dividual thermoelectric and spin-transport models and produce the following source
term:

~f =


(1−P2

I )σ
4λ2 (V↑ − V↓)

−
(1−P2

I )σ
4λ2 (V↑ − V↓)

J2
↑
/σ↑ + J2

↓
/σ↓ + σ

1−P2
I

4λ2 V2
s

 (2.12)

Where we introduced the individual Joule heating of both spin channels J2
↑,↓/σ↑,↓ as

well as Joule heating due to spin relaxation[14] ∇Js · Vs/2.
In the spin-dependent charge transport model, the ferromagnetic/non-magnetic

interface plays a crucial role in converting spin transport into charge transport and
vice versa. Using this coupling between spin and charge, magnetic memory ele-
ments can be constructed. In the thermoelectric-spin model, the ferromagnetic/non-
magnetic interface plays a similar role. In the following we will show that this inter-
face can be used to convert heat transport into spin transport and also vice versa. The
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Figure 2.3: Thermal spin injection, measurement scheme and measured result[30]. a) A heat current
sent through a F/N interface generates a spin voltage Vs ≈ λFS s∇T at the interface which extends a
distance λN , λF in the materials. b) Thermal spin injection can be measured by Joule heating FM1 in a
lateral spin valve. This generates a heat current Q over the FM1/NM interface which injects spins. The spin
voltage is turned into a measurable voltage by the FM2/NM interface. The size of thermal spin injection
can be determined by selectively switching the magnetizations. c) Measurement result. A signal due to
thermal spin injection is present on a large background caused by the measurement of Joule heating by the
FM2/NM thermocouple. In addition, small traces of anisotropic magnetoresistive heating effects as well as
anomalous-Nernst effects are present. These can be seen by the small dip at the switching field of FM1 and
the offset in background voltage between large positive and negative magnetic fields (see also Fig. 2.7).

conversion of a heat current into a spin voltage depends solely on the spin-dependency
of the Seebeck coefficient and is therefore named the spin-dependent Seebeck effect
or by its more application oriented name: thermal spin injection[30].

Here, we also propose a measurement scheme for the Onsager reciprocal effect.
We show that when a spin current is injected into a ferromagnet a net heat flow de-
velops, even in the absence of a charge current. This effect, named the spin-Peltier
effect[35], depends solely on the spin-dependency of the Peltier coefficient.

2.4.1 Spin-dependent Seebeck effect
The spin-dependent current model dictates that when a charge current Jc = J↑ + J↓ is
sent through the bulk of a ferromagnet, a spin current Js = J↑ − J↓ accompanies it of
which the size is determined by the conductivity polarization Js = PI Jc.

In similar fashion, the thermoelectric-spin model dictates that when a heat current
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Q is sent through the bulk of a ferromagnet in the absence of a charge current, a spin
current Js = −σF(1 − P2)S s∇T/2 flows, of which the size is determined by the
spin-dependent Seebeck coefficient S s = S ↑ − S ↓ = PsS . Here Ps is a fraction of
the regular Seebeck coefficient S , defined in terms of the spin-dependent Seebeck
coefficients as:

S =
σ↑S ↑ + σ↓S ↓
σ↑ + σ↓

(2.13)

In a non-magnetic material, both the conductivity polarization and the spin-
dependent Seebeck coefficient are zero. When a charge current is sent through a
ferromagnetic/non-magnetic interface, the discontinuity in bulk spin current creates
a spin voltage at the interface and injects a net spin current in the non-magnetic ma-
terial. The same situation occurs when a heat current in the absence of a charge
current is sent through the interface. This effect, the injection of spins in a non-
magnetic material by a heat current, is named thermal spin injection or, equivalently,
the spin-dependent Seebeck effect[30]. Since both electrical and thermal spin injec-
tion arise from the discontinuity of the bulk spin currents, both effects have similar
behavior. For example, the spin voltage spreads an equal distance away from the
interface and both effects suffer from the conductivity mismatch problem[57] which
strongly reduces spin injection in low conductivity materials such as semiconduc-
tors. The possible solution to the conductivity mismatch problem is also identical:
the introduction of tunnel barriers. Thermal spin injection then occurs by virtue of
spin-dependent Seebeck tunneling coefficients[13].

Thermal spin injection was recently demonstrated in a multiterminal lateral
device[30]. In this device, a temperature gradient is applied to a F/N/F spin valve
by Joule heating one of the ferromagnets by a large charge current. The thermoelec-
trically generated spin voltage across the first ferromagnetic/non-magnetic interface
is measured by a second ferromagnetic/non-magnetic interface which converts the
spin voltage into a measurable voltage. A schematic picture of thermal spin injection
and the used measurement scheme is shown in Fig. 2.3.

Because Joule heating scales quadratically with the applied charge current I2,
thermal spin injection results in a nonlinear spin dependent signal Rs

2 = RP
2 − RAP

2
where RP

2 and RAP
2 are the parallel and antiparallel contributions. The measured result

is shown in Fig. 2.3c. The applied temperature gradient was very limited due to the
relatively large lateral size and because electromigration prohibits heating in excess
of 40K in this particular case. In addition to thermal spin injection, we observe small
traces of spin-orbit effects such as the anomalous-Nernst effect in the second ferro-
magnet and anisotropic magnetoresistive heating of the first ferromagnet. The effects
have been more thoroughly examined in another device[27]. These effects express
themselves by a difference in background voltage for both parallel orientations and
the observed small curve in voltage prior to the low field switch.

An application of spin currents lies in its ability to switch the (uniform) magne-
tization of a ferromagnet around its easy axis by means of spin-transfer torque[20].
This effect has a threshold in the spin current which needs to be injected. Since elec-
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Figure 2.4: Schematic representation of the Spin-Peltier effect. A spin current Js = J↑ − J↓ free of
charge current (J↑ + J↓ = 0) is injected from the non-magnetic side of the F/N junction into a ferromagnet
FM. The top shows the resulting spin-dependent voltages, calculated using the 2-channel model. Despite
the fact that no charge current is flowing through the junction, a net heat flow Qs

Π
= 1

2 (Π↑−Π↓)Js develops
in the ferromagnet which quickly drops off due to the spin relaxation length λF . Depending on the sign of
the spin current and the parallel/antiparallel alignment of the magnetization, net heat is transported from
the non-magnetic material to the ferromagnet or vice versa. This creates a temperature difference ∆T
between the bulk non-magnetic material and the bulk ferromagnet.

trical and thermal spin injection have the same physical origin, the discontinuity in
bulk spin current, we may directly compare the critical temperature gradient in the
ferromagnet needed to switch a F/N/F spin valve by spin transfer torque to the crit-
ical charge current density. If the critical charge current density is known, we can
calculate the critical temperature gradient which is needed for the switching process:

∇T |crit =
2PI

σPsS (1 − P2
I )

Jcrit (2.14)

Here Jcrit is the threshold in charge current at which spin transfer torque switching
takes place, σ the ferromagnetic conductivity and ∇T |crit the critical temperature gra-
dient in the bulk ferromagnet. As an example, if we assume a critical charge current
density Jcrit = 1011 A/m2 for a permalloy ferromagnet, with the common (estimated)
parameters PI = 0.6, Ps = 0.6, σ = 4 · 106 S/m and S = −20µV we find a critical
temperature gradient of ∇T = 4 · 109 K/m. A typical F/N/F stack of 25 nm then
switches at an applied temperature difference of 100 degrees. This process is known
as thermal spin transfer torque, and recently evidence has been found for it[58].

The ability to use finite element modeling should allow to engineer multiterminal
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Figure 2.5: Proposed non-local measurement scheme for the spin-Peltier effect. a) The non-local spin
valve geometry allows to inject a pure spin current into ferromagnet FM2 by sending a charge current Jc
across the FM1/NM interface. This spin current creates a temperature difference across the FM2/NM
interface changing the local temperature TF of the ferromagnet. The effect is detected by converting the
temperature to a voltage VTC = ∆S FMTF using a thermocouple. Here ∆S FM is the difference between
Seebeck coefficients between the ferromagnet and the non-magnetic material (yellow). The thermocouple
measures the temperature TF of the ferromagnet and optionally, makes use of the large Seebeck coeffi-
cient of the ferromagnet itself. b) The simulated spin-Peltier signal. The resulting signal should have a
background determined by Peltier cooling/heating at the FM1/NM interface and subsequent consequence
to the temperature TF . A small signal of 100 nV due to the spin-Peltier effect should arise which only
depends on the parallel or antiparallel alignment of both magnetizations.

F/N/F pillar devices which can switch by thermal spin transfer torque. Such devices
can combine the high polarization properties of pillar devices with the flexibility of
lateral devices. By selectively heating the device, the effect can also be used to lower
the effective threshold of spin-transfer torque switching.

2.4.2 Spin-Peltier effect
The Onsager reciprocity relation dictates that when heat transport induces spin trans-
port free of charge currents in a ferromagnet, the opposite can also occur. A pure
spin current injected in a ferromagnet should induce net heat transport. This Onsager
reciprocal effect is named the spin-Peltier effect[35].

We illustrate this effect in Fig. 2.4 by considering the F/N interface previously
used. A pure spin current is injected from the non-magnetic side into the ferromagnet.
When the spin current enters the ferromagnet it reduces in size at the spin relaxation
length, for metals ranging from a few to tens of nanometers. The spin-dependent
voltages which result from the spin current are sketched in the top part of Fig. 2.4. In
the absence of charge currents, the heat current in the system due to the spin-Peltier
effect QΠ can be deduced from the thermoelectric-spin model:

QΠ =
1
2

(Π↑ − Π↓)Js (2.15)

In the non-magnetic material, Π↑ = Π↓ and no net heat transport due to the spin-
Peltier effect takes place. In the ferromagnet, the spin-Peltier coefficient, defined as
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Πs = Π↑ − Π↓ can be non-zero. Close to the interface, the spin current ~Js is also
non-zero. This induces heat transport due to the spin-Peltier effect which drops off

in the ferromagnet at the spin relaxation length. As a result, a temperature difference
∆T develops between the bulk non-magnetic material and the ferromagnet.

The Onsager-Kelvin relation Π = S T relates the conventional Seebeck and Peltier
coefficients. This also holds for the individual spin species. From the recently found
spin-dependent Seebeck coefficient S s we can calculate the spin-Peltier coefficient
Πs = S sT which can be used to estimate the effect.

We calculate the exact temperature difference by considering the total heat cur-
rent Q = 1

2 ΠsJs − k∇T in the ferromagnetic and non-magnetic regions. Like spin and
charge currents, the heat current is continuous across the interface. If we ignore Joule
heating due to spin currents, it is also continuous in the bulk of the non-magnetic
and ferromagnetic parts and equal to ki∇T |i. Here the index i denotes the region.
The presence of the spin-Peltier effect induces an additional temperature gradient
∇T |Π(x) =

Πs
2kF

Js(x) in the small ferromagnet region in which a sizeable spin current
exists. The spin current drops off exponentially from the interface: Js(x) = J0

s e−x/λF .
Here J0

s is the spin current at the interface. If we integrate this additional tempera-
ture gradient over this region, we find the temperature difference between the bulk
ferromagnet and non-magnetic material:

∆T |F−N =
Πs

2kF
λF J0

s (2.16)

This temperature difference depends solely on the spin-Peltier coefficient Πs, the
spin relaxation length λF and the thermal conductivity kF of the ferromagnet. Its sign
is determined by the sign of spin current and the spin-Peltier coefficient.

The non-local spin valve geometry is an ideal geometry to inject pure spin cur-
rents into a ferromagnet. The generated temperature difference over the interface can
be detected by measuring the temperature of the ferromagnet in which the pure spin
current is injected. This can be achieved by placing a thermocouple on the ferromag-
net. This measurement geometry is illustrated in Fig. 2.5. The background voltage is
then solely determined by the Peltier heating of the FM1/NM interface which injects
the spin current and the subsequent measurement of the temperature by the thermo-
couple. The spin-Peltier signal then appears as a regular resistance R1 which depends
on the parallel or antiparallel alignment of both magnetizations.

For permalloy, all parameters are known[30] and we can estimate the tempera-
ture difference which can be created in this manner. At a realistic maximum pure
spin current which can be injected into a permalloy ferromagnet in the non-local spin
valve geometry (see the previous discussion below Fig. 2.1) we have J0

s = 1011

A/m2. Using this value, we find a temperature difference of ∆T = 20 mK between
the parallel and antiparallel orientation of the permalloy spin valve across the inter-
face of the ferromagnet. A typical thermocouple which can be realized on a (lateral)
ferromagnet[27] has an efficiency of ∆S = 40µV/K. This results in a maximal spin-
Peltier signal of 800 nV which is small but observable. Initial experiments show signs
of the spin-Peltier effect, however, it is hard to distinguish it from small parasitic ef-
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fects, for example, the pick-up of regular non-local spin valve signals by an uneven
distribution of the spin-voltage at the detecting interface[59].

2.5 Beyond Thermoelectricity and spin: The spin-
dependent heat model

In the thermoelectric-spin model a single electron temperature was introduced which
holds for both spin species. The energy of the electrons is distributed in their respec-
tive bands according to a position-dependent Fermi-Dirac distribution f↑,↓(ε, n↑,T )
with a spin-specific local density n↑,↓ and local temperature T . This model requires
strong (spin-conserving) inelastic interaction between spins to obtain the required
thermodynamic distribution. This requirement must hold for the individual spin
species, but also strong inelastic interaction must be present between the spin species,
such that the temperatures of the individual spin species are equal. It is caused by
electron-electron interaction or mediated by phonons through electron-phonon inter-
action.

At low temperatures inelastic scattering becomes weaker and this requirement
does not hold. It was shown in the past that inelastic scattering can be weak on the
scale of the spin relaxation length in non-magnetic metals[60] at sub-4K tempera-
tures where electron transport is still diffusive, limited by elastic scattering. Although
in this situation it is hard to speak of electrons which are distributed according to a
Fermi-Dirac distribution in their respective bands, it is still possible to describe ther-
mal transport according to a diffusion equation. The temperature T then represents
the local average excess energy of electrons compared to the situation at zero Kelvin.
In addition, the spin-dependent electron species also do not exchange energy with
each other.

This requires the introduction of a spin-dependent heat model where both spin
channels have their own heat current Q↑,↓, thermal conductivity k↑,↓ and spin-dependent
temperature T↑,↓. This opens up the possibility to demonstrate new thermal and, pos-
sibly, thermoelectric experiments in magnetoelectronic devices. Such a model has
first been described by Heikkilä et al.[10]. We introduce a bulk diffusion model and
calculate a specific device to provide an example.

The Wiedemann-Franz law L = k
σT describes the relation between charge and

thermal conductivity for metals at different temperatures. Here L ≈ 2.4 ·10−8 WΩK−2

is the Lorenz number which varies mildly between metals[61]. The law assumes that
the thermal conductivity is determined by electron transport, which is often the case
in metals. The relation can be used to estimate thermal conductivities from mea-
sured charge conductivities. Because the charge and thermal conductivity are often
determined by electron transport a spin polarization in the electrical conductance PI

naturally leads to a spin polarization in thermal conductance PQ, similarly defined in
terms of spin-dependent heat conductances as PQ = (k↑ − k↓)/(k↑ + k↓). The model
for spin-dependent electrical and thermal transport now includes the spin-dependent
voltages and temperatures ~u = (V↑,V↓,T↑,T↓). The spin-dependent charge and heat
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currents ~J = (J↑, J↓,Q↑,Q↓) are determined through the 4x4 conductance matrix:

c̄ =


σ↑ 0 σ↑S ↑ 0
0 σ↓ 0 σ↓S ↓

σ↑Π↑ 0 k↑ 0
0 σ↓Π↓ 0 k↓

 (2.17)

Where the spin-dependent thermoelectric effects, represented by the coefficients
S ↑,↓ and Π↑,↓, are used in the relevant spin-dependent currents. The conservation
of spin and charge currents remains the same, and therefore the components of the
source term for the spin-dependent charge currents as well. It is straightforward to
include the conservation of the total heat current Q = Q↑ + Q↓ into its spin-dependent
parts: the Joule heating of each channel J2

↑,↓/σ
2
↑,↓ simply applies to the channels indi-

vidually. We note here that strictly speaking, if there is no inelastic scattering, there
is no Joule heating. However, any weak inelastic scattering does raise the average
energy of the electron baths which allows Joule heating to be used in the model as a
local source of heat.

Although it is beyond the scope of this article to derive the conservation of spin
heat currents Qs = Q↑−Q↓ from Boltzmann transport theory[14], we may introduce a
phenomenological relaxation analogue to the relaxation of the amount of spins them-
selves, represented by the Valet-Fert equation for spin voltage.

The difference in excess energy between both spin species is represented by the
spin temperature Ts = T↑ − T↓. In our model, we assume a thermal equivalent of
the Valet-Fert equation ∇2Ts =

Ts

λ2
Q

. Here λQ is the relaxation length for the spin

temperature. This relaxation length is not only limited by spin flip processes, but can
also be limited due to inelastic scattering between both spin species, where energy
is being exchanged between both spin species without flipping its spin. This results
in the boundary condition for spin relaxation lengths λQ ≤ λ. The spin relaxation
lengths are equal whenever inelastic scattering is absent.

New source terms ±
(1−P2

Q)k

4λ2
Q

(T↑ − T↓) are then added such that the conservation of

spin heat is also included. This leads to the following source term in this model:

~f =



(1−P2
I )σ

4λ2 (V↑ − V↓)

−
(1−P2

I )σ
4λ2 (V↑ − V↓)

(1−P2
Q)k

4λ2
Q

(T↑ − T↓) + J2
↑
/σ↑ + σ

1−P2
I

8λ2 V2
s

−
(1−P2

Q)k

4λ2
Q

(T↑ − T↓) + J2
↓
/σ↓ + σ

1−P2
I

8λ2 V2
s


(2.18)

The thermoelectric coefficients in this model typically scale with temperature and
are very small at the temperatures where this model is applicable. For example,
for many non-magnetic metals the Seebeck coefficient scales linearly with temper-
ature such that typical Seebeck coefficients are in the order of 10 nV/K at Helium
temperatures[54]. This also holds for typical ferromagnets such as cobalt or permal-
loy. Due to the small size of these coefficients, the non-local background voltages at
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these temperatures will likely not be determined by thermoelectricity but by ballistic
transport[33] or conventional Ohmic voltages. Therefore, we first disregard (spin-
dependent) thermoelectricity and explore the special properties of spin-dependent
heat itself by proposing the thermal equivalent of the spin valve.

2.5.1 Magnetic heat valve
If we disregard thermoelectricity as well as charge currents in magnetoelectronic de-
vices, such that Joule heating is absent, spin-dependent charge and heat transport
are each represented by an independent set of equations. The mathematical model
introduced to describe spin-dependent heat transport is then identical to that which
describes spin-dependent charge transport. The difference between the models is the
size of the coefficients. The equivalence of the coefficients used in both models is
depicted in Fig. 2.6a.

Consequently, concepts which are relevant in the spin-dependent charge transport
model will have their equivalent in the spin-dependent heat transport model. A similar
resistor model also applies[17]. For example, consider a heat current Q sent through
a F/N interface. This creates a difference in temperature between both spin species Ts

which relaxes in the materials with the spin heat relaxation length λQ. This is depicted
in Fig. 2.6b. The size of the spin temperature at the interface can be directly deduced
from the equivalently calculated spin voltage Vs in the charge transport model[62]:

Ts

Q
=

2PQRF,QRN,Q

RF,Q + (1 − P2
Q)RN,Q

(2.19)

Where RN,Q =
λN,Q

kN
and RF,Q =

λF,Q

kF
are the equivalent thermal resistances determined

by the spin heat relaxation lengths and the thermal conductivities of the materials. A
spin related ’thermal resistance’ ∆T = 1

2 PQTs also develops across the interface.
There also exists a thermal equivalent of the electrical F/N/F spin valve. When

a heat current Q is sent through a F/N/F spin valve, a temperature difference ∆T
develops across it, which depends on the parallel or antiparallel alignment of the
magnetizations. We refer to this concept as the magnetic heat valve. It is depicted in
Fig. 2.6c. In the electrical spin valve, a simple calculation[41] gives the difference
between parallel and antiparallel resistance per unit area RP−RAP = 2P2

I RFRN/(RF +

RN(1−P2
I )) whenever the distance L between both ferromagnets is L � λN . Whenever

L � λN,Q we obtain the temperature difference between the parallel and antiparallel
alignment in the magnetic heat valve:

∆TP − ∆TAP

Q
=

2P2
QRF,QRN,Q

RF,Q + RN,Q(1 − P2
Q)

(2.20)

As an example, let us consider a Py/Cu/Py heat valve in a 25 nm thick pillar stack
where the non-magnetic metal is thin enough to satisfy the condition L � λN,Q.
Whenever the spin valve is held at a total temperature where inelastic scattering
is small but not negligible, say λQ ≈ λ/2 and assume the estimated values PQ =
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Figure 2.6: The spin-dependent heat model. a) Equivalency between the coefficients of the spin-
dependent heat and charge models when thermoelectricity and Joule heating is disregarded. b) A heat
current Q sent through the F-N interface creates a spin-temperature Ts and spin-related temperature dif-
ference ∆T . c) The F/N/F magnetic heat valve. A heat current sent through a F/N/F spin valve structure
creates a temperature difference across it dependent on the parallel or antiparallel alignment of both magne-
tizations. d) A possible experimental realization of the F/N/F heat valve. By heat sinking one ferromagnet
and Joule heating another, heat can be transported through the heat valve. The temperature of the second
ferromagnet depends on the specific thermal resistance of the heat valve, determined through the parallel
or antiparallel alignment of the magnetizations, and can be measured using a thermocouple.

0.6, λF = 5 nm, λN = 1µm, kCu = 300 W/m/K, kPy = 30 W/m/K an applied heat
current of Q = kPy · 10K/25nm = 1.2 · 1010 W/m2 produces a significant tempera-
ture difference of ≈2K across the spin valve depending on the parallel or antiparallel
alignment.

In a spin valve, it is possible to use Joule or laser heating to produce heat currents
through a device[55]. However, measuring a temperature difference across a device
is non-trivial. Nevertheless, by measuring the absolute temperature at the second
ferromagnet with the aid of a thermocouple, the process can be measured, because
the process does influence the net heat flow through the device. This experimental
measurement technique is sketched in Fig. 2.6d. It is fairly non-trivial to use analyt-
ical solutions, as heat transport through a substrate and Joule heating itself are hard
to calculate in a three-dimensional geometry. However, by fitting the obtained mea-
sured voltages to those resulting from a finite-element model with varying geometry,
it should be possible to extract useful coefficients, such as spin heat relaxation lengths
at different temperatures.

This experimental measurement technique has been used previously at room tem-
perature [27]. Here, a Py/Cu/Py spin valve was used and a Py/NiCr thermocouple. A
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Figure 2.7: Modeling of a fabricated device[27] which potentially could show the magnetic heat valve
effect. a) SEM figure and measurement geometry. Two permalloy ferromagnets (blue) are connected by a
copper rectangle (brown). The temperature TF of the second ferromagnet is measured by a NiCr (contact
4,6) - Py thermocouple. b) Measurement at a typical current of 1 mA. No regular spin valve signal is
present, which would be the result of the magnetic heat valve effect. The anomalous-Nernst (1) and
anisotropic magnetoresistive heating (2) effects are present. c) Calculated spin temperature at I1−2 = 1 mA
zoomed at the copper rectangle calculated using the parameters λPy,Q = 5nm, λCu,Q = 350 nm and PQ =

0.25.

SEM picture of the device is shown with a typical measurement in Fig. 2.7. The sys-
tem was modeled with a regular thermoelectric model which showed that a maximum
heat current of Q ≈ 109 W/m2 can be achieved at which the temperature difference
across the spin valve is ≈2K with a used charge current of Ic = 2 mA. Although at
room temperature, regular spin-orbit effects such as the anomalous-Nernst (1) and
anisotropic magnetoresistance (2) are dominant, we can use this sample to demon-
strate a calculation of the spin-dependent heat model. Using the additional parame-
ters shown in Fig. 2.7, and assuming no inelastic scattering (λQ = λ) and PQ = PI ,
we calculate a temperature difference ∆TP−∆TAP = 8 mK due to the heat valve effect
which leads to a response Rs

2 = 19.6 nV/mA2 when the thermocouple is measured.
The temperature difference is 10 times lower than the value calculated from Eq. 2.20
with ∇T |F ≈ 3 · 107 K/m and is due to spin relaxation in the non-magnetic material.
With a noise level of ≈5 nV/mA2 the heat valve effect should be observable if inelas-
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tic scattering between both spin species is absent. The absence of a spin heat signal
above the noise level shows that inelastic scattering is strong enough such that we find
the requirement λQ < 1

2λ valid at room temperature. When λQ = 1
2λ the calculated

signal is approximately identical to the noise level.

2.5.2 Thermoelectricity and spin-dependent heat

The spin-dependent heat model becomes relevant when inelastic interaction between
the spin species is weak, which occurs at low temperatures. Thermoelectric effects
are small at these temperatures and ballistic effects sizeable[33], which is why thus
far we did not consider the connection between the spin-dependent thermoelectric
effects and the effects due to spin-dependent heat.

However, prospects in fabrication which connects the flexibility of a multitermi-
nal lateral device design with the high signals observed in pillar structures and the
low noise experiments associated with a low operating temperature should increase
the observability of the effects so far considered. We may then also consider the
higher order effects related to this connection.

Whenever a charge current Jc is sent through a ferromagnet a spin heat current
Qs = ΠsJc also flows, determined by the spin-Peltier coefficient Πs. Here we assumed
V↑ = V↓. Similar to the case of electrical- and thermal spin injection, when this
charge current is sent through a F/N interface, this creates a spin temperature T 0

s
at the interface which relaxes in the respective materials at the respective spin heat
relaxation lengths λQ. We propose to name this effect the thermal spin-Peltier effect.
The size of the effect is given by Eq. 2.19 with the source of the spin heat current
in the bulk Qs = PQQ substituted by that due to this effect Qs = ΠsJc. We note
that this ignores the generation of a spin voltage at the interface which by ordinary
thermoelectric effects is converted to a spin temperature.

Although at low temperatures Πs can be very small, the maximum charge current,
typically limited by electromigration (Jmax

c = 1012 A/m2), is often larger than the
maximum heat current. This may render this effect more efficient to generate a spin
temperature than the previously described effect in the magnetic heat valve2.

The Onsager reciprocal effect can also occur in this model. Whenever a spin
heat current Qs is injected into a ferromagnet at a F/N interface this creates a voltage
difference ∆V |F−N between the bulk non-magnetic material and ferromagnet. We
propose to name this the thermal spin-dependent Seebeck effect. The calculation of
this voltage goes similar to the calculation of the temperature difference ∆T in the
spin-Peltier effect. Checking the symmetry between the spin-dependent charge and
heat models we can directly substitute the various coefficients in Eq. 2.16 to obtain

2In practice, it is necessary to separate the creation and detection of a spin temperature in a lateral device in
order to prove the effect is due to the spin temperature only. Otherwise, such effects can be mistaken for a
spin-current injection related voltage spread over the detector interface. This geometry requires additional
contacts which increases the distance between injection and detection and reduces the desired observable
effect.
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the induced voltage difference over the interface:

∆V |F−N =
S s

2kF
λF,QQ0

s (2.21)

It is possible to measure this voltage difference directly over an interface in a mul-
titerminal non-local device. However, it requires a source of pure spin heat current
Qs in which preferably a charge-related spin current Js is absent. This is a situation
difficult to achieve. However, if both sources of Qs and Js scale differently with ap-
plied charge current it is perhaps possible to distinguish between the generation of
a voltage over a F/N interface due to charge-releated spin currents and those due to
spin heat currents in a suitably designed experiment.

2.6 Discussion

Throughout this article we have considered transparent (Ohmic) interfaces and collinear
magnetic systems. In this case, the spin-dependent charge and heat currents are
continuous across the interfaces and are scalar quantities. Past experiments show
that whenever oxide layers are formed at interfaces the spin-dependent effects can
be greatly enhanced[63]. Furthermore, a non-collinear system is required to de-
scribe important applications of spin-dependent transport such as the spin-torque-
oscillator[5, 64–67] or spin-transfer-torque magnetic memory[20, 34, 68]. In these
cases the diffusion theory developed here is not sufficient to describe the relevant
processes. Instead, it should be described by a more general theory which includes
spin-dependent tunneling and a 3-dimensional spin vector, for example the magne-
toelectronic circuit theory[18, 19]. Heikkilä, Hatami and coworkers have previously
developed such a theory[10, 35, 38] in order to describe thermal spin-transfer torque
and spin-dependent thermal transport.

This theory essentially extends the diffusion theory used in this article. The dif-
fusion theory uses flux and variable continuity to describe electron transport across
ferromagnetic/non-magnetic interfaces. In the non-collinear theory, this transport is
described by a 4x4 conductance matrix G, which relates the total flux J̄ = (Jc, ~Js,Q, ~Qs)
at the interface to the variables at both sides ūi = (V i

c, ~V
i
s,T

i, ~T i
s) (i=F,N) by J̄ =

Ḡ(ūF − ūN).
Initial calculations on the conductance matrix for F/N interfaces have been carried

out by Hatami and coworkers[38] who in this framework calculated thermal spin-
transfer-torque for various ferromagnet/non-magnetic interfaces.

In the extended magnetoelectronic circuit theory they have introduced, the spin-
dependent physics such as electrical or thermal spin injection is often determined by
the elements of the conductance matrix instead of the previously defined bulk spin-
polarized parameters PI , PS , PΠ, PQ of the ferromagnet. This difference in modeling
is a matter of choice; the physics they describe is the same.

For metallic transparent ferromagnetic/non-magnetic interfaces, the non-collinear
spin injection into a ferromagnet is often comparable to collinear spin injection[46],
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also for thermal spin injection[35, 38]. This allows us to use the results from the
obtained spin injection efficiency in the collinear diffusive case to calculate effects
which are due to non-collinear spin injection, such as spin-transfer torque. We note
that the difference between collinear and non-collinear spin transport may be deter-
mined by the angular dependence of the (non-local) spin resistance[18]. Dependent
on the application, either the more simple diffusive theory developed here can be used
or one needs to refer to the full circuit theory.

2.7 Summary
We have developed a diffusive theory for spin-dependent charge and heat conduction
which includes spin-orbit effects. Finite-element methods were used to model several
experiments from literature where several parameters of this model were quantified.
Electrical spin injection, the spin-Hall angle of platinum and thermal spin injection
were calculated. Also, new experiments were proposed which should demonstrate
the spin-Peltier effect and a lower limit was given in an experiment which failed to
demonstrate the magnetic heat valve.
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Chapter 3

Thermally driven spin injection

Creating, manipulating and detecting spin polarized carriers are the key elements of
spin based electronics[1, 2]. Most practical devices[3–5] use a perpendicular geom-
etry in which the spin currents, describing the transport of spin angular momentum,
are accompanied by charge currents. In recent years, new sources of pure spin cur-
rents, i.e., without charge currents, have been demonstrated[6–9] and applied[10–
12]. In this paper, we demonstrate a conceptually new source of pure spin current
driven by the flow of heat across a ferromagnetic/non-magnetic metal (FM/NM) inter-
face. This spin current is generated because the Seebeck coefficient, which describes
the generation of a voltage as a result of a temperature gradient, is spin dependent
in a ferromagnet[13, 14]. For a detailed study of this new source of spins, it is mea-
sured in a non-local lateral geometry. We developed a 3D model that describes the
heat, charge and spin transport in this geometry which allows us to quantify this
process[15]. We obtain a spin dependent Seebeck coefficient for Permalloy of -3.8
µV/K demonstrating that thermally driven spin injection is a feasible alternative for
electrical spin injection in, for example, spin transfer torque experiments[16].

3.1 Introduction

The interplay of spin dependent conductivity and thermoelectricity was already known
for half a century where it was used to describe the conventional Seebeck effect of fer-
romagnetic metals[17]. The discovery of the GMR effect[3] sparked the interest of the
community in spin dependent conductivity and novel spin electronics which is going
on until today[4, 5, 8, 18]. Due to experimental difficulties in controlling heat flows
it was only until very recent that thermoelectric spintronics was investigated[19, 20]
leading to the new field of spin caloritronics[13]. A relevant example is given by
Uchida et al. [9] who interpreted their results in terms of the generation of a bulk spin
accumulation due to an applied temperature gradient in a ferromagnet film. In con-
trast, the effect we describe in this paper arises from a heat current flowing through a
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Figure 3.1: Conceptual diagram. A charge current JC is sent through ferromagnet 1 (FM1) causing Joule
heating due to the large resistivity of FM1. The NM contacts (yellow) are highly thermally conductive,
thereby providing heat sinks. The heat current Q through the center FM1/NM interface injects a spin
current into the NM depending on the magnetization direction M1. The generated spins diffuse towards
the FM2/NM interface where they generate a potential ∆µ = Pµs depending on the magnetization direction
M2. As a consequence of Joule heating, the signal expected to arise from thermal spin injection scales
with ∇T ∝ I2. This potential is measured using the indicated voltage scheme by selectively switching the
magnetization directions M1 and M2 by a magnetic field H.

ferromagnetic/non magnetic metal junction (FM/NM) which creates a spin accumu-
lation at the interface.

The concept of how we generate a heat current over a FM/NM junction and sub-
sequently measure the spin accumulation is shown in figure 3.1. The scheme is essen-
tially a lateral non local spin valve structure[6] with the electrical injection replaced
by thermal spin injection. We use this non local scheme to separate spin injection
from possible spurious effects[6, 11, 12] and because the observed thermally gener-
ated non-spin related voltage, which we refer to as the baseline resistance, allows to
extract the temperature distribution in the device by comparing this to modeling[15].

3.2 Theory

We first formulate an appropriate diffusive transport theory for thermally driven spin
injection. The Seebeck coefficient describes that an applied temperature gradient
across a conductor generates an electric field[21]. In a ferromagnet, the transport
processes for the majority and minority spin are different leading to a spin depen-
dent conductivity σ↑,↓ and Seebeck coefficient S ↑,↓[14, 17]. The first is used to de-
scribe magnetoelectronics[22] in FM/NM systems where the latter one is usually dis-
regarded. In order to consider what happens when heat is sent through the system,
we write the spin dependent currents in both the bulk ferromagnetic and normal metal
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regions:

J↑,↓ = −σ↑,↓(
1
e
∇µ↑,↓ + S ↑,↓∇T ) (3.1)

here µ↑,↓ is the spin dependent chemical potential. When a heat current Q is sent
through the bulk of a ferromagnet in the absence of a charge current, a spin current
Js = J↑ − J↓ = −σF(1 − P2)S s∇T/2 flows driven by the spin dependent Seebeck
coefficient, which we define as S s ≡ S ↑ −S ↓ (Supplementary Information A). Here P
is the conductivity polarization P = (σ↑ − σ↓)/(σ↑ + σ↓) of the ferromagnet and σF

is the conductivity of the ferromagnet. We note that our definition of S s should be
distinguished from the spin Seebeck coefficient defined in Uchida et al.[9] where a so
called ’entropy term’ was included[23]. We do not include this term in our analysis.

To quantify the thermal injection of spins we consider the FM/NM interface and
solve the Valet-Fert equation[24] in a fashion similar as van Son et al[25] (Supple-
mentary Information A). The result is depicted in figure 3.6. A spin accumulation
appears at the interface driven by the abrupt change of spin current going from the
bulk FM to the bulk NM, thereby acting as an effective source of spins at the interface.
The resulting spin accumulation has the following expression:

µs

∇TFM
= −eλFS sRmis (3.2)

where Rmis = RN/(RN + RF/(1 − P2)) is a conductivity mismatch[26] factor in which
RF = λF/σF , RN = λN/σN are the spin resistances determined by the relaxation
lengths λF , λN and the conductivities σF , σN . For the metallic interfaces under con-
sideration in this paper, this factor is very close to 1. The resulting spin accumulation
induced by the heat flow Q = −kFM∇TFM , where kFM is the thermal conductivity of
and ∇TFM the thermal gradient in the ferromagnet, is determined solely by the spin
dependent Seebeck coefficient Ss and the ferromagnetic spin relaxation length λF . Its
direction is determined by the sign of the spin dependent Seebeck coefficient which
changes sign when the magnetization of the ferromagnet reverses.

3.3 Measurement Technique

The signal due to thermally driven spin injection in the geometry of figure 1 scales
with Joule heating: ∇T ∝ I2. Therefore, we use a lock-in technique to determine the
relevant parameters R1(µV/mA) and R2(µV/mA2) from the observed voltage[15]:

V = R1I + R2I2 + ... (3.3)

The baseline ’resistance’, defined in terms of a parallel and antiparallel contribu-
tion as (RP

i +RAP
i )/2 = Rb

i , allows to extract the magnitude of Joule and Peltier heating
effects and possible conventional Ohmic potential drops[15]. Here Rb

1 is determined
by the Ohmic potential drop and Peltier heating/cooling measured by the FM2-NM
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Figure 3.2: Thermal spin injection by the spin dependent Seebeck coefficient across a FM/NM in-
terface. Schematic figure showing the resulting spin dependent chemical potentials µ↑,↓ across a FM/NM
interface when a heat current Q = −k∇T crosses it. Heat current is taken to be continuous across the inter-
face leading to a discontinuity in ∇T . No currents are allowed to leave the FM, nevertheless, a spin current
proportional to the spin dependent Seebeck coefficient flows through the bulk FM which needs to become
unpolarized in the bulk NM. This creates a spin imbalance µ↑ − µ↓ at the boundary which relaxes in the
FM and NM on the length scale of their respective spin relaxation lengths λi. A thermoelectric interface
potential ∆µ = Pµs also builds up. On the left side no spin current is allowed to leave leading to a spin
accumulation of opposite sign.

thermocouple while the baseline resistance Rb
2 is determined by Joule heating mea-

sured by the same thermocouple. The spin dependent contribution RP
i − RAP

i = Rs
i to

R1 is due to a conventional spin valve signal while this contribution to R2 comes from
thermal spin injection.

A dedicated device was fabricated to study this effect and is shown in figure 3.3.
The heating of FM1 has been kept very localized to an area of 150 x 150 nm2 by using
thick gold contacts. Moreover, the contacts are placed asymmetrically to minimize
the possible current flowing in and out of the FM1/NM interface. An additional con-
tact 5 is present to be able to send a current directly through the FM1/NM interface.
By comparing the obtained signal Rs

1 to a model (see methods), we can extract the
spin injection/detection efficiency[15], which has been made as high as possible by
keeping the size of the FM/NM contacts small. All measurements are performed at
room temperature.

3.4 Results

Figure 3.4 shows our principal results on thermal spin injection. Four distinct P-AP
and AP-P switches are observed up to 70 nV in magnitude scaling with I2 on a large
background originating from the Py2/Cu thermocouple.

The interpretation of the obtained signals requires a detailed knowledge of the
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Figure 3.3: Coloured SEM picture of the fabricated device. The device consists of two 15 nm thick
Permalloy (Ni80Fe20) ferromagnets FM1 and FM2 of 1 µm x 300 nm and 150 x 40 nm2 separated from each
other by 100 nm. They are connected by a 60 nm thick copper funnel with small effective FM/NM contact
areas of 40 x 40 nm2 and 30 x 40 nm2. 5/175 nm thick Ti/Au contacts 1 and 2 are placed asymmetrically
on FM1 to Joule heat it while contacts 3 and 4 are used to measure Joule heating and thermal spin injection.
An additional contact 5 is present to measure a regular non-local spin valve signal.

heat, charge and spin currents in the device. For this purpose a 3D thermoelectric
spin model was constructed which extends the spin-dependent current model[24] to
include thermoelectricity as well as thermal spin injection by the spin dependent See-
beck coefficient.

The calculated average contribution Rb
2 is 2.4 µV/mA2 lower then the observed

7.69 µV/mA2. The difference between the observed and modelled value was seen
before in non-local spin valve samples[15]. It can be explained by a reduction in
the Permalloy thickness due to its oxidation, which effectively increases the Joule
heating. In the following, we scale the overall Joule heating in our model to fit our
measured result Rb

2. We then find that we were able to heat FM1 to a maximum of
≈ 40K at which ∇TFM at the FM1/NM interface is ≈ 50 K/µm. At this moment the
current density is ≈ 8×1011 A/m2, close to the point where the device will fail due to
electromigration.

Electrical spin injection was also measured by sending the current directly through
the Py1/Cu interface, and the result is shown in figure 3.5c. From the measured re-
sistance RNLS V (Ω), we see that a relatively large 9 mΩ spin valve signal is present on
top of a 1.05 Ω background, being only slightly different to the 7.8 mΩ and 640 mΩ

calculated signals with the metallic spin parameters λCu = 350 nm, λPy = 5 nm and
PPy = 0.25 obtained from previously fabricated samples[6, 15]. Here PPy is positive
as shown before[27].

The observed thermal spin injection signal Rs
2 = -15.6 nV/mA2 is determined

from figure 3.4b. We obtain a spin-dependent Seebeck coefficient for Permalloy of
-3.8 µV/K, a fraction of the conventional Seebeck coefficient S F = -20 µV/K[9]. This
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Figure 3.4: Thermal spin injection measurements. a, Measurement scheme of the experiment. b, Second
harmonic measurement result Rs

2I2 (nV) of the observed thermal spin signal as a function of I2. The
error bars represent the standard deviation in the average height of the four P-AP and AP-P switches. c,
Measured second harmonic signal at a rms current of 1.5 mA showing the four distinct switches resulting
from the magnetization alignment of FM1 and FM2 illustrating thermal spin injection.

gives a polarization of the Seebeck coefficient of PS = Ss/SF = 0.19 not too different
from the spin polarization of the conductivity. At the maximum currents used, we
extract a net spin accumulation of ≈ 1 µeV at the FM1/NM interface. The magni-
tude of the spin dependent Seebeck coefficient is in good agreement with theoretical
predictions[14, 16]. The previously deduced spin Seebeck coefficient Ss = -2 nV/K
and spin dependent Seebeck coefficient in this paper are similar by definition, but de-
scribe physical processes (Suplementary Information A). The discrepancy between
both values arises from the modeling, which is different. We also do not exclude
that the relevant physics itself in their experiment could be different, as alternative
explanations have been reported[28].

In addition to the thermal spin injection signal, a small regular spin valve signal
Rs

1 = -20 µΩ is also present and is shown in figure 3.5a. The baseline resistance Rb
1

of 90 µΩ is in line with the calculated 95 µΩ. This is caused by Peltier heating and
cooling of the two current injecting contacts[15].

The negative regular spin valve signal Rs
1 can be understood as follows. Due to the
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Figure 3.5: Rectification effects and electrical spin injection. a, first harmonic measurement R1 for
the measurement setup of figure 3.4. b, Calculated temperature distribution at a height of 10 nm with a
current of 2 mA sent through FM1. It illustrates the localized Joule heating, Peltier cooling and heating of
the two Au/Py current injecting contacts and subsequent thermal conduction towards the three connected
metallic contacts. c, Measured electrical spin injection scheme and resulting spin valve. d, Calculated spin
accumulation at a height of 10 nm. A small part of the current path is short circuited by the Cu connection
so that 4% still flows in and out of the Py1/Cu contact because of its large conductivity. This creates a large
positive and negative spin accumulation. Due to the asymmetry in spin injection and the asymmetrical
placement at FM2 a small fraction of 3% is still predicted to give a small regular spin valve signal RS

1 .

high conductivity of the copper, a fraction of the current flows into and out of Cu/Py1
interface electrically injecting spins. A small net spin accumulation at the detector
interface remains caused by the asymmetric placement of FM2. It is illustrated by
the calculation of the spin accumulation at the Py1/Cu interface shown in figure 3.5d
which shows the high geometrical dependence of this effect. The observed Rs

1 is
somewhat smaller than the calculated -45 µΩ. We believe that the small 40 x 40 nm2

size of the copper contact makes sure copper grain size, lithographic precision and
ballistic effects start dominating the magnitude of this effect.

A previous device showed a thermal spin injection signal -5nV/mA2 at a FM-FM
distance of 400 nm, only visible at the highest current (Supplementary information
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B). A similar calculation gives S Py
s = -5 µV/K in agreement with the analysis for

the sample presented. This measurement also rules out any influence of nonlinear
behaviour of the process seen in the Rs

1I signal on the Rs
1I2 signal (Supplementary

Information C).

3.5 Outlook

Now that the parameters governing equation 3.9 are known we may compare this
to the electrical spin injection results for the transparent Cu/Py interface. We can
calculate that for thermal spin injection µS /∇T ≈ 2 × 10−14 eV m/K versus µS /J
≈ 3 · 10−16 eV m2/A for electrical spin injection through a transparent Cu/Py contact.

Due to the lateral non-local geometry and Joule heating method used in this paper,
we are limited to a maximum temperature gradient of ≈ 50 K/µm. However, in a
typical perpendicular geometry switching by spin transfer torque this does not have to
be the case. In order to switch the magnetization by electrical spin transfer torque[5]
one needs a typical charge current density of ≈ 5·1011 A/m2. The same stack should
be able to switch by applying a temperature difference of only a few tens of degrees as
earlier theoretical[14, 16] and experimental[29] studies have indicated. This simple
example shows that despite the weak signals observed in this paper, thermal spin
injection can be a viable alternative, or even work alongside, electrical spin injection.

3.6 Methods

3.6.1 Fabrication

The sample in this paper was fabricated by a 1 step optical and 5 step electron beam
lithography process. In each step, metals are deposited using e-beam deposition. For
the e-beam lithography process a PMMA 950K resist is used of 70-400 nm thickness
depending on the thickness of the deposited material and resilience to Ar ion milling.
The first e-beam lithography process produces 5/30 nm thick and 100 nm wide Ti/Au
markers which using an automatic alignment procedure can be aligned to in the next
e-beam deposition steps with high precision. In the next four steps, the 15 nm Py,
5/30 nm Ti/Au, 5/180 nm Ti/Au and 65 nm Cu layers are deposited. For the last three
steps, Ar ion milling was used prior to deposition to remove any polymer residue and
the Py oxide to obtain our highly ohmic contacts.

3.6.2 Measurements

The measurements were performed using a AC current source of a frequency < 1kHz
far below the characteristic thermoelectric time scale of such sized systems of ≈ 1-
100 ns. The obtained signal is sent to 3 Lock-in systems measuring the 1st, 2nd and
3rd harmonic response simultaneously. Care was taken in deriving R1, R2 by scanning
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the current from 500 µA to 1.5 mA rms to make sure that higher harmonics, as well
as cross talk, were negligible.

3.6.3 Modeling
We constructed a 3D model of the fabricated sample using the finite element program
Comsol Multiphysics. The physics is defined in terms of a thermoelectric spin model
where the spin up, down and heat currents are given by:

~J↑
~J↓
~Q

 = −

 σ↑ 0 σ↑S ↑
0 σ↓ σ↓S ↓

σ↑Π↑ σ↓Π↓ k

 ·

~∇µ↑/e
~∇µ↓/e
~∇T

 (3.4)

where Π↑,↓ are the spin dependent Peltier coefficients given by S↑,↓· T0. Here T0 =

300K which is the reference temperature of the device. We take these currents to
be continuous across boundaries. At the end of all contacts we set the temperature
to be T0. At contact 1 in figure 3.3 we set J↑,↓=J/2 to inject a charge current which
is being sent through the system by setting µ↑,↓=0 at contact 2 or 5. At all other
interfaces the currents are set to 0. We include Valet-Fert spin relaxation by assuming
∇J↑,↓ = ∓

(1−P2)σi

4λ2
i

(µ↑ − µ↓) in the bulk. Joule heating is included by assuming ∇Q =

ζ

(
~J↑

2

σ↑
+

~J↓
2

σ↓

)
where a scaling factor ζ = 3.2 is used to make the model correspond to

the measured Rb
2. The system was meshed most accurately at the FM/NM interfaces

where the mesh size was 1 nm in order to accurately calculate thermal spin injection.
The dependencies R(s)

1 up till R(s)
4 were determined by calculating the results at ± 1 &

2 mA for the parallel and antiparallel configuration. The measured resistivities σAu

= 2.2 · 107 S/m, σCu = 4.26 · 107 S/m and σPy = 4.32 · 106 S/m were taken as inputs
for the model. In this model, the substrate was also taken into account[15]. The
Seebeck coefficients S Au=1.7 µV/K, S Cu=1.6 µV/K, S Py = -20 µV/K and thermal
conductances kAu = 300 W/m/K, kCu = 300 W/m/K, kPy = 30 W/m/K, ksubstrate = 1
W/m/K were taken from various sources in literature[9, 30].

3.7 Supplementary information A

Here we calculate what happens when heat is sent through the FM/NM system in
figure 3.1. We begin by writing the spin dependent currents:

J↑,↓ = −σ↑,↓(
1
e
∇µ↑,↓ + S ↑,↓∇T ) (3.5)

here µ↑,↓ is the spin dependent chemical potential. When a heat current Q is sent
through the bulk of a ferromagnet in the absence of a charge current, a spin current
Js = J↑ − J↓ = −σF(1 − P2)S s∇T/2 flows, driven by the spin dependent Seebeck
coefficient, which we define as S s ≡ S ↑ − S ↓. Here P is the conductivity polarization
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P = (σ↑ − σ↓)/(σ↑ + σ↓) of the FM and σF is the conductivity of the ferromag-
net. Charge and spin current conservation[24, 25] leads to the thermoelectric spin
diffusion equation:

∇2µs =
µs

λ2 − e(
dS s

dT
(∇T )2 + S s∇

2T ) (3.6)

where µs is the spin accumulation µ↑ − µ↓. In addition to the Valet-Fert spin diffu-
sion equation ∇2µs =

µs
λ2 two source terms are present. Both terms can in principle

create (albeit small) bulk spin accumulations. We note that we ignored such terms in
deriving the above spin current Js = −σF(1 − P2)S s∇T/2 flowing through the bulk
ferromagnet such that we have µ↑ = µ↓.

In figure 3.1 we sent a heat current Q through the FM/NM interface while we
allow no charge or spin current to leave. The heat current Q = −k∇T needs to be
continuous throughout the system, leading to ∇TFM = kNM/kFM∇TNM at the inter-
face. Since ∇T is constant in both regions individually, and for first order effects we
may assume S s is constant, the source terms in equation 3.6 are irrelevant. Therefore,
we may use the standard Valet-Fert spin diffusion equation to solve the bulk spin ac-
cumulation leading to the general expression for the spin dependent potentials in the
bulk:

µ↑,↓(x) = A + Bx ±C/σ↑,↓e−x/λi ± D/σ↑,↓ex/λi (3.7)

with A-D the parameters to be solved in both regions. At the FM/NM interface we
take the chemical potentials µ↑,↓ to be continuous as well as the spin dependent cur-
rents J↑,↓. At the outer interfaces we set the spin dependent currents to zero. This
leads to a set of equations which can be solved. We obtain:

B = e
σ↑S ↑ + σ↓S ↓
σ↑ + σ↓

∇TFM ≡ eS FM∇TFM (3.8)

where we use the definition of the conventional Seebeck coefficient of a ferromagnet
S FM[17]. The spin accumulation at the interface is:

µs

∇TFM
= −eλFS sRmis (3.9)

where Rmis = RN/(RN + RF/(1 − P2)) is a conductivity mismatch[26] factor in which
Ri = λi/σi are the spin resistances determined by the relaxation lengths λi and the
conductivities σi.

For the explanation of the results of Uchida et al.[9] a similar derivation was
made[23]. However, they introduce an extra source term for spin accumulation to
equation 3.6 which does not decay on the scale of the spin relaxation length. This
allows in their analysis to have a spin accumulation in the bulk at interface distances
further than the spin relaxation length.

As a consequence, their experiment is interpreted as a result of spin accumulation
in the bulk which is probed by the inverse spin Hall effect at different locations.
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Figure 3.6: Previous device results. a) Coloured SEM figure of the device. The sample consist of the
same two ferromagnets which are now placed 400 nm apart. It is connected by a copper V shape instead of
a funnel. b) Non local spin valve signal by sending current from contact 1 to 3 and measuring the potential
from contact 5 to 4. c,d) Thermal spin injection result. The current is now sent from contact 1 to 2 while
the potential was measured between contacts 5 and 4.

In contrast, our effect cannot produce a bulk spin accumulation since we exclude
the higher order effects mentioned before. It can only arise at the interface where it
can inject spins into the NM region.

We note that our definition of the spin dependent Seebeck coefficient S S ≡ S ↑ −
S ↓ is in principle the same as their definition of the spin Seebeck coefficient S S ≡

1
e

((
∂µch
↑

∂T

)
n↑
−

(
∂µch
↓

∂T

)
n↓

)
by virtue of the definition of the Seebeck coefficients (eq. 3.5).

3.8 Supplementary information B

In this section we report on the measurements of a previous sample. A SEM picture
is shown in figure 3.6 (a). A regular spin valve signal was measured by sending a
current from contact 1 to 3 and measuring the potential between contact 5 and 4 of
which the result is shown in figure 3.6 (b). In this case a 13.8 mΩ background Rb

1
is observed on top of a non local spin valve signal Rs

1 of 3 mΩ. The background is
originating from Peltier heating/cooling of the FM/NM interfaces[15]. Both signals
are close to the calculated 14.1 mΩ and 4.1 mΩ.
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When the current is sent from contact 1 to 2, we obtain the results shown in figure
3.6 (c,d). A regular spin valve signal Rs

1 of 10 µΩ is observed on top of a small -15 µΩ

background Rb
1. This is somewhat different then the calculated -100 µΩ background

and -4 µΩ spin valve signal. However, these effects are highly dependent on the exact
geometry and are due to the small 30 x 30 nm2 size of the contact. This makes sure
grain size, lithographic precision and ballistic effects dominate.

Thermal spin injection was observed and is shown in figure 3.6 (d). The back-
ground Rb

2 is again larger then the calculated 3.4 µV/mA2. If we compensate for this
in the modelling we obtain from the observed ≈ -7 nV/mA2 signal a spin dependent
Seebeck coefficient for Permalloy of ≈ -5 µV/K.

We conclude that also in this device we have good agreement between observed
and calculated thermoelectric voltages when we apply a similar correction for the
Joule heating. A very similar value for the spin Seebeck coefficient was found.

3.9 Supplementary information C

Here we exclude any influence of possible nonlinear behaviour of the physical effect
represented by the Rs

1I signal on our measured thermally driven spin injection signal
Rs

2I2.
We start by reasoning what happens if the amount of current flowing through, or

the spin injection efficiency of, the Py1/Cu interface depends on the temperature. In
that case, a Peltier heating/cooling induced change of the physical effect represented
by the Rs

1I signal can give a contribution to the Rs
2I2 signal. However, from the mod-

eling we know that at the typical current of 1 mA we used, the effective Joule heating
is ≈10 times larger. The Rs

3I3 signal, then representing the Joule heating induced
change, should therefore be ≈10 times larger than the Rs

2I2 signal. However, R3I3

was simultaneously measured and found absent. This excludes any thermally related
contributions to our measured Rs

2I2 signal.
Our contacts are highly ohmic, causing the Rs

1I signal in the first place. In the case
of tunnel contacts, electrical spin injection can depend on the bias voltage applied. We
can reason that if our contacts are slightly tunnelling, the effect represented by the Rs

1I
signal can still have an influence on our thermally driven spin injection signal Rs

2I2

without being present in the R3I3 signal.
By checking the magnitude of such effects in previous samples[15] which have

been prepared in an identical way, we can also rule out such effects. We note that at
a typical current of 1 mA Rs

1I ≈ 20 nV, while Rs
2I2 ≈ -15.6 nV. We see from previous

measurements[15] that at these currents the change in electrical spin injection visible
in the Rs

2I2 signal is less then 5%. Any signal in the Rs
2I2 should then be less then

1 nV. On top of that, it should also be of different sign then our observed thermally
driven spin injection signal.

Finally, we note that the Rs
1I signal for our device is of different sign then that

observed in a previous device reported on in the previous section. However, the
thermally driven spin injection signal is of identical sign, showing the fact that there
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are no spurious contributions.
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Chapter 4

The Spin-Peltier effect

The interplay between the transport of charge and the magnetic moment of electrons
is central in the field of spin-based electronics[1]. Thermoelectricity on the other
hand deals with the coupling between the transport of charge and heat[2]. Sending
charge currents through a junction of two dissimilar materials can cool (or heat) the
junction which is known as the Peltier effect. Refrigerators based on this effect have
applications where space is limited, for example in nanoscale devices[3, 4] or in
outer space[5]. Here we report on our attempts to study a novel effect which couples
both fields. In the spin-Peltier effect, a pure spin current (without charge currents)
is used to generate a net heat flow in a ferromagnet. This heat flow is generated
because the Peltier effect is spin-dependent in a ferromagnet. In this chapter we
report on measurements performed on three different devices to study this effect. In
all of them, the electron temperature of a ferromagnet was locally probed by a set of
thermocouples. We use the non-local spin valve geometry to inject pure spin currents
into this ferromagnet. Unfortunately, it was impossible to exclusively attribute the
observed effects to the spin-Peltier effect[6]. Non-uniform spin injection and spin-
orbit effects prohibited a clear observation of the spin-Peltier effect.1

4.1 Introduction
Thermoelectricity describes the connection between charge and heat transport. The
connection between both forms of transport is dominated by how electrons move and
scatter within their respective energy bands. In the 2-channel model describing spin-
dependent charge transport these bands are spin-dependent (see section 1.1). This
leads to a model with spin-dependent conductivities σ↑,↓ and voltages V↑,↓. The co-
efficients describing thermoelectricity, the Seebeck (S ) and Peltier (Π) coefficients,
depend on the energy derivative of the conductivity by virtue of the Mott-formula.

1Later experiments in a different geometry did conclusively demonstrate the spin-Peltier effect: See Flipse
et al.[7].
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Therefore, these are also spin-dependent. This leads to a new model with spin-
dependent Seebeck S ↑,↓ and Peltier coefficients Π↑,↓.

This model has been introduced in chapter 2 and is named the thermoelectric-spin
model. The physics is determined by the spin-dependent charge currents J↑,↓ and a
spin-independent heat current Q which are given by:

~J↑
~J↓
~Q

 = −

 σ↑ 0 σ↑S ↑
0 σ↓ σ↓S ↓

σ↑Π↑ σ↓Π↓ k

 ·

~∇V↑
~∇V↓
~∇T

 (4.1)

The model is complete by introducing the continuity of these currents:

∇J↑,↓ = ∓
(1 − P2)σi

4λ2
i

(V↑ − V↓) (4.2)

∇Q =
J2
↑

σ↑
+

J2
↓

σ↓
+ σ

1 − P2
I

4λ2 V2
s (4.3)

In this chapter, we describe our attempts to experimentally demonstrate a pre-
diction from this model which arises from the spin-dependency of the Peltier co-
efficient Π↑,↓. It is essentially the Onsager reciprocal effect of thermal-spin injec-
tion, which describes the injection of spins by an applied temperature gradient over a
ferromagnetic/non-magnetic (F/N) junction (see chapter 3). In the spin-Peltier effect,
a pure spin current is injected into a ferromagnet[6]. The injected spin current induces
spin-dependent heat transport which causes a small temperature difference over the
F/N junction.

In this chapter, we first describe this concept in more detail and calculate the size
of the effect. Next, we describe the experiment and show the various spurious effects
which can occur. In the following, we discuss the results of three different devices.
Finally, we give an outlook of the various possibilities to successfully demonstrate
this effect.

4.2 Concept
The spin-Peltier effects describes the generation of a temperature difference over a
ferromagnetic/non-magnetic interface when a pure spin current (without charge cur-
rent) is injected from the non-magnetic material into the ferromagnet. This concept
is illustrated and described in Fig. 4.1.

In the absence of charge currents, the contribution to the heat current in the system
due to the spin-Peltier effect QΠ is deduced from the thermoelectric-spin model:

QΠ =
1
2

(Π↑ − Π↓)Js (4.4)

In the non-magnetic material, Π↑ = Π↓ and no net heat transport due to the spin-
Peltier effect takes place. In the ferromagnet, the spin-Peltier coefficient, defined as
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Figure 4.1: Schematic representation of the Spin-Peltier effect. A spin current Js = J↑ − J↓ free of
charge current (J↑ + J↓ = 0) is injected from the non-magnetic side of the F/N junction into a ferromagnet
FM. The top shows the resulting spin-dependent voltages, calculated using the 2-channel model. Despite
the fact that no charge current is flowing through the junction, a net heat flow Qs

Π
= 1

2 (Π↑−Π↓)Js develops
in the ferromagnet which quickly drops off due to the spin relaxation length λF . Depending on the sign of
the spin current and the parallel/antiparallel alignment of the magnetization, net heat is transported from
the non-magnetic material to the ferromagnet or vice versa. This creates a temperature difference ∆T
between the bulk non-magnetic material and the bulk ferromagnet.

Πs = Π↑ − Π↓ can be non-zero. Close to the interface, the spin current Js is also
non-zero. This induces heat transport due to the spin-Peltier effect which reduces in
the ferromagnet at the scale of the spin relaxation length. As a result, a temperature
difference ∆T develops between the bulk non-magnetic material and the ferromagnet.
This temperature difference is calculated in section 2.4.2 and is given by:

∆T |F−N =
Πs

2kF
λF J0

s (4.5)

It depends solely on the spin-Peltier coefficient Πs, the spin relaxation length λF ,
the thermal conductivity of the ferromagnet kF and the injected spin current at the
interface J0

s . Its sign is determined by the sign of spin current and the spin-Peltier
coefficient.
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Figure 4.2: Spurious effect #1: Double Nernst/Hall. a) Typical measured hysteresis curve resulting from
the anomalous-Nernst effect in a spin-caloritronic device (see chapter 5). b) When two Nernst/Hall effects
are simultaneously present in a signal, they can mimic an asymmetric spin valve. c) Example of a measured
R2 signal in a non-local spin valve (see ref. [8]). A combination of the effect in b) and ’regular’ spin valve
is observed.

4.3 Experiment

In order to demonstrate the spin-Peltier effect, we need a source of spin current and
a method to detect the generated temperature difference due to the spin-Peltier effect.
A dedicated device geometry and measurement scheme is proposed in chapter 2.4.2
in Fig. 2.5. The non-local spin valve geometry is used to inject a pure spin current
coming from a first ferromagnetic interface (FM1/NM) into a second ferromagnetic
interface (FM2/NM). In this way, no charge current flows through the second fer-
romagnetic interface which could generate spurious effects related to electrical spin
injection or normal Peltier heating/cooling of this interface. The temperature of the
second ferromagnet is measured using a thermocouple and is sensitive to the gener-
ated temperature difference over the second ferromagnetic interface. All measure-
ments are performed at room temperature, unless explicitly stated.

Spurious effects

In the next section, we show the results of three different devices, all which are sym-
metric in their design. Although we attempted to exclude certain spurious effects by
symmetry, we were unable to. In order to understand how spurious effects can be
reflected in the measurement results, they are briefly described.
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Double Nernst/Hall

The anomalous-Nernst and -Hall effects describe the generation of voltage differences
perpendicular to a magnetization and an applied heat or charge current. In chapter 5,
we describe how the anomalous-Nernst effect can be measured in a spin-caloritronic
device. Similar to measurements on the anomalous-Hall effect, it is reflected in the
measurements in terms of a hysteresis curve, as depicted in Fig. 4.2a.

In a spin-caloritronic device which contains two ferromagnets, it is possible that
two such effects are reflected in the measurements simultaneously. Depending on the
sign and size of both effects, different signals can occur. An example is depicted in
Fig. 4.2b.

This example shows that the combination of two effects can mimic a spin-valve
signal if only one side on the magnetic curve is considered. In order to exclude such
anomalous effects in spin valve measurements, it is generally important to show both
sides of a spin valve signal. Often, such signals accompany ’regular’ (in other words
symmetric) spin-valve signals and express themselves in a slightly asymmetric spin
valve signal with possibly small offsets in background signal on the left and right side
of the spin valve plot. Fig. 4.2c shows such an example.

In the spin-Peltier experiment, we will look at the resistance R1 (mΩ) of the ther-
mocouples, which is measured as a result of a charge current which flows through
the FM1/NM interface. In theory, the measurements are sensitive to anomalous-Hall
effects of FM1 and Peltier heating/cooling induced anomalous-Nernst effects in FM1
and FM2.

Single magnet spin valve

When a spin current is injected from the non-magnetic side into a ferromagnet, a
voltage difference occurs over the FM/NM interface. In a (non-local) spin valve, the
voltage difference is measured by connecting leads to both sides of the interface.

When two leads are connected to the ferromagnetic side, it is possible that both
contacts pick-up a slightly different spin-valve voltage. This can happen if the spin-
injection is non-uniform[9]. An over-exaggeration of this effect is depicted in Fig.
4.3. This results in a similarly looking, but smaller spin-valve signal which can be
observed when the voltage is probed between both contacts on the same ferromagnet.
For simplicity, we name this spurious effect the single magnet spin-valve (SMSV).

Generally, the spin-valve signals arising from this effect are much smaller then the
actual voltage drop over the interface. We will see later in our spin-Peltier experiment,
that the spin-Peltier signals we are looking for are approximately 100-1000 times
smaller then the non-locally measured spin-valve signal. The spin-Peltier effect is
measured by placing a thermocouple on FM2 which consists of two leads. When the
spin injection into this ferromagnet is only slightly non-uniform, the SMSV effect
can mimic the spin-Peltier effect.

For this reason, we designed this experiment in such a way that by symmetry it
should be possible to exclude SMSV effects which arise from certain types of non-
uniform spin injection.
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Figure 4.3: Spurious effect #2: Single Magnet Spin Valve. When spins are non-uniformly injected
into a ferromagnet FM, the generated voltage difference ∆V due to spin injection varies over the FM/NM
interface. If the ferromagnet has multiple contacts, part of the spin valve signal can be picked up due to
the asymmetry. In the extreme case depicted here, we have dV ∼ VL � VR.

4.4 Results & Discussion

The principle device geometry which is used to measure the spin-Peltier effect is il-
lustrated in Fig. 4.4. This shows a SEM picture of fabricated device A. The device
consists of a non-local spin valve on which two thermocouples are placed on the de-
tection ferromagnet FM2 which probe the temperatures TL, TR close to the FM2/NM
interface of this ferromagnet. A pure spin current of different uniformity can be in-
jected into FM2 by sending a charge current from contacts 1, 2 or 3 to contacts 4 or 5.
Diffusion assures that the injected spins at the FM1/NM contact arrive at the FM2/NM
interface.

Two thermocouples are present for redundancy but also to investigate certain
forms of non-uniform spin injection. We note that for all thermocouples in this chap-
ter, the positive reference V+ of the voltages Vi = V+ − V− is at the NiCr contact.
In this case, a positive response Vi/I then corresponds to a positive current-induced
temperatures TL, TR.

Any linearly varying non-uniform spin injection in the horizontal direction as
depicted in Fig. 4.3 should produce small SMSV signals of opposite sign at both
thermocouples (VL ≈ −VR). The spin-Peltier effect should produce a temperature
difference ∆T over the FM2/NM interface which is measured equally by both ther-
mocouples (VL ≈ VR). Unfortunately, the design does not allow to exclude more
symmetrical forms of non-uniform spin injection (i.e. uniformities in the vertical
direction which may produce VL ≈ VR due to the SMSV effect).

Using the designed device geometries of the three devices which follow, we con-
structed several three-dimensional finite-element-models. A mesh was created of
300k points, which is very fine near the interfaces (1-2 nm meshsize) to accurately
predict electrical spin injection and the magnitude of spin-Peltier effects. We use
the measured conductivities and values from literature defined in Fig. 5.5 and spin-
dependent parameters from section 3.6. A 300 nm thick SiO layer on top of a 700 nm
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thermally conductive Si layer was included in the modeling.
By selectively turning on and off the spin-thermoelectric coefficients S s, Πs =

S sT and the thermoelectric coefficients of all layers entirely S, Π=ST in the finite-
element modeling, it is possible to determine the origin of the calculated (spin)-
signals.

The measurements have been performed by using a sinusoidal source of charge
current ranging from 100 µA for non-local spin valve measurements to a maximum of
1.5 mA rms for the thermocouple measurements. We use lock-in detection to measure
the voltage (see appendix B). For device B, the higher harmonic response R2 to this
charge current was also recorded.

4.4.1 Device A

A colored SEM picture of device A is shown in Fig. 4.4. The device has two
NiChrome-Permalloy thermocouples which have been measured sequentially by send-
ing a sinusoidal charge current of 1 mA rms through contacts 1-4 or 1-5. In order to
determine the magnitude of electrical spin injection, non-local spin valve measure-
ments were also performed.

The results of these measurements are shown in Fig. 4.5. In this device, we
observe a large non-local spin valve signal, as well as spin valve signals at the left
thermocouple (Fig. 4.5c) which does not depend on the charge current direction in
the copper cross. The right thermocouple (Fig. 4.5d) shows more general resistance
jumps which seem unrelated to any of the switching fields of the total magnetizations
of both ferromagnets shown in the non-local spin valve. A possible root cause is that
during the ion-milling or deposition process in the fabrication (see appendix A) the
ferromagnet was locally damaged and small domains are formed under the contacts.
This was tested by measuring the resistance between the NiCr contacts (see Fig. 4.5e)
which also shows large drift and random jumps2. This makes it likely that this effect
occured at NiCr contact 8.

To judge the accuracy of our (non-)thermoelectric modeling, we first analyze
the background signals arising in the various measurement by comparing them to
our finite-element model. From the following analysis, we may conclude that the
agreement between calculated background resistances and those observed is accurate
within a factor two.

Background Signals

For our non-local spin valve measurement, the model predicts a background signal
of -60 mΩ (measured -120 mΩ) which is mostly non-thermoelectric in nature (the
thermoelectric contribution is +20 mΩ). A thermoelectric background of 30 mΩ

is predicted for the thermocouples where 18 mΩ is measured. This thermoelectric

2We note that a 3 mΩ non-thermoelectric background signal is calculated between the contacts. The
observed resistance is somewhat larger.
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Figure 4.4: Principle device geometry; device A. a) Colored SEM picture of fabricated device A. Two
25 nm thick Permalloy (Ni80Fe20) ferromagnets FM1 and FM2 are connected by a 60 nm thick copper
cross (brown, contacts 4,5). Several 150 nm thick gold contacts are present (1-3,6,7) which allows to
probe and send charge currents through the device. Two 45nm thick Ni80Cr20 contacts (8,9) are present
on FM2. They are part of two Py-NiCr thermocouples which convert the temperatures TL,TR under the
NiCr contacts to measurable voltages VL, VR with an approximate efficiency ∆S NiCr−Py ≈ 40µV/K. b)
Magnetic field and magnetization layout. c) Close-up on the central copper cross illustrating the positions
of the effective temperatures which are probed as well as non-local spin injection.
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Figure 4.5: Results device A. a) Modeled temperature rise ∆T at a height of 20 nm at a current of I1−5 =

1mA. The 3D wireframe illustrates the varying thickness of the layers. b) The non-local spin valve signal.
c) Measured results from the left thermocouple for 2 different current paths. The temperature TL under the
NiCr contact is estimated from the modeling to indicate the approximate temperature drift. d) Measured
results from the right thermocouple for different current paths. e) Measured voltage between the NiCr
contacts showing large drift effects.
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background is due to Peltier heating/cooling of the FM1/NM interface and subse-
quent pickup by the thermocouple[8]. Only a negligible 60 µΩ non-thermoelectric
resistance is expected at the thermocouples. The left thermocouple is calculated to
have a 100 µΩ larger thermoelectric background if the charge current is sent under a
left angle (I1−5) which is approximately equal to what is observed. The high agree-
ment between modeling and experiment allows us to use an approximate temperature
scale to our measurements and determine (temperature) drifts in our measurement
system. This is shown by the double resistance-temperature scale in Fig. 4.5c. A
typical drift of <1 mK is observed in our measurement technique which is illustrative
for the high accuracy which can be obtained with lock-in methods.

Magnetization-related Signals

The measured non-local spin valve signal of 17 mΩ is approximately 4 times higher
then the calculated 3.9 mΩ. We believe that the small ≈20 nm displacement of the
copper cross in the direction of FM2 can be attributed to this, since the non-local
spin valve signal is very sensitive to the precise area of the FM1/NM contact. The
efficiency of spin injection, defined as the spin current which enters the FM2/NM
interface over the charge current I1−5 is calculated to be 3%. Assuming the actual
spin injection is two times larger3, we may estimate the temperature difference to oc-
cur over the FM2/NM interface due to the spin-Peltier effect using Eq. 4.5. Using
the spin-Peltier coefficient derived from our previous measurements on thermal spin
injection (Πs = S sT , see chapter 3), we calculate that the spin-Peltier effect should
produce a temperature difference of 0.9 mK/mA over the FM2/NM interface depend-
ing on the parallel or antiparallel orientation. We calculate a thermocouple resistance
due to this effect of +20 µΩ from the model.

Unfortunately, the model also predicts a +30 µΩ spin valve signal at the ther-
mocouples due to the SMSV effect. In the model, this value is identical at both
thermocouples and is due to a non-uniform spin injection distribution at FM2/NM
mirrored along the vertical axis (defined in fig. 4.4) of the device. The expected
non-uniform signal at the thermocouples is around 1.3% of the value measured in the
non-local geometry (V6−4). It was not possible to estimate the size of the SMSV effect
by intentionally creating horizontal non-uniform spin distributions by using different
charge current paths I3−5,I2−4. The device was destroyed by that time.

The thermocouple spin-signal which is observed is +40 µΩ. Using the informa-
tion above, it is impossible to determine whether this signal is due to the SMSV effect,
the spin-Peltier effect or a combination of both. In the following, we will discuss three
additional devices (with two different geometries) which have been measured. They
are analyzed in a similar manner and provide some additional insight.

3Spin valve signals depend quadratically on the spin injection polarization PI . See chapter 2 of this thesis
or Jedema[10]
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Figure 4.6: Results device B. a) SEM picture of the device. The thickness of the triangular shaped
gold contact on FM1 is 35 nm. A small fabrication shift in this contact is present. This device only
contains one NiCr contact (4). b) The non-local spin valve signal. c) Thermoelectric resistance R1 from
the left thermocouple (V4−5) for different current paths. The approximate temperature under the NiCr
contact induced by Peltier effects is also indicated. d) Thermoelectric resistance R1 arising at the right
thermocouple (V4−6).

4.4.2 Device B

The second device we analyze is largely similar to device A. The ferromagnets and
copper cross are of equal dimensions. Compared to device A, the Joule and Peltier
heating at FM1 are reduced by using a single large thermally conductive gold contact
which covers most of the ferromagnet to reduce any possible thermal noise in the
device. In addition, the two thermocouples share a common NiCr contact which is
placed closer to the FM2/NM interface. A SEM picture of the device is shown in Fig.
4.6a. A small ≈20 nm fabrication shift of the gold contact connecting FM1 can be
seen.

In device B, we also measured the second-harmonic response R2 (µV/mA2) si-
multaneously with the resistance R1 to obtain more information about Joule heat-
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Figure 4.7: Supplementary results device B. Second harmonic response R2 (µV/K) due to Joule heating
for the (a) left (V4−5) and (b) right (V4−6) thermocouple. Hysteresis loops due to the anomalous-Nernst
effects in FM2 can be observed (see also chapter 5). The approximate temperature rise measured under the
NiCr contact due to Joule heating is also indicated.

ing related thermal modeling. The resistance results are shown in Fig. 4.6b-d and
the second-harmonic response results in Fig. 4.7. We first discuss the background
signals to ascertain the accuracy of our thermal model after which we discuss the
magnetization-related signals. We find that the accuracy is similar to device A and
that also Joule heating is calculated accurately within a factor two.

Background Signals

The measured background signal arising in the non-local spin valve measurement
of -79 mΩ is close to the -60 mΩ which is calculated. The background signal at the
thermocouples is reduced compared to device A due to large gold heat sink present on
FM1 which reduces Peltier heating/cooling of FM1/NM. The measured background of
10 mΩ is around twice lower then the calculated 20 mΩ. This difference has also been
observed in device A. The background measured in the second harmonic response
R2 at the thermocouples is around 30 µV/mA2 and is smaller then the 47 µV/mA2

which is calculated. The left thermocouple has a 3µV/mA2 larger thermoelectric
background then the right thermocouple if the charge current is sent under a left angle
(I1−5). If it sent under a right angle, the thermoelectric background is smaller by an
equal amount. We ascribe this difference to the Joule heating of the copper arms and
subsequent thermal conduction through the SiO substrate. It is somewhat larger then
the calculated difference of 1µV/mA2.
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Magnetization-related Signals

The measured non-local spin valve signal of 10 mΩ is higher then the calculated spin
valve signal of 3.9 mΩ. However, the calculated and measured values are more in
agreement then for device A which we suspect is due to the improved alignment of
the copper cross in device B.

The spin-valve signals measured at the thermocouples are larger and of opposite
sign, independent of the charge current direction. A small analysis shows the size
of the switches depend only on the scan direction and the thermocouple itself. The
results can be be explained by a double-Nernst/Hall effect of +10/+20 µΩ and a
symmetric spin valve signal of -200/+255 µΩ for the left/right thermocouple.

We attribute the difference in signs to the SMSV effect as a result of a horizontal
non-uniformity in spin injection as sketched in Fig. 4.3. We speculate that this is
caused by the small fabrication shift in gold contact 1. The gold is more conductive
then Permalloy, such that the current, which flows in the path of least resistance, is
mostly injected from the left side of the FM1/NM interface making the spin injection
non-uniform in the horizontal direction.

Nevertheless, a 55 µΩ spin valve offset is present between the spin valve signals
of both thermocouples. This can be caused by the spin Peltier effect or a symmetric
contribution of the SMSV effect caused by vertical non-uniform spin injection. Using
the model, we calculate a spin-Peltier signal of 18 µΩ and a SMSV signal due to
vertical non-uniformity in spin injection of 22 µΩ. Using the additional information
of this device, It remains impossible to determine whether this signal is due to the
SMSV effect, the spin-Peltier effect or a combination of both. However, this device
does demonstrate the existence of SMSV effects due to non-unform spin injection in
the horizontal direction.

The measured second harmonic response shows signs of a hysteresis effect. The
switching fields are those of FM2. This is caused by the anomalous-Nernst effect
which is more extensively described and analyzed in chapter 54.

4.4.3 Device C

The third device geometry is shown in Fig. 4.8a which shows a SEM picture of the
device. The ferromagnets and copper cross are of equal dimensions as devices A and
B. Two NiCr-Py thermocouples are present with different NiCr contacts (4,6), similar
to the geometry of device A. The NiCr contacts are of slightly wider lateral size.
The gold thermal sink on FM1 was specifically designed to improve the uniformity
of spin injection and make it insensitive to fabrication shifts. In total, two of these
devices were measured which are denoted as sample #1 and #2. For sample #2, we
also performed measurements with the sample immersed in a liquid Nitrogen bath
to determine whether any observed spin-valve signal at the thermocouple is due to

4We note that the anomalous-Nernst effect has approximately correct magnitude ( 30 nV/mA2 on a 30
µV/mA2 Joule heating background) when we compare this to the device analyzed in chapter 5 ( 50
nV/mA2 on a 50 µV/mA2 background).
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Figure 4.8: Results device C, sample #1. a) SEM picture of the device. Thicknesses are similar to those
defined in Figs. 4.4 and 4.6. Here, two NiCr contacts are present (4,6). The injecting contact is symmetric.
b) The non-local spin valve signal. Results from the (c) left (V4−5) and (c) right (V4−6)thermocouple.

the SMSV effect or the spin-Peltier effect. Any observed signal at room temperature
due to the spin-Peltier effect is expected to reduce in magnitude at lower temperatures,
while those due to the SMSV effect are likely to increase. This is because the injection
of spins is more efficient[11] while all thermoelectric coefficients rapidly decrease
with temperature[12, 13]. The measured results for sample #1 are shown in Fig.
4.8b-d and those of sample #2 in Fig. 4.9. As we did before, we first discuss the
background signals.

Background Signals

The background signals of the non-local spin valve at room temperature for both
samples, shown in Figs. 4.8b and 4.9b, are in the range of what has been observed
before (see Figs. 4.5b and 4.6b) and is close to the calculated value of -67 mΩ. We
note that for two similar devices this value varies by a factor 2. We calculate the
background resistance of both thermocouples at 22 mΩ at room temperature. The
measured values (≈7, 9 and 15 mΩ) vary strongly, even for two thermocouples of the
same device. However, on average the measured values are lower then the calculated
values which is similar to the analysis of devices A and B. The origin of the relatively
large variation in signals is currently unknown. We speculate that it can be due to non-
uniformities in the ion-milling process or the deposition composition of the individual
constituents of NiCr.
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Figure 4.9: Results device C, sample #2. Temperature dependence. Non-local spin valve signal at (a)
room temperature and (b) with the same sample immersed in liquid Nitrogen. Measured thermocouple
results (c) at room temperature and d) with the sample immersed in liquid Nitrogen.

At liquid Nitrogen temperature (77K), the background signal at the thermocou-
ples goes down by a factor ≈17 (see Figs. 4.9c-d). Although we only have informa-
tion about this thermoelectric background at two different temperatures, it suggests
there is a near square dependence on temperature R1 ≈T2.1. For metals, the Seebeck
coefficients generally depends linearly on temperature S(T) T. The Peltier coefficients
Π=ST then depend quadratic on temperature. One would expect this dependence
would be R1 ≈T3. However, the (thermal) conductivities also have temperature de-
pendencies. This makes a direct comparison hard to make.

The background in the non-local spin valve signal reduces approximately linear
with temperature R1 ≈T1.2. This is as expected, since the conductivity of copper
increases linearly over this temperature range and determines the size of this back-
ground signal.

Magnetization-related Signals

The measured non-local spin valve signals, shown in Figs. 4.8b and 4.9a, are 8 and
4.2 mΩ at room temperature. These are close to the calculated value of 3.9 mΩ. The
4.2 mΩ signal increases to 13.4 mΩ at liquid Nitrogen temperatures. This is due to
the lower conductivities of Copper and Permalloy and increased spin polarization of
the ferromagnet and has been seen before[11, 14].

The spin-valve signals measured at the thermocouples of sample #1 vary strongly.
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The results can be be fitted by a double-Nernst/Hall effect of +10/+20 µΩ and a
symmetric spin valve signal of +90/+35 µΩ for the left/right thermocouple. The large
variation in background signals at both thermocouples makes it hard to attribute the
observed spin valve signals to non-uniformities of the SMSV effect or the spin-Peltier
effect which we calculate to be +20 and +17 µΩ respectively.

Nevertheless, Fig. 4.8d shows a good demonstration of a double Nernst/Hall ef-
fect, as it shows all the distinct features of the theoretical curve of Fig. 4.3b: there is
a difference in background signal between left/right, the signal at 0 mT shows hys-
teresis and the spin valve is largely asymmetric and of twice the size of the difference
in background signal/hysteresis curve.

Sample #2 was measured in order to determine whether any observed spin-valve
signal at the thermocouple is due to the SMSV effect or the spin-Peltier effect. Unfor-
tunately, only one thermocouple was measured which did not show a clear spin-valve
signal at room temperature (see Fig. 4.9c). If we assume some double Nernst/Hall
effect is present to explain the large asymmetry in the observed signal, the symmetric
spin-valve signal can be estimated to be ≈5-10 µΩ. At liquid Nitrogen temperature
the spin valve signal is very clear (Fig. 4.9d), and has increased by a factor 2-4 to
23 µΩ. This can be expected from the SMSV effect due to non-uniformities in spin
injection. To first approximation, we expect it to scale according to the non-local spin
valve signal itself. Figs 4.9a-b show the non-local spin valve signal increases by a
factor three.

We may ask ourselves whether the observation of the SMSV effect in this sample
can give a lower estimate of the spin-Peltier coefficient Πs. We calculate the size of
a possible spin-Peltier effect to be 17 µΩ for this sample at room temperature. When
we scale this value with the effective efficiency of the thermocouple, defined as the the
measured R1 background value of the thermocouple versus the calculated background
value, we expect only a small signal of 7 µΩ to arise at the thermocouples due to
the spin-Peltier effect. Considering the various uncertainties in the determination of
the spin valve signal, the parameters in the modeling and the single measurement
at different temperatures, it is currently impossible to make strong conclusions. We
may cautiously conclude that the spin-Peltier coefficient is at least not higher then
the value estimated by applying the Thomson-Kelvin relation Πs = S sT =1.1 mV to
the obtained spin-Seebeck coefficient from chapter 3. Nevertheless, this sample does
prove the existence of a SMSV effect due to non-uniform spin injection in the vertical
direction.

4.5 Conclusions

In this chapter, we have analyzed the results from three different device geometries
which were fabricated in order to demonstrate the spin-Peltier effect. We have com-
pared the measurement results from these devices to modeling in order to understand
and quantify the various effects which are occurring. We conclude that our ther-
moelectric spin model is accurate to explain all measured thermoelectric and spin
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injection related results within approximately a factor two.
In the considered geometries, the single magnet spin valve effect prohibited a

clear observation of the spin-Peltier effect. We have conclusively demonstrated the
single magnet spin valve effect due to both horizontal and vertical non-uniformities
in electrical spin-injection. This was demonstrated by measuring between multiple
contacts on a ferromagnet in different device geometries and also comparing mea-
surements between room-temperature and liquid Nitrogen-temperatures. The size of
the spin valve resistance which is picked up by measuring between contacts on a
single magnet are 0.1-1% of the regular non-local spin valve resistance in our geome-
tries. In addition, we have demonstrated double Nernst/Hall effects of 10-20 µΩ size
which give asymmetric spin valve effects. It was possible to separate these effects by
measuring both sides of the magnetic curve of a spin valve. The anomalous-Nernst
effect due to Joule heating induced temperature gradients in FM2 was measured in
the second order response R2 which showed hysteresis.

We have shown that by performing measurements at room temperature and liquid
Nitrogen temperatures, it was possible to distinguish between the single magnet spin
valve effect and the spin-Peltier effect. Unfortunately, in the considered sample, the
expected spin-Peltier effect was too small. Only an upper bound for the spin-Peltier
coefficient can be given Πs . 1 mV, which is similar to what we estimate by applying
the Thomson-Kelvin relation to the obtained spin-Seebeck coefficient from chapter
3: Πs = S sT = 1.1 mV.

4.6 Outlook & Recommendations
The results in this chapter did not allow a conclusively demonstration of the spin-
Peltier effect. However, the experiments have provided a detailed insight in the spuri-
ous effects which hinder this demonstration. Also, we have provided another demon-
stration of the possibility to use thermoelectric engineering on nanoscale devices. The
expected thermoelectric signals are very accurate such that the modeled thermal and
voltage gradients are also accurately known.

Using the knowledge which is obtained in this chapter, we find that there are
many aspects in the designed experiment which can be improved which probably
will enable to demonstrate, or disproof the existence of, the spin-Peltier effect. We
list them below:

• It is possible to distinguish between the SMSV effect and the spin-Peltier effect
by their dependence on temperature. A more detailed temperature dependence
study of the measured signals allows to determine the size of both effects.

• The relative size of the measured signals due to the SMSV and spin-Peltier ef-
fect can be reduced. In the designs considered in this chapter, the size of the
SMSV effect will reduce exponentially with the distance between the NiCr con-
tact and the FM2/NM interface[8, 9]. A calculation on a finite-element-model
shows that increasing the spacing between the NiCr contact and the FM2/NM
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interface by 100 nm in the design of device C will decrease the SMSV effect
from 20 to 1 µΩ. However, the expected spin-Peltier signal also decreases from
17 to 10 µΩ because the position at which the thermocouples sense the effective
temperature is further spaced from the spin-Peltier induced temperature differ-
ence. Considering the typical noise we observe of ≈5-10µΩ5, this will make
the observation of the spin-Peltier effect hard. It is advisable to make further
improvements in the spin injection efficiency and the thermocouple sensitivity
before attempting this route.

• The maximum amount of spin current which is injected into FM2 in the current
design is Is ≈ 60 µA. Here we considered a charge current of 2 mA in which
case J≈1012 A/m2 in the central copper arm, close to the electromigration limit.
We assumed a calculated spin injection efficiency of 3 %. This can be increased
by fabricating multiterminal pillar structures. Although the fabrication method
is generally more difficult, several successful attempts are reported[15] which
show far higher efficiency and/or possible spin current densities. For example,
in Yang et al.[15] the injected spin current in FM2 is up to 500 µA leading to a
spin current density which can be 3 times higher.

• The thermocouple efficiency of Permalloy-NiChrome (∆S ≈ 40 µV/K) is lim-
ited. We note that the actual efficiency we obtain is about twice lower. A
possible cause might be that the NiChrome did not have the correct amount of
Ni and Cr constituents in the alloy. We note that the results for Py-Cu ther-
mocouple match well[8]. Several improvements are suggested related to the
thermocouple efficiency:

– By optimizing the constituents of the NiChrome mixture in the used melt
for e-beam deposition, the Seebeck coefficient might get closer to the the
theoretical value, thereby increasing the thermocouple efficiency.

– Instead of using Permalloy as one lead of the thermocouple by heat sink-
ing it with gold, it is possible to use a heat conductive bridge to transport
the spin-Peltier induced heat from the FM2/NM interface to a dedicated
thermocouple. This can be made more efficient by using for example an
alloy of Constantan (Ni55Cu45, with S = -40µV/K) and NiChrome (S =

+20µV/K). Again, the constituents of the mixture in the used melt for
e-beam deposition would need to be optimized.

Later work showed that some of the improvement did allow a conclusive demon-
stration of the spin-Peltier effect[7].
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Chapter 5

Anomalous-Nernst and
anisotropic magnetoresistive

heating

In this chapter we report on measurements which were originally performed to demon-
strate the magnetic heat valve, as proposed in section 2.5. The magnetic heat valve is
the thermal equivalent of the spin valve. Unfortunately, this effect was not observed.
Here, we report on the spin-orbit effects which were seen instead. We successfully
measured the anomalous-Nernst effect and anisotropic magnetoresistive heating in
a lateral multiterminal Permalloy/Copper spin valve using all-electrical lock-in mea-
surements. To interpret the results, a three-dimensional thermoelectric finite-element-
model is developed. Using this model, we extract the heat profile which we use to de-
termine the anomalous-Nernst coefficient of Permalloy RN=0.13 and also determine
the maximum angle θ = 8◦ of the magnetization prior to the switching process when
an opposing non-collinear 10◦ magnetic field is applied.

5.1 Introduction

The connection between thermoelectricity and spintronics[1] has recently attracted
a lot of attention[2, 3] which led to the subfield called spin-caloritronics[4]. Al-
though thermoelectric effects are typically regarded small, we have recently shown
that they can be dominant in lateral multiterminal devices such as the non-local spin
valve[3, 5]. Here we demonstrate two thermal effects which can accompany such new
functionality in nanoscale spin-caloritronic devices: the anomalous-Nernst effect and
anisotropic magnetoresistive heating. We show that both effects can dominate the
thermoelectric behavior and can be modeled accurately.

75
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Figure 5.1: Colored Scanning Electron Microscope images of the fabricated device. a) Top view of the
device. The two ferromagnets (blue) are connected by a copper strip (brown). FM1 is connected by three
thick gold heat sinks (yellow) through which we can send a charge current to heat it. FM2 is also connected
by two gold heat sinks (yellow) but have two additional NiChrome contacts (pink). The magnetizations ~M1
and ~M2 are selectively switched by applying an opposing magnetic field ~B. b) Three dimensional image
of the device illustrating the thick gold contact used as thermal heat sinks.

The anomalous-Nernst effect can be interpreted as the thermoelectric equivalent
of the anomalous-Hall effect[6, 7]. When a temperature gradient is applied to a ferro-
magnet, a voltage gradient perpendicular to the plane made by the magnetization and
temperature gradient develops and vice versa. Both effects are related to each other
and are described by the same Nernst coefficient RN . The first effect is governed by
the following equation:

~∇VN = −S N ~m × ~∇T (5.1)

here ~m is the unit vector pointing in the magnetization direction, T the temperature
and ~∇VN the resulting voltage gradient due to anomalous-Nernst effect. SN=RNS
is the transverse Seebeck coefficient representing the strength of the effect, which is
a fraction of the Seebeck coefficient S. The anisotropic magnetoresistance (AMR)
describes how the resistance of a ferromagnet changes with respect to the angle θ
between the magnetization and the current direction. The conductivity of the ferro-
magnet is given by σFM=σ‖(1+RAMR(cos2(θ)−1)) where σ‖ is the conductivity mea-
sured when the direction of the current is parallel to the magnetization and RAMR a
small fraction. When a current is sent through a ferromagnet, the Joule heating of this
ferromagnet depends on the resistance of the magnet. Therefore, the Joule heating of
a ferromagnet depends on the angle between the magnetization and the direction of
the current. Because the non-local voltages measured in lateral multiterminal device
depend on the generated heat[5], this angle can be deduced from measurements. We
refer to this effect as anisotropic magnetoresistive heating.
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5.2 Device fabrication

To demonstrate both effects, we fabricated a multiterminal lateral spin valve. This
device is shown in figure 1. It consists of two Permalloy (Ni80Fe20) ferromagnets
connected by a highly conductive copper strip. The first ferromagnet FM1 is pro-
vided with three thick highly thermally conductive Ti/Au contacts which allows to
locally heat this ferromagnet by sending currents through it. The generated heat is
transported to the second ferromagnet FM2 by the thermally conductive copper strip.
This heat can be detected by measuring the temperature of this ferromagnet close to
the Py/Cu interface. We do this by providing two thermocouples to FM2. The outer
sides are thermally anchored by two gold contacts, while close to the interface two
NiChrome (Ni80Cr20) contacts are present. Due to the opposite Seebeck coefficients
of Permalloy (S=-20µV/K) and NiChrome (S=20µV/K) both thermocouples (contact
4-5 and 6-7) have a thermal sensitivity of SPy−NiCr ≈ 40 µV/K and effectively measure
the temperature of the magnet under the Nichrome contacts.

The device was fabricated in a 1 step optical and 6 step electron beam lithogra-
phy. First, large 150/5 nm thick Ti/Au contacts are made using an optical lithography
step and electron beam deposition after which 100 nm wide and 30/5 nm thick Ti/Au
markers are fabricated using electron beam lithography. In the subsequent lithogra-
phy steps, 15 nm thick Permalloy, a 30/5 nm thick Ti/Au interlayer, 5/170 nm thick
Ti/Au, 45 nm NiCr and 60 nm Copper were deposited using electron beam deposition.

5.3 Experiment

In our experiment, we selectively switch the magnetizations of both magnets FM1
and FM2 by applying an antiparallel magnetic field and observe the heat transported
through the spin valve by Joule heating FM1 and measuring the voltage of the ther-
mocouples on FM2. Since the Joule heating scales with I2 we are only interested in
the R2 (µV/mA2) component of the measured voltage V=R1I+R2I2. . . which we de-
termine by performing lock-in measurements[3, 5]. All measurements were done at
room temperature.

How exactly the anomalous-Nernst effect and anisotropic magnetoresistive heat-
ing can be measured in this device is illustrated in figure 2. The generated heat in the
device is transported by the four contacts making up the two thermocouples. At the
NiCr contacts the heat is transported in the plane of the device while at the gold con-
tacts this predominantly takes place perpendicular to the plane of the device owing
to the difference in thermal conductivity between the materials. Since the magneti-
zation of FM2 points along the easy axis of the magnet the anomalous-Nernst effect
generates a small voltage difference between both contacts. The sign of this voltage
difference changes when the magnetization direction M2 flips.

In the same device there are three contacts connected to FM1 to send the current
either aligned parallel to the magnetization direction (I2−3) or under a ±45 degree an-
gle (I1−2 or I1−3). When the opposing magnetic field in a spin valve has a small angle
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Figure 5.2: Illustration of the anomalous-Nernst effect and Magnetoresistive heating. a) The Joule
heating of FM1 induces a heat flow Q through FM2 and the four contacts connecting it. The anomalous-
Nernst effect induces voltage gradients in the ferromagnet perpendicular to the heat flow and magnetization
M2. b) Three contacts are present on FM1 to send the current parallel or under a ±45 degree angle with
respect to the magnetization of FM1. c) When the opposing magnetic field has a small angle with respect
to the antiparallel direction of the magnetization, the magnetization first rotates prior to switching at its
switching field increasing or decreasing the Joule heating depending on the orientation of the current.

with respect to the antiparallel direction of the magnetization M1, the magnetization
rotates prior to the switching process which either increases or decrease the Joule
heating. This effect should be pronounced when the current is send under a ±45 de-
gree angle as the change in conductance is then linearly dependent on this deviation
angle of the magnetization with the easy axis while in the parallel case this depends
quadratically on this angle.

5.4 Results

The measured nonlinear voltage R2(µV/mA2) from the thermocouples is shown for
different orientations of the currents in figure 3. Owing to the different dimensions
of the ferromagnets, FM1 switches by an antiparallel magnetic field of approximately
15 mT while FM2 switches at approximately 40 mT. We observe a clear change in the
voltage at the switching field of FM2. We see this voltage depends only on the orien-
tation of the magnetization of FM2. Owing to the finite field at which this magnetiza-
tion changes sign, the measurement shows a hysteresis loop. When the current is sent
parallel to the magnetization, a voltage of 37 nV/mA2 can be measured depending on
the orientation of M2 on top of a large 42.83 µV/mA2 background originating from



5.4. Results 79

42.9

42.8

42.85

-60 -30 30 600

R 2 (μ
V 

m
A

-2
)

Magnetic �eld (mT)

I2-3

-60 600

I1-2

18.075

18.095

R 2 (μ
V 

m
A

-2
)

Magnetic �eld (mT)

I1-3

-60 600
Magnetic �eld (mT)

R 2 (μ
V 

m
A

-2
)

20.645

20.675

a)

b) c)

V

1

2 3

Figure 5.3: Measured voltage from the Py-NiCr thermocouple by selectively switching the magneti-
zations by an antiparallel magnetic field in a lateral spin valve. The right thermocouple is measured
when the Joule heating current is sent a) parallel to the magnetization M1, b) under a 45 degree angle and
c) under a -45 degree angle. The results were calculated by sending an r.m.s charge current of 1.5 mA. The
other thermocouple was also measured and shows similar results.

the temperature measured by the Py-NiCr thermocouple. When the current is sent
under a 45 degree angle we measure a smaller 18 nV/mA2 signal on top of a smaller
18.085 and 20.65 µV/mA2 background owing to the smaller current path which re-
duces the Joule heating. We note that the switches do not depend on the thermocouple
we measured.

In addition we see a feature appearing prior to the switching of FM1 which is
different in size depending on the current direction. We believe this can be attributed
to anisotropic magnetoresistive heating. To confirm this, we performed our measure-
ments using a magnetic field 10 degree clockwise or anticlockwise to the antiparallel
of the magnetizations for the ±45 degree angles between the current we sent through
FM1 and the magnetization axis. The results of these measurements are shown in
figure 4.

We clearly observe that the anisotropic magnetoresistive heating increases or de-
creases by rotating the magnetization prior to switching and has the correct symmetry
for a ferromagnetic resistance which is higher for the parallel alignment of the mag-
netization and current. The voltages arising from this effect are up to 50 nV/mA2 in
magnitude on top of a 19.7 and 21.1 µV/mA2 background showing that this effect
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Figure 5.4: Measured voltage from the Py-NiCr thermocouple by selectively switching the magneti-
zations by an opposing magnetic field at 0 and ±10 degrees. The left thermocouple is measured when
a) sending the current under a 45 degree angle and b) under a -45 degree angle with respect to the easy
magnetization axis. c) The measured configuration and d) the magnetic field configuration and current
direction for the measurements of a) & b). The other thermocouple was also measured and shows similar
results.

increases or decreases the heating measured by the thermocouple by approximately
0.25%. The small remaining feature appearing at 0 degrees for the experiment in
figure 3 is attributed to the non perfect alignment of the magnetic field in our experi-
ment. We also note that owing to the high conductivity of gold contact 1, the current
path does not go exactly straight through the ferromagnet when the current is sent
from contact 2 to contact 3. The current path is slightly short circuited which leads
to a significant component of the current path which is non-collinear to the magne-
tization. This effect can be seen by the strong anisotropic magnetoresistive heating
component of figure 3a).

5.5 Theory & Discussion

In order to quantify the size of the anomalous-Nernst effect and anisotropic magne-
toresistive heating, we extend the thermoelectric model used in ref. [5] to include
these effects.
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Figure 5.5: Simulated results of the three dimensional thermoelectric model. a) The temperature
distribution of the device with a current of 1 mA sent parallel (I2−3) to the alignment of the magnetization.
b) Input parameters used for the model. The electrical conductivities σ are measured while the others are
taken from literature[8, 9]. c) The simulated anomalous-Nernst voltage from the thermocouples 4-5 and
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of FM1.

5.5.1 Finite-element modeling
We use a set of differential equations given by the conservation of charge and heat
currents: (

~J
~Q

)
= −

(
σ σS
σΠ k

)  ~∇V
~∇T

 (5.2)

where ~J and ~Q are the charge and heat currents which are related to the voltage
gradient ~∇V and temperature gradient ~∇T by the electrical conductivity σ, thermal
conductivity k, Seebeck coefficient S and Peltier coefficient Π=S T0 with T0=293.15
K the reference temperature of the device. The conservation of these currents is
given by ~∇J = 0 and ~∇Q = J2/σ, where we have included Joule heating. The model
introduced in ref. [5] is an isotropic model with isotropic coefficients σ, k and S. We
include anisotropic magnetoresistance and the anomalous-Nernst effect by adding
anisotropic components to σ and S respectively.
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Anisotropic magnetoresistance for the magnetization pointing in the direction of
any of the three principle axis can be included by using a diagonal 3x3 conductivity
matrix σ with σ‖ on one element of the diagonal and σ⊥ on the other elements.
When the magnetization points in a arbitrary direction given by the angles θ and φ
this diagonal matrix rotates by RσR−1 where R is the rotation matrix which rotates
the (‖,⊥1,⊥2) axes to the (x,y,z) axes. This matrix then becomes:

σi j = σ⊥
(
δi j − RAMRmim j

)
(5.3)

where i,j=x,y,z, mi are the x,y,z components of the unit vector ~m pointing in the
direction of the magnetization and δi j is the Kronecker delta.

We include the anomalous-Nernst effect by including equation 5.1 into the cur-
rents defined in equation 5.2. The Seebeck coefficient S now becomes a skew sym-
metric matrix S given by:

Si j = S

δi j − RN

∑
k

εi jkmk

 (5.4)

where εi jk is the Levi-Civita symbol. A top view of the three dimensional geometry
used for the finite element model is shown in figure 5. We included a piece of 2.2 x
3 µm of the device and set the temperature at all electrical contacts to T0. All other
outer contact areas are electrically and thermally isolating while on the inner contacts
we take the heat and charge current continuous. A charge current is sent through the
device by putting a charge current boundary condition on contact 2 and the voltage
V=0 on contact 1 or 3. The parameters in figure 5b were used to calculate the tem-
perature rise of the device and subsequent voltage measured by the thermocouples.
The 300 nm thick Siliconoxide substrate is also modeled, as well as 700 nm of highly
thermally conductive n-doped Silicon[9]. The model was calculated at a current of
±1 mA such that we can distinguish the R1 and R2 response[3, 5].

5.5.2 Results
We first excluded anisotropic magnetoresistance and the anomalous-Nernst effect in
our model and calculated the voltages arising at our thermocouples. We calculate
this for the measurement geometries shown in figure 3 a), b) and c). A background
of respectively R2=54.11 µV/mA2, R2=23.99 µV/mA2 and R2=26.07 µV/mA2 was
calculated for these 3 geometries which is around 25% higher then observed. This
small discrepancy is attributed to the precision of the parameters used.

In the following, we calculate the contribution from the anomalous-Nernst effect
to this background voltage. We focus on the measurement geometry and result given
in figure 3 a). Figure 5 b) shows the calculated voltage as a function of the FM2
magnetization angles θ in the x-y plane and φ perpendicular to the plane. We find
that an anomalous-Nernst coefficient of RN = 0.13 accurately predicts the 37 nV
voltage observed depending on the magnetization direction pointing along the easy
axis of FM2. The size of the anomalous-Nernst effect is most sensitive to the out
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of plane angle φ because the heat currents are predominantly pointing in the plane
of the device. Nevertheless, a finite voltage is expected which is around 1

3 of the
maximum effect calculated for an out of plane magnetization at φ = 105◦ and φ =

285◦. Using the Seebeck coefficient of Permalloy SPy = -20µV/K[2] this leads to a
transverse Seebeck coefficient of SN = -2.6 µV/K.

The size of this coefficient should be equal to that of the anomalous-Hall coef-
ficient when the semiclassical band model applies[7]. This relates these coefficients
by the Mott formula for thermoelectricity. We find that it is somewhat larger then
the typical anomalous-Hall coefficient of ferromagnetic metals[6] of 10−2. However,
Permalloy is also around 10 times less conductive then the ordinary ferromagnetic
metals. When we take this into account, and also the measured size of the anomalous-
Hall coefficient of Permalloy[10], we find that our results are in agreement with a
semiclassical band model. We note that the anomalous-Nernst effect in our experi-
ments is mathematically equivalent to the combination of a Righi-Leduc effect and
the subsequent conversion of the temperature gradient to a voltage gradient and we
therefore do not distinguish between them[11].

The anisotropic Magnetoresistive heating is calculated for varying angles θ and φ
of the magnetization of FM1 for the measurement geometry used in figure 4. We use
an anisotropic Magnetoresistance coefficient RAMR = 0.01 determined from previous
experiments[12]. The result is shown in figure 5 d). The calculated voltage from the
thermocouple varies by as much as 400 nV/mA2 when the magnetization points at θ
= 60◦ or θ = 145◦. In our experiments we find that when an opposing magnetic field
with a ±10 degree with respect to the magnetization axis is applied the voltage prior
the switch of the magnetization is ≈50 nV. From the calculations we determine that
this corresponds to a deviation of the magnetization angle of FM1 with the easy axis
of 8 degrees.

5.6 Conclusion

We have demonstrated how anisotropic Magnetoresistive heating and the anomalous-
Nernst effect can be measured in a dedicated caloritronic device. We used a three-
dimensional finite-element-model which includes charge and heat transport to model
these effects. We extracted an anomalous-Nernst coefficient of RN = 0.13 for Permal-
loy and found that the magnetization of a Permalloy nanoscale magnet tilts around
7-8 degrees before switching when an opposing magnetic field at a 10 degree angle
to the easy axis is applied.
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Chapter 6

Spin-transfer torque and
magnetization dynamics

Spin-transfer torque is defined as the torque which is exerted on a magnetization
when a non-collinear spin current (i.e. where the spin direction points partially
perpendicular to the magnetization) is injected into a ferromagnet[1, 2]. Here, we
propose an experiment to quantify spin-transfer torque by the effect it has on the
effective Gilbert damping, which determines the precession angle in ferromagnetic
resonance experiments[3] and the critical switching current of spin-transfer torque
magnetic memory. In a multi-terminal non-local spin valve, we measure the resis-
tance of a precessing ferromagnet while a non-collinear spin current is injected.
In order to describe spin-transfer torque in this system, we extend our commonly
used 2-channel model for collinear spin transport to the more general model of non-
collinear magnetoelectronics[4, 5]. We show how to construct finite-element models
of spin valves which include non-collinear magnetizations. This model can be used
to quantify the mixing conductance G↑↓, which is a measure of spin-transfer torque.
In the remainder of this chapter, we propose a novel experiment that detects the addi-
tional heat produced by a sub-micron ferromagnet in ferromagnetic resonance using
an electrically isolated thermocouple.

6.1 Introduction
When a charge current flows through a ferromagnet/non-magnetic interface of a F/N/F
spin valve, electron spins are injected into the non-magnetic material. These spins
carry angular momentum which is absorbed by the other ferromagnet connected to
the non-magnetic material[6, 7]. It was realized that the absorption of this magnetic
moment, pointing in direction ~s, can lead to a torque on the magnetization if it is per-
pendicular to the magnetization ~M. This effect is known as spin-transfer torque[1, 2].
Using spin-transfer torque (STT), it is possible to make a tunable microwave source or

85
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to switch the magnetic state of a ferromagnet and create a form of non-volatile mag-
netic memory. Both applications of spin-transfer torque were introduced in chapter
1.

In this chapter, we propose an experiment to quantify spin-transfer torque exper-
imentally. The experiment is illustrated in Fig. 6.1. In this experiment, we use the
non-local spin valve structure to inject pure spin currents (i.e. without charge cur-
rents) into a small ferromagnet. This magnet has to be small, in order to optimize the
effective torque applied. The magnet is brought into ferromagnet resonance (FMR)
using a static magnetic field ~H0 and microwave-frequency magnetic field ~hµ. Ferro-
magnetic resonance changes the (time-averaged) resistance of the ferromagnet due
to anisotropic magnetoresistance effect, which determines that the measured resis-
tance depends on the angle between the magnetization and an applied charge current
(see Fig. 6.2). By monitoring the resistance of this magnet, and scanning the mag-
netic field ~H0, it is possible to determine its resonance properties. The different shape
anisotropy of both ferromagnets in the spin valve ensures they can be brought into res-
onance at different static magnetic fields. The magnitude and width of the resonance
curves are determined by the size of the microwave magnetic field ~hµ and the ability
of the magnet to damp precession: Gilbert damping. In our geometry, the direction of
the applied spin-transfer torque is collinear to this Gilbert damping. By sending pure
spin currents of different sign into the ferromagnet, it is possible to tune the effective
Gilbert damping and therefore the resonance properties. This experiment allows to
quantify the perpendicular spin current which is injected. The injected perpendic-
ular spin current can be different from the injected collinear spin current, which is
generally determined from (non-local) spin-valve measurements. A description of
perpendicular spin currents in the spin valve geometry lies outside the scope of the
two-channel model we have used in the previous chapters. In order to describe them, a
new theory needs to be introduced which accounts for a three-dimensional spin accu-
mulation ~µs. The interface theory as introduced by non-collinear magnetoelectronic
circuit theory[4, 5] is most suitable. We show that by modeling the perpendicular
spin current with finite-element methods of non-collinear spin transport, where we
also use non-local spin valve signals as input, it is possible to extract the specific pa-
rameter which quantifies perpendicular spin currents: the mixing conductance G↑↓ of
the FM/NM interface.

When the magnet is in ferromagnetic resonance, energy is absorbed from the
microwave magnetic field ~hµ to sustain the precessional motion. This heats the ferro-
magnet and subsequently raises the temperature. We also propose a separate experi-
ment in which the FMR generated heat of a single sub-micron ferromagnet is detected
using an on-chip thermocouple which is electrically isolated from the ferromagnet.
The thermal conduction of the FMR generated heat occurs via the substrate.

The setup of this chapter is as follows. In section 6.2, we introduce the Landau-
Lifshitz-Gilbert equation (LLG) which governs magnetization dynamics and include
spin-transfer torque as a result of an injected spin current[1]. Next, we calculate the
ferromagnetic resonance properties as a result of the applied microwave frequency
and magnetic fields when a non-collinear spin current is injected. This also gives an
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Figure 6.1: Proposal: Spin-transfer torque tuning of the Gilbert damping detected by ferromagnetic
resonance induced AMR. a) The magnetization of FM2 is brought into resonance by magnetic fields H0,
hµ. The resistance of the magnet is measured while a pure spin-current is injected into FM2 by sending a
charge current IS TT through the non-local spin valve structure. b) Details of the precession process. The
precession angle is determined by the balance in Gilbert damping (red), magnetization precession around
the microwave magnetic field M × hµ and the spin-current induced torque M × Is × M.

expression for the critical spin current which we need to inject into a ferromagnet
to fully cancel the effective Gilbert damping. At this point, the magnetization fully
reverses in a spin valve. This provides a criterion for the switching current in a STT-
RAM device[8, 9]. In section 6.3, we introduce the concept of non-collinear magne-
toelectronics and show how we can construct finite-element models of devices. We
also describe the differences between this model and the diffusion model for collinear
transport. In section 6.4, we calculate the heat which is generated when a ferromagnet
is in resonance and propose a specific device geometry in order to measure the FMR
generated heat in an experiment.

6.2 Spin-Transfer torque and magnetization dynam-
ics

The magnetization dynamics of a ferromagnet with magnetization direction ~m =
~M/Ms is determined by the Landau-Lifshitz-Gilbert equation (SI):

∂~m
∂t

= −γ~m × (µ0 ~H) + α~m ×
∂~m
∂t
−
γ~µ0

2eV
~m ×

(
~Is × ~m

)
(6.1)

This equation has been introduced in chapter 1. In it, the gyromagnetic ratio γ de-
termines the magnetization precession around magnetic fields. The damping of the
precession is governed by the Gilbert damping parameter α and the torque exerted
by a spin-current is determined by the third term. This term describes spin-transfer
torque and is commonly named the Slonczewski term. The torque scales with the
amount of perpendicular spin current ~m×

(
~Is × ~m

)
which is injected, but also inversely
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and a spin current of +/- 160µA, corresponding to +/- 0.1 Icritical
s .

with the volume V of the ferromagnet. In the following we first describe how to de-
tect FMR using the anisotropic magnetoresistance effect. Thereafter, we calculate the
ferromagnetic resonance properties when a spin-torque is present.

6.2.1 AMR detection of ferromagnetic resonance
Ferromagnetic resonance is the process whereby a magnetization precession is in-
duced around an applied magnetic field H0 using a microwave-frequency magnetic
field hµ with angular frequency ω oriented perpendicular to H0. The microwave mag-
netic field provides a torque which continuously tilts the magnetization out of its
preferred axis along the applied field such that steady-state precession is achieved.
This situation is sketched in Fig. 6.1. In a FMR experiment, the magnetic field ~H0
(or frequency) is scanned at a fixed frequency (or field) while a signal sensitive to
the precession is recorded. There are several ways to record such a signal[10–13].
Recently, Costache1 demonstrated a sensitive method which allows to detect FMR of
nanoscale magnets which we will use here. It makes use of the fact that the resistance
of a ferromagnet typically varies by a few percent as a function of the angle between
the magnetization and the used charge current due to anisotropic magnetoresistance2.
In a FMR measurement, the change in resistance of the ferromagnet is recorded using
lock-in methods. A current Idc is sent through the magnet while the amplitude of the
microwave-magnetic field is modulated. A peak (or dip) in the measured signal can

1See chapter 6 of his thesis [3]
2See also section 2.2.3 of Jedema[14].
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be observed when the magnetic field is scanned towards the point where the magneti-
zation is in resonance. The resistance of the ferromagnet depends quadratically on the
angle θAMR between the charge current and magnetization RFM = R0 − ∆R sin2 θAMR

when the angle is small. Assuming a small precession angle θ, the measured voltage
V is:

V = Idc∆Rθ2 (6.2)

Because the anisotropic magnetoresistance ∆R of the strip can be measured in a
separate experiment (see Fig. 6.2a) it is possible to convert measured signals to ob-
served precession angles. The microwave-frequency magnetic field is provided by
the stray fields from microwave-frequency currents which are sent through a shorted
coplanar-waveguide (CPW) or -strip (CPS) which lies nearby. The measured mag-
netic field position and width of the peaks as a function of frequency provides in-
formation about the intrinsic parameters of the ferromagnet. The Gilbert damping
parameter α and saturation magnetization Ms can be determined, but also informa-
tion about internal demagnetization and anisotropy fields is obtained. The peak height
provides information about the obtained microwave magnetic field while a typically
observed background can provide information about the amplitude of the microwave
currents in the ferromagnet which are induced by inductive coupling to the coplanar
shorts. AMR rectification experiments, in which the angle between H0 and the easy
axis is varied, also provides information about these microwave currents[3]. Often,
higher order precession modes can also be observed. Studying their behavior allows
to determine the behavior of non-uniform magnetization dynamics, known as spin-
waves3.

From the experimental point of view, because it is a technique which only requires
two electrical contacts and a shorted coplanar waveguide/strip placed nearby (∼ 1µm),
it is compatible with our standard optical/e-beam lithography process which is used
to fabricate non-local spin valve devices (appendix A).

6.2.2 Spin-Transfer torque induced Gilbert damping
The ferromagnetic resonance properties of a ferromagnetic strip in the presence of
spin-transfer torque is calculated by solving the LLG equation (Eq. 6.1). We consider
a strip of thickness t, width w and length l where l > w > t with the axis and applied
magnetic fields H0, hµ as defined in Fig. 6.1. A static spin current Is is injected along
the direction of the applied magnetic field. In order to calculate the resonance prop-
erties, we need to consider the demagnetization field which is present ~Hd = −N̄ · ~M,
where N̄ is the demagnetization tensor. For simplicity, we approximate our brick
shaped magnet by an ellipsoid of similar dimension such that this tensor is diagonal
and can be explicitly calculated[16]. We further assume l � t,w such that Nz=0. Due
to the large demagnetization field in the thickness direction, the precession is ellipti-
cal. The precession angle is larger in the width direction then in the thickness direc-

3For example, see chapter 6 of Sladkov[15]
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tion. The average precession angle θ obtained in experiments is generally small, such
that we can search for a steady state solution ~M(t) =

(
mxe jωt,mye jωt,Ms

)
as a result of

a microwave-frequency magnetic field hµ = h0e jωt of angular frequency ω. The effec-
tive magnetic field inside the strip is then ~H =

(
h0e jωt − Nxmxe jωt,−Nymye jωt,H0

)
.

Neglecting terms higher then linear in α, we obtain the equations of motion in the
presence of a spin transfer torque:

( jω + β) mx = −
(
γH0 + NyMs + jωα

)
my (6.3)

( jω + β) my = (γH0 + NxMs + jωα) mx − γMsh0 (6.4)

Where we have defined a spin-transfer torque coefficient β = γ~µ0Is/ (2eV Ms). Set-
ting h0=0, and ignoring all terms α, β except a β2 term, the above equations can be
solved to obtain the resonance condition:

ω2
0 = γ2 (H0 + NxMs)

(
H0 + NyMs

)
+ β2 (6.5)

This is the Kittel formula for ferromagnetic resonance[17] with an alteration due to
spin-transfer torque. In practice, the alteration is very small and can be ignored.
We keep it here for further notational simplicity. It is convenient to describe the
solutions in terms of complex susceptibilities χL, χT such that mx = χLh0, my = χT h0.
They determine the amplitude and phase of the precession of both directions. The
amplitude is generally much larger then h0. The solutions are:

χT = γMs
β + jω

ω2 − ω2
0 − jωA

(6.6)

χL = −γMs
γH0 + jωα

ω2 − ω2
0 − jωA

(6.7)

Where we have defined an effective damping parameter A= αγ (2H0 + Ms) + 2β.
From these results, all the resonance properties can be determined such as for exam-
ple the phase of the precession arg(χL), arg(χT ) or the ellipticity ε = |χL/χT |. Of
particular interest is the time-averaged precession angle θ = 1

2Ms

∣∣∣mx + my

∣∣∣
t−avg at the

resonance condition ω=ω0. Under the usual conditions H0<Ms and assuming spin-
transfer torque is relatively small we obtain the simple expression θ = h0/2α′Ms,
where we have defined an effective Gilbert damping parameter α′:

α′ = α +
~µ0

eMs (2H0 + Ms)
Is

V
(6.8)

Using spin-transfer torque, it is possible to tune the effective Gilbert damping pa-
rameter α′ which determines the precession angle and also the width of the resonance
peaks. In our electrical detection scheme, the observed signals are sensitive to θ2. The
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time-averaged square angle is given by θ2|t−avg = h2
0(|χL|

2 + |χT |
2)/2M2

s . Evaluating it
gives:

θ2|t−avg =
1
2
γ2h2

0
(γH0)2 + β2 + ω2(1 + α)

(ω2 − ω2
0)2 + (ωA)2

(6.9)

This formula can be used to fit the measured results in a ferromagnetic resonance
experiment. The fit strategy as used by Costache[3] allows an accurate determination
of Ms, N̄, h0(ω) and α. Various strategies can be used to determine the injected spin-
current Is from experiments. For example, we may fit Eq. 6.9 at fixed frequency
for different charge currents Idc used for spin-injection with a single fit parameter ν
determining the spin current Is = νIc. If we vary the precession angle by varying the
applied microwave-frequency magnetic field h0, this will allow us to determine ν as a
function of the average precession angle θ. An calculated example of a FMR induced
AMR resistance is given in Fig. 6.2, where the observed voltage is shown for a small
150x50x10 nm3 ferromagnet at two different spin currents.

6.2.3 Spin-transfer torque switching
In the previous section we have observed that the effective Gilbert damping can be
tuned by injecting a spin current in ferromagnetic resonance experiments. Eq. 6.5
shows that even in the absence of an applied magnetic field H0 it is possible to obtain
a resonance condition. In this case, the magnetization precesses around its own de-
magnetization field. The ferromagnetic resonance angle is determined by the balance
between Gilbert-damping, the torque exerted by precession around the magnetic field
hµ and spin-transfer torque (see Fig. 6.1b). Whenever spin-transfer torque is strong
enough, it is possible to fully cancel the effective Gilbert damping or even reverse
it. In this case, no magnetic field hµ is needed to induce a precessional motion. Any
instantaneous, for example thermally excited, off-axis magnetization will result in a
precessional motion which is amplified. This amplification stops when the precession
angle becomes larger then 90 degrees. The effective Gilbert damping then reverses
and the precession is strongly damped. This process is known as spin-transfer torque
switching. It was introduced before in chapter 1, where the magnetization reversal
process was illustrated in Fig. 1.3b. A minimal requirement for the spin current is
given by the effective Gilbert damping, which should be negative. We define a crit-
ical spin current Icritical

s at which the precessional damping is canceled (α’=0) and
spin-transfer torque switching becomes possible[9]:

Icritical
s

V
=
αeMs(2H0 + Ms)

µ0~
(6.10)

Under certain conditions, usually just before the actual the actual spin-transfer torque
switching, it becomes possible that the precession is initially amplified but becomes
stable at a precession angle <90 degrees. In this case, magnetization dynamics is
induced using a static spin-current; a concept known as the spin-torque oscillator[18–
22]. The magnetization reversal time of spin-transfer torque switching depends on
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the actual applied spin-torque Is. We illustrate this by a small numerical calculation.
For the magnet considered in Fig. 6.2 we can calculate this numerically by solving
the LLG equation4. We find a switching time of ∼140 ns at Is = Icritical

s which quickly
drops of to ∼5 ns at Is = 2Icritical

s for an initial magnetization of ~m ≈ (10−4, 0, 1). This
example illustrates the typical timescales for spin-transfer torque switching and is the
limiting factor in the writing speed of STT-RAM devices.

6.3 Non-collinear magnetoelectronics

Spin-transfer torque is determined by the perpendicular component of the spin cur-
rent (~s ⊥ ~m) which is injected into a ferromagnet. This spin current can be different
from the spin current in the collinear case (~s ‖ ~m), which is usually determined by fit-
ting the results from a (non-local) spin valve experiment to a model of spin-transport.
The 2-channel model introduced in chapter 1 accurately describes spin-transport in
(non-local) spin-valves and is often used because of its simplicity[7, 23–26]. The
spin valve signals, also determining the spin currents, are fitted by a single param-
eter PI

5, the spin polarization of charge transport in the bulk ferromagnet. In order
to describe non-collinear spin currents, we introduce a new theory which is named
the non-collinear magnetoelectronic circuit theory[4, 5]6. In it, the spin accumulation
becomes a three-dimensional vector ~µs. We can model our devices by constructing
finite-element models of this theory. This theory is fundamentally different from the
previously considered 2-channel model. As opposed to the 2-channel model which is
determined by bulk properties, spin injection in this theory is determined by the quan-
tum mechanical scattering properties of the ferromagnetic/non-magnetic interface. In
this theory, there are different interfacial conductivities G↑, G↓ for spin species par-
allel or antiparallel to the magnetization. The perpendicular spin currents through
the F/N interface are determined by a separate entity, the mixing conductance ~Is,⊥ ∼

G↑↓~µs,⊥. It is a flexible theory preferred by theorists, because the parameters can be
fully determined from quantum-mechanical transmission and reflection coefficients
of spin populations and can be calculated ab-initio. In this theory, it is also trivial to
include tunnel junctions which makes it very general. The mixing conductance repre-
sents the non-spin preserving quantum-mechanical reflection of a perpendicular spin
population coming from the non-magnetic side. This effect determines the torque on

4This calculation is generally simplified by replacing ~m× d~m
dt by ~m× (−γ~m× ~H) and calculating the change

in magnetization ∆~m as a function of time steps ∆t. This is an approximation which is accurate for the
underdamped system we consider(γ~m × ~H � α~m × d~m

dt ). See also Sun[9]
5Perhaps more often PIλF is used as the fit parameter, because the ferromagnetic relaxation length λF is
not always known from experiments.

6We note that it is also possible to extend the 2-channel diffusion model to a diffusion model which in-
cludes a spin-independent potential µc = (µ↑ + µ↓)/2 and three-dimensional spin potential ~µs which are
still continuous variables over interfaces. In this case, spin relaxation is governed by the Valet-Fert equa-
tion ∇2~µs = ~µs/λ. In order to describe non-collinearity, the ferromagnet relaxation length can be made
anisotropic, similar to our previous description of anisotropic magnetoresistance (Eq. 5.3). However, this
is not a realistic description, since in the ferromagnet the non-collinear precession length is smaller then
the mean free path[4, 5].
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Figure 6.3: Schematic of spin-transfer torque. A perpendicular spin population |→〉 approaching the
ferromagnet fully reflects of the interface. The reflection is full because perpendicular spins strongly
dephase in the ferromagnet due to internal magnetic fields such that a stable population |→〉 is not possible
in the ferromagnet. The non-spin-conserving reflections cause a transfer of angular momentum to the
magnetization known as spin-transfer torque. The resulting perpendicular spin current ~J⊥s is determined by
the spin accumulation ~µs in the non-magnetic material and the complex mixing conductance G↑↓. There
exists a small probability that the reflecting spin population effectively rotates along the strong internal
magnetic field of the ferromagnet leading to transfer torque ∼ ~µs × ~m. In general, Re(G↑↓) � Im(G↑↓) and
therefore this term is commonly ignored.

the magnetization, and is explained in Fig. 6.3.

6.3.1 Theory

A thorough introduction into magnetoelectronic circuit theory is given by Brataas[4].
Here, we will describe how to apply this theory and construct finite-element models of
devices which can be used to fit parameters from this theory. In non-collinear magne-
toelectronics, bulk diffusion of the charge µc and three-dimensional spin-accumulation
~µs is determined by charge and spin current continuity in the non-magnetic material.
This continuity results in the Poisson ∇2µc = 0 and Valet-Fert equation ∇2~µs = ~µs/λ

2

in the bulk non-magnetic material. It is essentially identical to a generalized version
of the 2-channel model.

In a ferromagnet, any perpendicular spin population needs to be decomposed in
the two eigenstates of the magnet(|→〉 = |↑〉±|↓〉), which point parallel and antiparallel
to the magnetization. The quantum-mechanical oscillation frequency of both spin
components is determined by the wave vectors k↑F , k

↓

F of these states. The energy
splitting of the bands in a ferromagnet is generally so large, that the distance at which
such a spin population dephases, the ferromagnetic coherence length π/|λ↑F − λ

↑

F |, is
in the order of the atomic spacing. This is much smaller then the mean free path,
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which makes it impossible to speak of a stable perpendicular spin population in the
ferromagnet. In non-collinear magnetoelectronics, the spin-dependent transport is
determined by the properties of the interface. Since collinear spins are generally also
very short lived in ferromagnets7, we will use the often implied assumption to ignore
spin-accumulations altogether in the ferromagnet. This has the added advantage of
reducing the amount of free parameters in this model. In the bulk of the ferromagnet,
we only need to describe the chemical potential, which is determined by the Poisson
equation ∇2µc = 0. Spin injection and detection is determined by the boundary
conditions at the F/N interface, which relate the charge- and spin-accumulation to
the charge and spin currents. In non-collinear magnetoeletronics, these are written in
terms of 2x2 density matrices8:

µ̄ = µc12 + σ̄ · ~µs (6.11)

J̄ = Jc12 + σ̄ · ~Js (6.12)

Where σ̄ are the 2x2 Pauli spin-matrices and I2 the 2x2 identity matrix. Charge and
spin transport through the interface is then determined by a 2x2 conductance matrix
Ḡ:

J̄ = Ḡ
(
µ̄N − µ̄F

)
(6.13)

Ḡ =

(
G↑ G↑↓
G∗
↑↓

G↓

)
(6.14)

In our model, a spin-accumulation does not exist in the ferromagnet. However,
non-spin preserving reflection can still transfer angular momentum to the ferromag-
net, which results in effective spin-currents at the interface. In this model, the 5 pa-
rameters µF

c , µ
N
c , ~µs and their corresponding currents are determined through charge

current continuity and Eq. 6.13. It is intuitive to decompose Eq. 6.13 into parallel and
perpendicular spin currents. Collinear spin- and charge-transport is then determined
by:

Jc = G
(
µN

c − µ
F
c

)
+ PG~µs · ~m (6.15)

~J‖s =
(
PG

(
µN

c − µ
F
c

)
+ G~µs · ~m

)
~m (6.16)

Where we have defined an overall interface conductance G = G↑ + G↓ and interface
polarization P = (G↑−G↓)/(G↑+G↓). Unlike the 2-channel model, which has a single
fit parameter, two parameters P,G are present to model spin and charge transport in

7Generally for metals, the spin-diffusion length is slightly larger, or even in the order of, the mean-free
path making a diffusive description only just valid for transparent contacts[14].

8For an introduction, see also chapter 3, EIII of [27]
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devices. The perpendicular spin current consists of two components, related to the
real and imaginary part of the mixing conductance G↑↓:

~J⊥s = 2Re(G↑↓)~m × (~µs × ~m) + Im(G↑↓)~µs × ~m (6.17)

We ignore the imaginary part of the mixing conductance, because it is generally very
small[28]. In order to interpret how these equations govern spin transport, we con-
sider two simple examples. First, consider a charge current flowing through the F/N
interface. Eq. 6.15 shows a potential µN

c − µ
F
c develops across the interface, even

at P=0. In the presence of an interface conductance P, this potential induces a fi-
nite spin-current (Eq. 6.16) which causes a spin accumulation to occur in the non-
magnetic material pointing (anti-)parallel to the magnetization. This illustrates the
concept of spin-injection. Also, when a parallel spin accumulation is provided by
an external source to this interface, Eq. 6.15 shows a interface potential must build
up in the absence of charge currents if the interface polarization is non-zero. This
describes spin detection. The two processes combined describe collinear spin trans-
port in a (non-local) spin valve device. Whenever a perpendicular spin accumulation
is present at the F/N interface, this situation is different. If the mixing conductance
is zero, the interface is fully isolating ~J⊥s = 0 (Eq. 6.17), but in all other cases
a perpendicular spin currents will be drawn from the source of perpendicular spin
accumulation. In other words, collinear spin transport is governed by the interface
polarization and conductance P, G and perpendicular spin transport is determined by
the mixing conductance G↑↓.

The difference between collinear and perpendicular spin transport is largest when
we consider tunnel contacts. In this case G → 0, and no collinear spin currents will
occur as a response to a parallel spin accumulation which is present. The ferromag-
netic contact acts as a ’perfect’ probe because there is a spin-dependent potential drop
µF

c − µ
N
c = Pµs but no spin current. However, the mixing conductance depends on

non-spin preserving reflection of states at the interface and is generally not much re-
duced when going from transparent contacts to tunnel contacts. By tuning the angle
between the magnetization and the spin current, it is possible to tune the absolute spin
current which is drawn by the magnet. This property of tunnel interfaces makes spin-
transfer torque very efficient. An efficiency η can be defined by the spin current drawn
from parallel and perpendicular spin accumulations η=2Re(G↑↓)/(G↑ + G↓). Xia[28]
has calculated the conductances for the Co/Cu and Cr/Fe interface with and without
tunnel contacts. For transparent contacts, η ≈ 1.5 − 2 while for tunnel contacts it can
be up to 1010. This illustrates the increased efficiency when tunnel contacts are used.

In our experiment, we use transparent F/N contacts in the non-local spin valve
geometry and use small precession angles. In this case, the perpendicular spin current
should scale ∼linearly with the angle, such that the theory applied in section 6.2 is
valid. In the following, we propose the fabrication of an optimized Py/Cu/Py non-
local spin valve device. We show how we can relate the various measured quantities
to the P, G and G↑↓ parameters of the model.
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6.3.2 Proposed device

In order to demonstrate spin-transfer torque tuning of the Gilbert damping in a non-
local spin valve device, we need to consider a device in which the dimensions are
optimized such that the pure spin-current which is injected into a ferromagnet is
largest. At the same time, the ferromagnet needs to be small because the applied
spin-transfer torque scales inversely with the volume. Finally, at least four contacts
need to be present in order to probe the 4-contact resistance of the ferromagnet. Here,
we propose an optimized device which can be fabricated using our standard fabrica-
tion technique (appendix A) and allows to measure the effect we propose. The device
and a finite-element model calculation are shown in Fig. 6.4.

The device consists of two Permalloy (Ni80Fe20) ferromagnets of 1000x300x25nm3

(FM1) and 160x40x10 nm3 (FM2) size which are connected by a 60 nm thick Cop-
per ’fork’ (contacts 1,4) and several 30 nm thick gold contacts (contacts 2,3,5). A
spin current is injected into FM2 by sending a charge current I1−2. The non-local
spin valve signal is measured by probing the voltage V4−5 and scanning the collinear
magnetic field H0. This allows to obtain information about the size of the collinear
spin-currents, as we will show next. The resistance of FM2 is measured by sending
an additional (smaller) dc charge current Idc

1−3 and probing V4−5 such that a ferromag-
netic resonance experiment can be performed. The two current sources which are
used for spin-injection and FMR-detection share a common ground in this geometry.

We construct a finite-element model of the device using both the 2-channel model
and a model which uses non-collinear magnetoelectronic circuit theory (the non-
collinear model). The 2-channel model has one input parameter (PI) to fit measured
spin-valve signals while the non-collinear model has two (G, P). In order to overcome
this complication, we introduce an additional constraint. The background resistance
measured in the non-local theory is often thermoelectric in nature. However, when
the ferromagnets are very close to each other, the 2-channel model also provides a
good description of the measured non-thermoelectric background[29]. We use the
calculated background of the 2-channel model as input for the non-collinear model.
The non-local background resistance varies only slightly when the interface resis-
tance is varied (see Fig. 6.4b). We find that the background resistance of both models
correspond whenever the interface resistance 1/G is equal to the ferromagnetic spin-
resistance RF in the 2-channel model. We use this value in our following calculations.

In the non-local spin valve measurement, the spin-valve signal can be fitted to the
interface polarization P. Fig. 6.4c shows a calculated spin-valve signal versus the
interface polarization, which has a quadratic dependence. For the parameters used in
chapter 3, we can calculate a non-local spin valve signal of ≈ 5.5mΩ for this device
using the 2-channel model. This corresponds to the calculated non-local spin valve
signal in the non-collinear model when the interface polarization P = 0.3 which we
use in the following. In the non-collinear model, we now only have one parameter
left to quantify from experiment; the mixing conductance G↑↓. This parameter can
be quantified by determining the perpendicular spin currents from ferromagnet reso-
nance experiments where the angle and width of the resonance curves are tuned by
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Figure 6.4: Proposed device to study STT-induced Gilbert damping and calculation. a) Proposed
non-local spin valve geometry with plotted spin-accumulation (a.u.), calculated from non-collinear mag-
netoelectronic circuit theory. b) The calculated background resistance in a non-local spin valve measure-
ment as a function of the interface conductance G. c) The spin-valve signal as a function of the interface
spin-polarization. d) Spin-transfer torque current I⊥s as a function of the mixing conductance η=2ReG↑↓/G
when the two magnetizations are oriented perpendicular. e) Spin-transfer torque current as a function of
the angle θ between the magnetizations. f) The total spin current which flows through the F/N interface
as function of θ. Dashed lines indicate the results from the 2-channel model and expected η=1.5[28] for
transparent interfaces.
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spin-transfer torque. Fig. 6.4d shows a calculation of the perpendicular spin current
as a function of the mixing conductance η=2ReG↑↓/G when the magnetizations are
perpendicular. It shows that the perpendicular spin current slightly varies as func-
tion of the mixing conductance. A calculation of Xia[28] shows that for transparent
Co/Cu contacts, the mixing conductance η ≈ 1.5. This is indicated in the figure by
the dashed line. At this moment, the perpendicular spin current is about 5% of the
charge current sent through the device.

In our calculation, we implicitly assumed that the injected perpendicular spin-
current in a ferromagnetic resonance experiment I⊥s = ~m × ~I‖s × ~m scales with the
injected component of the spin current. Fig. 6.4e shows a calculation of the per-
pendicular spin current at small magnetization angles for various magnitudes of the
mixing conductance. We observe that it scales linearly with the magnetization an-
gle and that the dependence on η is weak. It is approximately equal to a prediction
from the parallel current in the collinear case, justifying the assumption we used. Fig.
6.4f shows that even for a fairly large mixing conductance, the spin current which is
emitted by FM1 is around 10% of the charge current, and is hardly influenced by the
magnetization angle. However, the total amount of spin current which is injected into
FM2 increases due to to large mixing conductance. It illustrates that the injection and
detection of spins is largely decoupled in a non-local spin valve device.

Using the expected parameters 1/G = RF , P=0.3 and η = 1.5, we calculate how
much the Gilbert damping can be tuned in ferromagnetic resonance experiments on
this device, and what signals we expect. Using the dimensions of FM2, we calculate
the critical switching spin-current (Eq. 6.10) to be Icrit

s =1.2 mA9. A fit on the ob-
tained perpendicular spin current at small angles (Fig. 6.4e) shows that the effective
parallel spin current used in the FMR modeling of spin-transfer torque is 4.4% of
the charge current. Device failure is limited by electromigration, which determines
the maximum charge current density (J ≈ 1012 A/m2) which can be sent through the
device. From the modeling, we see that we can send a maximum current of 4 mA
through the device which corresponds to a maximum parallel spin-current of 170 µA.
Using this information, we deduce that the effective Gilbert damping can be tuned by
a maximum of ≈15%.

The 4-point resistance of FM2 is 27Ω, which includes a 4Ω contact resistance. We
have calculated the spin-transfer torque tuning of FMR in Fig. 6.2 which assumed
very similar parameters. This shows the proposed geometry is very reasonable to
demonstrate spin-transfer torque induced Gilbert damping. We note that the non-
collinear model used here can also be applied to lateral spin valves which include
tunnel contacts with an increased efficiency. We use the analysis developed here to
study the experimental results on spin-transfer torque tuning of the Gilbert damping
in chapter 7.

9In this calculation, we used Ms=1T, α=0.15 and the demagnetization tensor calculated by 6.22, 6.23



6.4. On-chip thermal detection of ferromagnetic resonance 99

6.4 On-chip thermal detection of ferromagnetic reso-
nance

When the magnetization of a ferromagnet is brought into resonance, it absorbs energy
from the magnetic field to sustain the precessional motion. The continuous absorp-
tion of energy raises the temperature of the ferromagnet. In this section, we calculate
this heating, and propose the aimed detection of the generated heat from a nanoscale
ferromagnet by placing a thermocouple nearby. Because thermal conduction of heat
also occurs via the substrate, this thermocouple does not have to be electrically con-
nected to the ferromagnet. In theory, this measurement technique allows to detect
ferromagnetic resonance of even smaller ferromagnets then in the electrical detection
scheme of Costache[3], because it does not require multiple electrical contacts. In the
following, we first calculate the magnetic energy which is absorbed by a ferromagnet
when it is in resonance. Next, we calculate two examples using the thermoelectric
finite-element model10.

Energy absorption in FMR
We have calculated the ferromagnetic resonance properties of a single domain fer-
romagnet in section 6.2 by solving the LLG-equation. As sketched in Fig. 6.1, fer-
romagnetic resonance occurs because the Gilbert damping is canceled by precession
of the magnetization around the microwave-frequency magnetic field hµ. The power
which is dissipated when the magnetization is in resonance can be calculated from
the magnetic energy E in the magnet:

E = µ0( ~M · ~H) (6.18)

The power which needs to be drawn from the magnetic field in order to stabilize
the precessional motion in ferromagnetic resonance is equal to the rate of change
in magnetic energy dE/dt if there is no microwave magnetic field. For simplicity,
we first consider a ferromagnet whose short axis are equal t=w � l. In this case,
the precession is such that we can consider the cross section of the magnetization
and the easy axis, depicted in Fig. 6.5a. The rate of change in magnetization which
changes the magnetic energy is determined by the Gilbert damping. Note that the
precessional motion γM × H does not influence the magnetic energy. We assume the
magnetization precesses with angle θ and angular frequency ω around the magnetic
field H0. The frequency is determined by the Kittel formula (Eq. 6.5). The Gilbert
damping ~G = α~m × d~m/dt (s−1) tilts the magnetization towards the easy axis. This
changes the the magnetic energy contribution due to the static magnetic field M · H0,
but also that due to the demagnetization field M · Hd. The demagnetization field
Hd = −N⊥Mz is determined by the magnetization component in the ẑ direction and
the perpendicular demagnetization coefficient N⊥. We consider an ellipsoid shape for

10See chapters 2-5 or Bakker[29].
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the ferromagnet, in which case N⊥ ≈ 0.5. We assume that the Gilbert damping is
relatively small, such that we have an underdamped system. In this case, the largest
portion of dm/dt in the LLG equation is that due to precession dm/dt = ωMsŷ. Using
this expression in the Gilbert damping G, it is now straightforward to calculate the
dissipative power P = dE/dt of Gilbert damping:

P = αωµ0(H0 + 2N⊥Ms)Msθ
2 (6.19)

This power is the generated heat of a ferromagnet in resonance. It intuitively scales
with the Gilbert damping, frequency, the saturation magnetization and applied mag-
netic field. In a typical experiment, the short axes t,w are not equal, and we need
to consider elliptical precession. Therefore, we generalize the obtained result. In
case of an elliptical precession, the precession occurs on one axis with angle θ1 and
demagnetization factor N1 and on the other axis with angle θ2 and demagnetization
factor N2. The ellipticity is defined as ε = θ2/θ1 < 1. By the symmetry of the prob-
lem, the angle θ2(t) = θ2

A + ∆θ2 sin(2ωt) and effective perpendicular demagnetization
factor N⊥(t) = NA + ∆N sin(2ωt) have time-independent terms and time-dependent
terms which oscillate with frequency 2ω. Here we have defined an average squared
angle θ2

A and demagnetization factor NA and their differences ∆θ2,∆N. We are only
interested in the time-independent term in the power P(t). After a small calculation,
we obtain:

P|t−avg = αωµ0(H0 + 2ηMs)Msθ
2|t−avg (6.20)

Where there is an effective factor η which depends on the ellipticity of the precession:

η = NA −
1
2

∆N
1 − ε2

1 + ε2 (6.21)

The ellipticity is given by ε = |χL/χT |, and can be calculated from Eqs. 6.6 and 6.7
while the time averaged precession angle θ2|t−avg is given by Eq. 6.9. The demagneti-
zation factors can be estimated from those of a spheroid[16], which we will give here
for completeness:

Nt =
2
π

arctan
(

w
t

l
L′

)
(6.22)

Nw =
2
π

arctan
(

t
w

l
L′

)
(6.23)

Where L′ =
√

l2 + w2 + t2 and Nl = 1 − Nt − Nw. In a typical experiment Ms > H0
and t < w � l and we have a small ellipticity in which case we can obtain the simple
expression η ≈ t/w. We see that in order to maximize the dissipated heat, we need a
square (w = t) magnet11. We may use thermoelectric finite-element modeling to cal-
culate the actual heating of a ferromagnet, which is in general thermally connected to

11We note that in addition, the eigenfrequency of a square magnet is optimized in this case.



6.4. On-chip thermal detection of ferromagnetic resonance 101

M

θ

Hd

H0

x

z

G

σPt = 9  106 [S/m]
SPt = -5 [uV/K]
kPt = 70 [W/m/K]

f = 16.5 GHz
H0 = 150 mT
θ = 10°
η = 0.24

FM

NiCr Pt

cps

Si

SiO
10 um

a) b)

c)

Figure 6.5: Thermal detection of ferromagnetic resonance of a nanoscale magnet. a) Details of
the calculation. b) Example of a possible experiment which measures ferromagnetic resonance heating
of a 500x80x30nm3 Permalloy ferromagnet using a NiCr-Pt thermocouple which is electrically isolated
and thermally connected to a ferromagnet. The NiCr-Pt thermocouple is positioned 100 nm away from
the ferromagnet. A signal of ∆V=140 nV is expected to occur at the thermocouple for the resonance
parameters indicated in c). When the magnet is embedded into the thermocouple (not shown), this signal
increases to 480 nV.

the environment via the substrate and possible contacts. Such a model has been used
in chapters 2-5. In it, we can use the time-averaged power to calculate FMR heating
and the associated voltages. In order to do this, the equation for the continuity of the
heat currents is altered for the ferromagnet: ∆Q = J2/σ + P|t−avg. In the following,
we calculate an example in which we detect the heat with an on-chip thermocouple.

Thermal detection using thermocouples
The generated heat of a ferromagnet of which the magnetization is brought into res-
onance can be detected by a variety of means. For example, we may monitor the
resistance of a nearby piece of material which depends on the temperature of this
material[30]. In chapters 2-5 we have shown that using lock-in techniques, an on-chip
thermocouple can be very sensitive in detecting induced temperature differences12.
As an example, we calculate the thermoelectric voltage of a NiCr-Pt thermocouple
(∆S ≈ 25µV/K) due to the heat generated from a 500x80x30 nm3 Permalloy fer-
romagnet. The geometry is depicted in Fig. 6.5b. A 1µm wide short of a coplanar
waveguide/strip lies nearby to deliver large microwave frequency currents which gen-
erates the necessary microwave-frequency magnetic field. Near the maximum power
of a typical microwave source P = 20dBm, a charge current of 45 mA flows through
the short of a coplanar strip, which generates a microwave frequency magnetic field
of 6 mT. For the typical Py parameters α ≈ 0.015, Ms=1T we obtain precession
angles of hµ/2/αMs=10 degrees.

12See for example Fig. 4.5 in which the temperature resolution ∼ 100µK for a NiCr-Py thermocouple
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The substrate plays a crucial role in the detection of the heat. In microwave ex-
periments, usually an i-Si substrate of high purity (ρ > 103Ωcm−2) is used. Such a
substrate has nearly metallic thermal conductivity, which severely limits the heating
of the ferromagnet. Therefore, we use a substrate which has a 300 nm (thermally
grown) oxide that has a much lower thermal conductivity13. Using the typical reso-
nance parameters for this ferromagnet in Fig. 6.5c, we calculate that the ferromagnet
heats up by 20 mK which generates a thermoelectric voltage of VNiCr−Pt=140 nV. This
is above the noise limit in an experiment which modulates the microwave frequency
(a few nV). When we embed the magnet in the center of the thermocouple, this volt-
age increases to 480 nV due to the improved thermal conductance. The modeling
also allows us to determine other parameters in the experiment, such as the heating
of the coplanar short and the resulting thermoelectric background voltage. Due to
the small thermally conductivity of the Siliconoxide, the short heats up ∼100 degrees
which generates thermoelectric background voltages of ∼1mV. This is a large but not
uncommon background voltage. Double modulation techniques have been developed
to overcome the additional noise which is generated by this[3]. In theory, the heating
can be prevented by growing a selective oxide under the ferromagnet and thermo-
couple but not under the coplanar short. A calculation on a separate finite-element
model shows this reduces the background-heating and -voltage by a factor 10. From
AMR-rectification experiments, it is known that microwave currents of ∼0.1% of the
microwave current through the short are induced in our thermocouple. They are in-
duced due to inductive coupling of the measurement loop to the coplanar waveguide
and will generate a background of 500 nV at a typical induced microwave current of
10µA. This example shows it is possible to construct an experiment which detects
the heat from a ferromagnet brought into ferromagnet resonance using an on-chip
thermocouple.

6.5 Conclusion & Outlook
In this chapter, we have calculated the resonance properties of a ferromagnet under
the influence of spin-transfer torque. We have introduced the theory of non-collinear
magnetoelectronics[4] in order to describe the magnitude of the spin-currents which
are responsible for spin-transfer torque in spin valve devices. Using this theory, we
have proposed an experiment which quantifies the perpendicular spin currents in a
non-local spin valve geometry by the spin-transfer torque which is exerted on the
ferromagnetic resonance properties of a small ferromagnet. Although the perpendic-
ular spin-currents in this experiment were not very sensitive to the parameter which
quantizes them, the mixing conductance G↑↓, it allows to demonstrate the measure-
ment principle. The theory described here can also be used on lateral devices which
include tunnel junctions, which increases the efficiency of spin-transfer torque. In
principle, the technique can also be used to study how the magnetization dynamics
of spin waves are influenced by spin-transfer torque. However, the efficiency of this

13See also chapter 5, Fig. 5.5
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process would have to be optimized to make such an effect measurable. This can
be done for example by constructing multi-terminal pillar structures. In the remain-
der, we have proposed the aimed thermal detection of ferromagnetic resonance of
a nanoscale magnet using an on-chip thermocouple. While the signals are not very
large, a finite-element calculation shows that by using existing fabrication techniques
it is possible to measure the generated heat with a thermocouple which is not electri-
cally connected. By default, such a technique excludes any rectification effects which
can disturb sensitive measurements[3]. We note that this measurement technique can
be greatly enhanced by patterning semiconductors, of which the thermoelectric coef-
ficients can be >100 times larger[31]. It should then be possible to detect the FMR
heat of even smaller-shaped ferromagnets without the need for electrical contacts.

This experiment has recently been performed for an embedded ferromagnet[32].
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Chapter 7

Spin-Transfer Torque
experiments

In this chapter we describe our experiments aimed at demonstrating two concepts in-
troduced in the previous chapter: spin-transfer torque induced magnetization switch-
ing and spin-transfer torque tuning of the Gilbert damping in ferromagnetic reso-
nance experiments. Three Py/Cu/Py non-local spin valve devices have been fabri-
cated for this purpose, which includes a device in which one of the ferromagnets is
fully embedded in the non-magnetic material. Although we did not observe spin-
transfer torque induced magnetization switching, it was possible to selectively switch
the magnetization state from the parallel to antiparallel alignment and vice versa.
The exact origin of the switching remains unclear, but has likely to do with the pos-
sible creation of domain walls and the large current-induced magnetic fields. In the
end, we show the results on spin-transfer torque tuning of the Gilbert damping in a
non-local spin valve. By tuning the Gilbert damping, we could increase or decrease
the ferromagnetic resonance height and width by as much as 50%. We deduce that
the mixing conductance parameter 2Re(G↑↓)/G�1, illustrating that the perpendicular
spin current efficiency is larger then the parallel one.

7.1 Introduction
Spin-transfer torque is the torque exerted by a spin current injected into a ferromag-
netic material onto the magnetization of that material. Since torque is defined as the
rate of the change in angular momentum, spin-transfer torque is always the result
of the injected spins whose orientation is perpendicular to the magnetization. The
spins which are transported by a perpendicular spin current fully reflect of the ferro-
magnetic interface, and a finite probability exists that these spins rotate around the
magnetic field before they flip their spin. This change in angular momentum is ab-
sorbed by the magnetization, which thereby creates torque on the magnetization. The
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concept is sketched in Fig. 6.3 of chapter 6, where this effect is described in more
detail.

Spin-transfer torque has an influence on the damping process of magnetization
dynamics. When a strong spin-transfer torque is applied, it is possible to selectively
tune the damping of the magnetization in a spin valve device. In a typical perpen-
dicular spin valve, in which the various magnetic/non-magnetic layers are grown on
top of each other instead of patterned, this process can be used to selectively switch
the magnetization back and forth with large charge currents and read out with smaller
currents, a concept known as STT-RAM[1]. Charge currents always accompany the
spin-currents which switch the magnetization. This obscures the individual roles of
the charge and spin-currents in this process. Recently, it was demonstrated that this
process can also occur with pure (i.e. without charge) spin currents[2]1 in the non-
local spin valve geometry.

Here, we first show an example of a fabricated non-local spin valve which was
meant to demonstrate spin-transfer torque switching. Instead of spin-transfer torque
switching, another spurious effect occurred which switched the magnetization direc-
tion. We effectively created a magnetic memory element of similar functionality as
spin-transfer torque memory. The large charge currents induce magnetic fields and
possibly create magnetic domain walls which can switch the magnetization. This is
the more traditional form of magnetic memory, known by the collective name mag-
netoresistive random access memory (MRAM).

One of the key challenges of lateral devices in demonstrating effects of spin-
transfer torque is to maximize the applied torque. In order to do this, the injected
spin current needs to be maximal, but also the size of the ferromagnet in which we
inject the spin-current needs to be minimal (see Eq. 6.1). While most effort is always
directed on the former, we show an attempt in which we optimize the latter. For
this purpose, a non-local spin valve device was fabricated in which the size of the
ferromagnet is further reduced. This was done by using a single metallic contact to
connect the ferromagnet, instead of two. The ferromagnet is fully embedded in one of
the non-magnetic arms of a typical non-local spin valve. A voltage between this arm
and a reference arm is still sensitive to the to the magnetic configuration of the spin
valve. This detection circuit can effectively be seen as short-circuiting the traditional
FM2/NM detection circuit. It leads to a much smaller non-local spin valve resistance
at the gain of a larger effective torque we can apply.

In the final part, we show a device which successfully demonstrates the possibility
to tune the resonance properties of a ferromagnet by spin-transfer torque. We show
how a spin-transfer torque influences the resonance properties of a small ferromagnet.
From this resonance experiment we obtain a large amount of information about the
intrinsic parameters of the ferromagnet, but also of the contacts which connect the
ferromagnet.

1See also section 2.3 where this example is analyzed.
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7.2 A lateral magnetic memory device (MRAM)

Magnetoresistive magnetic memory (MRAM) has been in use in hard disks for decades.
In the common hard disk, a F/N/F spin valve is incorporated into the readhead which
is read out by monitoring the resistance of the spin valve. The spin valve has one fer-
romagnet with a fixed magnetization while the other magnetization has a low switch-
ing field. When the location of the spin valve is scanned over a magnetic disc, the
stray field of the magnetic domains switches the magnetic state of the spin valve in
the readhead. By recording the resistance as a function of location, the magnetic state
of the disc can be mapped. The read-head is typically made from a perpendicular
spin valve, i.e. where the layers are grown on top of each other such that the distance
between the magnets is minimal and the parallel-antiparallel resistance difference
maximal.

Here, we show the results of a lateral non-local spin valve which shows an effect
with similar functionality. In our experiment, we continually read out the magnetic
state of the non-local spin valve with a small current and send large current pulses
through the device in an attempt to switch the magnetization state. The fabricated
device and measurement geometry is illustrated in Fig. 7.1a. In series to the cur-
rent source which is used to monitor the non-local resistance of the ferromagnet, we
connected the pulsed current source, which is capable of sending 50µs short current
pulses of varying size through the device. The results from these pulsed experiments
are summarized in Fig. 7.1b. Prior to the measurements, the magnetic state of the
spin valve was first fixed in the parallel state of different orientations by applying a
large magnetic field. Thereafter, we attempted to switch the magnetization by send-
ing pulsed charge currents and monitored the non-local resistance afterwards. It was
possible to switch the magnetic state from parallel to antiparallel and back in both
prepared orientations, which is shown by the hysteresis loops of Fig. 7.1b. A fairly
large charge current of 10 mA was needed to switch the magnetization from the par-
allel state to the antiparallel state and vice versa.

The origin of the switching process can be deduced from the symmetry between
the prepared state and the sign of the charge current which is needed to make the
parallel-antiparallel transition. If the switching process is due to spin-transfer torque,
the charge current which is needed to make the parallel-antiparallel switch should
not depend on the prepared parallel state, because both the orientation of the injected
spin current and the magnetization of the ferromagnet in which is the spin current
is injected changes sign if both magnetizations reverse. However, in our experiment
we observe otherwise. Therefore, we can conclude the effect we observed is not
due to spin-transfer torque switching. By constructing a finite-element model of the
device, and doing the calculation of the previous chapter (Eq. 6.10), we find that
the current needed to switch the magnetic state due to spin-transfer torque is 20 mA.
This is consistent with the observation that the switching process cannot be due to
spin-transfer torque.

Fig. 7.1c shows the spin valve results for the sample with a thin (5 nm) and
thick ferromagnet (25 nm) FM2. The larger switching field at 25 mT increases by
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Figure 7.1: Results from a lateral MRAM device. a) Colored SEM picture of the fabricated Py/Cu/Py
device. a 1000x300x20 nm3 ferromagnet FM1 is connected to a 150x50x5 nm3 ferromagnet FM2 by a
100 nm wide copper ’fork’. The yellow contacts are made of gold. b) Measurement of the non-local
spin valve signal RNLS V @ 4K as a function of 50µs long current pulses Ipulse. Prior to the measurement,
the magnetization were brought into different parallel states, after which the pulse intensity was varied in
the indicated scan directions. c) The non-local spin valve signal of two different devices where only the
thickness of FM2 was varied.

more then a factor two to 70 mT when the the second ferromagnet is thinner, making
the identification of both switching fields unambiguous. One possibility to switch
the magnetization of FM2 is by the magnetic field the charge current induces. The
finite-element model allows to calculate that at a current of 10 mA which we send
through the device, a magnetic field of approximately 9 mT is created in the middle
of FM2. Because this value is smaller then the switching field of FM2, we rule out
switching of FM2 by magnetic fields. It is possible that somehow FM1 switches by
current-induced magnetic fields since its switching field is considerably lower. How-
ever, from experiments on many different samples in the same batch, we found that
the switching currents are only slightly (∼1-2 mA) lower then the current at which the
sample is destroyed. Also, the current which flows through FM1 is very large; gen-
erally larger then the electromigration limit (>1012A/m2). We therefore believe the
switching occurs by some combination of domain-wall creation induced by the large
charge currents and magnetic-field/charge current induced domain-wall motion[3].
This example shows that it is not sufficient to demonstrate only one hysteresis loop as
evidence for spin-transfer torque switching[4]. Both parallel states should show sim-
ilar behavior[2]. The magnetic fields in the device should be carefully considered, as
well as that the current density is low enough such that the experiment does not enter
the domain where it is possible to create current-induced domain walls.
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Figure 7.2: Non-local spin valve device with an embedded magnet. a) colored SEM picture of the
device. a 15 nm thick Ferromagnet FM1 is connected to a 40x200x10 nm3 ferromagnet FM2 by a 30 nm
thick copper ’fork’. Ferromagnet FM2 is fully embedded in the copper. The spin valve signal is sensed in
the normal manner, but now we have effectively created a short cut in our detection circuit. The copper
needs to be thin to increase the short resistance of the copper. b) The measured non-local spin-valve of 70
µΩ is smaller then the calculated 200 µΩ from a 2-channel diffusion model.

7.3 Non-local spin valve device with an embedded mag-
net

In order to demonstrate spin-transfer torque switching, the applied torque needs to
maximal. This implies that we need to maximize the spin current which is injected
and at the same time minimize the size of the ferromagnet. In a usual non-local spin
valve, two contacts are present on the switching ferromagnet. One contact serves
as a reference, and supplies the spin-accumulation which is converted to a voltage
difference over the interface. The other contact senses this voltage. Because two
contacts are present, this puts a constraint on the minimal size the ferromagnet can
have, and therefore on the efficiency of spin-transfer torque.

Here, we show an altered non-local spin valve geometry which does not have this
constraint. The fabricated device and resulting non-local spin valve measurement is
shown in Fig. 7.2. The device is very similar to the device of the previous section
(Fig. 7.1), except that the V+ and V− contacts are effectively short circuited. The
ferromagnet is completely embedded into a copper contact. This will reduce the
magnitude of the non-local spin valve signal but can increase the torque significantly.

By creating a finite-element model of the 2-channel diffusion model, we calculate
that the spin-valve signal for the device should be 200 µΩ. In our measurement, we
observed a spin-vale signal of 70 µΩ, which is somewhat smaller. We speculate this
is either due to the exact effective contact resistance, which is likely to be poorly
estimated by the 2-channel model, or the uncertainty in the thickness of the copper,
which has a large influence on the effective short-circuit resistance. Unfortunately, the
small thickness of the copper prohibits us from sending large charge currents through
the device. Therefore, this device was not suitable for spin-transfer torque switching
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experiments.
We have also fabricated a device which is similar in design, but has a very small

ferromagnet FM2 of 80x35x10 nm3. The calculated spin-transfer torque switching
current of this ferromagnet is very small due to its reduced volume (I=3 mA) such
that it should be possible to switch it. Unfortunately, the non-local spin valve signal
was buried in the noise (< 10 µΩ) such that it was impossible to detect the magnetic
state and verify this by non-local spin valve measurements. We calculated the non-
local spin valve signal in this case to be 40 µΩ.

This experiment shows it is possible to detect the magnetization state of a fer-
romagnet which is fully embedded in the non-magnetic material. A more complex
fabrication technique which for example selectively etches part of the copper on top
of the ferromagnet should be able to increase the maximum current which can be sent
through the device as well as the non-local spin valve signal.

7.4 STT induced Gilbert damping in a FMR experi-
ment

In the previous chapter, we have introduced an experiment which allows to quantify
spin-transfer torque in a non-local spin valve by its effect on ferromagnetic resonance
experiments. Here, we show the results of such an experiment where we fabricated
and measured a dedicated device. In the experiment, the non-local spin valve geome-
try is used to inject pure spin currents into the ferromagnet of interest. This ferromag-
net is brought into resonance by an externally applied H0 and microwave frequency
magnetic field hµ. The resonance angle and width depends on the applied microwave
magnetic field and the Gilbert damping of the ferromagnet. In the experimental ge-
ometry we propose, the injected perpendicular spin current induces a spin-transfer
torque which points collinear to the Gilbert damping, which allows us to tune the res-
onance angle. We detect the resonance angle by measuring the change in resistance
of the ferromagnet. This change is due to the anisotropic magnetoresistance effect,
which describes that the resistance of a ferromagnet depends on the angle between
the magnetization and charge current. In section 6.3 we proposed the fabrication of a
specific non-local spin valve device which should be able to demonstrate this effect.
We have fabricated a very similar device, of which a SEM picture is shown in Fig.
7.3a.

The non-local spin valve device consists of two ferromagnets: one large and one
small. They are connected to each other by a copper ’fork’. The large ferromagnet
is of slightly different dimension then proposed, in order to ensure well-separated
resonance fields. A spin current can be injected into FM2 by sending a charge current
IS TT from contact 1 to 2 and the magnetization state can be detected by the non-local
voltage V4−5. The non-local spin valve signal which has been measured is shown in
Fig. 7.3b. This illustrates the possibility to inject spin currents into the magnet.

The resistance of ferromagnet FM2 is probed by sending an additional dc charge
current Idc from contact 1 to 3 and probing the voltage V4−5. Here contact 1 is used
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Figure 7.3: Spin-Transfer torque tuning of the Gilbert damping in a ferromagnetic resonance ex-
periment. a) Colored SEM picture of the fabricated non-local spin valve. A spin current is injected into
a 190x45x7 nm3 ferromagnet FM2 by sending a charge current IS TT . The resistance of FM2 is probed by
sending a dc charge current Idc and measuring the voltage V4−5. b) The measured non-local spin valve
resistance. c) Ferromagnetic resonance curve of FM2 at various charge currents IS TT . The red lines are
Lorentzian fits. d) Resulting width and height of the resonance curves in b). They are determined from the
Lorentzian fits. The red lines shows the result of a least square fit of all data to Eq. 6.5 where the only free
parameter is the spin current in the Slonczewski term. The other parameters are determined from the curve
at IS TT =0 (hµ) and the ferromagnetic resonance experiment which is described in figure 7.4.
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as a common ground for both current sources. In our experiments, the collinear mag-
netic field is scanned and the microwave frequency magnetic field is modulated in
intensity. We were able to use this modulation technique instead of microwave fre-
quency modulation[5] because we use an i-Si substrate instead of a mildly doped
n-Si. This reducing heating effects and the typical noise which accompanies it. This
can also be observed in the background voltage, which reduces from hundreds to a
few µV. For each resonance curve, we have varied the microwave frequency ω/2/π
and the current IS TT which induces spin-transfer torque.

Fig. 7.3c shows our principal results on how the resonance properties of the
small ferromagnet changes under the influence of different currents IS TT . We observe
that both the height and width clearly change under the influence of an injected spin
current, which is a trademark of spin-transfer torque induced Gilbert damping. The
measured signals are of Lorentzian shape. Fitting them with a Lorentzian function,
we find the width (FWHM) and height of the different curves, which are shown as a
function of the spin-transfer torque current in Fig. 7.3d. We see that the resonance
width can be tuned from 7.8 to 5.5 mT while the height of the resonance curve can
be tuned from 260 to 580 nV by applying IS TT± 1.5 mA of charge current. Both fea-
tures change consistently with an applied spin-transfer torque, i.e. when the height
increases, the width decreases. In the following, we will use the analysis method de-
veloped in the previous chapter to determine the injected perpendicular spin currents
and thereby the mixing conductance G↑↓ of the Py/Cu interface.

7.4.1 Resonance curve analysis

By fitting the obtained voltages with Eqs. 6.2 and 6.9 it is possible to extract the
perpendicular spin currents which are injected. However, this equation has a large
number of parameters. We limit these by first determining the resonance parameters
of the ferromagnet in a separate experiment. In this experiment, we examine how
the ferromagnetic resonance curves change as a function of the used microwave fre-
quency ω/2/π in the absence of spin-currents. The results from this experiment are
shown in Fig. 7.4. Fig. 7.4a shows the measured resonance curves as a function of the
used frequency. The curves are fitted with Lorentzian functions in order to accurately
determine the observed resonance field. For our ferromagnet, the observed resonance
fields versus frequency is shown in Fig. 7.4b. By fitting the Kittel formula (Eq. 6.5)
to this data, it is possible to obtain the saturation magnetization Ms and the (diagonal)
demagnetization tensor N̄ of the ferromagnet. For a typical bar ferromagnet, we can
assume that the demagnetization field Hd=-N̄ ~M points mainly out of plane, only has
a small component in the width direction and is negligible along the length of the fer-
romagnet. Using Eqs. 6.22-6.23, it is possible to directly calculate these components
of the diagonal demagnetization tensor Nt=0.90, Nw=0.096. The actually fabricated
shape of the ferromagnet can slightly vary. Therefore, we fit our data to the Kittel
formula with only two free parameters Nt and Ms, where we assume Nw=1-Nt. We
determine the saturation magnetization of the ferromagnet to be Ms=0.78 T and the
demagnetization Nt=0.88 using a least square fit. The saturation magnetization is sig-
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nificantly lower then the usually observed Ms=1 T[5] for Permalloy while the found
demagnetization parameter is reasonable. We note that using a small anisotropy field
does not influence this result significantly2. For completeness, the calculated reso-
nance field of FM1 is also shown, where we have used its specific demagnetization
parameters. This shows it is well separated.

Using the saturation magnetization and demagnetization parameter, we can fit all
curves in Fig. 7.4a directly to the expected voltage signal of Eq. 6.2, in which the
time-averaged square angle θ2 is given by Eq. 6.9. The free parameters in this fit are
a curve dependent microwave magnetic field hµ and a Gilbert damping constant for
all curves. We find a mildly varying hµ ≈ 2 mT with a Gilbert damping α = 0.011,
consistent with what has been found before[5]. In order to calculate this, we needed
the 4-points resistance of the ferromagnet, which we obtain from finite-element mod-
eling to be 35 Ω, and the anisotropic magnetoresistance of Permalloy: ∆R/RFM = 1%.
The small variation in microwave magnetic field is due to small frequency-dependent
reflections in our microwave circuit. We can also calculate the expected microwave
magnetic field directly from the microwave power send through the coplanar short[6].
Sending a microwave power of 9 dBm towards the short of a coplanar-strip, we cal-
culate that a microwave-frequency charge current of 25 mA flows through the short.
This gives a microwave magnetic field of 2 mT at 1 µm distance from the short, illus-
trating that the microwave losses of the constructed waveguide on our i-Si wafer are
very small.

We now have all the parameters which determine the calculated voltage signal Eq.
6.2 in the absence of perpendicular spin currents. Using this information, we are now
able to fit the resonance curves where perpendicular spin currents are injected. In this
experiment, we have used a somewhat lower microwave power of 3 dBm. First, the
curve at IS TT =0 is fitted which gives us a smaller microwave magnetic field hµ = 1
mT, consistent with the 6 dBm reduction in microwave power. We consider two fitting
procedures. In the first procedure, we fit each curve with an individual spin current
coefficient β in a least square method. The results from this fit are shown in Fig. 7.3c.
This shows the curves can be fitted accurately with the spin-transfer torque parameter
β. A small curve-dependent additional magnetic field HS TT <0.5 mT was also used
in the formula to improve the fits. These are due to the magnetic fields induced by
the large charge current IS TT . The curves corresponds to spin currents Is = (180, 13,
0, -5, -53) for IS TT = (-1.5, -1, 0, 1, 1.5) mA. We define a ’collinear’ spin injection
efficiency ν = Is/IS TT . Here Is = I⊥/ sin(θ) is defined as a perpendicular spin-current
projection on the easy axis of the ferromagnet. A linear fit gives a collinear spin
injection efficiency ν= 6.5%. This least square procedure fits the height of the curves
more accurately then the width. We find that the error in this fit is large, which is
possibly caused by the stray fields of the charge current IS TT which can tilt the average
magnetization. When we observe the height and width of the curves individually in
Fig. 7.3c, it can be seen that the width behaves more linear with the applied current
IS TT . Therefore, we also used a least square fitting procedure which fits all curves

2A typical anisotropy field of ±20 mT changes Ms by ± 0.05 T and Nt by ± 0.02.
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Figure 7.4: Further ferromagnetic resonance experiments. a) Ferromagnetic resonance curves as a
function of microwave frequency. The red lines are Lorentzian fits to the data. b) The resonance fields
versus the microwave frequency. The red line shows a fit to the Kittel formula (Eq. 6.5) from which we
obtain the saturation magnetization and demagnetization field. The green line represents the calculated
resonance fields for FM1 which shows the resonances are well separated. For FM1 we used Ms = 1T and
demagnetization parameters from Eqs. 6.22-6.23). c) Repeating the Lorentzian fits of a) with Eq. 6.2
where we use the obtained parameters from b), we determine the variation in microwave magnetic fields.

simultaneously by a single parameter ν. The width and height obtained from these
fits are plotted in Fig. 7.3d. From this procedure, we find a slightly smaller value ν=
5.6%. The width of the curves are very well fitted, while for the height the trend and
size is well described. We will use this value in our further analysis.

Using the parameters we have determined from our experiment, we can calculate
(Eq. 6.10) that a spin current Is = 480 µA is needed to switch the magnetization of
FM2. At the charge currents IS TT = ±1.5 mA and the obtained efficiency ν, we find
that we were able to apply an effective spin-transfer torque which is ≈18% of the
critical current. This means it was possible to tune the effective Gilbert damping of
the ferromagnet by ≈18%.

7.4.2 Ferromagnetic/Non-magnetic interface

By constructing finite-element models of the device, it is possible to relate our re-
sults directly to the quantum-mechanical transmission and reflection properties of
the ferromagnet/non-magnetic interface. How this can be done has been described
in section 6.3. In order to do this, we have constructed a finite-element model of
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the fabricated device. As input, we use the model parameters of the previous chap-
ter, i.e. an interface resistance 1/G equal the ferromagnetic square resistance of the
2-channel model λF/σF with an interfacial spin polarization which is fitted to the
measured non-local spin valve and the measured conductivities σcu = 4.26·107S/m,
σPy = 4.32·106S/m and copper relaxation length λcu = 350 nm.

The spin-polarization of the interface is obtained by fitting the measured to the
calculated spin-valve signal by varying the interface polarization P. We find that the
spin valve signal of 2.2 mΩ fits to a spin polarization P = 0.23, which is somewhat
lower than the usually found equivalent P = 0.33. From the model we obtain that
the parallel spin current which is injected into FM2 is around 2.6% of the charge
current IS TT . When η → ∞, the perpendicular spin current is around 3.8% when
the magnetizations are perpendicular to each other. Both values are lower then the
obtained spin injection efficiency of 5.6% in our spin-transfer torque experiment.

Possible reasons for this discrepancy can come from the various assumptions we
used in our analysis. It is likely that the size of the ferromagnetic is smaller than
designed, because our experiment is performed in air. It is known that if Permalloy
is exposed to air, a small oxide forms on the which is non-magnetic. In this case,
our FMR analysis overestimates the volume of FM2. The modeling then overesti-
mates the injected perpendicular spin current. If we assume a typical oxide of 2 nm is
present, the obtained perpendicular spin current reduces from 5.6% to ≈4%. Also, we
use Argon ion-milling in our fabrication procedure to remove the oxide which grows
on top of the Permalloy, such that we obtain ohmic contacts[7]. It is known that
this procedure reduces the measured spin-valve voltages considerably[2, 8]. In the
model, this is taken into account by a reduced spin injection and detection efficiency,
characterized by the overall bulk or interfacial spin polarization. It is currently not
understood what physical process is exactly responsible for this reduction. It can be
due to the creation of spin scatterers at the interfaces or an increase in surface rough-
ness, which increases the effective area. Because our spin valve is non-symmetric,
it is possible that such an effect is not equally affecting the spin injection and detec-
tion mechanism. If the spin injection is larger then we assume, it is possible that the
perpendicular spin currents are also larger then we calculate from the modeling.

The above reasons makes it hard to quantify the mixing conductance parameter
η = 2Re(G↑↓)/(G↑ + G↓) of our Permalloy-Cu interface. However, we can safely
assume that it is large η � 1, because the observed effect is larger then we calculate
for η → ∞. In order to obtain a more accurate prediction for η, the exact thickness
of the layers needs to be monitored and the origin of the reduced spin-valve signals
needs to be determined.

3The interfacial equivalent we have derived in chapter 6 where the non-collinear and 2-channel models
were compared. It is known that for thin ferromagnets, the measured signals are underestimated, see also
the description of the non-local spin valve of Yang[2] in chapter 2.
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7.5 Conclusion and Outlook
In this chapter we have shown the results from three fabricated non-local spin valve
devices which were aimed at demonstrating spin-transfer torque switching and spin-
transfer torque induced changes in ferromagnetic resonance. While we did not suc-
ceed in demonstrating spin-transfer torque switching, we did demonstrate an experi-
ment in which the magnetization state could be programmed by sending large charge
currents through the device. The origin of the switching process remains unclear,
but has likely to do with the electrical creation and movement of magnetic domains.
The critical current which could be sent through this device was twice as low as the
threshold for spin-transfer torque switching. In the following we have shown a sep-
arate non-local spin valve device where the reduced dimensions of the ferromagnet
can be used to increase the effective spin-transfer torque. With further optimization
in the device geometry and selective etching techniques, this device can be used to
demonstrate spin-transfer torque switching without more elaborate techniques such
as shadow deposition[2, 7].

In the final part, we have shown a device that successfully demonstrated spin-
transfer torque tuning of the Gilbert damping by pure spin currents. An analysis
shows that it was possible to tune the Gilbert damping by as much as 18%. We have
shown that by using ferromagnetic resonance experiments in combination with mea-
sured spin valves in the same devic,e it is possible to obtain a large amount of informa-
tion about the bulk properties of the ferromagnet, but also of the ferromagnetic/non-
magnetic interfaces.

We note that the techniques demonstrated in this chapter can also be used to study
the properties of other ferromagnet/non-magnetic interfaces. For example, in case of
a non-local spin valve with tunnel barriers the perpendicular spin currents are greatly
enhanced. In such a device, the injection process is not limited by the conductivity
mismatch problem[9] but also the injected spins cannot enter the detecting ferromag-
net. The injected spin current into this ferromagnet is purely due to perpendicular
spins which reflect of the interface. This further enhances the spin injection process.
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Chapter 8

Paramagnetic spin-torque
oscillator

When electron spins are injected uniformly into a paramagnetic disc, they can precess
along the demagnetizing field induced by the resulting magnetic moment. Normally
this precession damps out by virtue of the spin relaxation which is present in param-
agnetic materials. We propose a new mechanism to excite a steady-state form of this
dynamics by injecting a constant spin current into this paramagnetic disc. We show
that the rotating magnetic field generated by the eddy currents provide a torque which
makes this possible. Unlike the ferromagnetic equivalent, the spin-torque-oscillator,
the oscillation frequency is fixed and determined by the dimensions and intrinsic pa-
rameters of the paramagnet. The system possesses an intrinsic threshold for spin
injection which needs to be overcome before steady-state precession is possible. The
additional application of a magnetic field lowers this threshold. We discuss the fea-
sibility of this effect in modern materials. Transient analysis using pump-probe tech-
niques should give insight in the physical processes which accompany this effect.

8.1 Introduction
The ability of magnets to inject spin polarized currents into non-magnetic materials
has been at the center of research for decades[1]. Not long after the discovery of
the Giant Magnetoresistance effect[2], it was proposed that when spin currents are
absorbed in magnetic materials it transfers angular momentum to the magnetization
and can excite magnetization dynamics[3, 4]. In the previous decade, it was subse-
quently demonstrated that this can lead to a tunable magnetization precession[5–9]
or it can switch the magnetic state of a nanoscale magnet[10–12]. The former is also
known as the spin-torque oscillator.

For the spin-torque oscillator it is typically assumed that all spins in a ferromag-
netic disc are strongly coupled together leading to a uniform magnetic moment. The
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Figure 8.1: Conceptual diagram. a) An out-of-plane spin current ~Is is injected into a paramagnetic
disc. b) The injected out-of-plane spin accumulation ~µz creates a demagnetization field ~Bd along which
any naturally present ~µ|| precesses. This precession creates a magnetic field ~Be owing to the eddy currents
which can tilt the spin accumulation ~µz in-plane. The effect is enhanced by the application of a static
magnetic field Ba. c) Sketch of the eddy current density in the (spheroid) disc when a changing uniform
spin accumulation is present.

torque which is induced by injecting an out-of-plane spin current into this disc in-
duces oscillations of the magnetic moment. In this article we propose the paramag-
netic analogue of this spin-torque oscillator. The concept is shown in Fig. 8.1. Like
the ferromagnetic version, it consists of a disc, but this disc is now paramagnetic.
Similarly, a spin current ~Is is injected which points out-of-plane. Instead of relying
on the torque which is provided by the spin-current through exchange interaction with
the ferromagnetic moment, the torque is now generated by the magnetic fields from
the eddy currents which oppose the magnetization dynamics.

To minimize the energy from a uniform magnetic moment present in a disc a
demagnetizing field ~Bd appears. By virtue of the shape of the disc this field points
mainly out-of-plane. In the spin-torque oscillator, the ferromagnetic moment pre-
cesses around this field such that we can have a tunable magnetization precession.
If the injection of spins is uniform throughout the disc and the diffusion fast, a de-
magnetizing field can still exist. Any possible1 in-plane spin accumulation ~µ|| also
precesses around this demagnetizing field. Normally this precession is damped by
virtue of spin relaxation.

We propose here a mechanism to create a steady-state precession of this in-plane
spin accumulation. When the in-plane spins precess with high frequency, the para-
magnetic system tries to oppose the large change in magnetic moment by inducing
circulating eddy (or Foucault) currents. These circulating currents produce a mag-
netic field ~Be ∼ ωµ|| itself in the opposite direction of the change in magnetic mo-

1For example thermally excited
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ment, which lags 90 degrees phase with respect to the in-plane spin accumulation.
The out-of-plane spin accumulation ~µz can precess around this magnetic field in the
direction of the in-plane component. This effectively cancels the relaxation of the
in-plane spins leading to a steady-state precession.

Owing to the physical nature of this process, an intrinsic threshold exists. This
can be understood as follows. The amount of in-plane spins which relax per unit time
is given by µ||/τ where τ is the spin relaxation time. This needs to be compensated
by a factor ∼ ~Be × ~µz ∼ ωµzµ|| which also scales with the in-plane spin accumulation
µ||. A steady-state precessing spin accumulation ~µ|| can only exist when the out-of-
plane spin accumulation µz reaches a certain threshold value µz ∼ 1/τω determined
by the precession frequency and spin relaxation time. When the out-of-plane spin
accumulation µz is lower than this threshold the precession simply damps somewhat
slower then expected from pure spin relaxation alone. When it exactly matches, the
in-plane spin accumulation is stable and precesses at a fixed frequency. By applying
an additional magnetic field Ba the precession frequency is enhanced which lowers
this threshold. In this case the precession frequency ω=gµb/~ (Bd+Ba) is determined
by the demagnetization field Bd and an applied field Ba.

8.2 Eddy Fields

In the following, we will calculate the intrinsic threshold in the injected spin current
Is of this process. In order to do this, we first calculate the eddy currents which
arise in a paramagnetic disc when an uniform change in spin accumulation ∂~µ||/∂t
is present. When a paramagnet is exposed to a changing magnetic field, circulating
currents appear in the material to oppose this change. This process is governed by
Faraday’s law of induction which states ∂~B/∂t = −∇ × ~E, where ∂~B/∂t is the change
in magnetic field and ∇ × ~E is the curl in electric field which is generated. Assuming
a steady-state precession of ~µ|| with frequency ω, the change in magnetic field the
disc is exposed to is: ∂(µ0 ~M)/∂t = Ceωµ||, where we defined a material constant
Ce = 1

4 gµbµ0NF[13, 14]. Here g is the electron g-factor, µb the bohr magneton, µ0 the
vacuum permeability and NF the density of states at the fermi level.

The electric field is determined using charge current continuity along the +x and
+z axes (see Fig. 8.2), assuming a uniform Ceωµ||. The electric field becomes ~E =
Ceωµ||

t
d + d

t

(
d
t z, 0,− t

d x
)
[15]. Using the current density ~J = σ~E, with σ the conductivity

of the paramagnetic material, we can then obtain the magnetic field from the Biot-
Savart law: ~B(~r0) =

µ0
4π

∫ ~J×(~r−~r0)

|~r−~r0|
3 d~r where the integration is over the volume of the

paramagnet. This integral can be evaluated analytically at the center of the spheroid
when we assume d>10t. The magnetic field at the center of the disc is given by:

~Be =
1
8
µ0σCedtωµ|| (8.1)

This field at the center of the conductor scales with the conductivity of the material,
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Figure 8.2: Axis definition eddy fields. a) The disc is approximated by a spheroid with diameter d and
thickness t. b) The in-plane spin accumulation µ|| initially points in the x (or ||) direction while c) ∂µ||/∂t
points in the -y (or ⊥) direction. The eddy currents arising in the xz plane are also illustrated.

the area which is exposed to the changing magnetic field and the precession frequency
ω.

8.3 Theory
In the following, we assume the paramagnetic disc is characterized by a uniform spin
accumulation ~µ =

(
µx, µy, µz

)
and feels a uniform eddy field ~Be as defined by Eq.

8.1. The dynamics of the spin accumulation ~µ(t) can be described by the following
equation[13, 14]:

d
dt
~µ(t) = −

~µ(t)
τ

+ ~ωB × ~µ(t) + ~Is(t) (8.2)

Where ~ωB = gµB~B is the Larmor frequency determined by the g-factor and the
magnetic field. This equation describes the temporal evolution of spin accumulation.
It is determined by spin relaxation ~µ(t)τ−1, precession ~ωB × ~µ(t) and an external spin
injection source Is(t) in units of power. We have ignored the spin pumping term
previously used[13] as well as diffusion. Spin pumping can be shown to be of minor
importance since any rotating magnetic fields are only consequences of the effect we
describe here and are not directly relevant for the effect itself.

The system of Fig. 8.1 is solved by injecting a spin accumulation ~Is = µsτ
−1ẑ

in the disc with µs the spin accumulation which would be present in the absence of
all magnetic fields. We search for solutions of a steady-state precessing in-plane spin
accumulation ~µ =

(
µ|| cos(ωt), µ|| sin(ωt), µz

)
. We find our solutions in the rotating

reference frame[13] where the frame rotates with frequencyω along the z-axis. In this
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case, the solutions we try to find are static ~µ =
(
µ||, 0, µz

)
such that d

dt~µ=0. However,
an additional term ~ω×~µ needs to be added to the left side of Eq. 8.2 with ~ω = (0, 0, ω)
defined as the rotation frequency vector of the frame.

The Larmor frequency is determined by the demagnetization field present in the
disc as well as the eddy field and is dependent on the spin accumulation ~µ present in
the disc. The demagnetization field Bd = − 1

4 gµBµ0NFN· ~µ of a spheroid disc is de-
termined by the magnetic moment present in the disc and the demagnetization tensor
N. The demagnetization tensor for a spheroid disc is diagonal with N⊥ on the out-of-
plane component and N|| on the two in-plane components[15] with N⊥+2N||=1. For
a very thin spheroid N⊥ ≈1.

In the absence of an applied magnetic field, the in-plane components of Eq. 8.2
can be solved. They provide us the precession frequency and the spin accumulation
in the z direction. Using these expressions, the out-of-plane component of Eq. 8.2
provide us the condition for the injected spin accumulation µs and the in-plane spin
accumulation. We find the following solutions:

µz = −
Cz

NF
√
στdt

> µs (8.3)

µ|| = µz

√
µs

µz
− 1 (8.4)

ω =
Cω
√
στdt

(8.5)

These three equations are our principal result. The absolute spin current we inject
Is=µsτ

−1 needs to be larger then the out-of-plane threshold spin current Ithresh= µzτ
−1.

The additional spin current Is-Ithresh which is injected simply increases the size of

the in-plane spin accumulation. Here Cω =

√
8(N⊥−N||)

µ0
and Cz =

√
128~

g2µ2
Bµ

1.5
0

√
N⊥−N||

are two shape-dependent constants. Both the frequency and spin accumulations are
inversely dependent on the square root of the conductivity, spin relaxation and area
of the spheroid.

The threshold for injected spin accumulation can be lowered by applying an ex-
ternal magnetic field Ba in the out-of-plane direction. This way, the precession fre-
quency increases and therefore the eddy current induced magnetic field (Eq. 8.1) as
well. When the Larmor frequency of this field ~ωa = gµBBa is much larger then the
intrinsic precession frequency defined in Eq. 8.5, the precession frequency is equal
to the Larmor frequency ω = ωa. We can then calculate the new threshold value:

µz = −
Ca

NFστdtBa
> µs (8.6)

This threshold value for spin injection scales inversely with the applied magnetic field
as well as the previously obtained scaling parameters. Here Ca = 32~2

g3µ3
Bµ

2
0

is another
constant. The in-plane spin accumulation remains defined by Eq. 8.4.
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8.4 Discussion

In the following, we wish to determine how feasible this effect is in several known
spin systems. The effect becomes feasible in a certain material whenever the amount
of spins which can be injected in the system is large enough. This amount is generally
determined by a maximum spin injection density Jm (spins m−2 s−1) and the area of
the disc. This allows us to define a feasibility parameter P f = Imax/Itresh. Here
Imax=JmA is the maximum amount of spins per second which can be injected in the
disc and Itresh = 1

2 NFµz/τV the threshold value (spins s−1) for spins which need to be
injected before this effect becomes feasible. Here V and A are the volume and area
of the disc. Whenever this value is larger then 1, steady-state precession becomes
possible and the effect can occur for a given material and spin injection mechanism.
In the absence of an external field this parameter becomes:

P f = C f
√
στ1.5Jm

√
d
t

(8.7)

This parameter is sensitive to the conductivity, spin relaxation time and the maximum

spins you can inject per unit area. Here C f =
3g2µ2

Bµ
1.5
0

√
N⊥−N||

√
128~

is yet another shape-
dependent constant. When an external magnetic field Ba is applied this parameter
becomes:

P f a = C f aστ
2JmdBa (8.8)

Where C f a =
3g3µ3

Bµ
2
0

128~2 is a constant. In this case, the feasibility of the effect is even
more dependent on the material parameters as well as somewhat on the size of the
disc and the magnetic field applied. We will use these parameters in the following
discussion to judge the feasibility of our effect in different materials. But before we
do this, we will first discuss the boundary conditions of our experiment and possible
detection mechanisms.

In our analysis, we assumed a uniform spin accumulation in the disc. When we
inject spins from the top or bottom of the disc, they need to diffuse in the out-of-plane
direction to obtain this situation and feel the demagnetization field. This implies a
maximum thickness for the disc in the order of the spin relaxation length λ =

√
Dτ

with D the diffusion constant of the material. In addition, we rely on the effect of eddy
currents, for which a diffusive transport theory applies. The disc should therefore also
have a minimum thickness larger then the mean free path. These requirements give
the disc well defined dimensions.

Both the conductivity and the spin relaxation time should be large for the material
considered. In practice, the spin relaxation time is limited by the amount of scattering
events in a material and often scales inversely with the amount of carriers present in a
material. On the other hand, the conductivity scales directly with the amount of car-
riers present making it difficult to find materials which have both a large conductivity
and a high spin relaxation time.
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Figure 8.3: Possible Realization Schemes. a) An out-of-plane spin current can be injected by sending a
current from ferromagnet FM1 into a paramagnetic metallic disc. The paramagnet is electrically separated
by a tunnel barrier. The in-plane spin accumulation can be measured using a second ferromagnet with
its magnetization in-plane. b) The effect can be studied by optical spin injection in which a circular
polarization for the pump can induce out-of-plane spin polarized carriers. The in-plane component can,
for example, be measured using Kerr rotation of a linearly polarized pulse under a small angle.

The effect could be measured either electrically or optically as illustrated in Fig.
8.3. The electrical spin injection scheme and detection scheme can be similar to
that used by Houssameddine et al.[9] in which there is an out-of-plane polarizer to
inject a spin polarized current into the paramagnet while a second ferromagnet is
present to analyze the spin accumulation in the paramagnet. The optical spin injection
scheme can be realized in a typical pump-probe experiment[16] where spins can be
injected using circular polarized light with a pump while the in-plane component can
be analyzed using Kerr rotation of a linearly polarized probe.

For the electrical spin injection scheme, we first consider aluminum which is
known to have a relatively high spin relaxation time of ≈100 ps at low temperatures
and can have a conductivity as high as 8·107 S/m. Let us consider a disc of 1 µm
diameter and 100 nm thickness which satisfies our boundary conditions. The spin
injection is limited by the charge current density which can be sent through such
materials. In metals, this in the order of 1012 A/m2. The additional application of
a magnetic field of 10T makes this process barely feasible with Pa f =1.05 assuming
100% spin injection efficiency. This illustrates aluminum is not a very promising
material.

Another modern spin-preserving material is graphite which is shown to have a
somewhat higher spin relaxation time of ≈200 ps[17]. By doping graphite with an
external gate voltage tuned far away from the Dirac point from the single layers of the
individual graphene layers, graphite can be metal like. Assuming a uniformσ = 3·107

S/m and an applied magnetic field of 10T we find a twice higher Pa f . We note that
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in the out-of-plane direction the conductivity could be less reducing the effective Pa f .
This example shows that graphite in its current state is not able to show steady-state
magnetization precession.

In semiconductors, the conductivity is strongly reduced. However, the spin re-
laxation time can be up to 1000 times larger then in metals. Gallium Arsenide is a
promising material in which the spin relaxation time can be up to 10-100 ns[16] when
moderately doped with Si dopants such that the electron density n≈1016cm−3. The
conductivity is then limited to ≈5·103 S/m. The maximum current density at which
spins can be electrically injected is ≈105 A/m2[18]. Optically, this value can be in-
creased up to 100 times, which still makes the maximum spin injection significantly
smaller then for ordinary metals. We find that in the best case P f a=0.1 with a mag-
netic field of 10T applied and a disc diameter of 100µm which shows that our effect
is currently not possible in n-GaAs.

Using time resolved pump-probe optical or electrical techniques[7, 16] this ef-
fect can be studied directly in the time domain. This allows to study the effect of
eddy currents on in-plane precession, even when a steady-state precession is not pos-
sible. Indications of this effect should be the observation of a precession frequency
determined by the amount of spin accumulation injected in the disc. This should be
induced by the demagnetization field even in the absence of an externally applied
field. Also, the relaxation time of the in-plane spin accumulation should reduce when
more spins are injected.

These examples show, that while it is currently not possible to realize stable pre-
cession directly, future improvements in the maximum spin injection in semiconduct-
ing systems or higher spin relaxation times in new metallic materials such as graphite
will make this effect feasible in the future. In the meantime, transient analysis by
means of pump-probe techniques can give insight into the magnitudes of the demag-
netization field and the eddy fields which will stabilize this effect.

8.5 Conclusion

In conclusion, we proposed the paramagnetic analogue to the previously demon-
strated spin-torque-oscillator[3, 4]. The eddy fields which stabilize the precessional
motion and the spin accumulations in the disc were calculated using a paramagnetic
spin theory[13, 14]. The threshold for the injected spin accumulation which is needed
to realize this effect is determined for a general paramagnet. An analysis of this effect
in three modern spin-preserving materials, Aluminum, Graphite and n-GaAs shows
stable precession is hard to achieve. However, transient analysis using electrical or
optical pump-probe technique should give insight in the physical processes which
may lead to stable spin precession in future materials.
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Appendix A

Fabrication

The samples which are discussed in this thesis were fabricated using a combination of
lithographic techniques. For an introduction into lithographic techniques commonly
used in our experimental group, we refer to other theses[1, 2]. Unless stated other-
wise, the samples in this thesis were fabricated on an n- or p-doped 2" Silicon wafer
(ρ = 1 − 10−3Ωcm−2) with 300 nm thermally grown oxide to ensure low frequency
electrical isolation of the fabricated devices. The fabrication sequences is as follows:

Optical Lithography

First, an optical lithography step is performed in order to create large ∼200 nm thick
Ti/Au conductive structures. These are used to make electrical connection to the mea-
surement apparatus by bonding to a chip-carrier (see Fig. 8.4a). For this lithography
step, the wafer was coated by a 500 nm thick LOR/PMMA resist using a resist spinner
and subsequently baked on a hot plate. A contact-mask optical lithography step was
performed by exposing the resist with an EVG-620 Deep-UV mask aligner using a
specifically designed mask. After this, the wafer is developed in two steps to provide
a sufficient undercut for the metal deposition step. Thereafter, 5/100-300 nm Ti/Au
was deposited using a KJL sputter deposition system or Temescal e-beam evaporator.
Before and after deposition, an oxygen etch is used to remove any resist residues.
Lift-off is done is PRS-3000 heated to 90deg.

This step prints approximately 100 samples of 2x2 mm2. Each sample contains 16
contacts which lead 150x150µm2 bond pads to a central area of 100x100µm2 where
16 2µm wide contacts are present. This area contains marks to align to in subsequent
e-beam lithography steps. Also, a coplanar waveguide is present on each sample,
designed with 50Ω impedance to optionally provide microwave-frequency signals.
For each batch of devices, a piece of generally 5x5 samples is first cut out to make
samples using e-beam lithography.
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Electron-beam lithography
For each batch of samples, a series of electron-beam lithography steps and e-beam
deposition were performed. Each step uses the following procedure:

• A 950K PMMA (2-4% dissolved in ethyllactate) from MicroChem is spun with
1500-4000 rpm for 90 sec. on the resist spinner and baked on the hot plate for
90 seconds at 180 degrees. This creates a 70-400 nm thick single-layer resist.

• The sample is loaded in the Raith e-line electron-beam lithography system. Af-
ter a coarse alignment of the interferometer stage on the 5x5 batch, a developed
automatic procedure moves the stage to the center of each sample and aligns the
e-beam column to each sample individually by scanning 4 cross-shaped marks
of 100 nm width (Fig. 8.4b). After each alignment, the structures are written
typically within a few seconds. This procedure allows to write structures with
an overlay of ≈10-20 nm. We use an e-beam accelerated with 30 kV through
an aperture of 10µm of typical 45 pA current to expose the PMMA resist with
450µC/cm2 dose, independent of resist thickness.

• The resist is developed for 30 seconds using a 3:1 IPA:MIBK mixture and
rinsed for 30 seconds in IPA.

• The batch is loaded in a Temescal/Varian e-beam evaporator with a base pres-
sure of ∼ 10−6 − 10−7 mbar. For steps where it is required to make electri-
cal contact to previously deposited metals, a (perpendicularly oriented) Ar-ion
beam etch is used at an acceleration voltage of 500 V and 5 mA for 15 seconds
without a neutralizer. This etches 2-3 nm material away and ensures clean
contacts[2]. This can only be used for a PMMA resist thicker then ∼100 nm.

• Without breaking the vacuum, the material is deposited. In order to obtain good
adhesion of the layers, in some cases a 2-5 nm Ti/Cr adhesion layer is used.

• The sample is immersed in nearly boiling Acetone for 10-20 minutes to remove
the resist and metal on top by lift-off.

The resolution of each step is approximately 1
2 to 1

4 of the resist thickness. As
an example, consider the device discussed in chapter 3, shown in figure 3.3. After
optical lithography, first a separate e-beam step was performed to deposit four 35 nm
thick and 100 nm wide gold crosses. Next, the two ferromagnets were deposited.
Thereafter, another thin gold contact was deposited to contact the small ferromag-
net. This was done to obtain good resolution of the gold contact connecting FM2.
The thick gold contacts were deposited next and make contact to the gold contacts
deposited in the optical lithography step. Finally, the copper is deposited. Experi-
mentally, we found that the minimal gold junction size needed to ensure contact is
50x50 nm2 when e-beam deposition is used. For copper, this can be much smaller
(20x20 nm2). However, copper degrades fast (few days). On a hot plate, it oxidizes in
seconds (visibly it turns from brown to green), such that we can only use this material
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a) b) c)

40 um

Figure 8.4: Fabrication and measurement of nanodevices. a) Angular SEM picture of a typical 2x2mm2

sample after it has been cut out and glued to the chip carrier. b) Close-up of the center of the sample after
several EBL steps showing the four 100 nm wide crosses which are exposed in a first step and subsequently
aligned to. c) The electronic measurement setup showing the sample carrier in between two magnet poles
and the Picoprobe system.

in the last step. Successful attempts were made to protect the sample by sputtering
SiO over the whole sample after the last step. However, this was not a reliable process
at the writing of this thesis and therefore, we did not use it. Each step takes a few
hours, limited by the pump-down time of the vacuum systems.

After fabrication, the result of the lithography steps is inspected by the SEM and
the successful samples are cut out by a wafer cutter and glued to chip carriers. Af-
ter bonding, the samples needed to be grounded at all times to prevent electrostatic
discharge from destroying them.

References
[1] M. Costache, Ph.D. thesis, University of Groningen (2007), iSBN 978-90-367-3004-4.
[2] F. Jedema, Ph.D. thesis, University of Groningen (2002), iSBN 90-367-1724-8.





Appendix B

Measurement Technique
The measurements are performed using an electronic setup rack controlled by a com-
puter with GPIB and RS232 connections. Generally, we measure the voltage which
is detected by multiple SR-830 Lock-in systems measuring the 1st and higher har-
monics. The Lock-in system modulates either a voltage controlled current so urce,
electrically shielded from the rest of the setup, or the microwave power of a Rhode &
Schwarz ZVA40 Vector Network Analyzer (chapter 7). The modulation occurs at low
frequency (∼ 17 Hz). The vector network analyzer can provide microwave-frequency
signals up to 20 dBm in power and 50 GHz frequency. The microwaves are pro-
vided to the sample by the GGB Picoprobe system, which connects to our coplanar
strip (fig 8.4a,c). The measurable voltage signals coming from the sample are first
pre-amplified before fed to the various lock-in systems.

The magnetic field, lock-in parameters and vector network analyzer are controlled
by developed Labview programs which are specifically designed for the experiment.
A National Instruments data acquisition module is used for the samples in chapter 7
to provide triggered 50µs pulses.

Whenever the voltage we want to measure is non-linear, the higher-harmonic re-
sponse is measured simultaneously by other lock-in systems. However, these signals
need to be analyzed to determine the exact response.

Lock-in response
In our measurements, we wish to determine the dc-voltage signal V which depends
as follows on the applied current I:

V(t) = R1I(t) + R2I2(t) + R3I3(t) + ... (8.9)

Where Rn is the n-th harmonic response. We assume there is negligible capacitance
or inductance in our measurement circuit, such that the responses Rn do not introduce
phase shifts in the measured signal. For an applied current set to I0 rms and angular
frequency ω = 2π f , the current which is sent is I(t) =

√
2I0 sin(ωt). The lock-in
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system measures the following voltage when set to measure the n-th harmonic at
phase φ:

Vlock−in(t) =

√
2

T

∫ t

t−T
sin(nωs + φ)Vin(s)ds (8.10)

The lock-in system has a low-pass filter which we generally set at a cut-off frequency
∼1 Hz. such that a single measurement point takes ∼seconds. The lock-in system
also records a signal (Y) at phase φ+90 deg which is generally used as a sanity check
(i.e. to determine we are not measuring capacitances/inductances). We can calculate
the dc-response Vn

lock−in of our lock-in depending at which harmonic n=1,2,3,... it is
set by performing the above integral with the voltage signal Vin. Assuming we have
a voltage response up till R3, we calculate the following response:

V1
lock−in = I0(R1 +

3
2

R3I2
0 ) (8.11)

V2
lock−in =

1
√

2
R2I2

0 at φ = −90 deg (8.12)

V3
lock−in = −

1
2

R3I3
0 (8.13)

By measuring the same signal with 3 lock-in systems set to measure the 1st, 2nd

and 3rd harmonic, it is possible to deduce all three individual responses. We note
that in order to determine R1 we need to perform a subtraction of V3

lock−in on the
measurements of V1

lock−in. Also, the measured V2
lock−in should be measured by the

lock-in set a phase φ = 90 deg (or one needs to record the Y channel). By repeating
this calculation with even higher responses Rn > 3, we see that the measured signals
depend more strongly on the current I0. It is possible to exclude higher harmonics
by scanning the current I0 and recording V1

lock−in over a limited range to determine
the linearity. If the signal is highly linear, higher orders can be excluded. Cross talk
is negligible for the SR-830 Lock-in systems we use. The sinusoidal voltage signal
used to send a sinusoidal charge current has a >80 dB harmonic suppression. Also,
the measurement accuracy in terms of harmonic suppression is guaranteed to be >90
dB.
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Introduction
When a voltage is applied over a metal, a charge current flows. This charge current
consists of electrons, elementary particles with charge e = 1.6.10−16 Coulomb, that
are being transported. This transport behaves remarkably like a gas. A cloud of fast
moving electrons (with an average speed at a fraction of the speed of light) moves
very slow (with a sub-mm per second speed) through the metal when a voltage is
applied.

The properties of the electron gas are determined by the density and temperature
of the gas. When a voltage is applied, the density of the gas is raised at one end.
Electrons diffuse from one end to the other, which causes an electron current. When
a temperature difference is applied, the electron gas is hotter at one end in comparison
to the other end. This causes an electron current, which transports heat from one end
to the other. Electron-transport is responsible for the electrical and thermal conduc-
tion of metals. It is therefore not surprising that a coupling exists between both forms
of transport. This coupling is named thermoelectricity.

Besides the elementary charge, the electrons also have a fundamental magnetic
moment µ = e/2me = 8.8 · 10−10 Am2. This magnetic moment is named the spin of
the electron. In a magnetic material, the average magnetic moment points in a certain
direction which causes the material to be magnetized.

This thesis describes fundamental experiments which investigate the coupling be-
tween the electric, magnetic and thermal properties of electron transport. Several
devices were constructed to accomplish this goal. The devices were created with
the aid of electron-beam and optical lithography. The fabricated structures are lat-
eral, which means they are oriented parallel to the Silicon substrate on which they
are fabricated. This research connects the two existing research areas of spin-based
electronics and caloritronics to a new research area: spin caloritronics.

Spin-based Electronics
Spin-based electronics, also known as spintronics or magnetoelectronics, makes use
of the coupling between the charge and magnetic properties of electrons in typically
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very small (<1 µm) magnetic/non-magnetic devices in order to exploit new function-
ality.

Central in this research is the spin-current. This is a current that exists of elec-
trons with a net magnetic moment. A spin-current can be generated by sending a
charge current through a magnetic/non-magnetic interface. This process is known
as electrical spin injection. When a spin current is injected into another magnet, the
inverse effect causes a voltage drop over the interface. These two effects makes it
possible to construct magnetic memory elements, a device known as the spin-valve.
A spin-valve consists of a magnet/non-magnet/magnet sandwich. When a charge cur-
rent is sent through the sandwich, it is possible to read out the parallel or antiparallel
magnetic state by measuring the voltage drop over the sandwich.

This research field has provided us with commercial applications. The discovery
of a very large spin-valve effect, known as the Giant Magnetoresistance, has provided
us the readhead in magnetic hard discs. Albert Fert and Peter Grünberg were awarded
the Nobel prize for this effect in 2007. The next large application is on the verge of
being commercially exploited by the semiconductor industry: the spin-transfer torque
magnetic memory (STT-RAM). In this type of magnetic memory, it is not only pos-
sible to read out the magnetization state, but also to switch it with the aid of a pulsed
charge current. The pulsed charge current causes a large transport of magnetic mo-
ment from one magnet to the other. The resulting torque switches one the magneti-
zations in the sandwich. This application is promising: in contrast to many existing
forms of memory, it is non-volatile. This reduces the average power that is dissipated
by the memory element. It is also a very fast form of memory, because the switch
occurs in several nanoseconds. These memory elements scale favorably compared to
existing memory elements. Because of this, it will soon become commercially viable.

Caloritronics
Caloritronics describes the coupling between charge and thermal transport. By mea-
suring the voltage over a connection between two materials, a thermocouple, it is pos-
sible to measure temperature. The responsible effect, the Seebeck effect, describes the
generated voltage over a material in response to a temperature difference. The ther-
mocouple is often used in many daily equipment. By sending a large charge current
through the thermocouple, it is possible to heat or cool it. This is due to the Peltier
effect, which describes the heat current that takes place in a material which is caused
by a charge current. The combination of both effects can be used to carefully regulate
the temperature of (small) environments.

This thesis

This thesis is split up into two parts. In the first part, we describe experiments which
are aimed to demonstrate the coupling between the electrical, magnetic en thermal
properties of electron transport. In the second part we describe experiments and the-
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ory which investigates the influence of spin-currents on spin-transfer torque. For all
experiments, we make use of metallic spin-valves, which exist from the magnetic
alloy Permalloy (Ni80Fe20) and copper.

Chapter 2-5: Thermal Spin Transport
First we introduce the necessary spin-caloritronic theory, in which the electrical, mag-
netic and thermal properties of electron transport are described (chapter 2). Using
this theory, we designed devices which can conclusively demonstrate the coupling
between the magnetic and thermoelectric transport of electrons. We start with the
spin-dependent Seebeck effect, also known as thermal spin injection. This describes
the injection of a spin current into a non-magnetic material by sending a heat current
through a magnetic/non-magnetic interface. We also describe the Onsager reciprocal
effect: the spin-Peltier effect. This describes the programmable cooling or heating
of a magnetic material if a spin current is injected into this material. This effect can
be used to create a programmable solid-state refrigerator. Finally, we introduce the
thermal equivalent of the spin valve: the magnetic heat valve. In the next chapters,
we describe our attempts to demonstrate these effects by electrically measuring fab-
ricated devices.

In chapter 3 we conclusively demonstrate the existence of the spin-dependent See-
beck effect. In this experiment, a magnet is Joule heated by a large charge current.
This causes a temperature difference between the magnet and an electrically con-
nected non-magnetic material which injects spins into this material. In order to prove
that the temperature difference injects spins, a second magnet was connected to this
material. This magnet converts the spin-current into a measurable voltage between
this magnet and the non-magnetic material. This research has applications in spin-
transfer torque memory. It shows that, in theory, these memory elements can also be
switched by a temperature difference. By cleverly using this effect, it is possible to
enhance the efficiency of existing devices.

In order to demonstrate the Onsager reciprocal effect, the spin-Peltier effect, we
constructed a set of other devices. The measurements on these devices are described
in chapter 4. In the spin-Peltier experiment we inject a pure spin current into a magnet
with the aid of a non-local spin valve. This spin current induces a temperature dif-
ference over the interface, which we tried to detect using an on-chip thermocouple.
Spurious measurements involving ordinary electrical spin-detection hindered us to
conclusively demonstrate this effect. A later experiment, not described in this thesis,
does indisputably demonstrate this effect.

In chapter 5 we describe an attempt to measure the thermal equivalent of the
spin valve, which we name the magnetic heat valve. In the experiment, we heat one
of the magnets of a spin-valve by a large charge current. This induces a heat current
through the spin valve. We expect that when the heat current passes the magnetic/non-
magnetic interface, it induces a spin-temperature. A spin-temperature is a difference
in temperature between electrons with an antiparallel magnetic moment. When this
spin-temperature reaches the second magnetic/non-magnetic interface, it should be
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converted into a temperature difference. We tried to measure this temperature differ-
ence with a thermocouple.

Although we did not successfully demonstrate this effect, we showed that two
other effects express themselves in the measured voltages, and were able to determine
their magnitude. The anisotropic magnetoresistance effect describes the difference in
measured resistance depending on the angle between the magnetization and the used
charge current. We demonstrated that the heat that is detected by the thermocouple
is sensitive to the magnetization direction of the first magnet, which is caused by
the anisotropic magnetoresistance. This gives us a measurement technique to deter-
mine the magnetization angle by measuring the power which is dissipated. Also, we
demonstrated the thermoelectric equivalent of the Hall-effect. When a heat current
flows through a magnet, voltages appear perpendicular to the magnetization direction
and the heat current. This is named the Anomalous-Nernst effect.

Chapter 6-8: Applications of Spin Transport
This part of the thesis describes one of the foremost applications of spin-based elec-
tronics. When a spin current is injected into a magnet, the magnet absorbs the mag-
netic moment of this spin current. This causes a torque on the magnetization, which
causes magnetization dynamics. This process is called spin-transfer torque.

Depending on the shape of the magnet and the size of the spin current, a spin
current can reverse the magnetization or bring it into a steady-state precession. The
latter is known as the spin-torque oscillator.

In chapter 6 we introduce the theory that studies the influence of spin currents
on magnetization dynamics. In this experiment, the magnetization is brought into
a steady-state precession using external magnetic fields. This process is known as
ferromagnetic resonance (FMR). The resonance can be measured by measuring the
resistance of the magnet while scanning the magnetic field. The width and magni-
tude of the resonance curves are determined by the intrinsic damping of this process,
known as Gilbert damping. The Gilbert damping, and therefore the resonance prop-
erties, changes when a spin current is injected into the magnet. By measuring the
altered Gilbert damping, it is possible to quantify spin-transfer torque and determine
various spin-dependent properties of the magnetic/non-magnetic interface.

When a magnet is brought into resonance with external magnetic fields, this mag-
net absorbs energy from the fields. This energy heats the magnet, which can be
detected by a thermocouple. We model several devices and calculate how sensitive
the thermocouples can detect FMR.

In chapter 7, we describe several experiments which study the influence of spin
currents on spin-transfer torque. First, we attempted to create a non-local spin-
transfer torque magnetic memory. The lateral properties of the device ensures multi-
ple contacts can be used. This makes it possible for use to inject a pure spin current
(i.e. without a net charge current) into the magnet. Using this, we can isolate the
effects that occur as a result of a charge current. By the symmetry of the switching
process, we were able to deduce that the switching process did not occur by means
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of spin-transfer torque. The large pulsed charge current created magnetic fields and
magnetic domains which switched the magnetization of the ferromagnets in the mem-
ory element.

In order to maximize spin-transfer torque, the magnet in which the spin-current
is injected needs to be as small as possible. In the next experiment, we show that it is
possible to measure the magnetization state of a magnet in a spin valve which is fully
embedded into the non-magnetic material, such that the magnet only has one contact.
This results shows a way to improve the efficiency of spin-transfer torque. Although
it was possible to read the memory, it was not possible to switch the magnetization
by means of spin-transfer torque. The amount of spin current was limited by using
thin metallic layers.

At the end of the chapter we describe an experiment in which the magnetization
of a small magnet is brought into resonance by external magnetic fields. We show that
the resonance properties change when a spin current is injected into the magnet. With
the aid of the previously described theory, it was possible to determine the change
in Gilbert damping, as well as the non-collinear properties (i.e. the properties of
spin currents when the spin-direction is perpendicular to the magnetization) of the
magnetic/non-magnetic interface.

In chapter 8 we describe a conceptually new experiment, the paramagnetic version
of the spin-torque oscillator. In the ordinary spin-torque oscillator, a perpendicular
spin current is injected into a disc-shaped magnet. This causes a steady-state in which
the magnetization is in precession. Because this precession is very fast, it is possible
to make very fast on-chip oscillator (∼10 GHz). In the paramagnetic version, we
also inject a spin current, but now in a paramagnetic disc. We show that the self-
interaction of the injected magnetic moment can stabilize a steady-state precession,
if the spin current is larger than a threshold value. The effect is difficult to realize
in present-day materials. However, it is possible to study the responsible stabilizing
effect by time-resolved measurements.





Samenvatting

Introductie

Wanneer er een spanning wordt aangelegd over een metaal, gaat er een stroom lopen.
Deze stroom bestaat uit elektronen, elementaire deeltjes met fundamentele lading
e = 1.6 · 10−16 Coulomb, die getransporteerd worden. Dit transport gedraagt zich
opmerkelijk genoeg als een gas. Een wolk wild bewegende elektronen (met een
gemiddelde snelheid die een fractie van de lichtsnelheid bedraagt) verplaatst zich
tergend langzaam (sub-millimeter per seconde) door het metaal wanneer er een span-
ning word aangelegd.

De eigenschappen van het elektronen-gas worden bepaald door de dichtheid en
de temperatuur van het gas. Wanneer een spanning wordt aangelegd, is de dichtheid
van het gas aan een kant verhoogd. De elektronen diffunderen van de ene naar de
ander kant, wat een stroom tot gevolg heeft. Indien er een temperatuurverschil wordt
aangelegd over een metaal, is het elektronengas aan een kant heter dan aan de andere
kant. Dit heeft een elektronenstroom tot gevolg, waardoor er warmtetransport van de
ene naar de andere kant van het materiaal plaatsvind. Elektronentransport is verant-
woordelijk voor de elektrische- en warmtegeleiding van metalen2. Het is daarom ook
niet verrassend dat er een koppeling bestaat tussen beide vormen van transport. Deze
koppeling wordt aangeduid met thermo-elektriciteit.

Naast de elementaire lading hebben elektronen ook een fundamenteel magnetisch
moment µ = e/2me = 8.8 · 10−10 Am2. Dit magnetisch moment wordt aangeduid als
de spin van het elektron. In een magnetisch materiaal staat het magnetisch moment
van alle elektronen gemiddeld genomen in een bepaalde richting wat zich uit in een
magnetisatie van het materiaal.

Dit proefschrift beschrijft fundamentele experimenten waarin de koppeling tussen
de elektrische, magnetische en thermische eigenschappen van elektronen transport in
metalen wordt onderzocht. Om dit doel te bewerkstelligen zijn verschillende zeer
kleine structuren, zogenaamde devices, gemaakt met behulp van elektronenbundel-
en optische-lithografie. Deze structuren zijn lateraal, dat wil zeggen dat ze paral-

2In de meeste materialen, en ook voor klein gedeelte in metalen, zorgen vibraties van het kristalrooster,
phononen, voor thermisch transport.
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lel aan het oppervlak liggen van het Silicium substraat waarop de devices gemaakt
zijn. Het onderzoek verbind de twee bestaande individuele onderzoeksgebieden van
de ’spin-elektronica’ en de ’caloritronica’ tot een nieuw onderzoeksgebied: de spin-
caloritronica.

Spin Elektronica

De spin-elektronica maakt gebruik van de verbinding tussen de ladings- en magnetis-
che eigenschappen van elektronen in doorgaans zeer kleine (<1 µm) magnetische/niet-
magnetische devices. Dit heeft als doel het benutten van nieuwe functionaliteit.

Centraal in dit onderzoek staat de zogenaamde spin-stroom. Dit is een stroom die
bestaat uit elektronen met een netto magnetisch moment. Deze stroom kan gegenereerd
worden door middel van het sturen van een ladingsstroom door een magnetisch/niet-
magnetisch raakvlak. De ladingsstroom verplaatst de elektronen met een netto mag-
netisch moment van de magneet naar het niet-magnetisch materiaal. Dit proces staat
bekend als elektrische spin-injectie. Indien een dergelijke spin-stroom in een an-
dere magneet geïnjecteerd wordt, zorgt het inverse effect voor een spanningsverschil
over het raakvlak. Deze twee effecten maken een magnetisch geheugenelementen
mogelijk, de zogenaamde spin-valve. Een spin-valve bestaat uit een magneet/niet-
magneet/magnetische sandwich. Indien hier een stroom doorheen gestuurd wordt,
is de oriëntatie van de twee magnetisaties, parallel of antiparallel ten opzichte van
elkaar, uit te lezen door het meten van de spanning over de sandwich.

Dit onderzoeksgebied heeft ons reeds commerciële toepassingen opgeleverd. De
ontdekking van een zeer grote spin-valve weerstand, het ’Giant-Magnetoresistance’
effect, heeft ons de uitleesmogelijkheid voor de leeskop in harde schijven opgeleverd.
Albert Fert en Peter Grünberg hebben voor de ontdekking hiervan de Nobelprijs
gekregen in 2007. De volgende grote toepassing in dit vakgebied staat op het punt
omarmt te worden door de halfgeleiderindustrie: het spin-koppel geheugen. In dit
type magnetisch geheugen kan de toestand van een spin-valve niet alleen gemeten
worden, maar ook geschakeld worden met behulp van een stroompuls. De stroom-
puls zorgt voor een groot transport van magnetisch moment van de ene naar de an-
dere magneet. Het resulterend koppel zorgt ervoor dat de magnetisatie van een van de
magneten in de sandwich schakelt. Deze toepassing is veelbelovend: in tegenstelling
tot veel bestaande geheugenelementen, hebben deze geheugenelementen geen energie
nodig indien zij niet uitgelezen of beschreven worden. De magnetisatie blijft immers
behouden. Dit heeft een significante warmtereductie tot gevolg. Ook is dit een erg
snel type geheugen. De schakeling vindt binnen enkele nanoseconden (10−9 seconde)
plaats. Deze geheugenelementen schalen zeer voordelig ten opzichte van bestaande
geheugens. Beneden een zekere grootte valt deze technologie te prefereren. Dit zorgt
ervoor dat dit type geheugen binnenkort commercieel rendabel wordt.
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Caloritronica
De caloritronica beschrijft de verbinding tussen ladingstransport en thermisch trans-
port. Door het meten van de spanning over een verbinding tussen twee materialen,
een thermokoppel, kan de temperatuur gemeten worden. Het verantwoordelijke ef-
fect, het Seebeck effect, beschrijft het spanningsverschil dat optreed in een materiaal
ten gevolge van een temperatuurverschil. Het thermokoppel wordt veelal gebruikt als
temperatuursensor in allerlei dagelijkse apparaten. Door het sturen van een stroom
door een thermokoppel kan deze verwarmd of gekoeld worden. Dit staat bekend als
het Peltier effect. Dit effect beschrijft de warmtestroom die plaatsvind in een materi-
aal ten gevolge van een ladingsstroom. De combinatie van deze twee effecten word
gebruikt om zeer gevoelig temperaturen te reguleren.

Dit proefschrift
Dit proefschrift is in twee delen opgedeeld. In het eerste deel worden experimenten
beschreven waarin de verbinding tussen de elektrische, magnetische en thermische
eigenschappen van elektronen transport in metalen wordt onderzocht. In het tweede
deel worden experimenten en theorie beschreven waarin de invloed van spin-stromen
op de dynamica van de magnetisatie wordt onderzocht. Voor alle experimenten
maken we gebruik van metallische spin-valves, die uit de magnetische legering Permal-
loy (Ni80Fe20) en koper bestaan.

Hoofdstuk 2-5: Thermisch spin transport
Allereerst wordt de benodigde spin-caloritronische theorie beschreven, waarin de
verschillende elektrische, magnetische en thermische eigenschappen van elektronen-
transport worden uitgelegd (Hoofdstuk 2). Met behulp van deze theorie zijn er de-
vices ontworpen om de verbinding tussen magnetisch en thermo-elektrisch transport
van elektronen aan te tonen. We beginnen met het spin-afhankelijke Seebeck effect.
Dit effect beschrijft de injectie van een spin-stroom in een niet-magnetisch materiaal
door het toepassen van een temperatuurverschil over een magnetisch/niet-magnetisch
raakvlak. Ook beschrijven we het omgekeerde effect: het spin-Peltier effect. Het
spin-Peltier effect beschrijft de instelbare koeling/verwarming van een magnetisch
materiaal indien hier een spin-stroom zonder netto ladingsstroom in geïnjecteerd
wordt. Dit effect kan worden gebruikt voor het maken van een instelbare vaste-stof
koeler. Als laatste introduceren wij het thermisch equivalent van de spin-valve: de
magnetische warmte-valve. In de hierop volgende hoofdstukken beschrijven we onze
pogingen deze effecten aan te tonen door het meten van gefabriceerde devices.

In hoofdstuk 3 tonen we het bestaan van het spin-afhankelijke Seebeck effect
aan. In dit experiment wordt een magneet met behulp van een grote stroom ver-
warmd. Dit heeft een temperatuurverschil tussen de magneet en een elektrisch ver-
bonden niet-magnetisch materiaal tot gevolg. Door het temperatuurverschil worden
elektronen-spins geïnjecteerd in het niet-magnetische materiaal. Om te bewijzen dat
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het warmteverschil daadwerkelijk spins injecteert is een tweede magneet verbonden
met het niet-magnetische materiaal. Deze zet de geïnjecteerde spins om in een span-
ningsverschil tussen het niet-magnetische materiaal en de tweede magneet, welke
gemeten kan worden. Dit onderzoek heeft toepassingen met betrekking tot het spin-
koppel geheugen. Deze geheugensoort wordt traditioneel geschakeld met behulp van
een grote stroompuls. Het onderzoek laat zien dat de geheugenelementen in theo-
rie ook met een warmtestroom geschakeld kunnen worden. Door handig gebruik te
maken van dit effect kunnen deze geheugenelementen een stuk efficiënter worden
gemaakt.

Om het omgekeerde effect, het spin-Peltier effect, aan te tonen hebben we een
paar andere devices ontworpen. De experimenten aan deze devices zijn beschreven
in hoofdstuk 4. In het spin-Peltier experiment injecteren we met behulp van een zo-
genaamde niet-lokaal magnetisch geheugenelement, een spin-stroom in een magneet
zonder de bijbehorende ladingsstroom. Deze zogenaamde pure spin stroom moet
voor een omzetting in een temperatuurverschil over het magnetisch/niet-magnetisch
raakvlak zorgen. Dit temperatuurverschil hebben wij geprobeerd te meten met een
zeer klein thermokoppel. De metingen werden gehinderd door verschillende an-
dere effecten die te maken hebben met conventionele (elektrische) spin-detectie. Dit
weerhield ons ervan dit effect onomstotelijk te bewijzen. Een later experiment, niet
beschreven in dit proefschrift, toont dit effect wel onomstotelijk aan in een anders
ontworpen device.

In hoofdstuk 5 beschrijven wij een poging het thermisch equivalent van de spin-
valve te meten. In dit experiment verwarmen we een van de magneten van een
spin-valve met behulp van een grote stroom. Dit zorgt voor een warmtestroom die
door de spin-valve loopt. De verwachting is dat als een warmtestroom door een
magnetisch/niet-magnetisch raakvlak stroomt, dit een spin-temperatuur tot gevolg
heeft. Een spin-temperatuur is een verschil in temperatuur tussen elektronen met
een tegengesteld (antiparallel) magnetisch moment. Deze spin-temperatuur zal bij
het tweede magnetisch/niet-magnetisch raakvlak weer omgezet moeten worden in
een temperatuurverschil. Dit temperatuurverschil proberen wij te meten met een
thermokoppel.

Hoewel het aantonen van dit effect niet gelukt is, hebben wij laten zien dat twee
andere fysische effecten een rol spelen, en hun grootte bepaald. Het anisotroop-
magnetoweerstand effect beschrijft het verschil in weerstand van een magneet als
functie van de hoek tussen de magnetisatie en de stroomrichting. Wij hebben laten
zien dat de verwarming die gedetecteerd wordt met het thermokoppel gevoelig is voor
de magnetisatierichting van de eerste magneet door de anisotrope magnetoweerstand.
Dit heeft een meetmethode opgeleverd om de magnetisatiehoek te bepalen aan de
hand van de warmte die gegenereerd wordt. Ook hebben wij een thermo-elektrisch
equivalent van het Hall effect aangetoond. Wanneer een warmtestroom door een mag-
neet loopt, ontstaan er spanningen loodrecht op de richting van de magnetisatie en
warmtetransport. Dit effect heet het Anomalous-Nernst effect.
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Hoofdstuk 6-8: Toepassing van spin transport

Dit deel van het proefschrift beschrijft een van de voornaamste toepassingen van de
spin-elektronica. Wanneer een spin-stroom in een magneet geïnjecteerd wordt, ab-
sorbeert de magneet het magnetisch moment van de spin-stroom. Dit zorgt een kop-
pel op de magnetisatie van de magneet, waardoor er magnetisatie dynamica ontstaat.
Dit proces heet ook wel spin-koppel of ’spin-transfer torque’.

Afhankelijk van de vorm van een magneet en de grootte van de spin-stroom, kan
de spin-stroom de magnetisatie omkeren of in een stabiele toestand brengen waarin
de magnetisatie in precessie gebracht is. Het laatste staat bekend als spin-koppel
oscillator.

In hoofdstuk 6 introduceren we de theorie die de invloed van spin-stromen op
de magnetisatie dynamica beschrijft. In het experiment wordt de magnetisatie met
behulp van externe magneetvelden in een continue precessie gebracht. Dit staat bek-
end als ferromagnetische resonantie (FMR). De resonantie kan gemeten worden door
de weerstand te bepalen van de magneet wanneer we het magneetveld scannen. De
breedte en grootte van de resonantiecurves worden bepaald door de intrinsieke demp-
ing van het proces, die bekend staat als Gilbert demping. Wanneer er een spin-stroom
in deze magneet geïnjecteerd wordt, verandert de Gilbert demping en daarmee de
resonantie eigenschappen van de magneet. Met dit experiment is het mogelijk de
spin-koppel te kwantificeren en deze te verbinden aan de andere spin-afhankelijke
eigenschappen van het magnetisch/niet-magnetisch raakvlak.

Wanneer een magneet in resonantie gebracht word met behulp van externe mag-
neetvelden, absorbeert de magneet energie van het magneetveld. Deze energie komt
vrij als warmte en kan gedetecteerd worden met een thermokoppel. We modeleren
enkele devices en berekenen de gevoeligheid.

We beschrijven in hoofdstuk 7 enkele experimenten die de invloed van spin stromen
op spin-koppel onderzoekt. Allereerst hebben wij gepoogd een niet-lokaal spin-
koppel geheugen te fabriceren met een laterale geometrie. De laterale eigenschappen
van het device zorgt ervoor dat er meerdere contacten kunnen worden gebruikt. Hi-
erdoor is het mogelijk een pure spin-stroom (d.w.z. zonder een ladingsstroom) in de
magneet te injecteren. Hiermee kunnen wij de effecten die door een ladingsstroom
plaatsvinden isoleren. Door de symmetrie van het schakelproces konden wij achter-
halen dat de schakeling niet plaatsvond door middel van een spin-koppel. De grote
gepulsde stromen produceerden magneetvelden en magnetische domeinen die het
geheugenelement schakelden.

Om het spin-koppel proces te maximaliseren, moet de magneet waarin de spin-
stroom geïnjecteerd wordt zo klein mogelijk zijn. In een volgend experiment laten
we zien dat de magnetisatie toestand van een zeer kleine magneet in een lateraal
magnetische geheugenelement kan worden gemeten met behulp van een enkele elek-
trische verbinding. Deze resultaten bieden perspectief voor het verbeteren van de
efficiëntie van de spin-koppel in laterale devices. Hoewel het geheugenelement uit te
lezen was, was het niet mogelijk de magnetisatie te schakelen door middel van een
spin-koppel. De hoeveelheid spin-stroom die geïnjecteerd kon worden was te beperkt
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door het gebruik van dunne metallische lagen.
Aan het eind van het hoofdstuk beschrijven we een experiment waarin de mag-

netisatie van kleine magneet in resonantie word gebracht met behulp van externe
magneetvelden. We laten zien dat resonantie eigenschappen veranderen als er een
spin-stroom in de magneet geïnjecteerd. Met behulp van de eerder beschreven theorie
was het mogelijk de verandering in Gilbert demping te bepalen en de niet-collineaire
eigenschappen (dat wil zeggen: de eigenschappen wanneer de spin-richting van de
spin-stroom loodrecht op de magnetisatie staat) van het magnetisch/niet-magnetisch
raakvlak te bepalen.

In hoofdstuk 8 beschrijven we een nieuw conceptueel experiment, de paramag-
netische versie van de spin-koppel oscillator. In de gewone spin-koppel oscillator
wordt een spin-stroom geïnjecteerd in een ronde magneet. Dit zorgt voor een stabiele
toestand waarin de magnetisatie precedeert. Omdat deze precessie zeer snel is, is het
mogelijk een zeer snelle oscillator (∼10 GHz) te maken. In de paramagnetische versie
hiervan injecteren we ook een spin-stroom, maar nu in een paramagnetisch rond ma-
teriaal. We laten zien dat de interactie van het geïnjecteerde magnetisch moment met
zichzelf ervoor kan zorgen dat er een stabiele precessie ontstaat, als de spin-stroom
groter is dan een drempelwaarde. Het effect is waarschijnlijk moeilijk te bewerk-
stelligen met momenteel bekende materialen. Er kan echter wel onderzoek gedaan
worden aan het verantwoordelijke stabiliserende effect met behulp van tijd opgeloste
metingen.
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