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Summary

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



138 Summary

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.




