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Chapter 1

Introduction

1.1 Beyond Moore

“T he future of integrated electronics is the future of electronics itself.” This is what
Gordon E. Moore stated in 1965 [1], a very revolutionary statement for that

time, but till today still very applicable. This first sentence of his manuscript would
lead us to the famous ‘Moore’s law’, which states that the number of transistors on
a chip will double every two years.1 Moore’s law evolved over time and became
a guideline for continuous innovation and development of new technologies [3, 4].
The past 50 years, most developments have been made by increasing the number of
electronic components on a chip, mainly enabled by downscaling them, leading to
both lower costs as well as higher performances.

Currently we are heading towards fundamental limits of further downscaling,
pushing new technology developments to look ‘beyond Moore’, leading to the emer-
gence of new research fields; new physics phenomena are being investigated, which
potentially can lead us to even faster and more energy efficient electronics. One such
research field is called spintronics, abbreviated from spin-based electronics. In this
field the use of the angular momentum carried by each electron (called its spin) for
information storage, manipulation and transport is investigated.

Utilizing spintronic devices requires fabrication of nanoscale structures, as the
spin of an electron is only preserved over limited length scales (in metals, spin re-
laxation lengths are in the order of one nm in platinum up to a few hundred nm in
copper [5]). To accomplish the fabrication of nanoscale devices, also the equipment
needed for fabrication has undergone major developments in the past decades. Since
late 1960s, electron-beam lithography is emerging as a patterning technique [6] and
developed to a well established fabrication method, which nowadays reaches a reso-
lution of sub-10 nm [7]. Further, in 2014, commercially available optical lithography
machines for large-scale production already reached a resolution of less than 20 nm
by making use of extreme ultraviolet (EUV) light having a wavelength of only 13.5
nm [8]. Along with downscaling of the devices itself, the fabrication techniques are

1Initially Moore predicted it would double every year, but in 1975 he revised this statement [2].
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close to reaching fundamental limits; another reason to push technology develop-
ments and look ‘beyond Moore’, searching for new techniques and expansion of
existing functionality.

1.2 Spintronics: A new generation electronics

In present electronics, information is mostly transported using the charge of elec-
trons. In addition to its charge, each electron also carries angular momentum. As
shown by Wolfgang Pauli in 1924, this angular momentum only can have two quan-
tized states [9], which are called ‘spin up’ and ‘spin down’ (or a superposition of
these two states). Basically you could imagine each electron being a tiny magnet,
having a north-pole and south-pole. In past decades, a lot of research has been car-
ried out showing possibilities to use these tiny magnets, the spin of electrons, as
a carrier of information [10, 11]. A very famous example is the discovery of the
giant magnetoresistance (GMR) effect in 1988, by Albert Fert and Peter Grünberg
[12, 13]. For a three-layer-stack consisting of two magnetic layers separated by a
non-magnetic layer, the GMR describes a change in electrical resistance, as a func-
tion of the relative orientation of the magnetization of both magnetic layers. This
changing resistance is caused by a difference in conductivity for electrons with dif-
ferent spin directions, in magnetic materials. This spintronic phenomenon found its
application in read-heads of hard disk drives and magnetic random-access memory
(MRAM), which proved the potential of spintronics to be used in electronic devices
and Fert and Grünberg were rewarded with a Nobel prize in physics in 2007 for their
discovery.

In the field of spintronics, different methods for storage, transport and manip-
ulation of information carried by the spin state of the electrons are investigated. A
typical spintronic device is a so-called spin-valve, where two magnetic layers are
used to store magnetic information. Spin transport between them is used to read
out their magnetic states (for example by GMR) or to manipulate them by transfer
of angular momentum (spin transfer torque, STT) [14, 15]. So far, most spintronic
devices are based on the flow of spin-polarized charge currents, this means that
spin-information is transported along a flow of charge current. The next desired
step is to take charge transport apart from diffusive spin transport. This is accom-
plished in non-local spin-valve devices, where the electrical injection and detection
channel are fully separated. By doing so, transport of information purely carried by
spins can be obtained, leading to better understanding of spin-related phenomena,
as spin-signals are more easily distinguished from charge-related phenomena [16].
The mentioned non-local spin-valve devices are one example of recently studied sys-
tems, but also spin pumping driven by magnetization precession [17, 18], thermally
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induced spin currents [19–21] and spin-orbit coupling phenomena such as the spin-
Hall effect [22–24] are promising methods which are currently being investigated.

Spintronics is not limited to metal or semiconductor systems, but also extends
to electrically insulating materials. It is shown that, in contrast to charge currents,
spin information can be transported through insulating materials via spin-waves
(magnons) [25, 26], sometimes referred to as ‘magnon-spintronics’ or ‘magnonics’.
Where pure spin currents only can travel up to typically hundreds of nanometers in
metals [27], spin information transported by spin-waves can travel orders of mag-
nitude further, up to tens of micrometers in permalloy and even tens of millimeters
in the insulating material yttrium iron garnet (YIG) [28]. These results open up new
possibilities for the development of faster, and more energy-efficient devices, based
on spintronic phenomena.

1.3 Magnetic insulators

Spintronics in magnetic insulating materials is fundamentally different from metallic
systems, as the free-electron dominated transport in metallic systems is prohibited in
these materials. This does not imply that spin-related phenomena cannot be present
in magnetic insulators. Though their microscopic origin might differ from the metal-
lic system, phenomena like the spin-Seebeck [29–31] and spin-Peltier effect [32], spin
pumping [25, 33] and spin-transfer torque [25] are all being detected.

Yttrium iron garnet (YIG) is a ferrimagnetic insulating material that has proven to
be very suitable for experimental studies related to spin transport and spin waves.
First of all, YIG is ferrimagnetic at room-temperature, which is very favorable for
experiments (and applications). Furthermore, the magnetic damping in YIG is very
low, resulting in long spin-wave lifetimes and propagation lengths [34]. Finally, YIG
can be grown such that it has a planar anisotropy with a very small coercive field,
easily rotatable in-plane by applying magnetic fields of only a few milli-Tesla [35].

The most commonly studied magnetic insulator|normal metal system is currently
the combination of YIG with the high spin-orbit coupling material Platinum (Pt).
After gaining a better understanding on the YIG|Pt system, spin wave transport
through YIG, spin pumping and spin transfer torque processes and the magnitude of
all these effects, it is possible to use this knowledge to investigate more advanced de-
vices. One can for example think of investigation on transport of spin waves through
YIG [25, 26], magnetic switching of a thin YIG layer, but also experiments including
transport of heat by the spin-Peltier and spin-Seebeck effect. By these type of exper-
iments, the fields of spintronics (spin and charge), spin caloritronics (spin and heat)
and magnonics (spin and spin waves) can be combined, opening new possibilities
leading towards new interesting physics.
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1.4 Motivation and outline

The research presented in this thesis explores the possibilities of an electrical insu-
lating magnetic material as a carrier of spin information, focusing on the read-out
of this information. The usage of an electrical insulating material for spintronic de-
vices opens up the possibilities to study purely spin-related phenomena, as charge
transport in these materials is prohibited.

The studied system consists of an yttrium iron garnet (YIG) layer, which is a
room-temperature ferrimagnetic insulating material, and a patterned structure of
Platinum (Pt), a metal possessing a large spin-orbit coupling. This bilayer system is
used to experimentally study effects like spin pumping, spin-Hall magnetoresistance
(SMR) as well as the spin-Seebeck effect (SSE). Also some investigation has been
carried out replacing Pt by a stack of a non-magnetic metal and a magnetic layer,
in order to mimic a spin-valve-like structure. Results on these experiments are also
discussed.

This thesis is build up by the following chapters, of which a brief overview is
given below:

• Chapter 2 introduces the basic physical concepts needed to understand the
work presented in the following chapters. Firstly a general introduction into
spin transport, introducing the diffusive two-channel model, is given. There-
after, important material properties of YIG are discussed, followed by the Sto-
ner-Wohlfahrt model, which can be used to describe the magnetization behav-
ior of YIG for out-of-plane applied fields. An explanation of the spin-Hall effect
follows, which is the most important feature needed when using Pt as an elec-
trical detector/generator of pure spin currents. Finally, the three main effects
presented in this thesis are introduced: spin pumping, SMR and the SSE. In
particular the SMR is described in detail, including the spin-mixing conduc-
tance and the ongoing discussion about possible magnetic proximity effects.

• Chapter 3 explains the fabrication process and measurement methods which
are used for the experiments presented in this thesis. First the device fabri-
cation process is discussed; starting from patterning the desired structures by
electron-beam lithography, followed by a brief description of used deposition
techniques, which are electron-beam evaporation and sputtering. The second
part of this chapter gives a description of the used measurement setups, includ-
ing an explanation of the lock-in detection technique. Two different measure-
ment setups are being discussed: the setup used for electrical characterization
of the devices, mostly used for the SMR and SSE experiments, and the high-
frequency setup, used for the spin pumping experiments.
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• Chapter 4 shows the investigation of spin pumping in a thin-film YIG|Pt sys-
tem. By making use of the inverse spin-Hall effect in Pt, magnetic resonance
in the adjacent YIG can be detected as a DC-voltage. Here, the YIG magneti-
zation is brought into resonance by making use of a microstrip line. Both the
frequency (0.6−7 GHz) as well as the power (1−20 mW) dependence of the
emitted spin-current is measured, finding an enhanced spin pumping signal
for lower frequencies.

• Chapter 5 extends the work presented in chapter 4 by including the platinum
thickness dependence of the spin pumping signal. Again the frequency and
power dependence of the spin pumping signal are measured, but now for var-
ious samples having different Pt layer thicknesses ranging from 1.5 to 115 nm.
From this data a value for the spin-relaxation length in Pt is estimated. Interest-
ingly, it is shown that the spin pumping signal, normalized by the Pt resistance,
is maximized for a Pt thickness around 10 nm, whereafter it rapidly decreases
by increasing thickness.

• Chapter 6 describes our first observations of SMR and shows its dependence on
Pt thickness. Along with Nakayama et al. [36], we were the first two groups
to discover the presence of SMR. The in-plane magnetization measurements
show the possibility to electrically detect the magnetization direction of the
insulating YIG layer by SMR. Furthermore it is shown that SMR is also present
when applying out-of-plane magnetic fields, which is further investigated in
the work presented in chapter 7. Finally also a comparison has been made
between e-beam evaporated versus sputtered platinum layers, showing a large
influence on the measured spin pumping and SMR signal, dependent on the
chosen deposition method.

• Chapter 7 continues on investigations of SMR, focusing on the out-of-plane
magnetic field dependence. Both longitudinal as well as transverse resistance
measurements have been performed taking samples having various Pt layer
thicknesses. Combining the experimental results with the theoretical descrip-
tion of SMR, important system parameters such as the spin-Hall angle and spin
diffusion length of Pt, and both the real part and the imaginary part of the spin-
mixing conductance at the YIG|Pt interface are determined. By this work, it is
shown for the first time that by the SMR one is able to measure the role of the
imaginary part of the spin-mixing conductance, for an interface of a normal
metal and a magnetic insulator.

• Chapter 8 presents work on the simultaneous detection of SMR and the SSE in
YIG|Pt and YIG|Ta (Tantalum) devices. The first experiments show the gener-
ation of the SSE by externally heating the sample, clearly showing the oppo-
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site sign of the spin-Hall angle of Pt versus Ta. Secondly, by current-induced
heating of the samples, both the SMR and SSE are present. Both effects can be
simultaneously, but separately, detected making use of a lock-in detection tech-
nique. Using this measurement technique, the presence of additional second
order signals at low applied magnetic fields and high heating currents is re-
vealed. These signals are ascribed to dynamic SMR, caused by current-induced
magnetic fields.

• Chapter 9 describes first experiments where magnetic resonance of YIG is de-
tected by making use of a second magnetic layer (Permalloy), rather than re-
lying on the inverse spin-Hall effect present in Pt. To increase the measured
signal, a series of 96 devices were used, showing clear signals at YIG reso-
nance conditions. By measuring the heating of the substrate, while applying
RF currents, we find that also heat-related phenomena might be present, and
can influence the measured signals. These measurements clearly reveal the
presence of magnetic field direction dependent heating of the substrate. Fur-
thermore, several other features observed in the measurements are discussed,
which cannot be reproduced by the spin pumping theory only.

At the end of this thesis one Appendix is included, which gives an overview of
thermo-electric and magnetic effects. The given effects can be relevant in our YIG|Pt
system, but are also present in many other systems. Their existence should be kept in
mind when studying charge, spin, and/or heat related phenomena. For each effect
a brief description is included, as well as a basic equation, and a schematic showing
the directions of the relevant vectors.



1

Bibliography 7

Bibliography
[1] G. Moore, “Cramming More Components Onto Integrated Circuits,” Electronics 38,

pp. 114–117, Apr 1965.

[2] G. Moore, “Progress in digital integrated electronics,” in Electron Devices Meeting, 1975
International, 21, pp. 11–13, 1975.

[3] C. Mack, “The Multiple Lives of Moore’s Law,” Spectrum, IEEE 52, pp. 31–37, April 2015.

[4] “Special report: 50 years of Moore’s Law,” Spectrum, IEEE , April 2015.

[5] F. K. Dejene, J. Flipse, G. E. W. Bauer, and B. J. van Wees, “Spin heat accumulation and
spin-dependent temperatures in nanopillar spin valves,” Nat Phys 9, pp. 636–639, Oct
2013.

[6] M. Hatzakis, “Electron resists for microcircuit and mask production,” J. Electrochem.
Soc. 116, pp. 1033–1037, 1969.

[7] V. R. Manfrinato, L. Zhang, D. Su, H. Duan, R. G. Hobbs, E. A. Stach, and K. K. Berggren,
“Resolution Limits of Electron-Beam Lithography toward the Atomic Scale,” Nano Let-
ters 13(4), pp. 1555–1558, 2013. PMID: 23488936.

[8] R. Peeters, S. Lok, J. Mallman, M. van Noordenburg, N. Harned, P. Kuerz, M. Lowisch,
E. van Setten, G. Schiffelers, A. Pirati, J. Stoeldraijer, D. Brandt, N. Farrar, I. Fomenkov,
H. Boom, H. Meiling, and R. Kool, “EUV lithography: NXE platform performance
overview,” 2014.
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