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Summary

Although the existence of electricity has been known since early civilization, only in
the past century major developments have been made leading towards the nowa-
days indispensable electronic equipment; we cannot imagine a life without electron-
ics. The rapid development that electronic components would go through was en-
visioned by Gordon E. Moore, who, already in 1965, predicted that the number of
components on a chip would double every two years. This statement became fa-
mous as Moore’s law and turned out to be realistic enough to be followed for a few
decades. Nevertheless, it is not possible to keep on increasing the number of com-
ponents on a chip much longer, as we are approaching fundamental limits of further
downscaling. To continue the developments and improvement of electronic devices
in future, we have to develop new technologies, for which we need to explore new
physics phenomena; we have to go ‘beyond Moore’.

The work presented in this thesis is part of this search for new physical phe-
nomena to be used for future electronics and devices. It describes experimental
work done in the research-field called spintronics, abbreviated from spin-based elec-
tronics. In this research-field, the storage, transport and manipulation of informa-
tion carried by the spin degree of freedom of electrons is investigated in solid-state
nanostructures. Next to a negative charge, an electron also carries intrinsic angular
momentum, called its spin. The spin degree of freedom is a quantum-mechanical
property of electrons. The combination of charge and spin, makes that each electron
can be visualized as a tiny magnet, having a north-pole and south-pole.

The main challenges in the field of spintronics are to generate spin-currents, to
retain the information carried along with it, and to recollect this spin-information.
The complexity of working with information carried by the spin of electrons is that
electron-spins can relax by interactions with the environment, losing their initial
state over length scales typically in the order of hundreds of nanometers. This type
of loss of information does not appear in conventional charge-based electronics, as
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the electron charge is a conserved quantity.
Currently, different methods to generate and detect spin-currents are being stud-

ied. A widely used method is to use spin-valve devices, which in general consist of
two conducting magnetic layers, separated by a non-magnetic material. In these de-
vices, spin-currents are generated and detected by sending a charge-current through
the magnetic layers. This results in the generation of a spin-polarized current, be-
cause the electrical conductivity of magnetic materials is dependent on the spin ori-
entation of the electron.

For the experiments described in this thesis, two alternative methods are used for
the generation and detection of spin-currents. One is the generation of a pure spin-
current from a charge current by the spin-Hall effect (SHE). This effect states that a
moving electron will be deflected from its initial trajectory by the presence of spin-
orbit interactions (interactions of the spin of a particle and its motion). The direction
of deflection is dependent on the polarization of the electron-spin, and is opposite
for spin-up and spin-down electrons. As a result of the SHE, an charge-current will
generate a pure spin-current in the direction transverse to the charge-current. The
magnitude of the spin-orbit interactions, and thus the resulting spin-current, is ma-
terial dependent. Materials which are reported to have relatively high spin-orbit
interactions are for example platinum (Pt) and tantalum (Ta), in which the gener-
ated spin-current density can be up to a few percent of the injected charge-current
density. The inverse spin-Hall effect (ISHE) also exists, and describes the opposite
effect, where a pure spin-current generates a transverse charge-current. This effect is
especially useful for electrical detection of pure spin-currents.

The second method used for spin-current generation is by spin pumping. The
spin-current source for spin pumping is a magnetic material of which the magneti-
zation is brought into resonance. By placing a conducting material adjacent to it, the
magnetic resonance will be damped by losing energy to this material in the form of
injection of a pure spin-current. An easy way to detect the spin-current generated
by spin pumping is by making use of the aforementioned ISHE. Hereby a high spin-
orbit coupling material such as Pt is placed on the magnetic material. In this material
the injected spin-current will result in a charge-current, which makes it possible to
electrically detect the spin-current generation caused by spin pumping.

The magnetic material studied in this thesis is yttrium iron garnet (YIG). This ma-
terial is ferrimagnetic and electrically insulating at room temperature. Furthermore,
the magnetization has an easy-plane anisotropy with a very low coercive field. This
means that the magnetization of the YIG is easily aligned in any direction in the
plane of the material, by only applying a very small magnetic field of less than 0.1
mT. In order to explain the experimentally observed features described in this the-
sis, it is sufficient to use the macro-spin approach to describe the YIG magnetization
direction, where the whole material is described by a single domain having one spin
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direction.
By making use of a YIG|Pt bilayer system, several experiments related to the

generation and detection of spin-currents are performed. First, this system is very
suitable for spin pumping experiments, where the YIG magnetization is brought into
resonance by applying an external radio-frequency (RF) magnetic field. Once in res-
onance, a pure spin-current is injected into the adjacent Pt layer, which is electrically
detected via the ISHE. The efficiency of this spin-current injection is dependent on
many parameters, of which this thesis shows results of its dependency on applied RF
frequency and power [Chapter 4], and Pt layer thickness [Chapter 5]. It was found
that the optimal Pt layer thickness for the ISHE is in the order of a few nanometers,
being close to the spin-relaxation length in Pt of 1 to 3 nm.

A second experiment performed using the YIG|Pt bilayer system is the detection
of the spin-Hall magnetoresistance (SMR) [Chapters 6 and 7]. The SMR involves
both the SHE and the ISHE, and describes a change in resistance of a conducting
layer (here the Pt layer) as a function of the magnetization direction of the under-
lying magnetic material (YIG). This effect is detected by measuring the voltage po-
tential along (or transverse to) a Pt strip, while sending a charge current through it,
and simultaneously varying the magnetization direction of the YIG, by applying an
external magnetic field. In particular, the SMR provides the possibility to electrically
detect the magnetization direction of an electrical insulating material, without the
need to send a charge-current through the material itself. Furthermore, by the exper-
imental results on SMR, system properties of the YIG|Pt bilayer can be determined,
such as the spin-mixing conductance (defining the interaction between conduction
electrons in the Pt layer and magnetic moments in the YIG), the Pt spin-Hall angle
(gives the strength of the SHE and ISHE) and the Pt spin-relaxation length (length
scale over which a spin-current exponentially decays).

The third, and last, described experiment related to the YIG|Pt bilayer system
shows the presence of another phenomenon, called the spin-Seebeck effect (SSE)
[Chapter 8]. This effect is caused by the presences of a temperature gradient over
the YIG|Pt stack, which results in the generation of thermal magnons (thermal reso-
nances of the magnetization) in the YIG layer. These thermal magnons result in an
effect similar to spin pumping, where they lose their energy by generation of a pure
spin-current sent into the adjacent Pt layer, detectable via the ISHE. The creation of
a temperature gradient over the YIG|Pt stack is easily achieved by sending a charge
current through the Pt layer, causing Joule heating. Interestingly, this charge current
will also generate a signal due to the SMR. By making use of a special measurement
technique called lock-in detection, it is possible to fully separate the SMR and SSE
signals in a single measurement, because SMR scales linear with current and SSE
scales quadratically. By separating the SMR and SSE signals, additional effects can
be easily recognized. It was found that also Oersted fields (magnetic fields generated
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by the applied charge-current) can influence the magnetization direction of the YIG
and therefore give rise to additional SMR signals. We named this ‘dynamic SMR’.

In the last chapter of this thesis [Chapter 9] an alternative method for the de-
tection of YIG magnetic resonance is shown, where the detection mechanism is not
based on the ISHE, as is the case for all above described experiments. Here, the Pt
layer is replaced by a gold|permalloy (Au|Py) stack, creating a spin-valve-like de-
vice: The spin-current is injected from the magnetic YIG into the Au, resulting a
potential build up at the Au|Py interface, which can be electrically detected. Despite
the complexity of the observed signals from these type of devices, and the remaining
open questions regarding the origin of some observed features, the YIG magnetic
resonance was clearly detected. These results prove the possibility to detect mag-
netic resonance without making use of the ISHE, which opens up new possibilities
for integration of insulating materials such as YIG into electronic circuits.

The described experiments increase the understanding of several physical phe-
nomena related to the generation and detection of spin-currents in magnetic insula-
tor systems, like the spin pumping and the (I)SHE. Additionally, these investigations
lead to new physical phenomena such as the SMR, but also to new insights regard-
ing the presence of the SSE in the studied insulator|metal systems. Ongoing research
showed first insight into the possibility of also transporting electrical information
through such a magnetic insulating system. The combination of these results and
the improved understanding of the involved physics leads to new possibilities and
ideas for follow-up experiments and devices. Eventually these experiments may
help us to go ‘beyond Moore’, by leading us to the development of a new gener-
ation electronic devices, where electrically insulating magnetic materials are being
integrated for efficient data-transport and storage.

These developments are part of the continuing quest for new solutions to the in-
creasing demand of fast, cheap and energy-efficient electronic equipment. Working
on this quest, we can count the achievements of the past and take the following state-
ment, by G. E. Moore in 2015, as a stimulant for the future: “Whatever has been done,
can be outdone!”.




