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Abstract

The main data storage technology, the hard disk drive, is slow, energy consuming and
vulnerable as it requires moving parts for reading an writing information on a rotating
magnetic disk. Novel data storage technologies have been proposed that solve these
problems by shifting magnetic domains or magnetic skyrmions in which the data is stored
along a magnetic nanowire instead of physically moving the information. An essential
ingredient for moving the domain walls or skyrmions along this nanowire is the interfacial
Dzyaloshinsky-Moriya interaction (i-DMI). To use the i-DMI in these novel technologies
it has to be investigated and tailored, and an easy and reliable manor of measuring
the i-DMI is required for doing so. We investigate propagating spin-wave spectroscopy
as a technique for measuring the i-DMI which causes a shift in the resonance fields of
spin-wave propagating in opposite directions.

In this thesis we have designed and optimized devices that can be used for propagat-
ing spin-wave spectroscopy, and developed a model to relate measurements with these
devices to spin-wave theory. Optimizations included matching the impedances of the
device and selecting the insulating layer. These devices excite spin-waves in a magnetic
strip using microwave frequency currents through a spin-wave antenna and detect them
via induction with a second identical antenna. Because this technique is able to measure
spin-waves propagating in opposite directions it should be able to measure a shift in the
resonance field of the two spin-waves that is related to the i-DMI. With these devices
first a Ta /Py /Al system was investigated in order to explore the measurement tech-
nique as in this system no i-DMI is expected. Indeed, no field shift was found between
the oppositely propagating spin-waves which agrees with the absence of an i-DMI. From
these measurements we learned how to correctly interpret spin-wave spectroscopy meas-
urements and that our devices yield plausible results.

Finally the measurement technique was used on Pt /Co / Ir samples in which a strong
i-DMI is expected. In these measurements we indeed found a field shift of ∼ +1.7 mT
between the two oppositely propagating spin-waves for spin-waves with wave number
6.59µm−1 at a frequency of 16 GHz. However, it has an opposite sign and a larger
magnitude than the field shift of ∼ −1.35 mT that was expected from literature. Further
investigations into the wave number dependency of the shift showed that the direction
of the dependency agrees with a shift due to i-DMI but the dependency was significantly
stronger than expected. Moreover, a large positive wave number independent offset was
observed. This behaviour could not be explained by the i-DMI and has not yet been
observed. Other mechanisms that are known in literature to cause a peak shift such as
the difference in interfacial anisotropy between the two interfaces of the ferromagnetic
layer, or the coupling of the spin-waves to a metallic substrate could not be used to
explain the observed behaviour. An additional mechanism is required to understand the
measured field shift. New insights into the origin of the unexpected behaviour might be
gained by varying the ferromagnetic layer thickness or inverting the stack in order to
separate the individual contributions to the field shift.
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1 | Introduction

Nowadays the society relies on devices such as computers, servers, and smartphones that
are able to store information. Traditionally this information is stored on hard disk drives
which store information in the magnetization direction of nanometre sized magnetic
domains on magnetic disks that spin at rates of typically 7200 rpm [1, 2]. Information is
written by a read-and-write that generates a local magnetic field on the magnetic disk
to switch magnetic domains. Reading this information is done using magneto resistance
effects [3–6].

Although these hard drives have been around since the 1960s [7–9], they have a
number of disadvantages, they are relatively slow, use a lot of energy, and break down
relatively easily. The speed at which the information is written and read is limited by
the spinning of the magnetic disks and the movement of the arm on which the read-and-
write head is mounted. In order to achieve higher speeds the components would have to
move even faster which further increases the energy consumption in which the moving
components are already a significant component [10]. Moreover, the presence of (rapidly)
moving parts causes the drives to break easily.

In figure 1.1a we see a magnetic racetrack memory that is proposed by Parkin [13] as a
new information storage device [11, 13, 14]. This device consists out of a track of magnetic
material on which the information is stored in magnetic domains. Rather than accessing
information by physically moving either the magnetic strip or the read-and-write head,
both of them are fixed while the magnetic domains walls (the transition region between
two domains), and therewith the information, are shifted along the magnetic track by
driving a current through the track. This eliminates the problem of a slow and energy
consuming device as no physically moving parts are required. Moreover, by extending
the magnetic track into the third dimension as illustrated in figure 1.1a a storage density
comparable to hard disk drives can be obtained.

An improvement of this type of memory is proposed by combining it with magnetic
skyrmions [15, 16]. As we see in figure 1.1b a skyrmion is vortex-like spin structure that
is highly stable [17]. Combined with their small sizes of only a few nanometres and the
fact that they can be moved with a low current density they make excellent candidates
for information carriers on a racetrack memory: rather than moving magnetic domain
walls we drive magnetic skyrmions along the track.

There are, however, a number of challenges that have to be solved before either
racetrack memory is actually realised [18]. One of the fundamental challenges is gaining

1



2 1 | Introduction

(a) (b)

Figure 1.1: (a) A design for racetrack memory in which information is stored in magnetic domains
(red or blue) that are moved along a magnetic wire (racetrack) by driving a current through the
racetrack. Information is written and read by sensors on the bottom plate. Image adapted from
Parkin et al. [11]. (b) A Néel skyrmion in which the orientation of the spins rotates from down to
up along the along the radial direction of the skyrmion. Image reprinted from American Institute
of Physics [12].

a better understanding of the interfacial Dzyaloshinsky-Moriya interaction (i-DMI) that
is responsible for the stability of the magnetic domain walls or skyrmions on the racetrack.

In this thesis we investigated a technique that should be able to measure the i-DMI in
order to gain a better understanding of this interaction and open up a way of optimizing
systems in which an i-DMI is present. This technique is known as propagating spin-wave
spectroscopy (PSWS) and uses spin-waves to measure magnetic properties such as the
i-DMI. We have designed and fabricated devices and used them to investigate PSWS and
its ability to measure the i-DMI. In the remainder of this introduction we will discuss
the i-DMI, spin-waves, and PSWS. Then the structure of the rest of this thesis will be
presented.

1.1 Dzyaloshinsky-Moriya interaction

The Dzyaloshinsky-Moriya interaction is a magnetic interaction that was discovered in
the 1960s [19, 20]. In figure 1.2 an illustration of this interaction is shown. We see
that the DMI couples two spins (S1 and S2) via an additional (blue) atom. It results in
state in which the spins are canted with respect to each other rather than the parallel
alignment that is normally expected two spins. The additional atom is often a heavy
metal such as platinum or iridium [21–24] with a strong coupling between the orbital
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Figure 1.2: A schematic representation of interfacial DMI. The spins (red arrows) prefer a canted
state rather than a mutually aligned state due to the broken inversion symmetry at the interface
between a magnetic material (gray top layer) and a layer with a large SOC (blue bottom layer).
The blue arrow represents the sign and magnitude of i-DMI D12. Image reprinted from Fert
et al. [15].

angular momentum and spin angular momentum (spin-orbit coupling, SOC) which is
identified as the mechanism behind DMI [17, 25]. Both the sign of the DMI and the
position of the additional atom with respect to the two spins determine the direction of
canting (chirality, clockwise in the figure). This means a broken inversion symmetry is
required for the DMI: placing a second, identical atom opposite to the first additional
atom cancels the DMI of the first atom.

The situation in figure 1.2 in specific variant of the DMI namely the interfacial DMI
(i-DMI) [17]. i-DMI is found at the interface between a ferromagnetic (FM) layer (gray)
and a heavy metal layer with a strong SOC (blue). In this configuration the inversion
symmetry is broken by the presence of the interface. When a second, identical inter-
face would be added to the magnetic layer (in the figure on top of the magnetic layer)
the inversion symmetry would be restored and the DMI would vanish. The i-DMI was
predicted in 1980 by Fert [26, 27] and was first observed [28] in 2007. A strong i-DMI
was found in systems with a thin FM layers on top of a Pt layer such as Pt/Co [29],
Pt/CoFeB [21, 30], and even Pt /Co /Pt without apparent broken inversion symmetry
but with different contributions of both interfaces to the total i-DMI [31, 32]. In systems
such as Pt /Co / Ir the i-DMI is even stronger [22, 29, 33] as the sign of the i-DMI of the
Co/Ir interface and the Pt/Co interface are opposite such that they add to a stronger
i-DMI.

An application for the i-DMI can be found in racetrack memory. It was found that
the domain walls can be moved significantly faster in the presence of i-DMI [34, 35]
which was attributed to the different orientation of the spins in the domain-walls caused
by the i-DMI. Therefore the it allows for higher operating speeds. Moreover, i-DMI also
stabilizes skyrmions [17]. In figure 1.1b we can see that along the diameter of a skyrmion
the spins rotate with a fixed direction of rotation (chirality). When the i-DMI is strong
enough this canted spin state is favoured over a uniform spin state by the i-DMI and a
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Figure 1.3: (a) Top view of a magnetostatic surface wave. In this spin-wave the spins precess
around an equilibrium magnetization, parallel to the magnetic field H. (b) The phase of the
precession varies across the magnetic material, thereby defining a certain wavelength. Image
adapted from Kim [43].

skyrmion is stabilized.
In order to improve devices that make use of i-DMI we need a method to measure

its strength and sign such that the interaction can be tuned and understood. A common
method for this is looking at the velocity of domain walls that are affected by the i-
DMI as a function of an external magnetic field [31–33, 36]. Another method looks at
asymmetric nucleation of domains due to the i-DMI [37]. However, the interpretation of
these experiments is often ambiguous as it requires knowledge of, among other things,
the exchange constant which is difficult to determine.

A method that is able to measure the strength and sign of i-DMI without requiring
knowledge of the magnetic exchange constant applies Brillouin light scattering (BLS) to
investigate the propagation of spin-waves [38]. It was found that the frequency of spin-
waves that propagate in opposite directions are affected by i-DMI in a different manner
[39, 40]. BLS uses this property to accurately measure i-DMI in various systems [29,
40, 41]. A downside of BLS is that a laser is used to excite and detect the spin-waves
and is thereby limited to very thin capping layers on top of a thin FM layer: a thick
capping layer or FM layer would absorb too much of the laser light. Another method that
uses spin-waves is propagating spin-wave spectroscopy (PSWS) in which the spin-waves
are excited and detected using high frequency currents and nano structured antennas
[42]. This method is not limited by the thickness capping layer or magnetic layer or
the requirement of knowing the exchange constant and will therefore be used during this
thesis.

1.2 Spin-waves and propagating spin-wave spectroscopy

In figure 1.3a we can see an array of spins that precess around a magnetic field H. The
phase of this precession (b) varies along the horizontal direction and defines a certain
wavelength. This collective excitation in the magnetic order is known as a spin-wave and
are studied in the research field of magnonics, after the quantum of a spin-wave: the
magnon.
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Figure 1.4: A schematic view of a device used for propagating spin-wave spectroscopy. It consists
of two antennas (gold) on a magnetic strip (gray). While a magnetic field (H) is applied across
the magnetic strip spin-waves are excited and detected using the two antennas two measure
the difference between the right-going (red, CCW) and left-going (blue, CW) spin-wave. Image
reprinted from Lee et al. [53].

Spin-waves were first predicted in 1930 [44] and have been studied since [45, 46].
In 1958 they were first experimentally observed [47]. Nowadays they are proposed for
information carriers in novel computational devices for beyond-CMOS technologies [48–
50] and used for studying magnetic properties.

One of the magnetic properties that can be studied using spin-waves is the i-DMI. It
was found that a specific type of spin-waves, known as Damon-Eshbach (DE) modes [51]
or magnetostatic surface waves (MSSW), are indeed affected by i-DMI [39, 52, 53]. The
spin-wave in figure 1.3 is such an MSSW and we can see (bottom row) that this type of
spin-wave has a certain direction of rotation (chirality) that is either clockwise (CW) or
counter-clockwise (CCW, in the figure). As the i-DMI favours a certain chirality (e.g.
CW) it will decrease the energy of the spin-wave with that chirality and increase the
energy of the spin-wave with the opposite chirality (CCW in the example). This change
in energy is reflected in the frequency of the spin-wave: for one of the spin-waves (CW in
the example) the frequency is decreased while for the spin-wave with the opposite chirality
(CCW in the example) the energy is increased. Hence, if we can measure the frequency
of both spin-waves we should be able to determine the strength and the sign of the i-
DMI. The property of MSSWs that spin-waves with opposite chirality also propagate in
opposite directions enables us to distinguish between the two spin-waves: the difference
in frequency of spin-waves that propagate in opposite direction is a measure for both the
strength and sign of the i-DMI. In order to measure this frequency difference we turn to
PSWS.

Propagating spin-wave spectroscopy is illustrated in figure 1.4 [53]. On a magnetic
strip (gray) two spin-wave antennas (gold) are fabricated. While an magnetic field H
is applied across the magnetic strip a microwave (MW, GHz regime) frequency current
is driven through one of the antennas. This current excites a spin-wave underneath
the antenna by its Oersted fields and this spin-wave then propagates towards the other
antenna where it is detected via induction. By reversing the excitation and detection
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antenna we are able measure the frequency of spin-waves propagating in both directions,
and should thus be able to determine the strength and sign of the i-DMI.

PSWS has been used on yttrium iron garnet (YIG, an insulating magnetic material)
since the 1970s [54–57]. In the early 2000s it was first demonstrated on the metallic
magnetic material permalloy (Py, a Ni80Fe20 alloy) by covering the magnetic material
with an insulating layer to prevent leaking currents between the antenna lines and micro
structuring the antennas as the spin-waves propagate shorter distances due to a higher
damping [58, 59]. The first measurements of i-DMI using PSWS were done in 2016 for
Pt/Co/MgO [53]. This measurement technique allows for determining the strength and
sign of i-DMI in a wide variety of magnetic systems without requiring knowledge of the
exchange constant (in contrast to non spin-wave based techniques) while allowing the
magnetic layer to be capped with a microns thick capping layer (in contrast to BLS
techniques) [60]. Moreover, it is a highly versatile technique that e.g. allows for driving
currents through the magnetic strip to investigate their influence on propagating spin-
waves [42] or applying electric fields over the magnetic stack to investigate their influence
on the i-DMI [53].

However, these investigations only take into account the frequency difference between
the two spin-waves while, for example, also the difference in amplitude of the oppositely
propagation spin-wave hold valuable information on the asymmetric propagation and thus
on the interpretation of the measurements. In this work we will consider both differences
between the oppositely propagating spin-waves in our investigation into propagating spin-
waves in Pt/Co/Ir stacks, as well as other contribution to the asymmetric propagation
such as the localization of spin-waves near the two interfaces of the FM layer [61].

1.3 This thesis

In this thesis we investigate the propagating spin-wave spectroscopy technique. First
devices are designed and fabricated for the measurements in a setup that was build during
the work of Rutten [62]. Then the technique is tested using a Ta/Py/Al system in which
almost no frequency difference due to i-DMI is expected [61, 63]. Finally the technique
is applied to investigate asymmetric spin-wave propagation in a Pt/Co/Ir system where
we do expect a large frequency difference as a result of i-DMI [53].

First we will lay down the theoretical foundations of PSWS in chapter 2. Here the
susceptibilities and dispersion relations for spin-waves are derived which will be needed
to understand the results. In chapter 3 the experimental tools are discussed. We design
the devices for performing the PSWS measurements, learn how the measurements are
performed, and discuss how the results of the measurements are related to the theory.
Chapter 4 discusses the fabrication of the devices for the PSWS measurements. Due to
the wide variety of features sizes of these devices (from hundreds of micrometres down
to tens of nanometres) and materials that are used for the devices also a wide variety of
fabrication tools and techniques are used.

The next two chapters concern experimental PSWS results. In chapter 5 we verify
and learn how to interpret the results that are obtained with our setup using a Ta/Py/Al
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system in which almost no frequency difference between the two spin-waves is expected
[61] and compare them to literature and measurements with a ferromagnetic resonance
(FMR) system. Chapter 6 presents and discusses the results from measurements on a
Pt /Co / Ir system in which i-DMI is present and thus asymmetric spin-wave propagation
is expected. Here we will find that indeed an asymmetric propagation is found but cannot
be fully explained by i-DMI. The thesis will be summarized and concluded in chapter 7,
where suggestions for further research are also made.
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2 | Spin-wave fundamentals

Before we are able to understand how propagating spin-wave spectroscopy works we
first have to discuss the underlying theory. In this chapter we will treat the theory
of spin-waves and their relation to the interfacial Dzyaloshinsky-Moriya interaction (i-
DMI). In order to do so first the basics of static magnetism are treated by discussing the
magnetic interactions that are relevant for understanding spin-wave spectroscopy. Then
we continue with the Landau-Lifshits-Gilbert (LLG) equation to describe magnetization
dynamics. It will first be used to discuss ferromagnetic resonance and then we extend
this description to get to the behaviour of spin-waves and the underlying principles of
spin-wave spectroscopy. Here we also discuss how the i-DMI and spin-wave localization
can cause a change in the resonance fields of spin-waves.

2.1 Static magnetism

A ferromagnet (FM) is a material in which the individual magnetic moments of electrons
of the material align in one mutual direction. This mutual alignment is caused by the
Heisenberg exchange interaction. Such a FM can be described by the sum of all magnetic
moments: the magnetization M(r, t). If only the exchange interaction is present this
magnetization is independent of the position as all of the moments would be mutually
aligned. However, the magnetization direction is influenced by other interaction that can,
for example, originate from the internal structure of the FM material, external magnetic
fields, or other materials that are in contact with the FM material. By minimizing
the sum of the energy densities Ei of all the interactions we are able to determine the
direction of the magnetization M(r, t). We will now look at the interactions that are
relevant for this theses, namely the exchange interaction, the Zeeman interaction, the
anisotropy, and the Dzyaloshinsky-Moriya interaction.

2.1.1 Exchange

When looking at the two adjacent electron spins in figure 2.1a, Si and Sj , the Pauli ex-
clusion principle allows them to be closely together only when they have opposite spins.
However, as both electrons are negatively charged particles being closely together signi-
ficantly increases the Coulomb energy as it scales with the inverse distance between the
two electrons. For FM materials the total energy of the two spins minimized if the two

9
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(a) Exchange

H

(b) Zeeman

K

(c) Anisotropy

Figure 2.1: Three magnetic interactions that govern the orientation of the magnetization: (a)
the exchange interaction between two spins, (b) the Zeeman interaction with a magnetic field,
and (c) the (uniaxial) anisotropy with an easy axis.

spin are aligned parallel to one another. In this configuration the Pauli exclusion prin-
ciple inhibits them from being close together and thus the Coulomb energy is decreased.
Note that this is only a simplified view on the exchange interaction; the actual physical
mechanisms are more complex and are further discussed in references [64, 65].

This effect is known as the Heisenberg exchange, direct exchange, or symmetric ex-
change interaction and can, in approximation, be represented for these two spins by the
Heisenberg Hamiltonian:

H = −2JSi · Sj , (2.1)

where J is the exchange constant. When extending this from two spins to an entire
FM we find that all the spins in the material tend to mutually align, giving rise to the
ferromagnetic state. In the continuum limit with magnetization M this is described by
the exchange energy [65]:

Eexc = A

(
∇M
MS

)2

, (2.2)

where MS is the saturation magnetization and A the exchange stiffness, which is related
to the microscopical exchange constant J by parameters of the crystal structure of the
FM material [65]:

A =
S2Zc

a
J, (2.3)

where Zc the number of units per unit cell, a is the lattice parameter, and S the spin.

2.1.2 Zeeman effect

When a spin is placed in a magnetic field H, like we see in figure 2.1b, its preferential
direction is parallel to the magnetic field [65]. For the FM as a whole this means the
entire magnetizationM tends to align parallel to the external field. This effect is known
as the Zeeman effect and can be expressed by the Zeeman energy EZeeman:

EZ = −µ0H ·M , (2.4)

where µ0 = 4π × 10−7 N A−1 is the vacuum permeability.
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2.1.3 Anisotropy

When the FM is isotropic the magnetization does not have a preferential direction. How-
ever, in most FM materials this isotropy is broken by e.g. the crystal structure, the
physical shape of the FM, or the interfaces of the FM. This gives rise to a preferential
direction, a property called anisotropy. The simplest form of anisotropy, which we can
see in figure 2.1c, has a single easy axis with which the magnetization prefers to align and
is called uniaxial anisotropy. Energetically this is represented by looking at the angle θ
between the easy axis and magnetization:

Eani = K sin2(θ), (2.5)

where K is the anisotropy constant. We will now discuss three types of anisotropy, shape
anisotropy, crystalline anisotropy and surface anisotropy.

Shape anisotropy

When an object has a uniform magnetization it generates magnetic poles at the surface
of the object. These magnetic poles cause a stray field outside the magnetic material
and a demagnetization field Hdemag = −N ·M inside the magnetic material, with N
the demagnetization tensor that depends on the shape of the magnetic material. Like
any magnetic field this influences the magnetization direction of the magnetic material
through the Zeeman interaction and can induce one or more easy axes or easy planes in
the material.

Although the exact shape anisotropy is difficult to determine for most shapes, for
thin films that are of interest for this thesis it can be approximated by an infinitely flat
ellipsoid [65]. This approximation gives the anisotropy constant Kshape = 1

2µ0M
2
S and

we find the demagnetization energy:

Edemag =
1

2
µ0m

2
z , (2.6)

wheremz = MS sin(θ) is the component of the magnetization along the normal of the thin
film (following the axial system that will be defined later in section 2.2.1 and figure 2.4).
From this demagnetization energy we see that the shape anisotropy in a thin film results
in an easy plane that is equal to the plane of the film.

Surface anisotropy

Another common anisotropy contribution arises from the interface of the FM material
with another material, due to the broken inversion symmetry at the interface of the FM
material. This inversion symmetry breaking helps to stabilize the orbital momentum of
d-electrons in the direction of the symmetry breaking. Relativistic coupling between the
orbit of the electrons and their spin then aligns the magnetic moment (spin) of these
electrons in the same direction as the orbital momentum [65], resulting in an anisotropy
in either the plane parallel to the interface or direction perpendicular to the interface.
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The latter case is referred to as perpendicular magnetic anisotropy (PMA) and is
present in the systems studied in this thesis. As this mechanism requires spin-orbit
interaction it is most noticeable at the interface between a FM material and a material
with a strong spin-orbit coupling such as platinum [66]. The anisotropy constant for
this interface effect is given by K = KS

d with d the FM layer thickness and KS the total
surface anisotropy constant, the sum of the surface anisotropy from the bottom and the
top interface. Note that it is proportional to the inverse of the FM layer thickness d: for
a thicker FM layer the interfaces become less important. For such FM layers the PMA
energy is given by:

EPMA =
KS

d

m2
z

M2
S

, (2.7)

where mz is the component of the magnetization along the normal of the interface (fol-
lowing the axial system that will be defined in figure 2.4).

Crystalline anisotropy

A type of anisotropy that is intrinsic to the specific magnetic material is the crystalline
anisotropy. This type of anisotropy gives rise to one or multiple easy axes depending
on the symmetry of the crystal structure of the magnetic material. Several mechanisms
can contribute to this type of anisotropy [65]. The crystalline anisotropy can for simpli-
city be incorporated in the shape anisotropy (equation (2.7)), resulting in an thickness
independent offset KU in the anisotropy constant K = KS

d +KU.
Combining the anisotropies for the thin-film systems that are studied in this thesis

we find that the shape anisotropy results an easy plane that coincides with the thin-
film while the surface anisotropy results in an out of plane easy axis. The competition
between these two contributions gives a thickness dependent anisotropy direction: above
a certain film thickness the net anisotropy is in plane whereas below this film thickness
the net anisotropy is out of plane. For the systems studied in this thesis the thickness
is well above this critical film-thickness [67, 68] and thus the systems in this thesis will
have an in plane anisotropy.

2.1.4 Dzyaloshinsky-Moriya interaction

In contrast to the previously mentioned symmetric exchange interaction (section 2.1.1a)
that favours a parallel alignment of two adjacent spins, the anti-symmetric exchange
interaction, or Dzyaloshinsky-Moriya interaction (DMI), favours an perpendicular align-
ment of two adjacent spins, or canting of the spins. For two spins this interaction is
described by [17]

H = Dij · (Si × Sj) , (2.8)

where Dij is the DMI vector. Figure 2.2 shows three configurations of two spins as a
consequence of the DMI. Here we can see that the interaction is mediated by an additional
atom and that the DMI vector Dij is directed perpendicular to the plane through the
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Figure 2.2: The Dzyaloshinsky-Moriya interaction between two spins trough an additional atom
(dark gray). (a) Clockwise canting of two spins. (b) As there is no symmetry breaking the spins
are not canted. (c) Counter-clockwise canting of two spins.

two spins and the additional atom due to symmetry considerations [24]. This additional
atom requires a strong spin-orbit coupling (SOC) and is often a heavy metal.

The figure shows that spin-canting by DMI depends on symmetry breaking: in the
situation in figure (b) there are two additional atoms, thereby cancelling their effect.
When the symmetry is broken in situations (a) and (c) we see that the spin-canting
depends on the position of the additional atom and the sign of the DMI; the direction
of canting is changed when either the sign of the DMI is changed or the direction of
symmetry breaking is reversed (e.g. the additional atom is moved from above the spins
in a to below the spins in c) which effectively changes the sign of the DMI. Such symmetry
breaking are found in certain types of crystal structures for bulk DMI and at the interface
between a magnetic material and a heavy metal for interfacial DMI (i-DMI). The latter
is the situation that is studied in this thesis.

For a thin film where the symmetry is broken in the z-direction the DMI energy
density is given by [69]:

EDMI =
D

M2
S

(mz(∇ ·M)− (M · ∇)mz), (2.9)

where D is the DMI constant related to the DMI vector for any direction û in the plane
of the film by D = Dẑ × û. For the i-DMI this length is related to the surface DMI
constant DS by D = DS

d . Note that the effect of the i-DMI is strongly dependent on the
FM layer thickness: for decreasing thickness the effect of the i-DMI increases.

2.2 Magnetization dynamics

To describe spin-waves a dynamic (time-dependent) description of the magnetization is
required. First the equation used to describe magnetization dynamics, the LLG equa-
tion, will be introduced. Afterwards this equation will be used to derive the spin-wave
behaviour.
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M
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M
H
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Figure 2.3: The undamped (a) and damped (b) precession of a magnetization M around a
magnetic field H.

The equation that describes time-dependent magnetization behaviour was first postu-
lated from quantum mechanics by Landau and Lifshits [70] and is known as the Landau-
Lifshits (LL) equation:

dM

dt
= −γM × µ0H, (2.10)

where t, γ, and µ0 are the time, gyromagnetic ratio, and vacuum permeability respect-
ively. As one can see in figure 2.3a, this equation describes the precession of the magnet-
ization around a magnetic field H. The frequency f of this so-called Larmor precession
is described by the gyromagnetic ratio γ following [65]:

f =
γ

2π
µ0H. (2.11)

However, one can see that this procession is not damped and never relaxes to the magnetic
field direction. Gilbert and Kelly included a phenomenological damping term into the LL
equation [71, 72] to allow the magnetization to relax towards the magnetic field direction:

dM

dt
= −γµ0M ×H +

α

MS
M × dM

dt
. (2.12)

This equation is known as the Landau-Lifshits-Gilbert (LLG) equation and includes a
phenomenological damping parameter α which results in the damped precession as shown
in figure 2.3.

In this form the LLG equation only describes how a magnetization M responds to
a uniform external magnetic field H. However, the other interactions mentioned in
section 2.1 can easily be included into this equation by introducing an effective magnetic
fieldHeff , which replaces the fieldH in the LLG equation and includes both this external
magnetic field and effective fields from the various interactions. These effective fields of
the different interactions can easily be determined by [73]:

µ0Heff,i = − ∂Ei

∂M
. (2.13)

For example, for the shape anisotropy (equation (2.6)) and the interface anisotropy
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Figure 2.4: The system that is discussed consists of a thin FM layer that placed in the xy-plane.
An external magnetic field H0 is applied in the positive y-direction and the magnetization M0

is aligned parallel to this magnetic field. A small time varying field h is added to drive the
oscillation of the magnetization m.

(equation (2.7)) we find:

HDemag = −mzẑ, (2.14a)

HPMA = −HK
mz

MS
ẑ, (2.14b)

where HK = 2KS
dµ0MS

.
The LLG equation now allows us to describe the behaviour of spin-waves. To de-

rive the behaviour of spin-waves we will first go through a uniform precession of the
magnetization: ferromagnetic resonance.

2.2.1 Ferromagnetic resonance

One interesting concept that can now be investigated is in plane ferromagnetic resonance
(FMR) in a thin FM layer which we can use later as a starting point for spin-wave
dynamics. In FMR the FM layer is brought in to a uniform precession by a time varying
magnetic field h with a frequency f that matches the resonance frequency fFMR of
the ferromagnetic layer for a specific constant magnetic field Hext. If only the Zeeman
interaction of the magnetization with the external field would be present the resonance
frequency is described by the Larmor precession (equation (2.11)). However, in a thin FM
layer the resonance frequency is also influenced by anisotropies. Therefore the resonance
frequency is increased.

In figure 2.4 we see the FM layer that will be discussed. The layer is assumed to
be extended in the xy-plane. A constant external magnetic field H0 is applied in the
y-direction and the time-varying magnetic field h = hxx̂ + hzẑ that is used to drive
the FMR is assumed to be small compared to H0. As the external field is applied in
the y-direction the magnetization is aligned in the same direction. In the FMR mode
the magnetization slightly precesses in the xz-plane, but the time-varying magnetization
components m = mxx̂ + mzẑ are assumed to be small with respect to the saturation
magnetization MS such that the y-component of the magnetization remains unchanged.
The full external field Hext and magnetization M are now given by:
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Hext = H0ŷ + h =

hx

H0

hz

 , (2.15a) M = MSŷ +m =

mx

MS

mz

 . (2.15b)

To simplify things we assume a harmonic time variations of both the magnetizationmeiωt

and the external magnetic field heiωt with angular frequency ω = 2πf . This way time
derivatives can be written as:

dh

dt
= iωh, (2.16a)

dm

dt
= iωm. (2.16b)

As stated earlier both the demagnetization (equation (2.14a)) and interface-anisotropy
(equation (2.14b)) are included into the effective field to describe the FM layer. Note
that the i-DMI can be neglected in this derivation as we are describing a uniform preces-
sion in which the spins are mutually aligned such that the i-DMI vanishes. The exchange
interaction can also be neglected as all of the spins are already mutually aligned.

Combined with the external magnetic field, the effective field is now given by

Heff = Hext −
Meff

MS
mzẑ. (2.17)

Here the effective magnetization Meff = MS −HK is introduced for later convenience.
This effective field and the magnetization can be inserted into the LLG equation.

By assuming m and h are small enough to neglect second order terms we obtain two
equations:

−iω̃mx = M̃Shz −mz

(
B0 + M̃eff − iαω̃

)
. (2.18a)

iω̃mz = M̃Shx −mx (B0 + iαω̃) . (2.18b)

Here the notations M̃ = µ0M , B0 = µ0H0, and ω̃ = ω
γ are introduced to simplify the

equations. These equations can easily be written in the form of h = χ−1 ·m and can
then be inverted into the m = χ ·h, where χ is the Polder susceptibility tensor [74] and
given by:

χ =

[
χxx χxz
χzx χzz

]
=

M̃S

(B0 + iαω̃)(B0 + M̃eff + iαω̃)− ω̃2

[
B0 + M̃eff + iαω̃ −iω̃

iω̃ B0 + iαω̃

]
.

(2.19)
To explore the properties of the susceptibility we now look at the χxx component that

relates the variation of the x component of the magnetization mx to the x components
of the driving field hx:

χxx =
M̃S

(
B0 + M̃eff + iαω̃

)
(B0 + iαω̃)(B0 + M̃eff + iαω̃)− ω̃2

. (2.20)
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Figure 2.5: (a) The susceptibility of FMR for typical parameters of cobalt [65] (MS =
1.4 MA m−1, Meff = 1.1 MA m−1, and g = 2.17) at frequency 2πω0 = 11 GHz (dashed line in
b). It consists of a real (blue) and imaginary (red) component. The real part is anti-symmetric
around the resonance field (indicated by the dashed line) and the imaginary part is symmetric
around the resonance field. Line width µ0δH is related to the damping α. (b) The resonance
frequency of FMR as a function of external magnetic field H. The dashed line indicates the
frequency of the curve in (a).

The χxx component is the largest component of the susceptibility and will have the largest
contribution to the measurements in chapters 3 and 6. Other components (χzz, χxz and
χzx) are be neglected in the remainder of this chapter but will be used in section 3.3.1 to
accurately describe the measurements. In figure 2.5a we see both the real and imaginary
components of the susceptibility. The real component is an anti-symmetric curve around
a resonance frequency µ0HFMR and the imaginary component is symmetric around the
same resonance field; at this resonance field the frequency of the driving field h and the
magnitude of the external field H0 match such that the magnetization is brought into a
precession around the equilibrium magnetization direction. The line-width is related to
the damping by µ0δH = 2αω̃ [62, 75].

In order to find a dispersion relation between the resonance frequency ω̃FMR and the
magnetic field we can simply determine when the denominator of χxx vanishes under the
assumption that the damping is sufficiently small such that α2 can be set to zero. For
this susceptibility the dispersion relation is given by:

ω̃FMR =

√
B0(B0 + M̃eff), (2.21)

a relation that is commonly known as the Kittel-equation and is depicted in figure 2.5b.
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The susceptibility and dispersion relation have proved to be useful tools for determ-
ining magnetic properties. In FMR measurements they have been used to study the
anisotropy, gyromagnetic ratio and damping in various systems [62, 76–80] by extracting
the resonance frequency ωFMR and line width δH as a function of the external magnetic
field H0 using the susceptibility and fitting resonance frequency to the dispersion rela-
tion. The FMR technique is also used in appendix C to determine Meff for comparison
to measurements in chapters 5 and 6.

Now the susceptibility and dispersion relation of the simple in plane FMR are known,
we can continue to derive the susceptibility and dispersion of spin-waves. Knowing the
susceptibility and dispersion will later allow us to extract magnetic properties using
spin-waves, similar to in plane FMR measurements.

2.3 Spin-wave dynamics

The FMR mode that has been described so far is a uniform precession of the spins in a
magnetic material around a magnetic field and is depicted in figure 2.6a. One can say
that phase of the precession is constant over the entire magnetic layer. In figure 2.6b
two other states of precession are shown where the phase of the precession varies as a
function of the position, a spin-wave. In a spin-wave the phase of the precession differs
slightly from spin to spin in such a manner that over a wavelength λ of the spin-wave
the spins make a full 2π rotation as one can see in the illustration. This spin-wave then
has a wave number k = 2π

λ .

2.3.1 Magnetostatic surface waves

The spin-wave shown in figure 2.6b is known as a Magnetostatic Surface Wave (MSSW)
or Damon-Eshbach (DE) [51, 81] mode in which the spin-wave propagates in the direction
perpendicular to the in plane magnetization direction. When following the direction of
the deviation m from left to right two different orders of rotation, or chiralities, can be
distinguished. The top spin-wave has a clockwise (CW) chirality and the spin-wave a
counter-clockwise (CCW) chirality.

In figure 2.6b we can see the propagation of two MSSWs in the presence of a magnetic
field pointing into the plane of the paper. The propagation of the spin-waves can be seen
by imagining how the spins of the spin-waves precess around the magnetic field, following
equation (2.10). The circular arrow shows the direction of precession. If one now looks
at the spin-wave after time step ∆t one can see that it has moved slightly to the left for
the spin-wave with the CW chirality and slightly to the right for the spin-wave with the
CCW chirality. Therefore the CW spin-wave is said to have a wave number +k and the
CCW spin-wave a wave number −k1. Note that the propagation direction, and thus

1 The convention of +k waves moving in the −x direction is used since both the vector network
analyser and the microwave-theory that is used for measurements and data-analysis is based on this
convention. Therefore the propagating waves are mathematically described by ei(kx+ωt) rather than by
ei(kx−ωt) which is more commonly used in physics.
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Figure 2.6: Precession of spins around a magnetic field in the y-direction. Of the spins only the
components in the xz-plane are shown and the circular arrow shows the direction of precession.
(a) shows a series of spins in a uniform FMR mode: all the spins are precessing with the same
phase. (b) shows a series of spins in a clockwise (CW) and counter-clockwise (CCW) spin-wave:
the phase of the precession varies along the x direction. When comparing t = 0 (blue arrows)
and t = 1

8f (red arrows) we see that the CW spin-waves move in a −x direction and the CCW
spin-wave moves in the +x direction, whereas for uniform FMR no motion is found.
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Figure 2.7: Dipole fields (dashed lines) of spins (thick arrows) in a CW spin-wave. (red) The
out of plane components of the spin wave. (blue) The in plane components of the spin wave
in the −x-direction. (green) The in plane component in the +x-direction; for clarity the dipole
fields of this component are not shown. The green arrow is antiparallel to the other in plane
components and therefore also antiparallel to their stray fields. The function on the right shows
the (exaggerated) exponential decaying spin-wave intensity along the film thickness. Adapted
from [61].

the sign of k, changes when the magnetic field is reversed.
The main difference between uniform FMR and spin-waves is the presence of dipole

fields [82, 83]. In figure 2.7 a front-view of a CW spin-wave is shown. Each of the
spins of this spin-wave generates a dipole field that extends to the other spins in the
spin-wave. For a spin in the ±z-direction (red) we can see that this dipole field (red
dashed lines) are aligned with the neighbouring spin in the ±z direction. This can
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be represented by an effective field that is parallel to the out of plane magnetization
component: Hdip,z ‖ +mzẑ. However, for the in plane spins (blue and green) the dipole
fields increase the energy of the spin-wave. When looking at the spin in the +x-direction
(green) we can see that it is anti-parallel to the dipole field (blue dashed line) of the
neighbouring in plane spins that are directed in the −x-direction (thick blue arrows).
This we represent by an effective field that is antiparallel to the in plane magnetization
component: Hdip,x ‖ −mxx̂. Combined this results in an effective dipole fieldHdip which
is added to the effective magnetic field Heff :

Hdip = −Pk (mxx̂−mzẑ) , (2.22)

with Pk = 1
4

(
1− e−2d|k|) the dynamic dipole factor [39, 53] that determines the strength

of the dipole fields and will be responsible for the wave length dependency of the resonance
frequency/field.

Note that for uniform FMR, which also be referred to as a spin-wave with infinite
wavelength λ =∞ or wave number k = 0, the dipole field vanishes as the dynamic dipole
factor reduces to zero. Moreover, the exchange interaction is not taken into account as
the wave lengths of the MSSWs are sufficiently long such that two adjacent spins are in
good approximation mutually aligned.

As the dipole term is the primary difference between uniform FMR and spin-waves
the susceptibility and the dispersion can be derived in an identical manner by simply
including the dipole field Hdip to the effective field Heff . Moreover, the harmonic beha-
viour of both the magnetization variation m and the field variation h is adjusted from
eiωt to ei(kx+ωt).1The derivation is identical to the derivation of the susceptibility for
FMR.

In figure 2.8a (blue) one can see the (imaginary part of the) susceptibility:

χxx =
M̃S

(
B0 + M̃eff − M̃SPk + iαω̃

)
(B0 + M̃SPk + iαω̃)(B0 + M̃eff − M̃SPk + iαω̃)− ω̃2

. (2.23)

One can see that the line-shape has not changed significantly but the position of the
peak has moved to a higher frequency compared to the susceptibility for FMR (red).
Phenomenologically this is explained by the addition of the dipole field to the effective
field. By increasing the effective field we in turn increase the resonance frequency. This
can also be seen in figure 2.8b where the dispersion relation is shown. The dispersion
has been derived in an identical manner as for FMR:

ω̃ =

√
(B0 + M̃SPk)(B0 + M̃eff − M̃SPk). (2.24)

Figure 2.7 also shows another effect of the dipole fields. When we compare the (blue)
dipole fields from the spin in the ±x-direction and the (red) dipole fields from the spin
in the ±z-direction we can see (above and below the blue in spins) that the at the top of

1 Extending the harmonic behaviour of m and h to ei(kx+ωt) has no implications for the current
derivation but becomes important when i-DMI is included.
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Figure 2.8: (a) The imaginary component of the susceptibility =(χxx) for FMR (red) and an
MSSW (blue) with wave number k = 5µm−1 for a typical cobalt sample [65] with thickness
d = 10 nm at 2πω0 = 11 GHz. (b) The dispersion relation for FMR and the MSSW. The
resonance field has shifted to a lower field by the addition of the dipole fields.

the FM layer the fields are parallel and add whereas at the bottom they are anti-parallel
and cancel. As indicated by the amplitude curve at the side of figure the amplitude of
this spin-wave decreases exponentially with decay-length k−1 from the top interface to
the bottom interface of the FM layer to compensate for the asymmetric dipole fields [61,
75]. As this effect is inverted when changing from a CCW to a CW spin-wave this results
in a chirality dependent localization of the spin-waves: CW spin-waves tend to localize
at the bottom of the FM layer whereas CCW spin-waves tend to localize at the top of
the FM layer. This localization explains the name (magnetostatic surface waves) of this
type of spin-waves. However, this localization is weak; for a spin-wave with k = 5µm−1

in a d = 10 nm thick FM layer we estimate an amplitude difference of ∼ 5% between the
top and bottom interface. The implications of this localization can be neglected for now
and will be discussed later in section 2.3.3.

2.3.2 Influence of i-DMI on magnetostatic surface waves

Now that we understand the basic principles of spin-waves the i-DMI can be included
in the discussion. In order to do so a layer of material with a strong SOC is placed
underneath the FM layer as a source of i-DMI. As we have seen earlier in section 2.1.4
the i-DMI is a chiral interaction whose energy EDMI depends on angle between adjacent
spins including the direction of rotation. Therefore, the sign of the EDMI depends on the
chirality of the spin-wave. As the CW and CCW spin-waves have opposite chiralities the
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energy EDMI,CW for the CW spin-wave will be equal in magnitude but opposite in sign
to EDMI,CCW for the CCW spin-wave, depending on the sign of the i-DMI vector D. For
the example in figure 2.6 where D is pointing into the plane of the paper this results in
the CW spin-wave having EDMI,CW < 0 and the CCW spin-wave having EDMI,CCW > 0.
These changes in the energy of the spin-waves directly results in a change of frequency
of both spin-waves: the frequency of the CW spin-wave is slightly decreased whereas the
frequency of the CCW spin-wave is slightly increased. The i-DMI thus causes a frequency
difference ∆f = f(−k)− f(+k) between the two spin-waves, whose sign and magnitude
depends on the sign and magnitude of D. If the frequency difference is measured it can
be used to calculate both the magnitude and sign of the i-DMI vector D. This is the
principle on which the PSWS measurement for measuring the i-DMI is based.

To quantify the frequency difference we include an effective i-DMI field HDMI into
the effective field Heff and follow an identical derivation as for FMR. The i-DMI field is
given by [39]:

HDMI = −D∗
(
ŷ × ∂m

∂x

)
, (2.25)

where D∗ = 2DS
MSd

and ∂m
∂x can be replaced by ikmxx̂ due to the harmonic behaviour of

the magnetization variations.
We can again derive the susceptibility and the dispersion in an identical manner as

for FMR:

χxx =
M̃S

(
B0 + M̃eff − M̃SPk + iαω̃

)
(B0 + M̃SPk + iαω̃)(B0 + M̃eff − M̃SPk + iαω̃)− (ω̃ + pkD∗)2

, (2.26)

ω̃ =

√
(B0 + M̃SPk)(B0 + M̃eff − M̃SPk)− pkD∗. (2.27)

A constant p = sgn(B0) = ±1 is introduced to account for the direction of the magnetic
field.

In the dispersion relation a new term is included that accounts for the i-DMI and is
anti-symmetric in D, k, and p. In figure 2.9 one can see these newly obtained suscept-
ibility and dispersion relation for both the CW spin-wave (+k, blue) and the CCW
spin-wave (−k, red). One can clearly see that the peaks have shifted towards the
a higher (lower) frequency for the CW (CCW) spin-wave. The frequency difference
∆ω̃ = 2π∆f

γ = ω̃(−k) − ω̃(+k) is obtained by subtracting the dispersions for either
propagation direction

∆ω̃ = 2kD∗. (2.28)

Note that this frequency shift is only dependent of the strength of the i-DMI and wave
number. In figure 2.10a the frequency shift as a function of wave number k in a typical
Pt /Co system is shown where we can see this linearity in the wave number. When the
wave number is fixed, which will be done by designing a device in section 3.1.3 that
can excite spin-waves with a specific wave number, this frequency difference is a direct,
quantitative measure for the i-DMI.
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Figure 2.9: (a) The imaginary component of the susceptibility χxx for an MSSW after adding
the i-DMI (red and blue) with wave number k = 5µm−1 for a typical cobalt sample [65] with
thickness d = 10 nm at f = 11 GHz and DS = 20 pJm−1. The i-DMI results in a frequency shift
of µ0∆H ≈ 13 mT between the +k (at µ0H ≈ 58 mT) and −k (at µ0H ≈ 45 mT) spin-waves. (b)
The dispersion relation for spin-waves with +k and −k. The dashed line indicates the frequency
of the susceptibility curves in a.

Assuming that we are able to distinguish between the two spin-waves, this gives an
easy method of measuring the i-DMI where only knowledge ofMS and γ is required which
are values commonly found in literature and are easily measurable using e.g. in plane
FMR [62, 64, 65, 78, 79, 84–86]. To distinguish between the CW and CCW spin-wave
we rely on their opposite propagation direction. This completes the principle of PSWS
for measuring the i-DMI: by determining the frequency difference of the two oppositely
propagating spin-waves we have a measure for both the magnitude and direction of the
i-DMI.

Most measurement that are performed in this thesis are made by varying the magnetic
field at a fixed frequency. Therefore it us useful to describe the resonance field as a
function of frequency rather than the other way around. This is easily achieved by
inverting equation (2.27)

B0 =

√
(ω̃ + pkD∗)2 +

(
1

2
M̃eff − M̃SPk

)2

− 1

2
M̃eff . (2.29)

In figure 2.10b this equation is used to calculate the field shift ∆B0 = B0(+k)−B0(−k)
as a function of frequency in a typical Pt /Co system. Here we can see that the field shift
is not independent of the frequency, in contrast to the frequency shift that is independent
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Figure 2.10: (a) Frequency shift as a function of wave number k for an i-DMI ofDS = −1.7 pJ m−1

[29] for a typical Pt /Co (10) [65] system. (b) Field shift as a function of frequency for spin-waves
with k = 5µm−1.

of the magnetic field, but has a square root like behaviour.

2.3.3 Influence of spin-wave localization

In section 2.3.1 we found that spin-waves are localized near the surface due to dipole-
fields and that this localization is dependent on the chirality of the spin-wave: for opposite
chiralities the spin-waves localize at opposite interfaces. Hitherto the localization was
neglected in the calculation of the frequency or field shift. However, this localization
could also lead to a frequency or field shift when the top and bottom interface of the FM
layer have different surface anisotropies.

Let us consider the simple case of an FM layer that only has a surface anisotropy
KTop

S at the top interface. As the CCW spin-wave is localized near the top interface of
the FM layer it will be strongly influenced by this surface anisotropy. However, the CW
spin-wave is localized at the bottom interface (figure 2.7) and will be affected less by
this surface anisotropy. This difference in anisotropy that is observed by the two spin-
waves results in a frequency difference ∆ω̃Ani = ω̃(−k)− ω̃(+k); in this example the CW
spin-wave will have a higher frequency than the CCW spin-wave due to the difference in
surface anisotropy. The frequency difference is given by [61]:

∆ω̃Ani =
16

π2

∆KBottom
S −KTop

S

MS

k

1 + Λ2π2

d2

, (2.30)
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Figure 2.11: Frequency shift of a spin-wave due to i-DMI (DS = −1.7 pJm−1 [29]) (blue) and
anisotropy difference of the two interfaces (∆K = 1 mJm−2) (red), for a typical Pt /Co system
[65] as a function of Co layer thickness d. Image adapted from [61].

where Λ =
√

2A
µ0M2

S
is the exchange length. As the localization is anti-symmetric in

the wave number k this shift is indistinguishable from the frequency shift due to i-DMI
(equation (2.28)) as it has the same symmetry.

In figure 2.11 the frequency shift caused by both the i-DMI and anisotropy difference
as a function of FM layer thickness is shown. There we can see that only by changing
the thickness of the FM layer we are able to distinguish between the two contributions:
the contribution of the localization decreases for thinner FM layers since the amplitude
differences between the two interfaces decreases for thinner FM layers whereas the con-
tribution of the i-DMI increases with decreasing FM layer thicknesses. Moreover we see
that for very thin FM layers d < 3 nm the contribution of the localization can be neg-
lected. The systems in this thesis have FM layer thicknesses of typically 10 nm to 15 nm.
Therefore we expect that it will be necessary to take this contribution to the frequency
difference into account in the analysis of the measurements.

Conclusion

To conclude this chapter, we have first discussed the basic principles of static magnetism
and then moved to the basics of magnetization dynamics. Then the susceptibility and
dispersion of spin-waves were derived from the LLG equation starting from simple in
plane FMR and expanding this with dipole interactions and i-DMI. There we found
that the frequency of the spin-waves depends on the chirality of the spin-wave. It was
also found that the propagation direction depends on the chirality of the spin-wave as a
result of i-DMI. Combining these two properties gave a convenient way to measure the
strength of the i-DMI by measuring a shift in either the frequency or the excitation field
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of CW and CCW spin-waves, which can be distinguished by their opposite propagation
directions. However, we also found that that differences in surface anisotropy between
the top and bottom interface of the FM layer may lead to differences in the excitation
field/frequency due to localization of the spin-waves near the interfaces of the FM layer.
This knowledge of spin-waves will be used to design a system that can excite and detect
spin-waves in the next chapter such that we can measure the frequency or field shift and
determine the strength of the i-DMI.



3 | Spin-wave devices and
experimental methods

In the previous chapter we have found that the i-DMI causes a shift in the resonance
frequency or field between MSSWs with +k and −k. These two spin-waves were also
found to propagate in opposite directions. Hence we need a system that is able to
excite and detect spin-waves with a specific wave number k, measure their frequency
and distinguish between +k and −k spin-waves. The frequency range in which it has to
operate is of the order of GHz, known as the microwave (MW) regime, in order to obtain
measurable frequency or field shifts. It also needs to be able to set an external magnetic
field to measure the spin-wave frequency at different magnetic fields. In this chapter we
will discuss the devices that we fabricate in chapter 4 and use for the measurements in
chapters 5 and 6, as well as the vector network analyser that is used for the measurements
and the measurement procedure.

Figure 3.1 shows a fabricated device that is used for these measurements. It consists
out of two identical antennas for exciting and detecting spin-waves (inset) that are placed
on a magnetic strip (outlined in green) and are separated from the strip by an insulating
layer to prevent shunting currents between the two antennas and to the magnetic strip.
The meandering shape of the antenna is responsible for selecting spin-waves with a certain
wave number and is discussed in section 3.1. Either antenna is connected to a taper
section (outlined in blue) such that we can contact the device. In section 3.2.3 the exact
shape of the taper sections will be discussed.

In a measurement the sample with the device is connected to a vector network ana-
lyser (VNA) using ground-signal-ground (GSG) probe tips on the part of the taper section
that is indicated by 1 (and on its counterpart of the second antenna). A magnetic field is
applied in the ±y-direction by a water cooled electromagnet and constantly measured us-
ing a gauss-meter with a transverse hall-probe [87]. With this magnet we can apply fields
up to ±680 mT. When a current is driven through one of the antennas two spin-waves
are excited underneath that antenna: one with wave-number −k in the +x-direction and
one width +k in the −x-direction.

Both spin-waves can directly be detected by the same antenna that excited them, res-
ulting in an FMR measurement with k 6= 0, referred to as non-uniform FMR. Only one
of the spin waves propagates towards the second antenna; the other spin-wave propag-
ates away from both antennas. The spin-wave that has propagated towards the second

27
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Figure 3.1: SEM image of a spin-wave device. In the inset we see the golden antennas with wave
number k0 = 7µm−1. The light grey region underneath the antenna in the inset and the green
outlined area in the overview is the magnetic strip and the blue outlined region is the taper
section of one of the antennas. The dark gray background is the SiO2 substrate.

antenna is detected by this antenna, resulting in a propagating spin-wave spectroscopy
(PSWS) measurement. This way we can measure the frequency of one of the two spin-
waves. By reversing the exciting and detecting antenna the other spin-wave can be meas-
ured, allowing us to determine the frequency or field shift between the two spin-waves of
opposite chirality.

In the first section of this chapter the exact shape of the spin-wave antennas and how
they are used to excite and detect spin-waves is discussed. Then the role of the VNA in
the measurements and the taper section of the devices that is required for connecting the
VNA to the devices are treated in the second section. Finally the measurement procedure,
a model to relate the measurements to the theory, and the necessary corrections of the
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Figure 3.2: Schematic view of the excitation and detection of spin-waves in a magnetic layer
using CPWs. (Excitation) A current (red marks in the CPW lines) is driven through the CPW
lines and generates an Oersted field (red dashed lines) that excites both CW (red) and CCW
(blue) spin-waves. The CW spin-wave propagates to the left and the CCW spin-wave to the
right, towards the detection antenna. (Detection) Here the CCW spin-wave inductively drives a
current (blue marks in the CPW lines) in the CPW.

measurements are discussed.

3.1 Electrical excitation and detection of spin-waves

For exciting and detecting of spin-waves we make use of microwave (MW) frequency
currents in two identical antennas. In order to support those currents the antenna is
made of a meandering coplanar wave guide (CPW) [88]. The CPW also offers an easy
way of selecting a specific wave number.

In this section the mechanisms for exciting and detecting the spin-waves are discussed.
Then we will design the spin-wave antenna that is used to detect the spin-waves and the
magnetic strip where the spin-waves are excited.

3.1.1 Electrical excitation

In order to see how the antennas excite and detect spin-waves using MW frequency
currents we consider two CPWs in figure 3.2. A CPW consists out of one signal line that
is surrounded by two ground lines. As indicated by the marks on the cross section of the
CPW lines the direction of the current through the ground lines is opposite to the current
direction of the signal line. On the left in figure 3.2 we see that the currents that run
through these lines generate Oersted fields in the magnetic layer underneath the antenna.
As the current is oscillating at a MW frequency these Oersted fields are oscillating at the
same frequency. When this frequency matches the resonance frequency of the spin-wave
for the external field H0 that is applied in the y-direction two spin-waves are excited: a
CW spin-wave (red in figure 3.2) and a CCW spin-wave (blue).
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Figure 3.3: SEM image of a spin-wave antenna with wave number k0 = 5.5µm−1. The red box
indicates a single CPW and the red arrows indicate the alternating currents. The blue scales on
the right indicate the periodicities and the related wavelengths and wave numbers.

3.1.2 Electrical detection

Now that the spin-waves have been excited the next step is to detect the spin-waves. The
detection is shown in figure 3.2 in the right CPW. As a spin-wave is in fact a precessing
magnetization it inductively generates an electromotive force in the lines of the CPW.
The current that is driven by the electromotive force has the same MW frequency as
the spin-wave that is generating it. As the detection works by induction we can use the
inductance L as a measure for the excitation and detection of spin-waves [89, 90].

The spin-waves can be detected by both the antenna that excited them and by the
second antenna. In the first case the antenna induces a current in itself via the magnetic
layer; we measure the excitation of spin-waves. Such a measurement is in principle
identical to an ordinary FMR measurement with the exception of the non-zero wave
number and will be referred to as non-uniform FMR.

For the latter case the spin-wave first has to propagate towards the second antenna
before it can be detected, hence only one of the two spin-waves can be detected (in
figure 3.2 only the CCW spin-wave as the CW spin-wave propagates towards the left,
away from the antennas). When it is detected it results in a PSWS measurement of
one of the spin-waves. The other spin-wave can detected by reversing the excitation and
detection antenna.

3.1.3 Design of the spin-wave antennas

We have seen that using a CPW we are able to excite and detect spin-waves. When
looking at the Oersted field of the exciting CPW on the left of figure 3.2 we see that this
exciting field also varies along the x-direction. This forces the same periodicity in the
x-direction on the spin-waves that it excites and thus determines the wavelength λ of the
excited (and detected) spin-waves. In figure 3.3 we see that this wavelength (and thus
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Figure 3.4: Fourier transform of the current density of the single CPW and the meandering
antenna, and of the magnetic field at a height h = k−1

0 underneath the antenna. The wave
number has been normalized by k0.

wave number) are related to the dimensions of the CPW (within the red box). Here, the
single CPW has been designed for wave number k0 = 5.5µm−1.

The actual spin-wave that is excited by the single CPW (within the red box) has a
slightly different wave-number kCPW than the intended wave-number k0 for which the
dimensions are adjusted due to the finite length of the CPW; the length CPW is only one
single wavelength. We can see this by looking at the Fourier transform of the (normalized)
current density of the single CPW in figure 3.4 (red line). Here we can see a peak around
kCPW ≈ 0.94k0 indicating the wave-number of the spin-wave that is excited with a single
CPW. This change in wave number can be taken into account easily. However, we also
see that this peak in the Fourier transform is very broad, resulting in a wider range of
spin-waves that are excited. In the measurements this will results in larger line widths,
making it harder to determine the exact resonance field or frequency of the spin-waves.

In order to decrease the line width the CPW pattern is repeated 5 times, resulting in
the antenna of figure 3.3. If we now look at the Fourier transform of the current density
of this antenna in figure 3.4 we see that the peak both has moved closer towards k0 (the
actual wave number is now kM ≈ 0.998k0) and the line width is smaller than the peak of
the single CPW as the length of the antenna is now multiple (seven) wavelengths. With
this antenna the resonance field or frequency of the spin-wave will be easier to determine.

In the new Fourier transform a second peak around kS ≈ 0.36k0 is found. This
additional peak is caused by a secondary periodicity that is introduced by repeating the
single CPW, as indicated in figure 3.3. Due to this peak we expect to see a secondary
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resonance in the spin-wave measurements. The intensity of this resonance is dependent on
the distance z0 between the antenna and the magnetic layer. In figure 3.4 also the Fourier
transform of the magnetic field of the antennas at a distance z0 = 1/k0 underneath the
antenna1is shown to see how the distance between the antenna and the magnetic layer in
which the spin-waves are excited affects the excitation spectrum. This shows that the
position of the peaks does not change (significantly), but their relative heights do: when
the distance to the antenna increases the intensity of the secondary periodicity increases
as magnetic fields with a higher periodicity decays much faster. Hence the distance
between the antenna and the magnetic layer will only affect the relative intensities of the
kM and kS resonances and not the positions.

Note that the driving field on the left of figure 3.2 also has a certain chirality due
to its z-component. As the CW and CCW spin-waves that are excited by this antenna
have opposite chiralities, one of these spin-wave will be excited more efficiently than the
other spin-wave. Indeed using CPWs CCW spin-waves are excited more efficiently than
the CW spin-waves [61, 92]. In figure 5.6 we will see this effect in actual measurements.

We have seen that the periodicity of the spin-wave devices is directly related to the
wave numbers of the spin-waves that are excited. To find a measurable peak shift due to
the i-DMI (section 2.3.2) we use wave numbers between 5.5µm−1 and 11µm−1. Due to
these high wave numbers very small feature sizes are required for the spin-wave antennas:
to excite a spin-wave with wave number k0 = 8µm−1 feature sizes down to 157 nm are
required2. The distance between the two spin-wave antennas is 2µm. Using a larger
distance would result in a weaker mutual inductance as the spin-waves will then be
attenuated before they reach the detection antenna. When a much shorter distance is
used the detection antenna might start to detect spin-waves propagating in both direction
rather than only the spin-wave propagating towards the detection antenna.

Since the currents in the antenna are in the MW frequency regime a material with
a high conductivity is required to prevent losses of the signal. Therefore the antenna
is made of 100 nm gold, a trade off between resistance and quality: a thicker layer of
gold further reduces the losses in the antenna but reduces the quality of the antennas
as a result of the fabrication and the small feature sizes. A 10 nm layer of titanium
is included between the insulating layer on top of which the antenna is fabricated and
the gold to promote adhesion. The insulating layer preserves the current density that
is required to excite the spin-waves and prevents currents from leaking to the magnetic
strip. For this insulating layer 40 nm of Al2O3 is used: a thinner layer might not be
sufficiently insulating while a thicker layer will result in a kM resonance that is weaker
than the kS resonance as a result of the distance between the antenna and the insulating
layer. In appendix B.1 one can find a comparison between Al2O3and another insulator
(magnesium oxide) for use as insulating layer.

1 The magnetic field underneath the antenna is calculated numerically using the Biot-Savart
law [91].

2 For this specific wave number (8µm−1) the width of the signal line is ws = 314 nm and the width of
the ground lines is wg = 157 nm. The spacing between the signal line and ground lines is wsg = 157 nm
and the spacing between two adjacent CPWs (spacing between the ground lines of the two CPWs) is
wgg = 235.5 nm.
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3.1.4 Magnetic strip

In figures 3.1 and 3.3 one can see that the spin-wave antennas are place on a mag-
netic strip with a width of 20µm. This strip contains the magnetic and non-magnetic
layers that are under investigation. For this thesis the magnetic strip consists out of
Ta (4) /Pt (4) /Co (d) / Ir (4) /Pt (4) where the numbers between parentheses indicate
the layer thickness in nm.

The Co layer is the magnetic layer in which the spin-waves are excited. It is sur-
rounded by a layers of Pt and Ir to incorporate i-DMI into the system: the Pt/Co/Ir
stack is reported to have a strong i-DMI [22, 33] and is therefore a useful candidate for
testing the measurement technique. This stack is grown on a Ta layer that functions as
an adhesion layer that improves the adhesion to the SiO2 substrate. It also functions as a
seed layer for Pt as it promotes the growth of Pt in the (111) crystallographic structure,
which results in a high interface anisotropy at the Pt/Co interface [93, 94] and presum-
ably enhances the i-DMI. The stack is capped with a Pt layer to protect the stack from
oxidation1 and is grown on an Si substrate with 100 nm thermally oxidised SiO2. In the
remainder of this thesis, this stack will be referred to as a Pt/Co(d)/Ir stack.

Another system that is used in this thesis is Ta(4) /Py (d) /Al(4), where Py is an
alloy of Ni80Fe20 known as permalloy. Permalloy is a well understood material with a
small damping [48, 61, 76, 95–97] and only a small i-DMI is found in this system [61], at
least much smaller than for Pt/Co. Investigating this system allows us to learn how to
correctly interpret the PSWS measurements. The Al layer functions as a capping layer
to protect the permalloy layer from oxidizing and the Ta layer is added to help with the
fabrication2.

We have seen how we can excite and detect spin-waves using a pair of antennas on a
magnetic strip. The fabrication of these devices will be discussed in chapter 4. It relies
on Oersted fields from MW frequency currents to excite the spin-waves and on induction
to detect the spin-waves. In the next section we will discuss the experimental tool that
is used to source and measure these MW frequency currents.

3.2 Measuring with a VNA

In order to use these antennas for spin-wave measurement we need a system that allows
us to generate and detect MW frequency currents. A vector network analyser (VNA)
does exactly this. Using coaxial cables and ground-signal-ground (GSG) RF probes the
currents are transmitted to and from the devices. In this section we will discuss how the
VNA is used for the measurements and how the VNA is connected to the devices via a

1 In this system no additional capping layer is required as the Ir layer does not oxidise. Nevertheless
the Pt capping layer is included for consistency with other samples that are not further discussed in this
thesis.

2 During the ion beam etching step (section 4.1.3) a detector indicates what material is currently
being etched in order to know when the etching is finished. As Py or SiO2 is difficult to detect in this
system a Ta layer is added to know when the etching is finished.
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Figure 3.5: Two of the two port network parameters. (a) The S-parameters relate the incoming
and outgoing voltage waves of either port. (b) The transmission parameters relate the voltage
and current of each of either port and offer the possibility of combining two smaller networks
(T1 and T2) into a single network (T12) by multiplying their network parameters.

taper section off the spin-wave device. To better understand the measurement procedure
and data processing we will first discuss two-port networks.

3.2.1 Two-port networks

This section is based on Microwave engineering by Pozar [88].
In order to understand how the measurements are processed we will first discuss a small
part of microwave engineering: two-port networks. The concepts that are discussed here
will be used later to understand what is measured by the VNA and how the measurements
have to be processed. Electrically the spin-wave devices can be described as two-port
networks with either antenna connected to one port. In figure 3.5 we see visual repres-
entations of two-port networks. Each of the ports of these networks has a voltage Vi and
a current Ii associated with it. These voltages and currents van be written as combina-
tions of incident waves, represented by a plus-sign, and outgoing waves, represented by
a minus-sign:

Vi = V +
i + V −i , (3.1a)

Ii = I+
i − I

−
i . (3.1b)

One of the advantages of working with two-port networks is that they can be easily
represented by a number of matrices. These matrices describe the network as if it were
a black box with two ports, using a set of 4 complex-valued parameters; for a spin-
wave device (figure 3.1) the black box is are the antennas (the inset) and the two ports
are the taper sections that are connected to the antennas (one of which is outlined in
blue). For processing the spin-wave measurements three of these matrices are used: the
impedance matrix Z, the scattering matrix S, and the transmission matrix T . In the
visual representation in figure 3.5 we see two of these matrices, showing that they describe
a network in a different manner. Hence they offer different advantages that we will now
briefly discuss.
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Impedance parameters

These parameters, that are also known as Z-parameters or -matrix, relate the voltages
of each of the ports to the currents of each of the ports:[

V1

V2

]
= Z

[
I1

I2

]
=

[
Z11 Z12

Z21 Z22

] [
I1

I2

]
, (3.2)

where Zij are the impedance parameters relating the voltage on port i to the current in
port j.

The advantage of using the impedance matrix is that it can easily be converted to
inductance matrix L that is related to the susceptibility χ for spin-wave spectroscopy
[89, 90], as was already briefly discussed in section 3.1 and will be further discussed
in section 3.3.1. Assuming that all the impedance is caused by induction, the relation
between Z and L is given by:

Z = iωL = iω

[
L11 L12

L21 L22

]
, (3.3)

where L11 and L22 are the self inductances of port 1 and 2 respectively, and L12 and
L21 are the mutual inductances of port 2 on port 1 and vice versa. As we have noted in
section 3.1 the self inductances represent the non-uniform FMR measurements and the
mutual inductances represent the PSWS measurements.

Scattering parameters

In figure 3.5a the scattering parameters, or S-parameters or -matrix, are illustrated.
These parameters are used to describe the relation of the outgoing and incoming voltage
waves: [

V −1
V −2

]
= S

[
V +

1

V +
2

]
=

[
S11 S12

S21 S22

] [
V +

1

V +
2

]
, (3.4)

where Sij tells what part of the wave coming from port j travels towards port i. One
advantage of using a scattering matrix is the fact that is can easily be measured when the
incident and outgoing voltage waves can be determined separately. A VNA is capable
of distinguishing between the incident and outgoing waves and measures the scattering
matrix.

Transmission parameters

In contrast to the previously mentioned impedance and scattering parameters which are
in general usable for a N-port network with an indefinite number of ports, the trans-
mission parameters can be used exclusively in a two-port network. These parameters,
that are also known as ABCD, chain or cascade parameters, give a relation between the
voltage and current of port 1 as a function of the voltage and current of port 2:[

V1

I1

]
= T

[
V2

I2

]
=

[
A B
C D

] [
V2

I2

]
, (3.5)
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where T is the transmission matrix, consisting of the components A, B, C, and D. The
strength of the transmission parameters is illustrated in figure 3.5b: a chain of electrical
components between port 1 and 2 can be easily described by a matrix multiplication of
the individual transmission parameters of the electrical components:

T1+2 = T2T1, (3.6)

where T1+2 is the combined transmission matrix and T2 and T1 are the individual
matrices. With the impedance matrix or scattering matrix this is not possible. This
property can also be inverted: if the transmission matrices of a combination of electrical
components and of one of the individual components are known, the remaining individual
transmission matrix can be calculated by multiplying it with the inverted transmission
matrix of the known component:

T1 = T−1
2 T1+2. (3.7)

Such a method of extracting the properties of an individual component from a com-
bined set of parameters is called de-embedding and will be used later to correct our
measurements.

Conversion between parameters

As each of the parameters describes a two-port network in a different manner and offers
different advantages it is useful to be able to convert between the parameters. This re-
quires four relationships: two to convert the impedance matrix to the scattering matrix
and back, and two to convert the impedance matrix to the transmission matrix and back:

S =
Z − Z01

Z + Z01
, (3.8a)

Z = Z0
1− S
1 + S

, (3.8b)

T =
1

Z21

[
Z11 |Z|
1 Z22

]
, (3.8c)

Z =
1

C

[
A |T |
1 D

]
, (3.8d)

where |M | represents the determinant of matrix M , 1 is the identity matrix, and Z0

characteristic impedance of the system that is used to measure the network. With these
network parameters and ways of converting them we can now with our discussion of how
a VNA is used for the spin-wave measurements.

3.2.2 Vector network analyser

A VNA is a measurement tool to characterise electrical networks at frequencies ranging
from the Hz to THz regime. In this thesis an Anritsu VectorStar MS4644B is used as
both a source and detector of MW frequency currents with frequencies between 10 MHz
to 40 GHz and powers between −30 dBm = −1µW and 15 dBm = 32 mW. As this is a
two-port VNA it measures the S-parameters of a two-port network, which is referred to
as the device under test (DUT).
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Figure 3.6: A schematic view of a vector network analyser. The signal generator provides the
MW frequency currents. In the test set the signal is directed to one of the ports (in this example
to port 1). The reflected, transmitted and reference signal are directed to the receivers. The
receivers measure the phase and magnitude of the signal and sends it to the processing unit
which formats the data into S-parameters.

For a measurement a voltage wave is send into one of the ports of the DUT. The
VNA then measures what part of the signal is reflected via the same port and what part
is transmitted to the other port. It then reverses the measurement by sending a voltage
wave in the other port of the DUT. From these measurements the VNA can calculate the
4 S-parameters. The S-parameters that are measured by the VNA are complex-valued
as the VNA is capable of measuring both the magnitude and phase of the signal.

The amount of the signal that is transmitted and reflected by the spin-wave antennas
depends on whether or not a spin-wave is excited. When a spin-wave is excited by one
of the antennas (or detected by the other) the inductance L of the antennas changes (as
we discussed in section 3.1) and hence the impedance Z of the antennas also changes
(equation (3.3)). As a change of impedance changes how much of the signal is reflected
and how much is transmitted (equation (3.8)a and b) this can be measured by the VNA.

In figure 3.6 we can see the components of a VNA. A signal generator provides the
system with a signal at a chosen frequency and power for the measurements. This signal
is send to the ports of the VNA via the test set which contains two directional couplers
and a switch. A first directional coupler taps off a small part of the signal as a reference
signal for later use, while the rest of the signal continues to a switch that determines
from which of the two ports the signal will be send to the DUT. After the switch the
signal passes by another directional coupler before it reaches the port of the VNA. This
directional coupler taps off part of the signal that is reflected (or transmitted for the
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second port) by the DUT.
The signals that have been tapped off in the test set are send to a set of two receivers,

one for each port. Either receiver converts the signal of its respective port to a lower,
intermediate frequency (IF) and measures both the phase and magnitude of the signal
using a quadrature detector and the reference signal. Both the magnitude and phase are
then send to the processing unit which formats the data into S-parameters such that it
can be used for further analysis.

The DUT (a spin-wave device) is connected to the VNA by a set of coaxial cables
with GSG RF Pico-probes [98]. However, the path leading up to the devices can in-
troduce errors. For example, the length and losses of the coaxial cables, probes and
connectors, or the contact of the probes on the DUT can cause additional reflections of
the signal. To correct the measurements for these errors a Short-Open-Load-Through
(SOLT) calibration calibration is done using a calibration substrate (CS-5 [99]). In this
calibration, measurements are performed on a short termination, an open termination
and a 50Ω load for both of the probes, as well as on a CPW connecting the probes. The
VNA then calculates correction factors that are used for future measurements, based on
the expected signal from these structures.

3.2.3 Connecting the VNA to the spin-wave device

These GSG RF probes consist of three conducting tips in a ground-signal-ground (GSG)
configuration that matches the lines of a CPW. However, the spacing of the probe-tips,
called the pitch, used in this thesis are 100µm and 150µm, which is significantly larger
than the dimensions of the spin-wave antennas. Therefore a taper section is attached to
the spin-wave antenna to connect the small dimensions of the spin-wave antenna to the
larger dimensions of the RF probes.

In the SEM image in figure 3.1 we can also see this taper section (blue outlined
region). Here the taper section is divided in 4 parts indicated by numbers in the SEM
image: a large CPW (1), a taper to an intermediate CPW (2), an intermediate CPW
(3), and a taper to the antenna (4). As the RF probe is to be landed on the large CPW
(1) the dimensions of this part are constrained by the dimensions of the probes. The
dimensions of the intermediate CPW (3) are a trade off between fabrication time and
losses: increasing the size of the CPW reduces the losses of the signal in the CPW as the
resistance decreases but also increases the exposure time as will be further discussed in
section 4.2.1.

These constraints only determine a range of dimensions for the parts of the taper
section. The exact dimensions are determined by impedance matching.

Impedance matching

In section 3.2.2 was found that the spin-waves can be measured with the VNA by (indir-
ectly) looking at changes of the impedance of the spin-wave antennas as changes in the
impedance lead to changes in the reflected signal [88]. Therefore it is important to rule
out any other sources of reflections. In order to do so we have to carefully design the
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taper section to ensure that is causes no additional reflections. This is done by matching
the impedance Z of each of the components of the taper section.

The probes that are used in the measurements, as well as everything leading up to
the probes, are designed to have a standard impedance of Z0 = 50Ω. Therefore we will
match the impedance of the taper section to this same impedance. For a transmission
line such as a CPW the impedance is referred to as the characteristic impedance Zc.

For a CPW with a signal line width ws = 2a and signal-ground spacing wsg = b− a
on a substrate with relative permittivity εr the characteristic impedance Zc is given by
[100]:

Zc =
1

ε0c
√

8εr + 1

K
(√

1− u2
)

K(u)
. (3.9)

Here ε0 is the vacuum permittivity, c the speed of light, and K(u) the complete elliptic
integral of the first kind with u = a

b . Note that this equation is valid under the assumption
of ground planes that are extended into infinity. For a CPW with ground lines with a
finite width wg = c− b the factor u can be corrected to u = a

b

√
c2−b2
c2−a2 [101].

From these equations we can see that the impedance of a CPW is easily tuned by
changing the line widths of the ground and signal lines and the spacing between them.
Although this can be solved numerically for a set of optimal widths it requires the per-
mittivity of the underlying material. As the underlying material is a substrate of silicon
with a coating of silicon-oxide the exact permittivity is difficult to determine. Hence the
fine tuning of the impedance is done by simulating the CPW in dedicated RF software
[102] and by measuring the impedance experimentally for various CPWs.

Now that we understand why the structure has to be impedance matched we can
look at the taper section of the antenna in figure 3.1, the blue outlined structure. In
this taper section there are two part that can be impedance matched: the large CPW
(1) and the intermediate CPW (3). The other parts are tapers (2 and 4) whose sizes are
fixed by their surrounding components. In appendix B.2 the numerical and experimental
procedure of matching the impedance of the taper sections is discussed extensively.

This concludes the design of the spin-wave devices: a pair of spin-wave antennas
is placed on a magnetic strip that is covered by an insulating layer. A taper section
is connected to the spin-wave antennas, allowing us to contact the spin-wave devices
with a pair of RF probes such that spin-wave measurements can be performed with a
VNA. The VNA performs the spin-wave measurements by measuring the reflection and
transmission of the spin-wave devices. The resulting S-parameters can be related to the
inductance L using equations (3.3) and (3.8). In the next section we will discuss the
measurement procedure and a model that relates the inductance to the spin-wave theory
(section 2.3.1).

3.3 Measurement procedure and corrections

Now that we have a spin-wave devices that are capable of exciting and detecting spin-
waves with MW frequency currents and understand how the VNA can be used to measure
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the spin-waves we can discuss the measurement procedure and how the results can be
related to the theory. In this section we will discuss first discuss the measurement pro-
cedure. Then we will develop a model that relates the measurements to the spin-wave
theory in section 2.3.1. Finally we will discuss two corrections to the measurements that
are required for a correct interpretation.

When the device is placed in a magnetic field and is connected to the VNA one
can distinguish between two types of measurements: a frequency sweep during which
the frequency is varied for a constant magnetic field and a field sweep during which the
magnetic field is varied for a constant MW frequency (such as figure 3.7). However, the
essence of either measurement type is similar. For each point in a measurement a chosen
external magnetic field is applied across the device and a chosen MW frequency current
is driven through one of the antennas, for example the one connected to port 1. In this
configuration the VNA measures the part of the signal that is being reflected back to
port 1 and the part that is transmitted towards port 2. Then the source is switched to
port 2 (by the VNA) and the part of the signal reflected back to port 2 and the part of
the signal transmitted towards port 1 is measured.

One such measurement results in a set of S-parameters as a function of either field or
frequency. In order to suppress noise in the signal the measurement is averaged internally
by the VNA (typically four times) and manually (typically 20 to 40 times)1. Moreover,
the measurements are performed at a power of 0 dBm = 1 mW. With these averages a
full field or frequency swept measurement typically takes 30 min.

3.3.1 Relating the inductance to the susceptibility

Using the relationships between the different two-port network matrices (equation (3.8))
these parameters can be converted to impedance matrices and from there to mutual and
self inductances (equation (3.3)). In section 3.1.3 we concluded that these inductances are
a measure for the excitation and detection of spin-waves. To better quantify this we will
now look a little closer at the relationship between the susceptibility χ that was derived
in section 2.3.1 and the inductance L for spin-wave antennas. A highly detailed model for
the inductance has been developed by [90] for the magnetostatic forward volume wave
(a different type of spin-wave). Although this model can be adjusted for the MSSWs
that are used in this thesis it is a complicated model that is computationally very heavy.
Therefore we chose to derive a more phenomenological model in a fashion similar to the
model of [89] for perpendicular standing spin-waves (yet another type of spin-wave).

First the magnetization m(x) is expanded into Fourier components m(k, x) such that
m(x) =

∫ +∞
−∞ dkm(k, x). This allows us to look at the contribution of each spin-wave with

wave number k to the inductance L. By defining a spin-wave profile q(k, x) we fix the
oscillation of the magnetization component and by using the susceptibility χ(k,H, f)
we can relate the driving field h that is generated by the spin-wave antenna to the

1 For the measurements intermediate frequency bandwidth (IFBW) of 100Hz was used. Each meas-
urement contains typically 1000 to 2000 fields steps (field sweep) or 1000 frequency steps (frequency
sweep).
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magnetization component [89]:

m(k, x) = q(k, x)χ(k,H, f) ·
∫ +∞

−∞
dx q(k, x) h(x, z) . (3.10)

The overlap integral
∫ +∞
−∞ dx q(k, x) h(x, z) accounts for the excitation efficiency of spin-

wave with wave number k by the driving field. As a harmonic oscillation can be assumed
for q(k, x) = eikx the integral can be written as a Fourier transform of the magnetic field
F(h) (for readability we dropped the argument of h):

m(k, x) = q(k, x)χ(k,H, f) · F(h) . (3.11)

We can understand the equation as follows: q(k, x) defines the spatial profile of the spin-
wave, the susceptibility χ(k,H, f) accounts for the dependency of the intensity of the
spin-wave on the frequency and external magnetic field, and the Fourier transformation
F(h) accounts for the excitation efficiency of this specific spin-wave by the driving field
h. A next step is to quantify the detection of the spin-wave with the same antenna by
calculating the inductance via the magnetic flux of the precessing magnetization. For
this we rely on reciprocity, suppose a current I in the antenna produces a field h in the
magnetic layer then a field h in the magnetic layer would also produce a current I in
the antenna [103, 104]. Using this principle we can write the magnetic flux Φ(k) in the
antenna caused by the precessing magnetization m(k, x) [95]:

Φ(k) =
µ0

I

∫ +∞

−∞
dxh∗(x) ·m(k, x)

=
µ0

I

∫ +∞

−∞
dxh∗(x) · q(k, x)χ(k,H, f) · F(h) , (3.12)

where the star denotes the complex conjugate. In this equation we can once again
recognise a Fourier transform of the magnetic field when q(k, x) = eikx is inserted. From
this flux the inductance L(k) due to a spin-wave with wave-number k can be calculated
using L = Φ/I [91, 105]:

L(k) =
µ0

I2
F(h)∗ · χ(k,H, f) · F(h). (3.13)

By integrating this inductance over all k-values we include the contributions of all spin-
waves:

L ∝
∫ +∞

−∞
F(h)∗ · χ(k,H, f) · F(h)dk. (3.14)

Here we have removed the constant factors in from of the equation as we are not interested
in the size of the inductance but merely in the field or frequency dependency: in order
to be able to estimate the magnitude of the inductance we would also need to take the
width and height of the magnetic strip into account.

This equation can be interpreted as a Fourier expansion. For each wave number k
a susceptibility χ(k,H, f) is added to the induction L where the magnitude of each
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Figure 3.7: (a) The theoretical inductance L as a function of the external magnetic field of a
spin-wave antenna with wave number k0 = 7µm−1 for typical cobalt parameters [65] and a layer
thickness d = 10 nm at a distance z = k−1

0 = 143 nm underneath the antenna and frequency
f0 = 15 GHz. The dashed lines indicate the two spin-waves that are excited by the antenna:
kM = 6.99µm−1 and kS = 2.52µm−1. (b) The Fourier transform of the driving field h shows
two peaks that correspond to these two wave numbers (marked by the dashed lines). (c) The
dispersions of the spin-waves with these two wave numbers. The dashed vertical lines indicate
the resonance fields of these two spin-waves.

contribution is determined by the two Fourier transformations of the driving field: F(h)
accounts for the excitation efficiency of the spin-wave with wave number k and F(h)∗

accounts for the detection efficiency of this spin-wave.
In figure 3.7a the equation is used to calculate the inductance of a spin-wave antenna

with wave number k0 = k−1
0 for a typical cobalt layer of d = 10 nm at a distance

z = 143 nm. The curve shows two clear resonance peaks, one peak at µ0H ≈ 90 mT and
a second, smaller peak at µ0H ≈ 130 mT. By looking at the Fourier transform of the
driving field in figure 3.7b these two peaks are easily explained: the Fourier transform
also shows two peaks, one at kM = 0.998k0 = 6.99µm−1 and a second, smaller one at
kS = 0.360k0 = 2.52µm−1. Hence we are measuring the excitation of two spin-waves
with different wave numbers. This can be further confirmed by checking the dispersion
relations of the spin-waves with these two wave numbers in figure 3.7c. Indeed, the
resonance fields of these two spin-waves agrees with the positions of the two peaks in
the inductance. Moreover, we can relate the amplitude of the peaks in the inductance
(a, best visible in the imaginary component) to the height of the peaks in the Fourier
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Figure 3.8: Imaginary component of the self inductance of frequency sweep with a k0 = 6.6µm−1

spin-wave antenna on Pt /Co (15) / Ir. (a) The measured signal (blue) and the measured back-
ground signal (red). (b) The signal after background subtraction. Only after subtracting the
background the actual FMR signal becomes visible.

transform (b): in both both the inductance and the Fourier transform the kS peak is
approximately a third of the kM peak. In chapter 5 this equation will be used to fit and
understand the measurements.

However, these measurements are influenced by several components of the set-up and
the spin-wave device which can be corrected for by removing the background signal and
de-embedding the results. These two corrections will be discussed next.

3.3.2 Background removal

In figure 3.8a we see a frequency swept measurement that is obscured by a large back-
ground signal. This background signal originates from several components in the meas-
urement set up that show a field and/or frequency dependent behaviour. This behaviour
results in additional unwanted reflections and impact the measured impedance. There-
fore the measurement is corrected by simply subtracting the impedance matrix of a
background signal ZBG from the impedance matrix of the measurement Z:

∆Z = Z −ZBG, (3.15)

where ∆Z is the impedance matrix of the corrected measurement.
For a field swept measurement this background varies slowly as a function of the

field as it is related to components physically responding to the external magnetic field.
Therefore it can easily be corrected for by subtracting a polynomial background when
necessary.

In figure 3.8a we can see that the background of a frequency swept measurement
(blue curve) varies strongly with the frequency. Therefore an additional background
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(a) (b)

Figure 3.9: (a) An optical microscope image of the spin-wave device which contains a pair of
spin-wave antennas and a taper section. (b) An image of the de-embedding device that contains
only the taper section.

measurement (red curve) is required. This background measurement is nearly identical to
the actual measurement. Only the magnitude of the external magnetic field is different:
by increasing (or decreasing) the magnetic field we change the resonance frequencies
of the spin-waves (equation (2.24)). When the magnetic field is sufficiently increased
(or decreased) the resonance frequency of the spin-waves is far away from the original
resonance frequency and only the background of the original measurement remains. This
is then measured as the background measurement (red curve) and subtracted from the
original measurement.

In figure 3.8b we can see that subtracting the background measurement from the spin-
wave measurement results in a clear signal. However, as subtracting the background for
a frequency swept measurement requires an additional background measurement it is
more difficult than a field swept measurement for which no background measurement is
required. Therefore we will perform only field swept measurements in the remainder of
this thesis.

3.3.3 De-embedding

Apart from this background the finite length of the taper section of the devices also
influences the signal. The length of the wave-guide leading up to the actual spin-wave
antennas is around 300µm. When compared to the range of wavelengths of the mi-
crowaves in the CPW1 it is easy to see that this will cause a frequency dependent phase

1 For a CPW on a Si (εr = 11.7 [106]) substrate that has been coated with a 100 nm layer of SiO2

(εr = 4.6 [107]) the wavelength can be estimated as follows. Half of the EM-fields of the CPW are in air
(εr = 1) and the other half in the substrate [108] in which again half is found in Si and the other half in
SiO2 we can estimate the effective dielectric constant: εeff = 1

4
(2εr,air + εr,Si + εr,SiO2) = 4.58 [88]. From

this we can estimate the wavelength for a low frequency f = 1GHz to be λ = c√
εefff

= 14 cm and for a
high frequency f = 20GHz to be λ = 0.7 cm.
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delay φ (f) of the order of 10◦ in the signal propagating towards and from the antennas.
In section 5.1 we will see that this small phase delay in the signal causes a stronger phase
rotation in the inductance and it has to be corrected for in order to correctly interpret
the measurements; this phase delay causes mixing of the real and imaginary components
of the measured signal which complicates the interpretation of the measurement.

One possibility is to de-embed the measurements by using a specially designed de-
embedding structure which is compared to a spin-wave device in figure 3.9. This de-
embedding structure (b) contains solely the taper sections of the spin-wave device (a),
connected to each other without the actual spin-wave antennas. When measuring the
spin-wave device the measurement includes both the spin-wave antennas and the taper
sections, whereas a measurement of the de-embedding structure only contains information
about the taper sections. Using the measurement of the de-embedding structure we can
correct the spin-wave measurement for the taper section.

The measured S-matrix of the two taper sections is converted into a ABCD-matrix
T2TS using equation (3.8). Using the multiplication property (equation (3.6)) we can
easily obtain the transmission matrix TTS of a single taper section assuming both taper
sections are identical:

TTS =
√
T2TS. (3.16)

This transmission matrix can be used to "remove" the taper section on either side of the
spin-wave antenna from the transmission matrix TM of the actual spin-wave measurement
using the de-embedding property (equation (3.7)):

T = T−1
TS TMT

−1
TS . (3.17)

However, as the result of this de-embedding is very dependent on the precise posi-
tioning of the probe-tips, an easier solution is to use a calculated transmission matrix
of a transmission line, rather than an actual measurement. Such a transmission matrix
TTL is given by [88]:

TTL =

[
cos (βl) Zc sin (βl)

1
Zc

sin (βl) cos (βl)

]
, (3.18)

where l the length of the transmission line (around 300µm), Zc the characteristic im-
pedance and β = 2πnf

c the propagation constant, with n, f and c the effective refractive
index, the frequency and speed of light, respectively. This matrix is used in a similar
method as the square-rooted version of the measured transmission matrix:

T = T−1
TLTMT

−1
TL . (3.19)

If correction by de-embedding is combined with a background measurement both
the actual measurement and the background measurement first have to be de-embedded
before the background is removed since both the spin-wave measurement and the back-
ground measurement are affected by the length of the taper section.

When the measurement is corrected by removing the background and/or by de-
embedding the change in impedance ∆Z can be converted into a change in inductance ∆L
using equation (3.3). We can then analyse the data by comparing it to equation (3.14).
The analysis will be further explained in chapter 5 on actual devices.
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Conclusion

In this chapter we designed the spin-wave devices, discussed the measurement set-up and
procedure. The devices consist of a magnetic strip that is covered by an insulating layer.
On top of this insulating layer a set of antennas is placed. This device is measured in a
set-up with a VNA and connected via RF probes on carefully designed taper sections. We
have also developed a model to relate the measured inductance of the spin-wave antennas
to the theoretical susceptibility of the spin-waves. Finally we have see that the spin-wave
measurements have to be corrected for a background signal and a phase rotation, and
that a field swept measurements is easiest to perform since no additional background
measurement is required. Before we continue with results of the measurements we will
first explain how the designed devices are fabricated in the next chapter.
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spectroscopy devices

In this chapter the tools and techniques used for the fabrication of the spin-wave devices
that were designed in the previous chapter will be discussed. The devices consist of a mag-
netic strip with several layers of metals; typically Ta (4) /Py (10) /Al (4) or
Ta (4) /Pt (4) /Co (15) / Ir (4) /Pt (4) with an Al2O3 (40) insulating layer deposited on
top (where the numbers in parentheses represent the layer thickness in nm). A spin-wave
antenna of Ti (10) /Au (100) (with taper sections) is placed on top of this insulating
layer.

An overview of the fabrication is shown in figure 4.1. The fabrication of the spin-
wave devices can be divided in three steps: step 1 is the fabrication of magnetic strips,
step 2 the deposition of the insulating layer, and step 3 the fabrication of the antenna-
structures. In step 1 we first deposit the magnetic layers using magnetron sputtering.
The magnetic layers are then patterned into magnetic strips using UV lithography and
ion-beam-etching. Step 2 is deposition of the insulating layer on top of the magnetic strips
by either magnetron sputtering or atomic layer deposition. After the insulating layer is
deposited the antenna structures can be fabricated in step 3. The antenna structures
are first patterned in a layer of electron beam resist by electron beam lithography. Then
titanium and gold is deposited on top of the patterned resist. Finally the patterned resist
is removed to leave behind only the Ti/Au antennas, a method called lift-off.

The first section of this chapter concerns the fabrication of the magnetic strip and
the insulating layer shown in step 1 and 2 and will cover magnetron sputtering, UV

(1) Magnetic strip (2) Insulating layer (3) Antenna

Figure 4.1: Overview of the fabrication process. (1) First the magnetic strip (blue) is fabricated
on top of the a silicon oxide substrate (gray). (2) Then the insulating layer (transparent gray)
is deposited over the entire sample. (3) Finally the antennas (gold) are fabricated on top of the
insulating layer.
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Figure 4.2: Schematic view of sputter deposition. The argon ions (blue circles) in an argon plasma
(light blue area) are directed towards a target of the to be deposited material. By bombarding
the target with these ions atoms of target material (red circles) are ejected from the target and
can diffuse towards the substrate. Here the ejected material can condensate on the surface to
form a thin layer of material.

lithography, ion-beam etching and atomic layer deposition. In the second section we
discuss step 3 and will cover the fabrication of the antennas, including electron beam
lithography and electron beam physical vapour deposition. For a detailed description
of the fabrication, including timing, temperatures and other parameters, the reader is
referred to appendix A.

4.1 Magnetic strip and insulating layer

The magnetic strips are fabricated by first depositing the magnetic and non-magnetic
layers on a Si / SiO2 substrate. Then all the deposited material is removed with exception
of the magnetic strips in a so-called subtractive lithography step. For the magnetic strips
this method offers the advantage of being able to thoroughly clean the sample prior to the
deposition of the magnetic materials which improves the quality of the magnetic layers
(specifically the interfaces of the magnetic layers).

4.1.1 Magnetron sputtering

The metallic layers for the strips, consisting of Ta/Pt/Co/Ir/Pt, are deposited using
magnetron sputtering. In figure 4.2 a schematic view of this method is shown. A target,
a piece of the material that is to be deposited, is placed in front of an argon-plasma
source. Argon-ions from this plasma are directed towards the target by electric and
magnetic fields where they collide with atoms from the target. This sets off a chain of
collisions between atoms which can eject an atom from the target if the collisions still
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(1) Resist deposition (2) Exposure

(3a) Developement (positive)

(3b) Developement (negative)

Figure 4.3: The steps of lithography. (1) The sample is covered with a resist (transparent region).
(2) The resist is exposed by a form of radiation. Exposing the resist defines two areas: the
exposed area (red resist) and the unexposed area (gray resist). (3) The resist is developed. (3a)
Developing a positive resist results in removing the exposed resist. (3b) Developing a negative
resist removes the unexposed resist.

have enough energy. Ejected material diffuses away from the target towards the sample
which is placed opposite to the target where the ejected material can condensate on its
surface.

This way, thin layers of material can be grown at growth-rates of typically a few tenths
of angstroms per second. An advantage of this method is that it can easily be scaled
up for industrial applications while maintaining high-quality layers with good magnetic
properties [79, 109, 110].

4.1.2 UV lithography

After the deposition of the magnetic layers they have to be patterned which is done using
UV lithography. Here ultra-violet (UV) light is used to pattern a layer of resist. As the
antennas are later also fabricated using (a different type of) lithography we will first
discuss the general principle of lithography.

Lithography is a technique to pattern micrometre or nanometre sized structures by
exposing a layer of resist using a form of radiation [111]. This resist is a material that
is sensitive to a certain type of radiation, for example UV light or an electron beam. In
figure 4.3 we can see the three main steps of lithography: resist deposition (1), exposure
(2) and development (3). The first step is to deposit the resist on a sample by means
of spin-coating and baking: a drop of the resist in solution is applied on the sample and
spread by rotating the sample at high speeds which results in a homogeneous layer of
the resist. Afterwards the sample is baked to evaporate the solvent of the resist.

The second step is the exposure of the resist using a form of radiation. By exposing
only certain regions of the resist we can define a pattern in the resist. After the exposure
two regions can be distinguished: the exposed resist (red transparent) and the unexposed
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(1) Developement

(2a) Etching

(2b) Deposition

(3a) Cleaning

(3b) Lift-off

Figure 4.4: Steps for transferring the pattern of an exposed resist to a metallic layer for both
a subtractive (top row) and additive (bottom row) method. (1) Both methods start from a
developed resist. (2a) For the subtractive technique the uncovered metal is etched away (in this
case by ion beam etching). (3a) After the etching the resist is removed. (2b) For an additive
technique a metallic layer is deposited on top of the developed resist. (3b) In a lift-off step the
undeveloped resist is removed together with the metal on top of it.

resist (gray transparent).
In the final step (3) the resist is developed by dissolving part of the resist in an

adequate solvent, called the developer. Here we can distinguish two types, referred to
as tones, of resist: a positive (3a) and a negative (3b) resist. Depending on the tone
of the resist the developer only dissolves the exposed area (positive resist (3a)) or the
unexposed area (negative resist (3b)).

For the UV lithography step a negative tone resist ma-N 415 [112] is used that is
sensitive to UV light. Selecting which regions are exposed and which are not is done
using a photo-mask. One side of this transparent mask is covered with a reflective,
metallic layer that carries the pattern that is to be exposed. After the exposure the
resist is developed with developer ma-D 332/S, leaving only the exposed patterns for the
magnetic strips.

4.1.3 Transferring the pattern

After the resist has been developed the pattern can to be transferred from the layer of
resist onto another layer. In figure 4.4 one can see two approaches to achieve this transfer,
one subtractive and one additive, both starting from the same developed resist in step 1.
Although for the fabrication of the magnetic strips only the subtractive method is used
both methods are explained as the additive process is used later for the fabrication of
the antennas.

In the subtractive method (top row of figure 4.4) the pattern is transferred into the
layer underneath the resist. This is done in step 2a by ion-beam etching which uses the
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Figure 4.5: A single cycle of the ALD process for the deposition of Al2O3. Step a: The process
chamber is filled with TMA to react with hydroxyl groups on the surface of the substrate. Step b:
TMA is purged from the chamber (with Ar). Step c: Water vapour is injected into the chamber
and reacts with methyl groups on the surface. Step d: Water vapour is purged from the chamber
(with Ar). Image reprinted from MVSystems LLC [113].

sputtering mechanism to eject atoms from the sample at a rate of a few angstroms per
second. The patterned resist serves as a mask that protects the underlying layer from
the etching process. Regions that are not protected by this mask of resist are etched
away. When the etching is finished and all of the unprotected areas are etched away the
resist can be stripped from the sample in step 3a by dissolving it.

In the additive lift-off technique (bottom row of figure 4.4) the pattern is transferred
into a yet-to-be-deposited layer. After the resist has been developed a new layer is
deposited on top of the patterned resist in step 2b. The deposited material is only in
contact with the substrate in regions without resist. This causes the material that was
deposited on top of the resist to be removed from the sample along with the resist when
the resist is dissolved in step 3b, leaving only material in regions that were not covered
with resist.

4.1.4 Atomic-layer deposition

The next step is covering the magnetic strips with the insulating layer. This insulating
layer is a 40 nm thick layer of aluminium oxide (Al2O3). This layer is deposited using
atomic layer deposition, a deposition technique that is based on a chemical reaction
between two so-called precursor gasses.

In figure 4.5 one cycle of the ALD process for the deposition of Al2O3 is displayed.
For this deposition the precursor-gasses trimethylaluminium (TMA or (Al(CH3)3)2) and
water-vapour (H2O) [114] are used and the process is governed by the two reaction-
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equation:

X−OH + Al(CH3)3 −−→ X−O−Al−2 (CH3) + CH4, (4.1a)
X−O−Al−CH3 + H2O −−→ X−O−Al−OH + CH4, (4.1b)

where X represents the material on which the new layer of Al2O3 is deposited. In step
a (figure 4.5) the reaction chamber is filled with TMA which reacts with the hydroxyl
groups at the sample surface and binds aluminium with methyl group to the surface
(equation (4.1a)). Then the TMA is removed from the chamber in step b and water-
vapour is injected in step c. This water-vapour replaces the methyl groups with a hy-
droxyl group (equation (4.1b)) before it is removed from the chamber in step d, which
allows starting a new cycle. These four steps make up one ALD cycle that deposits one
monolayer of Al2O3 of 1.1Å thick [115].

The deposition of this insulating layer concludes steps 1 and 2 of the fabrication
procedure. At this moment in the fabrication, the device consists of a magnetic strip
(step 1 in figure 4.1) which is covered with an insulating layer (step 2). Now the antennas
can be fabricated on top of the magnetic strips (step 3).

4.2 Spin-wave antennas

The spin-wave antennas are fabricated by first patterning a layer of electron beam sens-
itive resist using electron beam lithography. Then a layer of gold is deposited on top of
this resist by electron beam physical vapour deposition after which the resist is removed
in a lift-off process.

4.2.1 Electron beam lithography

As the antenna structures have line widths of only several tens of nanometres, the res-
olution that can be obtained using UV-lithography (up to 0.8µm with the system used
in this thesis [116]) is not adequate for these structures. Therefore, these are patterned
using electron beam lithography (EBL), a method where an electron beam is used to
expose an electron sensitive resist. This type of lithography is capable of patterning
nanometre sized features. In addition, it exposes by scanning an electron beam across
the sample and does not require a mask, making it a highly flexible form of lithography.
However, this is at the expense of exposure time, as this now scales linear with both the
area that has to be exposed and the dose (how many electrons are used for the exposure,
or charge per unit area) that is to be delivered to this area. The time could be reduced
by increasing the current at which the dose is delivered, but this results in a loss of
resolution.

Exposure

In figure 4.6 the principle behind an EBL exposure is shown. The electron beam is
accelerated towards a sample covered with electron sensitive resist. In this thesis the
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Figure 4.6: Exposure principle of electron beam lithography. An electron beam is accelerated
and focused on a sample covered with resist. The electrons in the beam (primary electrons,
orange, blue and red) scatter on secondary electrons (green) that can interact with the resist
molecules. For PMMA the secondary electrons break the polymer chains making it soluble in a
developer. Due to the scattering on secondary electrons the primary electrons can deviate from
the original exposure site, called forward scattering (blue path). The primary electrons can also
scatter on the heavy molecules of the SiO2 substrate which can redirect them into the resist and
cause stronger deviation from the original exposure site, called back scattering (red path).

positive-tone resist poly(methyl-methacrylate) (PMMA) is used for both its high resol-
ution and ease of use [117]. The electrons in the beam are injected into the resist with
a high energy. Once injected these primary electrons have such a high energy that they
barely interact with the molecules of the resist but only scatter on secondary electrons
that are present in the sample and transfer part of their energy to these secondary elec-
trons. The secondary electrons that are produced by the scattering events move with
lower energies than the primary electrons and can therefore interact with the resist mo-
lecules. For a positive-tone resist like PMMA the electrons break bonds in the polymer
chains of the resist, making it easier to be solved in a developer, which for PMMA is a
3:1 mixture of isopropanol (IPA) and methyl isobutyl ketone (MIBK).

However, each time a primary electron scatters and produces a secondary electron the
direction of the primary electrons slightly changes, illustrated by the blue electron path
in the figure. As an primary electron generally produces multiple secondary electrons the
primary electron might deviate from the originally exposed area. This mechanism, known
as forward scattering, slightly broadens the area that is being exposed and decreases the
resolution (typically by 10 nm [118]). A more important contribution to the broadening
of the exposed area is illustrated by the red electron path in the figure and occurs when a
primary electron scatters on a more heavy particle such as a nucleus from the substrate
which can cause the electron to be redirected into the resist at random angle, a mechanism
called back-scattering. When an electron is redirected into the resist it can once again
contribute to the exposure of the resist, but now also at a wider area outside the originally
exposed area, exposing resist at distances up to 50µm away from the exposed area. These
effects are called proximity effects [118] and can cause incorrect patterning and broken
devices. They can be mitigated by proximity effect correction (PEC) which will be
discussed later.
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(a) 500µCcm−2 10µm

(b) 680µCcm−2 10µm

(c) 1300µCcm−2 10µm

Figure 4.7: SEM images of dose-tests for the spin-wave antennas with doses of (a) 500µC cm−2,
(b) 680µC cm−2 and (c) 1300µC cm−2. For these structure a dose of 680µC cm−2 in (b) is found
to be the optimal dose. Both the low (a) and high (c) doses, result in a loss of structures.

Dose

The quality of the final result is very dependent on the dose used to expose the resist. If
the dose is too low and the resist is underexposed the resist will not develop completely
and and after the lift-off no patterns will remain. On the other hand, if the dose is too
high the resist will be overexposed, meaning also the circumference of the electron-beam
is exposed. In both situations the smaller features will not be correctly patterned and
the devices will be unusable.

Therefore finding the right dose for the exposure is crucial to optimize the quality
of the resulting structures, especially for the feature sizes of the spin-wave antennas. To
find the right dose a dose-test is performed. During a dose-test a number of copies of a
structure of interest are exposed, each with a different dose, for the specific combination
of substrate, resist, development process, deposition, and lift-off conditions that will be
used for the actual devices. The structures are then inspected in a scanning electron
microscope (SEM) to find the dose that results in the best structures. A few SEM
images of a dose-test on the meandering part of the antenna structures are shown in
figure 4.7. We can see that both under exposure (a) and overexposure (b) lead to loss of
small features (the ground lines) and render the devices useless. For these structures an
optimal dose of 680µCcm−2 is found in b to obtain the small feature-sizes as required.



4.2 | Spin-wave antennas 55

−1.0 −0.5 0.0 0.5 1.0

x (a.u.)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

D
os
e

(a
.u
.)

(a)
Exposed
Delivered dose

−400 −200 0 200 400

x (µm)

−300

−200

−100

0

100

200

300

y
(µ

m
)

(b)

0.0 0.2 0.4 0.6 0.8 1.0 1.2

Dose correction factor

Figure 4.8: (a) A sketched comparison between the intended dose (blue curve) for the edge of
a feature and the actual dose (red curve) due to the proximity effect. In the region that is to
be exposed (left side) the actual dose due to proximity effect is higher than intended whereas
around the edge of the feature the dose is smeared out. Hence this will result in a less well-
defined edge. (b) The correction factors calculated (using BEAMER [119]) for proximity effect
correction of the spin-wave device. In the bulk-regions the dose is slightly decreased whereas the
dose is slightly increased near the edges and in the small features.

Proximity effect correction

As stated earlier, there are two mechanisms that broaden the delivery of the dose to the
resist and decrease the resolution of the patterns. In figure 4.8a a comparison is sketched
between the dose as intended and the actual dose that is received by the resists on the
edge of a structure. One can see that proximity effects result in a smeared out delivered
dose in the region around the edge and in a high dose in the bulk (left side) of a feature.
For the small features such as the lines of the spin-wave antennas it is crucial to reduce
these effects in order to prevent short circuits between the antenna lines (see figure 4.7c).

Proximity effects can be mitigated by adjusting the dose of each individual beam-
step by performing a proximity effect correction (PEC). The correction adjusts the dose
of each of the beam-steps, such that at the edge of a feature, the dose received by the
resist is as equal the target dose as possible. In figure 4.8b correction factors of a PEC
performed by the BEAMER software package [119] are shown. One can see that the PEC
results in a higher dose for small isolated features or edges as there are less beam-steps
that influence the received dose and a slightly lower dose for bulk-regions, where there
are a lot of beam-steps that influence the received dose.
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Figure 4.9: Working principle of EBPVD. An electron beam is diverted towards an a piece
of metal (ingot) in a crucible by a magnetic field. This beam heats the ingot which in turn
evaporates. The evaporated material moves upwards towards the substrate where it condensates.

4.2.2 Electron beam physical vapour deposition

After the resist is developed the titanium and gold can be deposited using electron beam
physical vapour deposition (EBPVD), or electron beam evaporation. This technique is
illustrated in figure 4.9. In EBPVD, an electron gun generates an electron beam that
is accelerated with an voltage between 3 kV and 40 kV and diverted towards a target
material using a magnetic field. When the electron beam hits the target material, the
energy of the beam diffuses and heats the target material which starts to melt and
eventually evaporate. The evaporated material moves upwards towards a sample that is
placed topside-down above the target, where it condensates on the sample and grows a
layer of the evaporated material with typical growth-rates of a few nanometres to a few
micrometres per minute [110].

After the gold is deposited the resist is removed in a lift-off process that was explained
in figure 4.4. This finalizes the fabrication of the spin-wave devices. We now have a
magnetic strip with spin-wave antennas on top, separated by an insulating layer. Now
these devices can be used to perform propagating spin-wave spectroscopy, which is the
focus of the following two chapters.
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spectroscopy

In this chapter the spin-wave devices that were designed and fabricated in the previous
chapters will be used for the first PSWS measurements. Before we move to asymmetric
spin-wave propagation in a Pt /Co / Ir sample in the next chapter we will investigate
the results of the measurement technique using a Ta /Py /Al sample, as Py is a well
understood material with a small damping [48, 61, 76, 95–97]. Since only a small i-
DMI is expected in this system [61, 63, 120] we do not expect to see a shift in the
resonance field of the two oppositely propagating spin-waves. This allows us to learn how
to interpret the measurements correctly. First the reflected signal will be investigated in
non-uniform FMR measurements. Here the results will be compared to both literature,
theory and a reference measurement using an ordinary FMR setup. Then we continue
with investigating the transmitted signal in PSWS measurements that are compared to
theory and literature.

Before the measurements were performed the devices were thoroughly optimized and
tested. In appendix B these optimizations and control measurements are discussed ex-
tensively.

5.1 Non-uniform FMR measurements

The first step towards understanding the measurement technique is to look at a non-
uniform FMR measurement. In figure 5.1 a and b the results of such a measurement
are shown for an antenna with wave-number k0 = 9.9µm−1. As we found in section 3.1
for non-uniform FMR a spin-wave is both excited and detected by the same antenna.
It is thus a measure for the excitation of spin-waves. Non-uniform FMR is therefore
represented by the self inductances ∆L11 and ∆L22 of the two antennas.

We notice that the measurements for antenna 1 and antenna 2 are nearly identical and
symmetric in the magnetic field. As the self inductance is caused by all the spin-waves
that are excited underneath the antenna it includes spin-waves propagating in either
direction. Hence the measurement is not dependent on the magnetic field direction and
the measurements for the two antennas should indeed be identical.

In the real component in figure 5.1a four symmetric peaks can be recognised, two
for either magnetic field direction. We can also see that the peaks are symmetric in the

57
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Figure 5.1: Real (a) and imaginary (b) components of the non-uniform FMR signal with kM =
9.88µm−1 and kS = 3.56µm−1 of a Ta /Py (10) /Al sample at a frequency of f = 8 GHz. The
measurement is performed following the procedure in section 3.3 and is interpolated, binned, and
averaged 30 times. Moreover, a linear background was subtracted from the measurement.

magnetic field: a large peak is found around µ0HM ≈ ±51 mT and a smaller peak is
found around µ0HS ≈ ±66 mT. At the same magnetic fields antisymmetric peaks are
found in the imaginary component in figure 5.1b. These two peaks for either magnetic
field direction agree with the expectations in section 3.1.3 and theory in section 3.3.1:
the two periodicities in the design of the spin-wave antenna both excite spin-waves.
The peak around µ0HM ≈ ±51 mT is related to the primary periodicity with kM =
0.998k0 = 9.88µm−1 and the smaller peak around µ0HS ≈ ±66 mT corresponds to the
secondary, longer periodicity with kS = 0.360k0 = 3.56µm−1. The difference in height
of the two peaks (∼ −14 pH around ±µ0HM and ∼ −6 pH around ±µ0HS in the real
part) is related to the excitation and detection efficiency of the spin-wave antennas. This
can be understood easily by looking at the Fourier transform of the spin-wave antennas
(figure 3.7b) where we found that the kS peak is considerably smaller than the kM.

The measurement is compared to theory (section 3.3.1 and figure 3.7) in figure 5.2.
Here we have plotted part of the measurement for the positive field direction (a) and
the theoretical1 curve (b, equation (3.14)). Although the same two resonances are

1 For a clearer comparison the theoretical curve is in fact a fit to a later, de-embedded version of
the measurement that can be found in figure 5.7. The complete procedure for this de-embedding will be
discussed later in this section. This fit was performed by varyingMeff , α, g, height z0 between the antenna
and the magnetic layer, and a scaling factor C with fixed MS = 0.8276MAm−1 and k0 = 9.9µm−1.
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Figure 5.2: De-embedding of non-uniform FMR measurements. (a) The original measurement
before de-embedding. (b) The signal as expected from theory, equation (3.14). (c) The meas-
urement de-embedded using an additional measurement of a de-embedding structure. (d) The
measurement de-embedded using a theoretical transmission line with βL ≈ 0.16 and Z0 = 50Ω.

recognised in the theoretical curve (around µ0HM ≈ 51 mT and µ0HS ≈ 66 mT), the real
and imaginary components are exchanged; the symmetric peaks in the imaginary part
of the theory (b, red) are found in the real part of the measurement (a, blue) and the
antisymmetric peaks in the real part of the theory (b, blue) are found (upside-down) in
the imaginary component of the of the measurement (a, red). This (apparent1) phase
rotation is caused by the finite length of the CPWs between the probe-tips and the
actual antenna. As the length of the CPW is not negligible for the wavelength of the
microwaves used for the measurement it is necessary to correct the measurements for
the CPW2 by a de-embedding method that is explained in section 3.3.3. The two
de-embedding procedures that are suggested in section 3.3.3 are compared in figure 5.2c
and d. In c the de-embedding is performed with an additional measurement of a de-
embedding structure that has been designed specifically for this purpose and is discussed
in section 3.3.3. Although this de-embedded measurement indeed corrects for a large

1 The actual phase rotation took place in the S-parameters and the apparent phase rotation in the
inductance is not a real phase rotation. Therefore it could not be solved (completely) by simply rotating
the phase of the inductance.

2 In section 3.3.3 we estimated that the CPW causes a 10◦ phase rotation in the S-parameters while
the measurements suggest a ∼ 90◦ phase rotation in the inductance. This enhanced phase rotation might
be related to the high impedance (∼ 300 − 200iΩ) of the spin-wave antenna. RF simulations suggest
that using smaller antennas reduces this high impedance and thus might also reduce the enhancement
of the phase rotation.



60 5 | Interpretation of spin-wave spectroscopy

0 20 40 60 80 100 120

µ0H (mT)

−30

−20

−10

0

10
∆
L

1
1

(p
H

)

µ0HSµ0HM

Real
Imaginary
Fit

65 70

µ0H (mT)

−20

−18

−16

∆
L

1
1

(p
H

)

50.0 52.5

µ0H (mT)

−38

−36

−34

∆
L

1
1

(p
H

)

Figure 5.3: The self inductance ∆L11 after de-embedding it with a theoretical transmission line
with βL ≈ 0.16 and Z0 = 50Ω. The data is fitted with superposition of two susceptibilities
(equation (5.1)). The insets show a zoom-in on the two peaks and the fit through the peaks.

part of the phase rotation the real and complex components are still not completely
separated. This is most clearly visible in the imaginary component where we can see
that the peaks are not completely symmetric. In d we see that de-embedding with a
theoretical transmission line, calculated using equation (3.18), results in a better match
between measurement and theory; the imaginary peaks are now completely symmetric
and thus the real and imaginary components are completely separated.

Now the phase rotation has been corrected for we can continue exploring the meas-
urement that has been enlarged in figure 5.3. To verify the measurement we will now
compare the peak height of line width of the peaks in the measurement with observations
in literature. When compared to peak heights in literature (2 pH to 10 pH) [42, 61, 90,
97] we find that the peaks in our measurements (∼ 35 pH) are significantly higher. This
can easily be explained by width of the magnetic strips: the width of magnetic strip in
our devices is 20µm whereas the strips in literature range from 2µm to 10µm. Moreover,
the insulating layer that separates the antennas from the magnetic strip is 40µm thick
while in literature thicknesses up to 300µm are used. As the induction is related to the
precessing magnetization of the FM layer it is easy to see that a stronger signal is induced
in the antennas when either the total magnetization is increased (by a wider magnetic
strip) or the distance between the antenna and the FM layer is decreased (by a smaller
insulating layer).

The line width of the peaks (∼ 6.2 mT for kM and ∼ 7.1 mT for ks) is only slightly
smaller than values found in literature around ∼ 8 mT [59]. However, as they use a
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single CPW rather than the meandering structures we expect to find a significantly
smaller line width in our measurements (as discussed in section 3.1.3). Hence we can
conclude that the line width of our measurements is relatively large. This is possibly
related to quantized spin-wave modes across the width of the magnetic strip: due to the
finite width of the magnetic strip also quantized spin-waves modes across the width of
the magnetic strip are excited [121]. Combined with the (intended) spin-waves in the
length of the strip the resulting mode can be viewed as a ’diagonal’ spin-wave. As for
wider strips it is easier to excite higher quantized modes this results in multiple different
’diagonal’ spin-waves, which will broaden the frequency of the spin-waves. To investigate
this effect one could vary the width of the magnetic strips; for a smaller strip this effect
is expected to decrease and thus the line width should be reduced.

To further extract information from figure 5.3 a function is fitted to the data (dashed
lines). However, as integrating over k-space in equation (3.14) is computationally heavy
the fitting is instead performed using a simplified function:

∆L = CMe
iφMχxx(kM, αM, H, f) + CSe

iφSχxx(kS, αS, H, f) . (5.1)

In this simplified equation we only take into account the two wave numbers of the spin-
waves that are excited (kM = 0.998k0 and kS = 0.360k0) rather than the entire Fourier
distribution of the spin-wave antenna as for equation (3.14). For each of these spin-
waves we add a susceptibility term χxx with a proportionality constant (CM and CS)
and a phase factor (eiφM and eiφS). Only the xx-component of the susceptibility tensor
χ is used as this is the most significant term and the proportionality constant accounts
for the excitation and detection efficiency of the spin-wave. The phase factor is included
to correct for a small phase rotation of the signal that is not completely removed by
the manual de-embedding. Moreover, we introduce different damping factors for both
spin-waves, αM and αS. These damping factors account for the width the respective peak
in the Fourier transformation of the driving field h (figure 3.4).

The fit (black line) in figure 5.3 is performed for Meff , g, αM, αS, φM, φS, CM, and
CS while fixing Ms = 0.8276 MA m−1 to the value found in literature [65] 1. The
found values are used to calculate the resonance fields µ0Hres,M = 49.5 ± 0.9 mT and
µ0Hres,S = 67.2± 0.7 mT for the main and secondary peak using equation (2.29). From
the figure one can see that the theoretical curve can be fitted to the data accurately
although minor differences are visible. When zooming in on the imaginary peaks one can
see a small difference in peak positions (∼ 0.4 mT) and amplitude (∼ 0.5 pH) between
the measured peak and the fitted curve, showing the typical error in determining the
peak position. This small difference can be attributed to an imperfect description by
the simplified model that is fitted to the data. To extract effective magnetization this
inaccuracy is insignificant compared to the peak positions (0.8% of the peak position).

As we know from theory (section 2.3.1) the peak positions are related to the frequency
via equation (2.29). So in order to obtain magnetic properties from the measurements we

1 The fit parameters do not have a physical significance as the model that is used for fitting the data
is only a phenomenological description. Therefore they are only used to determine the peak positions
and will not be further discussed.
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Figure 5.4: The dispersion relation of non-uniform FMR in Ta /Py (10) /Al with k0 = 9.9µm−1.
(a) The dispersion data as obtained from the non-uniform FMR measurements fitted (dashed
lines) with the dispersion relation (equation (2.24)), giving Meff = 0.37 ± 0.01 MA m−1, and
g = 2.69± 0.04 with fixed MS = 0.8276 MA m−1. (b) The average of the (absolute) positive and
negative resonance fields fitted with the same dispersion relation with fixedMS = 0.8276 MA m−1

and g = 2.11 (black curve), giving Meff = 0.646 ± 0.007 MA m−1. Note that the uncertainties
are included in the data but are not visible due to their small values (typically ∼ 0.8 mT).

can determine the peak positions for a series of measurements with varying frequencies
and plot their dispersion relation.

5.1.1 Fitting the extended Kittel relation

In figure 5.4a the dispersion of a single spin-wave device (k0 = 9.9µm−1) on
Ta /Py (10) /Al is shown. Branches for both spin-waves are included: blue circles for
kM = 9.88µm−1 and red squares for kS = 3.56µm−1. One can clearly see that the data
points follow a square-root behaviour near zero magnetic field which turns into a more
linear behaviour for increasing magnetic field. This is in accordance with the dispersion
relation given by equation (2.24) and figure 2.8b. In figure 5.4a this dispersion relation is
fitted to the data for the effective magnetization and g-factor while fixing the saturation
magnetization MS = 0.8276 MA m−1 to a value from literature [65]. Note that the two
datasets for different wave-numbers are fitted simultaneously as they are measured on
the same strip.

Fitting the data results in a values ofMeff = 0.37±0.01 MA m−1 and g = 2.69±0.04.
These values are however not consistent with values in literature for the g-factor (g =
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2.11) nor is the effective magnetization in the range of typical values in literature (around
0.77 MA m−1) [76]. Moreover, Meff is inconsistent with Meff = 0.6180 ± 0.0004 MAm−1

that is found using a normal FMR measurement on an unpatterned sample (the measure-
ments can be found in appendix C). We can understand this by looking at the dispersion
relation (equation (2.24)). In the range of frequencies of the measurement the relation
responds in a similar manner to variations of both g and Meff . This causes a strong cor-
relation between these two parameters when fitting this function to the data and hence
these values can not be determined at the same time which is a well-known problem for
in plane FMR [76].

We solve this by choosing to fix both the saturation magnetization and g-factor to the
literature values and only fit for the effective magnetization. In figure 5.4b the new fit is
shown. Note that for this fit we also took the average of the absolute values of negative
and positive resonance fields for each the frequencies to remove a bias (of ∼ 0.24 mT) in
the measured magnetic field [122]. This approach results in an effective magnetization
Meff = 0.646 ± 0.007 MA m−1. This values now agrees better with both literature and
normal FMR, but a small discrepancy is still found.

Compared to normal FMR (Meff = 0.6180±0.0004 MAm−1) we find that the effective
magnetization found by non-uniform FMR is higher. This difference can be explained by
the fabrication procedure of the spin-wave devices. During the fabrication the sample is
baked a number of times to temperatures up to 170◦C. Moreover, the sample is subject
to ion bombardment during the ion-beam etching for the magnetic strips. Both of these
procedures are known to decrease the interface anisotropy [123, 124]. As the anisotropy
is related to the effective magnetization via Meff = MS−HK we can understand that the
effective magnetization is increased after the fabrication.

The value ofMeff found by non-uniform FMR is lower than typical values in literature
(around 0.811 MA m−1 for bulk Py [76]), or the anisotropy is higher than typical values
in literature (HK = 0.182 ± 0.07 MA m−1 with non-uniform FMR compared to HK =
0.017 MA m−1 from literature). This difference could be caused by a combination of
additional anisotropies, interface anisotropy and growth induced anisotropy, and the
sensitivity of fitting the Kittel relation. We will now discuss these three effects on the
high anisotropy.

Both interfaces of the Py layer could contribute an interface anisotropy, as discussed
in section 2.1.3. For the Ta/Py interface there have been reports of a PMA [63, 125]. Ac-
cording to Rantschler et al. [125] the Ta/Py interface has an interface anisotropy of KS =
0.078 mJ m−1 and could induce an addition anisotropy field HK,Ta/Py = 0.015 MA m−1).
There are no reports of the presence (or absence) of an interface anisotropy on Py/Al
interface. However, due to oxidation of the Al layer and the deposition of Al2O3 on
top of the Al layer (section 3.1.4) one might find Al2O3 at the Py/Al interface; we
are not certain of the composition of the interface. For a possible Py/Al2O3 interface
there have been reports of an interface anisotropy of KS = 0.2 mJ m−2 (equivalent to
HK,Py/Al2O3

= 0.03846 MA m−1) [126]. These two interface anisotropies can increase the
total anisotropy (and thus decrease the effective magnetization), but are not sufficient
to completely explain the high anisotropy and low effective magnetization; combined the
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Table 5.1: The values for Meff found by fitting the dispersion relations of non-uniform FMR
measurements for various spin-wave devices on a Ta/Py(10)/Al sample with fixed g = 2.11 and
MS = 0.8276 (MAm−1).

Wave number k0 (µm−1) Meff (MAm−1)

5.5 0.677± 0.004
9.9 0.646± 0.007
11.0 0.668± 0.004

Average 0.669± 0.002
FMR 0.6180± 0.0004

interface anisotropies can increase the anisotropy field HK by 0.053 MA m−1 while an
increase of ∼ 0.165 MA m−1 is needed to explain the low effective magnetization.

Another contribution could be growth induced anisotropy; the exact deposition para-
meters of the magnetic layers can influence the magnetic properties, including the aniso-
tropy, of the magnetic materials. Indeed, there have been reports of a pressure depend-
ence of the interfacial anisotropy in evaporated Py [127] and sputter deposited Co [31];
the interfacial anisotropy increases with increasing deposition pressure of the capping
layer (the layer on top of the FM layer). The underlying mechanism is that using higher
pressures improves the quality of the interface between the FM layer and the capping
layer. Thereby the interfacial anisotropy is enhanced. For sputtered Pt/Co/Pt the inter-
face anisotropy could be increased with a factor ∼ 3 by raising the deposition pressure
[31]. Therefore this might be a significant contribution to the increased anisotropy in the
Ta/Py/Al sample.

Finally, we have already seen that fitting the (extended) Kittel relation to the disper-
sion is sensitive to e.g. the value of the g-factor: when both the g-factor and Meff were
fitted we found that both values were inconsistent with literature. Therefore, if another
g-factor is used when fitting the dispersion relation we will find a different value forMeff .
As we are unable to determine the g-factor in our sample we have used g = 2.11 from
literature [76] although this might not be the correct g-factor for our samples. Combined
these contributions might be responsible for the lower Meff compared to literature.

A final verification for the non-uniform FMR data of this Ta /Py (10) /Al sample is
to measure other devices with different wave-numbers. Fitting the dispersion relations
of several wave numbers results in Meff values found in table 5.1. Here we see that the
value for Meff is consistent for the different devices.

From these non-uniform FMR measurements we have seen that spin-waves with a
predetermined wave number can be excited and detected using spin-wave antennas and
that both the inductance and the dispersion relation are as expected from literature and
theory. We can now use this to look at the propagation of spin-waves.
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Figure 5.5: A schematic view of the PSWS measurement in which one antenna (golden structures)
excites a spin-wave in a magnetic layer (light blue) that propagates towards the other antenna
where it is detected. The arrows indicate the directions of L21 (blue) and L12 (red). The
dimensions that indicate the distances to the antenna are not to scale.

5.2 Propagating spin-wave spectroscopy

As stated earlier (section 3.1), these transmitted signals are represented in the mutual
inductances ∆L12 and ∆L21. This is represented in figure 5.5: ∆L21 represents the spin-
wave that propagates from antenna 1 to antenna 2 (from right to left in the figure) and
∆L12 the spin-wave propagating in the opposite direction.

In figure 5.6 we see the mutual inductances of the k0 = 9.9µm−1 antenna on
Ta /Py (10) /Al. We see a signal that is (almost) symmetric in the magnetic field like
we have seen with non-uniform FMR. Moreover, the signal once again shows two res-
onances corresponding to the two peaks in the Fourier transformation of the antenna
(figure 3.4). However, the two peaks are less recognisable as for non-uniform FMR as the
real (antisymmetric peak) and imaginary (symmetric peak) components are mixed due
to the propagation of the spin-waves: the peaks in the imaginary part are not symmetric
anymore and the peaks in the real part are not antisymmetric anymore.

The propagation of the spin-waves results in a phase delay in the measured signal
of the form eikl where l is the distance over which the spin-wave with wave number k
propagates [42]. This can be incorporated into the theoretical description of the induct-
ance (equation (3.14)):

∆L ∝
∫ +∞

−∞
eiklF(h)∗ · χ · F(h)dk. (5.2)

In figure 5.6 this function is fitted to one of the measurements (black curve) and we can see
that the phase delay indeed causes this mixing of the real and imaginary components as
the curve now follows the measurement and does not show symmetric and antisymmetric
peaks in the imaginary and real parts respectively.

We can see that the height of the peaks is smaller by more than a factor 4 compared to
the non-uniform FMR measurements due to attenuation of the propagating spin-waves.
By assuming an exponential decay (e−x/Latt) of the spin-wave amplitude an attenuation
length Latt can be defined that is related to the amplitude of the inductances |∆L|
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Figure 5.6: A PSWS measurements with k0 = 9.9µm−1 and frequency f = 8 GHz. The meas-
urement is represented by the real (a) and imaginary (b) components of the mutual inductances
of the spin-wave antennas and underwent the data processing along with the self inductances
and are thus also interpolated, binned, averaged, de-embedded, and corrected for a background
signal. The black curve is a fit with the equation (5.2) and the dashed lines indicate the resonance
fields of non-uniform FMR (figure 5.1).

by [128]:
|∆L12|+ |∆L21|

2|∆L22|
= e−l/Latt . (5.3)

For this measurement, with propagation distance l = 6.56µm between the centres of
the antennas (indicated by lc in figure 5.5), we can estimate the spin-wave attenuation
length to be Latt = 5.45µm. From theory the attenuation length can also be related to
the damping via [128]:

Latt =
dM̃SM̃eff

2αω̃
(

2B + M̃S

)e−2kd. (5.4)

With this formula and the damping α = 0.0102 that was found in this sample using
normal FMR (appendix C) the attenuation length is estimated to Latt = 1.14µm which
is significantly smaller than the measured attenuation length.

This discrepancy can in part be attributed to definition of the propagation distance
of the spin-waves. We have assumed that the spin-waves are excited at the centre of
the antennas but it is likely that the spin-waves that contribute most to the inductance
are excited (and later detected) more towards the edge of the antenna. In the most
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Figure 5.7: Real (a) and imaginary (b) components of the mutual inductance with positive
magnetic field direction of spin-waves antennas with k0 = 9.9µm−1 at frequency f = 8 GHz. The
black curves shows the fits using a superposition of two susceptibility curves (equation (5.5)).

extreme scenario where the spin-waves would be excited on the edge of the antenna
(giving l = 2µm, indicated by le in figure 5.5) the measured attenuation length would be
estimated at Latt = 1.66µm (using equation (5.3)) which compares better to but is still
slightly higher than the theoretical value (Latt = 1.14µm). The remaining difference
might be related to the method of estimating the attenuation length which does not
take into account the difference in excitation and detection efficiency between the CW
and CCW spin-waves and requires knowing the propagation distance for the spin-wave
between the two antennas. A better method to obtain the attenuation length would be
to vary the distance between the antennas and measure the attenuation as a function of
this distance. Although this high attenuation length and therefore the high amplitude
of the mutual inductance is not yet completely understood it is not expected to affect
the further analysis as we are mainly interested in the differences between the mutual
inductances.

The next step towards understanding the measurement is looking at two asymmet-
ries between the two mutual inductances, the peak heigh asymmetry and peak position
asymmetry. To do so we will zoom in on one magnetic field direction of the measurement
in figure 5.7 such that we can distinguish between CW (+k) and CCW (−k) spin-waves
for a correct interpretation of the results. In the next two sections we will extensively
discuss these two asymmetries.
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Figure 5.8: A schematic view of the contributions to the asymmetric excitation and detection
efficiency between the CW and CCW spin-waves. The strongest contribution is the built in
chirality of the driving field (dashed lines): the CCW spin-wave has the same chirality as the
driving field while the CW spin-wave has the opposite chirality. The second, weaker contribution
is the decaying magnitude of the driving field (|h|) along the height of the FM layer in combination
with the chirality dependent localization.

5.2.1 Peak height asymmetry

Figure 5.8 shows two mechanisms that cause an asymmetry in the peak height between
the CW and CCW spin-waves. Before we look at this asymmetry in our PSWS measure-
ment we first discuss these two mechanisms and estimate their contribution to the peak
height asymmetry.

In section 3.1 we found that the driving field h has a built-in chirality: by looking
at the driving fields (dashed red lines) in figure 5.8 we can see that the driving field has
a CCW chirality. Hence, for the CCW spin-wave both the in plane and out of plane
components of the driving field help in exciting the spin-wave while for the CW spin-
wave the out of plane components suppress the spin-wave that is excited by the in plane
components [129]. This means that the CCW spin-wave is both excited and detected
more efficiently than the CW spin-wave.

To estimate this difference in excitation and detection efficiency equation (5.2) can
be used. In this equation F(h) accounts for the excitation and detection efficiency
of a spin-wave with wave number k and incorporates the chirality of the driving field.
By integrating equation (5.2) only over the positive or negative part of k-space we can
estimate the relative amplitudes of the inductances of two spin-waves: integrating over
k > 0 corresponds to the CW spin-wave while integrating over k < 0 corresponds to the
CCW spin-wave. This way we estimate that the inductance of the CW spin-wave should
∼ 60% smaller than the inductance of the CCW spin-wave.

A second, smaller contribution to the asymmetry in the peak height is caused by the
localization of the spin-waves that illustrated in figure 5.8 by the position of the spin-
waves and the magnitude of the driving field |h|. In section 2.3.1 and figure 2.7 we found
that depending on the chirality of the spin-waves they localizes near the top or bottom
of the FM layer: the CCW spin-waves localize near the top interface of the FM layer
while the CW spin-waves localize near the bottom interface. At the same time there
is an amplitude difference of the driving field (|h| in figure 5.8) along the height of the
FM layer; the driving field is smaller near the bottom interface of the FM layer due to
the larger distance to the antenna. This results in the CCW spin-wave (localized at the
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top) being excited and detected more efficiently than the CW spin-wave (localized at the
bottom). Using equation (5.2) the impact on the inductance can be estimated as F(h)
also includes the distance between the spin-wave antenna and the excited spin-wave. We
estimated that this effect causes the inductance of the CW spin-wave to be at most 5%
smaller than the inductance of the CCW spin-wave1. This effect is significantly smaller
than the chirality of the driving field but as both mechanisms suppress the same (CW)
spin-wave they add to a difference of ∼ 63%: the inductance of the CW spin-wave is
expected to be ∼ 63% smaller than the inductance of the CCW spin-wave.

When inspecting the signals of our measurement in figure 5.7 we do see a small
difference in the height of the peaks: around 49 mT we see that the inductance of the
CCW spin-wave is slightly larger than the CW spin-wave. This is best seen in the
imaginary component (b) where we see that the red peak around 49 mT is slightly higher
than the blue peak. However, the induction of the CW spin-wave is only ∼ 13% smaller
than the induction of the CCW spin-wave; significantly less than the predicted 63% or
the typical ∼ 80% found in literature [53, 97].

A possible explanation for this weak peak height asymmetry is suggested by Kasahara
et al. [60]. By varying the thickness of the insulating layer they found that the peak
height asymmetry decreased with decreasing insulator thickness from ∼ 40% at 2350 nm
to ∼ 29% at 115 nm. Based on these results an even smaller peak height asymmetry is
expected for our measurements with an insulator of 40 nm thick. Kasahara et al. [60]
propose that the chirality of the driving field (responsible for the difference of 60%) is
suppressed for small distances between the antenna and the FM layer; the influence of
the out of plane component hz of the driving field is decreased for smaller distances.
Although this is partly accounted for in equation (3.14) we do not take into account the
fact that the driving field might be affected by the FM layer. To investigate if this effect
is the reason for the low peak height asymmetry in our measurements one could repeat
the same measurement with thicker insulating layers.

5.2.2 Peak position asymmetry

Another asymmetry that might be present in a PSWS measurement is an asymmetry
in the peak position. In section 2.3.1 we found that the exact peak position might be
different for the CW and CCW spin-waves due to the presence of an i-DMI. This is also
the essence of the PSWS measurements for measuring the i-DMI: by measuring the shift
of the peak position we should be able to determine the strength and direction of the
i-DMI.

In this Ta/Py(10)/Al sample, however, only a small i-DMI is reported [61, 63] and
hence we expect almost no peak shift. Indeed when looking at the peak around 49 mT
in figure 5.7 we see that the peak positions of the CW and CCW spin-waves appear to
be identical.

To better quantify this a function is fitted to determine the precise peak positions.

1 For the estimate we assumed that the spin-waves are completely localized at the top (70 nm
underneath the antenna) or bottom (80 nm underneath the antenna) interface.
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Figure 5.9: The dispersion of the PSWS measurements with spin-wave antennas with k0 =
9.9µm−1. Fitting this measurement with an extended dispersion relation (equation (2.24),
without i-DMI) gives an effective magnetization of Meff = 0.652 ± 0.003 MA m−1 while fixing
MS = 0.8276 MA m−1 and g = 2.11. The fit is indicated by the black curve. Errors are included
but are not visible due to their size.

Although equation (5.2) might be able to fit the measurement it is computationally heavy
and is constrained to a single propagation length l for all spin-waves. However, the kM

and kS spin-waves might not necessarily have the same propagation length due to the
finite size of the spin-wave antennas and the damping of the spin-waves underneath the
antenna. Therefore equation (5.2) is simplified in a similar manner as equation (5.1) by
only accounting for two spin-waves with kM and kS:

∆L = CMe
ikMlMχxx(kM, αM, H, f) + CSe

ikSlSχxx(kS, αS, H, f) . (5.5)

where lM and lS are the propagation distances for the spin-wave with wave-number kM

and kS, respectively, allowing for different propagation distances for either spin-wave.
In figure 5.7 this function is used to fit to the measurement (black dashed lines) by

allowing variation of Meff , g, αM, αS, lM, lS, DS,M and DS,S
1. Here DS,M and DS,S

are separate i-DMI strengths for the spin-wave with kM and kS respectively. We can see
that the simplified function describes the measurement very good2; the dashed lines of
the fits coincide with the measurements.

1 As with fitting equation (5.1) the fit parameters are only used for determining the peak positions
as this is only a phenomenological model.

2 In appendix B.5 we briefly discuss measurements that cannot be described correctly using equa-
tion (5.5) due to oscillations in the inductance.
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Table 5.2: The values for Meff found by fitting the dispersion relations of the transmitted spin-
waves for various spin-wave devices on a Ta/Py(10)/Al sample with fixed g = 2.11 and MS =
0.8276 (MAm−1).

Wave number k0 (µm−1) Meff (MAm−1)

5.5 0.66 ± 0.01
9.9 0.653± 0.003
11.0 0.675± 0.002

Average 0.668± 0.002

Non-uniform FMR 0.669± 0.002

Using equation (5.5) the precise peak positions of the measurement shown in figure 5.7
were determined; for the CW spin-wave the peak was found at µ0HCW = 49.44±0.02 mT
and for the CCW spin-wave it was found at µ0HCCW = 49.35 ± 0.03 mT. In figure 5.9
we have plotted these peak positions as a function of frequency for both the CW and
CCW spin-waves and with both kM and kS for a variety of frequencies. The positive
and negative field measurements have been averaged to remove the magnetic field bias
[122]. The measurement is fitted with the extended Kittel relation (equation (2.24) with
fixed MS and g and D = 0) to obtain an effective magnetization to compare to the
value obtained by non-uniform FMR. The resulting values for this and other devices
are found in table 5.2 which shows that the effective magnetization that is obtained
from these measurements agrees with the result from non-uniform FMR. This verifies
the PSWS measurements: the spin-waves that were excited and detected in non-uniform
FMR measurements are the same spin-waves that are excited and detected in the PSWS
measurements and the PSWS measurements are correctly interpreted.

From the precise peak positions we can determine the peak shift; for the measurement
in figure 5.7 a peak shift of µ0∆H = µ0HCW−µ0HCCW = 0.09±0.04 mT was found. To
better inspect the peak shift we have plotted the peak shift of both the kM and kS spin-
waves in figure 5.10. Unfortunately, we were only able to determine the peak positions
accurately enough for the k0 = 9.9µm−1 antenna. For the kM peaks the peak shifts are
close to zero in agreement with our expectations: a Ta/Py/Al system has a small i-DMI
and thus no (measurable) peak position asymmetry is expected due to i-DMI.

There are, however, reports of a small peak shift in Py/Al due to interfacial aniso-
tropy difference; Gladii et al. [61] reported frequency shifts of typically 24 MHz do to
the interfacial anisotropy difference (and a very small i-DMI). Using equations (2.27)
and (2.29) this shift is converted to a field shift of ∼ 0.5 mT. This is smaller than the
accuracy1 with which the positions were determined (discussed in section 5.1.1). As
such, we do not expect this small shift to be visible in our measurements.

The kS peaks however do show a non-zero peak shift of about 0.5 mT. We attribute
this to the small amplitudes of these peaks in comparison to the kM peaks; as the kS

1 One might expect that this accuracy is reflected in the error bars of the peak shifts. However, as
the model that is used to fit the data (equation (5.5)) is only a phenomenological description this is not
necessarily the case.
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Figure 5.10: The peak position difference ∆H = HCW−HCCW of the PSWS measurements with
spin-wave antennas with k0 = 9.9µm−1. Error bars are included but are not visible due to their
small sizes.

peak is significantly smaller than the kM peak we cannot determine the kS peak position
with sufficient accuracy1. This causes the kS peak to be difficult to use when measuring
a peak position asymmetry.

From the absence of a (measurable) peak shift (for kM) we can conclude that the
PSWS measurements are correctly interpreted. Therefore it can now be applied to a
Pt/Co/Ir sample in which a peak shift due to i-DMI is expected.

Conclusion

To summarize, in this chapter we have performed and analysed the first spin-wave meas-
urements on a Ta /Py (10) /Al sample in order to verify the measurement technique,
the analysis and the set-up. The non-uniform FMR measurements with the spin-wave
antennas are as expected from theory and literature consisting of two complex resonance
peaks. The measurement can be fitted using a superposition of two susceptibility curves.
Fitting the dispersion to an extended Kittel relation yields a reasonable value for the
effective magnetization (Meff = 0.669 ± 0.002 MAm−1) when the g-factor is fixed to a

1 One might expect that this inaccuracy is reflected in the uncertainty of the data points. However,
this is not the case as the model that is used to fit the data (equation (5.5)) is not an exact description
but rather an approximate phenomenological model which e.g. does not take into account the exact
broadening of the line width due to the line width of the peaks in the Fourier transformation of the
spin-wave antennas.
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value from literature. When the g-factor is also allowed to vary the values found for both
the g-factor and effective magnetization are not reliable as both parameters have similar
effect on the dispersion relation, a common problem in in plane FMR [76].

The propagating spin-wave spectroscopy measurements show behaviour that was ex-
pected from both literature and theory: a phase delay in both of the spin-wave peaks
and an asymmetry in the height of the peak between the mutual inductances that is
antisymmetric in the magnetic field. However, the asymmetry in the peak height is not
as strong as found in literature. No consistent peak position asymmetry was found in this
sample as only a small i-DMI and thus a negligible peak shift due to i-DMI was expected
in this system. Now that the analysis of the PSWS measurements is understood we can
continue with measuring a peak shift due to i-DMI in a Pt /Co / Ir system.
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6 | Measuring a peak shift

In the previous chapter we have seen the first non-uniform FMR and PSWSmeasurements
and learned how to interpret them correctly. Now this will be applied to a Pt/Co/Ir
system to measure a peak shift and try and determine the i-DMI. This system is expected
to show a strong i-DMI as both interfaces (Pt/Co and Co/Ir) are reported to host a strong
and opposite i-DMI [22, 29, 33, 53]. Based on ref. [29] and equation (2.29) we expect
to measure a field shift of ∼ −1.35 mT for the k0 = 9.9µm−1 measurement on the
Pt/Co(15)/ Ir sample that is discussed in the upcoming sections (using typical values for
Co).

A similar procedure will be followed as was done in chapter 5. First the non-uniform
FMR measurements will be discussed to extract the effective magnetization for a correct
interpretation of the field shift that is measured later. Then we continue to PSWS meas-
urements where the actual field shift is measured. Finally this measurement is compared
to a measurement on a Pt/Co(10)/ Ir sample where a larger field shift is expected as the
i-DMI is more pronounced for a thinner layer.

6.1 Non-uniform FMR measurements

First the non-uniform FMR measurements on the Pt/Co(15)/ Ir sample will be discussed
to extract an effective magnetization that is required for a correct interpretation of the
field shift that will be measured with PSWS. In figure 6.1 we can see a typical non-
uniform FMR measurement with a k0 = 6.6µm−1 spin-wave antenna at a frequency of
f = 16 GHz. Note that the measurements in this chapter were performed using spin-wave
devices with a different design than the one that was designed in section 3.1.3 and used
in chapter 5. A schematic image of this design can be found in appendix D.

In this measurement again two resonances can be identified at µ0HM ≈ 104 mT and
µ0HS ≈ 146 mT. As was discussed in sections 3.1, 3.3.1 and 5.1 the two resonances are
related to the two periodicities (with wave numbers kM = 0.998k0 and kS = 0.360k0,
section 3.1.3) of the spin-wave antennas. For this k0 = 6.6µm antenna we can relate the
HM peak to the primary wave number kM = 6.59µm and the HS peak to the secondary
wave number kS = 2.38µm. To verify these measurements we will first investigate the
peak heights and line widths in these measurements.

The peak height (∼ 46 pH) of this measurement is about 1.3 times higher than the
peak height in the Ta/Py(10)/Al measurement in section 5.1 (∼ 35 pH). From the differ-
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Figure 6.1: Self inductance of a k0 = 6.6µm−1 spin-wave antenna on a Pt /Co (15) / Ir magnetic
strip at a frequency of f = 16 GHz. For clarity only the positive field direction is shown. The
measured signal has been corrected by de-embedding with an artificial CPW with βl ≈ 0.24
and subtraction of a linear background. Moreover, it is interpolated, binned and averaged 20
times. The data was fitted using a superposition of two susceptibilities with kM = 6.59µm−1

and kS = 2.38µm−1 (equation (5.1)).

ence between the two systems a difference in peak height can be understood: the amount
of magnetic material in the Pt/Co(15)/ Ir sample is 1.5 higher than in the Ta/Py(10)/Al
sample and the magnetization of Co (1.44 MA m−1) is approximately 1.7 times higher
than that of Py (0.83 MA m−1). As both these differences result in a stronger induced
signal in the Pt/Co/Ir sample the peak height of this sample is expected to be ∼ 2.6
times higher than the peak height of the Ta/Py/Al sample.

However, in the measurements a difference of only 1.3 times was found. This small
increase of peak height can be attributed to the design of the taper section of the devices
that were used for the Pt/Co/Ir samples. As these devices are not matched to an im-
pedance of 50Ω (to which the other devices were matched in section 3.2.3) additional
reflections and losses [88] attenuate the MW frequency currents and thus decrease the
peak height in the inductance. Although a proper de-embedding should correct for this
attenuation no information about the impedance of this device was available and the
measurement could only be (manually) de-embedded for the phase delay. We expect
that this is sufficient to correctly interpret the measurements since the measurement in
figure 6.1 matches closely with the expected behaviour.

The line widths of the peaks in this measurement (∼ 18.6 mT for kM and ∼ 19.6 mT
for kS) are larger than the line widths in the Ta/Py(10)/Al sample that was discussed
in chapter 5. Part of this broader line width can be attributed to Co having a larger
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Figure 6.2: Dispersion relations of non-uniform FMR after averaging the values found for positive
and negative field directions. Fitting the dispersion for the effective magnetization with MS =
1.44 MA m−1 and g = 2.17 [65] givesMeff = 1.167±0.003 MA m−1 (black dashed lines). Although
uncertainties are included in the figure they are not visible due to their small sizes.

damping than Py [96, 130]. A second contribution to the large line width is the peak
shift between the CW and CCW spin-waves that is expected in this sample. As the non-
uniform FMR measurement excites and detects both spin-waves the measured signal is
effectively a superposition of the CW and CCW spin-waves. We expect in this sample
that these spin-waves have different resonance fields, thereby broadening the peaks in
the non-uniform FMR signal.

6.1.1 Extracting the effective magnetization

To determine the effective magnetization, the measurement is fitted with equation (5.1)
by varying Meff , g, αM, αS, φM, φS, CM, and CS while fixing MS = 1.44 MA m−1 to
the value from literature [65] (the same procedure as described in section 5.1). In fig-
ure 6.1 this fit is indicated by the black lines. From these values the peak positions were
determined. By doing this at various frequencies the dispersion relation in figure 6.2
was obtained. The peak positions for both positive and negative field directions were
determined and averaged to remove a bias in the measured magnetic field [122].

We can recognise the Kittel-like behaviour that was also found for the Ta /Py(10)/Al
devices in section 5.1. The dispersion data is fitted to the extended Kittel relation for
both the kM and kS peaks simultaneously, resulting in the values in table 6.1. Here the
effective magnetizations for spin-wave devices with various wave-numbers are shown.

In this table we can see that the effective magnetization (for 15 nm Co) is consistent for
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Table 6.1: The Meff values found by fitting the dispersion relations of non-uniform FMR meas-
urements while fixing g = 2.17 and MS = 1.44 MAm−1 [65] for different wave numbers and two
different Co thicknesses, 15 nm and 10 nm.

Wave number k0 (µm−1) Meff (MAm−1),Co(15) Meff (MAm−1),Co(10)

05.5 1.157± 0.003 1.238± 0.011
06.6 1.167± 0.003 1.254± 0.012
07.7 1.154± 0.004 1.257± 0.014
08.8 1.145± 0.005 1.265± 0.023
09.9 1.153± 0.007 1.283± 0.026
11.0 1.143± 0.009 1.288± 0.034

Average 1.157± 0.002 1.253± 0.006
FMR 1.090± 0.003 not available

devices with different wave numbers. An average effective magnetization Meff = 1.157±
0.002 MAm−1 is found when combining these measurements. Similar to the results for the
Ta/Py(10)/Al sample, this value is higher than the value Meff = 1.090± 0.003 MAm−1

found using normal FMR (appendix C) and can again be attributed to the fabrication
process (discussed in more detail in section 5.1). Moreover, the value is slightly smaller
than the value of Meff ≈ 1.2 MAm−1 that is typically found in literature [79, 93] but can
be explained by the Ta layer underneath the Pt/Co/Ir which is known to enhance the
PMA and thus decreases the effective magnetization [93, 94]. The deposition parameters
(e.g. deposition pressure) can also contribute to the high anisotropy as was discussed in
section 5.1.1.

A third contribution to the high anisotropy is the crystalline anisotropy of Co. For
bulk Co the hexagonally close packed (HCP) crystallographic phase is favoured. This
phase has a significant crystalline [131, 132] (KV = 0.41 MJ m−3). If the complete Co
layer would be in this crystallographic phase we would expect an additional anisotropy
field of ∼ 0.46 MA m−1. However, as the Co layer is grown on Pt1 we expect the bottom
part of the Co layer (below ∼ 2.5 nm) to be in the face centred cubic (FCC) phase
rather than the HCP phase [133]2. This FCC phase has a negligible anisotropy [131,
132]. Nevertheless, the two crystallographic phases will coexist in the Co and since the
largest part of the Co layer (everything above ∼ 2.5 nm) will be (predominantly) in the
HCP phase (with a strong crystalline anisotropy) we expect that this will enhance the
total anisotropy of the Co layer and decrease the effective magnetization. Moreover,
the effective magnetization was also determined for a similar sample with 10 nm Co
(rather than 15 nm in the other sample). For this Co thickness we see that the values
are also consistent across different devices with different wave numbers. However, the
effective magnetization of Co(10) is larger than the effective magnetization of Co(15), or

1 More specifically, Co is grown on (111)Pt due to the Ta layer that is inserted underneath the Pt
[93, 94].

2 The work by Kohlhepp et al. [133] was done for Pd/Co rather than Pt/Co. However, as the
crystallographic phase of Pt (FCC) is identical to the phase of Pd and has a similar lattice spacing
(0.389 nm for Pd compared to 0.392 nm for Pt [85]) we can expect similar behaviour for Pt/Co.
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put otherwise: the anisotropy of the Co(10) sample is smaller than the anisotropy of the
Co(15) sample. This is in contrast to the expected behaviour in the presence of interfacial
anisotropy; for thinner FM layers the interfacial anisotropy has a larger contribution
(section 2.1.3). When the only thickness dependence of the anisotropy originates from
the interfacial anisotropy we would therefore expect that the Co(10) sample has a higher
anisotropy (and thus a lower effective magnetization) than the Co(15) sample.

A possible explanation for this reversed thickness dependence is the crossover between
interface anisotropy and crystalline anisotropy. We speculate that the interfacial aniso-
tropy will dominate the thickness dependence of the anisotropy up to a Co thickness of
a few (5 nm to 10 nm). For thicker layers the crystalline anisotropy will dominate the
thickness dependence due to the coexistence of the two crystallographic phases; when
the Co thickness (predominantly) the HCP part of the Co layer will increase. This
will increase the total crystalline anisotropy and thus lower the effective magnetization.
Now the non-uniform FMR measurements are verified and an effective magnetization is
determined we can continue with the PSWS measurements.

6.2 Propagating spin-wave spectroscopy

In the previous section we have inspected the non-uniform FMR measurements and
used those to determine the effective magnetization. Now we will investigate the PSWS
measurements on the Pt/Co(15)/ Ir sample in which a peak shift is expected from the
strong i-DMI that is reported in this system [33]. First the peak height is inspected to
see if the measurement agrees with the previous measurements. Then the peak positions
and the asymmetry therein will be discussed. We will try to explain it using theory and
literature and compare it to the peak shift in a Pt/Co(10)/ Ir sample in which a stronger
peak shift is expected due to the stronger i-DMI for a thinner Co layer.

The PSWS measurement, represented by the mutual inductances ∆L21 and ∆L12,
is shown in figure 6.3 for the k0 = 6.6µm−1 antennas. In this measurement we again
recognise the features that were present in the PSWS measurement on Ta /Py (10) /Al in
section 5.2. For both magnetic field directions (and both ∆L12 and ∆L21) two resonances
can be identified at ±µ0HM ≈ 105 mT and ±HS ≈ 145 mT. Due to the phase delay
caused by the propagation of the spin-waves the real and imaginary components are
mixed and not separately recognisable anymore.

For these measurements a peak height of ∼ 15 pH is found which is ∼ 3 times smaller
than the peak height found in non-uniform FMR measurements (∼ 46 pH). This attenu-
ation is even smaller than the already small attenuation that was found for Ta/Py/Al in
section 5.2. In the Ta/Py/Al measurements the small attenuation was attributed to the
fact that the spin-waves are likely to be excited near the edge of the spin-wave antennas
giving propagation length of only 2µm. For the Pt/Co/Ir measurements devices with a
different design were used for which the distance between (edge to edge) the antennas
was reduced to 1µm rather than 2µm for the Ta/Py/Al measurements. Therefore the
distance over which the spin-wave propagate before they are detected is reduced and we
can understand that the attenuation is reduced as well.
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Figure 6.3: The real (a) and imaginary (b) components of the mutual inductances of the spin-
wave device with k0 = 6.6µm−1 on a Pt /Co (15) / Ir magnetic strip at a frequency f = 16 GHz.

We also find a peak height asymmetry in figure 6.3 that is best visible in the imaginary
components around µ0HM = ±105 mT. The amplitude of the CW spin-waves (∆L21 for
H > 0 and ∆L12 for H < 0) is ∼ 19% smaller than that of the CCW spin-waves
(∆L12 for H > 0 and ∆L21 for H < 0). This peak height asymmetry was attributed
to a combination of the spin-wave localization and the chirality of the driving field in
section 5.2.1. Similar to our findings for the Ta/Py(10)/Al sample (section 5.2.1) we find
that the peak heigh asymmetry is weaker than expected (19% compared to the predicted
63%), possibly due to the suppressed chirality of the driving field for thin insulating
layers [60] (as was extensively discussed in section 5.2.1).

6.2.1 Peak position asymmetry

To investigate the peak position and the asymmetry therein we zoom in on the positive
field direction of the PSWS measurement in figure 6.4a. Here the absolute value of the
inductances is shown. Before the difference in the peak positions that we can see in this
figure will be discuss we will first look at the peak positions in general to verify these
measurement with the non-uniform FMR measurements of this device.

The data is fitted with equation (5.5) in order to precisely determine the peak po-
sitions (black lines in figure 6.4) In figure 6.5 the resulting peak positions are plotted
at different frequencies for both the kM and kS peaks. Here the values found for the
positive and negative field directions are averaged to remove a bias in the measured
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Figure 6.4: The absolute value of the mutual inductances of the spin-wave antennas with k0 =
6.6µm on a Pt /Co (15) / Ir magnetic strip at frequency f = 16 GHz for positive magnetic field
(a) and negative magnetic field (b). The black lines indicate the fits using equation (5.5).

magnetic field [122]. For a simple comparison of this dispersion relation to the one
found with non-uniform FMR (section 6.1) the entire dataset is fitted to the exten-
ded Kittel relation without i-DMI (equation (2.24)) while fixing g = 2.17 and MS =
1.44 MA m−1 [65]. This gives Meff = 1.180 ± 0.002 MA m−1 which is close to the value
Meff = 1.157± 0.002 MA m−1 that was found using non-uniform FMR (table 6.1).

Now the effective magnetization is verified we can continue with looking at the asym-
metry in the peak positions. When looking at the peaks in figure 6.4a (positive magnetic
fields) around µ0HM ≈ 103 mT we can see that resonance peak of the CW spin-wave
(µ0HCW = 103.7 mT) is found at a slightly higher magnetic field than the resonance
peak of the CCW spin-wave (µ0HCCW = 102.1 mT)1. This difference is symmetric in
the magnetic field: when looking at figure 6.4b (negative magnetic fields) we see that
again the resonance peak of the CW spin-wave is found at a higher magnetic field than

1 The resonance fields are determined by fitting equation (5.5) to the data and therefore we have
accounted for the overlap between the two resonance peaks (kM and kS) that affects the (apparent)
position of the two peaks. This causes the resonance fields (indicated by the dashed lines in figure 6.4)
to not coincide with the tips of the peaks in the inductance.
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Figure 6.5: The dispersion the CW and CCW spin-waves that are emitted by a k0 = 6.6µm−1

antenna on a Pt /Co (15) / Ir sample. The black lines indicate a fit of the extended Kittel relation
without i-DMI (equation (2.24)) to the entire dataset. Uncertainties are included but not visible
due to their small size.

the peak of the CCW spin-wave. As such we can conclude that this peak shift is related
to the chirality. However, this peak shift of µ0∆H = µ0∆HCW − µ0∆HCCW = +1.6 mT
is both larger and in the opposite direction compared to the shift of −1.35 mT that was
expected for this measurement from literature [29].

To better investigate this field shift we will look at the shifts for various frequencies.
In the dispersion relation in figure 6.5 we can already see that the CCW spin-waves
are consistently excited at a slightly lower magnetic field than the CW spin-wave. This
shifts are more clearly visible in figure 6.6. Here only the field shift µ0∆H = µ0∆HCW−
µ0∆HCCW is plotted as a function of the frequency. The expected field shifts due to
an i-DMI of −1.7 pJ m−1 [29] are indicated with the dashed lines. When comparing the
measured shifts to the expected ones we notice a number of discrepancies: the different
magnitudes and directions of the shifts, the missing wave number dependency of the
shift, and the missing frequency dependency of the shift.

The lacking wave number dependency can be easily explained by looking at the kS

peaks around 145 mT in figure 6.4a. As this peak is significantly smaller than the peak
of the primary spin-wave the position of secondary peak is strongly influenced by the
larger primary peak. Although fitting takes into account the influence of both peaks
on each other it is not able to fit the secondary peak accurately enough due to the
difference in amplitude. This was also already found in section 5.2.2. Hence, the kS peak
positions cannot be relied on and only the kM peaks will be considered. The remaining
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Figure 6.6: The peak shifts ∆H = HCW−HCCW of the PSWS measurement with a k0 = 6.6µm−1

spin-wave antenna on a Pt /Co (15) / Ir magnetic strip as a function of frequency. The dashed
lines are the expected shifts based on an i-DMI of −1.7 pJ m−1 [29] and Meff = 1.157 MA m−1

from non-uniform FMR measurements (table 6.1) calculated using equation (2.29) for the wave
number of the corresponding colour.

discrepancies (frequency dependence, sign and magnitude) cannot be readily explained.
Therefore we will look at the field shift for various wave numbers on the Pt/Co(15)/ Ir
sample and the Pt/Co(10)/ Ir sample on which a stronger shift is expected due to a
stronger i-DMI in a thinner Co layer.

We performed the same analysis as for figure 6.6 for various wave numbers for both
Co thicknesses and calculated the field shifts which are displayed in figure 6.7. In (a) the
results for the Pt/Co(15)/ Ir sample are shown and in (b) for the Pt/Co(10)/ Ir sample.
Only the primary kM peaks were used for the analysis. The dashed lines indicate the
expected behaviour for DS = −1.7 pJ m−1 [29].

By comparing the measured shifts with the expected shifts we can see that the field
shift has a wave number dependence whose direction agrees with the expected wave
number dependence (decreasing shift with increasing wave number). However, the wave
number dependency of the shift is significantly stronger than expected and a large, pos-
itive, wave number independent offset appears to be present. Finally, the expected
frequency dependence (increasing shift with increasing frequency) is found in neither of
the measurements.

This unexpected behaviour cannot be understood by taking into account i-DMI. In
section 2.3.3 another mechanism is suggested to cause a peak shift which is due to the
localization of the spin-waves near interfaces with different interfacial anisotropies. As
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Figure 6.7: The peak shifts ∆H = HCW − HCCW of multiple PSWS measurement on (a)
Pt /Co (15) / Ir and (b) Pt /Co (10) / Ir magnetic strip. Here only the spin-waves with primary
spin-waves are considered as the positions of the secondary spin-wave could not be determined
accurately enough. The dashed lines are the expected shifts based on DS = −1.7 pJ m−1 [29]
calculated using equation (2.29) for the wave number of the corresponding colour. For the ef-
fective magnetization we used Meff = 1.157 MA m−1 for 15 nm (a) and Meff = 1.253 MA m−1 for
10 nm (b), both from non-uniform FMR measurements (table 6.1)

the CW and CCW spin-waves are localized near different interfaces (bottom and top,
respectively) they feel a slightly different effective field when the top and bottom inter-
faces have a different interfacial anisotropy, causing a different resonance frequency or
field. However, this mechanism is also unable to explain this wave number dependence
since the frequency shift ∆ωAni caused by this anisotropy difference (equation (2.30)) has
an identical relation to wave number k as the frequency shift due to the i-DMI (equa-
tion (2.28)):

∆ωAni ∝ k, (6.1a) ∆ωDMI ∝ k, (6.1b)

Moreover, both frequency shifts have no field or frequency dependence. When the fre-
quency shift is converted into a field shift (equation (2.29)) the anisotropy difference
has therefore a frequency and wave number dependence that is identical to that of the
i-DMI. As such neither the i-DMI or the interfacial anisotropy difference can explain the
behaviour of the field shift.

Another mechanism that is reported to cause a peak shift is coupling of the spin-waves
to a metallic substrate [134]. In systems where the magnetic strips are fabricated on top
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of a metallic substrate the coupling of the spin-wave to this metallic substrate affects the
resonance frequency or field of the spin-wave. This coupling is dependent on the distance
of the spin-wave to the metallic substrate and can thus be related to the chirality of the
spin-waves due to the chirality dependent spin-wave localization (section 2.3.3). As such
frequency shifts of 500 MHz have been reported for 200 nm thick Py magnetic layers on
an Al substrate [134]. However they also found that the shift decreases with decreasing
FM layer thickness: for thinner layers both the difference in coupling distance and the
spin-wave localization is reduced. For 30 nm FM layers the shift due to this coupling has
completely vanished [59, 134]. As our samples are even thinner (10 nm or 15 nm) and
have a Si/SiO2(100) substrate rather than a metallic one we can rule out this mechanism
for the peak shift.

None of the established mechanisms in literature can explain the observed peak shift.
Reversing the layers of the magnetic strip or further investigating the Co thickness de-
pendence might allow to separate the contributions to the peak shift and could shed
some light on the origin of the unexpected behaviour. Inverting the stack should indic-
ate if the additional mechanism is related to the order of the layers. For a mechanism
that are related to the order of the layers (such as the i-DMI and interfacial anisotropy
difference) we expect that the shift is reversed when the stack is inverted. Hence, if the
large, wavelength independent offset reverses when the stack is inverted we can conclude
that the additional mechanism is related to the order of the layers.

Changing the Co thickness might enable us to distinguish between the contributions
of the i-DMI, the interfacial anisotropy difference and the additional mechanism. In
section 2.3.3 we found that the shift due to i-DMI and interfacial anisotropy difference
have a different thickness dependence: the shift due to i-DMI increases with decreasing
thickness while the shift due to interfacial anisotropy difference decreases with decreasing
thickness. This allows us to distinguish between these two contributions and might also
allow for distinguishing the contribution of the additional mechanism.

Finally, we found no field shift in the PSWS measurements on the Ta/Py(10)/Al
sample that was discussed in section 5.2. This agreed with our expectations due to the
absence of i-DMI in this sample. However, the large, positive, wave number independent
offset that was found in the Pt/Co/Ir samples was not found in these samples, leading
to two possible explanations. Either both a shift due to i-DMI (or interfacial anisotropy
difference) and the wave number independent offset are present and cancel for the wave
number that was discussed, or both contributions are absent. In the latter case this
would indicate that the offset is related to the magnetic stack. Measuring the peak shift
in Ta/Py(10)/Al for various wave numbers should indicate which of the two explanations
is the correct one.

Conclusion

In this chapter we have investigated a peak shift in Pt/Co/Ir samples. First non-uniform
FMR measurements on the Pt/Co(15)/ Ir sample were analysed and an effective mag-
netization of Meff = 1.1831± 0.0001 MA m−1 was found, consistent with both literature
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and a control measurement. Next we analysed PSWS measurements. The dispersion re-
lation of these spin-waves was inspected and found to agree with the non-uniform FMR
measurements. Finally we found a difference in the peak positions between the CW and
CCW spin-waves.

Determining the field shift as a function of frequency and wave number resulted in
unexpected behaviour that does not confirm expectations based on literature and theory:
the wave number dependency of the shift was significantly stronger than expected and
a large, positive, wave number independent offset was observed. The i-DMI, interfacial
anisotropy difference and coupling to a metallic substrate are ruled out as the mechanism
responsible for the unexpected behaviour. New insights might be gained by varying
the Co thickness or inverting the layers of the magnetic strip in order to separate the
contributions to the peak shift such that we are able to extract the i-DMI.
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In this thesis we have investigated the asymmetric propagation of magnetostatic surface
waves using propagating spin-wave spectroscopy (PSWS) with the purpose of measuring
the interfacial Dzyaloshinsky-Moriya Interaction (i-DMI). The i-DMI causes a shift in the
resonance fields of oppositely propagating spin-waves. Since PSWS is able to separately
measure spin-waves that propagate in opposite directions it could be used to measure
both the magnitude and direction of the i-DMI. We have found that indeed a field shift
could be measured using PSWS in a Pt/Co/Ir system where a strong i-DMI is expected
but the shift could not be explained using only the i-DMI.

Spin-wave antennas and measurements

First we have designed spin-wave devices that allow for the excitation and detection of
spin-waves using microwave frequency currents. These devices consist of a magnetic strip
that is covered by an insulating layer. On top of this insulating layer a pair of nano-
structured meandering coplanar wave guides are fabricated that function as spin-wave
antennas. With these antennas spin-waves are excited in the magnetic strip using Oersted
fields and detected via induction. The antennas are connected to a vector network
analyser which allows for measurements of the inductance.

Two measurements are performed: non-uniform ferromagnetic resonance (FMR) meas-
urements and PSWS measurements. In non-uniform FMR the spin-waves are excited and
detected by the same antenna. This is measured as the self inductance of the antenna
and is a measure for the excitation of spin-waves. For PSWS measurements a spin-
wave is excited by one antenna and propagates towards the second antenna by which
it is detected. By reversing the exciting and detecting antenna we are able to measure
spin-waves propagating in both directions. PSWS is performed by measuring the mutual
inductances of the two antennas. We have also developed a phenomenological model that
relates the inductance to spin-wave theory.

Interpreting spin-wave measurements

Using a Ta/Py(10)/Al sample the devices are tested and we learned how to analyse the
measurements as only a small i-DMI is expected in this system. In the non-uniform
FMR measurement we found that de-embedding the measurements to correct for the

87
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phase rotation of the measured signal is required for a correct interpretation. The sig-
nal contains two resonance peaks that correspond to two periodicities in the spin-wave
antennas. From these measurements the effective magnetization could be determined
and was found to be slightly larger than the value found using normal FMR measure-
ments. Consistent values for the effective magnetization were found for various spin-wave
devices.

Hereafter the PSWS measurements were analysed and the same resonance peaks
were found as in non-uniform FMR. However, the real and imaginary components of
these peaks were mixed due to the propagation of the spin-waves. A small asymmetry in
the height of the peaks was found between the spin-waves with opposite chirality. This
was attributed to the chirality of the driving field and the localization of the spin-waves
but the asymmetry was significantly smaller than one would expect from these effects.
A possible explanation of the weak asymmetry is the suppression of the chirality of the
driving field by the short distance from the antenna to the magnetic layer [60]. By
varying the thickness of the insulating layer one could investigate whether this is indeed
the responsible mechanism. Moreover, in this measurement no significant peak shift was
found between the spin-waves with opposite chirality which is in line with the expectation
for a sample with only a small i-DMI. From these measurements we have seen that the
spin-wave devices are indeed able to excite and detect the correct spin-waves and we
learned how to correctly interpret the measurements.

Measuring a peak shift

Next a Pt/Co(15)/ Ir sample was investigated in which a peak shift due to the i-DMI was
expected. Indeed, in one of the PSWS measurements a peak shift of ∼ 1.7 mT was found
for spin-waves with wave number k = 6.59µm−1 and frequency f = 16 GHz. However,
the sign is opposite to and the magnitude larger than the expected shift of ∼ −1.35 mT
[29] for those spin-waves and the expected frequency dependence (increasing shift for
increasing frequency) was not observed. Further investigation into the wave number
dependency of the shift showed that the direction of the dependency agrees with the
behaviour of a shift due to i-DMI. However, the wave number dependency of the shift
was significantly stronger than expected and a large, positive, wave number independent
offset was observed. Similar behaviour was found on a Pt/Co(10)/ Ir sample. As this
behaviour could not be explained by the i-DMI other mechanisms for a peak shift were
sought. A difference between the interfacial anisotropy of the top and bottom interfaces
[61] is ruled out as the responsible mechanism as it is expected to show the same wave
number dependency as a shift caused by the i-DMI. Coupling between the spin-waves
and a metallic substrate is also reported to cause a peak shift [134] but is rejected for
our system due to the thin ferromagnetic (FM) layer thickness for which this shift is
expected to vanish and the fact that no metallic substrate is used in our samples.

To understand the observed field shift an additional mechanism is required. In order
to gain more insight in the mechanisms that contribute to the total shift one could further
investigate the influence of the Co layer thickness on the field shift or try inverting the
magnetic layers in order to separate the individual contributions to the total shift. By
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changing the Co layer thickness one should be able to distinguish between the contribu-
tions of the i-DMI and the interfacial anisotropy difference to the shift, and could indicate
if (and how) the additional mechanism is related to the interfaces of the magnetic layer.
Inverting the magnetic layers could indicate whether the additional mechanism is related
to the magnetic stack; if the offset reverses (together which the i-DMI and interfacial
anisotropy contributions) the mechanism is related to the magnetic stack.

Moreover, the influence of strip width could be investigated. The magnetic strips
that were used for the measurements in this thesis have a width of 20µm while in
literature significantly smaller strips ranging from 2µm to 10µm [53, 90, 97, 135] are used.
Although this is not expected to affect the measured field shift it should be investigated
before it can be ruled out definitively.

Concluding, we are able to measure a peak shift in Pt/Co/Ir samples but the peak
shift shows an unexpected and yet unexplained behaviour. Once this shift and the small
peak height asymmetry can be understood we have a promising method to measure and
study the i-DMI in various magnetic systems. It also opens up other techniques such as
the interface driven technique that is discussed in the next section.

7.1 Interface driven spin-wave measurements

The PSWS technique overcomes a number of challenges that are found in other meas-
urement techniques when measuring the i-DMI such as the ambiguous interpretation in
domain wall based techniques or the limitation of the capping layer thickness for Brillioun
light scattering. However, PSWS is also prone to some limitations such as the thickness
of the FM layer and the saturation magnetization of the FM layer. As the technique re-
lies on a precessing magnetization to induce a voltage in the detecting spin-wave antenna
it requires a sufficiently large magnetization in order to induce a measurable signal. For
ultra thin layers or materials with a lower saturation magnetization the total magnetic
moment is decreased and therefore the amplitude of the signal of PSWS measurements
(and thus the signal to noise ratio) is decreased as well.

By moving the spin-wave detection from an antenna to an electrical contact these
limitations can be circumvented [30, 136]. Such a measurement combines two inter-
face effects, spin pumping and the inverse spin-hall effect, to generate a current from a
spin-wave [137]. In figure 7.1a this mechanism is illustrated. The magnetization M in
the Co precesses around the magnetic field Hdc. Due to spin-pumping this precessing
magnetization injects a spin-current Js into the adjacent Pt layer. In turn this spin
current is converted in a charge current (along EISHE) in the direction transverse to the
spin-current due to the strong inverse spin-hall effect (ISHE) in Pt. This generates a
measurable voltage difference V perpendicular to the magnetization direction of the Co
layer.

By combining both mechanisms spin-waves can be detected electrically. Brächer et al.
[30] demonstrated this technique using the device shown in figure 7.1b. In the middle of
the magnetic strip spin-waves are excited using a CPW. These spin-waves are detected
by measuring the voltage difference U between the contacts at the end of the magnetic
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(a) (b)

Figure 7.1: (a) The magnetization M of Co precesses around external field Hdc due to driving
field hrf . This precessing magnetization injects a spin-current Js into the Pt layer due to spin-
pumping. Due to the strong inverse spin-hall effect in Pt this spin-current is converted in a
transverse current (along EISHE) which is measurable as a voltage difference V in the direction
perpendicular to the magnetization direction of Co. Image reprinted from [137]. (b) A device
that allows for exciting spin-waves using a microwave signal in a CPW and detecting them using
electrical contacts (using spin-pumping and inverse spin-hall effect) on the magnetic material.
Image reprinted from [30].

strip.
This technique allows for measurements in thinner FM layer thicknesses as it does

not depend on the total magnetic moment. Moreover, it can be easily combined with
modulation techniques in order to improve the signal to noise ratio and thereby shorten
the duration of the measurements. Small modifications to this device would also allow for
measuring the i-DMI: rather than measuring the voltage drop across the entire magnetic
strip one should measure the voltage drops over smaller parts of the magnetic strip on
either side of the antenna in order to distinguish between the spin-wave propagating
in opposite directions. It could also be applied to measure the damping of spin-waves
by measuring the voltage drop as a function of distance to the antenna. By measuring
the damping on either side of the CPW one might even be able to measure chirality
dependent damping [138], a highly debated topic in the spintronics community.



References

[1] E. Grochowski and R. Hoyt, ‘Future trends in hard disk drives’, IEEE Transactions
on Magnetics 32, 1850–1854 (1996).

[2] PCMag, How to Buy an External Hard Drive, 2012, https://www.pcmag.com/
article2/0,2817,2382326,00.asp (visited on 16/01/2018).

[3] G. Binasch, P. Grünberg, F. Saurenbach and W. Zinn, ‘Enhanced magnetoresist-
ance in layered magnetic structures with antiferromagnetic interlayer exchange’,
Physical Review B 39, 4828–4830 (1989).

[4] M. N. Baibich, J. M. Broto, A. Fert, F. N. Van Dau, F. Petroff, P. Etienne, G.
Creuzet, A. Friederich and J. Chazelas, ‘Giant Magnetoresistance of (001)Fe/(001)Cr
Magnetic Superlattices’, Physical Review Letters 61, 2472–2475 (1988).

[5] J. Mathon and A. Umerski, ‘Theory of tunneling magnetoresistance of an epitaxial
Fe/MgO/Fe(001) junction’, Physical Review B 63, 220403 (2001).

[6] W. H. Butler, X.-G. Zhang, T. C. Schulthess and J. M. Maclaren, ‘Spin-dependent
tunneling conductance of Fe|MgO|Fe sandwiches’, Physical Review B 63, 054416
(2001).

[7] A. Hirohata and K. Takanashi, ‘Future perspectives for spintronic devices’, Journal
of Physics D: Applied Physics 47, 193001 (2014).

[8] W. A. Goddard and J. J. Lynott, Direct access magnetic disc storage device, 1970,
https://patents.google.com/patent/US3503060A.

[9] C. J. Bashe, W. Buchholz, G. V. Hawkins, J. J. Ingram and N. Rochester, ‘The Ar-
chitecture of IBM’s Early Computers’, IBM Journal of Research and Development
25, 363–376 (1981).

[10] A. Hylick, R. Sohan, A. Rice and B. Jones, ‘An Analysis of Hard Drive Energy
Consumption’, in 2008 ieee international symposium on modeling, analysis and
simulation of computers and telecommunication systems (Sept. 2008), pp. 1–10.

[11] S. S. P. Parkin, M. Hayashi and L. Thomas, ‘Magnetic Domain-Wall Racetrack
Memory’, Science 320, 190–194 (2008).

[12] American Institute of Physics, The synchronized dance of skyrmion spins, May
2017, https://phys.org/news/2017-05-synchronized-skyrmion.html (visited on
13/01/2018).

91

http://dx.doi.org/10.1109/20.492876
http://dx.doi.org/10.1109/20.492876
https://www.pcmag.com/article2/0,2817,2382326,00.asp
https://www.pcmag.com/article2/0,2817,2382326,00.asp
http://dx.doi.org/10.1103/PhysRevB.39.4828
http://dx.doi.org/10.1103/PhysRevLett.61.2472
http://dx.doi.org/10.1103/PhysRevB.63.220403
http://dx.doi.org/10.1103/PhysRevB.63.054416
http://dx.doi.org/10.1103/PhysRevB.63.054416
http://dx.doi.org/10.1088/0022-3727/47/19/193001
http://dx.doi.org/10.1088/0022-3727/47/19/193001
https://patents.google.com/patent/US3503060A
http://dx.doi.org/10.1147/rd.255.0363
http://dx.doi.org/10.1147/rd.255.0363
http://dx.doi.org/10.1109/MASCOT.2008.4770567
http://dx.doi.org/10.1109/MASCOT.2008.4770567
http://dx.doi.org/10.1126/science.1145799
https://phys.org/news/2017-05-synchronized-skyrmion.html


92 REFERENCES

[13] S. S. P. Parkin, Shiftable magnetic shift register and method of using the same,
Dec. 2004, https://www.google.com/patents/US6834005.

[14] M. Hayashi, L. Thomas, R. Moriya, C. Rettner and S. S. P. Parkin, ‘Current-
Controlled Magnetic Domain-Wall Nanowire Shift Register’, Science 320, 209–
211 (2008).

[15] A. Fert, V. Cros and J. Sampaio, ‘Skyrmions on the track’, Nature Nanotechnology
8, 152–156 (2013).

[16] A. Fert, N. Reyren and V. Cros, ‘Magnetic skyrmions: advances in physics and
potential applications’, Nature Reviews Materials 2, 17031 (2017).

[17] A. Soumyanarayanan, N. Reyren, A. Fert and C. Panagopoulos, ‘Emergent phe-
nomena induced by spin–orbit coupling at surfaces and interfaces’, Nature 539,
509–517 (2016).

[18] S. Parkin and S.-H. Yang, ‘Memory on the racetrack’, Nature Nanotechnology 10,
195–198 (2015).

[19] I. Dzyaloshinsky, ‘A thermodynamic theory of “weak” ferromagnetism of antifer-
romagnetics’, Journal of Physics and Chemistry of Solids 4, 241–255 (1958).

[20] T. Moriya, ‘Anisotropic superexchange interaction and weak ferromagnetism’,
Physical Review 120, 91–98 (1960).

[21] S. Tacchi, R. E. Troncoso, M. Ahlberg, G. Gubbiotti, M. Madami, J. Åkerman and
P. Landeros, ‘Interfacial Dzyaloshinskii-Moriya Interaction in Pt/CoFeB Films:
Effect of the Heavy-Metal Thickness’, Physical Review Letters 118, 147201 (2017).

[22] G. Ziemys, V. Ahrens, S. Mendisch, G. Csaba and M. Becherer, ‘Speeding up
nanomagnetic logic by DMI enhanced Pt/Co/Ir films’, AIP Advances 8, 056310
(2018).

[23] N. H. Kim, J. Jung, J. Cho, D. S. Han, Y. Yin, J. S. Kim, H. J. Swagten and C. Y.
You, ‘Interfacial Dzyaloshinskii-Moriya interaction, surface anisotropy energy, and
spin pumping at spin orbit coupled Ir/Co interface’, Applied Physics Letters 108,
142406 (2016).

[24] H. T. Nembach, J. M. Shaw, M. Weiler, E. Jué and T. J. Silva, ‘Linear relation
between Heisenberg exchange and interfacial Dzyaloshinskii-Moriya interaction in
metal films’, Nature Physics 11, 825–829 (2015).

[25] J. P. Liu, Z. D. Zhang and G. Zhao, Skyrmions : topological structures, properties,
and applications, edited by J. P. Liu, Z. D. Zhang and G. Zhao (CRC Press, 2016),
p. 482.

[26] A. Fert and P. M. Levy, ‘Role of Anisotropic Exchange Interactions in Determining
the Properties of Spin-Glasses’, Physical Review Letters 44, 1538–1541 (1980).

[27] A. Fert, ‘Magnetic and Transport Properties of Metallic Multilayers’, Materials
Science Forum 59-60, 439–480 (1990).

https://www.google.com/patents/US6834005
http://dx.doi.org/10.1126/science.1154587
http://dx.doi.org/10.1126/science.1154587
http://dx.doi.org/10.1038/nnano.2013.29
http://dx.doi.org/10.1038/nnano.2013.29
http://dx.doi.org/10.1038/natrevmats.2017.31
http://dx.doi.org/10.1038/nature19820
http://dx.doi.org/10.1038/nature19820
http://dx.doi.org/10.1038/nnano.2015.41
http://dx.doi.org/10.1038/nnano.2015.41
http://dx.doi.org/10.1016/0022-3697(58)90076-3
http://dx.doi.org/10.1103/PhysRev.120.91
http://dx.doi.org/10.1103/PhysRevLett.118.147201
http://dx.doi.org/10.1063/1.5007308
http://dx.doi.org/10.1063/1.5007308
http://dx.doi.org/10.1063/1.4945685
http://dx.doi.org/10.1063/1.4945685
http://dx.doi.org/10.1038/nphys3418
http://dx.doi.org/10.1103/PhysRevLett.44.1538
http://dx.doi.org/10.4028/www.scientific.net/MSF.59-60.439
http://dx.doi.org/10.4028/www.scientific.net/MSF.59-60.439


REFERENCES 93

[28] M. Bode, M. Heide, K. Von Bergmann, P. Ferriani, S. Heinze, G. Bihlmayer, A.
Kubetzka, O. Pietzsch, S. Blügel and R. Wiesendanger, ‘Chiral magnetic order at
surfaces driven by inversion asymmetry’, Nature 447, 190–193 (2007).

[29] M. Belmeguenai, J.-P. Adam, Y. Roussigné, S. Eimer, T. Devolder, J.-V. Kim,
S. M. Cherif, A. Stashkevich and A. Thiaville, ‘Interfacial Dzyaloshinskii-Moriya
interaction in perpendicularly magnetized Pt/Co/AlOx ultrathin films measured
by Brillouin light spectroscopy’, Physical Review B 91, 180405 (2015).

[30] T. Brächer, M. Fabre, T. Meyer, T. Fischer, S. Auffret, O. Boulle, U. Ebels,
P. Pirro and G. Gaudin, ‘Detection of Short-Waved Spin Waves in Individual
Microscopic Spin-Wave Waveguides Using the Inverse Spin Hall Effect’, Nano
Letters 17, 7234–7241 (2017).

[31] R. Lavrijsen, D. M. F. Hartmann, A. van den Brink, Y. Yin, B. Barcones, R. A. Du-
ine, M. A. Verheijen, H. J. M. Swagten and B. Koopmans, ‘Asymmetric magnetic
bubble expansion under in-plane field in Pt/Co/Pt: Effect of interface engineer-
ing’, Physical Review B 91, 104414 (2015).

[32] A. W. J. Wells, P. M. Shepley, C. H. Marrows and T. A. Moore, ‘Effect of interfa-
cial intermixing on the Dzyaloshinskii-Moriya interaction in Pt/Co/Pt’, Physical
Review B 95, 054428 (2017).

[33] A. Hrabec, N. A. Porter, A. Wells, M. J. Benitez, G. Burnell, S. McVitie, D.
McGrouther, T. A. Moore and C. H. Marrows, ‘Measuring and tailoring the
Dzyaloshinskii-Moriya interaction in perpendicularly magnetized thin films’, Phys-
ical Review B 90, 020402 (2014).

[34] K.-S. Ryu, L. Thomas, S.-H. Yang and S. Parkin, ‘Chiral spin torque at magnetic
domain walls’, Nature Nanotechnology 8, 527–533 (2013).

[35] R. Tomasello, V. Puliafito, E. Martinez, A. Manchon, M. Ricci, M. Carpentieri
and G. Finocchio, ‘Performance of synthetic antiferromagnetic racetrack memory:
domain wall versus skyrmion’, Journal of Physics D: Applied Physics 50, 325302
(2017).

[36] A. L. Balk, K.-W. Kim, D. T. Pierce, M. D. Stiles, J. Unguris and S. M. Stavis,
‘Simultaneous control of the Dzyaloshinskii-Moriya interaction and magnetic an-
isotropy in nanomagnetic trilayers’, Physical Review Letters 119, 077205 (2017).

[37] D. S. Han, N. H. Kim, J. S. Kim, Y. Yin, J. W. Koo, J. Cho, S. Lee, M. Kläui,
H. J. Swagten, B. Koopmans and C. Y. You, ‘Asymmetric hysteresis for probing
Dzyaloshinskii-Moriya interaction’, Nano Letters 16, 4438–4446 (2016).

[38] J. Kieffer, ‘Brillouin Light Scattering’, in Modern glass characterization (John
Wiley & Sons, Inc., Hoboken, NJ, USA, Oct. 2015), pp. 107–157.

[39] J.-H. Moon, S.-M. Seo, K.-J. Lee, K.-W. Kim, J. Ryu, H.-W. Lee, R. D. McMi-
chael and M. D. Stiles, ‘Spin-wave propagation in the presence of interfacial
Dzyaloshinskii-Moriya interaction’, Physical Review B 88, 184404 (2013).

http://dx.doi.org/10.1038/nature05802
http://dx.doi.org/10.1103/PhysRevB.91.180405
http://dx.doi.org/10.1021/acs.nanolett.7b02458
http://dx.doi.org/10.1021/acs.nanolett.7b02458
http://dx.doi.org/10.1103/PhysRevB.91.104414
http://dx.doi.org/10.1103/PhysRevB.95.054428
http://dx.doi.org/10.1103/PhysRevB.95.054428
http://dx.doi.org/10.1103/PhysRevB.90.020402
http://dx.doi.org/10.1103/PhysRevB.90.020402
http://dx.doi.org/10.1038/nnano.2013.102
http://dx.doi.org/10.1088/1361-6463/aa7a98
http://dx.doi.org/10.1088/1361-6463/aa7a98
http://dx.doi.org/10.1103/PhysRevLett.119.077205
http://dx.doi.org/10.1021/acs.nanolett.6b01593
http://dx.doi.org/10.1002/9781119051862.ch4
http://dx.doi.org/10.1103/PhysRevB.88.184404


94 REFERENCES

[40] J. Cho, N.-H. Kim, S. Lee, J.-S. Kim, R. Lavrijsen, A. Solignac, Y. Yin, D.-S.
Han, N. J. J. van Hoof, H. J. M. Swagten, B. Koopmans and C.-Y. You, ‘Thick-
ness dependence of the interfacial Dzyaloshinskii–Moriya interaction in inversion
symmetry broken systems’, Nature Communications 6, 7635 (2015).

[41] A. K. Chaurasiya, C. Banerjee, S. Pan, S. Sahoo, S. Choudhury, J. Sinha and A.
Barman, ‘Direct Observation of Interfacial Dzyaloshinskii-Moriya Interaction from
Asymmetric Spin-wave Propagation in W/CoFeB/SiO2 Heterostructures Down to
Sub-nanometer CoFeB Thickness’, Scientific Reports 6, 32592 (2016).

[42] V. Vlaminck and M. Bailleul, ‘Current-Induced Spin-Wave Doppler Shift’, Science
322, 410 LP –413 (2008).

[43] S. K. Kim, ‘Micromagnetic computer simulations of spin waves in nanometre-scale
patterned magnetic elements’, Journal of Physics D: Applied Physics 43, 264004
(2010).

[44] F. Bloch, ‘Zur Theorie des Ferromagnetismus’, Zeitschrift für Physik 61, 206–219
(1930).

[45] F. J. Dyson, ‘General theory of spin-wave interactions’, Physical Review 102,
1217–1230 (1956).

[46] T. Holstein and H. Primakoff, ‘Field dependence of the intrinsic domain magnet-
ization of a ferromagnet’, Physical Review 58, 1098–1113 (1940).

[47] B. N. Brockhouse, ‘Scattering of Neutrons by Spin Waves in Magnetite’, Physical
Review 106, 859–864 (1957).

[48] A. V. Chumak, V. I. Vasyuchka, A. A. Serga and B. Hillebrands, ‘Magnon spin-
tronics’, Nature Physics 11, 453–461 (2015).

[49] A. D. Karenowska, A. V. Chumak, A. A. Serga and B. Hillebrands, ‘Magnon
spintronics’, in Handbook of spintronics (2015), pp. 1505–1549.

[50] A. V. Chumak, A. A. Serga and B. Hillebrands, ‘Magnonic crystals for data pro-
cessing’, Journal of Physics D: Applied Physics 50, 244001 (2017).

[51] J. R. Eshbach and R. W. Damon, ‘Surface magnetostatic modes and surface spin
waves’, Physical Review 118, 1208–1210 (1960).

[52] L. Udvardi and L. Szunyogh, ‘Chiral asymmetry of the spin-wave spectra in ul-
trathin magnetic films’, Physical Review Letters 102, 207204 (2009).

[53] J. M. Lee, C. Jang, B. C. Min, S. W. Lee, K. J. Lee and J. Chang, ‘All-Electrical
Measurement of Interfacial Dzyaloshinskii-Moriya Interaction Using Collective
Spin-Wave Dynamics’, Nano Letters 16, 62–67 (2016).

[54] F. A. Pizzarello, J. H. Collins and L. E. Coerver, ‘Magnetic Steering of Magneto-
static Waves in Epitaxial YIG Films’, Journal of Applied Physics 41, 1016–1017
(1970).

http://dx.doi.org/10.1038/ncomms8635
http://dx.doi.org/10.1038/srep32592
http://dx.doi.org/10.1126/science.1162843
http://dx.doi.org/10.1126/science.1162843
http://dx.doi.org/10.1088/0022-3727/43/26/264004
http://dx.doi.org/10.1088/0022-3727/43/26/264004
http://dx.doi.org/10.1007/BF01339661
http://dx.doi.org/10.1007/BF01339661
http://dx.doi.org/10.1103/PhysRev.102.1217
http://dx.doi.org/10.1103/PhysRev.102.1217
http://dx.doi.org/10.1103/PhysRev.58.1098
http://dx.doi.org/10.1103/PhysRev.106.859
http://dx.doi.org/10.1103/PhysRev.106.859
http://dx.doi.org/10.1038/nphys3347
http://dx.doi.org/10.1007/978-94-007-6892-5_53
http://dx.doi.org/10.1088/1361-6463/aa6a65
http://dx.doi.org/10.1103/PhysRev.118.1208
http://dx.doi.org/10.1103/PhysRevLett.102.207204
http://dx.doi.org/10.1021/acs.nanolett.5b02732
http://dx.doi.org/10.1063/1.1658793
http://dx.doi.org/10.1063/1.1658793


REFERENCES 95

[55] W. Schilz, ‘Experimental evidence for coupling between dipole and exchange dom-
inated spin waves in epitaxial YIG’, Solid State Communications 11, 615–616
(1972).

[56] W. Schilz, ‘Propagation of Surface Spin Waves in the Inhomogeneous Field of
Rectangular YIG Samples’, Physica Status Solidi B 53, 179–182 (1972).

[57] G. A. Melkov, Y. V. Kobljanskyj, A. A. Serga, V. S. Tiberkevich and A. N.
Slavin, ‘Reversal of Momentum Relaxation’, Physical Review Letters 86, 4918–
4921 (2001).

[58] M. Bailleul, D. Olligs, C. Fermon and S. O. Demokritov, ‘Spin waves propagation
and confinement in conducting films at the micrometer scale’, Europhysics Letters
56, 741–747 (2001).

[59] M. Bailleul, D. Olligs and C. Fermon, ‘Propagating spin wave spectroscopy in
a permalloy film: A quantitative analysis’, Applied Physics Letters 83, 972–974
(2003).

[60] K. Kasahara, M. Nakayama, X. Ya, K. Matsuyama and T. Manago, ‘Effect of
distance between a magnet layer and an excitation antenna on the nonreciprocity
of magnetostatic surface waves’, Japanese Journal of Applied Physics 56, 010309
(2017).

[61] O. Gladii, M. Haidar, Y. Henry, M. Kostylev and M. Bailleul, ‘Frequency non-
reciprocity of surface spin wave in permalloy thin films’, Physical Review B 93,
054430 (2016).

[62] L. Rutten, ‘Asymmetric propagation of surface spin waves in Co / Pt multilayers’,
MSc Thesis (Eindhoven University of Technology, 2017).

[63] J. H. Kwon, J. Yoon, P. Deorani, J. M. Lee, J. Sinha, K.-J. Lee, M. Hayashi and
H. Yang, ‘Giant nonreciprocal emission of spin waves in Ta/Py bilayers’, Science
Advances 2, e1501892–e1501892 (2016).

[64] H. Ibach and H. Luth, Solid-state physics: An introduction to principles of mater-
ials science, 4th ed. (Springer, Berlin, Heidelberg, 2010), pp. 1–533.

[65] J. M. D. Coey, Magnetism and Magnetic Materials, Vol. 46, 1-2 (Cambridge Uni-
versity Press, Cambridge, 2010).

[66] D. Weller, Y. Wu, J. Stöhr, M. G. Samant, B. D. Hermsmeier and C. Chappert,
‘Orbital magnetic moments of Co in multilayers with perpendicular magnetic an-
isotropy’, Physical Review B 49, 12888–12896 (1994).

[67] P. F. Carcia, ‘Perpendicular magnetic anisotropy in Pd/Co and Pt/Co thin-film
layered structures’, Journal of Applied Physics 63, 5066–5073 (1988).

[68] P. M. Shepley, A. W. Rushforth, M. Wang, G. Burnell and T. A. Moore, ‘Modific-
ation of perpendicular magnetic anisotropy and domain wall velocity in Pt/Co/Pt
by voltage-induced strain’, Scientific Reports 5, 7921 (2015).

http://dx.doi.org/10.1016/0038-1098(72)90473-5
http://dx.doi.org/10.1016/0038-1098(72)90473-5
http://dx.doi.org/10.1002/pssb.2220530118
http://dx.doi.org/10.1103/PhysRevLett.86.4918
http://dx.doi.org/10.1103/PhysRevLett.86.4918
http://dx.doi.org/10.1209/epl/i2001-00583-2
http://dx.doi.org/10.1209/epl/i2001-00583-2
http://dx.doi.org/10.1063/1.1597745
http://dx.doi.org/10.1063/1.1597745
http://dx.doi.org/10.7567/JJAP.56.010309
http://dx.doi.org/10.7567/JJAP.56.010309
http://dx.doi.org/10.1103/PhysRevB.93.054430
http://dx.doi.org/10.1103/PhysRevB.93.054430
http://dx.doi.org/10.1126/sciadv.1501892
http://dx.doi.org/10.1126/sciadv.1501892
http://dx.doi.org/10.1103/PhysRevB.49.12888
http://dx.doi.org/10.1063/1.340404
http://dx.doi.org/10.1038/srep07921


96 REFERENCES

[69] A. Thiaville, S. Rohart, E. Jue, V. Cros and A. Fert, ‘Dynamics of Dzyaloshinskii
domain walls in ultrathin magnetic films’, Europhysics Letters 100, 57002 (2012).

[70] L. Landau and E. Lifshits, ‘On the Theory of the Dispersion of Magnetic Permeab-
ility in Ferromagnetic Bodies’, Physikalische Zeitschrift der Sowjetunion 169, 14–
22 (1935).

[71] T. L. Gilbert and J. M. Kelly, ‘Anomalous rotational damping in ferromagnetic
sheets’, in Conference on magnetism and magnetic materials (1955), pp. 253–263.

[72] T. Gilbert, ‘Classics in Magnetics A Phenomenological Theory of Damping in
Ferromagnetic Materials’, IEEE Transactions on Magnetics 40, 3443–3449 (2004).

[73] B. Hillebrands and K. Ounadjela, Spin Dynamics in Confined Magnetic Structures
I, edited by B. Hillebrands and K. Ounadjela, Vol. 83, Topics in Applied Physics
(Springe, Berlin, Heidelberg, 2002).

[74] D. Polder, ‘On the theory of ferromagnetic resonance’, Physica 15, 253–255 (1949).

[75] D. D. Stancil and A. Prabhakar, Spin Waves: Theory and Applications (Springer,
Boston, Massachusetts, 2009).

[76] J. M. Shaw, H. T. Nembach, T. J. Silva and C. T. Boone, ‘Precise determina-
tion of the spectroscopic g-factor by use of broadband ferromagnetic resonance
spectroscopy’, Journal of Applied Physics 114, 243906 (2013).

[77] M. Sharma, S. Pathak and M. Sharm, ‘FMR Measurements of Magnetic Nano-
structures’, in Ferromagnetic resonance - theory and applications, edited by O.
Yalcin (InTech, July 2013) Chap. 4, pp. 93–110.

[78] S. S. Kalarickal, P. Krivosik, M. Wu, C. E. Patton, M. L. Schneider, P. Kabos,
T. J. Silva and J. P. Nibarger, ‘Ferromagnetic resonance linewidth in metallic
thin films: Comparison of measurement methods’, Journal of Applied Physics 99,
093909 (2006).

[79] J.-M. L. Beaujour, A. D. Kent, D. W. Abraham and J. Z. Sun, ‘Ferromagnetic res-
onance study of polycrystalline cobalt ultrathin films’, Journal of Applied Physics
103, 07B519 (2008).

[80] I. Neudecker, G. Woltersdorf, B. Heinrich, T. Okuno, G. Gubbiotti and C. H.
Back, ‘Comparison of frequency, field, and time domain ferromagnetic resonance
methods’, Journal of Magnetism and Magnetic Materials 307, 148–156 (2006).

[81] R. Damon and J. Eshbach, ‘Magnetostatic modes of a ferromagnet slab’, Journal
of Physics and Chemistry of Solids 19, 308–320 (1961).

[82] B. A. Kalinikos and A. N. Slavin, ‘Theory of dipole-exchange spin wave spectrum
for ferromagnetic films with mixed exchange boundary conditions’, Journal of
Physics C: Solid State Physics 19, 7013–7033 (1986).

[83] R. Arias and D. L. Mills, ‘Extrinsic contributions to the ferromagnetic resonance
response of ultrathin films’, Physical Review B 60, 7395–7409 (1999).

http://dx.doi.org/10.1209/0295-5075/100/57002
http://dx.doi.org/10.1109/TMAG.2004.836740
http://dx.doi.org/10.1016/0031-8914(49)90051-8
http://dx.doi.org/10.1063/1.4852415
http://dx.doi.org/10.5772/56615
http://dx.doi.org/10.1063/1.2197087
http://dx.doi.org/10.1063/1.2197087
http://dx.doi.org/10.1063/1.2830648
http://dx.doi.org/10.1063/1.2830648
http://dx.doi.org/10.1016/j.jmmm.2006.03.060
http://dx.doi.org/10.1016/0022-3697(61)90041-5
http://dx.doi.org/10.1016/0022-3697(61)90041-5
http://dx.doi.org/10.1088/0022-3719/19/35/014
http://dx.doi.org/10.1088/0022-3719/19/35/014
http://dx.doi.org/10.1103/PhysRevB.60.7395


REFERENCES 97

[84] C. Kittel, Introduction to Solid State Physics, 8th ed. (John Wiley & Sons, 2004),
p. 704.

[85] W. M. Haynes, ed., CRC Handbook of Chemistry and Physics, 95th ed., Vol. 54
(CRC Press, 2014), p. 2704.

[86] M. Jamet, W. Wernsdorfer, C. Thirion, D. Mailly, V. Dupuis, P. Mélinon and
A. Pérez, ‘Magnetic Anisotropy of a Single Cobalt Nanocluster’, Physical Review
Letters 86, 4676–4679 (2001).

[87] Lake Shore Cryotronics, Model 425 Gaussmeter, 2017, https://www.lakeshore.
com/products/gaussmeters/model-425-gaussmeter/Pages/Overview.aspx (visited
on 27/10/2017).

[88] D. M. Pozar, Microwave engineering, 4th ed. (John Wiley & Sons, 2011), p. 752.

[89] M. A. W. Schoen, J. M. Shaw, H. T. Nembach, M. Weiler and T. J. Silva, ‘Radiat-
ive damping in waveguide-based ferromagnetic resonance measured via analysis of
perpendicular standing spin waves in sputtered permalloy films’, Physical Review
B 92, 184417 (2015).

[90] V. Vlaminck and M. Bailleul, ‘Spin-wave transduction at the submicrometer scale:
Experiment and modeling’, Physical Review B 81, 014425 (2010).

[91] D. J. Griffiths and C. Inglefield, Introduction to Electrodynamics, 4th ed., Vol. 73
(Prentice Hall, Upper Saddle River, NJ, 2005), p. 574.

[92] V. E. Demidov, M. P. Kostylev, K. Rott, P. Krzysteczko, G. Reiss and S. O.
Demokritov, ‘Excitation of microwaveguide modes by a stripe antenna’, Applied
Physics Letters 95, 112509 (2009).

[93] C. J. Lin, G. L. Gorman, C. H. Lee, R. F. C. Farrow, E. E. Marinero, H. V.
Do, H. Notarys and C. J. Chien, ‘Magnetic and structural properties of Co/Pt
multilayers’, Journal of Magnetism and Magnetic Materials 93, 194–206 (1991).

[94] S. Emori and G. S. D. Beach, ‘Optimization of out-of-plane magnetized Co/Pt
multilayers with resistive buffer layers’, Journal of Applied Physics 110, 033919
(2011).

[95] T. J. Silva, C. S. Lee, T. M. Crawford and C. T. Rogers, ‘Inductive measurement
of ultrafast magnetization dynamics in thin-film Permalloy’, Journal of Applied
Physics 85, 7849–7862 (1999).

[96] Y. Zhao, Q. Song, S. H. Yang, T. Su, W. Yuan, S. S. Parkin, J. Shi and W.
Han, ‘Experimental Investigation of Temperature-Dependent Gilbert Damping in
Permalloy Thin Films’, Scientific Reports 6, 22890 (2016).

[97] M. Haidar, ‘Role of surfaces in magnetization dynamics and spin polarized trans-
port: a spin wave study’, PhD thesis (l’Université de Strasbourg, 2012), http :
//hal.archives-ouvertes.fr/tel-00869643/.

[98] GGB Industries, Picoprobe High Performance Microwave Probes Model 40A, http:
//www.ggb.com/40a.html (visited on 02/11/2017).

http://dx.doi.org/10.1103/PhysRevLett.86.4676
http://dx.doi.org/10.1103/PhysRevLett.86.4676
https://www.lakeshore.com/products/gaussmeters/model-425-gaussmeter/Pages/Overview.aspx
https://www.lakeshore.com/products/gaussmeters/model-425-gaussmeter/Pages/Overview.aspx
http://dx.doi.org/10.1103/PhysRevB.92.184417
http://dx.doi.org/10.1103/PhysRevB.92.184417
http://dx.doi.org/10.1103/PhysRevB.81.014425
http://dx.doi.org/10.1063/1.3231875
http://dx.doi.org/10.1063/1.3231875
http://dx.doi.org/10.1016/0304-8853(91)90329-9
http://dx.doi.org/10.1063/1.3622613
http://dx.doi.org/10.1063/1.3622613
http://dx.doi.org/10.1063/1.370596
http://dx.doi.org/10.1063/1.370596
http://dx.doi.org/10.1038/srep22890
http://hal.archives-ouvertes.fr/tel-00869643/
http://hal.archives-ouvertes.fr/tel-00869643/
http://www.ggb.com/40a.html
http://www.ggb.com/40a.html


98 REFERENCES

[99] GGB Industries, Picoprobe Calibration Substrate, http://www.ggb.com/calsel.
html (visited on 02/11/2017).

[100] C. Wen, ‘Coplanar Waveguide: A Surface Strip Transmission Line Suitable for
Nonreciprocal Gyromagnetic Device Applications’, IEEE Transactions on Mi-
crowave Theory and Techniques 17, 1087–1090 (1969).

[101] V. Vlaminck, ‘Décalage Doppler d’onde de spin induit par un courant électrique’,
PhD thesis (University Louis Pasteur, 2008), p. 196.

[102] Sonnet Software, Sonnet, 2017, https://www.sonnetsoftware.com/.

[103] J. C. Mallinson, The Foundations of Magnetic Recording, 2nd ed. (Academic Press,
1993).

[104] H. N. Bertram, Theory of Magnetic Recording (Cambridge University Press, Cam-
bridge, 1994), p. 356.

[105] J. D. Jackson, Classical Electrodynamics, 3rd ed., Vol. 67 (Wiley, Danvers, MA,
1999), p. 841.

[106] J. Krupka, P. Kamiński, R. Kozłowski, B. Surma, A. Dierlamm and M. Kwestarz,
‘Dielectric properties of semi-insulating silicon at microwave frequencies’, Applied
Physics Letters 107, 082105 (2015).

[107] K. Seeger, ‘Microwave dielectric constants of silicon, gallium arsenide, and quartz’,
Journal of Applied Physics 63, 5439–5443 (1988).

[108] Microwaves101, Coplanar Waveguide, 2017, https://www.microwaves101.com/
encyclopedias/327-coplanar-waveguide-microwave-encyclopedia-microwaves101-
com (visited on 07/12/2017).

[109] D. M. Mattox, The Foundations of Vacuum Coating Technology (Noyes / William
Andrew Publishing, Norwich, NY, 2003).

[110] A. Jilani, M. S. Abdel-wahab and A. H. Hammad, ‘Advance Deposition Techniques
for Thin Film and Coating’, in Modern technologies for creating the thin-film sys-
tems and coatings, edited by N. N. Nikitenkov (InTech, Mar. 2017) Chap. 8.

[111] P. Rai-Choudhury, Handbook of Microlithography, Micromachining, and Microfab-
rication. Volume 1: Microlithography, edited by P. Rai-Choudhury, Vol. 1 (SPIE
PRESS, 1997), p. 692.

[112] Micro Resist Technology GmbH, ma-N 400 & ma-N 1400 series, http://www.
microresist.de/en/products/negative-photoresists/uv-lithography/ma-n-400-ma-
n-1400-series (visited on 24/09/2017).

[113] MVSystems LLC, Atomic Layer Deposition, 2018, http://www.mvsystemsinc.
com/processes/atomic-layer-deposition/ (visited on 08/01/2018).

[114] A. Foroughi-Abari and K. Cadien, ‘Atomic Layer Deposition for Nanotechnology’,
in Nanofabrication, edited by M. Stepanova and S. Dew (Springer, Vienna, 2012),
pp. 143–161.

http://www.ggb.com/calsel.html
http://www.ggb.com/calsel.html
http://dx.doi.org/10.1109/TMTT.1969.1127105
http://dx.doi.org/10.1109/TMTT.1969.1127105
https://www.sonnetsoftware.com/
http://dx.doi.org/10.1063/1.4929503
http://dx.doi.org/10.1063/1.4929503
http://dx.doi.org/10.1063/1.341153
https://www.microwaves101.com/encyclopedias/327-coplanar-waveguide-microwave-encyclopedia-microwaves101-com
https://www.microwaves101.com/encyclopedias/327-coplanar-waveguide-microwave-encyclopedia-microwaves101-com
https://www.microwaves101.com/encyclopedias/327-coplanar-waveguide-microwave-encyclopedia-microwaves101-com
http://dx.doi.org/10.5772/65702
http://dx.doi.org/10.5772/65702
http://www.microresist.de/en/products/negative-photoresists/uv-lithography/ma-n-400-ma-n-1400-series
http://www.microresist.de/en/products/negative-photoresists/uv-lithography/ma-n-400-ma-n-1400-series
http://www.microresist.de/en/products/negative-photoresists/uv-lithography/ma-n-400-ma-n-1400-series
http://www.mvsystemsinc.com/processes/atomic-layer-deposition/
http://www.mvsystemsinc.com/processes/atomic-layer-deposition/
http://dx.doi.org/10.1007/978-3-7091-0424-8_6


REFERENCES 99

[115] A. Ott, J. Klaus, J. Johnson and S. George, ‘Al3O3 thin film growth on Si(100)
using binary reaction sequence chemistry’, Thin Solid Films 292, 135–144 (1997).

[116] Süss Microtec, MA/BA6 High-precision mask and bond aligner, 2014, https://
www.suss.com/en/products-solutions/mask-aligner/ma-ba-6.

[117] M. A. McCord and M. J. Rooks, ‘Electron Beam Lithography’, in Handbook of
microlithography, micromachining, and microfabrication. volume 1: microlitho-
graphy , edited by P. Rai-Choudhury (SPIE PRESS, Bellingham, Washington,
1997) Chap. 2, pp. 139–250.

[118] M. A. Mohammad, M. Muhammad, S. K. Dew and M. Stepanova, ‘Fundamentals
of electron beam exposure and development’, in Nanofabrication: techniques and
principles, Vol. 9783709104, edited by M. Stepanova and S. Dew (Springer, Vienna,
2012), pp. 11–41.

[119] GenISys, BEAMER, https://www.genisys- gmbh.com/web/products/beamer.
html (visited on 24/09/2017).

[120] J. Brandão, S. Azzawi, A. T. Hindmarch and D. Atkinson, ‘Understanding the
role of damping and Dzyaloshinskii-Moriya interaction on dynamic domain wall
behaviour in platinum-ferromagnet nanowires’, Scientific Reports 7, 4569 (2017).

[121] J. Guo, X. Zeng and M. Yan, ‘Spin-wave canting induced by the Dzyaloshinskii-
Moriya interaction in ferromagnetic nanowires’, Physical Review B 96, 2–6 (2017).

[122] C. A. Gonzales-Fuentes, R. Dumas and C. Garcia, Systematic errors in the determ-
ination of the g-factor and saturation magnetization in broadband ferromagnetic
resonance: proposed solutions, Jan. 2018, https://doi.org/10.1063/1.5003408%
20http://aip.scitation.org/toc/jap/123/2%20http://aip.scitation.org/doi/10.
1063/1.5003408.

[123] B. D. Terris, D. Weller, L. Folks, J. E. E. Baglin, A. J. Kellock, H. Rothuizen
and P. Vettiger, ‘Patterning magnetic films by ion beam irradiation’, Journal of
Applied Physics 87, 7004–7006 (2000).

[124] M. Abes, J. Venuat, D. Muller, A. Carvalho, G. Schmerber, E. Beaurepaire, A.
Dinia and V. Pierron-Bohnes, ‘Magnetic patterning using ion irradiation for highly
ordered CoPt alloys with perpendicular anisotropy’, Journal of Applied Physics
96, 7420–7423 (2004).

[125] J. O. Rantschler, P. J. Chen, A. S. Arrott, R. D. McMichael, W. F. Egelhoff and
B. B. Maranville, ‘Surface anisotropy of permalloy in NM/NiFe/NM multilayers’,
Journal of Applied Physics 97, 10J113 (2005).

[126] F. Guevara, H. Hurdequint, E. Vincent and A. Vaurés, ‘Magnetic properties of
granular films for the composite system (permalloy/Al2O3)’, Journal of Magnet-
ism and Magnetic Materials 140-144, 381–382 (1995).

[127] Y. Sugita, H. Fujiwara and T. Sato, ‘Critical thickness and perpendicular aniso-
tropy of evaporated permalloy films with stripe domains’, Applied Physics Letters
10, 229–231 (1967).

http://dx.doi.org/10.1016/S0040-6090(96)08934-1
https://www.suss.com/en/products-solutions/mask-aligner/ma-ba-6
https://www.suss.com/en/products-solutions/mask-aligner/ma-ba-6
http://dx.doi.org/10.1117/3.2265070.ch2
http://dx.doi.org/10.1117/3.2265070.ch2
http://dx.doi.org/10.1117/3.2265070.ch2
http://dx.doi.org/10.1007/978-3-7091-0424-8_2
http://dx.doi.org/10.1007/978-3-7091-0424-8_2
https://www.genisys-gmbh.com/web/products/beamer.html
https://www.genisys-gmbh.com/web/products/beamer.html
http://dx.doi.org/10.1038/s41598-017-04088-8
http://dx.doi.org/10.1103/PhysRevB.96.014404
https://doi.org/10.1063/1.5003408%20http://aip.scitation.org/toc/jap/123/2%20http://aip.scitation.org/doi/10.1063/1.5003408
https://doi.org/10.1063/1.5003408%20http://aip.scitation.org/toc/jap/123/2%20http://aip.scitation.org/doi/10.1063/1.5003408
https://doi.org/10.1063/1.5003408%20http://aip.scitation.org/toc/jap/123/2%20http://aip.scitation.org/doi/10.1063/1.5003408
http://dx.doi.org/10.1063/1.372912
http://dx.doi.org/10.1063/1.372912
http://dx.doi.org/10.1063/1.1807522
http://dx.doi.org/10.1063/1.1807522
http://dx.doi.org/10.1063/1.1853711
http://dx.doi.org/10.1016/0304-8853(94)01508-2
http://dx.doi.org/10.1016/0304-8853(94)01508-2
http://dx.doi.org/10.1063/1.1754924
http://dx.doi.org/10.1063/1.1754924


100 REFERENCES

[128] O. Gladii, D. Halley, Y. Henry and M. Bailleul, ‘Spin-wave propagation and spin-
polarized electron transport in single-crystal iron films’, Physical Review B 96,
174420 (2017).

[129] P. Deorani, J. H. Kwon and H. Yang, ‘Nonreciprocity engineering in magnetostatic
spin waves’, Current Applied Physics 14, S129–S135 (2014).

[130] A. J. Schellekens, L. Deen, D. Wang, J. T. Kohlhepp, H. J. M. Swagten and
B. Koopmans, ‘Determining the Gilbert damping in perpendicularly magnetized
Pt/Co/AlO x films’, Applied Physics Letters 102, 082405 (2013).

[131] P. J. H. Bloemen, ‘Metallic Multilayers Experimental investigation of magnetic
anisotropy and magnetic interlayer coupling’, PhD thesis (Eindhoven University
of Technology, 1993), https://pure.tue.nl/ws/files/2850078/399450.pdf.

[132] H. de Gronckel, P. Bloemen, E. van Alphen and W. de Jonge, ‘Structure and local
magnetic anisotropy of MBE-grown Co films’, Physical Review B 49 (1994).

[133] J. Kohlhepp, G. Strijkers, H. Wieldraaijer and W. de Jonge, ‘Crystalline and
Interfacial Structure of Ultrathin Co Layers Grown on Pd(111): A59Co NMR
Study’, Physica Status Solidi A 189, 701–704 (2002).

[134] P. Khalili Amiri, B. Rejaei, M. Vroubel and Y. Zhuang, ‘Nonreciprocal spin wave
spectroscopy of thin Ni–Fe stripes’, Applied Physics Letters 91, 062502 (2007).

[135] T. Brächer, O. Boulle, G. Gaudin and P. Pirro, ‘Creation of unidirectional spin-
wave emitters by utilizing interfacial Dzyaloshinskii-Moriya interaction’, Physical
Review B 95, 064429 (2017).

[136] A. V. Chumak, A. A. Serga, M. B. Jungfleisch, R. Neb, D. A. Bozhko, V. S.
Tiberkevich and B. Hillebrands, ‘Direct detection of magnon spin transport by
the inverse spin Hall effect’, Applied Physics Letters 100, 2010–2013 (2012).

[137] J. C. Rojas-Sánchez, N. Reyren, P. Laczkowski, W. Savero, J. P. Attané, C. De-
ranlot, M. Jamet, J. M. George, L. Vila and H. Jaffrès, ‘Spin pumping and inverse
spin hall effect in platinum: The essential role of spin-memory loss at metallic
interfaces’, Physical Review Letters 112, 106602 (2014).

[138] E. Jué, C. K. Safeer, M. Drouard, A. Lopez, P. Balint, L. Buda-Prejbeanu, O.
Boulle, S. Auffret, A. Schuhl, A. Manchon, I. M. Miron and G. Gaudin, ‘Chiral
damping of magnetic domain walls’, Nature Materials 15, 272–277 (2016).

[139] Micro Resist Technology GmbH, ma-N 2400 & mr-EBL 6000 series, http://www.
microresist.de/en/products/negative-photoresists/e-beam-deep-uv-lithography/
ma-n-2400-mr-ebl-6000-series (visited on 14/01/2018).

[140] Raith, EBPG5150, https://www.raith.com/products/ebpg5150.html (visited on
24/09/2017).

[141] Oxfort Instruments, Atomic Layer Deposition System - OpAL, https : / /www.
oxford- instruments .com/products/etching- deposition- and- growth/tools/ald-
systems/atomic-layer-deposition-system-opal (visited on 24/09/2017).

http://dx.doi.org/10.1103/PhysRevB.96.174420
http://dx.doi.org/10.1103/PhysRevB.96.174420
http://dx.doi.org/10.1016/j.cap.2013.11.008
http://dx.doi.org/10.1063/1.4794538
https://pure.tue.nl/ws/files/2850078/399450.pdf
http://dx.doi.org/10.1002/1521-396X(200202)189:3<701::AID-PSSA701>3.0.CO;2-Z
http://dx.doi.org/10.1063/1.2766842
http://dx.doi.org/10.1103/PhysRevB.95.064429
http://dx.doi.org/10.1103/PhysRevB.95.064429
http://dx.doi.org/10.1063/1.3689787
http://dx.doi.org/10.1103/PhysRevLett.112.106602
http://dx.doi.org/10.1038/nmat4518
http://www.microresist.de/en/products/negative-photoresists/e-beam-deep-uv-lithography/ma-n-2400-mr-ebl-6000-series
http://www.microresist.de/en/products/negative-photoresists/e-beam-deep-uv-lithography/ma-n-2400-mr-ebl-6000-series
http://www.microresist.de/en/products/negative-photoresists/e-beam-deep-uv-lithography/ma-n-2400-mr-ebl-6000-series
https://www.raith.com/products/ebpg5150.html
https://www.oxford-instruments.com/products/etching-deposition-and-growth/tools/ald-systems/atomic-layer-deposition-system-opal
https://www.oxford-instruments.com/products/etching-deposition-and-growth/tools/ald-systems/atomic-layer-deposition-system-opal
https://www.oxford-instruments.com/products/etching-deposition-and-growth/tools/ald-systems/atomic-layer-deposition-system-opal


REFERENCES 101

[142] M. Seeger, W. Otto, W. Flick, F. Bickelhaupt and O. S. Akkerman, ‘Magnesium
Compounds’, in Ullmann’s encyclopedia of industrial chemistry (Wiley-VCH Ver-
lag GmbH & Co. KGaA, Weinheim, Germany, Oct. 2011), Vol. 15 1–40.

[143] H. G. Bauer, P. Majchrak, T. Kachel, C. H. Back and G. Woltersdorf, ‘Nonlinear
spin-wave excitations at low magnetic bias fields’, Nature Communications 6, 8274
(2015).

[144] J. T. van Galen, ‘Building a Ferromagnetic Resonance Setup’, BSc Thesis (Eind-
hoven University of Technology, 2017).

http://dx.doi.org/10.1002/14356007.a15_595.pub2
http://dx.doi.org/10.1038/ncomms9274
http://dx.doi.org/10.1038/ncomms9274


102 REFERENCES



A | Fabrication

In this appendix the fabrication procedure is documented. Table A.1 defines a general
cleaning step that is used multiple times in the fabrication procedure. The fabrication
of the spin-wave devices is described in tables A.2 and A.3. One additional step is
described in the recipe; the fabrication of markers using UV-lithography, EBPVD, and
lift-off. These markers are responsible for correctly aligning the spin-wave antennas on
top of the magnetic strips. However, as these markers are not part of the spin-wave
devices they are not discussed in section 3.1.3. An extra step in which a set of markers is
fabricated on the sample in order for spin-wave antennas to be correctly aligned on top
of the magnetic strips. Table A.2 describes the fabrication of the magnetic strips and the
fabrication of the markers for the alignment of the spin-wave antennas. In table A.3 the
fabrication is continued with the deposition of the insulating layers and the fabrication
of the spin-wave antennas.

Two additional recipes that were used during the coarse of the project can be found
in tables A.4 and A.5 for reference; they are not part of this report. Both recipes concern
subtractive procedures for electron-beam lithography. The recipe in table A.4 uses ma-N
2410 [139] and the recipe in table A.5 uses a bilayer of PMMA and HSQ. As the thickness
of ma-N 2410 is ∼ 1µm the resolution of this resist is limited. Using the bilayer of PMMA
and HSQ is limited to small features (maximum features size estimated at ∼ 5µm) as the
HSQ shrinks when exposed, causing it to be released from the PMMA layer underneath.

All of the electron-beam lithography exposures are performed with a Raith EPBG
5150 [140]. This tool uses an 100 kV acceleration voltage and the designs for these
exposures have been corrected for proximity effects using proximity effect correction
(PEC) [119]. The indicated doses are estimates and should be optimized with a dose test
(section 4.2.1) before using.

Table A.1: A general cleaning step that is used multiple times during the fabrication process.

Step Description Equipment Parameters
1 Acetone cleaning Ultrasonic bath 120 s
2 Isopropanol rinsing Ultrasonic bath 60 s
3 N2 dry-blowing
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Table A.2: The first part of the fabrication of a spin-wave device. Included are the fabrication of
the magnetic strips (steps 2 through 5) and the fabrication of the markers (steps 6 through 8).
The fabrication is continued in table A.3. The cleaning steps refer to the procedure in table A.1.

Step Description Equipment Parameters

1 Sample preparation
1.1 Cut wafer into 25 mm ×

25 mm
1.2 Cleaning

Magnetic strips

2 Deposition: Magnetic stack
2.1 Deposition Nano-access
2.2 Cleaning

3 Resist coating: MaN-415
3.1 Spin-coat ∼ 1µm MaN-415 Spin-coater 30 s at 2500 RPM
3.2 Pre-bake Hot-plate 120 s at 90◦C

4 Lithography: UVL for strips
4.1 UV-Lithography MA-6 Mask Aligner 20 s
4.2 Development in MaD-332s 80 s
4.3 UPW rinsing 120 s
4.4 N2 dry-blowing

5 Etching
5.1 Ion-Beam etching Roth & Rau Ion Beam Miller ∼ 200 s (depends

on stack)
5.2 Cleaning

Lithography markers

7 Resist coating: MaN-415
7.1 Spin-coat ∼ 1µm MaN-415 Spin-coater 30 s at 2500 RPM
7.2 Pre-bake Hot-plate 120 s at 90◦C

8 Lithgraphy: UVL for markers
8.1 UV-Lithography MA-6 Mask Aligner 20 s
8.2 Development in MaD-332s 80 s
8.3 UPW rinsing 120 s
8.4 N2 dry-blowing

9 Depostion: Ti (10) /Au(100)
9.1 Deposition Electron-beam evaporator
9.2 Cleaning (For lift-off)
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Table A.3: The second part of the fabrication of a spin-wave device, continuing table A.2.
Included are the deposition of the insulating layer (step 10) and the fabrication of the spin-wave
antennas (steps 11 through 13). The cleaning steps refer to the procedure in table A.1.

Step Description Equipment Parameters

Insulating layer

10 Deposition: Insulator, Al2O3
10.1 Atomic layer deposition of

Al2O3

Oxford OpAL [141] 363 cycles
(∼ 40 nm) at
150◦C

Spin-wave antennas

11 Resist coating: Bilayer PMMA 495K A6 + PMMA 950K A2
11.1 Spin-coat ∼ 260 nm

PMMA 495K A6
Spin-coater 60 s at 3000 RPM

11.2 Pre-bake Hot-plate 60 s at 170◦C
11.3 Spin-coat ∼ 60 nm

PMMA 950K A2
Spin-coater 60 s at 3000 RPM

11.4 Pre-bake Hot-plate 300 s at 170◦C

11 Lithography: EBL for antennas
12.1 Electron-Beam Lithography Raith EBPG 5150 ∼ 680µC cm−2 at

100 kV
12.2 Development in 3:1 Isopro-

panol:MIBK
80 s

12.3 Isopropanol rinsing 60 s
12.4 N2 dry-blowing
12.5 Oxygen-plasma descum Barrel-etcher 30 s, 55 sccm O2,

100 W

12 Deposition: Ti(10) /Au(100)
12.1 Deposition Electron-beam evaporator
12.2 Cleaning (For lift-off)
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Table A.4: Recipe for a subtractive electron-beam lithography technique using the negative resist
MaN-2410.

Step Description Equipment Parameters

1 Resist coating: MaN-2410
1.1 Spin-coat ∼ 1µm MaN-2410 Spin-coater 30 s at 3000 RPM
1.2 Pre-bake Hot-plate 210 s at 90◦C

2 Lithography: EBL for antennas
2.1 Electron-Beam Lithography Raith EBPG 5150 ∼ 400µC cm−2 at

100 kV
2.2 Development in MaD-332s 80 s
2.3 UPW rinsing 60 s
2.4 N2 dry-blowing

3 Etching
3.1 Ion-Beam etching Roth & Rau Ion Beam Miller ∼ 200 s (depends

on stack)
3.2 Cleaning

Table A.5: Recipe for a subtractive electron-beam lithography technique using a bilayer of PMMA
and HSQ.

Step Description Equipment Parameters

1 Resist coating: bilayer PMMA 950K A2 + HSQ XR-1541 6%
1.1 Spin-coat ∼ 60 nm

PMMA 950 A2
Spin-coater 60 s at 3000 RPM

1.2 Pre-bake Hot-plate 300 s at 170◦C
1.3 Spin-coat ∼ 90 nm HSQ XR-

1541 6%
Spin-coater 60 s at 4000 RPM

1.4 Pre-bake Hot-plate 120 s at 150◦C
1.5 Pre-bake Hot-plate 120 s at 220◦C

2 Lithography: EBL for antennas
2.1 Electron-Beam Lithography Raith EBPG 5150 100 kV
2.2 Development in 4:1 UPW:AZ

400K dev.
80 s

2.3 UPW rinsing 60 s
2.4 N2 dry-blowing

3 Etching
3.1 Ion-Beam etching Roth & Rau Ion Beam Miller ∼ 200 s (depends

on stack)
3.2 Cleaning



B | Device optimization and control
measurements

In this appendix a few necessary device optimizations and control measurements are
performed in detail. These optimizations include choosing the material for the insulating
layer we have inserted between the magnetic strip and the spin-wave antennas, and
matching the impedance of the taper section as suggested in section 3.2.3. Then two
control measurements are discussed: performing a measurement without a magnetic
strip to check the influence of direct coupling between the antennas on the measurement
and measuring the influence of the input power on the measurement. Finally we will
briefly discuss measurements that could not be used for the data analysis in this thesis
due to oscillations in the measurement.

B.1 Choice of insulating layer

The insulating layer between the magnetic strip and the spin-wave antennas prevents
currents flowing from one antenna to both the strip and the other antenna. It also
prevents shunting between the ground and signal lines of an antenna. This is important as
it preserves the current distribution in the antenna and therefore the Fourier distribution
of the antenna. Two insulating materials are compared, magnesium oxide and aluminium
oxide, as we will find that the former causes reproducibility issues.

Magnesium oxide (MgO) is deposited using magnetron sputtering as was explained in
section 4.1.1. However, when MgO comes in contact with air it hydrates to magnesium
hydroxide which is less insulating than MgO [142]. Therefore we capped the 40 nm layer
with a thin (1.5 nm) layer of Al (also by sputter deposition). This completely oxidises
to AlOx when it comes in contact with air and thereby forms an insulating layer that
protects the MgO.

However, when looking at figure B.1a where measurements on two nominally identical
samples with a MgO (40) /Al (1.5) insulating layer are shown one can see that the res-
onances of this sample are found at different magnetic fields. Moreover, the shape of
the curves are not similar: in sample one we can easily recognise two peaks whereas in
sample two only one peak is found and the signal of sample two is ∼ 100 times smaller
than the signal of sample one. As such significant changes in the peak position and line
shape are unlikely, this indicates leakage currents between the signal and ground lines of
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Figure B.1: Comparison between the two insulating layers. For either insulator two measure-
ments of nominal identical samples are shown. (a) MgO(40)/Al(1.5) is used as an insulating
layer for Pt/Co(15)/Ta. The measurements were performed using k0 = 6.6µm−1 antennas at
f = 12 GHz. For sample two the inductance is multiplied by 100 to make the signal visible.
(b) 40 nm of ALD grown Al2O3 is used as an insulating layer for Pt/Co(10)/ Ir. The measure-
ments were performed using k0 = 7.7µm−1 antennas at f = 16 GHz. All measurements are
de-embedded and background subtracted.

the antennas. This causes a reproducibility issue between samples and makes the results
of these samples unreliable. MgO is thus not consistently sufficiently insulating for the
spin-wave devices.

To overcome this reproducibility issue a 40 nm thick layer of aluminium oxide (Al2O3)
is used. This Al2O3 is deposited by atomic layer deposition as discussed in section 4.1.4.
In figure B.1b once again measurements on two nominally identical samples are shown.
Here one can see that the resonance fields of the two samples agree better than in the
samples with MgO (40) /Al (1.5). The line shape of the two measurements is similar and
only the peak position is slightly different between the two samples. A difference in peak
position can, however, be ascribed to variations in Meff .

From this comparison we can conclude that using MgO as an insulating layer is
depreciated in favour of Al2O3; MgO is not consistently insulating and hence causes
reproducibility issues between different samples. Therefore Al2O3 is used as the insulating
materials for the measurements in this thesis.
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Figure B.2: The characteristic impedances Zc of CPWs for various combinations of signal width
ws, and ground width wg and signal ground spacing wsg, simulated using RF simulation software
[102]. The black lines show the 50Ω to which the CPWs are to be matched and the dashed lines
are the imaginary components of the full lines. The top row shows two potential combinations for
the largest CPW of the taper section: (a) ws = 50µm with wg = 200µm and (b) ws = 80µm with
wg = 240µm, both with wsg in steps of 5µm. The bottom row shows two potential combinations
for the smaller CPW: ws = 10µm with (c) wg = 20µm or (d) wg = 5µm, both with wsg ranging
form 1µm to 8µm in steps of 1µm. The arrows indicate the variation of wsg and the line along
which the data-points in figure B.4 are taken.

B.2 Impedance matching of the taper section

As we have concluded during the process of designing the devices (section 3.2.3) matching
the impedance of the taper section is important for a good understanding of the measured
signals. Here we will go through the process of matching the impedance of the tapering
section.

The taper section (outlined in blue in figure 3.1) contains two CPWs (marked with
1 and 3) with a taper between them (marked with 2) and a taper connected to the
antenna (marked with 4). In order to match the impedance of the entire section only
the impedances of these two CPWs have to be matched as the tapers are subject to the
dimensions of the other components. From equation (3.9) we know that the impedance



110 B | Device optimization and control measurements

of a CPW can be tuned by varying the spacing wsg between the signal and ground line.
In figure B.2 the characteristic impedances Zc are simulated for several combinations of
the signal width ws and the ground width wg with varying signal ground spacings wsg

using RF simulation software [102]1. The top row contains two combinations for the
large CPW (number 1 in figure 3.1) on which the probes are landed, the bottom row
contains two combinations for the smaller CPW (number 3 in figure 3.1).

In these simulations we can see a few general trends. The impedance decreases for
both increasing frequency f and decreasing spacing wsg. One can see that these frequency
and spacing dependencies are stronger for smaller structures: ws = 80µm structures (b)
show a weaker dependence than the ws = 50µm structures (a) and the same holds for the
wg = 20µm (c) and wg = 10µm (d) structures. Moreover, the imaginary components
show no significant dependency on the spacing width wsg but do increase for the smaller
CPWs (c and d).

To verify the validity of these simulations the same structures2 have been fabric-
ated and measured. In figure B.3 we can see these measurements. The characteristic
impedances ZC are calculated from the measured S-parameters using [88]:

ZC = Z0
(1 + S11)(1− S22)− S12S21)

(1− S11)(1− S22)− S12S21)
, (B.1)

where Z0 = 50Ω is the characteristic impedance of the VNA. These structures have been
fabricated in a manner identical to the fabrication procedure of the spin-wave antenna
structures, including the deposition of the Al2O3 layer underneath the antenna. In
the measurements we can see trends that are very similar to the ones found in the
simulations. The impedances decreases when either the frequency increases or the spacing
decreases; these dependencies were found the be stronger for smaller devices and the
imaginary components is strongest for the smaller CPWs. only for the smallest structure
(figure B.3d, ws = 10µm and wg = 5µm) both the real and imaginary components of
the impedances are stronger dispersed than what was found in the simulations. This is
likely to be a result of the fabrication procedure.

To better inspect the different structures we look at the impedances at a single fre-
quency f = 14 GHz along the arrows in figures B.2 and B.3 as a function of spacing
wsg in figure B.4. The markers represent the measurements and the lines represent the
simulations. Here we can see that the measurements indeed agree with the simulations.
Only in the imaginary components one can see that the measured imaginary impedances
are consistently slightly larger than the simulated ones as the resistance is of the gold in
the measurement is slightly different from the resistance in the simulations. This figure
can help to choose the optimal CPW and spacing for the taper section. When choosing

1 In the simulations structures of 100 nm gold were used on a series of dielectric layers that match
the actual samples (Si (500) / SiO2 (0.1) /Al2O3 (0.04) with the numbers between parentheses in µm).

2 The small CPW structures (with ws = 10µm) cannot be directly contacted with the GSG probes.
Therefore tapers are fabricated on either side of the small CPWs such that they can be contacted with
the GSG probe. Similar to the de-embedding procedure of the PSWS measurements (section 3.3.3)
additional structures containing only the tapers (without the CPWs in between) are measured in order
to de-embed the measurements on the CPWs.
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Figure B.3: Measured characteristic impedances Zc of CPWs for various combinations of signal
width ws, and ground width wg and signal ground spacing wsg. The black lines show the 50Ω
to which the CPWs are to be matched, the full lines are the real components of the impedance
and the dashed lines are the imaginary components. (a) Large CPW with ws = 50µm and
wg = 200µm. (b) Large CPW with ws = 80µm and wg = 240µm. (c) Small CPW with
ws = 10µm and wg = 20µm. (c) Small CPW with ws = 10µm and wg = 5µm. The two small
CPWs required a taper to be contacted and are corrected for this by a de-embedding procedure.
The arrows indicate the variation of wsg and the line along which the data-points in figure B.4
are taken.

CPWs it is preferable if both the dependency of the impedance on both the frequency
and the spacing is weak. Therefore, for the large CPWs the CPW with ws = 80µm is
optimal and for the small CPWs the CPW with wg = 20µm is optimal as they show the
weakest dependency of the impedance on frequency and spacing within their category.

For perfect impedance matching the imaginary component of the impedance would
be required to vanish. However, both the simulation and measurement show a large ima-
ginary component. As this component is caused by the resistance of the gold used for the
CPWs it cannot be decreased by optimizing ground signal spacing. The large imaginary
component can be corrected for by a de-embedding step. However, the imaginary com-
ponent only affects the loss of the signal in the CPWs. As we are only interested in the
peak position and the relative peak height in the PSWS measurements the de-embedding
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Figure B.4: Measured characteristic impedances Zc of CPWs for various combinations of signal
width ws and ground width wg as a function of signal ground spacing wsg for f = 14 GHz along
the arrow in figure B.3. The black lines show the 50Ω to which the CPWs are to be matched. (a)
Large CPWs with (red) ws = 50µm and wg = 200µm, and (blue) ws = 80µm and wg = 240µm.
(b) Small CPWs with ws = 10µm and (red) wg = 20µm or (blue) wg = 5µm. The blue and red
lines represent the respective simulation (along the arrows in figure B.2).
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Figure B.5: A modified spin-wave device to investigate crosstalk between the two antennas. In
this device only one of the two antennas is placed on a magnetic strip (blue layer). The gray
layer represents the Al2O3 insulating layer.

only needs to correct for the phase delay and not for the loss of the signal in the CPWs.

B.3 One antenna on strip

The spin-wave antennas are designed to excite and detect spin-waves using magnetic
fields. However, this radiative behaviour also causes a direct coupling between the two
antennas that is known as crosstalk. To measure the contribution of this crosstalk to the
measurements we compare a normal spin-wave device with a similar device in which only
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Figure B.6: (a) Reflected signal of a spin-wave antenna with (blue) and without (red) magnetic
strip underneath. Without magnetic strip no signal is visible whereas it is clearly visible with
a magnetic strip. (b) Transmitted signal between a device with both antennas on a magnetic
strip (blue) and a device with only one antenna on a magnetic strip, either the detecting antenna
(green) or the detecting antenna (red). With both antennas on the magnetic strip a clear signal
can be see. If only one of the antennas is placed on top of the strip, the signal strength is reduced
by two orders of magnitude (inset). The magnetic strips are Pt /Co (15) /Ta and the insulator
is MgO. As these measurements were note averaged a relatively high level of noise is visible.

one of the two antennas is places on a magnetic strip, illustrated in figure B.5. In fig-
ure B.6 we see this comparison. Figure B.6a shows the reflection (Sii of the S-parameters)
for both an antenna that is placed on top of a magnetic strip (antenna 1 in figure B.5)
and an antenna that is placed next to a magnetic strip (antenna 2 in figure B.5). Here
we can see that the resonance peaks vanish when there is no magnetic strip to excite
a precession as is expected. This shows that no signal is generated without a magnetic
strip and that any signal that will be generated in the transmission measurements is
caused by crosstalk if only the excitation or detection antenna is placed on a magnetic
strip.

In figure B.6b we see the transmission (Sij of the S-parameters) between both of the
antennas of these spin-wave devices. When both antennas are placed on the magnetic
strip (blue curve) a clear signal is visible. However, when only one of the antennas is
placed on the magnetic strips (red and green curves, situation in figure B.5) the signal is
reduced by two orders of magnitude for both the case that only the exciting (red) antenna
or detecting (green) antenna is placed on the strip: spin-waves can either be excited or
detected but are not able to propagate between the two antennas because there is no
spin-wave conduction.
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Figure B.7: Dependency of the transmitted signal S21 on the power used to excite the spin-waves
in a Pt /Co (15) / Ir magnetic strip.

The weak remaining signal can indeed be explained by crosstalk. Since one of the
two antennas is placed on a magnetic strip the impedance of that antenna changes with
the magnetic field, the basic principle of FMR and PSWS (section 3.1). However, when
the impedance of one antenna changes also the coupling between the antennas is altered.
This is reflected in the transmission measurement. Since this signal is two orders of
magnitude smaller than the signal caused by propagating spin-waves it can be neglected
in our measurements.

B.4 Power dependency

A final test is to check if the input power that is used to excite the spin-waves has
influence on the measured signal. If a large power is used to excite the spin-waves the
driving magnetic fields are no longer negligible when compared to the external magnetic
field. This causes the assumptions made while deriving the spin-wave behaviour to
become invalid and spin-wave behaviour might become non-linear. Indeed, Bauer et al.
[143] reported non-linear behaviour when moving to driving fields h that were larger
than 2.5% of the resonance field H that is applied across the sample. Using this for
our measurements with typical external magnetic fields of 100 mT the maximum power
before non-linear behaviour occurs is estimated at ∼ −15 dBm ≈ 32µW (for a lossless,
impedance matched transmission line).

In figure B.7 a series of measurements with powers between −55 dBm ≈ 3.2 nW and
+15 dBm ≈ 32 mW on a single spin-wave device are shown. Besides the power only



B.5 | Oscillatory behaviour 115

0 10 20 30 40 50

µ0H (mT)

−6

−4

−2

0

2

4

6

∆
L

1
2

(p
H

)

Real
Imaginary
Fit

Figure B.8: A PSWS measurements showing stronger oscillations that that can not be described
by the superposition of two susceptibilities. The PSWS measurement was performed with a spin
wave-device with k0 = 9.9µm−1 on a Ta /Py (10) /Al magnetic strip at a frequency f = 6 GHz.
The black curve is a fit using equation (5.5).

the number of averages is increased for lower powers to suppress the noise. In this
figure we can see that when the power decreases the signal gets noisier. However, the
shape of the signal does not change. Hence we can conclude that within this range of
powers no non-linear behaviour is found. This even holds for powers larger than the
expected −15 dBm which was calculated for a lossless, perfectly impedance matched
transmission line. In our spin-wave device with lossy transmission lines that are not
perfectly impedance matched not all the input power will reach the antennas; part will
be reflected and part will be dissipated. Therefore not all input power is used to excite
spin-waves and we can understand that input powers higher than −15 dBm do not result
in non-linear behaviour. To be well within the linear regime and have a high signal to
noise ratio a power of 0 dBm is normally used for the measurements in this thesis.

B.5 Oscillatory behaviour

A situation that can not be completely described by the superposition of two susceptibilit-
ies (equation (5.5)) is when the PSWS measurements show a strong oscillatory behaviour.
In figure B.8 we can see this oscillatory behaviour. The oscillations are caused by the
phase delay (eikl) of the propagation of the spin-waves [134]. As the spin-waves that
are excited do not all have an identical wave number (due to the finite line width of
the Fourier transformation of the spin-wave antennas in figure 3.4) both the phase delay
and resonance field for each of the spin-waves that are excited differs slightly. This adds
up to the oscillating behaviour in the PSWS measurements [97]. However, due to the
large line widths of the peaks in the inductance the oscillations are smeared out in most
measurements. Only when the line width is smaller (e.g. at lower frequencies, situation
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infigure B.8) or the oscillations become stronger (e.g. at higher wave numbers) do the
oscillations become visible in the measured inductance.

An attempt to fit this measurement using equation (5.5) is shown in figure B.8 but the
oscillatory behaviour cannot be described by this function. Equation (5.2) is capable of
describing these oscillations (slightly visible on the left of −µ0HS in figure 5.6) but lacks
the possibility for different propagation distances for the spin-waves which is required for
a good fit (section 5.2). As the currently used fitting functions are not able to describe
the oscillations measurements showing these oscillations will not be used in the analyses
in this thesis.



C | Flip-chip FMR

In order to verify the results of the PSWS measurements we need a reference measure-
ment of the samles that are measured with PSWS. In this appendix we perform uniform
FMR measurements on the Ta/Py(10)/Al and Pt/Co (15)/ Ir samples to determine the
effective magnetization Meff . For these measurements a flip-chip FMR setup is used in
which the sample is placed top side down on top of a CPW [77]. An extensive discussion
of the setup can be found in ref. [144].

In figure C.1 one of the measurements with this setup is shown. The curve fitted
with a superposition of the first and second derivates of a Lorentzian peak (black dashed
line). From this the resonance field is determined. These resonance fields are plotted as
a function of the frequency in the dispersion relations in figure C.2. This data is fitted
with the Kittel relation (equation (2.21)) by fixing the g-factor, resulting in the Meff

values in table C.1.

In figure C.3 the line width of the measurements is set out as function of the frequency

0 10 20 30 40 50 60 70

µ0H (mT)

−0.04

−0.02

0.00

0.02

0.04

0.06

V
(m

V
)

Data
Fit

Figure C.1: Single field swept measurement using the flip-chip FMR setup of a Pt/Co(15)/ Ir
sample at frequency f = 5 GHz.
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Figure C.2: The dispersion relation of the two samples that are measured with flip-chip FMR,
Ta/Py(10)/Al and Pt/Co(15)/ Ir. The data is fitted with the Kittel relation (equation (2.21))
(black line).
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Figure C.3: The line widths of the two samples that are measured with flip-chip FMR,
Ta/Py(10)/Al and Pt/Co(15)/ Ir. The data is fitted with equation (C.1) (black line).

for both samples. The data can be fitted to [62]:

µ0δH = µ0δH0 +
4πf

γ
α, (C.1)

where δH0 is the inhomogeneous broadening that accounts for the contributions of the
line width that are extrinsic to the magnetic material, such as the inhomogeneity of the
film. The values that result from this fitting are also found in table C.1 Both the damping
and the effective magnetization in table C.1 can be used for verification of the PSWS
measurements.
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Table C.1: Magnetic properties obtained by FMR for Ta/Py(10)/Al and Pt/Co (15)/ Ir samples.
The g-factor has been fixed to literature values [65]. Literature values for the saturation mag-
netization [65] have been included for comparison.

Sample g-factor Meff (MAm−1) MS (MAm−1) µ0δH0 (mT) α

Ta /Py(10) /Al 2.11 0.6180± 0.0004 0.8276 0.49± 0.09 0.0102± 0.0001
Pt /Co(10) / Ir 2.17 1.090± 0.003 1.44 0.2± 0.1 0.0137± 0.0001
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D | Secondary spin-wave device

For the spin-wave measurements on Pt/Co/Ir (chapter 6) an older design of the spin-
wave devices is used. In figure D.1 one can see a schematic of this device. In contrast to
the newer design discussed in chapter 3 this design is not impedance matched to 50Ω.
However, de-embedding the measurements (section 3.3.3) still seems to be able to correct
the measurements with these devices (section 6.1). The antenna section on top of the
magnetic strip is identical to the newer spin-wave devices.

100 μm

Figure D.1: A schematic overview of a second, older design of the spin-wave devices that was
used in some of the measurements. For clarity only one antenna is fully shown. The light-gray
area is the magnetic strip and the dark gray areas are the antennas.
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